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Résumeé

Les marais littoraux sont des écosystemes productifs permettant la captation de CO:
atmosphérique par une forte production primaire. Leur métabolisme entraine également une
exportation latérale importante de carbone (C) organique et inorganique via le compartiment
aquatique. Au regard de I’importance des marais dans le cycle du C, I’objectif général de la
these a été de comprendre les processus biologiques et physico-chimiques contrélant les flux
de C aux interfaces terrestre-aquatique-atmosphérique des marais Charentais. Les mesures des
pCO2 de I’eau ont montré un fort contrdle de la typologie des écosystémes cotiers sur la
dynamique du C inorganique avec des variations spatiales significatives le long d’un
continuum plateau continental — estuaire — marais. Dans les marais salés rétro-littoraux, les
pratiques de gestion (naturelle ou anthropique) et les types de producteur primaire
(macroalgues ou herbiers) influencent le statut métabolique (source ou puits de C). Au sein
d’un marais tidal, les échanges nets de CO2 a I’échelle de I’écosystéme (NEE) ont été mesurés
pour quantifier le statut métabolique et évaluer I’influence des facteurs biotiques et abiotiques.
Un fort puits de CO, atmosphérique a été mesuré par la photosynthése des plantes émergées.
Cependant, I’immersion a fortement influencé les flux métaboliques en diminuant la captation
de CO:z2 le jour et les émissions de CO2 la nuit. Au sein d’une troisiéme partie, les formes
organiques et inorganiques du C, les nutriments et le métabolisme planctonique ont été
mesurés sur des cycles de 24-h en simultané avec la NEE pour évaluer la contribution du

métabolisme aquatique dans les flux horizontaux et verticaux de C des marais.

Mots clés : marais littoraux, pCO2 de I’eau, flux de CO2 atmosphérique, producteur primaire,

métabolisme aquatique, variations temporelles.



Abstract

Coastal marshes are shallow productive ecosystems allowing atmospheric CO. uptake
through strong primary production of plants and algae. The metabolism of these dynamics
systems also exports significant and variable amounts of organic and inorganic carbon (C) to
coastal waters through the aquatic compartment. Due to the importance of marshes in the C
cycle, the general objective of this PhD thesis was to measure and understand the biological,
physical and chemical processes controlling C fluxes at the terrestrial — aquatic — atmospheric
interfaces of the Charentais marshes. High-frequency measurements of water pCO. showed a
strong control of the coastal ecosystem typology on inorganic C dynamics, with significant
spatial variations along a continental shelf — estuary — marsh continuum. In artificial salt
marshes, management practices (natural or anthropogenic) and the types of primary producer
(macroalgae or seagrass) influence the metabolic status (source or sink of CO2). Within a tidal
salt marsh, net ecosystem CO> exchange (NEE) were measured to quantify the marsh
metabolic fluxes and evaluate the relevant environmental factors that control NEE fluxes. The
results showed a strong annual atmospheric CO: sink through the photosynthesis of emerged
halophyte plants. However, tidal immersion significantly disrupted the marsh metabolic
fluxes, reducing net CO. uptake during the day and net CO2 emissions during the night. In the
third part, organic and inorganic forms of C, nutrients and planktonic metabolism were
measured over 24-h cycles simultaneously with the NEE fluxes to assess the contribution of

aquatic metabolism to horizontal and vertical fluxes of C in marshes.

Keywords: coastal marshes, water pCO», atmospheric CO2 flux, primary producers, aquatic

metabolism, temporal variations.
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Abréviations

C Carbon Carbone
N Nitrogen Azote
P Phosphorus Phosphore
CO2 Carbon dioxide Dioxyde de carbone
pCO; Partial pressure of CO, Pression partielle de CO;
FCO: Estimated water-air CO; fluxes Flux de CO; eau-air estime
k Gas transfer velocity Coefficient de transfert du CO. entre
I’eau et I’air
a CO- solubility coefficient Coefficient de solubilité du CO, dans
I’eau
EC Eddy Covariance Eddy Covariance
NEE Net Ecosystem CO, Exchange measured Echanges nets de CO; de 1’écosystéme
by EC mesuré par EC
NEEmarsh Net Ecosystem CO, Exchange estimated Echanges nets de CO; de I’écosystéme
at the marsh-atmosphere interface estimé a I’interface marais-atmosphére
without tidal immersion sans immersion tidale
NEP Net Ecosystem Production Production nette de 1’écosystéme
NPP Net Primary Production Production primaire nette
Reco Ecosystem Respiration Respiration de 1I’écosystéme
GPP Gross Primary Production Production primaire brute
NCP Net Community Production Production nette de la communauté
CR Community Respiration Respiration de la communauté
DO Dissolved oxygen Oxygeéne dissous
DO-sat. Dissolved oxygen saturation level Pourcentage de saturation en oxygeéne
dissous
TC Total Carbon Carbone total
oC Organic Carbon Carbone organique
oM Organic Matter Matiére organique
DOC Dissolved Organic Carbon Carbone organique dissous
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POC Particulate Organic Carbon Carbone organique particulaire
DIC Dissolved Inorganic Carbon Carbone inorganique dissous
HCOz Bicarbonate ions lons bicarbonates

COs* Carbonate ions lons carbonates

CaCOs Calcium carbonate Carbonate de calcium

TA Total Alkalinity Alcalinité totale

TN Total Nitrogen Azote total

DON Dissolved Organic Nitrogen Azote organique dissous

PON Particulate Organic Nitrogen Azote organique particulaire
NH4* Ammonium Ammonium

NOs;_ NOy Nitrate + Nitrite Nitrate + Nitrite

DIN Dissolved Inorganic Nitrogen Azote inorganique dissous
Si(OH)4 Silicate Silicate

PO Phosphate Phosphate

DIP Dissolved Inorganic Phosphorus Phosphore inorganique dissous
Chla Chlorophyll a Chlorophylle a

PAR Photosynthetically Active Radiation Radiation active photosynthétique
VPD Vapor Pressure Deficit Déficit de pression de vapeur d’eau
RH Relative Humidity Humidité relative

Ta Air temperature Température de ’air

Tw Water temperature Température de 1’eau

Hw Water height Hauteur d’eau
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Listes des figures

e Chapitre |

Figure 1.1 : Budget global du carbone (CO2) pour la période 2010-2019. Les fléeches orange
représentent les flux annuels de carbone (en Pg C an™) associés au cycle naturel, estimés pour
la période précédant I’ére industrielle, vers 1750. Les fléches roses représentent les flux
anthropiques de carbone moyennés sur la période 2010-2019. Le taux d’accumulation de
carbone dans 1’atmosphére est égal a la somme des émissions nettes liées aux changements
d’occupation des sols et aux combustions fossiles auxquelles sont déduits les puits nets des
terres et des océans. Les cercles avec les nombres en jaune correspondent aux stocks de
carbone préindustriel (en Pg C an™) et les cercles avec des nombres en rose correspondent aux
changements anthropiques (flux anthropiques cumulés) de ces stocks depuis 1750. Le carbone
dans les eaux océaniques existe sous plusieurs formes : carbone inorganique dissous (37 100
Pg DIC), carbone organique dissous (700 Pg DOC) et carbone organique particulaire (13-23
Pg POC) dans un rapport proche de DIC:DOC:POC = 2000:38:1. 1 Pg = 1 Gt = 10% g.
Schéma issu du sixieme rapport d’évaluation de I'I[PCC (Intergovernmental Panel on
Climated Change ; Canadell et al., 2021).

Figure 1.2 : Tendances historiques des émissions de CO2 atmosphérique (en Pg C an® = 10%°
g C anl) par les activités anthropiques (combustion fossiles et changements d’occupation des
sols) pour la période entre 1880 et 2019. Le terme « others » dans la légende représente
principalement les émissions de carbonates lors de la fabrication de ciment. Schéma issu du
sixieme rapport d’évaluation de ’'IPCC (Canadell et al., 2021).

Figure 1.3 : Les trois pompes océaniques a carbone permettant la régulation des fluctuations
naturelles de CO2 atmosphérique : la pompe de solubilité, la pompe a carbone organique et la
contre pompe de carbonate de calcium (CaCOs). Schéma issu du quatriéme rapport
d’évaluation de I’'IPCC (Denman et al., 2007).

Figure 1.4 : Processus de dissolution et de dissociation du CO; dans les eaux océaniques et
cétieres (Plymouth Marine Laboratory).

Figure 1.5 : Effets de différents processus biologiques et des échanges de CO2 atmosphérique
sur les parameétres chimiques des carbonates : carbone inorganique dissous (DIC, mmol kg™),
alcalinité totale (TA, mmol kg?) et dioxyde de carbone (CO2, pmol kg™) a une température T
= 15°C, salinité S = 35 et pression P = 1 atm (Zeebe, 2012).

Figure 1.6 : Flux verticaux et horizontaux de carbone organique (OC) et inorganique (IC) au
sein de la zone cotiére (estuaires, zones humides tidales, plateaux continentaux). Le carbone
(C) peut circuler a l'intérieur (valeurs en noir) et a I’extérieur (valeurs en rouge) des limites de
I'océan cotier. Tous les flux de OC et IC sont présentés comme des valeurs positives, les
fleches indiquent la direction des flux. Les flux de POC et DOC sont présentés comme des
valeurs de OC total. L'équilibre entre la production primaire brute (GPP) et la respiration
totale du systeme (autotrophe, A, et hétérotrophe, H ; Ran) est la production nette de
I'écosystéme (NEP), les valeurs négatives indiquant la conversion du OC en IC. Incertitudes
typiques pour les flux de carbone : *95% de certitude que I'estimation se situe dans les 50%
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de la valeur rapportée ; 795% de certitude que l'estimation se situe dans les 100% de la valeur
rapportée ; fincertitude supérieure a 100%. Les unités sont les Pg C an (1 Pg = 10% g)
arrondies a + 0,05 Pg C an’ (Bauer et al., 2013).

Figure 1.7 : (A) Distribution en profondeur dans les sédiments cotiers des accepteurs
d’¢électrons disponibles pour les réactions aérobie et anaérobie de minéralisation de la matiére
organique. (B) Représentation des zones chimiques associés aux réactions de respiration. Du
haut (surface) vers le bas (profondeur), les réactions diagénétiques sont classées dans 1’ordre
de la chaine d’oxydo-réduction de la réaction la moins énergivore (respiration aérobie) vers la
plus énergivore (méthanogénese) (Canfield et Thamdrup, 2009).

Figure 1.8 : Classification des marais tidaux en trois types selon le gradient de salinité le long
d’un estuaire (marais salés, marais saumatres et marais doux) (Luo et al., 2017 d’aprés Mitsch
et Gosselink, 2015).

Figure 1.9 : Répartition mondiale des marais salés tidaux le long des cOtes océaniques a
I’échelle de la Terre (Pétillon et al., 2023).

Figure 1.10 : Schéma d’un marais salé et répartition des espéces végétales selon la fréquence
d’inondation et de la tolérance a la salinité. L. Anras, Forum des Marais Atlantique.

Figure 1.11 : Exemples de marais non tidaux (tourbiéres et prairies humides) et leurs flux
hydriques (www.zones-humides.org, septembre 2023).

Figure 1.12 : Schéma d’un systéme de marais salés rétro-littoraux (modifié de www.zones-
humides.org, septembre 2023).

Figure 1.13 : Schéma d’un systéme de marais doux rétro-littoral (modifié de www.zones-
humides.org, septembre 2023).

Figure 1.14 : Modele conceptuel de la production primaire phytoplanctonique et des facteurs
de contrble biotiques et abiotiques dans les ecosystemes cotiers estuariens (Cloern et al.,
2014).

Figure 1.15: Les processus biologiques et physico-chimiques contrdlant la dynamique du
CO- dissous (CO2()) dans le compartiment aquatique des marais salés. NEP : production nette
de I’écosysteme ; CO2(q) : CO2 dissous dans 1’ecau ; CaCOs : carbonates de calcium ; HCOs™:
ions bicarbonates ; COs% : ions carbonates ; C : Carbone (Polsenaere, 2018).

Figure 1.16 : Budget de carbone d’un marais tidal (Etats-Unis, 12300 km?) avec (a) les flux
horizontaux et verticaux de carbone aux différentes interfaces d’échanges et (b) leurs
pourcentages sur la production primaire brute (GPP). La GPP correspond a la captation de
CO: atmosphérique par I’ensemble des organismes autotrophes du marais. La somme des flux
correspond & la GPP (1361 + 246 g C m? an) : GPP = (FCOgz-inmarsh)mec + OC burial + DIC
export + DOC export + POC export + Run-inundated. Les flux de carbone sont donnés en g C m™
an’t. GPP : production primaire brute ; P : photosynthése dans 1’eau ; Run-inundated : respiration
du compartiment terrestre lors de I’émersion du marais ; (FCOz-inmarsh)mc) : flux de CO>
atmosphérique influencés du compartiment aquatique du marais lors de I’immersion ; (FCOa-
inmarsh)ec)  flux de CO2 atmosphérique influencés par les eaux estuariennes lors de I’immersion
; (FCOg-inmarsh)p) : impact de la photosynthese sur les flux de CO; atmosphérique ; OC:
carbone organique ; DIC : carbone organique dissous ; DOC : carbone organique dissous ;
POC : carbone organique particulaire (Song et al., 2023).

Figure 1.17 : Concentrations en alcalinité totale (TA, a) et en carbone inorganique dissous

(DIC, b) dans les eaux porales (PW) et les eaux de surfaces (SW) au sein des marais salés et
les mangroves. Les chiffres indiquent les medianes. Les diagrammes en boite indiquent la
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médiane (ligne centrale), les 25e et 75e percentiles (boite) et les 5e et 95e percentiles
(moustaches) (Reithmaier et al., 2023).

Figure 1.18 : Relation entre la NEE, la NEP et les échanges horizontaux de carbone au sein
d’un systtme de marais salé tidal. A. marais émergé. NEE majoritairement a I’interface
sédiment-atmosphére (NEP benthique). B. marais immergé, NEE a ’interface eau-atmosphére
(NEP totale = NEP benthique + NEP planctonique) mais avec une influence des eaux cétiéres
prédominante. BMA : microalgues benthiques. PMA : pélagique benthiques (modifi¢ d’aprés
Polsenaere, 2011).

Figure 1.19: (A) Flux d’air horizontal composé de nombreux tourbillons rotatifs. (B)
Composante verticale de deux tourbillons turbulents au méme point mais a deux temps
différents. Cy : concentration de CO> atmosphérique transporté par le tourbillon 1 (eddy 1)
lors du temps 1 (time 1)a une vitesse W1 ; Cz: concentration de CO2 atmosphérique
transporté par le tourbillon 2 (eddy 2) lors du temps 2 (time 2) a une vitesse W>. Le tourbillon
1 est descendant (captation de CO> atmosphérique par 1’écosystéme) et le tourbillon 2 est
ascendant (émission de CO, atmosphérique par I’écosystéme) (Burba, 2021).

Figure 1.20 : Localisation des réserves naturelles nationales (RNN) en Charente Maritime
(France). Un premier site d’étude concerne les marais salés du Fier d’Ars au sein de la réserve
de Lilleau des Niges (Ile de R¢), un deuxieme site d’étude concerne les marais de Brouage au
sein de la réserve de Moéze-Oléron et un troisiéme site d’étude concernant les marais
périurbains de Tasdon (La Rochelle). Modifié de LPO.

Figure 1.21 : L’estuaire tidal du Fier d’Ars (Ile de Ré) et localisation des points de mesures et
d’échantillonnage au sein des marais tidaux (en aval de la digue), des marais rétro-littoraux
(en amont de la digue) et des chenaux. La zone bleue correspond a la zone intertidale de
I’estuaire et la ligne orange correspond a la digue permettant de délimiter les zones terrestres
et maritimes. Les croix bleues (partie A ; voir 6.1.) correspondent aux mesures in situ des
pCO; de I’eau sur des cycles de 24 heures au sein de deux continuums aquatiques estuaire —
chenal — marais. Les fleches verticales rouges (partie B ; voir 6.1.) correspondent aux mesures
des échanges nets de CO2 atmosphérique (NEE) sur une année entiere au sein du marais tidal
des Bossys perdus. L’étoile verte (partic C ; voir 6.1.) correspond aux cycles de 24 heures
d’échantillonnages de la colonne d’eau pour 1’é¢tude du métabolisme aquatique du marais tidal
en lien avec les mesures de flux de NEE. Figure modifiée de Mayen et al. (2023).

Figure 1.22 : Localisation du marais urbanisé de Tasdon (agglomération de La Rochelle) et
des différentes stations étudiées (T2, T6 et T7) apres les travaux de renaturation. Carte issu de
la Ville de La Rochelle.

e Chapitre Il

Figure 2.1: The Fier d’Ars estuary (Ré Island, French Atlantic coast) and locations of the four
studied stations along aquatic continuums: tidal estuary at station a, channel at station b,
rewilded artificial salt marsh at station ¢ (in green) and working artificial salt marsh at station
d (in blue). The dyke (in red) delimits terrestrial and maritime areas. The locks in the two
studied artificial marshes are represented within the two map expansions. An atmospheric
Eddy Covariance station was deployed at station e on the tidal salt marsh downstream from
the dyke. Station F is located in the centre of the Breton Sound continental shelf; station a is
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located at the entry of the estuary; stations b, ¢ and e are within the National Natural Reserve
to the west of the estuary; station d to the east of the estuary is within a salt-farm.

Figure 2.2: Principal Component Analysis (PCA) of the biogeochemical parameters
measured at each season along the studied aquatic continuums (stations a, b, ¢ and d). The
PCA is based on temperature (Temp), salinity, turbidity, dissolved oxygen concentration
(DO), dissolved oxygen saturation level (DO-sat.) and pCO2 mean values for each 24-h cycle.
Stations a, b, ¢ and d are represented in red, brown, green and blue, respectively. The
additional station F is represented in light blue. Win: Winter; Spr: Spring; Sum: Summer;
Aut: Autumn.

Figure 2.3: Temporal variations at station a (tidal estuary) of water temperature (°C), salinity,
DO saturation level (DO-sat., %), turbidity (NTU), pCO2, NpCO2 (pCO variations related to
non-temperature effects, ppmv) and TpCO: (pCO: variations related to temperature physical
effects, ppmv) during each 24-h cycle from winter 2018 to autumn 2018. Parameters were
autonomously measured once per minute by in situ probes. Water heights (H, m) were
retrieved from the SHOM station (9 km away; Fig. 2.1). Grey areas correspond to night-time
periods. Vertical dotted lines correspond to high tides. Horizontal dotted lines correspond to
the CO, atmospheric concentration (411 ppm; NOAA 2018). Each graduation of the x-axis
corresponds to one hour.

Figure 2.4: Temporal variations at station b (channel) of water temperature (°C), salinity, DO
saturation level (DO-sat., %), turbidity (NTU), pCO2, NpCO; and TpCO: (ppmv) during each
24-h cycle from winter 2018 to autumn 2018. See the Fig. 2.3 caption for more details.

Figure 2.5: Temporal variations at station c (rewilded artificial salt marsh) of water
temperature (°C), salinity, DO saturation level (DO-sat., %), turbidity (NTU), pCO2, NpCO-
and TpCO, (ppmv) and in situ Chl a (ug L) during each 24-h cycle from spring 2019 to
winter 2020. Vertical dotted lines correspond to coastal water inflows to the marsh during
incoming tide. Horizontal dotted lines correspond to the atmospheric CO2 concentration
simultaneously measured (i) by the Eddy Covariance (station e) during the summer and winter
cycles and (ii) by NOAA during the spring and autumn cycles. In situ Chl a values are
represented by black crosses (Chl ameasured); N0 water samples could be taken in spring 2019.
See the Fig. 2.3 caption for more details.

Figure 2.6: Temporal variations at station d (working artificial salt marsh) of water
temperature (°C), salinity, DO saturation level (DO-sat., %), turbidity (NTU), pCO2, NpCO>
and TpCO; (ppmv) and in situ Chl a (ug L) during each 24-h cycle from summer 2019 to
winter 2020. Chl a values in green were derived from the C3-fluorometer every 10 min. (Chl
aestimated). See the Fig. 2.3 caption for more details.

Figure 2.7: Derived temperature-normalized pCO> (seasonal NpCO., blue curves with empty
blue dots) and thermally forced pCO: (seasonal TpCOg, pink curves with empty pink dots) at
the seasonal scale at stations F, a, b, ¢ and d. Seasonal means of water temperature (in red
dotted lines) and pCO2 (red curves with filled red dots) are also represented. Horizontal dotted
lines correspond to CO> atmospheric concentration (411 ppm; NOAA 2018).

Figure 2.8: Diurnal/tidal correlation plots of temperature vs. salinity and water pCO2 vs.
salinity at stations b and ¢ for each season. Only significant R? (slopes significantly different
from zero; n = 1441; p < 0.05) are showed. HT/D: high tide day; LT/D: low tide day; HT/N:
high tide night; LT/N: low tide night. At station ¢, HT periods correspond to coastal water
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inflows to the marsh. Note that the temperature and salinity ranges across the seasons are not
the same. Horizontal dotted lines correspond to the atmospheric CO> concentration.

Figure 2.9: Seasonal and spatial variations in estimated CO, fluxes (FCOz, in mmol m? h?)
at the water-atmosphere interface at stations F, a, b, ¢ and d. The means and associated
standard deviations over each 24-h cycle are shown. keso and FCO: estimations were
calculated according to the R22 parametrization. FCO> values at stations a and b are only
given for high tide periods.

Figure 2.10: CO budget over the two aquatic sea - land continuums: (1) continental shelf -
estuary - channel - rewilded artificial salt marsh and (2) continental shelf - estuary - working
artificial salt marsh. Annual means (x SD) and ranges (min - max) of water pCO (ppmv) and
air-water FCO2 (mmol m? h) are showed. The picture of station ¢ in spring 2019 (© P.
Polsenaere) allows to visualize the macroalgae bloom.

e Chapitre 111

Figure 3.1: The studied Bossys perdus salt marsh located on the French Atlantic coast within
the National Natural Reserve (blue line delimitation) on Ré Island. The salt marsh is
connected to the Fier d’Ars tidal estuary (light blue). The dyke separates terrestrial and
maritime marsh areas (orange line). The eddy covariance system and associated estimated
footprint are indicated (black cross and red line; see Fig. 3.2). From geo-referenced IGN
orthogonal images (IGN 2019).

Figure 3.2: Location and set-up of the eddy covariance (EC) system within the Bossys perdus
salt marsh and its associated footprint estimated from Kljun et al. 2015 and averaged over the
year 2020 (70% contour line, i.e. 13042 m?). Wind sectors (45°) and marsh habitats (see
Table 3.1) are represented. The canopy height of the studied marsh is short and constant (from
0.15 m for H. portulacoides to 0.30 m for S. maritima). The STPS sensor (in yellow),
measuring water heights (Hw) and temperatures (Tw), was located in the SSW sector. The EC
system includes (1) the ultrasonic anemometer (CSAT3), (2) the open-path infrared gas
analyser (EC150), (3) the temperature probe (100K6A1A), (4) the temperature/relative
humidity sensor (HMP155A), (5) the silicon quantum sensor (SKP215) and (6) the central
acquisition system (CR6) and the electronics module (EC100). A rainfall sensor (TE525MM)
simultaneously measured the cumulative precipitation. From geo-referenced IGN orthogonal
images (IGN 2019). Photographs of four wind sectors within the studied footprint area
(NNW, ENE, WSW and SSE) were taken from the EC system during an emersion period in
summer 2021 when all the marsh habitats were emerged into the atmosphere: (a) Spartina
maritima, (b) Halimione portulacoides, (c) Suaeda vera and (d) mudflat. © S.-C. Zech.
Figure 3.3: Net ecosystem exchanges and associated environmental parameters measured
every 10 min throughout the year 2020. The measured environmental parameters include (A)
the photosynthetically active radiation (PAR, pmol m? s?), (B) air temperature (Ta, °C),
vapour pressure deficit (VPD, Pa), (C) wind speed (m s?), (D) water height (Hw, m), water
temperature (Tw, °C) and (E) the net ecosystem exchanges (NEE, pmol CO2 m? s?)
computed from the 20 Hz atmospheric CO> and wind speed measurements with the EddyPro
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software. The red line in E is the moving average of NEE (daily mean). Seasons are delimited
by vertical lines.

Figure 3.4: Seasonal variations (means = SD) of the measured NEE, estimated NEEmarsh,
estimated GPP and estimated Reco (umol CO2 m? s) recorded throughout the year 2020.
NEE: net ecosystem exchange, NEEmarsn: net ecosystem exchange at the marsh-atmosphere
interface without coastal water, GPP: gross primary production, Reco: €cosystem respiration.
The NEE fluxes were partitioned into GPP and Reco according to Kowalski et al. (2003) and
Wei et al. (2020b) (see section 2.6).

Figure 3.5: Hourly plots of the measured NEE, estimated NEEmarsh, estimated GPP and
estimated Reco diurnal variations obtained every 10 minutes in winter (A), spring (B), summer
(C) and fall (D) for the year 2020. NEE averages are represented by solid blue lines and
standard deviations are represented by blue areas. The NEEmarsh, GPP and Reco averages are
represented by dotted red, green and black lines, respectively. The measured NEE fluxes were
partitioned into GPP and Reco according to Kowalski et al. (2003) using monthly coefficients
(see the “Materials and methods” section). Night-time periods correspond to GPP = 0 pmol
m2 st and NEEmarsh = Reco. All values are in umol CO, m2 s,

Figure 3.6: Diurnal variations of NEE fluxes (umol CO2 m? s) measured every 10 min
according to different variables within five PAR groups: 0-10 (night-time), 10-500, 500-1000,
1000-1500 and 1500-2000 umol m™ s™*. Panel (A) shows PAR (umol m? s?), (B) VPD (Pa),
(C) air temperature (°C), (D) water temperature (°C), (E) wind speed (m s?) and (F) wind
direction (°). NEE fluxes are averaged after separating each variable into five classes and the
coloured area is the standard error at the mean.

Figure 3.7: Spatial split of NEE fluxes (umol CO2 m s) within each 45° wind sector (Fig.
3.2) during emersion periods (Hw = 0 m) at the seasonal and diurnal scales. During daytime,
the brightest emersion periods (PAR > 500 pmol m? s?) were chosen to reduce NEE
fluctuations due to PAR influence (see Fig. 3.6-a).

Figure 3.8: Diurnal variations of NEE fluxes (umol CO2, m s™) measured every 10 minutes
according to water height (Hw, m) within five PAR groups (see caption of Fig. 3.6) in winter
(A), spring (B), summer (C) and fall (D). NEE values were averaged every 0.1 m. The
coloured areas represent the standard error of the mean.

Figure 3.9: Cumulative carbon fluxes (g C m) of the measured NEE (in blue) and estimated
NEEmarsh (in green) throughout the year 2020. Vertical lines are used to delimit the four
seasons. NEE fluxes correspond to net vertical CO, exchanges measured by EC whereas
NEEnmarsh fluxes correspond to net vertical CO2 exchanges estimated from NEE partitioning at
the benthic interface only, without any tidal influence.
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e Chapitre IV

Figure 4.1: (A) The Bossys perdus salt marsh located on the French Atlantic coast within the
National Natural Reserve on Ré Island. This intertidal salt marsh is connected to the
downstream Fier d’Ars estuary (light blue under tidal immersion) and the upsteam artificial
salt marshes (salt ponds). The dyke (orange line) separates terrestrial and maritime marsh
areas. Blue arrows represents coastal water inputs from the estuary and the continental shelf at
high tides (tidal marsh flooding and artificial marsh supplying) and green arrows represents
exported waters from artificial salt marshes to the estuary through the Bossys perdus channel
at low tides. The studied footprint area (80% countour line) of the Bossys perdus marsh is
indicated (red line). (B) Location and set-up of the eddy covariance (EC) system within the
Bossys perdus salt marsh at low tide (marsh emersion) and its associated footprints averaged
over the year 2021 (Kljun et al., 2015). The red arrows corresponds to the studied 80%
footprint countour line encompassing the water sampling location (blue cross).

Figure 4.2: Temporal variations of biogeochemical parameters measured during each 24-h
cycle from winter to fall: water salinity, water height (Hw, m), water temperature (Tw; °C),
DO saturation level (DO-sat.; %), pCO2 (ppmv), NpCO2 (pCO> variations related to non-
temperature effects; ppmv), TpCO2 (pCO2 variations related to temperature effects; ppmv), air
CO2 concentration (ppm) and NEE fluxes (umol CO2 m? s1). Estimated NEEmarsh, GPPmarsh
and Rmarsh fluxes (umol CO, m? s) are presented simultanesouly with NEE fluxes measured
by EC. All parameters were measured or estimated every 10 min. during each 24-h cycle.
White and grey areas correspond to daytime and night-time, respectively. No variation of Hw
(Hw = 0.50 m) corresponds to low tides and increase/decrease of Hw (Hw > 0.50 m)
correspond to high tides. Vertical dotted lines distinguish low tide day (LT/Day, 1), high tide
day (HT/Day, 2), low tide night (LT/Night, 3) and high tide night (HT/Night, 4) (see M&M
section for further information). Each graduation of the x-axis corresponds to two hours.
Figure 4.3: Boxplot distribution of water pCO> variations measured every 10-min. at the
diurnal/tidal scales within each seasonal 24-h cycles. Horizontal dotted line corresponds to the
CO2 atmospheric concentration measured by the EC station and averaged over the four
seasonal 24-h cycles (416 ppm). LT/Day: low tide day; HT/Day: high tide day; LT/Night: low
tide night; HT/Night: high tide night. Daytime and night-time periods were separated into
PAR > 10 and PAR < 10 pmol m s, respectively, whereas low tide (LT) and high tide (HT)
periods were separated into Hw = 0.50 m and Hw > 0.50 m, respectively (see Fig. 2 and
M&M section for further information on these temporal periods).

Figure 4.4: Abundance of microphytoplankton (10° cell L), pico-nanophytoplankton (108
cell L™%) and bacteria (10° cell L) sampled at the diurnal/tidal scales during each 24-h cycle
simultaneously with NCP measurements. Contrary to the biogeochemical parameters sampled
every hour or two hours over 24-h cycles, planktonic communities were sampled every 6 h
once of each period of LT/Day, HT/Day, LT/Night and HT/Night (n = 4). The Chla
concentration associated to each sampled planktonic community was added in green.
Microphytoplankton was separated into centric diatoms, pennate diatoms and dinoflagellates.
LT/Day: low tide day; HT/Day: high tide day; LT/Night: low tide night; HT/Night: high tide
night (see Fig. 2 for further information on these temporal periods).

Figure 4.5: Planktonic metabolism and associated standard errors at diurnal/tidal scale over
the four seasonal 24-h cycles: net community production (NCP, pmol CO2 L' h?),
community respiration (CR, pmol CO, L™t h') and gross primary production (GPP, pmol CO;
Lt h'Y). Specific rates of NCP (D), CR (E) and GPP (F) were standardized per unit of Chla
(umol CO2 pg Chla h't). Specific CR rates standardized per abundance of bacteria (G) were
also indicated (umol CO cell h?). Planktonic metabolism rates were measured by the
Winkler method with in situ water incubation in transparent and dark bottles. LT/Day: low
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tide day; HT/Day: high tide day; LT/Night: low tide night; HT/Night: high tide night (see
M&M section for further information on these temporal periods).

Figure 4.6: Linear regressions between normalized DIC (nDIC) versus normalized TA (nTA)
for each 24-h cycle at the seasonal scale. For each cycle, nTA and nDIC data were calculated
from Friis et al. (2003) with a mean salinity value from all samples (25.0, 36.7, 36.0 and 33.2
at C1-winter, C2-spring, C3-summer and C4-fall, respectively; see section 2.6.).

Figure 4.7: Boxplot distribution (median, minimum and maximum) of inorganic nutrients
(uM) at the diurnal/tidal scales within each seasonal 24-h cycle: NOs~_NO2 (A), NHs™ (B),
DSi (C) and DIP (D). LT/Day: low tide day; HT/Day: high tide day; LT/Night: low tide night;
HT/Night: high tide night.

Figure 4.8: Median concentrations of total carbon (TC; in uM) and total nitrogen (TN; in
M) at high tides and low tides over the four 24-h cycle from winter to fall 2021. The sum of
DOC, POC, HCO3, COs* and CO; correspond to total carbon (TC) and the sum of DON,
PON, NO3"_NO>" and NH4" correspond to total nitrogen (TN). The DIC partitioning into CO»,
HCOs and CO3? was described in the M&M section.

Figure 4.9: Boxplot distribution (median, minimum and maximum) of POC:PON molar ratio
(A) and POC:Chla mass ratio (B; in mg mg™?) at the diurnal/tidal scales within each seasonal
24-h cycle. The horizontal dotted line in (A) corresponds to the Redfield ratio (i.e. theorical
molar ratio for plankton; POC:PON = 6.6) (Redfield, 1958). The horizontal dotted line in (B)
allows characterizing particulate organic matter either as autotrophic (POC:Chla < 200 mg
mg*, dominance of “fresh” living phytoplankton) or heterotrophic (POC:Chla > 200 mg mg?,
dominance of detrital organic material; Savoye et al., 2003). LT/Day: low tide day; HT/Day:
high tide day; LT/Night: low tide night; HT/Night: high tide night.

Figure 4.10: Non-metric multidimensional scaling (NMDS) using Euclidean distance of the
biogeochemical parameters measured from hourly water samples (n = 59) at the seasonal (A),
tidal (B) and diurnal (C) scales (stress of 0.08). Each NMDS is based on pCO», DIC, DOC,
POC, PON, DON, TA, Chla, NO3_NO2", NH4*, DSi and DIP values. Biogeochemical data
were reported in table 3. Seasonal factor assesses variability between 24-h cycles (C1-winter,
C2-spring, C3-summer and C4-fall); tidal factor assesses variability between high tides (Hw >
0.50 m) and low tides (Hw = 0.50 m); diurnal factor assesses variability between daytime
(PAR > 10 umol m? s?) and night-time (PAR < 10 umol m?s™?).

e Chapitre V

Figure 5.1 : Analyse en Composante Principale (ACP) des parameétres biogéochimiques de
I'eau échantillonnés a I'échelle diurne au cours de trois cycles de 24 heures (C1-hiver, C2-
printemps et C3-automne) au marais saumatre MAD a Brouage. Les plus petits points
représentent les échantillons horaires au sein de chaque cycle de 24 h (n = 12) et les plus gros
points représentent les barycentres. L'ACP est basee sur les valeurs de température (T, °C),
turbidité (TU, FNU), oxygene dissous (DO, uM), pression partielle de CO2 (pCO2, ppmv),
carbone inorganique dissous (DIC, umol kg?), carbone organique dissous (DOC, pM),
carbone organique particulaire (POC, uM), azote organique particulaire (PON, uM), alcalinité
totale (TA, pmol kg?), chlorophylle-a (Chla; pg L™1), nitrate_nitrite (NO3_NOz; uM),
ammonium (NH4" ; uM), silicates (DSi, uM) et phosphate (DIP, uM). Les trois cycles de 24 h
ont été réalisés en hiver (fevrier 2021), au printemps (mai 2021) et en automne (novembre
2021) ; I’été a été associé uniquement a des mesures biogéochimiques in situ des pCO: de
I’eau (voir Tableau 5.1). Pour chaque cycle de 24 h, la stratégie d'échantillonnage et les
différentes méthodes analytiques ont été entiérement décrites au sein du chapitre 1V (Mayen
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et al., in prep.). Le logiciel R-studio et le package "FactoMineR" (L& et al., 2008) ont eté
utilisés pour réaliser I’ACP.

Figure 5.2 : Influence de la typologie (marais rétro-littoraux vs marais tidaux) et du mode de
gestion (stade mature vs stade de développement) des marais littoraux sur leur statut comme
puits ou source de CO. atmosphérique. Les fleches noires correspondent a la typologie, les
fleches marrons correspondent au mode de gestion et les fleches vertes correspondent aux
producteurs primaires dominants. Les fleches rouges correspondent au changement de
typologie ou de mode de gestion selon les activités humaines ou les événements extrémes.

Figure 5.3 : Variations spatiales et saisonnieres des pCO- de I'eau (moyenne + écart-type, en
ppmv) et des flux de carbone atmosphérique (g C m? j1) aux stations T7, T6 et T2 avant
(2019) et apres (2021 et 2022) la renaturation du marais de Tasdon. Les valeurs de salinité
sont indiquées en bleu. Les lignes horizontales en pointillé correspondent a la pCO2 de I’air
pour chaque période (NOAA). Les pCO: de I'eau inférieures a la pCO2 de l'air indiquent une
sous-saturation en CO> de I’eau par rapport a l'atmosphére et les pCO2 de I'eau supérieures a
la pCO> de l'air indiquent une sursaturation en CO2 de I’eau par rapport a lI'atmosphére. Les
flux de CO; a linterface eau-air (mmol CO, m? hl), estimés avec la paramétrisation de
Raymond et Cole (2001), ont été cumulés sur 24 h et convertis en flux de carbone
atmosphérique (g C m2j?). Des flux de C cumulés négatifs a I'interface eau-air indiquent un
puits net de C atmosphérique sur 24 h et des flux de C cumulés positifs a l'interface eau-air
indiquent une source nette de C atmosphérique sur 24 h. La stratégie de mesure des pCO. de
I’eau et la méthode d’estimation des flux de CO2 atmosphérique ont été décrites au sein du
chapitre 11 (Mayen et al., 2023).

Figure 5.4 : Schéma de la dynamique du carbone entre la marée haute (immersion du marais
par les eaux cotieres) et la marée basse (émersion du marais et exportation des eaux vers le
chenal) au cours de nos cycles de 24 h au marais tidal des Bossys perdus. Les eaux des marais
rétro-littoraux en amont sont évacuées dans le chenal uniquement lors des périodes de marée
basse. Les bilans de carbone en hiver, au printemps et en été pour la NEE (échanges de CO>
atmosphérique mesurés par EC), la NEEmarsn (flux métabolique du marais sans immersion) et
la NCP (métabolisme planctonique) sont donnés en g C m2 j . Pour les taux journaliers de
NCP, les bilans négatifs correspondent a une autotrophie (puits net de C pour les eaux) et les
bilans positifs correspondent a une hétérotrophie (source nette de C pour les eaux). Pour le
métabolisme net du marais avec immersion (NEE) et sans immersion (NEEmarsn), les bilans
négatifs correspondent a une captation de C atmosphérique par le marais. Les valeurs en DIC,
DOC et POC sont les concentrations moyennes a marée basse et a marée haute (en uM) pour
chaque cycle de 24 h.
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Listes des tableaux

e Chapitre |

Tableau 1.1: Réactions diagenétiques influencant les parametres des systémes des
carbonates (DIC, TA et CO2) (Krumins et al., 2013 ; Rasssmann et al., 2020).

e Chapitre Il

Table 2.1: Meteorological conditions (air temperature in °C and cumulative precipitation in
mm) obtained from the “Infoclimat” station on Ré Island (Fig. 1; https://www.infoclimat.fr) at
the monthly and annual scales over our measurement periods in 2018, 2019 and 2020 in bold
compared to the reference period (1990-2020).

Table 2.2: Seasonal means (+ SD) and ranges (min - max) of temperature (°C), salinity, DO
(umol L), pH (NBS scale) and pCO2 (ppmv) values measured (i) once every two weeks in
2018 at station F (Coignot et al., 2020) and (ii) during each 24-h cycle from 2018 to 2020 at
stations a, b, ¢ and d in this study.

Table 2.3: Seasonal means (+ SD) and ranges (min - max) of wind speed (km h?), gas
transfer velocity (keso, cm h™) and estimated water-atmosphere CO; flux (FCO2, mmol m? h-
1y values measured (i) once every two weeks in 2018 at station F (Coignot et al., 2020) and
(i) during each 24-h cycle from 2018 to 2020 at stations a, b, ¢ and d in the present study. Air
CO2 concentrations used for FCO- calculations are: 408 ppm (stations a, b and F in 2018),
411 ppm (station c in spring 2019), 413 ppm (stations ¢ and d in autumn 2019), 400 ppm
(stations ¢ and d in summer 2019) and 403 ppm (stations ¢ and d in winter 2020; see M&M
sections).

Table 2.4: Stepwise multilinear regression analyses to test the contribution of
physicochemical variables on water pCO> variations through the percentage of explained
variance (adjusted R?). Each selected multilinear model (p < 0.001, n = 1441) had the highest
adjusted R? value with all variables explaining at least 5% of the pCO; variation. In bold is
indicated the parameter explaining at least 50% of the pCO. variation. Input variables: DO-
sat. (dissolved oxygen saturation level), T (water temperature), S (salinity) and TU (turbidity).
The statistic (F) and adjusted R? (adj. R?) are given.

e Chapitre Il

Table 3.1: Bossys perdus marsh habitat (percentages are in bold and associated surface area,
in square metres, are in brackets) within each 45° wind sector in the corresponding footprint
areas (Fig. 3.2) and the whole averaged footprint for the year 2020 (13042 m?, 70% contour
line). “Negligible surfaces on the total area of the sector.

Table 3.2: Emersion and immersion periods (percentage in bold) at the studied salt marsh for
four water height ranges of 0.5 m during the year 2020 and at the seasonal scale. The
emersion and immersion durations in hours per day (h d?) were calculated (shown in
brackets).
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Table 3.3: Diurnal/tidal variations (means + SD in bold) of NEE fluxes (umol CO, m? s?)
during each season in 2020. The associated ranges (min/max) are indicated in brackets.
Daytime and night-time periods were separated into PAR > 10 and PAR < 10 pmol m? s¥,
respectively, whereas emersion and immersion periods were separated into Hw = 0 m and Hw
> 0 m, respectively.

Table 3.4: Net seasonal carbon balances for the measured NEE and estimated NEEmarsh
values (g C m). Corresponding seasonal percentages (%) of marsh immersion and daytime
marsh immersion are indicated. NEE corresponds to net vertical CO2 exchanges measured by
EC whereas NEEmash corresponds to net vertical CO, exchanges estimated at the benthic
interface without any tidal influence.

Table 3.5: Comparison of the annual NEE budget (g C m yr!) using EC measurements
across the salt, brackish and freshwater marshes of the coastal zone.

e Chapitre IV

Table 4.1: In situ 24-h cycles and associated meteorological parameters measured by the EC
station (means and standard deviations in bold and ranges in brackets) across the seasons of
the year 2021 at the Bossys perdus salt marsh. Dates and times of start and end of each 24-
hour cycles were indicated (times in universal time). Cumulated rain over 7 days before
cycles were done. Meteorological parameter averages over each 24-h cycle were compared to
a longer seasonal reference period (Table A.1). NA: wind data could not be measured over the
C4-fall. Ta: air temperature; RH: relative humidity.

Table 4.2: In situ 24-h cycles and associated tidal rhythm parameters corresponding to each
sampling period across the seasons of the year 2021. The same diurnal/tidal synchronism (low
and high tides at the same period of the day) during each 24-h cycle was adopted. Hw ranges
(m) correspond to the water height amplitudes measured for each tidal cycle in the sampling
channel (Fig. 1-B). The daytime and night-time marsh immersion duration corresponded to
hours per day (h d!) where coastal waters completely fill the channel and flood the habitats of
the Bossys perdus salt marsh. See the Table 1 caption for more information.

Table 4.3: Medians (in bold) and associated ranges (in brackets) of biogeochemical
parameters measured during our 24-h cycles (n = 13 over C1-winter, n = 15 over C2-spring
and C3-summer and n = 16 over C4-fall; see Fig. A.1).

Table 4.4: Multiple factor variance analysis of biogeochemical parameters measured from
hourly water samples during all 24-h cycles (n = 59). Seasonal factor assesses variability
between 24-h cycles (Cl-winter, C2-spring, C3-summer and C4-fall); tidal factor assesses
variability between high tides (Hw > 0.50 m) and low tides (Hw = 0.50 m); diurnal factor
assesses variability between daytime (PAR > 10 umol m2 s) and night-time (PAR < 10
pumol m s1). Parameters that did not respect a normal distribution were transformed into
logio(x) or logio(x+1) for variance analysis. The F values of the Fisher test were added. The
higher the value of F, the greater the influence of the factor on the parameter.
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Table 4.5: Spearman’s rank correlations of biogeochemical parameters and phytoplankton
biomass recorded from hourly water samples during the four 24-h cycles at the Bossys perdus
salt marsh (n = 59). Asterisks designate significant correlations (" p < 0.001, ™ p <0.01, " p
< 0.05, NA p > 0.05).

Table 4.6: Diurnal comparison (day vs night) of planktonic metabolism (NCP) and overall
aquatic metabolism (NEPaquatic) during marsh immersion over each 24-h cycle at the Bossys
perdus salt marsh. Simultaneously, water-air CO> fluxes (FCO) estimated from water pCO>
measurements and net ecosystem CO. exchanges (NEE) measured by EC were
simultaneously recorded (means and SD in bold, ranges in brackets) and related to planktonic
and aquatic metabolism. Wind direction (wind dir.) measured by the EC station was added for
each immersion period. NA: EC data could not be measured for C4-fall.

Table 4.7: Daily net C balances (g C m? d') of measured NCP rates (planktonic
metabolism), measured NEE fluxes (atmospheric CO. exchanges) and estimated NEEmarsh,
GPPmarsh and Rmarsh fluxes (marsh metabolic fluxes) during the four seasonal 24-h cycles at
the Bossys perdus salt marsh. For daily NCP rates, negative balances correspond to an
autotrophy (net C sink for waters) and positive balances correspond to a heterotrophy (net C
source for waters). For net marsh metabolism with immersion (NEE) and without immersion
(NEEmarsh), negative balances correspond to an atmospheric C uptake by the marsh. NA: EC
data could not be measured for C4-fall.

e Chapitre V

Tableau 5.1 : Moyennes saisonnieres (+ écart-type et min-max entre parenthéses) des
pressions partielles de CO2 de I’eau (pCO2 en ppmv) mesurées sur des cycles de 24 heures
dans les marais littoraux Charentais (Fier d’Ars, Brouage et Tasdon ; Fig. 1.20). Les pCO> de
’eau ont été mesurées toutes les minutes par une sonde autonome in situ (C-sense™,
PME/Turner Designs) sauf en automne a MAD, les pCO> ont été estimées a partir du systeme
des carbonates en utilisant les mesures de DIC et de TA. En rouge, les eaux de marais en
moyenne sursaturés en COz sur 24 heures et en bleu, les eaux de marais en moyenne sous-
saturés en CO sur 24 heures. Au sein de chaque cycle de 24 heures, les amplitudes (min-
max) des pCO. de I’eau correspondent aux variations diurne (jour/nuit) et tidale (marée
haute/marée basse). Aux stations c et d (Fier d’Ars), les mesures ont été réalisées entre 2019
et 2020 tandis qu’aux autres stations, les mesures ont été réalisées au cours de 1’année 2021
(aprés la renaturation pour le marais de Tasdon). A MAS et MAD, les mesures ont été
réalisées en simultané.

Tableau 5.2 : Bilans nets de carbone journaliers (g C m? j1) a I’échelle tidale (marée
haute/marée basse) des taux de NCP mesures par la méthode Winkler (meétabolisme
planctonique), des flux de NEE mesurés par EC (échanges de CO, atmosphérique) et des flux
de NEEmarsh, GPPmarsh €t Rmarsh €stimés a partir du partitionnement de Kowalski et al. (2003)
(flux métabolique du marais sans immersion) au cours des quatre cycles de 24 heures au
marais salé de Bossys perdus. Pour les taux journaliers de NCP, les bilans negatifs
correspondent a une autotrophie (puits net de C pour 1’eau) et les bilans positifs correspondent
a une hétérotrophie (source nette de C pour I’eau). Pour le métabolisme net du marais avec
immersion (NEE) et sans immersion (NEEmarsh), les bilans négatifs correspondent a une
captation de C atmosphérique par le marais. NA : les données EC n'ont pas pu étre mesurées
pour C4-fall (chapitre 1V).
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Introduction générale

Introduction générale de la these

Sur Terre, les activités anthropiques croissantes depuis le XIXéme siecle ont fortement
modifié¢ I’équilibre naturel du cycle du carbone en libérant des grandes quantités de gaz a effet
de serre dans I’atmosphére sous forme de CO», principalement par combustion des matieres
fossiles, provoquant des bouleversements climatiques majeurs tels que le réchauffement de la

planéte et I’augmentation du niveau des mers (IPCC 2022).

Les environnements cotiers sont des systéemes clés dans les flux de carbone entre les
continents, les océans et I’atmosphere. Ces écosystemes dynamiques et hétérogenes (i.e. zones
humides, baies, estuaires) permettent le transport de grandes quantités de carbone entre (i) le
bassin versant et [’océan cotier (flux horizontaux) et (ii) entre la colonne d’eau et
I’atmosphére ou les sédiments (flux verticaux). Parmi les systémes cotiers, les zones humides
correspondent « a des étendues de marais, de fagnes, de tourbic¢res ou d’eaux naturelles ou
artificielles, permanentes ou temporaires, ou I’eau est stagnante ou courante, douce, saumatre
ou salée, y compris les étendues d’eau marine dont la profondeur & marée basse n’exceéde pas
six métres » (convention de Ramsar, 1971). Au sein des zones humides, les marais sont des
¢cosystemes d’intérét majeur d’un point de vue écologique, biogéochimique et économique
(Gedan et al., 2009 ; AcclimaTerra, 2018). Tout d’abord, ils abritent une forte biodiversité de
végétaux terrestres et aquatiques, d’oiseaux migrateurs et des poissons d’eau douce et d’eau
salée (fonctions de nurserie et de nourricerie). De plus, les marais assurent d’autres fonctions
écosystémiques majeures comme la fonction hydrologique permettant la régulation du cycle
de I’eau et la fonction biogéochimique permettant la filtration naturelle des eaux (nutriments)
et la séquestration de carbone (Duarte et al., 2008 ; McLeod et al., 2011 ; EPA, 2023). Depuis
plusieurs siecles, les marais littoraux sont aussi le support de nombreuses activites
anthropiques telles que la pisciculture, ’ostréiculture et la saliculture qui ont fortement
fagconné la typologie de ces écosystemes (poldérisation, endiguement ; Paticat, 2007 ;
Tortajada, 2011). Ces activités économiques nécessitent des usages différents de I’eau selon
leurs besoins (contrdle du temps de résidence par des écluses, quantité et qualité spécifiques)
pouvant affecter la dynamique du carbone et les échanges de CO, atmosphérique
(puits/source) des marais. Les marais littoraux possedent également une forte identité
patrimoniale en raison de leur site, de leur paysage remarquable, de leur histoire et de leur
role de refuge pour la biodiversite (Champion et al., 2012). Cependant depuis quelques

décennies, les marais littoraux sont de plus en plus exposés a aux submersions marines, aux
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changements climatiques et aux pressions anthropiques nécessitant une meilleure protection et
gestion de ces zones humides cotieres afin de restaurer et favoriser notamment la fonction de
puits de carbone (Gedan et al., 2009 ; AcclimaTerra, 2018 ; Pétillon et al., 2023).

Les marais salés sont le siege de flux significatifs d’¢léments nutritionnels et de
processus métaboliques complexes aux différentes interfaces d’échanges (eau-air, sédiments-
air, sediments-eau). Malgré leur faible superficie a I’échelle mondiale, ces environnements
cotiers hautement productifs captent du carbone depuis I’atmosphére (CO2) au travers de la
production primaire de la végétation. Une partie significative du carbone atmospherique capté
par la photosynthése est séquestrée dans les sédiments des marais et représente une
composante majeure du stockage de carbone biologique sur Terre. De plus, I’'immersion des
marais par les eaux coOtieres peut modifier les échanges de CO; a [D’interface entre
I’écosystéme et I’atmosphére (et notamment la fonction puits de CO2) mais aussi générer un
export important de carbone rendant les eaux cotieres adjacentes sources de CO2 pour

I’atmosphere.

En Charente-Maritime, les marais couvrent environ 15% de la superficie du territoire,
avec un degré d’anthropisation important, principalement li¢ aux fortes activités salicoles au
cours des siécles passés (Paticat, 2007). Face aux modifications majeures du climat, les
marais sont devenus des territoires stratégiques d’un point de vue écologique, notamment
dans les Pertuis Charentais, pour la captation et la séquestration de carbone (projets PAMPAS
2019-2024, HypEddy 2019-2021; DYCIDEMAIM 2021-2022 et LRTZC 2019-2027).
Cependant, peu d’études se sont intéressées au fonctionnement du cycle du carbone dans les
marais littoraux gérés par ’Homme. Ainsi, au cours de mon parcours universitaire a ’UPPA
(Université de Pau et des Pays de 1’Adour), ma rencontre avec Pierre Polsenaere m’a permis
de réaliser mes stages de Master 1 (Mayen, 2019) a la station Ifremer de ’Houmeau et de
Master 2 (Mayen, 2020) a la station Ifremer de La Tremblade afin de mieux comprendre
I’influence de la typologie et du mode de gestion des marais salés sur les variations des
pressions partielles de CO2 de I’eau (pCO2) et des flux de CO> atmosphérique associés.
Curieux et déterminé de poursuivre les recherches en biogéochimie sur les facteurs contrdlant
les flux de carbone aux interfaces d’échange des marais, j’ai eu 1’occasion de continuer en
these (station Ifremer de La Tremblade et Centre Ifremer Atlantique de Nantes) dans un sujet
qui s’intégre pleinement dans le contexte environnemental actuel. Je remercie la Direction
Scientifique de I’Ifremer pour le financement de cette theése qui s’est déroulé sous la direction

de Philippe Souchu (LER/MPL) et sous le co-encadrement de Pierre Polsenaere (LER/PC) et
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d’Aurore Regaudie De Gioux (PELAGOS). D’une part, ces travaux de these ont permis de
s’intéresser aux différentes variations spatio-temporelles des échanges de CO2 atmosphérique
a I’échelle de 1’écosystéme sur une année de mesures en continu au sein d’un marais salé
tidal. Ensuite, afin d’étudier la contribution du métabolisme aquatique des marais sur les
échanges de CO. atmosphérique, des cycles de 24 h de mesures (pCO2, pH, etc.) et
d’échantillonnages de la colonne d’eau (carbone organique et inorganique, nutriments et
métabolisme planctonique) ont été réalises a chaque saison de 1’année 2021 au sein de deux

stations hétérogenes (un marais salé tidal et un marais saumatre endigué).

Ces travaux de these ont également été marquée par plusieurs analyses au LER/PC,
principalement associées aux mesures de la balance métabolique des communautés
planctoniques (production et respiration) et aux dosages de la chlorophylle-a au sein des
échantillons horaires au cours des cycles de 24 h. Les différentes collaborations au sein de
I’Ifremer m’ont permis de me déplacer (i) au laboratoire PELAGOS a Plouzané (23-
27/11/2020 et 27-30/06/2022) pour me former aux analyses sur le métabolisme planctonique
et aux traitements de données associés, (ii) au LER/MPL a Nantes (15-19/03/2021) pour
participer aux mesures biogéochimiques associées au carbone et aux nutriments et (iii) au
LER/LR a Sete (23-27/08/2021 et 08-14/03/2022) pour participer aux analyses d’alcalinité
totale.

Plusieurs stages, notamment a I’Ifremer, ont permis d’environner et d’enrichir mon
travail de these : Kostyrka (2021) concernant le traitement des données Eddy Covariance,
Coutantin (2023) concernant I’étude de la variabilité¢ interannuel des échanges de COq
atmosphérique par Eddy Covariance et Xaus (2023) concernant les liens entre les pCO2 de
I’eau et les réseaux trophiques planctoniques. De plus, j’ai pu co-encadrer le stage de licence
3 de Stacy Delmer au LER/PC (2022) sur la dynamique temporelle des pCO2 de I’eau d’un
marais tidal au cours de nos cycles de 24 h de 2021 ; ceci m’a permis d’acquérir une premiere
expérience d’encadrement sur un sujet qui s’integre dans ma theése. Aussi, les heures de
vacations réalisees au sein de La Rochelle Université avec les étudiants du Master 1 et 2
Sciences pour I’Environnement parcours Gestion de 1’Environnement et Ecologie Littoral
m’ont également permis de découvrir I’enseignement et la pédagogie. Enfin, la formation
effectuée au BRGM m’a permis d’acquérir des notions sur la modélisation en hydrogéochimie

pour I’analyse des données liées au systeme des carbonates.

Une partie importante de ma thése a aussi été consacrée a I’analyse des données et a la
valorisation de mon travail qui a abouti la publication de deux articles (Mayen et al., 2023,
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2024) tandis qu’un troisieme est en cours de finalisation (Mayen et al., in prep.). Concernant
les communications orales, j’ai eu ’occasion de présenter mes travaux de thése lors de deux
congres internationaux (ASLO 2021 Aquatic Sciences Meeting en visioconférence et AGU
2023 Wide Open Science a San Francisco), ce qui m’a permis d’enrichir mes connaissances

scientifiques.

Dans le cadre de mon parcours, cette these en écologie et biogéochimie cétiére aura été
une véritable expérience scientifique me permettant d’acquérir une forte expérience en
recherche sur le fonctionnement du cycle du carbone dans les écosystemes littoraux
(processus et flux associés) en intégrant 1’influence du métabolisme planctonique et des
nutriments. Le déroulement de cette thése m’aura donné 1’opportunité de prendre part
activement a toutes les étapes du projet de recherche et d’acquérir de ’autonomie dans
I’organisation et la mise en place des campagnes d’échantillonnages sur 24 h, dans 1’analyse
de parametres biogéochimiques en laboratoire, dans le traitement des résultats et dans la
rédaction des articles (+ processus de publication). Ce travail de thése m’a également donné
I’occasion d’interagir avec plusieurs laboratoires au sein de I’Ifremer (LER/PC, LER/MPL,
LER/LR, PELAGOS) mais également avec d’autres instituts de recherche ("UMR LIENSs a
La Rochelle, 'INRAE de Bordeaux et le BRGM d’Orléans) lors de travaux menés en étroite
collaboration. Pour terminer, je remercie mon encadrement de these qui aura permis cette
formation scientifique tres riche me permettant de poursuivre mon projet professionnel en
recherche vers un post-doctorat au sein de ’'UMR EPOC (Bordeaux) afin de continuer a
contribuer aux connaissances sur le fonctionnement biogéochimique des écosystémes

littoraux dans le contexte du changement climatique.
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Etat de I’ Art

L’ile de Ré et les marais salés du Fier d’Ars. © Les vols de Max (2017).
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1. Cycle du carbone

1.1. Le cycle global du carbone

Sur Terre, le cycle global du carbone (C) peut étre decrit comme un ensemble de
réservoirs (continents, océans, atmosphere) en équilibre et interconnectés par des flux naturels
de C (fleches oranges; Fig. 1.1) permettant le fonctionnement biogéochimique des

écosystémes terrestres et aquatiques (Canadell et al., 2021 ; IPCC 2021).

( Carbon (CO,) Budget Atmosphere

591427915

Average increase 5.1+0.02
Net land flux Net ocean flux
01 03 19 34t09 1.5 1.6%0.7 94105 06 25+06

[ |

Ocean-atmosphere gas exchange

111.1 Total respiration and fire 25.6 54.6 23
P ——
— - —_—

113 Gross photosynthesis 29 54.0

2.5 0.2

0.8

Rivers

Volcanism  Rock Export from ' Freshwater ~Net  Fossil fuels Mari
weathering  soils to land-use (Coal, oil, gas) arne .
IE] Surface

rivers Burial change Cemen
- s production 30 27 °000 ARAE
© 00 .-
Vegetation  Fossil 20

Permafrost Vegetation Soils and soils fuels

Dissolved
organic

FIuiBiIIion tonne‘s.c»f Carbon per year (PgClyr) carbon |mermedd\ate
Natural Anth i an
atura nthropogenic . deep sea

Stocks: Billion tonnes of Carbon (PgC) C " 37100
. oal Ol Gas { )
O Stocks {7 Anthropogenic change Reserves O:eedalpngg?r I +173 23 |

Figure 1.1 : Budget global du carbone (CO) pour la période 2010-2019. Les fleches orange
représentent les flux annuels de carbone (en Pg C an) associés au cycle naturel, estimés pour
la période précédant I’ére industrielle, vers 1750. Les fleches roses représentent les flux
anthropiques de carbone moyennés sur la période 2010-2019. Le taux d’accumulation de
carbone dans 1’atmosphere est égal a la somme des émissions nettes liées aux changements
d’occupation des sols et aux combustions fossiles auxquelles sont déduits les puits nets des
terres et des océans. Les cercles avec les nombres en jaune correspondent aux stocks de
carbone préindustriel (en Pg C an™) et les cercles avec des nombres en rose correspondent aux
changements anthropiques (flux anthropiques cumulés) de ces stocks depuis 1750. Le carbone
dans les eaux océaniques existe sous plusieurs formes : carbone inorganique dissous (37 100
Pg DIC), carbone organique dissous (700 Pg DOC) et carbone organique particulaire (13-23
Pg POC) dans un rapport proche de DIC:DOC:POC = 2000:38:1. 1 Pg = 1 Gt = 10® g.
Schéma issu du sixiéme rapport d’évaluation de I'IPCC (Intergovernmental Panel on
Climated Change ; Canadell et al., 2021).
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Le cycle global du carbone est composé d’un cycle court et d’un cycle long (Canadell
et al., 2021). Le cycle court, controlé uniquement par les processus de photosynthese, de
respiration, de dégradation et de transfert gazeux, permet des échanges importants de C et un
renouvellement rapide des réservoirs (atmosphere, océans, sédiments océaniques et terrestres
de surface, soils et eaux douces). Le temps de renouvellement des réservoirs varie de quelques
années pour 1’atmosphére a quelques décénnies ou siecles pour les principaux réservoirs de C
de la végétation terrestre et océanique. Le cycle lent s’adresse a de grandes réserves de C dans
les roches et les sediments qui échangent avec le cycle court par le biais des émissions
volcaniques de dioxide de carbone (CO2), de I’altération (processus chimiques en partie
entranant la désagrégation des roches situés a la surface suite a une oxydation, hydratation et
décarbonation des roches calcaires) et 1’érosion des roches et de la formation de sédiments au
fond de I’océan. Le temps de renouvellement des réservoirs du cycle lent est de plusieurs

millénaires.

Au début de I’Holocene (il y a 11 700 ans), les flux de C au sein du cycle court étaient
proche d’un état stable (Fig. 1.1) comme mis en évidence par de faibles variations de CO>
atmosphérique dans les carottes glaciaires (Canadell et al., 2021). Cependant depuis le XVI1I°
siécle, les activités anthropiques ont modifié 1’équilibre des échanges biogéochimiques de la
biosphére en libérant des quantités de plus en plus importantes de CO2 vers I’atmosphére pour
atteindre 11,0 + 0,9 Pg C an! (Fig. 1.1 ; fleches rose) principalement par la combustion des
maticres fossilles (86%) et par le changement d’occupation des sols tels que la déforestration
et I’agriculture intensive (14%) (Fig. 1.2 ; Canadell et al., 2021). Les échanges verticaux de
CO- atmophérique avec les continents et les océans ont donc été fortement modifiés avec des
augmentations jusqu’a 142 et 80 Pg C an’, respectivement, permettant ainsi a 5,9 Pg C an™
d’émissions anthropiques d’étre re-captés principalement par la photosynthese de la
vegetation terrestre et océanique, le reste étant accumulé dans I’atmosphére (Fig. 1.1;
Canadell et al., 2021). Ainsi, la concentration en CO> atmosphérique est passé de 290 ppm en
1750 a 367 ppm en 1999 pour atteindre 422 ppm en décembre 2023 (National Oceanic and
Atmospheric Administration (NOAA), 2023). Le CO: est un gaz a effet de serre (GES) qui
absorbe les rayonnements infrarouges emit a la surface de la Terre. Ainsi, les augmentations
des concentrations en GES anthropiques sont a 1’origine du changement climatique tels que le
réchauffement terrestre et océanique, 1’augmentation du niveau des mers, 1’augmentation des
événements extremes et 1’acidification des océans (Lee et al., 2021). D’apres le rapport IPCC

2021, le scénario le plus optimiste pour 2081-2100 (par rapport a 1986-2005) estime des
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augmentations de la température de 1’air et du niveau moyen des océans entre 0,3 et 1,7°C et
entre 0,26 et 0,55 m, respectivement, tandis que le scénario le plus pessimiste estime des
augmentations entre 2,6 et 4,8°C et entre 0,45 et 0,82 m, respectivement (Lee et al., 2021).
Face a ces prédictions, il est important d’étudier et de mieux comprendre les processus et
facteurs qui controlent les flux de C entre les différents compartiments et en particulier, au
sein de la zone cétiére qui abrite des écosystémes d’interfaces majeurs entre 1’océan, le

continent et I’atmosphere.

12 -
Land-use change
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I Coal
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Figure 1.2 : Tendances historiques des émissions de CO, atmosphérique (en Pg C an’t = 10%°
g C an™l) par les activités anthropiques (combustion fossiles et changements d’occupation des
sols) pour la période entre 1880 et 2019. Le terme « others » dans la légende représente
principalement les émissions de carbonates lors de la fabrication de ciment. Schéma issu du
sixieme rapport d’évaluation de I’'I[PCC (Canadell et al., 2021).

1.2. Le cycle du carbone dans les océans

Les océans jouent un rdle majeur dans la régulation du cycle global du C (Fig. 1.1).
Chaque année, ils permettent la captation d’environ 25% des émissions de CO2 anthropique

(i.e. 25+ 0,6 Pg C an?; Fig. 1.1) car I’altération des roches a créé un océan légérement

41



Chapitre |

alcalin (pH de surface de 8.1 en moyenne) permettant la diffusion du CO, atmosphérique dans

I’eau (Canadell et al., 2021). A Dinterface air-eau, la diffusion du CO; gazeux a la surface des

océans est déterminée par la difference entre la pression partielle de CO2 de I’air (pCOzair) et

la pression partielle de CO> dissous dans 1’eau (pCO2¢au). La sous-saturation de 1’ecau de mer

en CO; par rapport a 1’atmosphére (pCO2eau < PCO24ir) entraine un flux de diffusion de CO;

atmosphérique dans les eaux océaniques (captation). Les variations des pCOzeau & la surface

des océans sont contr6lées par trois principales pompes liées aux échanges atmosphériques, a

I’activité biologique et a la circulation des masses d’ecau (Fig. 1.3) :

La pompe de solubilité du CO2 dans I’eau : elle contrdle la captation ou 1’émission de
CO2 gazeux en fonction de la température de 1’eau (McGillis et Wanninkhof, 2006 ;
Fig. 1.3). En hiver, les eaux de surface des hautes latitudes, denses, froides et chargés
en CO; a cause de leur forte solubilité, coulent vers 1’océan profond ou elles
permettent le transport d’une forte concentration de carbone inorganique dissous et
sont a I’origine de la circulation thermohaline a grande échelle (Denman et al., 2007).
De plus, la capacité tampon du systéme des carbonates (voir 1.3) dans 1’océan
maintien élevé le gratien océan-atmosphére de pCO: et donc des flux de CO; a

I’interface.

La pompe du carbone organique (pompe biologique) : elle est principalement liée a la
photosynthése du phytoplancton qui convertit le CO> dissous en carbone organique en
utilisant la lumiere et les nutriments inorganique dissous (nitrates, phosphates). Cette
pompe permet d’alimenter le flux de carbone organique particulaire (POC) vers
I’océan profond aprés la mort du phytoplancton ou par son intégration dans le réseau
trophique (Fig. 1.3). Alors que la majorité du carbone organique produit en surface est
recyclée en CO2 par le broutage du zooplancton, 30% s’enfonce dans les eaux
profondes avant d’étre reconverti en CO2 lors de la reminéralisation bactérienne (Fig.
1.3). Sur I’ensemble du carbone organique produit en surface, seulement 0,1% atteint
le fond des océans (11 Gt C yr! ; Fig. 1.1) ou il est stocké dans les sédiments marins
(Feely et al., 2001).

La contre-pompe des carbonates (pompe biologique) : elle est liée aux processus de
dissolution et calcification du carbonate de calcium (CaCO3). Le processus de
calcification biogénique par les bivalves (huitres), les coraux durs (scléractiniaires) et
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les especes calcifiantes du plancton (coccolithophores) produit du COz lors de la
formation de la coquille calcaire dans les eaux de surface. A la mort de ces
organismes, la dissolution du CaCOs en profondeur induit un puits de CO2 (sous-
saturation de I’eau), qui peut &tre ramené vers la surface par les processus de

remontées d’eau profonde appelés upwelling (Fig. 1.3 ; Denman et al., 2007).
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Figure 1.3 : Les trois pompes océaniques a carbone permettant la régulation des fluctuations
naturelles de CO atmosphérique : la pompe de solubilité, la pompe a carbone organique et la
contre pompe de carbonate de calcium (CaCOs). Schéma issu du quatriéme rapport
d’évaluation de I’'IPCC (Denman et al., 2007).

1.3. Le systéme des carbonates de I’océan ouvert a I’océan cotier

Dans les eaux océaniques et cotiéres, le carbone inorganigue dissous (DIC ou XCO2 ou
TCO2; Eq. 1) est formé par le dioxyde de carbone dissous (CO2 (aqg)) et par les ions
bicarbonates (HCOs3) et carbonates (COs%) dont la spéciation des différentes formes est
contrélée par le pH (Wolf-Galdrow et al., 2007). Dans les conditions actuelles de pH en

surface de I’océan (8.1 en moyenne), la majorité du DIC est formé par les ions HCO3™ (91%)
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et COs> (8%) tandis que la forme CO: (aq) est trés peu représentée (1% ; Canadell et al.,
2021) mais cette spéciation peut étre modifiée en zone cotiére en raison des fortes variations
de pH dans I’eau (Petton et al., 2023).

DIC = £CO, = TCO; = [CO;] + [HCO37 + [CO#] 1)

Une quatrieme forme existe (I’acide carbonique, H>COs3) mais sa concentration est
négligeable par rapport a celle du CO: (aq) (< 0,3%). Ainsi, dans les équations 1 et 2, on peut
définir le terme [CO2] par la somme de ces deux formes (les crochets indiquent la

concentration).
[CO2] = [CO2 (aqg)] + [H2COs] 2

Les échanges de CO> atmosphérique avec le compartiment aquatique sont contrdlés par le
coefficient de solubilité du CO2 dans I’eau permettant un équilibre thermodynamique entre le
CO; atmosphérique et le CO2 dissous (COz (g) <> [CO2] ; Zeebe, 2012). La concentration en
CO2 dissous est décrite par la loi de Henry (Eq. 3) :

[CO2] = Ko(T, S)pCO: (3)

Ko (mol kg™ atm™) est le coefficient de solubilité du CO, dans I’eau dépendant des conditions
de température (T) et de salinité (S) (Weiss, 1974) et pCO2 (ppmv) est la pression partielle de
CO> dans I’cau.
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Figure 1.4 : Processus de dissolution et de dissociation du COz dans les eaux océaniques et
cétieres (Plymouth Marine Laboratory).
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Lors de la diffusion du CO2 atmosphérique dans I’eau, le CO2 (g) se dissout en CO-
(ag) pour former I’acide carbonique (H2COg) (Fig. 1.4). L’apport d’acide carbonique entraine
une baisse du pH dans 1’eau par sa dissociation en ions HCO3 et H* (Fig. 1.4). Les ions
HCOs peuvent a leur tour se dissocier en ions COs* et H* (Fig. 1.4). Dans les eaux
océaniques et cotieres, cette acidification (augmentation des ions H*) est limitée en fonction
de I’alcalinité totale (TA). Cette dernic¢re est définie comme la somme de toutes les bases
faibles libres dans un kilo d’eau qui sont titrables par un acide fort (Dickson et al., 2007).
Dans I’eau de mer, la majorité de la TA est formée d’ions carbonates et bicarbonates comme

I’équation suivante :

TA =[HCO37] + 2[C032'] + [OHT] + [B(OH)4] + [HPO42'] + 2[PO43'] + [H3SiO4] + [NH3] +
[HST - [H] - [HSO47] - [HF] - [H3PO4] 4

Les ions H* libérés lors de la dissociation du CO2 dans 1’eau peuvent étre neutralisés par la
transformation des ions COs% en HCOs', c’est le pouvoir tampon de 1’eau de mer (Fig. 1.4).
Ainsi, lorsque la concentration en ions CO3? devient limitante, les ions H* s’accumule et le
pH de I’ecau diminue favorisant 1’acidification (Zeebe, 2012). Aussi, la diminution des
concentrations en ions COs> abaisse I'état de saturation des minéraux biogéniques des
carbonates de calcium (calcite et I'aragonite) et peut réduire la capacité des organismes a se
calcifier (par exemple, les coraux qui construisent les récifs et les mollusques a coquille)
(Zeebe, 2012 ; Canadell et al., 2021).

Le cycle du carbone en milieu marin est donc lié au systéme des carbonates ou la
dissolution (R1 ; Tableau 1.1) et la précipitation (R2 ; Tableau 1.1) des carbonates de calcium
(CaC03) consomme et produit du CO: dissous, respectivement (Fig. 1.5). Ces processus liés a
la chimie des carbonates peuvent étre d’origine chimique (équilibre calco-carbonique) ou
biologique (phytoplancton et mollusques calcifiants). lls contrblent la contre-pompe des
carbonates et impactent a la fois le DIC et la TA dans I’eau (Fig. 1.5). Par exemple, la
dissolution du CaCOsz augmente les concentrations en DIC et en TA avec un ratio de 1:2
tandis que la précipitation du CaCOs diminue les concentrations en DIC et en TA avec un
ratio 1:2 (Fig. 1.5). Par comparaison, la captation ou la libération de CO> par la photosynthése
et la respiration aérobie influencent fortement le DIC mais trés peu la TA (légére modification
de la concentration en TA liée a la production ou a la captation de nitrates et phosphates ;
Gattuso et al., 1999 ; Zeebe, 2012). Ces processus liés a la chimie des carbonates dans I’ecau
sont également présents au sein de la zone cotiére, située a I’interface entre le domaine
océanique et le domaine terrestre.
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Figure 1.5 : Effets de différents processus biologiques et des échanges de CO2 atmosphérique
sur les paramétres chimiques des carbonates : carbone inorganique dissous (DIC, mmol kg™?),
alcalinité totale (TA, mmol kg) et dioxyde de carbone (CO2, umol kg™t) a une température T
= 15°C, salinité S = 35 et pression P = 1 atm (Zeebe, 2012).

1.4. La zone cotiére, une interface dynamique et hétérogéne d’un point de vue du C

La zone cétiéere est définie comme la zone océanique localisée sur le plateau continental
incluant toute la surface d’influence des marées jusqu’a une profondeur de 200 meétres
(Polsenaere, 2011 ; Fig. 1.6). Malgré sa faible surface (7% de 1’océan global), la zone cbtiere
assure de grandes fonctions écologiques telles que la production primaire (14 a 30% de la
production primaire océanique totale), la calcification, la minéralisation de la matiere
organique et le recyclage des nutriments (Pernetta et Milliman, 1995 ; Gattuso et al., 1998).
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1.4.1. ROle de la zone cdtiére dans les processus et flux de carbone

Constituée d’un mélange d’eau douce et d’eau salé, les environnements cotiers présentent
une large diversité de types géomorphologiques et d’écosystemes (plateaux continentaux,
estuaires, vasieres, baies, zones humides) permettant I’interaction des cycles biogéochimiques
(C, N, P) entre les continents, les océans et I’atmosphére (Aufdenkampe et al., 2011 ; Bauer et
al., 2013). D’une part, ces écosystéemes dynamiques et hétérogénes regoivent horizontalement
des quantités importantes de carbone organique et inorganique (~0,85 Pg C an; Fig. 1.6) et
d’azote inorganique dissous (~0,02 Pg N an; Cai, 2011) depuis le bassin versant et
échangent de grandes quantités de matieres et d’énergies avec 1’océan ouvert (Gattuso et al.,
1998 ; Borges et al., 2005). D'autre part, les environnements cotiers échangent verticalement
des quantités importantes et variables de carbone avec les sédiments et I'atmosphére (Cole et
al., 2007 ; Cai, 2011). A I’échelle globale, les plateaux continentaux se comportent comme
des puits de CO2 atmosphérique permettant la captation de 0,25 + 0,05 Pg C an* au travers de
la production primaire phytoplanctonique (Bauer et al., 2013 ; Dai et al., 2022). Au contraire,
les eaux estuariennes, généralement sursaturées en CO> par rapport a 1’atmosphere, émettent
environ 0,25 + 0,05 Pg C an! (Bauer et al., 2013 ; Dai et al., 2022) (Fig. 1.6). Dans ces
systemes aquatiques tres turbides ou la lumiére pénetre peu, la captation de CO, par la
production primaire est généralement plus faible que les émissions de CO: liées a la
reminéralisation de la matiére organique et aux apports de DIC provenant des riviéres et les
zones humides adjacentes (Frankignoulle et al., 1998 ; Borges et Abril, 2011). Les zones
humides cotiéres incluant les marais absorbent 0,55 + 0,05 Pg C an’! de I'atmosphére grace a
une forte production primaire de la végétation terrestre et aquatique (Bauer et al., 2013 ;
Forbrich et al., 2018 ; Tobias et Neubauer, 2019). Ainsi, ces zones d’interfaces situées le long
du continuum terre-mer peuvent jouer un réle majeur dans la captation et la séquestration de
carbone sur Terre (Cai, 2011 ; Mcleod et al., 2011). Les échanges verticaux de carbone
atmosphérique au sein de la zone cotiere sont donc hétérogénes (Borges et al., 2005) et
doivent étre mesurés sur une échelle de temps relativement courte pour prendre en compte
leur variabilité temporelle et réduire les incertitudes quant a leur contribution dans le cycle
globale du carbone (Cai, 2011 ; Bauer et al., 2013 ; Najjar et al., 2018).
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Figure 1.6 : Flux verticaux et horizontaux de carbone organique (OC) et inorganique (IC) au sein de la zone cétiére (estuaires, zones humides
tidales, plateaux continentaux). Le carbone (C) peut circuler a l'intérieur (valeurs en noir) et a I’extérieur (valeurs en rouge) des limites de I'océan
cotier. Tous les flux de OC et IC sont présentés comme des valeurs positives, les fleches indiquent la direction des flux. Les flux de POC et DOC
sont présentés comme des valeurs de OC total. L'équilibre entre la production primaire brute (GPP) et la respiration totale du systeme
(autotrophe, A, et hétérotrophe, H ; Ran) est la production nette de I'écosystéme (NEP), les valeurs négatives indiquant la conversion du OC en
IC. Incertitudes typiques pour les flux de carbone : *95% de certitude que I'estimation se situe dans les 50% de la valeur rapportée ; 195% de
certitude que I'estimation se situe dans les 100% de la valeur rapportée ; fincertitude supérieure a 100%. Les unités sont les Pg C an™ (1 Pg =
10% g) arrondies a + 0,05 Pg C an’ (Bauer et al., 2013).
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1.4.2. Biogéochimie du carbone en zone cotiére

Le carbone dans les eaux cdtieres alimentant les marais salés par 1’advection horizontale
est présent sous forme inorganique ou organique, particulaire (> 0,45 um) ou dissoute (< 0,45
um) (Aminot et Kérouel, 2004 ; Cai, 2011). Le carbone inorganique particulaire (PIC)
provient principalement de I'érosion des roches sedimentaires (origine allochtone) et de la
précipitation du CaCOs (origine autochtone) (Meybeck, 1992 ; Cai, 2011). Le carbone
inorganique dissous (DIC) dans les eaux cotieres peut provenir de la respiration du réseau
trophique, de la minéralisation de la matiére organique, des échanges eau-sédiment, mais
aussi étre apporté par les eaux continentales provenant du bassin versant (Wang et Cai, 2004 ;
Cai, 2011). Le carbone organique particulaire (POC) est soit apporté par les rivieres lors de
I’érosion des bassins versants (origine allochtone), soit produit a l'intérieur des écosysteémes
cotiers (origine autochtone) par la production primaire végétale (plantes et algues) (Cai,
2011). Dans l'océan, le POC est principalement d'origine phytoplanctonique, alors que dans
les environnements cOtiers et en particulier dans les estuaires, la contribution terrestre
provenant des riviéres prédomine lorsque les débits sont élevés en hiver (Abril et al., 2002).
Au contraire, en été, lors de I'étiage des fleuves, le POC peut étre produit par une forte activité
phytoplanctonique d'eau douce et, ensuite, dégradée dans les eaux estuariennes (Abril et al.,
2002 ; Aminot et Kérouel, 2004). Le carbone organique dissous (DOC) dans les eaux cotieres
peut avoir plusieurs sources (autochtones ou allochtones) avec différents niveaux de labilité
(d’un renouvellement rapide des formes les biodisponibles jusqu’a un renouvellement long
des formes réfractaires dans 1’océan profond ; Hansell, 2013). Le DOC autochtone est produit
dans D’écosystéme principalement par les organismes planctoniques, les microalgues
benthiques et les macrophytes tandis que le DOC allochtone est principalement d’origine

terrestre avec du matériel humique dérivé du sol (Lenborg et al., 2020).

Dans les environnements cotiers, les producteurs primaires (plantes, algues) produisent de
nombreux composes organiques labiles (sucres simples, acides gras, acides aminés) au travers
de la photosynthése (section 3.1). Ce DOC peut étre facilement degradé par les
microorganismes lors de la minéralisation aérobie de la matiére organique dans I’cau et les
sédiments. Ce processus produit du DIC mais peu de TA contribuant ainsi a I’acidification du
milieu en augmentant les pCOz de I’ecau (Tableau 1.1). Dans les écosystémes cotiers peu
profonds et tres productifs comme les marais littoraux, le carbone organique labile se dépose

a D’interface eau-sédiment favorisant des taux élevés de minéralisation aérobie. Ainsi, les
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sédiments cOtiers des marais salés sont typiquement anaérobies a partir des premiers
millimetres de profondeur (Wiebe et al., 1981 ; Hulot et al., 2023) car la consommation
d’oxygéne excede les apports atmosphériques et la production biologique. Les
microorganismes décomposeurs doivent donc utiliser d’autres accepteurs terminaux
d’¢électrons ou oxydants (nitrate, sulfate, fer, manganése, méthane ; Fig. 1.7) dont la dépense
énergeétique est de plus en plus importante pour assurer le recyclage de la matiere organique
(Canfield et Thamdrup, 2009). Cette minéralisation anaérobie produit de grandes quantités de
DIC et de TA permettant d’augmenter la capacité tampon des eaux cotieres lors des
augmentations de CO> dissous (Krumins et al., 2013 ; Rassmann et al., 2020). Dans les
sédiments estuariens et des marais salés, la respiration anaérobie est dominée principalement
par la dénitrification (R6 ; Tableau 1.1) et la sulfato-réduction (R7 ; Tableau 1.1 et Fig. 1.7)
en raison des apports terrestres importants en nitrate et des fortes concentrations en sulfate

dans les eaux marines et cotieres (Wang et al., 2018).

Potentiellement, cette pompe anaérobie lors de la minéralisation de la matiére organique
labile impacte fortement le cycle du carbone de 1’océan coétier et ses marais salés en limitant
I’acidification de I’eau lié aux flux de DIC et de TA sortant des sédiments (Reithmaier et al.,
2023). De plus, de la matiere organique réfractaire (lignine et la cellulose) sont également
produit au sein de la zone c6tiére, specifiqguement par les végétaux supérieurs des marais salés
comme les macrophytes terrestres ou aquatiques (Moran et Hodson, 1990 ; Wang et al.,
2014). Ces macromolécules complexes sont plus ou moins résistantes a 1’activité bactérienne
et peu assimilé par le réseau trophique entrainant une dégradation lente et une accumulation
dans les sédiments ou dans les eaux cétieres (Marchand et al., 2005 ; Jiao et al., 2010 ;
Hansell, 2013 ; Wang et al., 2014).
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Tableau 1.1 : Réactions diagenétiques influencant les parametres des systemes des carbonates (DIC, TA et CO2) (Krumins et al., 2013 ;
Rassmann et al., 2020).

Réactions DIC TA
Réactions de la chimie des carbonates
R1 Dissolution des carbonates CaCOs + CO; + H20 — Ca?* + 2HCO3 +1 +2
R2  Précipitation des carbonates Ca?* + 2HCO3 — CaCO3 + CO, + H0 -1 -2
Hydrolyse et minéralisation aérobie de la matiere organique
R4  Hydrolyse de la matiere organique — (CH20)106(NHs)16(H3PO4) + -~ H* — CH20 + == NH4" + —H2POys 0 +0,14
R5  Minéralisation aérobie CH20 + O2 — CO2 + H20 +1 0
Minéralisation anaérobie de la matiere organique
R6  Déenitrification CH20 +0,8 NO3" + 0,8 H" — CO2 + 0,4 N2 + 1,4 H,0 +1 0,8
R7  Sulfato-réduction CH20 + 0,5 SO4# — CO2 + 0,5 H" + H20 +1 +1
R8  Réduction du fer-I11 CH20 + 4 Fe(OH)3 + 8 HY — CO2 + 4 Fe?" + 11 H.0 +1 +8
R9  Réduction du manganese-1V CH20 + 2 MnO3 + 4H* — CO2 + 2 Mn** + 3 H.0 +1 +4
R10 Meéthanogenése CH20 — 0,5 CH4 + 0,5 CO2 +0,5 0
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Figure 1.7 : (A) Distribution en profondeur dans les sédiments cotiers des accepteurs
d’¢électrons disponibles pour les réactions aérobie et anaérobie de minéralisation de la matiére
organique. (B) Représentation des zones chimiques associés aux réactions de respiration. Du
haut (surface) vers le bas (profondeur), les réactions diagénétiques sont classées dans 1’ordre
de la chaine d’oxydo-réduction de la réaction la moins énergivore (respiration aérobie) vers la
plus énergivore (méthanogénése) (Canfield et Thamdrup, 2009).
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2. Les marais, écosystémes complexes a I’interface entre la terre et la mer

Les marais sont définis comme des zones humides peu profondes, fréquemment ou
continuellement inondées par I'eau, et caractérisees par une végétation herbacée adaptée a des
conditions saturées en eau (Environmental Protection Agency (EPA), 2023). Tous les types de
marais sont alimentés par des eaux de surface (eau douce des rivieres, eau salée des océans,
estuaires ou lagunes et eau de pluie) et certains d’entre eux sont également alimentés par des
eaux souterraines. Ces apports d’eau dépendent de la localisation des marais sur le bassin
versant et du réseau hydrographique local. Ils sont principalement situés a proximité des cours
d’eau et/ou du littoral ou les eaux de surface peuvent s’écouler vers la mer. Les nutriments
sont présents en abondance favorisant la vie végetale et animale (EPA, 2023). Les marais
peuvent étre classés selon I’influence de la marée (marais tidaux et marais non-tidaux ; Fig.

1.8) ou selon le niveau de salinité (marais salés, saumatres et doux ; Fig. 1.8).

Non-tidal freshwater P —
marsh and forest = .
Limit of tidal influence

Tidal freshwater /

marsh and forest

Brackish marsh foo................. Oligohatine
and forest

Salt marsh and
mangrove swamp

Marine /
M' ! =%

Figure 1.8 : Classification des marais tidaux en trois types selon le gradient de salinité le long

d’un estuaire (marais salés, marais saumatres et marais doux) (Luo et al., 2017 d’apres Mitsch
et Gosselink, 2015).
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2.1. Les marais naturels peu anthropisés

2.1.1. Les marais tidaux

Les marais tidaux correspondent aux marais littoraux sous I’influence directe de
I’hydrodynamisme des marées situés le long des cotes océaniques et des estuaires (EPA,
2023). Selon la classification de Odum (1988), les marais tidaux peuvent étre classés en trois
types en fonction d’un gradient de salinité le long d’un estuaire (Fig. 1.8) : les marais salés
situés en aval de I’estuaire et directement connectés a 1’océan cotier (18 < salinité < 30), les
marais saumatres qui peuvent étre mesohaline (5 < salinité < 18) ou oligohaline (0,5 < salinité
< 5) en fonction de leur distance a la mer et enfin les marais doux tidaux (salinité < 0,5) situés
en amont de I’estuaire juste avant la limite de I’influence des marées (Luo et al., 2017).
Comme les marais salés et saumatres, les marais doux tidaux sont inondés par la marée mais
la forte dilution par les eaux douces provenant des fleuves et des riviéres entraine des salinités
proches de 0 (Luo et al., 2017 ; Fig. 1.8).
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Figure 1.9 : Répartition mondiale des marais salés tidaux le long des cOtes océaniques a
I’échelle de la Terre (Pétillon et al., 2023).
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Les marais salés tidaux sont des zones humides coti¢res inondées et drainées par 1’eau
salée apportée par la marée (NOAA, 2023). Situés a I’interface entre le domaine terrestre et le
domaine océanique, ces écosystemes dynamiques sont dominés par des plantes terrestres
tolérantes au sel (halophyte) qui s’étendent sur les zones intertidales de tous les continents (54

650 km?), en particulier aux latitudes moyennes et élevées (Mcowen et al., 2017 ; Fig. 1.9).

Au sein de la zone intertidale, les marais salés peuvent former deux entités morpho-
sédimentaires (la slikke et le schorre) qui sont caractérisées par des fréquences de submersion
et des communautés végetales différentes (Fig. 1.10). Tout d'abord, la slikke est la partie
inférieure et moyenne de la zone intertidale, immergée a chaque marée haute (marées de
mortes-eaux et de vives-eaux), et constituée de sédiments vaseux a la granulométrie tres fine.
La topographie de la slikke est caractérisée par de vastes étendues subhorizontales plates,
incisées par de grands chenaux (Verger, 2005). La végétation y est réduite, a I’exception des
parties supérieures ou des herbiers de phanérogames marines (Zostera) peuvent se
développer. Les hautes-slikkes sont également associées a une végétation telle que les
salicornes (Salicornia) et les spartines (Spartina) (Fig. 1.10). Ensuite, le schorre (i.e. le pré-
salé) occupe la partie supérieure de la zone intertidale dont la limite continentale est souvent
représentée par une digue (Verger, 2005). Contrairement a la slikke, le schorre est inondé par
les eaux cotieres uniquement pendant les marées de vives-eaux (Fig. 1.10). La vegeétation
halophile dense et continue de type macrophytes appartient a des espéces ligneuses
(Puccinellia maritima, Halimione portulacoides, Aster tripolium, Suaeda maritima; Fig.
1.10) permettant de ralentir la force des marées et a contribuer a la sédimentation des matiéres
en suspension présentes dans I'eau (Oustin, 2003). D’aprés Verger (2005), la digue est une
fronti¢re entre le domaine anthropique conquis sur la mer et I’espace soumis a 1’hydrodynamisme
de la marée tandis que, la transition entre I’estran nu et le pré-salé constitue la frontiére entre le

paysage marin (slikke) et le paysage terrestre des prairies halophiles (schorre).
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Aster Troscart

Figure 1.10 : Schéma d’un marais salé et répartition des espéces végétales selon la fréquence d’inondation et de la tolérance a la salinité. L.
Anras, Forum des Marais Atlantique.
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2.1.2. Les marais non tidaux
Contrairement aux marais tidaux, les marais non tidaux ne sont pas influencés par

I’inondation de la marée. Il s’agit principalement de marais doux, bien que certains soient
saumatres ou salés (EPA, 2023). Selon leur localisation sur le bassin versant et de leur
éloignement a la mer, deux principaux types de marais sont retrouvés dont les apports d’eau
douce proviennent principalement des ruissellements, des précipitations et des nappes : en
amont, les haut-marais correspondent a des tourbiéres généralement pauvre en nutriments et

en aval, les bas-marais correspondent a des prairies humides riche en nutriments (Fig. 1.11).
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Figure 1.11 : Exemples de marais non tidaux (tourbieres et prairies humides) et leurs flux
hydriques (www.zones-humides.org, septembre 2023).

2.2. Les marais anthropisés
Depuis plusieurs siécles, les marais littoraux ont subi des aménagements importants par

I’Homme (poldérisation, endiguement, etc.) dans le but de gagner des étendues artificielles de
terre sur la mer et d’y développer des productions économiques par le contrdle des flux
hydrauliques (Tortajada et al., 2011). Au sein de ces marais rétro-littoraux (marais en arriére
des digues), I’eau circule dans des canaux ou des chenaux dans lesquels les niveaux d’eau et
le sens de circulation sont contrélés par des écluses pour les activités humaines. Nous
retrouvons les marais rétro-littoraux d’eau douce ou d’eau salée (Paticat, 2007 ; Tortajada,
2011). Dans le département de la Charente-Maritime (France), les marais rétro-littoraux sont
répartis sur 110 000 ha (i.e. 15% de la superficie du département) représentant un intérét

écologique majeur pour le territoire.
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2.2.1. Les marais salés rétro-littoraux
Les marais salés rétro-littoraux sont d’anciens marais tidaux isolés de I’influence de la

marée par des digues et divisés en plusieurs bassins reliés entre eux par un réseau hydraulique
complexe dans lesquels le temps de résidence de I’eau salée est controlé selon les besoins de
I’Homme (Tortajada et al., 2011 ; Fig. 1.12). En Charente-Maritime, les marais salés rétro-
littoraux (ou marais salés endigués) sont principalement localisés sur I'ile de Ré, I’ile
d’Oléron et le long de I’estuaire de la Seudre représentant une superficie de 15 000 ha (i.e.

20% des marais Charentais anthropises).

Marais piscicoles

Chenal

Marais ostréicoles (claires)
Marais salants

Ecluse

Mer

Figure 1.12 : Schéma d’un systéme de marais salés rétro-littoraux (modifié de www.zones-
humides.org, septembre 2023).

Ces mosaiques de marais salés rétro-littoraux sont le siége de plusieurs activités
anthropiques (ostréiculture, saliculture et pisciculture ; Fig. 1.12). Lors des périodes de
marées montantes, les chenaux servent a alimenter en eau les marais rétro-littoraux avec un
temps de résidence de I’eau dans les marais qui peut varier de quelques heures a deux
semaines selon le mode de gestion (Paticat, 2007). Lors des périodes de marées descendantes,
les marais sont vidangés dans les chenaux (Fig. 1.12) pouvant influencer la qualité¢ de 1’eau
(Tortajada, 2011). Par exemple, la pisciculture semi-intensive entraine une pollution nutritive
dans les marais (Hussenot, 1998) et nécessite un renouvellement rapide de 1’eau (quelques
heures seulement). La décharge des marais salés piscicoles dans les chenaux libére de fortes
concentrations en azote inorganique dissous (nitrates, nitrites, ammonium) et en phosphore
inorganique dissous (phosphate) provenant des aliments donnés aux poissons (Hussenot,

1998). Au contraire, dans les marais ostréicoles, le temps de résidence de 1’eau est plus long

58


http://www.zones-humides.org/
http://www.zones-humides.org/

Chapitre |

(deux semaines). Ainsi, dans ces bassins, le phytoplancton se développe et assimile les
composés azotés et phosphatés contrairement aux marais piscicoles. Lors des vidanges, ces
bassins enrichissent donc les chenaux de matiere organique phytoplanctonique (Tortajada,
2011). Au sein des marais salicoles (ou marais salants ; Fig. 1.12), les eaux stagnent jusqu’a
compléte évaporation pour récupérer le sel, ainsi cette activité n’influence pas la qualité¢ de

I’eau dans les chenaux.

2.2.2. Les marais doux rétro-littoraux
Les marais doux rétro-littoraux sont séparés en marais mouillés (marais inondables) et

marais desséchés (marais non inondables; Fig. 1.13). Les marais mouillés sont inondés
régulierement lors des périodes de crues et sont utilisés comme des réservoirs d’eau douce
pendant la période estivale. En aval, les marais doux desséchés sont localisés entre les marais
mouillés et la mer, ils sont associés a des digues et des ouvrages hydrauliques permettant (i) la
régulation des entrées d’eau douce provenant du marais mouillé en amont et (ii) la protection
du marais desseché contre les arrivées d’eaux marines en aval. Ce territoire poldérisé forme
un ensemble de parcelles de prairies ou cultures rectilignes délimités par un réseau de canaux
secondaires. L'eau est évacuée au moyen de portes a flot (ou portes a la mer) qui s’ouvrent &
marée basse (Fig. 1.13). A marée haute, les portes a flot se ferment et empéchent I'eau salée
d’inonder les parcelles agricoles du marais desséché. Durant la saison séche, les portes a flot
sont fermées, afin de garder I'eau au sein des canaux nécessaire a 1’alimentation des cultures
(Fig. 1.13). En Charente-Maritime, les marais desséchés sont principalement localisés dans le
marais Poitevin, le marais de Brouage et le marais de Rochefort représentant la grande majorité

des marais doux, soit une superficie de 80 000 ha (i.e. 80% des marais Charentais anthropises).

Continent

Marais gats (prairies
avec bossis et jas)

Marais mouillé

Marais desséché Canal d’alimentation

(prairies avec cultures)

Ecluse

Portes a flots
Digue

Mer

Figure 1.13 : Schéma d’un systéme de marais doux rétro-littoral (modifié de www.zones-
humides.org, septembre 2023).
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2.3. Fonctions et services écosystemiques des marais littoraux

2.3.1. Fonctions écologiques

Les marais assurent d’importantes fonctions écologiques qui sont définies comme des

actions naturelles dans les zones humides résultant de 1’interaction entre la structure de

I’écosystéme et les processus physiques, chimiques et biologiques (Maltby et al., 1996). Les

fonctions des marais peuvent étre réparties en fonctions biogéochimiques, hydrologiques et
d’habitats (AcclimaTerra, 2018) :

La fonction biogéochimique va transformer et dégrader la matiere dissoute et
particulaire arrivant dans le milieu et permettent I’assimilation des nutriments (Bel
Hassen, 2001 ; Masclaux et al., 2015) et la reminéralisation du carbone organique au
travers de I’activité des végétaux et des microorganismes.

La fonction hydrologique permet la régulation du cycle de I’eau. Ces écosystémes
assurent le stockage de I’eau en périodes d’excédent hydraulique et la restitution aux
milieux adjacents en périodes de déficit hydraulique (AcclimaTerra, 2018).

Les fonctions d’habitat, de nourricerie et de nurserie permettent la conservation et le

développement d’une forte biodiversité (Philippe et al., 2017).

2.3.2. Services écosystémiques

Les services écosystémiques sont les avantages que les Hommes tirent des écosystémes et

sont générés directement par les processus qui soutiennent les écosystemes, ou fonctions

écosystémiques, tels que la productivité primaire et secondaire, la décomposition et la

transformation des nutriments (UNEP, 2006). Dans l'ensemble, ces différents services sont

souvent évalués en fonction de leur valeur économique (Gedan et al., 2009). Nous pouvons

définir trois grandes catégories de services écosystémiques (AcclimaTerra, 2018) :

Les services de régulation permettent I’épuration naturelle des eaux et la séquestration
de carbone dans les sédiments au travers de la production primaire des végétaux
(fonction biogéochimique). Les marais littoraux forment également des zones tampon
et assurent ainsi une protection contre les inondations liées a 1’¢lévation du niveau de
la mer et aux tempétes. De plus, ces écosystemes minimisent 1’érosion du littoral grace
a leur capacité a absorber 1’énergie des courants océaniques et des vagues (fonction

hydrologique) (King et Lester, 1995 ; Moeller et al. 1996).
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e Les services de production permettent aux marais de fournir de I’eau aux populations
notamment grace a leur fonctions hydrologiques et biogéochimiques. De plus, les
services de production les plus courants sont directement liés des ressources
alimentaires comme la saliculture, la conchyliculture et la péche (Gedan et al., 2009).

e Les services culturels permettent aux marais de fournir des espaces récréatifs pour la
population humaine (Ghermandi et Nunes, 2013) et de constituer des zones de refuge

pour les oiseaux migrateurs (Bradshaw et al., 2020).

2.3.3. Altérations des marais salés
Les marais salés assurent les services écosystémiques les plus importants parmi les

écosystemes naturels sur Terre (les marais représentent 50% de la surface globale des zones
humides et fournissent 75% des services ; Costenza et al., 1997). Aujourd'hui, la préservation
et I'augmentation de la qualité et de la quantité de ces services sont les principaux arguments
pour la protection des marais salés (Gedan et al., 2009).

Malgre leurs potentiels écologiques majeurs, ces zones d'interfaces sont les écosystéemes
les plus menacés sur Terre par les changements globaux tels que les activités anthropiques,
l'augmentation des émissions de CO atmosphérique et I'élévation du niveau des océans (Cai,
2011 ; Mcleod et al., 2011). A I’échelle globale, 25% de la surface des marais salés a disparu
depuis le début du XIX® siécle (perte de 1 & 2% an™ ; Bridgham et al., 2006 ; Duarte et al.,
2008 ; Mcleod et al., 2011). Par exemple, le delta du Mississippi a perdu environ 5 000 km?
de ses marais salés entre 1932 et 2010 (Couvillion et al., 2011). Ces écosystemes littoraux ont
souvent été anthropisés au travers de la poldérisation et ’endiguement pour soutenir le
développement économique comme 1’agriculture, I’aquaculture et la saliculture (McCurdy,
1988 ; Gedan et al., 2009) mais aucune étude n’a montré I’impact de cette anthropisation sur
leur capacité de captation de CO2 atmosphérique. De plus, 1’eutrophisation cdtiére, au travers
de D’enrichissement en nutriments (nitrate en particulier), favorise la décomposition
microbienne anaérobie de la biomasse souterraine des plantes provoquant une diminution de
la geomorphologie des marais (Deegan et al., 2012). Ces altérations entrainent une diminution
importante de la superficie des marées salés a I’échelle mondiale (Duarte et al., 2008). Ces
pertes de superficie contribuent mécaniquement a la réduction de la captation de CO:
atmosphérique mais également a I’augmentation des émissions de CO> atmosphérique due a
la décomposition du carbone organique stocké dans leur sol en présence d’oxygene (Altor et

Mitsch, 2008). Les marais salés sont reconnus comme des écosystemes exceptionnels dont
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leur conservation et leur restauration peuvent étre des stratégies efficaces d'atténuation et
d'adaptation au changement climatique (McLeod et al., 2011 ; Duarte et al., 2013). En effet,
les marais salés ont la plus vaste répartition spatiale sur Terre parmi les principaux
écosystémes littoraux stockeurs de carbone biologique (marais salés, mangroves et herbiers
marins) avec les taux de séquestration du carbone par unité de surface parmi les plus éleves
(McLeod et al., 2011 ; Duarte et al., 2013). Leur importance en tant que réservoirs de services
¢cosystémiques (puits de carbone, protection contre 1’érosion cotiére) a permis la mise en
place de politiques de protection et de conservation au sein de réserves naturelles qui
contribuent a leur meilleure gestion mais aussi au maintien et au développement de leurs
potentiels écologiques et économiques (AcclimaTerra, 2018). De plus, dix priorités de
recherche mondiale sur les marais salés ont été identifiés par un consortium international et
multidisciplinaire d’experts. Les priorités ont été regroupées en quatre domaines de recherche
thématiques : (1) agrandissement des zones de marais salés et potentiel de restauration, (2)
services ecosystemiques des marais salés (influence du contexte environnemental et du
changement climatique sur les services), (3) modeles et processus du fonctionnement des
marais salés (comprendre les facteurs de contréle des fonctions associées aux marais et
intégration des processus biologiques dans les modeles physiques) et (4) besoins en matiere
de gestion et de politique (comment la gestion peut-elle avoir un impact sur la protection des
cbtes) (Pétillon et al., 2023).

3. Métabolisme et dynamique du carbone dans les marais

3.1. Métabolisme : photosynthése versus respiration

Le métabolisme est un concept important dans I’étude du cycle du carbone dans les
écosystémes terrestres et aquatiques permettant de décrire leur capacité a transformer le
carbone au travers des processus de la production primaire et de la respiration (Chapin et al.,
2006). La production nette de I'écosysteme (NEP), développée par Woodwell et Whittaker
(1968), peut étre definie comme la différence entre la captation de CO- par les organismes
photosynthétiques (plantes, algues) au niveau de I'écosysteme (production primaire brute, ou
GPP) et les émissions de CO par la respiration de I’ensemble des organismes vivants
(microorganismes, plantes, algues, animaux) au niveau de I'écosysteme (respiration de

I'écosysteme, ou Reco) :

NEP = GPP — Reco (5)
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La NEP permet ainsi de décrire le statut métabolique des ecosystemes. Un écosysteme est
autotrophe lorsque la GPP excéde la Reco (NEP > 0; accumulation de carbone dans
I’écosystéme) ou hétérotrophe lorsque la Reco €xcéde la GPP (NEP < 0 ; perte de carbone dans
I’écosystéme). Au sein de la zone cotiere, les écosystémes autotrophes tels que les marais
importent du DIC et des nutriments et exportent ou séquestrent du carbone organique dans les
sédiments alors que les écosystemes hétérotrophes tels que les estuaires importent du carbone
organique et exportent du DIC et des nutriments (Nixon et al., 1995 ; Crosswell et al., 2017).

La photosynthése est le principal processus de la production primaire de la biomasse
dans les marais littoraux permettant la captation de CO; par I’activité des microalgues
(benthiques et pélagiques) et des macrophytes (Tobias et Neubauer, 2019). Le processus
nécessite 1’assimilation d’azote inorganique dissous (DIN) soit sous forme réduite
(ammonium, NH4"; Eq. 6) soit sous forme oxydé (nitrate, NO3™; Eg. 7) mais la dépense
énergétique de la cellule photosynthétique sera d’autant plus importante que le composé sera

oxydé (Aminot et Kérouel, 2004) :
106CO2 + 16NHs* + HPO4* + 106H20 — (CH20)106(NH3)16H3PO4 + 1060 + 14H* (6)

106CO; + 16NO3™ + HPO42 + 122H20 + 18H* — (CH20)106(NH3)16H3PO4 + 1380, )

La respiration est la réaction inverse a la photosynthése permettant 1’oxydation du carbone
organique en CO: (mineéralisation) (Eg. 8). Plus précisément, ce processus permet la
conversion de la matiére organique dissoute (secrétées par les cellules ou libérées a leur mort)
et de la matiere particulaire détritique (excrétées par les organismes supérieurs ou constituées
de débris de cellules mortes) en nutriments minéraux et en carbone inorganique (Aminot et
Kérouel, 2004 ; Tobias et Neubauer, 2019).

(CH20)106(NH3)16H3PO4 + 1060, + 14H* — 106CO2 + 16NH4* + HPO4? + 106H.0 (8)

3.2. Les facteurs physico-chimiques influencant le métabolisme phytoplanctonique
Dans les écosystemes cotiers comme les marais salés, les baies et les estuaires, la

production nette de la communauté phytoplanctonique (NCP) est contrélée par de nombreux
facteurs environnementaux, physiques et biologiques au niveau de I’écosystéme. Dans les

écosystemes cotiers en milieu estuarien, un modéle conceptuel a mis en évidence que la
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production primaire phytoplanctonique correspond au produit de la production de la biomasse

et du taux de croissance du phytoplancton (Fig. 1.14 ; Cloern et al., 2014).
Light
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Figure 1.14 : Modéle conceptuel de la production primaire phytoplanctonique et des facteurs
de contrble biotiques et abiotiques dans les écosystemes cdtiers estuariens (Cloern et al.,
2014).

La température

La température influence les processus métaboliques des communautés planctoniques
(taux de croissance ; Fig. 1.14) avec une dépendance a la température plus importante
concernant la respiration des communautés (CR) que la photosynthése (GPP) (Regaudie de
Gioux et Duarte, 2012). Dans un marais tidal (USA), Wang et al. (2004) a montré une
corrélation positive entre la température et le métabolisme hétérotrophe du compartiment
aquatique entrainant une augmentation des émissions de CO> atmosphérique. De plus, les
températures plus élevées favorisent les niveaux trophiques supérieurs, en augmentant le

rapport entre les hétérotrophes et les autotrophes (Archibald et al., 2022).

La lumiére

La lumiere est indispensable a la photosynthese permettant la croissance du
phytoplancton dans les milieux aquatiques cétiers (Fig. 1.14; Cloern et al., 2014). Elle
contrdle 1’équilibre métabolique des communautés phytoplanctoniques a 1’échelle diurne

avec, genéralement, une autotrophie le jour (GPP:CR > 1) et une hétérotrophie la nuit
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(GPP:CR < 1) et a I’échelle saisonniére avec des ratio GPP:CR plus élevés au printemps-été
au cours des journées les plus lumineuses de 1’année qu’en hiver-automne au cours des
journées les moins lumineuses de 1’année. Le taux de croissance du phytoplancton dans les
estuaires riches en nutriments est déterminé en grande partie par la disponibilité de la lumiere
dans I’eau, mesurée par le PAR aquatique (Alpine et Cloern, 1988) et dont la variation dépend
de l'irradiation solaire incidente, de la turbidité et de la profondeur de la couche euphotique
(Wofsy, 1983). Ces trois composantes jouent un rble majeur dans la régulation de la

production primaire phytoplanctonique (Fig. 1.14).

Disponibilité en nutriments

Les nutriments sont également un facteur de contrdle important de la croissance du
phytoplancton (Fig. 1.14) car ils sont intégrés dans la biomasse vivante lors de la
photosynthése (Eqgs. 6 et 7 ; Aminot et Kérouel, 2004) selon les rapports molaires théoriques
N:P:Si de 16:1:16 (Redfield, 1958 ; Brzezinski, 1985). En milieu marin, certaines cellules du
nanophytoplancton comme les coccolithophoridés peuvent utiliser 1’azote et le phosphore
sous forme organique dissoute pour se développer pendant que la forme inorganique dissoute
est limitante pour I’ensemble des communautés planctoniques. En milieu intertidal comme
dans les marais salés, le microphytobenthos (MPB) essentiellement formé de microalgues
benthiques (diatomées pennées) peut dissocier 1’assimilation et I’utilisation des nutriments
entre la période d’immersion (assimilation a [I’interface eau-sediment) et d’émersion
(utilisation pour la photosynthese en surface des sédiments), respectivement (Guarini, 1998 ;
Savelli et al., 2019). Dans les milieux estuariens, la synthese de Cloern et al. (2014) a montré
I’importance des apports en nutriments provenant des bassins versants agricoles et/ou urbains
sur la production primaire phytoplanctonique avec de fortes concentrations en chlorophylle-a
dans les systémes eutrophes (Chl-a > 100 pg L™?) et de faibles concentrations dans les

systémes oligotrophes (Chl-a~ 0.1 pg L),

De plus, dans des environnements cétiers peu profonds (marais salés, lagunes), le
niveau d’eutrophisation peut influencer la contribution des producteurs primaires aquatiques.
Par exemple, les algues a croissance lente et des herbiers sont dominants dans des conditions
oligotrophes alors que les macroalgues opportunistes et du phytoplancton sont plutot
dominants dans des conditions eutrophes (Schramn et Nienhuis, 1996 ; Schraman, 1999 ; Le
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Fur et al., 2017). Cependant, trés peu d’études ont étudi€ la relation entre 1’eutrophisation des

écosystemes littoraux et leur capacité de captation de CO atmospherique.

Interactions trophiques et mortalités

Alors que le taux de croissance du phytoplancton est déterminé par la lumiére, la
température et les concentrations en nutriments, la biomasse est controlée par I'équilibre entre
les taux de croissance et de mortalité incluant la consommation par les brouteurs (Fig. 1.14 ;
Cloern et al., 2014). Les taux de croissance et de consommation du phytoplancton sont
souvent a 1’équilibre, a 1’exception d'événements comme 1’augmentation de la photopériode
au printemps (Riley, 1967), de I'apports de nutriments (Ara et al., 2011) ou de la mise en
place d’une stratification (Pennock, 1985) ou les taux de croissance du phytoplancton
dépassent temporairement le taux de broutage permettant une augmentation de la biomasse en
Chl-a. Généralement, les cellules phytoplanctoniques sont consommées par les brouteurs qui
peuvent étre du microzooplancton a croissance rapide (flagellés, ciliés), du phytoplancton
mixotrophe (dinoflagellés et haptophytes) et du mésozooplancton (copépodes). A 1’échelle
annuelle, la perte liée au broutage par le mésozooplancton ne représente qu'une faible fraction
(10%) de la production primaire phytoplanctonique (PPP) dans les estuaires productifs
(Calbet, 2001) mais la variabilité interannuelle des copépodes peut étre également un
régulateur important de la PPP. Par exemple, une PPP annuelle anormalement faible a été
observée dans la baie du Massachusetts (USA) en 1998, année marquée par un hiver
exceptionnellement chaud et une croissance rapide des copépodes, dont le broutage a
supprime l'efflorescence hiver-printemps qui contribue normalement a plus de 40% de la PPP
annuelle (Keller et al., 2001). Le broutage par les bivalves peut étre un puissant régulateur de

la biomasse et de la production de phytoplancton.

Echanges horizontaux

Dans les systemes macrotidaux, les apports allochtones importants de matiere organique
labile en provenance des fleuves favorisent la respiration des communautés planctoniques
alors que la photosynthése est limitée par la faible disponibilité en lumiere (Gattuso et al.,
1998). Au contraire, dans les systémes stratifiés microtidaux, la production primaire

phytoplanctonique est favorisee (Koné et al., 2009).
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3.3. Dynamique et flux de carbone dans les marais salés
Dans les marais salés, la dynamique du CO> dissous (COz)) ou de la pression partielle de

CO2 (pCO2) de I'ecau est controlée par de nombreux processus physico-chimiques et
biologiques (Fig. 1.15): (1) les échanges verticaux de carbone a Iinterface eau-
atmosphere soit comme source ou puits de CO2 atmospherique ; (2) les échanges horizontaux
de carbone avec d’une part, les apports d’eaux continentales par les riviéres et d’autre part, les
¢changes d’eaux marines par 1’advection horizontale des marées ; (3) le métabolisme des
communautés planctoniques et des végetaux terrestres et aquatiques avec une captation de
COq(q) par la production primaire et une libération de CO2) par la respiration ; (4) le systéme
des carbonates (CaCOs) permettant soit une captation de CO2q) par la dissolution du CaCOs,
soit une libération de COyq) par la précipitation du CaCOs ; (5) le couplage benthique-
pélagique qui peut libérer des quantités importantes de CO»(q) issus de la minéralisation de la

matiére organique dans les sédiments (Fig. 1.15).
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Figure 1.15: Les processus biologiques et physico-chimiques contrdlant la dynamique du
CO- dissous (COz()) dans le compartiment aquatique des marais salés. NEP : production nette
de I’écosysteme ; CO2q) : CO2 dissous dans 1’ecau ; CaCOs : carbonates de calcium ; HCOs™:
ions bicarbonates ; COs? : ions carbonates ; C : Carbone (Polsenaere, 2018). Les équations de
la photosynthese et de la respiration sont données dans la partie 3.1.
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Les processus de production primaire dans les marais salés sont parmi les plus intenses
sur Terre avec des taux de GPP variant de 1900 a 3600 g C m an! et de NEP variant de 150
a 1600 g C m2 an! (Hopkinson, 1998 ; Duarte et al., 2005 ; Hopkinson et Smith, 2005 ;
Gedan et al., 2009). Ces écosystemes hautement productifs se comportent donc comme des
puits de CO, atmosphérique (Cai, 2011) principalement par 1’activité photosynthétique des
plantes vasculaires et des microalgues benthiques (Tobias et Neubauer, 2019). Généralement
dans ’océan, les communautés planctoniques sont en équilibre métabolique (GPP:CR = 1 ;
Duarte et al., 1999, 2001 ; Del Giorgio et Duarte, 2002) alors que dans les environnements
cotiers, les apports allochtones de matiere organique peuvent générer une forte hétérotrophie
planctonique (GPP:CR < 1; Navarro et al., 2004 ; Gazeau et al., 2005 ; Borges et Abril,
2011 ; Wang et al., 2018). Cependant, dans les marais salés, le métabolisme des communautés
planctoniques est systématiquement inférieur a celui de I’ensemble du compartiment
aquatique (Ragotzkie, 1959 ; Wang et al., 2018). Ainsi, une partie significative du carbone
organique issu de la production primaire est séquestrée et stockeée sous forme de « carbone
bleu » dans les sédiments des marais salés et/ou dans la biomasse vivante des végétaux
(Chmura et al., 2003 ; Macreadie et al., 2017 ; Mcleod et al., 2011). Les taux de sequestration
de C par unité de surface dans les écosystemes cotiers végétalisés (écosystemes « carbone
bleu ») tels les marais salés (218 + 24 g C m? an®), les mangroves (226 + 39 g C m? an) et
les herbiers (138 + 38 g C m? anl) sont parmi les plus élevés sur Terre contribuant ainsi
fortement au cycle global du C malgré leur faible superficie mondiale par comparaison aux
écosystémes terrestres (Mcleod et al., 2011). Cette différence avec les écosystemes terrestres
est principalement liée a la forte saturation en eau dans les systemes aquatiques littoraux qui
limite la diffusion de 1’oxygéne dans les sédiments et provoque une anoxie a partir des
premiéres couches de surface (quelques millimetres ; Wiebe et al., 1981 ; Kristensen et al.,
2008). La matiére organique produite par photosynthése est ainsi principalement dégradée par
des processus de minéralisation anaérobie (Tableau 1.1) plus lents et moins efficaces que la
minéralisation aérobie (Aller, 1994 ; Sun et al., 1993) permettant une meilleure sequestration
du C. Les marais salés exportent également des quantités importantes et variables de carbone
inorganique issu de la reminéralisation de la matiere organique autochtone dans les marais
(Wang et Cai, 2004 ; Wang et al., 2016) et pourraient ainsi fortement influencer le bilan de
carbone des systéemes cotiers en aval (Cai, 2011). L'hypothése de la "pompe CO2 des marais”
propose que la captation du CO> atmospheérique principalement par les plantes des marais et

l'export d'une partie de ce carbone sous forme inorganique par I’advection tidale seraient 'un
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des principaux mécanismes rendant des eaux cotiéres adjacentes sources de CO:2 pour
I'atmosphere (Wang et Cai, 2004 ; Jiang et al., 2008).
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Figure 1.16 : Budget de carbone d’un marais tidal (Etats-Unis, 12300 km?) avec (a) les flux
horizontaux et verticaux de carbone aux différentes interfaces d’échanges et (b) leurs
pourcentages sur la production primaire brute (GPP). La GPP correspond a la captation de
CO: atmosphérique par I’ensemble des organismes autotrophes du marais. La somme des flux
correspond & la GPP (1361 + 246 g C m?2 an) : GPP = (FCOgz-inmarsh)mec + OC burial + DIC
export + DOC export + POC export + Run-inundated. Les flux de carbone sont donnés en g C m™
an’t. GPP : production primaire brute ; P : photosynthése dans 1’eau ; Run-inundated : respiration
du compartiment terrestre lors de I’émersion du marais ; (FCOz-inmarsh)mc) : flux de CO>
atmosphérique influencés du compartiment aquatique du marais lors de I’immersion ; (FCOa-
inmarsh)ec) - flux de CO2 atmosphérique influencés par les eaux estuariennes lors de I’immersion
; (FCO2-inmarsh)p) : impact de la photosynthése sur les flux de CO. atmosphérique ; OC:
carbone organique ; DIC : carbone organique dissous ; DOC : carbone organique dissous ;
POC : carbone organique particulaire (Song et al., 2023).

Par exemple, au sein d’un marais salé (cote est des Etats-Unis ; 12300 km?), Song et
al. (2023) estime une GPP de 1361 + 246 g C m™ an®. La majorité de cette GPP est respirée
au sein du marais (> 80%) et les produits de cette respiration (autotrophe et hétérotrophe) sont
(1) dégazés vers I’atmosphére sous forme de CO2 par le compartiment terrestre (38 + 11% ;
Run-inundated) €t le compartiment aquatique (5 = 4% ; (FCOg-inmarsh)mc) et (ii) exportés vers
I’océan cotier sous forme de DIC (37 + 15%; Fig. 1.16). Ces résultats illustrent que
I'exportation de carbone inorganique dissous (DIC) par les marais tidaux, calculée par des
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mesures simultanées des concentrations en DIC et des flux d’cau lors de la marée
descendante, représente une quantité majeure (504 + 179 g C m2 an') dans le budget global
du C des marais littoraux (Wang et al., 2016 ; Song et al., 2023). Dans la plupart des marais
salés et les mangroves, cette production importante de DIC proviennent principalement des
processus métaboliques anaérobiques dans les sediments et de 1’exportation d’eau porale par
la pompe tidale pendant la marée descendante (Koné et Borges, 2008 ; Reithmaier et al.,
2023). Ce résultat est confirmé par des concentrations en DIC et en TA deux a trois plus
élevées dans les eaux porales que dans les eaux de surface (Fig. 1.17). Ensuite, une faible
proportion de la GPP des marais est exportée sous forme de carbone organique dissous
(DOC; 9 + 6%) et particulaire (POC ; 3 £ 2%) tandis que, la partie restante de la GPP est
séquestrée dans les sédiments (8 £ 5%) sous forme de “carbone bleu" (Song et al., 2023 ; Fig.
1.16). Les marais tidaux jouent donc un r6le majeur dans le cycle global du carbone
permettant une seéquestration de carbone bleu dans les sédiments (Mcleod et al., 2011) et de
matiére organique dissoute dans I’océan concernant les parties les plus réfractaires (Shen et
al., 2018). Cependant, la forte hétérogénéité spatio-temporelle de ces flux horizontaux et
verticaux de carbone dans les marais salés nécessite des mesures intégratives en continu des
échanges nets de CO2 atmosphérique a 1’échelle de 1’écosystéme (NEE) simultanément avec
des mesures de carbone inorganique (pCO2, DIC) et organique (DOC, POC) pour mieux
comprendre la contribution respective métabolisme benthique et aquatique sur les échanges de

CO. atmosphérique.
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Figure 1.17 : Concentrations en alcalinité totale (TA, a) et en carbone inorganique dissous
(DIC, b) dans les eaux porales (PW) et les eaux de surfaces (SW) au sein des marais salés et
les mangroves. Les chiffres indiquent les médianes. Les diagrammes en boite indiquent la
médiane (ligne centrale), les 25e et 75e percentiles (boite) et les 5e et 95e percentiles
(moustaches) (Reithmaier et al., 2023).

70



Chapitre |

3.4. Relations entre métabolisme et échanges de CO2 atmosphérique dans les marais
tidaux

Situés a I’interface entre le domaine terrestre et le domaine océanique, les marais tidaux
sont soumis au rythme semi-diurne de la marée permettant une immersion variable en durée et
en fréquence par les eaux cotiéres selon les cycles de marée (marées de mortes-eaux ou de
vives-eaux). Lors des périodes de marée haute, les eaux cotieres advectées peuvent remplir
complétement les chenaux adjacents et immerger les marais tidaux avec des hauteurs d'eau
variables selon les coefficients de marée et les conditions météorologiques (pression
atmosphérique, direction et vitesse du vent ; Fig. 1.18). Au contraire, lors des périodes de
marée basse, la végétation terrestre des marais a l'interface benthique est émergée dans
l'atmosphére et I’eau est restreinte au fond des chenaux (Fig. 1.18). Ainsi, le temps de
résidences des eaux cOtieres au sein des marais tidaux est relativement court variant de
quelques minutes pendant les marées de mortes-eaux a quelques heures pendant les marées de
vives-eaux. Contrairement aux eécosystemes terrestres ou une relation directe existe entre le
métabolisme (NEP) et les échanges nets de CO: atmosphérique (NEE) (Kowalski et al.,
2003 ; Chapin et al., 2006), ’immersion tidale des marais salés rend cette relation complexe

et indirecte (Gattuso et al., 1998 ; Borges et al., 2006).

Lors de I’émersion des marais (marée basse), la NEE se produit principalement a
I’interface sédiment-atmosphere impliquant une forte contribution de la NEP benthique
(plantes, sédiments) sur les echanges de CO. atmosphérique (Fig. 1.18-A). En effet, la
végétation terrestre des marais salés peut assurer une forte production primaire pendant la
journée favorisant une captation de CO atmosphérique (Kathilankal et al., 2008 ; Schafer et
al., 2014 ; Forbrich et al., 2015). De plus, le MPB, composé d’un assemblage de microalgues
benthiques (diatomées, cyanobactéries, euglenophytes, chlorophytes) et présent dans les
sédiments vaseux, peut migrer vers la surface lors des périodes d’émersion de jour pour capter
la lumiere nécessaire a la photosynthese (Consalvey et al., 2011) et ainsi contribuer a la NEP
benthique (Hubas et al., 2006 ; Migné et al., 2007). Au sein de la lagune d’Arcachon,
Polsenaere et al. (2012) ont montré un fort contréle d’une vasiere non végétalisée sur la NEP
benthique indiquant une activité biologique importante du MPB. Aussi, lors de I’émersion des
marais, la surface d’échange entre 1’eau et 1’atmosphere est restreinte au niveau des chenaux
réduisant probablement la contribution de la NEP planctonique sur la NEE (Fig. 1.18-A) ;
cependant, des mesures simultanées du métabolisme aquatique et de la NEE lors de ces

périodes d’émersion sont nécessaire afin de lever cette incertitude.
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Figure 1.18 : Relation entre la NEE, la NEP et les échanges horizontaux de carbone au sein
d’un systéme de marais salé tidal. A. marais émergé. NEE majoritairement a 1’interface
sédiment-atmosphere (NEP benthique). B. marais immergé, NEE a I’interface eau-atmosphére
(NEP totale = NEP benthique + NEP planctonique) mais avec une influence des eaux cétiéres
prédominante. BMA : microalgues benthiques. PMA : microalgues pélagiques (modifié
d’apres Polsenaere, 2011).

Lors de I’'immersion des marais (marée haute), les eaux coticres advectées forment une
barriere physique entre le compartiment benthique et 1’atmosphére pouvant fortement
influencer la NEE a I’échelle de 1’écosysteme (Fig. 1.18-B). Ainsi, la NEE se produit
principalement a 1’interface eau-atmosphere impliquant une contribution simultanée de la
NEP benthique, de la NEP planctonique et des échanges horizontaux de carbone par
I’advection tidale (Polsenaere et al., 2012). La photosynthése des producteurs primaires
(phytoplancton, algues et macrophytes) pendant I’immersion des marais salés peut encore
fortement contribuer sur les flux atmospheriques en réduisant significativement les émissions
de CO- provenant des eaux cotieres hétérotrophes (Song et al., 2023). En milieux intertidales,

Ouisse et al. (2011) ont montré que les taux de production primaire brute de deux herbiers
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marins (Zostera marina et Zostera noltii) étaient 3 a 5 fois plus élevés pendant immersion que
pendant 1’émersion en partiec liée a I’ombre des feuilles a I’émersion qui limite la
photosynthése. La faible immersion des systemes intertidaux comme les marais salés peut
favoriser un fort métabolisme planctonique au travers d’une pénétration significative de la
lumiére dans la colonne d’eau (Gazeau et al., 2004) et aussi un fort couplage eau-sédiment
(Wang et Cai, 2004 ; Wang et al., 2016). En effet, de fortes libérations de DIC provenant de la
minéralisation de la matiere organique dans les sédiments (Fig. 1.17) induisent des
augmentations la pCO2 de I’eau (Wang et al., 2018 ; Song et al., 2023) pouvant augmenter la
NEE en retour (Fig. 1.18-B). De plus, la mati¢re organique produite lors de 1’émersion peut
étre transférée a la colonne d’eau et alimentée la NEP planctonique. Par exemple, sur la
vasiere intertidale de Brouage (Charente Maritime), 43% de la production primaire
microphytobenthique annuelle a été remis en suspension dans la colonne d’eau par
I’immersion (60,8 g C m™ an) influencant le cycle du carbone des eaux cotiéres (Savelli et
al., 2019). Ces producteurs a croissance rapide et a forte teneur en carbone organique labile
(Brouwer et Stal, 2001 ; Morelle et al., 2022) peuvent étre rapidement dégradés localement

par reminéralisation et contribuer a des augmentations des pCO: de I’eau.

4. Approches méthodologiques aux mesures des pCO:2 et des flux de CO:2
atmosphérique

4.1. Mesures des pCO:2 de I’eau et estimation des flux de CO2 eau-air

La forte hétérogénéité des processus biogéochimiques du carbone dans les écosystemes
cotiers végétalisées comme les marais littoraux aux différentes échelles spatio-temporelles
nécessite davantage de mesures intégratives concernant les échanges de CO2 aux interfaces
d’échanges terrestre — aquatique — atmosphere afin de mieux comprendre leur fonctionnement
écologique face aux changements globaux. La mesure de la pression partielle de CO; de I’eau
(pCO2 en ppmv, partie par million en volume, i.e. 1 m® de CO2 pour 1 million de m® d’eau)
est un indicateur simple pour étudier les processus biogéochimiques du carbone et le statut
métabolique du compartiment aquatique (puits ou source de CO, atmosphérique). La mesure
des pCO> de I’eau de surface peut étre réalisée a partir (1) de la technique de 1’équilibrateur
(Frankignoulle et al., 2003 ; Polsenaere et al., 2022), (2) des constantes d’équilibre du systéme
des carbonates et des mesures de température, de pH et de concentrations en DIC (Cai et
Wang, 1998) et (3) de sondes in situ aquatiques, autonomes et hautes fréquences (Berg et al.,

2019 ; Song et al., 2023). Certaines études dans les zones humides cétiéres telles que les
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mangroves, les herbiers et les marais salés ont réalisé des mesures de pCO2 de l'eau sur 24
heures permettant d’étudier la dynamique du CO:z en relation avec d’autres processus
biotiques et abiotiques. Par exemple, Borges et al. (2003) a montré que les pCO2 de I'eau dans
une mangrove intertidal (Gaderu, Inde) ont varié entre 1380 et 4770 ppmv en été (juin) avec
un fort contréle de ces fluctuations par la marée (hauteur d’eau) et l'activité biologique
(production primaire et respiration). Au sein d’une lagune cotiere tempérée (Arcachon,
France), constituée a 67% d’herbiers de Zostére (Zostera noltei), les effets biologiques
induisant une hétérotrophie de I’eau en hiver et une autotrophie de 1’eau en été ont été
combinés avec les effets thermiques (température) résultant d’une faible variation des pCO2 a
I’échelle saisonniere (entre 405 et 601 ppmv ; Polsenaere et al., 2022). Dans un marais salé
tempéré en milieu estuarien (ile de Sapelo, Etats-Unis), les pCO2 de I'eau ont montré de plus
fortes variations saisonnieres et tidales avec des valeurs variant de 500 a 4000 ppmv entre la
marée haute et la marée basse en hiver (février) et de 1600 a 12000 ppmv entre la marée haute
et la marée basse en été (aolt) (Wang et al., 2018). Ces fortes sursaturations en CO> de 1’eau
des marais par rapport a 1’atmosphére, en particulier sur les périodes de marée basse, ont été
favorisées par un métabolisme hétérotrophe intense produisant de grandes quantités de DIC
dans les chenaux (Wang et Cai, 2004 ; Wang et al., 2018). Cependant, encore trop peu
d'études ont effectué des mesures a haute fréquence des pCO- de I'eau dans les marais pour
mieux prendre en compte toutes les variabilites temporelles (diurne, tidal, saisonniére,
annuelle) et spatiales (marais salés ou doux, marais tidaux ou non-tidaux) de ces écosystemes

littoraux, et in fine, les intégrer dans les budgets régionaux et globaux de carbone.

Les variations temporelles des pCO: de I’eau affectent fortement les flux verticaux de CO>
qui peuvent étre estimés entre le compartiment aquatique et 1’atmospheére (Cotovicz et al.,
2015 ; Burgos et al., 2018 ; Polsenaere et al., 2022). Dans les marais salés, Song et al. (2023)
a mis en évidence I’importance de realiser des mesures de pCO2 de I’eau a haute fréquence
sur toutes les échelles de temps (diurne, tidal, saisonnier) afin de réduite les incertitudes dans

I’estimation des flux de CO2 atmosphérique (Eq. 9).
FCO2 = a k (pCO2eau - pCO2air) 9)

Ou FCO2 (mmol CO2 m2 ht) est le flux de CO2 a I’interface eau-air, a (mol kgt atm™) est le
coefficient de solubilité du CO2 dans I’eau dépendant des conditions de température et de
salinité (Weiss, 1974), k (cm hl) est le coefficient d’échange ou la vitesse de transfert du CO2
a l’interface eau-air (Raymond et Cole, 2001 ; Abril et al., 2009 ; Wanninkhof et al., 2022),
PCO2¢au et pCO2qir (ppm) sont les pressions partielles dans 1’eau et ’air, respectivement. Les
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paramétrisations du coefficient d’échange k selon Raymond et Cole (2001) et Abril et al.
(2009) sont spécifiques aux eaux estuariennes plutdt confinées tandis que la paramétrisation
selon Wanninkhof et al. (2022) est spécifique aux eaux océaniques ouvertes. L'équation de
Raymond and Cole (2001) est basée sur la compilation des vitesses de transfert de gaz
dérivées de traceurs appliqués a des rivieres et des estuaires en utilisant uniqguement la vitesse
du vent comme variable. L’équation d'Abril et al. (2009) est basée sur 159 mesures en
simultanées de flux CO. par chambres flottantes et de pCO2 de 1’eau dans I’estuaire
macrotidal de la Gironde (France) et utilise la vitesse du vent, la surface de l'estuaire, la
vitesse du courant d'eau et la concentration du matériel en suspension comme variables.
L’estimation du coefficient d’échange k avec ces méthodes peut ajouter de grandes
incertitudes dans les calculs de flux de CO> a I’interface eau-air (Frankignoulle et al., 1998 ;
Wanninkhof et Mcgillis, 1999 ; Upstill-Goddard, 2006). Actuellement, il n’y a pas de
consensus clair sur la paramétrisation du coefficient d’échange k dans les systémes cotiers
comme les marais littoraux et les estuaires (Borges et al., 2004 ; Ho et al., 2018). Cependant,
une parameétrisation précise du coefficient d’échange k est possible dans des écosystémes
cotiers peu profonds a partir de mesures directes et simultanées de flux de CO, atmosphérique
par Eddy Covariance et de pCOz de I’eau (Polsenaere et al., 2013 ; Van Dam et al., 2019).
Une étude réalisée dans un estuaire microtidal (USA) a montré que la relation entre la vitesse
de transfert de gaz et la vitesse du vent pendant la journée était différente de celle de la nuit,
probablement en raison de la différence de convection thermique a la surface de 1I’eau entre la

nuit et le jour (Van Dam et al., 2019).

La méthode d’estimation des flux de CO» atmosphérique, & partir des mesures in situ de pCO2
de l’eau (Eq. 9), a été utilisée au sein de ce travail de these et décrite précisément au sein du
chapitre Il (Mayen et al., 2023).

4.2. Eddy Covariance atmosphérique
Des mesures en continu des flux verticaux de CO. atmosphérique a I'échelle de

I'écosystéme peuvent étre reéalisées par la technique de I’Eddy Covariance (EC)
atmosphérique, basée sur le principe de covariance entre les fluctuations turbulentes de la
vitesse verticale du vent et celles de la concentration de CO> de l'air (Baldocchi et al., 1988 ;
Aubinet et al., 2012 ; Baldocchi, 2003 ; Burba, 2021). L'atmosphere est caractérisée par des
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flux d'air horizontaux formés par de nombreux tourbillons rotatifs de tailles et de fréquences
différentes causés par la flottabilité et le cisaillement de I'air ascendant et descendant (Fig.
1.19-A) permettant le transport du CO. atmosphérique (Burba, 2021). Chaque tourbillon
présente ses propres composantes tridimensionnelles incluant le mouvement vertical du vent
et chaque parcelle d'air transportée par les tourbillons possede ses propres caractéristiques
micrométéorologiques (concentration en gaz, température, humidité, etc.). Par exemple, a un
moment donné (temps 1), le tourbillon numéro 1 descendant déplace la parcelle d'air C1 vers
le bas a la vitesse W1. Au moment suivant (temps 2), au méme point, le tourbillon numéro 2
ascendant déplace la parcelle d'air C; vers le haut a la vitesse W» (Fig. 1.19-B). La technique
EC peut étre utilisée pour mesurer les caractéristiques micrométéorologiques et la vitesse
verticale de ces tourbillons turbulents pour quantifier les flux nets de CO> a l'interface entre

I’écosysteme et I’atmosphere (Burba, 2021).

Time 2
Eddy 2

(E; C,
Air l W, I W, Air
® B

Figure 1.19: (A) Flux d’air horizontal composé de nombreux tourbillons rotatifs. (B)
Composante verticale de deux tourbillons turbulents au méme point mais a deux temps
differents. C1: concentration de CO, atmosphérique transporté par le tourbillon 1 (eddy 1)
lors du temps 1 (time 1)a une vitesse Wi ; Cz: concentration de CO2 atmosphérique
transporté par le tourbillon 2 (eddy 2) lors du temps 2 (time 2) a une vitesse Wa. Le tourbillon
1 est descendant (captation de CO2 atmosphérique par 1’écosystéme) et le tourbillon 2 est
ascendant (émission de CO, atmosphérique par I’écosystéme) (Burba, 2021).
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Le flux vertical moyen d'un gaz comme le CO; (F, umol m? st) peut étre exprimé comme
le produit de la densité de I'air moyenne (p, Kg m) et de la covariance moyenne entre les
fluctuations turbulentes instantanées de la vitesse verticale du vent (w’, m s) et de la fraction

molaire séche (s’) du gaz selon I’équation 10 :

r_.r

F=pws =p w's (10)

La barre supérieure représente la moyenne temporelle du paramétre et I'apostrophe indique les
fluctuations turbulentes instantanées de ces parameétres par rapport a leur moyenne temporelle
(Reynolds, 1883). La décomposition de Reynold a été utilisée pour décomposer le terme
instantané en sa moyenne et son écart (e.g. w = w + w') (Reynolds, 1883 ; Burba, 2021). De
plus, cette équation est obtenue en supposant, sur une surface plane et homogeéne, que (1) la
variation de la densité de l'air est négligeable, (2) qu’il n'y a pas de divergence ou de
convergence des mouvements verticaux de l'air a grande échelle et (3) que les conditions
atmosphériques sont stables et stationnaires (Aubinet et al., 2012). Un flux négatif de CO>
atmosphérique est dirigé vers I'écosysteme et est donc caractérise comme un puits, et

inversement pour les flux positifs qualifiés de sources de CO; vers I'atmosphere.

Cette technique micrométéorologique directe et non invasive présente un intérét croissant
dans les systemes intertidaux hétérogenes et variables comme les marais salés pour évaluer les
échanges nets de CO2 a I’échelle de I'écosysteme (NEE, umol m2 s) (Schafer et al., 2014 ;
Artigas et al., 2015 ; Forbrich et Giblin, 2015 ; Forbrich et al., 2018). L’avantage majeur de
I’EC est de mesurer les flux de CO2 provenant de tous les habitats au sein de I'empreinte
(footprint) de maniére intégrative sur des échelles de temps allant de quelques heures a
plusieurs années, a la fois a l'interface sédiment/air a marée basse et a l'interface eau/air a
marée haute (Kathilankal et al., 2008 ; Polsenaere et al., 2012). Cependant, l'utilisation de la
méthode EC nécessite d'importants traitements qualitatifs et quantitatifs et une correction de
données en raison de son contexte physique et théorique (Baldocchi et al., 1988 ; Burba,
2021).

Cette méthode de mesure des échanges nets de COz a [’échelle de [’écosysteme (NEE) par
Eddy Covariance atmospherique (Eq. 10) a été utilisée au sein de ce travail de thése et

décrite précisément au sein du chapitre 111 (Mayen et al., 2024).
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La technique EC a confirmé les estimations du puits de CO, atmosphérique dans les
marais salés (Wang et al., 2016 ; Alongi, 2020 ; Song et al., 2023) mais a également révélé de
fortes hétérogénéités dans les flux de NEE en fonction des conditions climatiques et des
influences anthropiques (Herbst et al., 2013 ; Schafer et al., 2019). Par exemple, la NEE
mesurée dans un marais salé peu anthropisé (USA) a montré une captation nette de CO:
atmosphérique avec une variation interannuelle dans les bilans de carbone liée aux
précipitations lors de la saison de croissance des plantes des marais (Forbrich et al., 2018). En
comparaison, dans un marais intertidal urbain (USA), Schafer et al. (2014) ont montré une
plus grande variabilité interannuelle en raison des pratiques de gestion et des espéces
végétales majoritaires. Cependant, les bilans nets de carbone mesurés avec la technique de
I’EC sont encore trop rares pour prendre en compte toutes les variabilités annuelles et
spatiales des marais salés. De plus, les marais salés représentent une zone d'interface
biogéochimiquement active au sein de la zone cétiére mais ils sont également menacés par
I'élévation du niveau de la mer, I'érosion et le réchauffement climatique (Gu et al., 2018), ce
qui pourrait altérer de maniere significative leur capacité a absorber et & stocker le carbone
(Campbell et al., 2022). Ainsi, les échanges de CO, atmosphérique doivent étre mesurés avec
précision et mieux compris, en particulier I'influence des facteurs de contréle biotiques et
abiotiques, afin d'étre inclus dans les bilans régionaux et mondiaux de carbone (Borges et al.,
2005 ; Cai, 2011) et de prédire les futurs puits de carbone dans le contexte du changement

climatique.

5. Présentation des sites d’études
Dans le cadre de cette these, 1’étude de la dynamique du carbone et des échanges de CO»

atmosphérique dans les marais Charentais a été réalisée au sein de trois zones d’études
choisies selon leur typologie et leur mode de gestion associés : (1) les marais du Fier d’Ars
(ile de Ré), (2) les marais de Brouage (sud de I’estuaire de la Charente) et (3) les marais de
Tasdon (La Rochelle ; Fig. 1.20).

Au sein de I"océan Atlantique, le Fier d'Ars représente une zone maritime Frangaises de
750 ha au nord de IMle de Ré qui communique avec les eaux cotiéres du Pertuis Breton
(plateau continental) par une ouverture de 700 m de large (Fig. 1.20). Il correspond a un
estuaire tidal tempéré de type 1l selon la typologie des systéemes c6tiers de Durr et al. (2011).
Avec une hauteur d'eau maximal de 6,5 m, cet estuaire tidal échange entre 2,4 et 10,2 millions
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de m® d'eaux cotieres avec le plateau continental adjacent en fonction des coefficients de
marée (Bel Hassen 2001). A marée basse, sa zone intertidale est composée de vasiéres
(slikke) et de marais tidaux végétalisés (schorre) traversés par de nombreux chenaux de
différentes tailles (Fig. 1.21). A marée haute, la zone intertidale est inondée par les eaux
cotieres jusqu'aux digues (Fig. 1.21), gérées pour controler les échanges d'eau entre I'estuaire
et les marais salés artificiels (marais rétro-littoraux en amont de la digue). Ces marais
endigués sont en partie utilisés pour des activités de saliculture, de pisciculture et
d’ostréiculture avec différents modes de gestion de 1’eau selon leurs usages (Bel Hassen, 2000
; Paticat, 2007). Depuis 1981, une partie de ces marais salés (1200 ha) est protégée au sein de
la Réserve Naturelle Nationale (RNN) de Lilleau des Niges (Figs. 1.20 et 1.21) abritant une
grande biodiversité d'oiseaux migrateurs et de végétaux terrestres et aquatiques (Champion et
al., 2012).
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Réserves Naturelles Nationales

de |73Belle Henriette

Figure 1.20 : Localisation des réserves naturelles nationales (RNN) en Charente Maritime
(France). Un premier site d’étude concerne les marais salés du Fier d’Ars au sein de la réserve
de Lilleau des Niges (Ile de R¢), un deuxiéme site d’étude concerne les marais de Brouage au
sein de la réserve de Moéze-Oléron et un troisieme site d’étude concernant les marais
périurbains de Tasdon (La Rochelle). Modifié de LPO.
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Figure 1.21 : L’estuaire tidal du Fier d’Ars (Ile de Ré) et localisation des points de mesures et
d’échantillonnage au sein des marais tidaux (en aval de la digue), des marais rétro-littoraux
(en amont de la digue) et des chenaux. La zone bleue correspond & la zone intertidale de
I’estuaire et la ligne orange correspond a la digue permettant de délimiter 1es zones terrestres
et maritimes. Les croix bleues (partie A ; voir 6.1.) correspondent aux mesures in situ des
pCO: de I’eau sur des cycles de 24 heures au sein de deux continuums aquatiques estuaire —
chenal — marais. Les fleches verticales rouges (partie B ; voir 6.1.) correspondent aux mesures
des échanges nets de CO2 atmosphérique (NEE) sur une année entiere au sein du marais tidal
des Bossys perdus. L’¢étoile verte (partic C ; voir 6.1.) correspond aux cycles de 24 heures
d’échantillonnages de la colonne d’eau pour I’étude du métabolisme aquatique du marais tidal
en lien avec les mesures de flux de NEE. Figure modifiée de Mayen et al. (2023).
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Au sein de la partie maritime de la RNN de Lilleau des Niges (en aval de la digue), le
marais tidal des Bossys perdus a été suivi pour étudier les échanges de CO2 atmosphérique
(Fig. 1.21). C’est un pré-salé formé d’habitats caractéristiques du schorre avec des plantes
terrestres  (spartines, obiones, soudes, salicornes) et des zones de vases nues
(microphytobenthos). L’ensemble étant traversé par un réseau de petits chenaux et immergé
par les eaux coticres du Fier d’Ars et du Pertuis Breton de fagon différentielle dans le temps et
I’espace suivant les coefficients de marée. A marée basse, le pré-salé et la végétation terrestre
associee sont émergés dans 1’atmosphére ; au cours de cette période, le chenal principal des
Bossys perdus permet de drainer les eaux des marais endigués vers I'estuaire en aval. A marée
montante et haute, les eaux cotiéres advectées par la marée remplissent progressivement le
chenal et, a partir d’un coefficient de marée supérieur a 50, peuvent inonder le pré-salé avec
des hauteurs d’eau variables. Une hauteur maximale de 2 m peut immerger 1’ensemble de la
vegeétation terrestre pendant deux heures a haute mer par forts coefficients de marée. Ainsi, le
choix du marais tidal des Bossys perdus est parfaitement justifié par les connaissances
acquises sur la dynamique temporelle des pCO> et parametres biogéochimiques associés dans
les masses d’eau adjacentes sur le continuum Pertuis Breton — estuaire du Fier d’Ars — marais
salé (Fig. 1.21).

L’estuaire tidal du Fier d’Ars et ses marais salés associés (ile de Ré) sont également détaillés
dans la section Matériels et Méthodes des chapitres Il, 111 et IV au sein de ce manuscrit. Les
photos des marais salés rétro-littoraux sont présentées dans les annexes du chapitre Il
(Mayen et al., 2023) tandis que les photos du marais tidal des Bossys perdus sont présentées

dans les annexes du chapitre 111 (Mayen et al., 2024).

Sur la cote Atlantique de Charente Maritime, le marais de Brouage correspond a une
zone basse poldérisée associée a un endiguement important depuis plusieurs siécles pour
protéger I’ensemble des terres et des marais conquis sur la mer pour les activités anthropiques
(élevage et saliculture ; Fig. 1.20). Cependant, les digues construites par I’Homme ont été
fortement endommagées par les aléas climatiques récurrents tels que les tempétes Martin
(1999), Xynthia (2010) et Ciaran (2023) entrainant des submersions marines des marais.
Plusieurs scénarios sont envisagés pour le devenir de cette zone humide protégée par le
conservatoire du littoral : poursuivre la lutte contre les assauts de la mer en reconstruisant les

digues a chaque fois qu’elles sont détruites par les tempétes ou envisager 1’acceptation d’un
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recul du trait de cote et modifier les pratiques agricoles pour favoriser celles qui s’acclimatent
le mieux aux élévations ponctuelles du niveau de la mer. Dans le cadre de cette thése, nous
avons étudiés deux marais rétro-littoraux au sein de la RNN de Moéze-Oléron, initialement
utilises pour la saliculture mais aujourd’hui gérés afin de conserver et protéger I’identité
patrimoniale des marais (Fig. 1.20). La station MAD est un marais saumatre (surface de 17 640
m?, profondeur de 25 cm) avec une végétation aquatique peu développée. Ce marais a été
éloigné de la mer, il est désormais connecté au canal de Brouage permettant d'étre alimenté en
eaux douces provenant du bassin versant agricole (influencées par le fleuve Charente). La
station MAS est un marais salé (surface de 81 552 m?, profondeur de 65 cm), situé juste
derriére la digue et alimenté périodiquement en eaux salées au travers d’une écluse a la mer.

Cette station MAS abrite de la végétation aquatique associée a une densité important d herbiers.

Le marais de Tasdon est un marais périurbain (124 ha) localisé a proximiteé de la ville
de La Rochelle et alimenté en eaux douces par la Moulinette (Fig. 1.22). Depuis le Moyen
Age et jusqu’en 1935, le marais de Tasdon a été relié aux Pertuis Charentais, il a ainsi été
utilisé pour les activités de saliculture pendant plusieurs si¢cles. Néanmoins, I’urbanisation a
bouleversé 1’équilibre naturel du marais de Tasdon en 1’éloignant du rivage océanique, le site
est ainsi devenu progressivement un marais d’eau douce. Depuis 2020, le marais de Tasdon a
subi un projet important de renaturation permettant un réaménagement des bassins,
I’implantation de végétation terrestre et aquatique mais aussi une reconneXion progressive de
certains bassins a I’océan afin de préserver la biodiversité et de restaurer les fonctions
écologiques du site. Ainsi, trois stations contrastées ont été étudiées au sein du marais de
Tasdon (Fig. 1.22). La station T2 est un lac d'eau douce (profondeur maximale de 1,3 m) ou
les travaux de restauration ont permis I’implantation de végétation pour aider a maintenir la
structure des rives. La station T6 était un étang d'eau douce stagnant (profondeur maximale de
0,8 m) mais les travaux ont permis un remodelage du paysage et une rectification du cours
d'eau (La Moulinette ; Fig. 1.22). La station T7 était également un étang d'eau douce stagnant
(profondeur maximale de 1,0 m) qui est maintenant reconnecté aux eaux cotiéres par une
vanne qui laisse circuler I'eau salée selon les marées. Depuis le premier printemps 2021, cette
station recoit de l'eau salée toutes les deux semaines : la vanne reste ouverte 2-3 jours en
fonction du niveau d'eau initial du marais afin d'éviter tout debordement. Pendant les saisons

de fortes pluies (du milieu de I'automne a la fin de I'hiver), il n'y a pas d'apport d'eau salée.
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Figure 1.22 : Localisation du marais urbanisé de Tasdon (agglomération de La Rochelle) et
des différentes stations étudiées (T2, T6 et T7) aprés les travaux de renaturation. Carte issue
de la Ville de La Rochelle.

6. Objectifs et organisation de la thése

6.1. Les objectifs scientifiques de la thése et travail de terrain

Dans le cadre des projets de I’ANR-PAMPAS (2019-2023) et de LEFE-DYCIDEMAIN
(2021-2022), ce travail de recherche en écologie et biogéochimie cotiére porte principalement
sur les facteurs biotiques et abiotiques contrélant les flux de carbone au sein des différentes
interface d’échanges des marais littoraux qui sont ces écosystémes cOtiers dynamiques et
hétérogenes. Le projet PAMPAS est un projet de recherche collaborative qui vise a
comprendre le fonctionnement des zones humides cotieres face a 1’aléa submersion marine
afin de questionner 1’évolution de leur identité patrimoniale en fonction de leur mode de
gestion. Ce projet interdisciplinaire a permis de répondre aux enjeux sociétaux actuels
d’adaptation au changement climatique et de transmission, appliqué a une échelle locale, mais
transposable a 1’échelle plus large des zones humides littorales. Le projet DYCIDEMAIN a
permis d’étudier la dynamique du carbone organique et inorganique aux interfaces d’échange

des marais tidaux tempérés et aux différentes échelles temporelles.
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L’objectif général de la theése est de comprendre les processus biologiques, physiques et
chimiques contrdlant les flux de carbone aux interfaces terrestre-aquatique-atmosphérique des
marais Charentais, au travers de mesures in situ et d’échantillonnages dans la colonne d’eau
aux différentes échelles spatiales et temporelles caractéristiques de ces environnements

cotiers. Pour cela, plusieurs problématiques ont été abordées :

e Comment la typologie et le mode de gestion anthropique des marais littoraux influencent
la dynamique des pCO2 de I’cau et la fonction puits de CO. atmosphérique ?

e Quelles sont les variations temporelles (diurne, tidale et saisonniére) des échanges nets de
CO2 atmosphérique a 1’échelle d’un marais tidal selon les conditions environnementales et
I’immersion tidale ?

e Comment le métabolisme aquatique des marais littoraux influence les processus et les flux

de carbone (flux verticaux et horizontaux) ?

Afin de répondre aux problématiques ci-dessus liées au cycle du carbone dans les marais,
un important travail de mesures biogéochimiques et de prélévements d’eau a eu lieu dans les

marais du Fier d’Ars, les marais de Brouage et les marais de Tasdon :

Dans une premiére partie (partie A), des mesures in situ a hautes fréquences des pCO-
de I’eau et des estimations de flux de CO2 eau-air ont été réalisées sur plusieurs cycles de 24
heures entre 2018 et 2020 au sein de deux continuums aquatiques entre I’estuaire tidal du Fier
d’Ars et les marais rétro-littoraux (croix bleues ; Fig. 1.21). Aussi, entre 2019 et 2021, nous
avons déployé la méme stratégie de mesure au marais de Tasdon (Fig. 1.22) afin de
comprendre le fonctionnement biogéochimique du CO> au sein cette zone humide périurbaine
et in fine, son rdle dans les cycles régionaux et globaux du C apres les travaux de renaturation
du marais et de reconnexion de certaines stations a la mer. Cette premiére partie de thése fait
suite a mes travaux de stages de Master 1 (2019) et Master 2 (2020) et s’inscrit dans le projet
de ’ANR-PAMPAS.
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Dans une deuxiéme partie (partie B), un systeme d’Eddy Covariance atmosphérique a
été déployé au sein du marais tidal des Bossys perdus (ile de Ré) pour mesurer en continu et a
hautes fréquences les échanges nets de CO2 atmosphérique de 1’écosystéeme (NEE) de juin
2019 a décembre 2022 (fleches rouges; Fig. 1.21). Cette deuxieme partie de thése est
associee aux travaux de stages de Master 2 de Pierre Kostyrka (2021) et Maxime Coutantin
(2023) et s’inscrit dans le projet de I’ANR-PAMPAS.

Dans une troisieme partie (partie C), des cycles de 24 heures de mesures in situ et
d’échantillonnages de la colonne d’eau ont été réalisés au sein du marais tidal des Bossys
perdus (ile de Ré) et du marais saumatre MAD (Brouage) a chaque saison de I’année 2021
(étoile verte ; Fig. 1.21). Ainsi, nous avons mesuré simultanément les pCO2 de I’eau ainsi que
(i) les autres formes biogéochimiques du carbone (carbone inorganique dissous, carbone
organique dissous et particulaire, alcalinité totale) et (ii) les parametres écologiques associés
(nutriments, matiére organique particulaire, chlorophylle-a). Des échantillonnages ont
¢galement permis d’étudier la balance métabolique des communautés planctoniques. Au
marais des Bossys perdus, ces différentes mesures ont permis de suivre la dynamique tidale,
diurne et saisonniére des paramétres biogéochimiques (carbone, nutriments) en subsurface en
lien avec les mesures de NEE par Eddy Covariance. De plus, un suivi annuel avec des
prélevements mensuels a été réalisé en 2021 au marais MAD afin de repositionner nos
données des cycles de 24 heures sur une année de mesures. Pour finir, I’originalité a été de
réaliser des mesures in situ des pCOz de I’eau en simultané au marais sauméatre MAD et au
marais salé MAS afin de les comparer d’un point de vue du carbone (Fig. 1.20). Cette
troisieme partie de thése est associée aux travaux de stages de Licence 3 de Stacy Delmer
(2021) et s’inscrit dans le projet LEFE-DYCIDEMAIN.

6.2. Organisation du mémoire de thése
Ce manuscrit de thése s’organise en quatre chapitres (II, III, IV et V), principalement

centrés sur les marais salés du Fier d’Ars (ile de Ré, France), permettant de répondre de
maniere chronologique aux problématiques en lien avec le cycle du carbone dans les marais
littoraux (voir 5.1). L’ensemble des éléments concernant le matériel et méthode au sein de ces

travaux de thése sont directement présentés au sein des chapitres Il, 111 et IV (articles publiés
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ou en préparation) ; il n’y a pas de chapitre matériels et méthodes au sein de ce manuscrit de

thése.

Le chapitre 11 se focalise sur les variations spatiales et temporelles des pressions partielles de
CO2 (pCO2) de I’eau et des flux de CO; calculés a I’interface eau-atmosphere au niveau du
compartiment aquatique des marais salés rétro-littoraux qui restent peu étudiées du point de
vue de la dynamique du carbone. En effet, si les parties terrestres végétalisées des marais sont
généralement associées a une fonction puits de CO, le milieu aquatique, suivant la typologie
et la gestion associée, peut étre totalement différent en termes de processus physigues,
chimiques et biologiques, d’échanges atmosphériques (puits ou source) et de facteurs de
controle biotiques impliqués. Ce chapitre fait 1’objet d’un article publié au journal Regional
Studies in Marine Science (Mayen et al., 2023). Cette publication de thése concerne les
variations spatio-temporelles des pCO2 de I’eau au sein de deux continuums aquatiques
estuaire — marais rétro-littoraux et I’influence de la gestion anthropique des marais (protégé

vs. exploité) sur les flux de CO2 atmosphérique et les budgets de carbone associés.

Le chapitre Il s’intéresse aux échanges nets de CO2 entre un marais tidal végétalisé et
I’atmosphere par des mesures en continu et a 1’échelle de 1’écosystéme (milieux terrestres et
aquatiques). Pour cela, la technique d’Eddy Covariance atmosphérique a permis d’obtenir des
séries annuelles de flux de CO> a hautes fréquences aux interfaces sédiment-air (marée basse)
et eau-air (marée haute) sur le marais tidal des Bossys perdus permettant de qualifier et
quantifier son statut métabolique en fonction des paramétres environnementaux (rythme
diurne, tidal, saisonnier, habitats aquatique et terrestre). Ce chapitre fait I’objet d’un article
publié au journal Biogeosciences (Mayen et al., 2024). Les objectifs ont été de décrire les
variations temporelles des flux de CO2 mesurés au cours de I’année 2020, d’évaluer
I’importance des différents facteurs biotiques et abiotiques contrdlant les échanges de CO2
atmosphérique et de quantifier précisément les effets de I’immersion tidale sur la captation de
COz atmosphérique. Le rythme tidal au sein des marais tidaux entraine de fortes incertitudes
quant a la contribution préecise du métabolisme benthique et du métabolisme aquatique sur la
NEE lors des différentes périodes de la journée nécessitant des mesures simultanées du
métabolisme planctonique et des échanges de CO. atmosphérique aux différentes échelles

temporelles.
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Le chapitre IV s’intéresse plus spécifiquement a I’influence du métabolisme aquatique des
marais littoraux sur la dynamique du carbone. Ce chapitre permet d’apporter des informations
dans la littérature sur I’influence des communautés planctoniques dans le cycle du carbone
des marais, et plus particulierement, sur leur statut métabolique comme source ou puits de
COo. Ainsi, la production primaire et la respiration des communautés planctoniques ont été
mesurées pour mieux comprendre leur contribution sur les variations des pCO2 de I’eau et les
flux de CO2 atmosphérique associés. Ce chapitre intégre les données acquises au cours des
cycles d’échantillonnage de 24 heures (voir 6.1.) au marais tidal des Bossys perdus a la fois a
marée basse et a marée haute en simultanée avec des mesures hautes fréquences des pCO: de
I’eau et des flux de NEE. Ce chapitre fait I’objet d’une publication en préparation pour une
soumission au journal Limnology and Oceanography (Mayen et al., en préparation).

Le chapitre V correspond a la synthése générale de la thése qui vise a replacer I’ensemble de
ces mesures liées au cycle du carbone dans les marais littoraux par rapport au role joué par ces
écosystemes cotiers au sein des budgets régionaux et globaux de carbone, en prenant en
compte la variabilité spatiale, temporelle, méthodologique associées. Au sein de ce chapitre,
nous discuterons également de [I’influence des activités anthropiques en termes
d’aménagement (endiguement), de gestion de 1’eau (temps de résidence) et de pollution par

les nutriments (eutrophisation) sur leur capacité de captation de CO2 atmosphérique.
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Chapitre 11

Variations spatiales et temporelles des pressions partielles de
CO; de I’eau et des flux de CO; estimés a I’interface eau-
atmosphere des marais salés.

Marais salé rétro-littoraux (ile de Ré, Fier d’Ars). © Polsenaere
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Influence of typology and management practices on water pCO2 and atmospheric CO2

fluxes over two temperate shelf — estuary — marsh water continuums
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Chapitre I

Abstract

Within the coastal zone, salt marshes often behave as atmospheric CO- sinks, allowing
for blue carbon (C) sequestration associated with intense autotrophic metabolism. However, C
dynamics over salt marshes are complex since various biogeochemical processes and fluxes
occur at different terrestrial — aquatic — atmospheric exchange interfaces and spatiotemporal
scales. This study focuses on seasonal, tidal and diurnal variations of water pCO>, estimated
water-air CO> fluxes and controlling factors along two temperate shelf — estuary — marsh
continuums. The latter include typical coastal systems with artificial salt marshes that have
contrasting water management practices and primary producer types. Our high-frequency
biogeochemical measurements (seasonal 24-hour cycles) highlighted a strong control of
ecosystem typology on inorganic C dynamics with lower water pCO2 values in the artificial
salt marshes, due to stronger biological activity and longer water residence times, than in the
tidal estuary. In the marine-dominated estuary, water pCO- variations (267 - 569 ppmv) were
strongly controlled by tidal effects and phytoplankton activity particularly in spring/summer.
On the contrary, the greatest amplitudes in water pCO> were recorded in the artificial salt
marshes (6 - 721 ppmv) due to intense macrophyte activity. In the rewilded marsh,
eutrophication favoured spring/summer fast-growing macroalgae produced, in turn, strong fall
atmospheric CO; outgassing from degraded algae waters and thus a net annual source of CO;
to the atmosphere (17.5 g C m? yr?). Conversely, specific management practices at the
working marsh for salt-farming activity favoured rather slow-growing macrophytes (i.e.
seagrasses) which greatly contribute to the yearly observed atmospheric CO; sink (-97.7 g C
m2 yrY). In this work, we suggest that salt marsh management can be used to control the
contribution of primary producers to marsh C budget as atmospheric CO2 (sink and/or

source).

Key words

Shelf — estuary — marsh continuums; water pCO»; air-water CO> fluxes; diurnal, tidal,

seasonal scales; marsh management practices; macrophytes.
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Graphical Abstract
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1. Introduction
Marine coastal environments, which only account for 7% of the global ocean, perform

major ecological functions such as primary production, bacterial mineralization and organic
matter burial (Gattuso et al., 1998). The coastal zone presents a wide diversity of
geomorphological types and ecosystems (shelves, estuaries, bays, wetlands) shaping the
biogeochemical cycle coupling between land, ocean and atmosphere (Aufdenkampe et al.,
2011; Bauer et al.,, 2013). These dynamics and heterogeneous ecosystems vertically
exchanges large and variable quantities of carbon (C) with the atmosphere (Cole et al., 2007;
Polsenaere et al., 2012). At the global scale, continental shelves behave as atmospheric CO>
sinks and absorb 0.25 + 0.05 Pg C yr due to phytoplankton primary production (Bauer et al.,
2013; Dai et al., 2022). On the contrary, CO2 supersaturated estuarine waters emit 0.25 + 0.05
Pg C yr? to the atmosphere (Bauer et al., 2013) due to a strong mineralization of organic
matter from the land (Frankignoulle et al., 1998; Borges and Abril, 2011). These atmospheric
C exchanges within the coastal zone are heterogeneous (Borges et al., 2005) and need to be
better taken into account in regional and global C budgets (Najjar et al., 2018). For instance,
coastal wetlands, including salt marshes located along inner shelf — estuary — marsh
continuums, absorb 0.55 + 0.05 Pg C yr! from the atmosphere (Bauer et al., 2013) and may
play a major role in atmospheric CO> uptake and associated organic C burial on Earth (Cai,
2011; Mcleod et al., 2011).

In salt marshes, inorganic C dynamics and water pCO are influenced by several
physicochemical and biological processes within and between each ecosystem compartment
such as tidal exchanges, calcium carbonate precipitation/dissolution, benthic-pelagic coupling,
air-water exchanges and photosynthesis/respiration balance (Cai, 2011; Bauer et al., 2013;
Macreadie et al., 2017). Due to high photoautotrophy rates of both aquatic (phytoplankton and
seagrasses) and terrestrial (vascular plants) primary producers (Tobias and Neubauer, 2019),
these highly productive ecosystems mostly behave as net atmospheric C sinks (Schéfer et al.,
2014; Artigas et al., 2015; Forbrich and Giblin, 2015). A refractory part of organic C
produced through photosynthesis in these vegetated coastal ecosystems can then be
sequestered in sediments and/or plant biomass (Chmura et al., 2003) and stored as blue C, and
greatly contribute to the regional/global C cycle in comparison with terrestrial ecosystems
(Mcleod et al., 2011). Salt marshes also produce and horizontally export significant quantities
of C through tidal water advection (Najjar et al., 2018) which could, in turn, strongly

influence the C balance of the system itself as well as the estuary and shelf systems (Cai,
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2011). The “marsh CO2 pump” hypothesis proposes that atmospheric CO2 uptake by marsh
primary producers and the export of a part of the associated C may be one of the major
mechanisms making adjacent coastal waters sources of CO, to the atmosphere (Wang and
Cai, 2004). For instance, in a tidal marsh area (USA; 12300 km?), Wang et al. (2016)
estimated that 56% of the atmospheric C uptake by the marsh net primary production (NPP)
was exported to the coastal ocean by tides (39% inorganic and 17% organic C forms).
Nevertheless, despite these major ecological potentials (storm protection, nursery areas, long-
term C storage), these interface areas are the most threatened in the world by land-use
changes, climate changes and sea level rise (Gu et al.,, 2018). Moreover, coastal
eutrophication causes the loss of salt marshes by decreasing the below-ground biomass of
plant roots through microbial degradation processes thereby producing a decrease in the
geomorphic stability of marshes (Deegan et al., 2012). Since the 1800s, salt marshes have lost
about 25% of their global area with negative effects on the atmospheric CO> sink and the
associated C sequestration (Mcleod et al., 2011). Their importance as ecosystem service
reservoirs has made it possible to implement protection and restoration policies that contribute
to their better management and to the development of their ecological and economic
potentials (Gu et al., 2018; Adam, 2019).

The high heterogeneity in biogeochemical processes within coastal systems at spatial and
temporal scales (Cai, 2011; Bauer et al., 2013) requires more integrative C process and
exchange measurements at the various terrestrial — aquatic — atmospheric interfaces over
different timescales (tidal, diurnal and seasonal) to better understand the ecological
functioning of these ecosystems facing global changes. Some studies in coastal wetlands such
as salt marshes or seagrasses have taken water pCO> measurements at different temporal
scales allowing the study of in situ CO> dynamics in relation to other biotic and abiotic
processes (Burgos et al., 2018; Wang et al., 2018; Berg et al., 2019; Polsenaere et al., 2022).
For instance, in an intertidal mangrove (Gaderu Creek, India), Borges et al. (2003) showed a
strong control of diurnal pCO> variations by tides and biological activity (primary production
and respiration). However, still too few studies have taken high-frequency water pCO:>
measurements in salt marshes at the diurnal and tidal scales to better understand the
biogeochemical status of marsh waters which are still little studied from a C point of view
(Song et al., 2023). These temporal variations in water pCO2 strongly affect associated air-
water CO; fluxes that can, in turn, be estimated from the CO2 gas transfer velocity, CO-

solubility in the water and air-water CO> gradient (Borges et al., 2003; Crosswell et al., 2017).
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The atmospheric Eddy Covariance technique represents an alternative way to directly measure
atmospheric CO- fluxes at the ecosystem scale (Baldocchi et al., 1988; Schéafer et al., 2014).
This non-intrusive micrometeorological technique allows to study the metabolism of coastal
ecosystems (sink or source) under real field conditions and to integrate them into regional C
budgets (Polsenaere et al., 2012; Van Dam et al., 2021).

The purpose of this study was to better understand CO, dynamics at different temporal
scales and locations over two aquatic sea — land continuums along the Atlantic French coast
on Ré Island. These continuums include coastal systems (shelf, estuary, marsh) such as those
studied elsewhere by Cai (2011) and Bauer et al. (2013) with regards to horizontal and
vertical C exchanges in the coastal ocean. Unlike tidal salt marshes, which are more generally
discussed in the literature (Cai, 2011; Wang et al., 2016), here we studied two artificial salt
marshes (i.e. salt ponds) in which water exchanges are controlled by dykes and locks for
human uses (biodiversity protection or anthropogenic activities; Tortajada et al., 2011).
Through in situ high-frequency measurements of biogeochemical parameters in waters and
estimations of atmospheric CO> fluxes from 2018 to 2020, we sought to (1) identify
biophysical controlling factors of water pCO: by establishing biogeochemical relationships
both at the seasonal and diurnal/tidal scales, (2) highlight the influence of continuum
typologies on measured biogeochemical parameters and (3) identify role of station typologies
and salt marsh management practices on temporal pCO, dynamics and associated CO:
budgets. The results allowed us to contextualize the associated continuum metabolism among

other studied systems from a C dynamics and budget point of view.

2. Materials and methods
2.1. Study sites

2.1.1. Tidal estuary (station a) and channel (station b)

The Fier d’Ars estuary is a semi-closed maritime area of 750 ha on Ré Island within
the French Atlantic Ocean and connected to the Breton Sound continental shelf (Fig. 2.1). It
corresponds to a type Il temperate tidal estuary according to Dirr et al.'s (2011) coastal
system typology. At low tide (LT), its subtidal zone (in light blue; Fig. 2.1) is composed of
mudflats (slikke) and tidal salt marshes (schorre) traversed by numerous channels of different

sizes. At high tide (HT), the subtidal zone is flooded by coastal waters from the shelf up to the
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dykes (Fig. 2.1), managed to control water exchanges between the estuary and upstream
artificial salt marshes. Station a, with a maximum water height of 6.5 m, is located within the
subtidal zone of the estuary along the main channel connected to the slikke (Fig. 2.1). Station
b is a secondary tidal channel associated to the schorre and located at the back of the estuary
before the dyke. With a maximum water height of 5.3 m, it is connected to station a (distance
of 1.6 km) enabling the supply of coastal waters to artificial salt marshes upstream from the
dyke (Fig. 2.1).

Artificial salt marshes are old tidal salt marshes divided into multiple ponds by dykes
mainly located along European coasts for which water residence times (from a few hours to
fifteen days according to the management practices; Bel Hassen, 2001) were originally
controlled for salt-farming through locks (Tortajada et al., 2011).
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Figure 2.1: The Fier d’Ars estuary (Ré Island, French Atlantic coast) and locations of the four
studied stations along aquatic continuums: tidal estuary at station a, channel at station b,
rewilded artificial salt marsh at station c (in green) and working artificial salt marsh at station
d (in blue). The dyke (in red) delimits terrestrial and maritime areas. The locks in the two
studied artificial marshes are represented within the two map expansions. An atmospheric
Eddy Covariance station was deployed at station e on the tidal salt marsh downstream from
the dyke. Station F is located in the centre of the Breton Sound continental shelf; station a is
located at the entry of the estuary; stations b, ¢ and e are within the National Natural Reserve
to the west of the estuary; station d to the east of the estuary is within a salt-farm.

2.1.2. Rewilded artificial salt marsh (station c)
Station c is a rewilded artificial salt marsh upstream from the dyke (surface area of

40100 m?, depth of 60 cm), protected and managed inside a National Natural Reserve (NNR).
During HT periods, this rewilded marsh is supplied indirectly with coastal waters from the
estuary by the station b channel (distance of 500 m between stations b and c; Fig. 2.1) through
a lock management practice to promote biodiversity protection (former salt farm that has been
rewilded; Fig. S1). From November to March (winter period), the lock is open only during the
highest tidal amplitudes in order to have the best compromise between salt- and fresh-mixing
waters (salinity around 30) to allow aquatic fauna passing from the continental shelf to the
marsh. From April to October (summer period) with lower tidal amplitudes, the lock is
permanently open to avoid large salinity fluctuations in marsh waters and favour the
development of Ruppia spp. seagrass beds in the marsh (salinity between 30 and 45). Lately,
this rewilded marsh is characterized by significant macroalgae development from early spring

to late summer each year thereby preventing seagrass development (Champion et al., 2012).

2.1.3. Working artificial salt marsh (station d)
Station d is a working artificial salt marsh upstream from the dyke (surface area of 8500

m?, depth of 75 cm) directly communicating (no channel in between) with coastal waters at
HT from the estuary through a lock (distance of 2 km between stations a and d; Fig. 2.1). This
working marsh was chosen for its specific management practice of the lock related to a salt-
farming activity. In spring and summer, the lock is regularly open to store salt waters and then
allow to supply a succession of upstream ponds during neap tides for the salt production
through the evaporation process (Fig. S1). Moreover, the use of this working marsh requires a

drying up and a cleaning once a year in early spring before the start of the salt production
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period to remove seagrass, macroalgae and organic matter in the marsh (Poitevin, personal

communication).

2.1.4. Additional station: continental shelf (station F)
The Breton Sound corresponds to a coastal maritime area located on the French

continental shelf, characterized by a surface area of 425 km? (Fig. 2.1). The Breton Sound
continental shelf exchanges salt waters with the Atlantic Ocean to the west at each semi-
diurnal tidal cycle and receives continental inputs through the Aiguillon Bay discharges to the
east depending on hydrodynamic and meteorological conditions (Stanisiere et al., 2006;
Soletchnik et al., 2015). The highest and lowest river water flows were recorded in winter and
summer, respectively, influencing salinity of the shelf waters differently. Station F in the
centre of the Breton Sound (Fig. 2.1) is located in a predominantly marine environment with a
low freshwater contribution (Stanisiere et al., 2006; Soletchnik et al., 2015). At each HT, the
continental shelf supplies our studied stations (a, b, ¢ and d) with various water masses based
on the tidal amplitudes and seasonal periods along two aquatic sea — land continuums: (1)
continental shelf (station F) — estuary (station a) — channel (station b) — rewilded salt marsh
(station c) and (2) continental shelf (station F) — estuary (station a) — working salt marsh
(station d). Conversely, at each LT, different water masses from salt marshes are exported
(indirectly through the station b channel for station ¢ or directly for station d) to the estuary
and then to continental shelf (Fig. 2.1).

In this study, meteorological parameters (air temperature, rain, wind speed) corresponding
to our measurement cycles were used from the Eddy Covariance station (Campbell Scientific)
deployed on a nearby tidal salt marsh (station e; Fig. 2.1).

2.2. Measurement strategy and biogeochemical measurements
In the sub-surface waters (~30 cm depth), partial pressure of CO, (pCO>), temperature,

salinity, turbidity, dissolved oxygen concentration (DO) and pH were autonomously measured
with in situ probes at a frequency of 1 min. during fifteen 24-h cycles at stations a, b, c and d
during each season (Table S1). These high frequency measurements allowed to record
relevant temporal (diurnal, tidal and seasonal) and spatial (continuums) variations of water
pCO. and associated physicochemical parameters. The diurnal scale corresponds to
fluctuations occurring between daytime and night-time whereas, the tidal scale corresponds to
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fluctuations between LT and HT. The seasonal measurement cycles were performed in 2018
at stations a and b and in 2019/2020 at stations ¢ and d. Measurements could not be taken at
station d in spring 2020 due to the Covid pandemic. At station F, the same biogeochemical

measurements were taken biweekly over the year 2018 (Table S1) by Coignot et al. (2020).

A pCO; underwater probe (C-Sense™; PME/Turner Designs), a multiparameter probe
(EXO2; YSI) and a submersible fluorometer (C3™; Turner Designs) were deployed to
measure water pCO2, physicochemical parameters and fluorescence, respectively. The
measurement range of the C-Sense probe is 0-2000 ppmv with an absolute accuracy of 60
ppmv (3% of the full scale; Turner Designs). The C-Sense probe was calibrated by the
manufacturer before the study. The EXO2 probe was used to measure temperature (£ 0.1 °C),
salinity (+ 0.5 salinity unit), turbidity (+ 0.3 NTU), DO concentration (+ 3.1 umol L*?), DO
saturation level (£ 1%) and pH (£ 0.01 pH unit). The pH was calibrated before and after each
24-h cycle using three YSI buffer solutions (pH 4.01, pH 7.00 and pH 10.01) as outlined by
Aminot and Kérouel (2004). It was not possible to measure pH at stations a and b. The C3-
fluorometer was used to estimate the sub-surface Chl a values from the 10-min. fluorescence

data. This latter was deployed only at station ¢ and d in summer 2019 and winter 2020.

Water pCO2 measured by the C-Sense probe are influenced by the total dissolved gas
pressure (TDGP) which corresponds to the total pressure exhibited by all gases within the
water column. When this pressure greatly exceeded the pressure at which the C-Sense probe
was calibrated, the output needed to be corrected. Then, a pCO- correction was applied taking
both TDGP, atmospheric pressure during sensor calibration (1009 hPa) and the measured
pCO; by the C-Sense probe into account, as per equation (PCO2measured X 1009) / TDGP
(Turner Designs). Over all 24-h cycles, the corrected pCO2 values with TDGP were 2.6 +
0.9% lower than the measured pCO. values. Total alkalinity (TA) and dissolved inorganic
carbon (DIC) were estimated from salinity, temperature, pH and water pCO2 using the
carbonic acid constant from Mehrbach et al. (1973) as modified by Dickson and Millero
(1987), the Knsos constant from Dickson (1990) and the borate acidity constant from Lee et
al. (2010). The CO: system calculation program (version 2.1.) performed these calculations
(Lewis and Wallace, 1998).
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2.3. Temperature and non-temperature effects on pCO: variations
To distinguish between the temperature and non-temperature effects on in situ pCO:

variations at the seasonal and diurnal scales, TpCO2 (pCO2 variations related to temperature
physical effects, in ppmv) and NpCO: (pCO: variations related to non-temperature effects, in
ppmv) were calculated respectively, following Eqg. (1) and Eg. (2) from Takahashi et al.
(2002):

TpCO2 = pCO2mean % €XP[0.0423 X (Tobs - Tmean)] )

NpCOZ = pCOZobs X eXp[00423 X (Tmean - Tobs)] (2)

where Tons and pCOazops are the temperature and pCO2 values measured by the probes at each
time step (1 min.), respectively. Tmean and pCOzmean are the temperature and pCO. averaged
either at the seasonal (annual mean) or diurnal scale (means per 24-h cycle). TpCOs: is only
associated with the physical pump whereas, NpCO: is associated with biological processes,
tidal advection and benthic-pelagic coupling (Cotovicz Jr. et al., 2015; Polsenaere et al.,
2022).

2.4, Calculations of air-water CO: fluxes
For all 24-h measurement cycles, the gas transfer velocity (keoo) and hourly CO> fluxes

(FCOy) at the air-water interface were estimated following Ribas-Ribas et al. (2011) and
Polsenaere et al. (2022) in coastal environments. At stations a and b, only air-water FCO>
during HT periods (four hours around each HT) were calculated whereas at stations ¢ and d,

all hourly FCO- were calculated using the following Eqg. (3):

FCO2 =a x k x ApCO2 3

where FCO, (mmol m hl) is the estimated air-water CO; fluxes, a (mol kg atm™) is the
CO2 solubility coefficient in saltwater, k (cm h) is the gas transfer velocity of CO, and
ApCO: (ppmv) is the gradient between mean water and air pCO,. Water pCO> were measured
by the C-Sense probe. Atmospheric CO> concentrations were measured by (1) the Eddy
Covariance (station e; Fig. 2.1) for summer 2019 and winter 2020 and (2) the National
Oceanic and Atmospheric Administration (NOAA) at the Mauna Loa Observatory for all
other periods (see values caption Table 2.3). The a coefficient depends on water temperature
and salinity and was calculated according to Weiss (1974). The k coefficient also significantly

controls air-water FCO3 since it directly takes turbulence processes at the air-water exchange
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interface into account (Polsenaere et al., 2013). In this study, k (or keso) was calculated
according to both Raymond and Cole (2001) (RCO1; Eqg. 4) and Wanninkhof et al. (2022)
(W22; Eq. 5) corresponding to closed environments and more open coastal environments,
respectively. These two parametrization methods for the k exchange coefficient were applied

in order to compare the results.

For closed freshwater environments (Raymond and Cole, 2001):

keoo = 1.91 x exp[0.35 x Uxo] 4)
For more open coastal environments (Wanninkhof et al., 2022):

keoo = 0.31 x (U1)? ®)

The gas transfer coefficients normalized to a Schmidt number of 600 (keoo) obtained with the
two parametrization were then converted to the gas transfer velocity of CO. at the in situ
temperature and salinity (keso) according to Jahne et al. (1987) following Eq. (6):

keso = Keoo / (660/Sc) 0> (6)

where keso (cm hl) is the gas transfer velocity of CO> at the in situ temperature and salinity
according to the parametrizations of RCO1 or W22, U1o (m s) is the wind speed normalized
to 10 m (Amorocho and DeVries, 1980) and Sc is the Schmidt number which describes both
the water viscosity and the molecular diffusion of the subsurface layer (Bade, 2009). In
summer 2019 and winter 2020, wind speeds were measured by the Eddy Covariance (station
e; Fig. 2.1) at a height of 3.15 m; for all other periods, wind data were obtained from the
Infoclimat station (Fig. 2.1) measured at a height of 10 m (distances of 6.20, 4.85, 4.30 and
8.40 km from stations a, b, ¢ and d, respectively).

2.5. Chl a concentrations and fluorometer data calibration
In situ Chl a concentrations (ug L) were measured from sub-surface water samples

collected only at stations ¢ and d. Water samples (50-100 mL) were filtered through GF/F
filters (Whatman® Nuclepore™, porosity of 0.7 um) and stored at -20°C until analysis. In the
dark, Chl a was extracted in 90% acetone with a glass rod. After 12 h of stirring at 4°C to
continue the extraction, Chl a was analysed by monochromatic spectrophotometry at 665 nm
(Aminot and Kérouel, 2004).
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For the fluorometer data, the calibration procedure was applied to derive Chl a values
from our water fluorescence measurements (Aminot & Kérouel, 2004). Chl a could be
calculated only at station d through the significant linear regressions (p < 0.05) between the

fluorometer values and the in situ Chl a values sampled simultaneously in the marsh waters.

2.6. Statistical tools and analysis
For all measured variables, the high-frequency data (i.e. 1 min) did not respect a normal

distribution (Shapiro-Wilk tests, p < 0.05). Non-parametric comparisons such as the Mann-
Whitney and Kruskal-Wallis tests were carried out with 0.05 level of significance. A Dunn
test was used to perform a post-hoc multiple comparison of the Kruskal-Wallis test to detect
significant differences among groups. The statistical tests as well as temporal graphs, linear
regressions, boxplot and barplot were performed with the GraphPad Prism 7 software. The R-
studio software was used to perform the principal component analysis (PCA) with the
“FactoMineR” package (L& et al., 2008) and the correlation matrices with the “corrplot”
package (Wei and Simko, 2017). The PCA allows to study the seasonal distribution of data
along the studied continuums (Fig. 2.2). It is based on the seasonal means of the temperature,
salinity, turbidity, DO and pCO- measured (i) once every two weeks at station F and (ii) once
every minute over 24-h cycles at stations a, b, ¢ and d. Stepwise multilinear regression
analysis were performed to test the contribution of measured physicochemical variables
(salinity, temperature, turbidity and oxygen) on water pCO; variations through the percentage
of explained variance (adjusted R?; Harrell, 2015). Within each 24-h cycle, the selected
multilinear model (p < 0.001, n = 1441) had the highest adjusted R? with all variables
explaining at least 5% of the pCO> variation. Analysis were performed with Statgraphics

Centurion 19 software.
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3. Results

3.1. Biogeochemical overview of the aquatic continuums

Over our measurement periods, thermal conditions for the years 2018 and 2019 were
similar following a classical seasonal trend. However, July 2018, July 2019 and February
2020 were warmer than the 1990-2020 reference period (Table 2.1). Annual cumulative
precipitations in 2018 and 2019 were higher than the historical data with March 2018 and
October 2019 as the rainiest months (Table 2.1). Salinity at station F as the water source
flowing into the two studied continuums did not vary significantly between the years 2018,
2019, 2020 and the 2000-2017 reference period (Kruskal-Wallis test, p = 0.77; Fig. S2).

At station F, over the biweekly measurements in 2018, water temperatures varied from 7.5
(winter) to 21.7°C (summer) whereas at station a over our seasonal 24-h cycles, values varied
from 9.1 (winter) to 26.9°C (summer). Along the aquatic continuum, water temperatures
significantly increased from station a to stations b and ¢ (Mann-Whitney tests, p < 0.05).
Salinity ranged from 28.9 (winter) to 35.4 (autumn) at station F whereas, values varied from
31.4 (winter) to 35.7 (autumn) at station a, from 27.5 (winter) to 36.9 (autumn) at station b,
from 27.0 (winter) to 42.6 (summer) at station ¢ and from 21.3 (winter) to 38.4 (autumn) at
station d with largest salinity gradients recorded at stations ¢ and d (Table 2.2). In average
over the year, station a waters were slightly oversaturated in oxygen compared to the
atmosphere with DO saturation levels ranging between 70 (LT during dawn) and 150% (LT
during dusk) during the summer cycle (Fig. 2.3). Simultaneously, station b waters were close
to the saturation value with the atmosphere with a lower maximum value (120%) during the
summer cycle (Fig. 2.4). Larger amplitudes of DO saturation level were recorded in the
artificial salt marshes with values ranging from 36 to 176% at station ¢ (summer; Fig. 2.5) and
from 49 to 150% at station d (summer; Fig. 2.6). The annual levels of water CO>
undersaturation with respect to the atmosphere were 48%, 16%, 65% and 86% at stations a, b,
c and d, respectively, with a strong annual CO> oversaturation at station b (Fig. 2.4). The
greatest amplitude in water pCO. was recorded at station ¢ with values varying from 6

(spring) to 721 ppmv (autumn; Fig. 2.5).

At station F, over the year 2018, Chl a values increased from winter (0.7 + 0.1 pg L™?) to
spring-summer (2.5 + 1.6 and 1.6 + 1.0 pg L™, respectively), before decreasing in autumn (0.8
+ 0.5 pg L™?). At station c, the highest and lowest Chl a values were recorded in autumn 2019
(8.1 £ 0.4 pg L) and winter 2020 (1.3 + 0.3 pg L), respectively, whereas at station d, the

highest and lowest values were recorded in winter 2020 (3.4 + 0.4 pg L) and summer 2019
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(1.9 + 0.3 pg L), respectively. Moreover, at station ¢, from spring to autumn 2019, a free
floating macroalgae development (Ulva spp.) was observed in the sub-surface waters and on
sediments (Fig. S3). On the contrary, at station d, no macroalgae development occurred,

allowing for the seagrass growth (Ruppia spp.) in the marsh (Fig. S3).

Table 2.1: Meteorological conditions (air temperature in °C and cumulative precipitation in
mm) obtained from the “Infoclimat” station on Ré¢ Island (Fig. 1; https://www.infoclimat.fr) at
the monthly and annual scales over our measurement periods in 2018, 2019 and 2020 in bold
compared to the reference period (1990-2020).

Year  Season Month Mean air Difference Cumulative Difference

temperature with the precipitation with the

(°C) reference (mm) reference

period (°C) period (mm)
2018  Winter March 9.1 -0.7 127 +70
Spring April 13.4 +1.4 58 -3
Summer July 22.2 +1.7 59 +19
Autumn  September 19.0 +1.0 9 -51
Annual 143 +0.8 786 +32
2019 Spring April 11.9 -0.1 57 -4
Summer July 22.5 +2.0 33 -7
Autumn October 15.8 +1.1 117 +33
Annual 141 +0.6 827 +73
2020  Winter February 104 +3.1 68 +12
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Table 2.2: Seasonal means (£ SD) and ranges (min - max) of temperature (°C), salinity, DO
(umol L1, pH (NBS scale) and pCO2 (ppmv) values measured (i) once every two weeks in
2018 at station F (Coignot et al., 2020) and (ii) during each 24-h cycle from 2018 to 2020 at
stations a, b, ¢ and d in this study.

Temperature Salinity DO pH pCO:2
(°C) (umol L) (NBS) (Ppmv)
Winter 91+13 31.4+18 269.6 + 29.7 8.04+£0.17 619 + 285
2018 (7.5-10.6) (28.9-33.0)  (225.0-2853)  (7.79-8.17) (415 - 1040)
March 95+0.4 325402 278.7+7.7 - 441 +21
2018 (9.1-10.4) (31.9-329)  (257.2-288.8) (377 - 510)
March 9.8+0.5 31.0+14 269.7+9.3 - 450 + 33
2018 (9.0-11.3) (27.5-325)  (251.6 - 307.5) (337 - 518)
February 11.5+0.7 27.8+0.7 287.5+22.0 8.20+0.14 343 £87
2020 (10.2 - 12.9) (27.0-29.7) (256.9 - 350.0)  (7.94 - 8.53) (130 - 519)
February 10.2+0.6 21.4+0.0 3145+ 15.9 8.27 £ 0.04 347 £30
2020 (9.2-11.1) (21.3-21.5) (293.1-343.8)  (8.16-8.32) (302 - 438)
Spring 16.0+25 324+15 270.0 + 28.5 8.23 £ 0.09 379+ 89
2018 (13.2-19.1) (30.8-34.2)  (245.3-308.2)  (8.11-8.33) (279 - 495)
April 150+ 0.7 31.5+0.0 265.8 + 16.4 8.17 £ 0.03 390 + 40
2018 (14.1-16.5) (31.4-315)  (221.9-2853)  (8.09-8.21) (342 - 505)
April 155+0.9 31.2+0.3 252.2 +20.1 8.05 £ 0.02 443 + 44
2018 (14.1 - 16.9) (30.3-31.6)  (200.3-279.4)  (7.98-8.09) (371 - 551)
May 17118 33.7+0.2 287.5 + 78.4 8.78 £ 0.43 135 + 165
2019 (14.3-19.9) (33.3-34.0) (168.4 - 415.0)  (8.12-9.23) (6 - 425)
Summer 19.9+15 34.6+0.6 235.6 +22.3 8.20 £0.12 410 130
2018 (18.2-21.7) (34.0-35.2)  (204.4-253.1)  (8.05-8.34) (270 - 572)
July 229+16 342403 249.4 +35.9 8.22 £ 0.07 385 + 60
2018 (21.0 - 26.9) (33.6-34.9)  (153.4-306.6)  (8.12-8.39) (267 - 522)
July 23.9+1.3 34.7+05 211.8+33.9 8.02 + 0.05 454 + 55
2018 (21.9-26.1) (33.9-356)  (139.7-291.9)  (7.89-8.12) (374 - 590)
July 235+25 36.8+2.3 206.8 + 58.5 8.31+0.23 242 + 116
2019 (20.1-28.4) (33.5 - 42.6) (76.9 - 339.7) (8.01-8.94) (25 - 430)
July 23.3+16 35.8+ 1.4 202.4 + 70.4 7.97 £ 0.09 377 £85
2019 (21.2 - 28.1) (33.3-38.1) (108.8-314.4)  (7.84-8.11) (250 - 508)
Autumn 14.7 £3.2 343+21 249.1 + 235 8.09 + 0.06 510 + 70
2018 (10.3-17.5) (30.6-35.4)  (225.0-284.4)  (8.04-8.18) (403 - 580)
September 189+15 35.2+0.1 267.4+25.9 7.98 +0.07 460 + 58
2018 (17.6 - 22.0) (35.1-35.7) (204.7-323.4)  (7.90 - 8.16) (334 - 569)
September 20.8+1.2 35.9+0.5 232.1+30.3 7.84 +0.05 503 + 46
2018 (18.8 - 23.1) (35.1-36.9)  (153.8-275.3)  (7.74-7.94) (422 - 630)
October 17.1+£0.9 35.0+0.3 194.3 + 24.4 7.82£0.04 622 £ 57
2019 (15.1 - 18.5) (34.6-35.7)  (152.2-236.9)  (7.74-7.91) (522 - 721)
October 15.9+ 0.4 38.2+0.1 255.8 +39.9 8.17 £ 0.07 155 + 30
2019 (15.4 - 16.8) (38.0 - 38.4) (210.6-331.9)  (8.07-8.28) (110 - 218)
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3.2. Seasonal variations and controls along the aquatic continuums
Seasonally, the PCA reveals that stations along the aquatic continuums were vertically

distinguished according to pCOg, turbidity and DO saturation within PC2 explaining 35.5% of
the total variance (Fig. 2.2). Within this axis, our results confirmed that water pCO> were
seasonally negatively correlated with DO saturation (rpearson = -0.56; n = 19; p < 0.05) and
positively correlated with turbidity (reearson = 0.54; n = 19; p < 0.05) (Fig. 2.2). Station b
recorded the highest water pCO> values and the lowest DO saturation levels compared to the
three other studied stations (except in autumn; Table 2.2 and Fig. 2.2). Station b was also
characterized by the highest turbidity values along the aquatic continuums (from 1.6 to 41
NTU). The PCA also shows that seasonal data were horizontally distinguished according to
salinity and temperature within PC1 explaining 42.3% of the total variance (Fig. 2.2).
Generally, the highest and lowest salinity values were recorded in summer and winter,
respectively (Fig. 2.2), except at station d where the highest salinity were recorded in autumn
(Table 2.2). At all studied stations, temperature and salinity values significantly varied

between each seasonal 24-h cycles (Kruskal-Wallis tests, p < 0.0001).

Along the aquatic continuums, the PCA reveals contrasted seasonal variations of water
pCO., particularly in artificial salt marshes (Fig. 2.2). At station F, in 2018, no significant
difference in water pCO> were recorded at the seasonal scale (Kruskal-Wallis test, p = 0.13),
although the highest and lowest seasonal means were recorded in winter and spring,
respectively (Table 2.2 and Fig. 2.7). At station a, in 2018, water pCO showed the same
seasonal pattern decreasing from winter to summer before increasing in autumn, whereas
station b showed lower seasonal variations over the same measurement periods (Table 2.2 and
Fig. 2.7). In contrast, stations ¢ and d showed larger seasonal pCO> variations (Fig. 2.7).
Station ¢ waters were undersaturated in CO- in spring 2019, summer 2019 and winter 2020
but oversaturated in CO- in autumn 2019 (622 = 57 ppmv). At the same time, station d waters
were undersaturated in CO2 in summer, autumn and winter with the largest water CO>
undersaturation recorded in autumn (155 £ 30 ppmv) in contrast to station ¢ (Fig. 2.7). At all
studied stations, water pCO- significantly differed between seasons (Kruskal-Wallis tests, p <

0.05), except for station a between spring and summer (Dunn’s post-test, p > 0.99).
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Figure 2.2: Principal Component Analysis (PCA) of the biogeochemical parameters
measured at each season along the studied aquatic continuums (stations a, b, ¢ and d). The
PCA is based on temperature (Temp), salinity, turbidity, dissolved oxygen concentration
(DO), dissolved oxygen saturation level (DO-sat.) and pCO2 mean values for each 24-h cycle.
Stations a, b, ¢ and d are represented in red, brown, green and blue, respectively. The
additional station F is represented in light blue. Win: Winter; Spr: Spring; Sum: Summer;
Aut: Autumn.

The same seasonal NpCO: variations were observed at stations a and b in 2018, with a
decrease from winter (595 and 624 ppmv, respectively) to summer (296 and 347 ppmv,
respectively) and an increase towards autumn (420 and 439 ppmv, respectively; Fig. 2.7). At
station c, the seasonal mean NpCO- value increased sharply from summer 2019 (193 ppmv)
to autumn 2019 (630 ppmv) and then decreased towards winter 2020 (441 ppmv) whereas at
station d, values slightly decreased from summer (286 ppmv) to autumn 2019 (160 ppmv)
before increasing towards winter 2020 (453 ppmv; Fig. 2.7). Regarding temperature effects on
water pCOg, the highest and lowest seasonal TpCO> values were measured in summer and
winter, respectively, with seasonal TpCO: values followed systematically by seasonal water
temperature variations (Fig. 2.7). At station a, ATpCO. offset recorded from winter to
summer 2018 (ATpCO2 = 240 ppmv, from 310 to 550 ppmv) concomitantly to the water
temperature increase of 13.4 °C partly compensated non-thermal effects on water pCO:
during this period (ANpCO2 = 299 ppmv, from 595 to 296 ppmv).

107



Chapitre Il

1 Station a - Winter 2 Station a - Spring 3 Station a - Summer 4 Station a - Autumn
14-15/03/2018 25-26/04/2018 09.10/07/2018 19-20/09/2018
30 . 45 30 45 30 45 30 - . 45
" o Temp. o iSalinity|
O 259 a0 259 F40 25 / \ F40 257 § § 40
e i : ] i i P
5 201 i L35 20] L35 20 : gt L35 20 . * 35 o
g — ] ——— — i ; 3
g 159 i F30 15 et 30 157 F30 157 : ; 30 2
E
2 10 25 10 £25 10 25 10 25
s——rrrrrr———t20 st 20 s ——f20 ST 20
180 , 50 180 50 180 ; 50 180 50
o DO-sat. o Turbidity !
i b i : L =
= 40 440 40 10 e 40 140 g
S z o
= i [ 30 ; I 30 o
3 1001 ~— 100 : ] 100 g
fo) [ H ] E Z
a ) ] g ] O 60 2
20
7 800
S 5 600 8
g g
[=3
4 =2
% 400 &
8 : 3 E
2 2 200 -y
| | 1 4 =
H | ==
o 0 L 0
07:00 07.00 05:00 05:00

Figure 2.3: Temporal variations at station a (tidal estuary) of water temperature (°C), salinity, DO saturation level (DO-sat., %), turbidity
(NTU), pCO2, NpCO2 (pCO- variations related to non-temperature effects, ppmv) and TpCO- (pCO: variations related to temperature physical
effects, ppmv) during each 24-h cycle from winter 2018 to autumn 2018. Parameters were autonomously measured once per minute by in situ
probes. Water heights (H, m) were retrieved from the SHOM station (9 km away; Fig. 2.1). Grey areas correspond to night-time periods. Vertical
dotted lines correspond to high tides. Horizontal dotted lines correspond to the CO. atmospheric concentration (411 ppm; NOAA 2018). Each
graduation of the x-axis corresponds to one hour.
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Figure 2.4: Temporal variations at station b (channel) of water temperature (°C), salinity, DO saturation level (DO-sat., %), turbidity (NTU),

pCO2, NpCO2 and TpCO:2 (ppmv) during each 24-h cycle from winter 2018 to autumn 2018. See the Fig. 2.3 caption for more details.
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Figure 2.5: Temporal variations at station ¢ (rewilded artificial salt marsh) of water temperature (°C), salinity, DO saturation level (DO-sat., %),
turbidity (NTU), pCO2, NpCO, and TpCO; (ppmv) and in situ Chl a (ug L) during each 24-h cycle from spring 2019 to winter 2020. Vertical
dotted lines correspond to coastal water inflows to the marsh during incoming tide. Horizontal dotted lines correspond to the atmospheric CO-
concentration simultaneously measured (i) by the Eddy Covariance (station e) during the summer and winter cycles and (ii) by NOAA during the
spring and autumn cycles. In situ Chl a values are represented by black crosses (Chl ameasured); N0 Water samples could be taken in spring 2019.
See the Fig. 2.3 caption for more details.
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Figure 2.6: Temporal variations at station d (working artificial salt marsh) of water temperature (°C), salinity, DO saturation level (DO-sat., %),
turbidity (NTU), pCO2, NpCO, and TpCO2 (ppmv) and in situ Chl a (ug L™?) during each 24-h cycle from summer 2019 to winter 2020. Chl a
values in green were derived from the C3-fluorometer every 10 min. (Chl aestimated). See the Fig. 2.3 caption for more details.
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3.3. Diurnal/tidal variations and controls along the aquatic continuums
At stations a and b in winter, salinity varied at the tidal scale with the lowest values at LT

and the highest values at HT whereas from spring to autumn, the opposite pattern was
recorded with salinity decreases at each incoming tide from the shelf (Figs. 2.3 and 2.4). At
stations ¢ and d, even stronger salinity gradients were recorded, especially in summer with
decreases of 9 and 5 salinity units, respectively (Figs. 2.5 and 2.6). At station c, coastal water
inflows led to an increase in salinity only in winter (Fig. 2.5). At station d, salinity and

turbidity did not vary neither in autumn or in winter (Fig. 2.6).

The largest diurnal/tidal variations in water pCO> and DO concentrations occurred
during summer with pCO2 ranges of 255, 216, 405 and 258 ppmv at stations a, b, ¢ and d,
respectively, and DO ranges of 153.2, 152.2, 262.8 and 205.6 pmol L at stations a, b, ¢ and
d, respectively. At stations a and b, the low tide periods during the day (LT/D) occurring at
dawn showed higher water pCO> values and lower DO saturation levels than the low tide
periods during the night (LT/N) occurring at dusk under similar salinity ranges, particularly in
summer (Figs. 2.3 and 2.4). In general, our diurnal cycles showed a pCO> decrease that was
negatively correlated to a DO increase during daytime (except at station c in spring; Fig. 2.5)
and an opposite pattern during night-time (except at station ¢ in summer; Fig. 2.5). At station
¢, in winter during LT periods (no salinity variation), water pCO decreased of 390 ppmv
during the day (from 09:00 to 17:00) and increased of 230 ppmv during the night (from 20:00
to 05:00) while, simultaneously, DO increased of 76.6 pmol L™ and decreased of 29.0 umol
L1, respectively (Fig. 2.5). At station d, the same diurnal water pCO, and DO patterns were
recorded at each 24-h cycle (Fig. 2.6). However, these strong diurnal pCO2 and DO variations
were significantly disrupted once coastal water advection and marsh management practices

occurred.

Strong tidal variations in water pCO> were recorded during all seasonal cycles, except
at station d both in autumn and winter (Fig. 2.6). At stations a and b, incoming tides from the
shelf during the day produced rapid water pCO> decreases from an oversaturation to a slight
water undersaturation, particularly in spring (-121 and -167 ppmv, respectively) and in
summer (-139 and -115 ppmv, respectively; Figs. 2.3 and 2.4). Only at station a, ebbing tides
during the day generated an additional pCO> decrease to reach the lowest values (Fig. 2.3). At
station a, in summer and autumn and at station b over the four seasons, incoming tides during
the night produced pCO: increases leading to water oversaturation periods (Figs. 2.3 and 2.4).
Along the continuum, at station ¢ during the night, higher water pCO- values were recorded at
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HT than at LT, especially in spring (363 + 85 and 16 = 5 ppmv at HT/N and LT/N,
respectively) and in winter (431 £ 6 and 323 + 53 ppmv at HT/N and LT/N, respectively; Fig.
2.8). The same tidal pCO; pattern was also recorded at station ¢ in summer during the day
(323 £ 88 and 197 + 141 ppmv at HT/D and LT/D, respectively; Fig. 2.8). In spring, the
station ¢ marsh recorded the lowest water pCO: values both the day and the night during the
marsh confinement but coastal water inflows at HT from the station b channel instantly
produced a large and rapid increase in water pCO2 (+395 ppmv) within a two-hour period
(Fig. 2.8).
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Figure 2.7: Derived temperature-normalized pCO2 (seasonal NpCO-, blue curves with empty
blue dots) and thermally forced pCO: (seasonal TpCOz, pink curves with empty pink dots) at
the seasonal scale at stations F, a, b, ¢ and d. Seasonal means of water temperature (in red
dotted lines) and pCO: (red curves with filled red dots) are also represented. Horizontal dotted
lines correspond to CO2 atmospheric concentration (411 ppm; NOAA 2018).
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Figure 2.8: Diurnal/tidal correlation plots of temperature vs. salinity and water pCO> vs.
salinity at stations b and ¢ for each season. Only significant R? (slopes significantly different
from zero; n = 1441; p < 0.05) are showed. HT/D: high tide day; LT/D: low tide day; HT/N:
high tide night; LT/N: low tide night. At station ¢, HT periods correspond to coastal water
inflows to the marsh. Note that the temperature and salinity ranges across the seasons are not
the same. Horizontal dotted lines correspond to the atmospheric CO2 concentration.

For all 24-h cycles, strong and significant correlations between pCO. and NpCO> were
computed (Figs. 2.3-2.6). Similarly, water pCO> values were negatively correlated with DO
saturation levels (n = 1441, p < 0.05), with rspearman ranging from -0.67 (winter) to -0.97
(autumn) at station a, from -0.63 (summer) to -0.87 (autumn) at station b, from -0.54 (winter)
to -0.86 (autumn) at station ¢ and from -0.59 (winter) to -0.80 (autumn) at station d. At station
d, negative correlations were obtained between measured pCO2 and estimated Chl a in
summer (rspearman = -0.44; n = 105; p < 0.05) and winter (rspearman = -0.60; n = 144; p < 0.05)
(Fig. 2.6). At station a, in winter, the multilinear regression analyses highlighted that water
pCO2 were controlled by DO, temperature and salinity whereas over other seasons, pCO>
were strongly controlled only by DO with the highest R? values (Table 2.4). At station a, in
spring and summer, estimated TA values were weakly correlated with measured pCO> and pH
values (Fig. S4) whereas in autumn, stronger correlations TA versus pCO2 were recorded (R?
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=0.89 and R? = 0.71, respectively; n = 1441; p < 0.05). At station ¢, water pCO2 were mainly
controlled by both salinity and DO in spring, by salinity in summer and by DO in autumn
(Table 2.4). Finally, at station d, pCO> were mostly explained by salinity and DO in summer
(salt farming period) and by DO and temperature in autumn/winter (total marsh confinement
periods) (Table 2.4).

3.4. Air-water COz flux variations
Annual means of air-water CO- fluxes (FCOz) according to the W22 parametrization

were estimated to be -0.01 + 0.22, 0.22 + 0.40, 0.18 + 1.37 and -1.22 + 1.71 mmol m? h! at
stations a (sink), b (source), ¢ (source) and d (sink), respectively, whereas station F waters
behaved as a CO; source (0.30 + 1.04 mmol m2 h™). Large seasonal and diurnal variations
were observed at the studied stations (Fig. 2.9). On average, station a showed positive FCO>
values in winter and autumn (slight CO> source) and negative values in spring and summer
(slight CO2 sink; Table 2.3 and Fig. 2.9). At station b, positive FCO; values were estimated
with maximum and minimum FCO, mean values occurring in winter and summer,
respectively (Table 2.3 and Fig. 2.9). Station ¢ behaved as a CO> sink in spring, summer and
winter and as a strong CO- source in autumn (Table 2.3). At this marsh station, FCO> varied
between -3.00 and 0.03 mmol m h! in spring and between 0.61 and 4.61 mmol m? ht in
autumn (Fig. 2.9). Station d behaved as a CO> sink in summer, autumn and winter with the
largest atmospheric CO2 uptake in autumn (Table 2.3) where FCO; varied between -6.03 and
-1.79 mmol m*? h (Fig. 2.9).
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Figure 2.9: Seasonal and spatial variations in estimated CO, fluxes (FCO, in mmol m? ht)
at the water-atmosphere interface at stations F, a, b, ¢ and d. The means and associated
standard deviations over each 24-h cycle are shown. keso and FCO: estimations were
calculated according to the R22 parametrization. FCO> values at stations a and b are only
given for high tide periods.
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Table 2.3: Seasonal means (+ SD) and ranges (min - max) of wind speed (km h), gas
transfer velocity (keso, cm h™) and estimated water-atmosphere CO, flux (FCO2, mmol m? h-
1y values measured (i) once every two weeks in 2018 at station F (Coignot et al., 2020) and
(i) during each 24-h cycle from 2018 to 2020 at stations a, b, ¢ and d in the present study. Air
CO2 concentrations used for FCO; calculations are: 408 ppm (stations a, b and F in 2018),
411 ppm (station c in spring 2019), 413 ppm (stations ¢ and d in autumn 2019), 400 ppm
(stations ¢ and d in summer 2019) and 403 ppm (stations ¢ and d in winter 2020; see M&M

sections).
Wind speed keso (cm ht) FCO2 (mmol m?2 h?)
(km h)
W22 RCO01 W22 RCO01
Winter F 19 £ 10 7.45+6.30 11.29 +8.83 1.21+2.10 1.85+3.18
2018 (7 - 29) (0.91 - 14.24) (2.79 - 21.62) (0.01 - 4.35) (0.02 - 6.60)
March a 29+ 4 14.93 + 4.04 24.75 + 9.92 0.18 £ 0.09 0.28 £0.14
2018 (22 - 37) (8.63 - 24.68) (12.08 - 52.53) (0.09 - 0.42) (0.13 - 0.69)
March b 32+12 21.39 + 15.99 66.17 + 87.62 0.52 + 0.65 1.91+3.45
2018 (13 - 54) (3.02 - 54.68) (5.06 - 285.40) (-0.31-2.13) (-0.46 - 11.11)
February ¢ 27+5 23.17 +10.28 30.36 + 13.28 -0.40 +0.77 -0.68 £ 1.31
2020 (16 - 34) (6.93 - 39.66) (9.21 - 50.44) (-2.02 - 0.94) (-3.58 - 1.58)
February  d 15+5 6.92 +3.17 9.46 + 4.34 -0.10 £ 0.09 -0.15+0.13
2020 (4 - 24) (2.15 - 14.23) (2.96 - 19.78) (-0.31 - 0.09) (-0.41-0.13)
Spring F 15+ 20 5.35 + 3.44 7.78 £3.91 -0.06 = 0.26 -0.09 +0.34
2018 (11 - 20) (2.41-9.32) (4.43 - 12.40) (-0.40 - 0.22) (-0.54 - 0.30)
April a 33+7 24.01 + 9.56 51.64 +32.90 -0.29 +0.23 -0.66 + 0.65
2018 (24 - 43) (11.85-38.49)  (16.94-108.70)  (-0.71-0.11) (-1.81-0.18)
April b 145 4.62 +2.96 7.23 +3.46 0.05+0.11 0.08 +0.15
2018 (4-22) (0.35 - 10.44) (2.55 - 13.62) (-0.06 - 0.33) (-0.08 - 0.46)
May c 18+7 8.99 +6.31 12.86 +9.09 -0.77 £ 0.84 -1.21+1.30
2020 (6-31) (0.86 - 22.99) (3.17 - 37.67) (-3.00 - 0.03) (-5.09 - 0.04)
- d - - - - -
Summer  F 20 £12 12.85+10.75 20.41+17.10 -0.09 + 0.31 -0.08 + 0.49
2018 (4-32) (0.36 - 24.50) (2.56 - 40.89) (-0.34-0.31) (-0.50 - 0.51)
July a 11+3 3.50 +1.97 6.35+2.13 -0.02 £ 0.03 -0.03 +0.06
2018 (6 -17) (0.89 - 7.21) (3.55 - 10.40) (-0.08 - 0.08) (-0.14 - 0.16)
July b 18+7 9.69 + 6.37 14.66 +9.28 0.06 + 0.08 0.09 £0.13
2018 (7 - 30) (1.29 - 23.89) (4.15 - 39.18) (-0.07 - 0.22) (-0.11-0.37)
July c 13+4 456 + 2.59 7.59 +2.92 -0.19+0.17 -0.33+0.24
2019 (4-19) (0.43 - 9.46) (3.16 - 13.32) (-0.70 - 0.01) (-1.01 - 0.02)
July d 15+6 7.12 +4.60 10.77 £5.72 -0.09 +0.18 -0.12 £0.27
2019 (2-23) (0.11 - 14.77) (2.41 - 20.96) (-0.43 - 0.20) (-0.60 - 0.29)
Autumn  F 17£5 6.37 £ 4.09 9.01 +4.98 0.21+0.22 0.30 £ 0.29
2018 (11-22) (2.25 - 10.83) (4.08 - 14.46) (-0.02 - 0.56) (-0.02 - 0.75)
September  a 11+6 3.55 +3.27 6.21 + 3.66 0.09 + 0.09 0.15+0.11
2018 (4 - 20) (0.36 - 8.98) (2.65 - 12.53) (0.01 - 0.30) (0.01-0.41)
September b 17+6 7.32+5.46 9.46 +7.91 0.22+0.23 0.28 +0.33
2018 (11 -32) (2.90 - 24.27) (4.02 - 42.48) (0.07 - 1.00) (0.05 - 1.75)
October c 35+8 27.39 + 11.52 63.79 + 42.95 2.03+1.17 4.86 +4.22
2019 (20 - 48) (9.01 - 48.79) (12.58 -179.80)  (0.61 - 4.61) (0.85 - 16.98)
October d 42+7 38.22 £ 12.55 122.80 + 84.13 -3.43 £ 1.09 -10.91 £ 7.35
2019 (31 - 54) (20.54-62.36)  (34.76 - 325.40)  (-6.03--1.79)  (-31.46 - -3.03)
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Table 2.4: Stepwise multilinear regression analyses to test the contribution of
physicochemical variables on water pCO> variations through the percentage of explained
variance (adjusted R?). Each selected multilinear model (p < 0.001, n = 1441) had the highest
adjusted R? value with all variables explaining at least 5% of the pCO; variation. In bold is
indicated the parameter explaining at least 50% of the pCO; variation. Input variables: DO-
sat. (dissolved oxygen saturation level), T (water temperature), S (salinity) and TU (turbidity).
The statistic (F) and adjusted R? (adj. R?) are given.

Equations F adj. R?

Winter March a pCO, =2227.7 - 3.7 DO-sat. - 19.9T-38.2S 1004 67.7%
2018

March b pC0O,=-373.8+21.1S+0.8TU+159T 377 43.9%
2018

February c pCO; = 1460.5 - 158.3 T + 7.0 DO-sat. 1180 62.1%
2020

February d pCO; =446.6 - 10.8 DO-sat. +99.1 T 4723 86.8%
2020

Spring April a pCO; =949.8 - 5.5 DO-sat. 8255 85.2%
2018

April b pCO, =2542.0 - 4.0 DO-sat. - 61.7S+14.2T 1923 80.0%
2018

May c pCO, =21777.7 - 640.8 S - 0.6 DO-sat. 3668 83.6%
2019

- d - -

Summer July a pCO, =747.2 - 3.2 DO-sat. 30524 95.5%
2018

July b pCO, =-2440.0 + 100.8 S-254T 3330 82.7%
2018

July c pCO, =1961.5-46.7 S 9401 86.8%
2019

July d pCO,=-961.8 +40.1 S - 1.2 DO-sat. 47983 98.5%
2019

Autumn  September a pCO, =923.1 - 4.1 DO-sat. 34905 96.4%
2018

September b pCO, =782.0 - 2.8 DO-sat. + 1.1 TU 3066 81.0%
2018

October c pCO, =1009.3 - 4.9 DO-sat. 8831 86.0%
2019

October d pCO, =1932.7 + 1.6 DO-sat. - 122.7 T 3253 81.9%
2019
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4. Discussion

4.1. Biogeochemical parameter relationships and pCOz controls along the shelf
- estuary - marsh continuums

At the tidal estuary (a) and its associated channel (b), seasonal non-thermal effects
(biological and tidal effects) inducing heterotrophy in winter and autotrophy in summer were
offset by thermal effects and resulted in low seasonal variations of water pCO> (Fig. 2.7).
Similar observations were reported in two marine-dominated estuaries (Jiang et al., 2008) and
in the Arcachon coastal lagoon (Polsenaere et al., 2022). In the estuarine waters here, thermal
effects decreased and increased in situ pCO> values of 30 and 40% in winter and summer,
respectively. On the contrary, at the rewilded artificial salt marsh (c), seasonal water pCO>
were strongly controlled by non-thermal effects promoting autotrophy both in spring and
summer and heterotrophy in autumn, mostly due to macroalgae activity whereas at the
working artificial salt marsh (d), thermal effects in summer and biological effects in autumn
strongly controlled seasonal water pCO2 (Fig. 2.7).

At the diurnal scale, the biological influence on continuum water pCO dynamics through
autotrophic and heterotrophic processes was significant at each station as endorsed by strong
linear relationships between pCO. and DO, especially in autumn (Table 2.4). At the tidal
estuary (a), from spring to autumn, diurnal pCO: variations were mostly controlled by the
photosynthesis versus respiration balance of planktonic communities; indeed, more than 80%
of the pCO> variance was modelled with DO only (Table 2.4). Dai et al. (2009) highlighted
that CO> biogeochemical processes in coastal environments such as our estuary are generally
controlled by non-thermal effects, like biological activity, compared to more open systems.
Several studies have shown a major biological control on diurnal pCO; variations in coastal
systems such as the temperate Bay of Brest (France; Bozec et al., 2011), the temperate
Arcachon lagoon (France; Polsenaere et al., 2022), the shallow subtropical estuary in Tampa
Bay (USA; Yates et al., 2007) and the tropical coastal embayment at Guanabara Bay (Brazil;
Cotovicz Jr. et al., 2015). At the rewilded marsh (c), while in spring and summer, the high
primary production of macroalgae induced large periods of water CO> undersaturation with
respect to the atmosphere, winter pCO: variations were rather induced by planktonic
community activity (ciliates > 2 10* cell L™*; unpublish result). At the working marsh (d), the
negative correlations between pCO. and Chl a associated with strong non-thermal
contributions (ANpCO2 = 318 ppmv in summer for instance) showed a major biological
influence on diurnal pCO; variations as well. By comparison, in a Zostera marina meadow

(South Bay, USA), Berg et al. (2019) measured similar diurnal fluctuations of water pCO-
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that were directly controlled by seagrass metabolism with diurnal ranges of 528 and 603

ppmv in spring and summer, respectively.

Tidal advection of waters between continental shelf and salt marshes also significantly
controlled pCO> dynamics and associated station biogeochemical status. This control was
supported by the linear relationships between water pCO2 and salinity as observed at each
station from winter to summer whereas, relationships with turbidity were rather related to the
hydrodynamic forcing on water pCO. (Table 2.4). At the tidal estuary (a) and its associated
channel (b), daytime incoming tides created a significant decrease in water pCO. since the
advected shelf waters were CO> undersaturated with respect to the atmosphere contrary to
estuarine waters. In the Arcachon lagoon, seasonal measurement cycles also showed a strong
tidal control on inorganic C parameters with lower pCO. values measured at high tide than at
low tide irrespective of day or night status (Polsenaere et al., 2022). Even stronger tidal
influences on water pCO> (from 1380 to 4770 ppmv) were observed during a summer cycle in
the Gaderu Creek mangrove (Borges et al., 2003). In summer, the large pCO. decrease in the
studied estuarine waters at ebbing tide the day, associated with strong DO saturation level
increase, was probably due to CO2 undersaturated water exports from the productive salt
marshes upstream. Indeed, in spring and summer, the rewilded marsh waters (c) were CO>
depleted due to strong autotrophy activity. Conversely, more CO»-enriched coastal water
inflows from the shelf and the estuary into the marsh instantly produced significant salinity
decreases and pCO: increases (Table 2.4). Therefore, at each semi-diurnal tidal cycle,
horizontal advection had significant effects on water pCO. dynamics (except during marsh
confinement) but variations strongly depended on the biogeochemical state (CO2 sink/source)
of advected waters from upstream/downstream and the ecosystem typology (estuary, marsh,

channel).

4.2. Continuum  typologies revealed from measured biogeochemical
parameters

In the coastal ocean, a strong influence of ecosystem typology (continental shelf, estuary,
marsh) on biogeochemistry is generally observed and particularly, on inorganic C (Bauer et
al., 2013). In our study, in 2018, watershed-influenced shelf waters (F) were characterized by
lower salinity values than the Atlantic Ocean (35.6; Vandermeirsch, 2012), confirmed over
the 2000-2017 reference period (Belin et al., 2021: REPHY, 2021). However, shelf waters

showed a rather weak influence of terrestrial inputs on water pCO, dynamics (annual non-
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significant salinity and pCO: relationship, p = 0.88). At this shelf station, phytoplankton
bloom with centric diatoms generally occurs in spring and summer (Guarini et al., 2004) and
can induce water CO> undersaturation as also observed on the Belgian continental shelf
(Borges and Frankignoulle, 1999). Along the continuum, the tidal estuary (a) influenced by
buffered shelf waters was CO, undersaturated at 4% in winter and 82% in spring/summer that
could be attributed to coastal water autotrophic activity at this period. A previous study
carried out in the same estuarine waters measured Chl a concentrations from 0.2 (winter) to
3.5 ug L (spring/summer) and a Chl a export suggesting a net primary production within this
tidal estuary (Bel Hassen, 2001). Additionally, Savelli et al. (2019) observed in a nearby
intertidal zone that microphytobenthos (MPB) may also contribute to water CO:2
undersaturation and to the overall water column Chl a concentration through tidal
resuspension. Due to the small insulary catchement area (1200 ha) consisting only of salt
marshes (no terrestrial water input), the CO> dynamics in the tidal estuary (a) is different from
other estuaries worldwide (Borges and Abril, 2011). Similarly, the marine-dominated estuary
of Sapelo Sound (USA) was also characterized by lower water pCO, values than river-
dominated ones (Borges and Abril, 2011) but bacterial remineralization of organic carbon
produced by Spartina in nearby salt marshes strongly increased water pCO2 in summer (Jiang

et al., 2008) contrarily to our studied estuary.

Overall, channel (b) waters between the estuary and salt marshes showed the longest
periods of CO. oversaturation with respect to the atmosphere. At this channel station, strong
hydrodynamic forcings during incoming and ebbing tides produced more turbid waters due to
organic matter resuspension from muds (Guarini et al., 2008). It probably limited the primary
production (phytoplankton, MPB) by low light availability in water column (Cloern, 1987)
and, on the contrary, favoured heterotrophic processes (Polsenaere et al., 2022). In channel
waters, we recorded lower DO concentrations (-10%) and higher pCO. values (+10%) than in
estuarine waters under similar salinity ranges and meteorological conditions. In channels at
the same location, Tortajada (2011) measured POC/Chl a > 200 mg mg™* throughout the year
and even POC/Chl a > 600 mg mg™? in autumn. This detrital/heterotrophic organic material
may indicate microbial mineralization processes from MPB and confirm the water CO>
oversaturation periods. However, our studied channel (b) showed lower water pCO> values
than those from other coastal channel systems probably due to low terrestrial water inputs
upstream/downstream over the estuary (a). The Sancti Petri Channel waters and its nearby salt

marshes between the Atlantic Ocean and the Cadiz Bay (Spain) were also mainly CO>
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oversaturated (281 - 862 ppmv), due to DIC inputs from diagenetic processes of organic
matter in mudflats that constitute a CO2 source to water column (Burgos et al., 2018). Indeed,
within the Duplin River salt marsh-estuary coastal system (USA), higher summer pCO. and
DIC values were recorded at low tide in channel waters (12000 ppmv and 4300 pmol L%,
respectively) than at high tide in marsh waters (1600 ppmv and 2200 umol L, respectively;
Wang et al., 2018).

Contrary to estuarine and channel waters, artificial salt marshes (c and d) waters were
characterized by the lowest turbidity and highest salinity values due to longer water residence
times. These lower hydrodynamic conditions promoted the development of primary producers
and as a result, biological CO> uptake associated with the highest DO saturation levels. In
turn, the salt marshes showed lower water pCO. values and longer water CO2 undersaturation
periods mainly due to a strong macrophyte activity (macroalgae at rewilded marsh and
seagrasses at working marsh) than the tidal estuary and elsewhere similar wetland typologies
(Borges et al., 2003; Burgos et al., 2018; Wang et al., 2018; Berg et al., 2019; Polsenaere et
al., 2022; Song et al., 2023). Unlike seagrasses which are known to be important blue C
systems (Mcleod et al., 2011), macroalgae developing in coastal wetlands have a limited
capacity to store C over the long-term. However, studies have shown their potential
contribution to coastal blue C by (i) storing large organic matter quantities in their living
biomass through their high primary production (Raven, 2018) and (ii) transferring it to
adjacent systems through tides and storage in coastal sediments (Duarte and Cebrian, 1996;
Hill et al., 2015; Krause-Jensen and Duarte, 2016). Our pCO> observations are in accordance
with these reports with the role of C storage by macrophytes in these shallow salt marshes.

4.3. Temporal carbon modulation by management practices
Management practices at the artificial salt marshes correspond to specific water lock

actions linked to anthropogenic activities. They can strongly modulate water fluxes from the
estuary and thereby influence marsh pCO2 dynamics. At the rewilded marsh (c), the specific
management practice by the NNR produced favourable conditions for free floating
macroalgae development from early spring to late summer under low water marsh
hydrodynamic and high air and water temperature conditions (Newton and Thornber, 2013).
These macroalgae indicate a degraded-eutrophic status of the marsh waters with excess
nutrient inputs, as described for other coastal ecosystems (Teichberg et al., 2010; Le Fur et al.,
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2018). In our study, nearby marsh aquafarming activities occurring upstream from the estuary
(Paticat, 2007; Tortajada, 2011) can communicate with the rewilded marsh (c) through
channels and result in high nutrient conditions which could explain observed macroalgae
blooms. Indeed, at the station b channel in September 2018, high DIN concentrations were
reported (60 umol L*; unpublished results). Moreover, shelf waters influenced by terrestrial
inputs in winter could also lead to nutrient inputs at the rewilded marsh. Indeed, at the station
F shelf in winter 2019, NOs™ ranged between 29 and 107 umol L (Belin et al., 2021;
REPHY, 2021). Consequently, these fast-growing macroalgae probably prevented the growth
of phytoplankton and seagrasses by nutrient and oxygen competition and light limitation in
the water column (Sand-Jensen and Borum, 1991; Le Fur et al., 2018). Simultaneously, in
spring and summer, the large water CO> undersaturation periods due to the macroalgae
autotrophy were maintained through occasional inflows of CO, oversaturated channel waters
(weak tidal amplitudes). This result is confirmed by significantly higher salinity values in the
rewilded marsh waters than in the channel waters during the spring and summer sampling
periods (Table 2.2). On the contrary, macroalgae degradation in autumn probably by
microbial remineralization processes (Hill et al., 2015) produced in turn the highest pCO>
values and the longest oversaturation periods recorded in marsh waters. These heterotrophic
processes were confirmed by high NH4" levels (62 pmol L™; unpublished results) and low DO
saturation levels recorded at this period and as described by Newton and Thornber (2013).

Contrarily to the rewilded marsh (c), the working marsh (d) is managed for salt production
in the upstream ponds along the continuum and is directly connected to the estuary (a) with
no channel in between (Fig. 2.10). Salt production requires a subtle lock hydraulic
management of the marsh depending on the frequency of the coastal water supplies that are
mainly controlled by the salt manufacturer and meteorological conditions (rainfall, sunshine
and wind) to favour the evaporation process (Paticat, 2007). Therefore, contrary to rewilded
marsh, coastal water inflows to the working marsh were performed sparingly with small daily
volumes to limit these water mixing effects (i.e. rapid accumulation of large water volumes
through rainfall events or spring tides stop the increase in temperature and salinity in marsh
waters; Paticat, 2007). At the working marsh in summer, water pCO> were significantly
higher than those measured at the same period at the rewilded marsh but reflected those from
the estuary (Table 2.2). This could also be linked to a lower activity of the primary producers
during the summer period dedicated to salt production as confirmed by higher thermal than

non-thermal effects on water pCO. (Fig. 2.7). On the other hand, in autumn and winter, lower
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hydrodynamic conditions due to lock closure (standstill salt farming activity) led to low water
turbidity (< 2.0 NTU) and nutrient input into the marsh (DIN < 2.0 umol L™!; unpublished
results) and the growth of seagrasses and phytoplankton produced, in turn, the lowest water
pCO; values. Overall, in Mediterranean poly-euhaline lagoons, Le Fur et al. (2018) confirmed
that nutrient pollution influence the contribution of primary producers from perennial
seagrasses in oligotrophic waters to fast-growing macroalgae in eutrophic waters. Similarly,
other studies have suggested that the coastal ecosystem management by reducing
anthropogenic nutrients could favour blue C ecosystems such as seagrasses and salt marshes

(Macreadie et al., 2017, Palacios et al., 2021).

0.18 + 1.37 mmol m2 h?!
(-3.00- 4.61)

0.22 + 0.40 mmol m2 h!
(-0.31-2.13)

Microphytobenthos 5 SE
Rewilded artificial salt marsh

(station c)

Macroalgae

-1.22 £ 1.71 mmol m2 h?!
(-6.03 - 0.20)

-0.01 £ 0.22 mmol m2 h?!
(-0.71-0.42)

0.30 £ 1.04 mmol m?2 h!

(station b)

(-0.40 - 4.35)

Continental shelf Tidal estuary | Working artificial salt marsh
(station F) (station a) (station d)

Phytoplankton Phytoplankton Seagrasses

—

Figure 2.10: CO2 budget over the two aquatic sea - land continuums: (1) continental shelf -
estuary - channel - rewilded artificial salt marsh and (2) continental shelf - estuary - working
artificial salt marsh. Annual means (£ SD) and ranges (min - max) of water pCOz (ppmv) and
air-water FCO2 (mmol m h) are showed. The picture of station ¢ in spring 2019 (© P.
Polsenaere) allows to visualize the macroalgae bloom.
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4.4. Metabolism assessment of the sea-land continuums
The tidal estuary (a) behaved on average as a yearly CO: sink close to the atmospheric

equilibrium (Fig. 2.10), although a significant sink was measured in the spring/summer due to
autotrophic activity of phytoplankton in coastal waters. Conversely, over the same
meteorological periods, the channel (b) was a net annual source from its turbid waters to the
atmosphere due to several water CO, oversaturation periods (Fig. 2.10), particularly in winter,
characterized by high gas transfer velocities (Table 2.3). In the Arcachon lagoon, estimated
atmospheric CO> sources were higher with seasonal means ranging from 0.06 £+ 0.04 (winter)
to 0.62 + 0.66 mmol m2 h! (summer) with significant diurnal fluctuations (Polsenaere et al.,
2022). In our study, eutrophic waters of the rewilded marsh (c) behaved as a yearly source of
atmospheric CO: (Fig. 2.10), when macroalgae degradation produced strong atmospheric CO>
effluxes. On the contrary, oligotrophic waters of the working marsh (d) behaved as a large
yearly CO: sink (Fig. 2.10), favoured by low tidal advection in the absence of salt-farming
activities. Within the Duplin River salt marsh-estuary system, both channel and marsh waters
degassed CO: to the atmosphere and, unlike our stations, the highest and lowest sources were
recorded in summer (5.50 and 3.90 mmol m? h?! from channel and marsh waters,
respectively) and in winter (0.70 and 0.60 mmol m h* from channel and marsh waters,
respectively), respectively (Wang et al., 2018). Overall, the Duplin system emits more
atmospheric CO> than the Fier d’Ars system, probably due to its more intense estuarine
heterotrophic metabolism.

In autumn, the lack of variations in wind speeds between stations a and b in 2018 and
between stations ¢ and d in 2019, whereas atmospheric CO2 exchanges significantly changed,
highlighted the predominance of air-water CO> gradients in the control of flux directions
either as a sink or a source (Table 2.3). However, at the seasonal scale, turbulence processes
measured at the air-water interface played an important role in CO, flux variability and
magnitude. For instance, at station a between spring and summer and at station b between
winter and summer, wind speed variability produced significant FCO: variations although no
significant air-water CO> gradients were measured (Table 2.3). Atmospheric exchanges in salt
marshes are therefore dependent on the CO; saturation state of the water column considering
that the wind only acts as a driver of the flux (Polsenaere et al., 2022). Moreover, the
methodological calculations and associated differences chosen for the exchange coefficient

parameterizations (higher fluxes with RC01 than with W22; Table 2.3) may produce even
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more contrasts in the estimated air-water FCO> (Cotovicz Jr. et al., 2015; Polsenaere et al.,
2022).

By scaling-up and considering stations a and b together along the continuum, estuarine
and channel waters behaved as an annual atmospheric CO; source of 7.3 g C m? yrt. The
rewilded marsh emitted 17.5 g C m? yr?! to the atmosphere whereas, the working marsh
absorbed 97.7 g C m2 yr! from the atmosphere. A larger scale study along three shelf —
estuary — tidal wetland continuums on the Atlantic coast of the United States also showed
strong spatial variations in atmospheric CO> fluxes with uptake to wetland and shelf waters
(523.2 + 148.1 and 10.5 + 1.8 g C m yr, respectively) and a source from estuarine waters
(110.0 + 44.5 g C m yr; Najjar et al., 2018). During our study, contrasting coastal stations
were sampled via seasonal 24-h cycles to estimate the air-water CO, exchanges. However,
longer seasonal measurement periods would be more representative of the strong temporal
variability in keeo, water pCO2 and other biogeochemical parameters. At the nearby tidal salt
marsh (e), emerged for 75% of time during low tides and neap tides, another flux
methodology using the atmospheric Eddy Covariance technique was deployed to continuously
measure in situ CO fluxes at the ecosystem scale coming from all habitats (aquatic and
terrestrial vegetations, mudflats, channels). Over the year 2020, a net uptake of 483 g C m™
yr't from the atmosphere was measured, indicating a stronger CO> sink in tidal marshes than
artificial marshes due to higher halophytic plant photosynthesis activity. However, it is also
important to study the whole marsh metabolism taking terrestrial and aquatic compartments
into account and distinguishing their respective contributions to atmospheric fluxes and the
regional C budgets of the associated marshes (Mayen et al., 2023).

5. Conclusion
Along the continuums, estuarine and channel waters were slightly oversaturated in CO>

characterized by seasonal compensations of thermal and non-thermal effects whereas,
upstream marsh waters were mostly undersaturated in CO> due to stronger biological activity
and longer water residence times. At the diurnal/tidal scale, our high-resolution analyses
highlighted large water pCO: variations in salt marshes, controlled by production and
respiration of macrophytes and coastal water inflows. However, anthropogenic management
in salt marshes could strongly influence the contribution and turnover of macrophytes and,
consequently, the marsh CO> sink/source behaviour. Due to eutrophication in the rewilded
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marsh, development of the fast-growing macroalgae produced an overall net annual
atmospheric CO2 source through their degradation. Our results suggest a winter marsh
confinement follow by drying up to limit nutrient inputs and macroalgae development and on
the contrary, favour rather slow-growing macrophytes (i.e. seagrasses) which could ultimately

contribute to blue C sequestration.
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Figure S1: Artificial salt marsh complexes within the National Natural Reserve (I; location of
station c) and within a salt-farm (Il; location of station d). Station c is a rewilded marsh for
which water management practices depend on the protection of Ruppia spp. and aquatic fauna
in upstream ponds. Station d is a working marsh used for water storage and for which water
management practices depend on the salt-farming activities in upstream ponds.
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Table S1: In situ 24-h measurements carried out in the present study across seasons from
2018 to 2020 at stations a, b, ¢ and d along the two aquatic continuums on Ré Island (France).
High tide and low tide for each 24-h cycle are indicated. Tidal information is taken from the
SHOM station (9 km away from studied stations; Fig. 1; www.shom.fr). The same
diurnal/tidal synchronism (high and low tides at the same period of the day) during each
season and station was adopted. Over the Breton Sound continental shelf at station F, the
same biogeochemical parameters were used for the present study and biweekly measured at
high tide by Coignot et al. (2020) over the year 2018: four samplings in winter (17/01/2018
14:15; 30/01/2018 13:55; 15/02/2018 14:03; 03/03/2018 13:40), four samplings in spring
(17/04/2018 14:25; 26/04/2018 12:20; 29/05/2018 13:40; 14/06/2018 14:00); four samplings
in summer (28/06/2018 13:05; 11/07/2018 12:45; 09/08/2018 10:45; 11/09/2018 08:50) and
five samplings in autumn (26/09/2018 13:45; 09/10/2018 13:25; 24/10/2018 12:50;
08/11/2018 08:15; 11/12/2018 09:50). U.T. Universal time.

Date 24-h cycle Tidal amplitudes High/Low tide hours
start-end (U.T.) (U.T)
Winter a  14/03- 15/03/2018 07:00 - 07:00 61 14:28 1 20:23
67 02:34/08:41
b 15/03 - 16/03/2018 09:00 - 09:00 73 14:57 /2101
78 03:05/09:19
c 10/02 - 11/02/2020 09:00 - 09:00 106 16:49/22:55
108 05:05/11:25
d 11/02 - 12/02/2020 10:15-10:15 108 17:30/23:41
107 05:47/12:10
Spring a 25/04 - 26/04/2018 05:00 - 05:00 58 12:52/18:16
64 01:17/06:58
b 26/04 - 27/04/2018 07:00 - 07:00 70 13:42/19:20
76 02:05/07:54
c 01/05 - 02/05/2019 11:00 - 11:00 61 14:06 / 20:01
66 02:12/08:18
d -
Summer a 09/07 - 10/07/2018 05:00 - 05:00 57 12:46/18:26
63 01:09 / 06:55
b 10/07 - 11/07/2018 07:00 - 07:00 68 13:38/19:26
75 02:04 /07:52
c 16/07 - 17/07/2019 09:00 - 09:00 75 15:31/21:50
76 03:57/10:07
d 17/07 - 18/07/2019 11:00 - 11:00 77 16:04 / 22:29
78 04:28 /10:37
Autumn a 19/09 - 20/09/2018 05:00 - 05:00 33 12:24/17:53
37 01:03/06:30
b 20/09 - 21/09/2018 06:30 - 06:30 43 13:13/19:00
49 01:46 /07:27
c 14/10 - 15/10/2019 10:00 - 10:00 87 15:51/22:20
88 04:03/10:37
d 15/10-16/10/2019 11:15-11:15 87 16:16 / 22:50
86 04:28 /1108
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Figure S2: Water salinity at station F over the Breton Sound continental shelf (France)
measured biweekly by the REPHY monitoring network (Belin et al., 2021) over the 2000-
2017 period (boxplot) and over the years 2018, 2019 and 2020 (values and medians). The
horizontal dotted line corresponds to the salinity of the Atlantic Ocean (35.6; Vandermeirsch,

2012).
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01/05/2019
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Figure S3: Station a, b, ¢ and d pictures (© P. Polsenaere). a shows station a (Fier d’Ars
estuary at low tide). b1 and b2 show station b (channel) at low and high tide, respectively. c1
and c2 show station c¢ (rewilded artificial salt marsh) at two contrasting seasons with and
without macroalgae bloom, respectively. d shows station d (working artificial salt marsh).
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Station a - Autumn
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Figure S4: Significant linear regressions (slopes significantly different from zero; n = 1441; p
< 0.05) between estimated TA and estimated DIC values, between estimated TA and
measured pCO> values and between estimated TA and measured pH values from spring to
autumn 2018 at station a estuary. See M&M section for TA and DIC estimations.
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Chapitre |11

Echanges nets de CO; atmosphérique d’un pré-salé par des
mesures a I’¢chelle de 1’€cosysteme (technique de I’Eddy
Covariance) et influence des facteurs de contréles biotiques et
abiotiques associés

Station d’Eddy Covariance sur le marais tidal des Bossys perdus (ile de Ré, Fier d’Ars)
pendant I’immersion de la végétation (marée haute, 27/04/2021). © Polsenaere.
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Abstract

Within the coastal zone, salt marshes are atmospheric CO> sinks and represent an essential
component of biological carbon (C) stored on earth due to a strong primary production.
Significant amounts of C are processed within these tidal systems which requires a better
understanding of the temporal CO> flux dynamics, the metabolic processes involved and the
controlling factors. Within a temperate salt marsh (French Atlantic coast), continuous CO>
fluxes measurements were performed by the atmospheric eddy covariance technique to assess
the net ecosystem exchange (NEE) at diurnal, tidal and seasonal scales as well as the
associated relevant biophysical drivers. To study marsh metabolic processes, measured NEE
were partitioned into gross primary production (GPP) and ecosystem respiration (Reco) during
marsh emersion allowing to estimate NEE at the marsh-atmosphere interface (NEEmarsh = GPP
- Reco). During the year 2020, the net C balance from measured NEE was -483 g C m™ yr
while GPP and Reco absorbed and emitted 1019 and 533 g C m™ yr?, respectively. The highest
CO2 uptake was recorded in spring during the growing season for halophyte plants in
relationships with favourable environmental conditions for photosynthesis whereas in
summer, higher temperatures and lower humidity rates increased ecosystem respiration. At
the diurnal scale, the salt marsh was a CO> sink during daytime, mainly driven by light, and a
CO:2 source during night-time, mainly driven by temperature, irrespective of emersion or
immersion periods. However, daytime immersion strongly affected NEE fluxes by reducing
marsh CO; uptake up to 90%. During night-time immersion, marsh CO2 emissions could be
completely suppressed, even causing a change in metabolic status from source to sink under
certain situations, especially in winter when Reco rates were lowest. At the annual scale, tidal
immersion did not significantly affect the net C uptake of the studied salt marsh since similar
annual balances of measured NEE (with tidal immersion) and estimated NEEmarsh (Without

tidal immersion) were recorded.

Key words

Eddy Covariance, net ecosystem exchange, net ecosystem production, ecosystem respiration,

salt marsh, biophysical controlling factors, tidal effects, temporal variations.
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1. Introduction
Salt marshes are intertidal coastal ecosystems dominated by salt-tolerant herbaceous

plants located at the terrestrial-aquatic interface. Despite their low surface area at the global
scale (54650 km?; Mcowen et al., 2017), salt marshes provide important ecosystem services
such as an erosion protection (natural buffer zones), a water purification, a nursery for
fisheries (Gu et al., 2018) and a high capacity for atmospheric CO uptake and carbon (C)
sequestration in their organic matter (OM) enriched sediments and soils (Mcleod et al., 2011;
Alongi, 2020). In salt marshes, emersion at low tide and slow immersion at high tide favour
this CO> fixation through photosynthesis of terrestrial and aquatic vegetations and also a
strong benthic-pelagic coupling (Cai, 2011; Wang et al., 2016; Najjar et al., 2018). The high
net primary production (NPP) rate of salt marshes on the Atlantic coast of the United States
(1070 g C m2 yr!; Wang et al., 2016) makes marshes one of the most productive ecosystems
on earth (Duarte et al., 2005; Gedan et al., 2009). According to Artigas et al. (2015),
approximately 22% of C fixed through this marsh NPP is then buried in sediments as “blue
C” thus allowing salt marshes to be a large biological C pool (Chmura et al., 2003; Mcleod et
al., 2011). However, tidal immersion can generate strong lateral exports of organic and
inorganic C to the coastal ocean (Wang et al., 2016), inducing in turn atmospheric CO>
emissions from coastal ecosystems downstream (Wang and Cai, 2004; Jiang et al., 2008). Salt
marshes represent a biogeochemically active interface area within the coastal zone but are
also threatened by sea level rise and global warming (Gu et al., 2018) which could
significantly alter their capacity to sink and store C (Campbell et al., 2022). Thus,
atmospheric COz exchanges need to be accurately measured and better understood, especially
the influence of biotic and abiotic controlling factors, in order to be included in regional and
global C budgets (Borges et al., 2005; Cai, 2011) and to predict future mash C sinks within
the context of climate change.

In temperate salt marshes, actual and historical land and water management, plant species,
tidal influence and environmental conditions have been shown to play an important role in the
C cycle. Generally, strong seasonal variations in the net ecosystem CO> exchange (NEE) were
recorded with a marsh CO> sink during the hottest and brightest months and a CO> source
during the rest of the year (Schéfer et al., 2014; Artigas et al., 2015). At a smaller scale, in
urban salt marshes (USA), the highest CO> uptake generally occurred at midday whereas the
systems emitted CO> throughout the night-time, illustrating the major role of net solar
radiations in the marsh metabolic status (Schafer et al., 2014, 2019). Tidal immersion over

salt marshes can also strongly influence both daytime and night-time NEE fluxes, especially
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during spring tides (Forbrich and Giblin, 2015). For instance, negative correlations between
NEE and tidal effects were computed in a temperate salt marsh (USA) with Spartina
alterniflora and Phragmites australis, especially in summer and winter, with negative (sink)
and positive (source) NEE fluxes during incoming and ebbing tides, respectively (Schafer et
al.,, 2014). Wang et al. (2006) showed a competitive advantage for the growth and
productivity of S. alterniflora plants under a moderate level of salinity (15%o) and immersion
conditions. These different eddy covariance (EC) studies highlight the complexity of the C
cycle over salt marshes and the associated biophysical factors driving CO2 fluxes that require
more in situ and integrative NEE measurements within and between all compartments at the
different temporal scales to better understand the biogeochemical functioning of these
ecosystems under changing sea level conditions.

Within coastal wetlands, CO: fluxes at the sediment-atmosphere interface can be
accurately assessed with static chambers by repeating measurements over different intertidal
habitats (Xi et al., 2019; Wei et al., 2020a). Yet, a major limitation of this method is that it can
hardly include the temporal and spatial CO. flux variability across different vegetations and
habitats (Migne et al., 2004). In heterogeneous intertidal systems, the eddy covariance (EC)
technique can be used to measure ecosystem-scale CO> fluxes (NEE) based on the covariance
between fluctuations in the vertically velocity and air CO> concentration (Baldocchi et al.,
1988; Aubinet et al., 1999; Baldocchi, 2003). This direct and non-invasive
micrometeorological technique has been of growing interest over the coastal zone to obtain
NEE time series through accurate, continuous and high-frequency CO2 flux measurements
(Schafer et al., 2014; Artigas et al., 2015; Forbrich and Giblin, 2015). This method has been
deployed over blue C systems such as mangroves (Rodda et al., 2016; Gnanamoorthy et al.,
2020), seagrass meadows (Polsenaere et al., 2012; Van Dam et al., 2021) and salt marshes
(Artigas et al., 2015; Forbrich et al., 2018; Schafer et al., 2019) to assess their capacity of CO>
uptake. In intertidal systems like salt marshes, the major advantage of the EC method is to
measure NEE fluxes at the ecosystem scale, coming from all habitats inside the footprint, at
various timescales from hours to years and at both the sediment-air and water-air interfaces
(i.e. low and high tides, respectively) (Kathilankal et al., 2008; Wei et al., 2020b). Although
many studies have used this method to assess tidal effects on NEE fluxes over salt marshes,
only a limited number have looked at the loss of CO. uptake due to tidal effects. Moreover,
NEE can be partitioned into marsh metabolic fluxes (gross primary production, GPP and
ecosystem respiration, Reco) during emersion periods through modelling approaches
(Kowalski et al., 2003; Reichstein et al., 2005; Lasslop et al., 2010). However, use of the EC
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method requires significant qualitative and quantitative processing and data correction applied
to each specific site since this method relies on the physical and theoretical backgrounds
(Baldocchi et al., 1988; Burba, 2021) and is adapted (technically and scientifically) to the
coastal systems.

Our study focused on the atmospheric CO. uptake capacity of a tidal salt marsh (old
anthropogenic marsh) under the influence of biophysical factors and its potential role in
global and regional C budgets. For this purpose, we deployed an atmospheric EC station to
measure vertical CO; fluxes (NEE) during the year 2020 at the ecosystem scale on the Bossys
perdus salt marsh on Ré Island connected to the French continental shelf of the Atlantic
Ocean. Here, we aim to (a) describe NEE flux temporal series measured at different temporal
scales (diurnal, tidal and seasonal scales) using the EC technique, (b) evaluate the relevant
environmental factors that control atmospheric CO. exchanges (i.e. NEE) and (c) accurately

qualify and quantify the effects of tides on the marsh CO, metabolism.

2. Materials and methods

2.1. Study site

The study was conducted at the Bossys perdus salt marsh situated along the French
Atlantic coast on Ré Island (Fig. 3.1). It corresponds to a vegetated intertidal area of 52.5 ha
that has been protected inside the National Natural Reserve (NNR) (Fig. 3.1). Between the
17" century and the most of the 20" century, the salt marsh experienced successive periods of
intensive land use (salt harvesting and oyster farming) and returned to natural conditions
before becoming a permanent part of the NNR in 1981 for the biodiversity protection without
major restoration work (J. Gernigon, personal communication). It is currently managed to
restore its natural hydrodynamics while conserving the site’s specific typology due to past
human activities (channel networks, humps and dykes; Fig. 3.2). This salt marsh is linked to
the Fier d’Ars tidal estuary that exchanges between 2.4 and 10.2 x 10° m® of coastal waters
with the Breton Sound continental shelf allowing a maximal tidal range of 5 m in the estuary
(Bel Hassen, 2001). This communication allows (1) drainage of the intertidal zone of the
estuary including mudflats (slikke) and tidal salt marshes (schorre) and (2) supply of coastal
water to a large complex of artificial salt marshes (i.e. salt ponds) located upstream of the
dyke (Fig. 3.1). The artificial marsh waters managed by the NNR for biodiversity protection
(Mayen et al., 2023) are flushed back to the estuary downstream through the Bossys perdus
channel (Fig. 3.1).

139



46°14°20°N

46°14'10°N

46°14'0°N

46°13'50'N

46°13'40°N

1°31'0°W 1°3040"W 1°3020"W 1°300"W 1°29'40"'W 1°2920" W 1°290°'w 1°28'40°"W 1°2820"w

46°1330°N  [Sea

46°1320°N

46°13'10°N

46°130°N

46°12'50'N

46°1240°N  FolEs

1°31'0"W

1°30'40" W 1°3020" W 1°30'0" W 1°2940"W 1°29'20" W 1°29'0"wW 1°28'40"W

® Eddy Covariance station :I Footprint  ——— Dyke

1°28'20"W

1°280"W

1280w

Bossys perdus salt marsh D Lilleau des Niges National Natural Reserve

Chapitre 1l

1°27'40"W

46°14'20°N

o 46°14'10°N

46°14'0°N

46°13'50°N

46°13'40°N

46°13'30°N

46°1320°N

46°13'10°N

~ 46°130N

1°27'40" W

46°12'50°N

Figure 3.1: The studied Bossys perdus salt marsh located on the French Atlantic coast within
the National Natural Reserve (blue line delimitation) on Ré Island. The salt marsh is
connected to the Fier d’Ars tidal estuary (light blue). The dyke separates terrestrial and
maritime marsh areas (orange line). The eddy covariance system and associated estimated
footprint are indicated (black cross and red line; see Fig. 3.2). From geo-referenced IGN
orthogonal images (IGN 2019).
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The Bossys perdus salt marsh, located upstream of the estuary (schorre), is subjected to
semi-diurnal tides from the Breton Sound continental shelf (Fig. 3.1) allowing the marsh
immersion by two main channels differently in space, time and frequency according to the
tidal periods (Fig. 3.2). At high tide, advected coastal waters can completely fill channels
(Fig. S1-B in the Supplement) and immerse the marsh through variable water heights
depending on tidal amplitudes and meteorological conditions (Fig. S1-C). In contrast, at low
tide, the marsh vegetation at the benthic interface is emerged into the atmosphere without any
coastal waters (Fig. S1-A). During this time, Bossys perdus channels allow drainage of
upstream artificial marsh waters to the estuary (Fig. 3.2). The marsh vegetation assemblage
was mainly composed by three halophytic species as perennial plants (Halimione
portulacoides, Spartina maritima and Suaeda vera; Fig. 3.2) that associated with different
metabolic pathways (the C3-type photosynthesis for H. portulacoides and S. vera and the C4-
type photosynthesis for S. maritima; Duarte et al., 2013, 2014). Whereas H. portulacoides and
S. vera are evergreen plants throughout the year, the growing season for S. maritima was
shorter (from spring) with a flowering period between August and October (plants persist only

in the form of rhizomes in winter and fall; J. Gernigon, personal communication).
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Figure 3.2: Location and set-up of the eddy covariance (EC) system within the Bossys perdus
salt marsh and its associated footprint estimated from Kljun et al. 2015 and averaged over the
year 2020 (70% contour line, i.e. 13042 m?). Wind sectors (45°) and marsh habitats (see
Table 3.1) are represented. The canopy height of the studied marsh is short and constant (from
0.15 m for H. portulacoides to 0.30 m for S. maritima). The STPS sensor (in yellow),
measuring water heights (Hw) and temperatures (Tw), was located in the SSW sector. The EC
system includes (1) the ultrasonic anemometer (CSAT3), (2) the open-path infrared gas
analyser (EC150), (3) the temperature probe (100K6A1A), (4) the temperature/relative
humidity sensor (HMP155A), (5) the silicon quantum sensor (SKP215) and (6) the central
acquisition system (CR6) and the electronics module (EC100). A rainfall sensor (TE525MM)
simultaneously measured the cumulative precipitation. From geo-referenced IGN orthogonal
images (IGN 2019). Photographs of four wind sectors within the studied footprint area
(NNW, ENE, WSW and SSE) were taken from the EC system during an emersion period in
summer 2021 when all the marsh habitats were emerged into the atmosphere: (a) Spartina
maritima, (b) Halimione portulacoides, (c) Suaeda vera and (d) mudflat. © S.-C. Zech.

2.2. Eddy covariance and micrometeorological measurements
The atmospheric eddy covariance (EC) technique allows us to quantify the net CO; fluxes

at the ecosystem-atmosphere interface through micrometeorological measurements of the
vertical component of atmospheric turbulent eddies (Aubinet et al., 1999; Baldocchi, 2003;
Burba, 2021). The averaged vertical flux of any gas (F, umol m? s) can be expressed as the
covariance between the vertical wind speed (w, m s™), air density (p, kg m=) and the dry mole
fraction (s) of the gas of interest as

F=pws ~p w's' @)
where the overbar represents the time average of the parameter (i.e. 10 minutes in this study
due to strong fluctuations at the tidal scale; Polsenaere et al., 2012) and the apostrophe
indicates the instantaneous turbulent fluctuations in these parameters relative to their temporal

average (Reynolds, 1883). The Reynold’s decomposition was used to break the instantaneous

term down into its mean and deviation (e.g. w=w + W') (Reynolds, 1883; Burba, 2021). This
equation (Eg. 1) is obtained by assuming, on a flat and homogeneous surface, that (1) the
variation in air density is negligible, (2) there is no divergence or convergence of large-scale
vertical air motion and (3) atmospheric conditions are stable and stationary (Aubinet et al.,
2012). A negative flux of atmospheric CO: is directed towards the ecosystem, and is therefore
characterized as a sink, and vice versa for positive fluxes qualified as sources of CO> to the

atmosphere.
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An EC system was continuously deployed at the Bossys perdus salt marsh to measure the
net ecosystem CO; exchange (NEE, umol m2 s1). The set of EC sensors (Fig. 3.2), at a height
of 3.15 m, was composed of an open-path infrared gas analyser (model EC150; Campbell
Scientific) to measure the CO, (mg m) and H0 (g m™) concentrations in the air as well as
the atmospheric pressure (kPa) and an ultrasonic anemometer (model CSAT3; Campbell
Scientific) to measure the three-dimensional components of wind speed (U, V and W; m s?)
at a frequency of 20 Hz and averaged every 10 minutes (Fig. 3.2). The EC150 gas analyser
also measured the air temperature using a thermistor probe (model 100K6A1A; BetaTherm).
The EC100 electronics module (model EC100; Campbell Scientific) allowed us to
synchronize high-frequency measurements and rapid communications between the CRG6
datalogger (model CR6; Campbell Scientific) and EC devices including EC150 and CSAT3A
(Fig. 3.2). The CR6 datalogger is a powerful core component for the data acquisition system.
Additional meteorological data, such as relative humidity (RH, %), air temperature (Ta, °C)
and photosynthetically active radiation (PAR, umol m? s™) were recorded every 10 minutes
simultaneously and at the same height as the EC sensors, by a temperature/relative humidity
sensor (HMP155A, with RAD14 natural ventilation shelter; Campbell Scientific) and a silicon
guantum sensor (SKP215; Skye Instruments), respectively (Fig. 3.2). The vapour pressure
deficit (VPD, Pa) was calculated every 10 minutes from saturated vapour pressure (calculated
from Ta) and from actual vapour pressure (calculated from RH). A rainfall sensor
(TE525MM; Rain gauge, Texas Electronics), located 10 m away and connected to the EC
station, simultaneously measured the cumulative precipitation at a height of 1 m (rainfall,
mm). All high-frequency EC data were recorded on a SD micro-card (2 Go; Campbell
Scientific) that was replaced every 2 weeks, whereas meteorological data were recorded and
stored in the central acquisition system (CR6). The EC system was connected to two
rechargeable batteries (12 volts and 260 amperes per hour; AGM) powered by a
monocrystalline solar panel (24 volts, 200Wp module with MPPT 100V/30A controller;
Victron Energy). The EC sensors were checked and cleaned every 2 weeks and the EC150
was calibrated each season with a zero-air calibration of 0 ppm (Campbell Scientific) and a
certificated CO> standard of 520 ppm (Gasdetect). Water height (Hw; £ 0.3 m) and water
temperature (Tw; + 0.1°C) were also measured every 10 minutes along with EC data using a
STPS probe (NKE Instrumentation) located 20 m away from the EC system (Fig. 3.2). The
sensor was checked every two months at the laboratory to verify possible derivations in the

measured parameters.
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2.3. Footprint estimation and immersion/emersion marsh heterogeneity
Footprints were estimated using the model of Kljun et al. (2015) applied to data from the

year 2020 to obtain an annual averaged footprint from the constant measurement height (Zm
= 3.15 m), the constant displacement height (d = 0.1 m; estimated from 0.67 times the canopy
height; LI-COR Environmental), mean wind velocities (u_mean, m s%), standard deviations of
the lateral velocity fluctuations after rotation [sigma_v, m s'], the Obukhov length (L),
friction velocities (u”, m s*) and wind directions (°) obtained from the EC measurements and
the processing software (EddyPro® v7.0.8; LI-COR Environmental) output. For verification,
we performed the footprint estimations both with variable Zm from water height
measurements and with constant Zm from data at emersion and we obtained the same
footprint shapes and extends. For all calculations (i.e. habitat coverage, relationships with
CO: fluxes, etc.), we used the 70% footprint contour line that corresponds to an average
footprint of 13042 m? of the studied salt marsh area of interest (Fig. 3.2). A land-use map was
also created (Fig. 3.2) from geo-referenced IGN BD orthogonal images with a resolution of
20 cm (2019) using ArcGIS 10.2 (ESRI). The spatial analysis tool of ArcGIS 10.2 was used to
perform an unsupervised classification of the BD orthogonal images. We checked the
resulting map by selecting 20 random locations within the footprint of the studied salt marsh
and compared their land use on the ground and on the map.

In some situations, based on the tide (neap tides), due to meteorology influence (wind
direction and atmospheric pressure) and the local altimetry heterogeneity, our one-location
Hw measurements could not accurately account for the whole spatial emersion and immersion
of the marsh in the EC footprint (Fig. 3.2). At incoming tide, when coastal waters begin to fill
the channel and then overflow over the marsh (from 0.5 h in spring tides to 2.5 h in neap
tides; data not shown), the SSW sector (Fig. 3.2) was first immersed and a non-zero Hw value
was measured. However, although some marsh sectors were immersed at the same time,
others were still emerged. Indeed, lowest marsh levels (56% of the footprint area), mainly
composed of mudflats and S. maritima (Table 3.1 and Fig. 3.2), were quickly immersed from
Hw > 0 m (south), whereas the whole marsh immersion (muds and all plants) only occurred
0.75 h later from Hw > 1.0 m at high tide during spring tide. Thus, the highest marsh levels
(44% of the footprint area), mainly composed of H. portulacoides and S. vera (Table 3.1 and
Fig. 3.2), were still emerged for 0 < Hw < 1.0 m. Conversely, at neap tide, this footprint
immersion versus emersion marsh heterogeneity could still be present even at high tide due to
insufficient water levels. Although a digital field model for water heights could not be

performed in 2020 to have a better spatial representation of the immersion/emersion footprint,
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all these important considerations were considered in our computations and analyses in this

study.

2.4, EC data processing and quality control
Raw EC data measured at high-frequency were processed following Aubinet et al. (2000)

with the EddyPro software. First, different correcting steps were applied to our raw data
according to the procedures given by Vickers and Mahrt (1997) and Polsenaere et al. (2012)
for intertidal systems: (1) unit conversion to check that the units for instantaneous data are
appropriate and consistent to avoid any errors in the calculation and correction of CO; fluxes;
(2) despiking to remove outliers in the instantaneous data from the anemometer and gas
analyser due to electronic and physical noise and replaced the detected spikes with a linear
interpolation of the neighbouring values; (3) amplitude resolution to identify situations in
which the signal variance is too low with respect to the instrumental resolution; (4) double
coordinate rotation to align the x axis of the anemometer to the current mean streamlines,
nullifying the vertical and cross-wind components; (5) time delay removal by detecting
discontinuities and time shifts in the signal acquisition from the anemometer and gas analyser;
(6) detrending with removal of short-term linear trends to suppress the impact of low-
frequency air movements and (7) performing the Webb-Pearman-Leuning (WPL) correction
to take into account the effects of temperature and water vapour fluctuations on the measured
fluctuations in the CO2 and H2O densities (Burba, 2021). The turbulent fluctuations of CO-
fluxes were calculated with EddyPro using the linear detrending method (Gash and Culf,
1996) which involves calculating deviations from around any linear trend evaluated (i.e. over
the whole flux averaged period). High-frequency CO> fluxes were processed and averaged
over intervals of 10 min. (shorter than in terrestrial ecosystems) to detect fast NEE variations
with the tide (Polsenaere et al., 2012; Van Dam et al., 2021). During the EC data processing
by EddyPro, a correction for flux spectral losses in the low frequency range was performed
according to Moncrieff et al. (2004).

A strict quality control was applied on EddyPro processed CO> flux data to remove bad
data related to instrument malfunctions, processing and mathematical artefacts, ambient
conditions that do not satisfy the requirements for the EC method, wind that is not from the
footprint and heavy precipitation for the open-path IRGA (Burba, 2021). Processed data were
screened using tests for steady state and turbulent conditions (Foken and Wichura, 1996;

Foken et al., 2004; Gockede et al., 2004). In this study, we did not apply a ustar filter in our
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EC data processing because we measured only 11% of night-time data corresponding to a
ustar threshold below 0.1 m s? and above which NEE does not increase anymore with ustar
values (threshold close to values found in grassland; Gu et al., 2005). Contrary to terrestrial
ecosystems (Gu et al., 2005), the low canopy height of the studied marsh strongly limited the
CO; storage in the vegetation and favours the atmospheric CO; circulation. If the signal to
noise ratio of the EC150 gas analyser was less than 0.7 and/or the percentage of high-
frequency missing values over 10 min. exceeded 10% (i.e. data absent in the raw data file or
removed through the quality screening procedures), no flux was calculated. This choice was
the best compromise between removing poor-quality data and keeping as much of measured
CO: flux data as possible (data and associated tests not shown). Then, we used the method of
Papale et al. (2006) to detect and remove outliers in the 10-min. flux data. The median and
median absolute deviation (MAD) were calculated over a 2-week window separating daytime
and night-time periods. Data above 5.2xMAD were removed. After all post-processing and
quality controls, 18.3% of the EC data were removed and gap-filled through a machine

learning approach to obtain continuous flux data in 2020.

2.5. Flux gap filling and statistic tools
The random forest (RF) model was used to gap-fill our EC dataset. Random forest is a

supervised machine learning technique proposed by Breiman (2001) that can model a non-
linear relationship with no assumption about the underlying distribution of the data
population. This method has been shown to be particularly suited to gap-fill EC data (Kim et
al., 2020; Cui et al., 2021). Random forest builds multiple decision trees, each of which is
based on a bootstrap aggregated data sample (i.e. bagging of the EC data) and a random
subset of predictors (i.e. the selected environmental data; Table S1). We build RF models with
environmental predictors that have been identified in the literature to control CO. fluxes in
salt marshes and which were available during the gaps and with measurements recorded
between 2019 and 2020 (Table S1). Each random forest model was built from a trained
bagging ensemble of 400 randomly generated decision trees (Kim et al., 2020) with the
“randomForest” package in the R software (Liaw and Wiener, 2022). In this study, we used
the RF2 model with PAR, air temperature, water height and relative humidity as
environmental predictors because its performance indicators showed a high Pearson
correlation coefficient (R?> = 0.88) and low values of root mean square error (RMSE = 1.27)

and model bias (0.0024) allowing us to correctly gap-fill a large EC data (Table S1). The

147



Chapitre 1l

calculated uncertainty of the RF2 model on the resulting annual C budget was 0.43%. Each
tree was trained from bagged samples including 70% of the initial dataset. The remaining
30% of the data were used to estimate the fit of each random forest model. The model used
was then able to explain 88% of the variability in the test data. Daytime data were better
explained than night-time data (59% versus 38%), with light being the main parameter of the
model. However, only 20% of the night-time EC data were gap-filled with the random forest
model. Using a partial dependence analysis and an ondelette analysis, we concluded that the
relationships and temporal dynamics modelled allowed us to correctly fill the gaps in our
dataset. However, extreme values of some predictors (i.e. PAR > 1000 umol m? s?) can
reduce the random forest model performance for estimation of EC data. This observation is
common for random forest models, as they show poor results for extreme values. Other
models, such as artificial neural networks, were also tested but showed poorer results (Table
S1).

For all measured variables, the 10 min. data did not follow a normal distribution (Shapiro-
Wilk tests, p < 0.05). Non-parametric comparisons, such as the Mann-Whitney and Kruskal-
Wallis tests, were carried out with a 0.05 level of significance. To assess the influence of
meteorological and hydrological drivers on NEE fluxes at different temporal scales, we
performed a pairwise Spearman’s correlation analysis on the 10-min. values and monthly

mean values (“cor function” in R).

2.6. Temporal analysis of NEE fluxes and partitioning
During the year 2020, temporal variations in NEE fluxes were studied at the seasonal and

diurnal/tidal scales. Seasons were defined based on calendar dates: the winter period from
01/01/2020 to 19/03/2020 and from 21/12/2020 to 31/12/2020, the spring period from
20/03/2020 to 19/06/2020, the summer period from 20/06/2020 to 21/09/2020 and the fall
period from 22/09/2020 to 20/12/2020. Daytime and night-time were separated into PAR > 10
and PAR < 10 pmol m? s?, respectively. For the NEE flux analysis according to
environmental drivers, NEE fluxes were grouped into five PAR groups (0 < PAR <10, 10 <
PAR < 500, 500 < PAR < 1000, 1000 < PAR < 1500 and 1500 < PAR < 2000 umol m? st) to
reduce NEE fluctuations due to PAR variations. Water heights (Hw) measured at one location
over the marsh (Fig. 3.2) relative to the mean sea level were used to distinguish emersion (Hw
=0 m at low tide) and immersion (Hw > 0 m at high tide) periods (see Sect. 2.3) and thus, the

influence of tides on NEE fluxes.
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To study marsh metabolism related to photosynthesis and respiration processes, measured
NEE fluxes were partitioned into gross primary production (GPP) and ecosystem respiration
(Reco), respectively. During marsh emersion, NEE fluxes occur at the marsh-atmosphere
interface involving only benthic metabolism (or marsh metabolism) resulting in NEE = GPP -
Reco. During marsh immersion, NEE fluxes are the result of benthic metabolism, planktonic
metabolism and lateral C exchanges by tides thereby making it more difficult to study the
marsh metabolism (Polsenaere et al., 2012). Negative NEE values indicated a marsh CO;
uptake from the atmosphere and positive values indicated a marsh CO2 source into the
atmosphere. GPP was expressed in negative values and Reco Was expressed in positive values.
In this study, NEE flux partitioning into marsh metabolic fluxes (NEEmarsh) was performed
according to the following equation using the model of Kowalski et al. (2003):

al PAR
a2+PAR Reco ()

where a; is the maximal photosynthetic CO, uptake at light saturation (umol CO2 m2 s) and

NEEmarsh = GPP - Reco =

az is the PAR at half of the maximal photosynthetic CO, uptake (umol photon m? s?). The
ai/ay ratio corresponds to photosynthetic efficiency (Kowalski et al., 2003). Reco Was
calculated as follows (Eqg. 3) according to Wei et al. (2020b):

Reco = Ro exp(bTa) 3)
where Reco is the night-time ecosystem respiration (umol CO2 m2 s?), Ro is the ecosystem
respiration rate at 0°C (umol CO, m? s1), Ta is the air temperature (°C) and b is a response
coefficient of the temperature variation (Wei et al., 2020b).

For NEE flux partitioning, estimations of the GPP coefficients (a1 and az; Eqg. 2) and Reco
coefficients (Ro and b; Eq. 3) were performed by the least squares method (“minpack.lm”
package in R) at the monthly scale only during emersion periods where measured NEE fluxes
corresponded to estimated NEEmarsh fluxes. First, for each month, Ro and b were estimated
during night-time emersion periods where NEE = Reco following Eq. (3) (Wei et al., 2020D).
Then, a1 and a2 were estimated during daytime emersion periods using night-time respiration
coefficients (Ro and b) where NEE = GPP - Reco following Eq. (2) and Eq. (3) (Kowalski et
al., 2003). Finally, NEEmarsh (net marsh metabolic fluxes without tidal influence) were
calculated from PAR and Ta values measured at a 10-min. frequency throughout the year
using the monthly coefficients calculated for the partitioning (Eq. 2). As our ecosystem had a

low phenological variation (Table S2), we concluded that a monthly time step for the
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coefficient estimation was sufficient to answer our study objectives. During emersion periods,
monthly net C balances (i.e. budgets) of measured NEE and estimated NEEmarsh, as well as the
monthly mean fluxes, were very similar (Table S3), confirming the correct NEE flux

partitioning calculations done in this study.

3. Results

3.1. Habitat covering of the footprint

Within the EC footprint, halophyte marsh vegetation (66%) composed of Halimione
portulacoides, Spartina maritima and Suaeda vera mainly dominated, whereas muds and
channels only accounted for 27 and 7%, respectively (Fig. 3.2). The area occupied by S. vera,
crossing the EC footprint from WNW to ESE (Table 3.1), corresponded to the highest marsh
level that was partly immersed only during the highest tidal amplitudes (Fig. 3.2). H.
portulacoides and S. maritima occupied mostly the NNE (70%), SSE (69%), WSW (68%)
and SSW (67%) wind sectors. In contrast, mud habitats mostly covered the NNW sector,
where the lowest vegetation cover was found (Table 3.1 and Fig. 3.2). The highest channel
area was found in the SSW sector (Table 3.1 and Fig. 3.2).

Table 3.1: Bossys perdus marsh habitat (percentages are in bold and associated surface area,
in square metres, are in brackets) within each 45° wind sector in the corresponding footprint
areas (Fig. 3.2) and the whole averaged footprint for the year 2020 (13042 m?, 70% contour
line). “Negligible surfaces on the total area of the sector.

Wind sectors Halimione Spartina Suaeda Muds Channels
portulacoides maritima vera
NNE 0-45 48 22 1 22 8
(850) (390) (9) (386) (150)
ENE 45-90 31 26 1 37 4
(590) (492) (22) (704) (80)
ESE 90-135 37 21 31 9 2
(335) (190) (288) (82) (22)
SSE 135-180 60 9 0" 21 8
(803) (124) (4) (275) (113)
SSW 180-225 48 19 0" 8 25
(734) (283) (2) (122) (388)
WSW 225-270 33 35 0" 25 6
(689) (745) (6) (530) (132)
WNW 270-315 30 11 29 30 0
(580) (216) (570) (588) (0)
NNW 315-360 16 26 2 56 0
(249) (401) (31) (867) (0)
Total footprint 37 22 7 27 7
(70% contour line) (4830) (2841) (932) (3554) (885)
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3.2. Seasonal variations of environmental conditions and NEE fluxes
Throughout the year 2020, the full seasonal range in solar radiation was measured with an

increase in daytime PAR from winter (lowest light season) to summer (brightest season; Fig.
3.3-A). A similar seasonal pattern was recorded for air temperatures (Ta) with values ranging
from 1.5°C in winter (coldest season) to 33.6°C in summer (warmest season; Fig. 3.3-B). On
average, the winter and fall seasons were the wettest (RH > 82%), associated with the lowest
vapour pressure deficit (VPD) values, whereas spring and summer were the driest ones (RH <
75%), associated with the highest VPD values (Fig. 3.3-B). Indeed, the highest and lowest
cumulative rainfalls were recorded in fall (342 mm) and summer (62 mm), respectively. The
highest mean seasonal wind speed was measured in winter (4.9 + 2.3 m s!) with maximal
speeds up to 13 m s (Fig. 3.3-C). Winds came mostly from the SSW-WSW sectors both in
winter (55%) and summer (41%) and from the NNE-ENE sectors both in spring (51%) and
fall (31%) (Fig. 3.2).

Tidal activities reflected the typical hydrological conditions of the Atlantic coasts with a
bi-monthly succession of spring tides and neap tides (Fig. 3.3-D). Water heights (Hw)
strongly varied according to tidal amplitudes with a maximal Hw of 1.4 m during neap tides
and 2.0 m during spring tides (overall annual mean of 0.6 £ 0.4 m; Fig. 3.3-D). Throughout
the year, 25.5% of the EC data were measured when the salt marsh was immersed through
variable immersion durations and water heights (Table 3.2). On average, the daily immersion
durations ranged between 5.7 h d* in winter (23.7% of the EC data) and 6.5 h d* in fall (28%
of the EC data). In winter, the EC data during immersion were split into 19% for 0 <Hw < 1
m and 4.7% for 1 < Hw < 2 m, whereas in fall, these latter were split into 20% for 0 < Hw < 1
m and 8% for 1 < Hw < 2 m. In summer, the lowest marsh immersion was measured with no
Hw value higher than 1.5 m (Table 3.2).
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Figure 3.3: Net ecosystem exchanges and associated environmental parameters measured
every 10 min throughout the year 2020. The measured environmental parameters include (A)
the photosynthetically active radiation (PAR, pmol m? s?), (B) air temperature (Ta, °C),
vapour pressure deficit (VPD, Pa), (C) wind speed (m s?), (D) water height (Hw, m), water
temperature (Tw, °C) and (E) the net ecosystem exchanges (NEE, pmol CO; m? s?)
computed from the 20 Hz atmospheric CO> and wind speed measurements with the EddyPro
software. The red line in E is the moving average of NEE (daily mean). Seasons are delimited

by vertical lines.
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Table 3.2: Emersion and immersion periods (percentage in bold) at the studied salt marsh for
four water height ranges of 0.5 m during the year 2020 and at the seasonal scale. The
emersion and immersion durations in hours per day (h d*) were calculated (shown in
brackets).

Emersion Immersion

Hw =0 0<Hw<05 05<Hw<1 1<Hw<15 15<Hw<?2
Year 2020 74.5 124 8.7 3.6 0.8
(17.9) (2.9) (2.1) (0.9) 0.2)
Winter 76.3 10.4 8.6 3.6 11
(18.0) (2.5) (2.0) (0.9) (0.3)
Spring 74.5 13.7 8.2 3.0 0.6
(18.0) (3.2) (2.0) (0.7) (0.1)
Summer 75.1 17.1 5.9 1.3 0.0
(18.5) 4.2) (1.6) (0.3) (0.0
Fall 72.0 8.5 115 6.4 1.6
(17.0) (1.9) (2.7) (1.5) (0.4)

The annual mean NEE value was -1.27 *+ 3.48 umol m2 st with strong temporal
variabilities recorded over both long and short timescales (Fig. 3.3-E). Significant NEE
variations were highlighted between each season (Kruskal-Wallis test, p < 0.001) where, on
average, the highest and lowest atmospheric CO- sinks were recorded in spring (-1.93 + 3.84
umol m2 sty and fall (-0.59 + 2.83 pumol m2 s%), respectively (Fig. 3.4). NEE flux
partitioning gave an annual mean NEEmarsh Value of -1.28 + 3.16 umol m2 s (see Sect. 2.6),
ranging from -2.00 + 3.49 umol m s in spring to -0.53 * 2.51 umol m2 st in fall (Fig. 3.4).
On average, in winter and fall, the measured NEE values were more negative than the
estimated NEEmarsh Values whereas in spring and summer, the opposite trend was recorded
(Fig. 3.4). Contrary to NEE and NEEmarsn, the highest seasonal values of GPP and Reco were
estimated in summer whereas the lowest seasonal values were estimated in winter (Fig. 3.4).
The highest and lowest photosynthetic efficiencies (ai/a; ratio) were found in winter (-2.08
1072) and summer (-1.36 107?), respectively.
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Figure 3.4: Seasonal variations (means = SD) of the measured NEE, estimated NEEmarsh,
estimated GPP and estimated Reco (umol CO2 m2 s1) recorded throughout the year 2020.
NEE: net ecosystem exchange, NEEmarsn: net ecosystem exchange at the marsh-atmosphere
interface without coastal water, GPP: gross primary production, Reco: €cosystem respiration.
The NEE fluxes were partitioned into GPP and Reco according to Kowalski et al. (2003) and
Wei et al. (2020b) (see section 2.6).

3.3. Environmental parameter and NEE flux variations at diurnal and tidal
scales

At each season, significant diurnal differences in NEE fluxes were highlighted (Mann-
Whitney tests, p < 0.05) with, on average, an atmospheric CO> sink during daytime and an
atmospheric CO2 source during night-time, irrespective of emersion or immersion periods
(Table 3.3). For instance, in spring, NEE flux means were -3.93 + 3.72 and 1.06 £ 1.09 pumol
m2 s during daytime and night-time, respectively (Fig. 3.5-B). Over all seasons, similar
diurnal variations in measured NEE and estimated NEEmarsh Were recorded with, on average, a
rapid increase in CO, uptake during the morning up to the middle of the day (low Ta and
VPD values) and then, a decrease in CO2 uptake during the afternoon (high Ta and VPD
values) to become a CO2 source during night-time (Figs. 3.5 and S2). On average, during the
afternoon, the GPP decreases and Reco increases explained the measured decrease in CO2
uptake (Fig. 3.5). For each season, the highest marsh CO2 uptakes were measured during
daytime emersion periods between 12:00 U.T. and 13:00 U.T. (maximal PAR levels), with the
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latter increasing from winter (-4.84 + 2.87 umol m s?) to spring-summer (-6.94 + 2.80 pmol
m2s?; Fig. 3.5).

At each season, the tidal rhythm strongly disrupted NEE fluxes with, in general, no
change in the marsh metabolism status (sink/source). During daytime, significantly lower CO>
uptakes were recorded during immersion than during emersion (Mann-Whitney tests, p <
0.05) when marsh plants were mostly immersed in tidal waters and during night-time, a
similar tidal pattern was recorded for CO, emissions (Mann-Whitney tests, p < 0.05; Table
3.3). For instance, in spring, NEE means were -4.39 + 3.76 and -2.59 + 3.24 umol m? s’
during daytime emersion and daytime immersion, respectively, and were 1.25 + 0.98 and 0.51
+ 1.22 pmol m2 s during night-time emersion and night-time immersion, respectively. In
winter, during some night-time periods, weak CO: sinks were recorded both during emersion
(-0.79 + 0.84 pmol m? s; 137 hours over 71 days) and immersion (-0.82 + 0.91 pmol m? s?;
143 hours over 55 days associated with a mean Hw of 0.80 m; Fig. S2). The maximal CO;
uptakes were -4.80 and -5.31 pmol m? s during night-time emersion and night-time
immersion, respectively (Table 3.3).

Table 3.3: Diurnal/tidal variations (means + SD in bold) of NEE fluxes (umol CO, m? s?)
during each season in 2020. The associated ranges (min/max) are indicated in brackets.
Daytime and night-time periods were separated into PAR > 10 and PAR < 10 pmol m? s,
respectively, whereas emersion and immersion periods were separated into Hw = 0 m and Hw
> 0 m, respectively.

Daytime Night-time Daytime Night-time Seasonal
emersion emersion immersion immersion
Winter -3.15+2.96 0.61 +£0.86 -2.03+2.30 -0.10 £ 0.99 -1.01+2.61
(-19.55/10.73) (-4.80/5.40) (-16.06/6.49) (-5.31/3.34) (-19.55/10.73)
Spring -4.39 + 3.76 1.25+0.98 -259+3.24 0.51+1.22 -1.93+3.84
(-25.67/19.09) (-4.54/7.01) (-29.68/17.62) (-4.60/6.04) (-29.68/19.09)
Summer -4.42 + 3.88 211+1.34 -2.22 +3.26 1.18+1.44 -1.53+4.19
(-23.71/18.07) (-5.93/9.25) (-25.23/13.01) (-4.86/9.36) (-25.23/18.07)
Fall -3.00+3.32 1.12+1.03 -1.53+2.60 0.29 +1.07 -0.59+2.83
(-21.54/17.74)  (-4.19/6.09)  (-18.15/18.21)  (-3.97/5.50)  (-21.54/18.21)
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Figure 3.5: Hourly plots of the measured NEE, estimated NEEmarsh, estimated GPP and
estimated Reco diurnal variations obtained every 10 minutes in winter (A), spring (B), summer
(C) and fall (D) for the year 2020. NEE averages are represented by solid blue lines and
standard deviations are represented by blue areas. The NEEmarsh, GPP and Reco averages are
represented by dotted red, green and black lines, respectively. The measured NEE fluxes were
partitioned into GPP and Reco according to Kowalski et al. (2003) using monthly coefficients
(see the “Materials and methods” section). Night-time periods correspond to GPP = 0 pmol
m2 st and NEEmarsh = Reco. All values are in umol CO, m2 s,

3.4. Influence of environmental drivers on temporal NEE variations
Throughout the year, NEE fluxes were significantly controlled by solar radiations and air

temperatures at the multiple timescales studied, thereby favouring marsh CO> uptake. During
daytime (PAR > 10 pmol m? s1), PAR and Ta displayed the strongest negative correlations
with NEE at both the monthly scale (-0.87 and -0.65, respectively; n = 12, p < 0.05) and the
10-min. scale (-0.77 and -0.21, respectively; n = 27160, p < 0.05). The highest and lowest
correlations between NEE and PAR were recorded for 10 < PAR <500 and for 1500 < PAR <
2000 pumol m s, respectively, confirming the rapid increase or decrease in CO, uptake for
low daytime PAR values (Fig. 3.6-A). During daytime, vapour pressure deficit (VPD) was
negatively correlated with NEE (-0.31; n = 27160, p < 0.05) producing a large reduction in
CO: uptake for all PAR levels and even led to a switch from sink to source of atmospheric
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CO; from VPD > 1200 Pa for low PAR levels (PAR < 500 pmol m™ s%; Fig. 3.6-B). During
night-time and daytime, air temperature (Ta) was positively (0.54; n = 27190, p < 0.05) and
negatively (-0.21; n = 25544, p < 0.05) correlated with NEE, respectively. However, from
PAR > 500 umol m? s, high Ta values (> 20°C) decreased CO, uptake for all PAR levels
(Fig. 3.6-C). Water temperature (Tw) did not influence NEE during immersion (Fig. 3.6-D).
Indeed, for PAR > 500 pmol m2 st and Hw > 0.5 m, no significant relationships was found
between NEE and Tw (n = 1215; p = 0.26). For low PAR levels (PAR < 500 pmol m? s1),
wind speeds quickly increased CO> uptake whereas for high PAR levels (PAR > 500 pmol m-
2 s1), CO, uptake was increased only for wind speeds higher than 7 m s (Fig. 3.6-E). For
wind directions, a spatial heterogeneity of NEE was recorded according to wind sectors both
during daytime and night-time (Fig. 3.6-F).

Within the footprint area composed of an assemblage of plants and muds (Fig. 3.2), the
highest CO> uptakes were generally recorded from the southern sectors (high vegetation:mud
ratios) whereas, the lowest CO. uptakes were generally recorded from the northern sectors
(low vegetation:mud ratios; Fig. 3.7). For instance, our sectorial NEE analysis during daytime
emersion showed that the SSE sector (vegetation:mud ratio of 2.4; Table 3.1) did uptake 32%
(winter), 25% (spring) and 50% (fall) times more atmospheric CO, than the NNW sector
(vegetation:mud ratio of 0.8; Table 3.1). Moreover, in winter and fall, we highlighted that
CO: uptake rates of H. portulacoides (C3 species) were significantly higher than S. maritima
(C4 species) ones by comparing the SSE (60% of H. portulacoides and 9% of S. maritima)
and WSW (33% of H. portulacoides and 35% of S. maritima) sectors during daytime
emersion (Mann-Whitney tests, p < 0.0001). In contrast, in summer, no significant difference
in NEE fluxes was recorded between these two sectors (Mann-Whitney test, p = 0.06; Fig.
3.7) and, more generally, between the different wind sectors (Table 3.1 and Fig. 3.7). For all
seasons, during night-time emersion, we recorded that southern sectors (ESE, SSE and SSW)
emitted higher atmospheric CO> than northern sectors (NNE and ENE), especially in winter
and fall (Table 3.1 and Fig. 3.7).
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Figure 3.6: Diurnal variations of NEE fluxes (umol CO2> m? s) measured every 10 min
according to different variables within five PAR groups: 0-10 (night-time), 10-500, 500-1000,
1000-1500 and 1500-2000 umol m™ s*. Panel (A) shows PAR (umol m? s?), (B) VPD (Pa),
(C) air temperature (°C), (D) water temperature (°C), (E) wind speed (m s?) and (F) wind
direction (°). NEE fluxes are averaged after separating each variable into five classes and the

coloured area is the standard error at the mean.
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Figure 3.7: Spatial split of NEE fluxes (umol CO2 m s) within each 45° wind sector (Fig.
3.2) during emersion periods (Hw = 0 m) at the seasonal and diurnal scales. During daytime,
the brightest emersion periods (PAR > 500 pmol m? s?) were chosen to reduce NEE
fluctuations due to PAR influence (see Fig. 3.6-a).
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The tidal rhythm strongly influenced NEE fluxes during immersion depending on water
heights (Hw) and PAR levels (Figs. 3.8 and S3). Throughout the year, NEE were positively
correlated with Hw during the day but negatively correlated during the night (Fig. 3.8). More
precisely, night-time immersion strongly reduced CO, emissions and even led to a switch
from source to sink of atmospheric CO. from Hw > 0.4 m in winter (Fig. 3.8-A), Hw > 0.7 m
in spring (Fig. 3.8-B), HwW > 1.4 m in summer (Fig. 3.8-C) and Hw > 1 m in fall (Fig. 3.8-D),
on average. For low daytime PAR levels (PAR < 500 pmol m™ s*), immersion only slightly
reduced CO; uptake (Fig. 3.8-C). On the contrary, for higher daytime PAR levels (PAR > 500
umol m2 s1), immersion strongly reduced CO- uptake, especially from Hw > 0.5 m, to reach

the lowest CO> sinks from Hw > 1.0 m, irrespective of the PAR levels (Fig. 3.8-C).
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Figure 3.8: Diurnal variations of NEE fluxes (umol CO2 m? s) measured every 10 minutes
according to water height (Hw, m) within five PAR groups (see caption of Fig. 3.6) in winter
(A), spring (B), summer (C) and fall (D). NEE values were averaged every 0.1 m. The
coloured areas represent the standard error of the mean.
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3.5. Annual carbon budgets
Throughout the year, the annual NEE value was -483.6 g C m? yr?, associated with

immersion duration of 6.1 h d!, on average. Simultaneously, estimated GPP and Reco (marsh
metabolic fluxes without tidal influence) absorbed and emitted 1019.4 and 533.2 g C m? yr?,
respectively, resulting in an annual estimated NEEmarsh Value similar to the measured NEE
value (Fig. 3.9). At the seasonal scale, the highest CO2> uptakes occurred in spring and
summer, associated with the lowest marsh immersion levels, and the lowest CO. uptakes
occurred in winter and fall, associated with the highest marsh immersion levels (Tables 3.2
and 3.4). In winter and fall, when the daytime immersion periods were the shortest, net C
balances from measured NEE gave higher values than net C balances from estimated
NEEmarsh (+7.9 and +6.2 g C m™, respectively; Table 3.4). Conversely, in spring and summer
when the daytime immersion periods were the longest, the opposite pattern was observed
between measured NEE values and estimated NEEmarsh values (-7.3 and -9.9 g C m?,

respectively; Table 3.4).
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Figure 3.9: Cumulative carbon fluxes (g C m2) of the measured NEE (in blue) and estimated
NEEmarsh (in green) throughout the year 2020. Vertical lines are used to delimit the four
seasons. NEE fluxes correspond to net vertical CO, exchanges measured by EC whereas
NEEnmarsnh fluxes correspond to net vertical CO2 exchanges estimated from NEE partitioning at
the benthic interface only, without any tidal influence.
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Table 3.4: Net seasonal carbon balances for the measured NEE and estimated NEEmarsh Values (g C m2). Corresponding seasonal percentages
(%) of marsh immersion and daytime marsh immersion are indicated. NEE corresponds to net vertical CO2 exchanges measured by EC whereas

NEEmarsh corresponds to net vertical CO2 exchanges estimated at the benthic interface without any tidal influence.

Cumulative NEE

Cumulative NEEmarsh

NEE —_ NEEmarsh

Immersion time

Daytime immersion

(g Cm?) (g Cm?) (g Cm? (%) time (%)
Year 2020 483.6 485.9 -2.3 25.5 52.2
Winter 94.4 86.5 7.9 23.7 415
Spring 184.5 191.8 -71.3 25.5 63.4
Summer 149.3 159.2 -9.9 24.9 64.5
Fall 55.5 49.3 6.2 27.9 395
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Table 3.5: Comparison of the annual NEE budget (g C m yr?) using EC measurements
across the salt, brackish and freshwater marshes of the coastal zone.

Study site Location Annual NEE budget Reference
(g Cmzyr?)
Tidal salt marsh” Fier d’Ars tidal estuary, -483 This study
France
Tidal salt marsh” Virginia, USA -1302 Kathilankal et al., 2008

Urban tidal marsh”

Hudson-Raritan estuary,
New-Jersey, USA

From +894 to -310

Schafer et al., 2014

Restored salt marsh”

Hudson-Raritan estuary,
New-Jersey, USA

-213

Artigas et al., 2015

Tidal salt marsh

Plum Island Sound

From -104 to -233

Forbrich et al., 2018

estuary, (-176 £ 32)°
Massachusetts, USA
Tidal salt marsh Duplin River From -139 to -309 Nahrawi, 2019
salt marsh-estuary,
Georgia, USA

Urban tidal wetlands Hudson-Raritan estuary, -307¢ Schafer et al., 2019
New-Jersey, USA
Brackish tidal marsh San Francisco Bay, -225 Knox et al., 2018
California, USA
Brackish marsh Louisiana, USA 171 Krauss et al., 2016
Para-dominated Taiwan -376 Lee et al., 2015
subtropical marsh
Reed-dominated Taiwan -53 Lee et al., 2015
marsh
Freshwater marsh Louisiana, USA -337 Krauss et al., 2016

Freshwater wetland

Everglades National Park,
Florida, USA

From -91 to +3
(-21 £ 17)¢

Zhao et al., 2019

“Managed and protected marshes, ®NEE budget during the growing season (from May to
October 2007), "Mean of annual NEE budgets over a five-year period (from 2013 to 2017),
°Annual NEE budget of three tidal marshes with different restoration histories, 9Mean of
annual NEE budgets over a nine-year period (from 2008 to 2016).
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4. Discussion

4.1. Marsh CO:2 uptake and influence of management practice

In the present EC study, the salt marsh absorbed 483 g C m yr? from the atmosphere.
This net C balance (i.e. budget) was lower than the values estimated for global tidal wetlands
(1125 g C m? yrt; Bauer et al., 2013) and for tidal marshes on the Atlantic coast of the
United State (775 g C m yr!; Wang et al., 2016) but similar to the C balance estimated by
Alongi (2020) for global salt marshes (382 g C m2 yr?).

Currently, an increasing number of EC measurements are being taken in salt marshes in
order to obtain continuous NEE data series as well as to increase knowledge about the
associated metabolic processes and fluxes for these tidal systems (Schéfer et al., 2014,
Forbrich et al., 2018; Knox et al., 2018) (Table 3.5). These EC studies confirmed the
estimates of CO; sinks in salt marshes (Wang et al., 2016; Alongi, 2020) but also revealed
strong NEE flux heterogeneities according to climatic conditions and anthropogenic
influences (Herbst et al., 2013; Schafer et al., 2019). For instance, NEE measured in a natural
salt marsh (S. alterniflora, S. maritima and D. spicata) showed a net C uptake from the
atmosphere with high interannual variations in C balances (Table 3.5) mainly due to rainfall
during the growing season for marsh plants (Forbrich et al., 2018). By comparison, in an
urban tidal marsh, Schéafer et al. (2014) reported a higher interannual variability from 984 g C
m2 in 2009 to -310 g C m2 in 2012 due to management practices and plant species (P.
australis and S. alterniflora in 2009 and total elimination of P. australis in 2012; Table 3.5).
In the same area, in another restored salt marsh in which the P. australis monoculture was
replaced by a high diversity of emergent marsh plants (S. patens, S. cynosuroides, S.
alterniflora and D. spicata), a net CO2 uptake was recorded (Table 3.5) which once again
confirms the importance of land management practices in marsh C balances (Artigas et al.,
2015). In our studied salt marsh, the natural management for several decades has allowed for
a return to the natural site hydrodynamics and the development of productive marsh
halophytes, mainly composed of H. portulacoides and S. maritima (59% of the footprint area).
However, past human activities and water management practices for salt farming have shaped
the marsh typology (channel network, humps and dykes), producing a time-delayed
immersion of plants and muds between high and low marsh areas during spring tides. Thus,
due to this emersion/immersion heterogeneity, mud and S. maritima were quickly immersed
by coastal waters, whereas the whole immersion of marsh habitats only occurred during the
highest tidal amplitudes favouring a higher atmospheric CO> uptake by H. portulacoides and
S. vera. During the year 2020, our rewilded salt marsh took up more C from the atmosphere
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mainly due to strong plant photosynthesis than the other salt, brackish and freshwater marshes
reported in the literature (Table 3.5). However, the net C balances calculated with the EC
method are still too scarce to be able to take all temporal and spatial variabilities of salt
marshes into account. Based on biomass production measurements in salt marshes, Sousa et
al. (2010) estimated that the NPP of H. portulacoides was 505 g C m yr'* whereas the NPP
of S. maritima varied between 367 and 959 g C m yr'! depending on the chemical-physical
characteristics and marsh maturity. Thus, the net metabolism of these halophytic plants could
play an important role in our net C balance but, according to “the marsh CO; pump” (Wang et
al., 2016), a significant proportion of marsh NPP was respirated by heterotrophic processes
and then (1) emitted as atmospheric CO> (38 + 11%) and (2) exported by tides as DIC (37
15%; Song et al., 2023).

Moreover, despite a lower benthic metabolism (photosynthesis and respiration) of muds
than evergreen plants (Fig. 3.7), the microphytobenthos which can develop on mudflats (27%
of the footprint area) may also contribute to marsh production during daytime emersion, as
highlighted in our studied marsh where static chamber measurements performed in March
2023 at midday showed a net CO» uptake to a non-vegetated mudflat (NEE mean of -2.92
pumol m? s%; unpublished results) and confirmed in an estuarine wetland in China (Xi et al.,
2019). On an intertidal flat (France), EC measurements even showed a higher daily benthic
metabolism with microphytobenthos (1.72 g C m d!; September/October 2007) than with
Zostera noltei (1.25 g C m d*; July and September 2008), confirming the high biological
productivity of mudflats (Polsenaere et al., 2012). However, due to the specific assemblage of
our studied marsh (Fig. 3.2), it remains complex to accurately study these habitat effects
(plants vs. microphytobenthos) on NEE fluxes at the marsh scale and draw more general
conclusions. Thus, the microphytobenthos could play a significant role in the atmospheric
CO2 uptake of salt marshes but also, more generally, in the carbon cycle of the coastal ocean
because the resuspension of the microphytobenthos primary production during tidal
immersion induce a large export of organic carbon from muds to coastal waters (up to 60% of
the benthic primary production in a nearby tidal flat; Savelli et al., 2019). These fast-growing
primary producers with high labile organic carbon could also be quickly degraded locally by
microbial remineralization (Ruttenberg, 1992; De Brouwer & Stal, 2001; Morelle et al., 2022)
contrary to evergreen plants contributing to long-term “blue carbon” burial in sediments
(Mcleod et al., 2011).
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4.2. Metabolism processes and controlling factors at multiple timescales

4.2.1. Seasonal scale

In a tidal salt marsh, the average monthly budgets from Forbrich et al. (2018) showed a
net COz sink during the growing season for marsh plants from June to September and a net
CO. source to the atmosphere during the rest of the year, indicating a strong seasonal
variability in marsh metabolic fluxes. In urban salt marshes, the growing season was longer
switching from source to sink in May (Schéfer et al., 2014; Artigas et al., 2015) and even in
April in a brackish marsh (Knox et al., 2018). In our studied marsh, the halophyte vegetation,
mostly composed of evergreen species, was autotrophic throughout the year allowing a net C
uptake from the atmosphere during both the growing and non-growing seasons (between 9 g
C m? in December and 73 g C m™ in July), whereas the senescence of smooth cordgrass
plants in some salt marshes (S. alterniflora and S. cynosuroides, for instance) from October
produced a marsh heterotrophy and a net C source to the atmosphere in winter and fall
(Schafer et al., 2014; Artigas et al. 2015; Forbrich et al., 2018). In our case, S. maritima is a
perennial species with a relatively short growing period. Indeed, during winter and fall, the
metabolism of this halophytic plant could have a significantly lower influence on marsh C
uptake than H. portulacoides and S. vera. The spatial NEE analysis showed that, in summer
during daytime emersion, CO. uptake rates of the north sectors (high mudflats areas) were
close to ones of the south sectors (high plants areas) which suggests a low heterotrophic
respiration in the mudflats during this period. The low Reco rates related to plant and soil
respiration processes resulted in lower atmospheric CO2 emissions in the studied salt marsh
than in urban salt marshes (Artigas et al., 2015) and brackish marshes (Knox et al., 2018),
thus allowing a net CO> sink from winter to summer. Moreover, our low Reco is also likely
linked to the low OM decomposition observed at our site, notably due to recalcitrant OM
(Arnaud et al., submitted). Furthermore, it is also important to better understand the direct and
indirect effects of meteorological conditions and tidal immersion on photosynthesis and
respiration processes and the associated marsh C balances (Knox et al., 2018).

Our study showed the predominant role of PAR and Ta on NEE variations in the salt
marsh as has already been highlighted elsewhere by Wei et al. (2020b). Our correct NEE flux
partitioning into GPP and Reco during emersion indicated that plant photosynthesis was
mainly driven by light, while ecosystem respiration was mainly driven by temperature. At the
seasonal scale, the strongest CO> sinks were measured during warm and bright periods such
as spring and summer, which were responsible for 70% of the annual C uptake (Table 3.4).
However, although the highest seasonal rate of GPP was measured in summer during the
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brightest months, the simultaneously recorded high Ta values instead favoured ecosystem
respiration producing a lower net CO> uptake in summer than in spring (Table 3.4). For
instance, in two urban salt marshes, the Ta values above 30°C reduced CO uptake by
increasing respiration and atmospheric CO. emissions (Schéfer et al., 2019). These two
meteorological parameters controlled short- and long-term NEE variations, as confirmed in
urban salt marshes where significant and strong pairwise correlations of NEE with net
radiation and temperature were recorded on half hourly, daily and monthly averages (Schéfer
etal., 2019).

At the studied salt marsh, we showed a significant influence of VPD and RH on daytime
NEE variations favouring plant CO> uptake for the lowest VPD values (< 1000 Pa) and the
highest RH values (> 80%). The lack of a significant relationship between NEE and RH at
night indicated that humidity influenced plant photosynthesis, by decreasing VPD and
stomata opening, rather than their respiration. In a similar tidal salt marsh, Forbrich et al.
(2018) showed a link between rainfall and C budgets on interannual variations in NEE, i.e.
during the early growing season in spring, rainfall events produced a decrease in soil salinity
and favoured CO uptake through an increase in plant productivity. In a salt marsh in the
Yellow River Delta, significant NEE increases and GPP decreases were recorded with high
soil salinities during emersion using static chamber measurements (Wei et al., 2020a). High
levels of soil salinity in salt marshes are a stressor for plants such as Spartina spp. and can
lead to reduce biomass production by inhibiting nutrient and CO. uptake throughout stomatal
closure (Morris, 1984; Hwang and Morris, 1994). Thus, in our studied marsh, we believe that
the increase in dryness periods, especially in summer, with a decrease in rainfall events could
profoundly modify plant productivity and marsh C uptake. This was confirmed by a
significant reduction in the CO> sink at the studied salt marsh with low RH and high Ta

values.

4.2.2. Diurnal and tidal scale influences
High-frequency EC measurements demonstrated that diurnal variations in NEE fluxes

were driven by light rather than air temperature (Xi et al., 2019; Wei et al., 2020b) with no
significant time delay recorded between NEE and PAR variations (Fig. S2). At our studied
site, the highest negative correlations between NEE and PAR were highlighted for low
daytime PAR values, indicating that the increases in light during the morning strongly

favoured CO- uptake mainly through plant photosynthesis up to the middle of the day. During
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the afternoon, the high Ta and VPD values (warm and dry periods) produced a reduction in
photosynthetic rates through stomatal closure of the C3 plants (Lasslop et al., 2010). This
GPP decrease associated with a Reco increase in afternoon reduced the net CO> uptake up to
reach CO2 emissions during night-time (Knox et al., 2018; Xi et al., 2019). In another tidal
salt marsh, Kathilankal et al. (2008) confirmed the PAR importance on Spartina
photosynthesis and diurnal NEE fluxes. In a restored salt marsh, EC measurements also
showed that the time of day has a major influence on atmospheric CO> exchanges during the
growing season, accounting for 49% of NEE variability (Artigas et al., 2015). Moreover, in
some cases, soil respiration can also be controlled by PAR or photosynthesis at the diurnal
scale (Vargas et al., 2011; Jia et al., 2018; Mitra et al., 2019), once again highlighting the
major role played by light in diurnal NEE variations (Kathilankal et al., 2008; Wei et al.,
2020b). In winter, negative NEE fluxes were measured during some night-time emersion
periods in the absence of any photosynthetic processes (18.5% in January, 18.1% in February
and 10.7% in March). These negative fluxes could have two main sources: (1) an inorganic
CO. diffusion and dissolution processes in saline/alkaline soils over mudflats (Ma et al.,
2013) and (2) an inflow of coastal waters undersaturated in CO2 with respect to the
atmosphere within the footprint area (in channel; Fig. 3.2) but not seen by the STPS probe due
to our one-location water height measurement and immersion marsh heterogeneity (see Sect.
2.2). The negative values during night-time emersion could reduce the night-time random
forest model performance for EC data gap-filling and produce an underestimation of
respiration coefficients for NEE flux partitioning (particularly b) even causing a negative
coefficient (February; Table S2).

At the daily scale, the intensity of atmospheric CO2 exchanges and the metabolic status of
the marsh (sink/source) were also significantly influenced by the tidal rhythm (Fig. 3.8). Tides
produced a significant decrease in daytime CO2 uptake with maximal reductions up to 90%
for the highest tidal amplitudes. In a S. alterniflora salt marsh, a mean reduction of 46 + 26%
was measured during immersion, although large CO2 amounts were still assimilated at a
reduced rate (Kathilankal et al., 2008). In some cases, daytime NEE fluxes could be
completely suppressed during immersion in salt marshes (Moffett et al., 2010; Forbrich and
Giblin, 2015; Wei et al., 2020a) and brackish marshes (Knox et al., 2018). This drop in CO>
uptake could be related to a physiological stress for plants under tidal immersion conditions
resulting in a reduction in the effective photosynthetic leaf area and photosynthesis rates
(Kathilankal et al., 2008; Moffett et al., 2010). Moreover, the physical barrier created by tidal
waters could limit the CO; diffusion from waters to plants, thereby resulting in fewer CO.
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exchanges between the atmosphere and the benthic compartment (sediments and soil). Using
chamber measurements at different tidal stages, Wei et al. (2020a) also highlighted the
importance of water heights and marsh immersion levels in NEE variations and confirmed a
significant GPP decrease during immersion. However, tidal effects on daytime NEE fluxes
may be more variable depending on the immersion level of the marsh and the
biogeochemistry state of the tidal waters. Indeed, during the brightest periods in winter and
spring, the temporary increases in CO. uptake recorded during incoming tides could be
related to (1) an increase in the GPP of H. portulacoides and S. vera (highest marsh levels)
favoured by VPD and Ta decreases due to tidal conditions and/or (2) tidal waters advected
from the shelf that are undersaturated in CO. with respect to the atmosphere due to
phytoplankton blooms (Mayen et al., in prep.). Moreover, when the salt marsh was fully
immersed at high tide during spring tides, NEE fluxes were mostly controlled by ecosystem
respiration and/or inorganic processes (carbonate and physicochemical pumps) rather than by
photosynthesis, as light was no longer a major controlling factor for CO> uptake in tidal
waters.

During night-time, CO. emissions from the salt marsh were inhibited by tidal effects
through a significant decrease in ecosystem respiration (Han et al., 2015; Knox et al., 2018;
Wei et al., 2020a). The physical barrier formed by tidal waters limits the atmospheric CO-
releases via respiration from plants and soils (Wei et al., 2020b). Moreover, saturation of
surface soils in tidal waters during immersion could reduce oxygen availability in the soil and
limit OM microbial decomposition and CO2 emissions through aerobic respiration (Nyman
and DelLaune, 1991; Miller et al., 2001; Jimenez et al., 2012; Han et al., 2015). In our case,
night-time CO> exchanges were reduced up to 100% (completely suppressed), sometimes
even causing a change in metabolic status of atmospheric CO2 from source to sink, especially
in winter when the Reco rates were the lowest. The presence of tidal waters advected from the
shelf during the night and CO> undersaturated with respect to the atmosphere due to previous
phytoplankton production and/or CaCO- dissolution in the water column during the day
(Gattuso et al., 1999; Polsenaere et al., 2012), could induce a sink which may lead to a net
uptake of CO: at night (Fig. 3.8). The results of our study indicate that tidal NEE variations
may be mainly related to the marsh immersion level, the PAR level and the time of the

growing cycle of plants as reported in Nahrawi et al. (2020).
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4.3. Salt marsh carbon budgets for future research perspectives
At the annual scale in 2020, the tidal rhythm did not significantly affect the net C balance

of the studied salt marsh since similar annual measured NEE and estimated NEEmarsh values
were recorded (Fig. 3.9). The loss of CO> uptake measured during daytime immersion due to
a GPP decrease could be compensated by night-time immersion where CO2 emissions and
Reco Were inhibited. However, strong temporal variabilities were measured, especially
between the growing and non-growing seasons. In winter and fall, the salt marsh did uptake
more C from the atmosphere with the tidal influence (measured NEE) than without (estimated
NEEmarsn), especially in December (+35.7%), November (+19.7%) and January (+15.4%),
associated with the highest photosynthetic efficiencies. An opposite trend was observed in
spring and summer with a reduction in net C uptake under tidal influence, especially in
August (-16.9%) and September (-9.8%). This significant difference in the seasonal C
balances could be mainly related to the photoperiod of immersion periods. We demonstrated
that daytime immersion decreased CO- uptake, whereas night-time immersion decreased CO>
emissions up to a change in metabolic status for the highest immersion levels. Thus, during
seasons where daytime immersion primarily occurs, such as spring and summer, the salt
marsh did uptake less atmospheric CO> with tidal influence, whereas seasons that mostly have
night-time immersion did uptake more atmospheric CO. with tidal influence (Table 3.4).
However, this unpublished result was only possible provided that the salt marsh switched
from a source to a sink of CO2 during night-time immersion due to water undersaturation with
respect to the atmosphere. In a salt marsh on Sapelo Island (USA), Nahrawi et al. (2020)
highlighted tidal CO> flux reductions all year round by distinguishing neap tide and spring
tide periods. Their results showed that the highest and lowest reductions in C uptake occurred
in spring (-34%) and summer (-13%), respectively, with a similar but greater tidal influence
on the C uptake values compared with our study.

To better constrain the tidal influence on the metabolism of the salt marsh, further
investigations have been carried out in 2021 in parallel with our EC measurements, with the
construction of a digital field model for water heights that can be used to spatially determine,
over the whole EC footprint, the exact areas of immersion and emersion (especially for the
low water levels) of the marsh in each sector at a 10-min. step. Similarly, during marsh
immersion, EC measurements do not directly capture CO2 fluxes from benthic metabolism
because of the physical barrier of the water and the lower CO> diffusion rates in water than in
air. Consequently, at the same time as when the NEE measurements were taken, water pCO2,

inorganic and organic carbon concentrations associated with planktonic metabolism were
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determined each season through 24-h cycles to provide essential information on the
contribution of planktonic communities and plants to CO> fluxes during immersion (Mayen et
al., in prep.). The lateral carbon export from salt marshes by tides plays a significant role in
the coastal ocean carbon cycle (Guo et al., 2009; Wang et al., 2016). Plant respiration and
microbial mineralization of marsh NPP could generate DIC in waters associated with a strong
benthic-pelagic coupling. Thus, our 2021 measurements of the carbon parameters, planktonic
metabolism (production and respiration) and other relevant biogeochemical variables over 24-
h diurnal cycles, along with measurements of the soil compartment (root OM production
versus mineralization; Arnaud et al., submitted) carried out in the EC footprint would allow
for a more integrative calculation of the studied marsh carbon budget (Mayen et al., in prep.).
One advantage of the EC measurements is the aggregation of CO> fluxes from all
compartments (waterbodies, soil, plants and atmosphere) in salt marshes. Yet, through this
flux aggregation, we cannot mechanistically understand each marsh compartment, and
therefore it can be challenging to predict CO. fluxes under multiple global changes.
Therefore, future contributions should try to simultaneously quantify all these compartments,
especially soil as it is where most of the carbon is stored in salt marshes (Arnaud et al.,
submitted). Ongoing atmospheric CO2 exchange measurements are actually carried out since
January 2023 up north over the Aiguillon intertidal Bay in France where we precisely
deployed an EC station at the edge between the tidal mud flat on the west side and salt marsh
habitats on the east side of the footprint along with benthic chamber flux and water, sediment,
soil carbon measurements and satellite analysis at each season to specially address questions
on relative habitat (mudflat versus salt marshes) influence on atmospheric CO> exchanges (P.

Polsenaere, personal communication).

5. Conclusion
In this study, we used the micrometeorological eddy covariance technique to investigate

the net ecosystem CO. exchanges (NEE) at different timescales and to determine the major
biophysical drivers of a rewilded tidal salt marsh. During the year 2020, the net C uptake from
the atmosphere (-483 g C m?2 yrt) was mainly related to a low OM decomposition rate
coupled with an intense autotrophic metabolism of halophyte plants, especially during the
growing season, driven by light, temperature and VPD. In summer, the brightest days
increased the plant GPP and simultaneously, high temperature and VPD values favoured Reco

resulting in a lower net CO, uptake in summer than in spring. At the daily scale, the tidal
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rhythm significantly influenced NEE fluxes according to the level of marsh immersion and
PAR. During daytime, tides strongly limited atmospheric CO> uptake, up to 90% reductions
whereas night-time immersion inhibited atmospheric CO2 emissions through plant and soil
respiration, sometimes even causing a change in metabolic status from source to sink.
However, at the annual scale, NEE flux partitioning into NEEmarsh highlighted that the tidal
rhythm did not significantly affect the net marsh C balance. Our continuous NEE
measurements have made it possible to better understand the biogeochemical functioning of
salt marshes over a wide range of environmental conditions and have provided essential
information on NEE fluxes in marshes undergoing potential future changes such as global

warming or sea level rise.
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Supplementary materials (Mayen et al., 2024)

Figure S1: Pictures of the Bossys perdus salt marsh during emersion (A; 01/03/2021 15:00,
Hw = 0 m) and immersion (B, 22/07/2021 13:00, Hw = 0.3 m; C, 27/04/2021 16:00, Hw = 1.8
m). Picture A was taken at low tide when all the marsh plants were emerged into the
atmosphere. During this time, the channel drains the upstream marsh waters to the estuary.
Picture B was taken during incoming tide when advected coastal waters completely fill the
channel and immerse the marsh. Picture C was taken at high tide during the highest tidal
amplitude when all the marsh plants were immersed by coastal waters. Water heights (Hw)
were measured from the STPS sensor located on the salt marsh and not in the channel (see
M&M section and Figure 3.2). © P. Polsenaere.
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Table S1: Performance indicators for each model (RF: Random Forest, ANN: Atrtificial
Neural Network) tested to gap fill the CO: fluxes. Predictor variables are PAR
(Photosynthetically active radiation, pmol m st), Ta (air temperature, °C), Hw (water height,
m), RH (Relative Humidity, %) and Vd (wind direction, m s). The performance indicators
are the coefficient of linear determination Pearson which shows the level of variability
captured by the model (R?), the racine of the error quadratic average which gives an overview
of the uncertainty of the result (RMSE: Root Mean Square Error), as well as the bias of the
model.

Models Predictor RMSE Bias R?
variable
RF1 PAR, Ta, Hw 1.42 0.0039 0.85
RF2 PAR, Ta, Hw, RH 1.27 0.0024 0.88
RF3 PAR, Ta, Hw, Vd 1.19 0.0029 0.90
ANN1 PAR, Ta, Hw 1.95 -0.0003 0.71
ANN2 PAR, Ta, Hw, RH 1.89 0.0021 0.73
ANN3 PAR, Ta, Hw, Vd 1.81 0.0041 0.75

Table S2: Estimation of the parameters used for NEE flux partitioning (a1, a2, Ro and b)
during emersion at the monthly scale. The a: coefficient is directly linked to the phenology of
the ecosystem.

ar a Ro b
January -7.82 370 0.34 0.04
February -9.89 435 0.64 -0.03
March -9.38 506 0.17 0.15
April -12.51 787 0.24 0.12
May -13.41 812 0.35 0.10
June -14.68 846 0.68 0.06
July -14.98 934 0.84 0.05
August -17.91 1397 0.56 0.07
September -16.86 1419 0.32 0.09
October -13.08 766 0.58 0.06
November -14.37 783 0.19 0.14
December -7.60 360 0.31 0.09
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Table S3: Monthly mean (umol CO2 m? s1) and monthly cumulative (y C m month)
fluxes of the measured NEE and estimated NEEmarsh during marsh emersion periods (Hw = 0
m). These comparisons between measured NEE and estimated NEEmarsh only during marsh
emersion allowed to confirm the correct NEE flux partitioning (see M&M section).

Mean NEE Mean NEEmarsh Cumulative NEE Cumulative

(umol CO; m2s?1)  (umol CO, m2s?) (g Cm?) NEEmarsh

(g Cm?
January -0.75 -0.77 -18.2 -18.7
February -1.55 -1.56 -34.8 -35.0
March -1.53 -1.53 -37.3 -37.3
April -1.95 -1.93 -45.2 -44.9
May -2.16 -2.16 -53.0 -53.2
June -2.29 -2.30 -50.6 -50.9
July -2.34 -2.33 -57.7 -57.6
August -1.24 -1.27 -29.9 -30.6
September -1.14 -1.13 -27.2 -26.9
October -0.80 -0.80 -18.4 -18.4
November -0.63 -0.61 -14.8 -14.4
December -0.40 -0.40 -6.3 -6.2
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Figure S2: Temporal variations of PAR (umol m? s*), Ta (°C), wind speed (m s?), wind
direction (°), VPD (Pa), RH (%), measured NEE, estimated NEEmarsh, estimated GPP and
estimated Reco (WMol CO2 m2 s) and water height (Hw, m) values measured at a 10-minute
frequency in early spring 2020 from 25/03/2020 (00:00 am) to 27/03/2020 (23:50 pm). Grey
areas correspond to night-time periods (PAR < 10 umol m™ s*). This temporal window in
March 2020 was chosen to highligh the marsh CO2 sink during night-time immersion, the
rapid decrease of CO, uptake during daytime immersion and the negative correlation between
NEE and PAR.
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Figure S3: Diurnal/tidal variations (boxplots) of NEE fluxes (umol CO2 m? st) during marsh
emersion (Hw = 0 m) and at four water level ranges of 0.5 m within five PAR groups. The
five PAR groups are 0 < PAR < 10 (night), 10 <PAR <500, 500 < PAR <1000, 1000 < PAR
<1500, 1500 < PAR <2000 pmol m? s,
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Chapitre IV

Influence du métabolisme aquatique des marais littoraux sur la

dynamique temporelle du carbone

Début d’immersion au marais tidal des Bossys perdus (ile de Ré, Fier d’Ars) lors d’une marée
montante (26/07/2021). © Mayen.
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Chapitre IV

Abstract

Salt marshes are highly productive coastal ecosystems allowing atmospheric CO, uptake
through primary production of halophyte plants. These tidal systems also export large and
variable amounts of organic and inorganic carbon (C) processed by marsh metabolism.
However, the strong temporal variations of vertical and horizontal C fluxes need to study the
whole marsh metabolism taking terrestrial and aquatic compartments into account and
distinguishing their contributions to atmospheric CO, exchanges measured by Eddy
Covariance. Within a temperate salt marsh, seasonal 24-hour cycles were performed to
measure relevant biogeochemical parameters (water pCO», organic and inorganic C and
nutrients), planktonic metabolism and net ecosystem CO> exchanges (NEE) at the diurnal and
tidal scales. In this study, water pCO2 were mainly controlled by biological activity inducing
water CO. oversaturation in winter due to heterotrophic processes and water CO>
undersaturation in spring and summer due to autotrophic processes. In winter, the highest
concentrations in DIC, TA and nutrients (NH4* and PO4*) measured at low tides could come
from sediment heterotrophy and exported to channel waters by tidal pumping. On the
contrary, in spring and summer, the significant water pCO, decreases and DOC increases
from high to low tides could be related to a strong marsh primary production including plants,
macroalgae and phytoplankton. At low tides, planktonic metabolism had a significant
influence to water pCO> inducing a net uptake in winter and spring and a net source in
summer and fall but planktonic communities did not play a significant role in marsh C

balances at the ecosystem scale.

Key words

salt marsh, 24-hour cycles, water pCO2, net ecosystem CO> exchanges, organic and inorganic

carbon, nutrients, planktonic metabolism.
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1. Introduction
Since several decades, atmospheric CO2 emissions by anthropogenic activities strongly

modified biogeochemical equilibrium of the global carbon cycle (Friedlingstein et al. 2019)
favouring global warming and sea level rise (Lee et al., 2021). Significant amounts of
anthropogenic CO> have been taken up by terrestrial and marine environments through
photosynthesis of vegetation and phytoplankton (Canadell et al., 2021). However, some
uncertainties yet remain on the redistribution of these CO2 fluxes within coastal systems such
as salt marshes that play a significant role in the carbon biogeochemical processes at the
terrestrial-aquatic-atmospheric exchange interfaces (Cai 2011; Bauer et al. 2013; Alongi
2020).

Salt marshes are among the most productive ecosystems in the biosphere with gross
primary production (GPP) rates ranging from 1900 to 3600 g C m™ yr! and net ecosystem
production (NEP) rates ranging from 150 to 1600 g C m yr'* (Duarte et al. 2005; Hopkinson
and Smith 2005; Gedan et al. 2009), allowing to behave as significant CO2 sinks (Cai 2011).
A part of marsh primary production (~10%) can be buried as “blue carbon” in sediments
and/or plant living biomass (Chmura et al. 2003; Macreadie et al. 2017) helping to offset
anthropogenic CO2 emissions. Blue carbon burial rates in coastal wetlands such as salt
marshes (218 + 24 g C m2 yr!), mangroves (226 + 39 g C m yr') and seagrass beds (138 +
38 g C m2 yrl), are among the highest, making a major contribution to the global carbon
cycle compared with terrestrial ecosystems (Mcleod et al. 2011). The majority of the marsh
primary production (> 70%) is respired by heterotrophic processes and exported out of the
system through horizontal and vertical carbon fluxes whose dynamics depends on seasonal,
diurnal and tidal rhythms (Wang et al. 2016). Various respiration processes in marsh
sediments produce and export important quantities of dissolved inorganic carbon (DIC) and
total alkalinity (TA) from high to low tides strongly influencing in turn partial pressures of
CO2 (pCO2) or more generally the carbonate systems of tidal waters (Wang et al. 2018; Song
et al. 2023; Reithmaier et al. 2023) and the carbon balance of downstream coastal systems
(Cai 2011; Bauer et al. 2013). The "marsh CO, pump" hypothesis proposes that atmospheric
CO: uptake by salt marshes and the export of inorganic carbon would be one of the main
mechanisms making adjacent coastal waters sources of CO; for the atmosphere (Wang and
Cai 2004). The second pathway for marsh carbon loss is vertical carbon fluxes with the
atmosphere both from emerged and immerged marsh respirations (Song et al. 2023). In salt

marshes, strong heterogeneity of horizontal and vertical carbon fluxes due to seasonal, diurnal
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and tidal rhythms (Cai 2011; Wang et al. 2016) requires integrative measurements of net
ecosystem CO> exchanges (NEE) simultaneously with organic and inorganic carbon of tidal
waters to evaluate marsh carbon dynamics at all different temporal scales (Wang et al. 2018;
Alongi 2020).

In terrestrial ecosystems, NEE measured by atmospheric Eddy Covariance (EC) generally
correspond to NEP (Kowalski et al. 2003; Chapin et al. 2006). However, in salt marshes, the
later relationship is more complex and NEE does not fully correspond to NEP since lateral
DIC exports are not captured by EC measurements, especially during transient tidal phases
(flooding/ebbing) (Wang et al. 2018; Mayen et al. 2024). During marsh emersion, NEE
mainly occurs at the soil-atmosphere interface, implying a strong contribution from benthic
NEP (plants and sediments) to atmospheric CO2 exchanges. Indeed, salt marshes, with a large
halophyte vegetation cover, have high rates of primary production and respiration (Schéafer et
al. 2014; Forbrich and Giblin 2015) inducing net CO, uptake during daytime emersion (-3.86
+ 3.62 umol m2 s™) and net CO, emission during night-time emersion (1.22 + 1.18 pmol m™
st Mayen et al. 2024). In addition, the microphytobenthos (MPB) on sediments, composed of
benthic microalgae, can migrate to the surface of muddy sediments during daytime emersion
to use photosynthetically active radiation (PAR) and contribute to benthic NEP (Migné et al.
2007; Xi et al. 2019). On the contrary, marsh sediments can also behave as a net source of
atmospheric CO., especially during non-growing season for plants, mainly related to
microbial decomposition of soil organic carbon (Gong et al. 2023). During marsh immersion,
advected coastal waters create a physical barrier between benthic and atmospheric
compartments which strongly influences NEE (Chapin et al. 2006; Mayen et al. 2024). In this
situation, NEE involves cumulated contributions from benthic NEP, planktonic NEP and
horizontal carbon exchanges by tidal advection. In addition, during immersion, the organic
carbon produced at emersion can be transferred to the water column and contribute to
planktonic NEP such as MBP (Polsenaere et al. 2012; Savelli et al. 2019). The shallowness of
salt marshes can favour primary production of planktonic communities through a significant
light penetration in waters (Gazeau et al. 2004) and also strong benthic exchanges producing
DIC in waters (Wang and Cai 2004; Wang et al. 2016; Gong et al. 2023). In salt marshes,
previous studies highlighted CO. emissions at the water-atmosphere interface due to
heterotrophy of aquatic metabolism (0.06 and 0.02 mol C m™2 d* in summer and winter,
respectively, in the Duplin salt marsh estuary; Wang et al. 2018). However, a limited number

of studies showed the contribution of water CO. biogeochemical status and planktonic
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communities on marsh metabolic fluxes at the ecosystem scale (Song et al. 2023). Thus, it is
of paramount importance to more precisely study the whole marsh metabolism taking
terrestrial and aquatic compartments into account at the different spatio-temporal scales and

distinguishing their respective contributions to ecosystem CO; exchanges (sink/source).

This biogeochemical study focuses on the aquatic metabolism influence on carbon
dynamics (horizontal and vertical fluxes) in a temperate salt marsh. For this purpose, we
performed four seasonal 24-hour cycles, measuring relevant biogeochemical parameters
(water pCO2, organic and inorganic carbon and nutrients), planktonic metabolism and
atmospheric CO; fluxes in a main channel of the studied salt marsh connected to upstream
artificial marsh and downstream shelf waters. The main focuses of this paper are (1) to
highlight biotic and abiotic controlling factors on water carbon variations and particularly
water pCOz, (2) to study the metabolic status of planktonic communities in the marsh as sink
or source of CO- and (3) to identify the contribution of biogeochemical water signatures on
NEE fluxes.

2. Materials and methods
2.1. Study site

The Bossys perdus salt marsh is a vegetated intertidal wetland (52.5 ha) along the French
Atlantic coast on Ré Island (Fig. 4.1-A). After an intensive land-use (salt harvesting, oyster
farming), the salt marsh is now protected inside a National Natural Reserve (NNR) since 1981
to restore its natural hydrodynamics and its halophile vegetation (Champion et al. 2012). The
salt marsh is located within the Fier d’Ars tidal estuary that exchanges coastal waters with the
Breton Sound continental shelf (Bel Hassen 2001) allowing to (1) flood the intertidal zone of
the estuary including mudflats (slikke) and salt marshes (schorre) and (2) supply the artificial
salt marshes (i.e. salt ponds) upstream of the dyke (Fig. 4.1-A). The water residence times in salt
ponds vary from few hours to fifteen days according to the seasonal management practice (Mayen
et al. 2023). The Bossys perdus salt marsh is subjected to semi-diurnal tides from the shelf
(Fig. 4.1-A) allowing the marsh immersion through channels differently in space, in time and
frequency according to tidal periods. During high tide (HT) periods, imported coastal waters
gradually fill the sampling channel (southern sector; Fig. 4.1-B) and can immerge the salt
marsh through variable water heights depending on tidal amplitudes and meteorological

conditions (Mayen et al. 2024, Fig. S1). On the contrary, during low tide (LT) periods, the
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vegetation cover of the marsh, mainly composed by Halimione portulacoides, Spartina
maritima and Suaeda vera, is emerged and exposed to the atmosphere (Mayen et al. 2024, Fig.
S1). At that time (LT), waters remaining in the sampling channel are influenced and exported
from upstream salt ponds to the downstream estuary (Fig. 4.1-B) with constant water heights.
Generally, macroalgae blooms (Ulva spp.) colonized each year artificial salt marsh ponds

from April to October during each year (Mayen et al. 2023).

0ar 02w 30 vasar WWW  THOW  YWOW  VRDW IBOW 0w

[/,
m Bossys perdus salt marsh - Imported waters

E Footprint (90% contour line) - Exported waters

[] National Natural Reserve

-200 -100 0 100 200

Dyke
x Sampling and measurement station . Eddy Covariance station

Dyke - Exported waters

Figure. 4.1: (A) The Bossys perdus salt marsh located on the French Atlantic coast within the
National Natural Reserve on Ré Island. This intertidal salt marsh is connected to the
downstream Fier d’Ars estuary (light blue under tidal immersion) and the upsteam artificial
salt marshes (salt ponds). The dyke (orange line) separates terrestrial and maritime marsh
areas. Blue arrows represents coastal water inputs from the estuary and the continental shelf at
high tides (tidal marsh flooding and artificial marsh supplying) and green arrows represents
exported waters from artificial salt marshes to the estuary through the Bossys perdus channel
at low tides. The studied footprint area (80% countour line) of the Bossys perdus marsh is
indicated (red line). (B) Location and set-up of the eddy covariance (EC) system within the
Bossys perdus salt marsh at low tide (marsh emersion) and its associated footprints averaged
over the year 2021 (Kljun et al., 2015). The red arrows corresponds to the studied 80%
footprint countour line encompassing the water sampling location (blue cross).
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2.2. Sampling strategy and field techniques
Four 24-h cycles were performed at the seasonal scale from March to December 2021

(Tables 4.1 and 4.2) in the main tidal channel to the south of the Bossys perdus salt marsh
(Fig. 4.1-B). For each 24-h cycle, our sampling strategy consisted of measuring relevant
biogeochemical parameters and the associated planktonic metabolism simultaneously with
atmospheric CO; fluxes at diurnal (daytime and night-time) and tidal (low tide and high tide)
scales through discrete samplings and continuous real-time measurements, respectively. At
the same station, the discrete sampling of sub-surface waters was performed every hour or
two hours during each 24-h cycle (n = 13 over Cl-winter, n = 15 over C2-spring and C3-
summer and n = 16 over C4-fall) with a large variation in water heights: from the bottom of
the channel at low tide (Hw = 0.5 m) to the full marsh immersion at high tide (Hw > 2.5 m)
(Fig. 4.2). These discrete samplings allowed the analysis of photosynthetic pigments (Chla),
carbonate system parameters (DIC and TA), nutrients (NOs_NO2", NH4*, DIP and DSi) and
dissolved and particulate organic matter parameters (DOC, DON, POC and PON) (Table 4.3).
Water samples were collected with a 5 L glass bottle, directly filtered on the field and then
conditioned for chemical analysis at the laboratory. For the organic matter, the sampling
equipment was pre-washed with HCI 10% (for 12h), rinsed with de-ionised water and dried.
The glassware (filter holders, filtration funnels, GF/F filters, vials and syringe) was pre-
combusted (for 4h at 450°C). These two treatments eliminated any trace of inorganic and
organic carbon (Lorrain et al. 2003). For the planktonic metabolism measurements, water
samples were collected every six hours during each 24-h cycle (n = 4) successively at LT
(channel waters) and HT (marsh waters). Additionally, in sub-surface waters, partial pressure
of CO2 (pCOy), temperature, salinity and dissolved oxygen concentration (DO) were
autonomously measured every 10 min. by in situ probes (C-sense and EXO2 probes). These
measurements were performed at the same frequency during 4 days before each 24-h cycle

(i.e. 5 days of continuous measurements per season).

The sampling strategy successively at LT (channel waters influenced by salt marsh) and at
HT (marsh waters influenced by shelf) both at day and night allowed to take into account all
temporal variability during 24-h cycles (LT/Day, HT/Day, LT/Night, HT/Night; Fig. 4.2).
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Table 4.1: In situ 24-h cycles and associated meteorological parameters measured by the EC station (means and standard deviations in bold and
ranges in brackets) across the seasons of the year 2021 at the Bossys perdus salt marsh. Dates and times of start and end of each 24-hour cycles
were indicated (times in universal time). Cumulated rain over 7 days before cycles were done. Meteorological parameter averages over each 24-h
cycle were compared to a longer seasonal reference period (Table S1). NA: wind data could not be measured over the C4-fall. Ta: air
temperature; RH: relative humidity.

24-h cycle Season Date Time Ta Daytime PAR Wind speed RH 7-day
(start-end) (°C) (umol m2 s™) (ms?) (%) cumulated rain
(mm)
C1 winter 01-02 March 09:00-09:00 11.4+1.9 762 £ 465 2.33+1.19 75.2 £10.0 2.1
(8.7-15.3) (10 - 1335) (0.45-5.09) (54.8 - 89.5)
C2 spring 27-28 April 08:00-08:00 13.8+29 1134 + 668 3.80+£1.29 65.6 +14.4 0.2
(9.4 - 20.1) (10 — 1964) (0.38-6.27) (31.5-84.1
C3 summer 26-27 July 08:00-08:00 19.6 £ 0.6 976 + 728 3.11+£0.83 786+26 4.5
(18.5 - 20.8) (10 — 2216) (1.14 - 5.05) (73.2 - 88.9)
C4 fall 06-07 December  09:00-09:00 10.3+0.7 160 +93 NA 87.8+6.5 25.0
(7.9-11.3) (10 — 340) (73.4-97.5)
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Table 4.2: In situ 24-h cycles and associated tidal rhythm parameters corresponding to each seasonal sampling period. The same diurnal/tidal
synchronism (low and high tides at the same period of the day) during each 24-h cycle was adopted. Hw ranges (m) correspond to the water
height amplitudes measured for each tidal cycle in the sampling channel (Fig. 4.1-B). The daytime and night-time marsh immersion duration
corresponded to hours per day (h d*) where coastal waters completely fill the channel and flood the habitats of the Bossys perdus salt marsh. See

the Table 4.1 caption for more information.

24-h cycle Season Date Time Low/High tide Hw Daytime marsh Night-time marsh
(start-end) hours range (m) immersion (h d?) immersion (h d?)
C1 winter 01-02 March 09:00-09:00 11:22/17:18 0.50 - 2.50 4 4
23:37/05:34 0.50 — 2.65
Cc2 spring 27-28 April 08:00-08:00 09:51/16:00 0.50-2.70 5 5
22:11/04:20 0.50-2.80
C3 summer 26-27 July 08:00-08:00 11:19/17:27 0.50 -1.90 4 4
23:46 / 05:50 0.50-1.75
C4 fall 06-07 December  09:00-09:00 11:01/17:14 0.50 - 2.40 5 5
23:23/05:37 0.50 - 2.60
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Figure 4.2: Temporal variations of biogeochemical parameters measured during each 24-h
cycle from winter to fall: water salinity, water height (Hw, m), water temperature (Tw; °C),
DO saturation level (DO-sat.; %), pCO2 (ppmv), NpCO2 (pCO2 variations related to non-
temperature effects; ppmv), TpCO2 (pCO- variations related to temperature effects; ppmv), air
CO; concentration (ppm) and NEE fluxes (umol CO, m2 s?). Estimated NEEmarsh, GPPmarsh
and Rmarsh fluxes (umol CO2 m? s2) are presented simultaneously with NEE fluxes measured
by EC. All parameters were measured or estimated every 10 min. during each 24-h cycle.
White and grey areas correspond to daytime and night-time, respectively. No variation of Hw
(Hw = 0.50 m) corresponds to low tides and increase/decrease of Hw (Hw > 0.50 m)
correspond to high tides. Vertical dotted lines distinguish low tide day (LT/Day, 1), high tide
day (HT/Day, 2), low tide night (LT/Night, 3) and high tide night (HT/Night, 4) (see M&M
section for further information). Each graduation of the x-axis corresponds to two hours.

2.3. Online parameters

2.3.1. Water pCO:2 measurements and associated physicochemical
parameters

A C-sense™ probe (PME/Turner Designs) and an EXO2 multiparameter probe (YSI)
were deployed to measure continuously every 10 min. water pCO2 and physicochemical
parameters, respectively. The measurement range of the C-sense probe is 0-2000 ppmv with
an absolute accuracy of 60 ppmv (3% of the full scale; Turner Designs). The C-sense probe
was calibrated by the manufacturer before the study. A water pCO2 correction was applied
taking into account the total dissolved gas pressure (TDGP), the atmospheric pressure during
the calibration (1009 hPa) and the measured pCO> values (Mayen et al. 2023). The EXO2
probe was used to measure water temperature (£ 0.1°C), salinity (£ 0.2 salinity unit), DO
concentration (+ 3.1 umol L) and DO saturation level (+ 1%). Simultaneously, water heights
(Hw, £ 0.3 m) were measured every 10 min. by a STPS probe (NKE Instrumentation) located
in the sampling channel (Fig. 4.1-B). Water heights (Hw) measured at one location in the
channel relative to the mean sea level were used to distinguish LT periods with constant water
heights (Hw = 0.50 m; Fig. 4.2) and HT periods with increases (flooding tide) or decreases
(ebbing tide) of water heights (Hw > 0.50 m; Fig. 4.2).

2.3.2. Atmospheric eddy covariance measurements
Over the year 2021 and simultaneously to our water samplings, an atmospheric Eddy

Covariance (EC) system (Campbell Scientific Inc.) was deployed at the Bossys perdus salt
marsh as described in Mayen et al. (2024). The EC station continuously measured the net
ecosystem CO; exchanges (NEE, umol m2 s) within the annual averaged footprint (90%

contour line, i.e. 12069 m?; Fig. 4.1-B). EC data were recorded at a frequency of 20 Hz and
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averaged every 10 min. over each 24-h cycle except for the C4-fall where no EC
measurement was possible due to an anemometer malfunction and revision. In addition,
photosynthetically active radiation (PAR, pmol m? s¥), air temperature (Ta, °C), relative
humidity (RH, %) and cumulative precipitation (rainfall, mm) were also recorded at the same
frequency of NEE. Daytime and night-time were separated into PAR > 10 and PAR < 10
umol m2 s, respectively (Fig. 4.2). The set of EC sensors (the open-path infrared gas
analyser, the ultrasonic anemometer, the meteorological station), footprint estimation, EC data
processing, quality control and gap-filling model are fully described in Mayen et al. (2024).
The random forest model, using PAR, Ta, RH and Hw values, allowed to gap-fill the missing
EC data over each 24-h cycle (0, 20 and 2% over Cl-winter, C2-spring and C3-summer,
respectively). The studied footprint area was mainly dominated by halophyte plants,
composed by H. portulacoides (37%), S. maritima (22%) and S. vera (7%) at the benthic
interface. Negative NEE fluxes represent a marsh CO> uptake (atmospheric sink) whereas,
positive NEE fluxes represent a marsh CO2 emission (atmospheric source). To study marsh
metabolism related to photosynthesis and respiration processes, NEE were partitioned during
LT periods into ecosystem gross primary production (GPPmarsh) and ecosystem respiration
(Rmarsh), respectively (Kowalski et al. 2003; Wei et al. 2020). In this study, NEE correspond to
net vertical CO2 exchanges measured by EC whereas, NEEmarsh (GPPmarsh — Rmarsh) correspond
to net vertical CO, exchanges estimated at the marsh-atmosphere interface without tidal

immersion (Mayen et al. 2024).

2.4. Analytical procedures
24.1. Discrete parameters

For dissolved inorganic nitrogen (DIN = NOs_NO2" + NH4") and phosphorus (DIP =
PO+>), 300 mL water samples were pre-filtered through cellulose acetate membrane filters
(Minisart Sartorius© 0.45 pum pore size) directly after the sampling and stored at -20°C until
analysis. For dissolved silicate (DSi = Si(OH)47), 100 mL filtered water samples were stored
at 4°C until analysis. Samples were analysed using an auto-analyser (Seal analytical AA3)
following standard protocols (Aminot and Kérouel, 2007). Nitrate and nitrite were analysed
together and grouped as NO3z"_NOy". The limits of quantification (LQ) were 0.4 uM for DSi,
0.2 uM for NO3_NO: and 0.05 uM for DIP and NH4*. Measurement uncertainties were 4%
for DSi and 8% for NOs_NO-", NH4" and DIP.
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For dissolved organic and inorganic matter (DOC, DIC and DON), 50 mL water
samples were filtered through precombusted GF/F filters (Whatman® Nuclepore™, 0.7 um
pore size) in opaque vials using a glass syringe. Total dissolved carbon (TDC) concentration
was measured using the 680°C combustion catalytic oxidation method on a TOC meter
(Shimadzu TOC-Lcpricen™). Furthermore, by acidifying the sample (HCI, pH < 3.0), all DIC
in the sample is converted to CO; and DIC concentrations were obtained with an infrared gas
analyzer (Shimadzu TOC-Lcericen™). DOC concentrations were then calculated by
subtracting the DIC concentration from the obtained TDC concentration. Total dissolved
nitrogen (TDN) concentration was measured with a combustion (720°C) where TDN in the
sample was decomposed to nitrogen monoxide. The nitrogen gas was cooled, dehumidified
and then, the nitrogen monoxide was detected by a chemiluminescence gas analyser on a TOC
meter (Shimadzu TOC-icericen™). DON concentrations were calculated by the difference
between TDN and DIN. Measurement uncertainties were 3.0% for TDC and TDN and 7.0%
for DIC.

For particulate organic matter (POC and PON), 30-200 mL water samples were gently
filtered through precombusted GF/F filters (Whatman® Nuclepore™, 0.7 um pore size).
Filters were dried (12 h at 60°C), enclosed within clean glass vials and stored in the dark
protected from humidity until analysis (Lorrain et al. 2003). After removal of carbonates with
phosphoric acid, filters were treated using a CHN element analyser (Thermo Fisher Scientific,
Waltham, USA) to measure POC and PON concentrations following Aminot and Kérouel
(2004).

TA analyses were performed with an automatic titration system (Titroline 7000 from
SI Analytics) using HCI 0.01 N on 25 g of filtered samples (Dickson et al. 2007). The
equivalent point for the TA measurement was calculated by linearizing the Gran function
(Gran, 1952). Measurements were compared to certified reference material (CRM, provided
by A. G. Dickson from Scripps Institution of Oceanography). The maximal precision level

was * 0.44%.

Phytoplankton biomass was estimated through Chla concentrations. Water samples
(30200 mL) were filtered through GF/F filters (Whatman® Nuclepore™, 0.7 pm pore size)
and stored at -20°C until analysis. Chla was extracted in 10 mL of 90% acetone in the dark at
4°C for 12 h and analysed by monochromatic spectrophotometry (Aminot and Kérouel,
2004). Microphytoplankton (>20 um) abundance and community diversity were assessed
using an inverted microscope (Zeiss, Axio Observer). 1000 mL water samples were fixed with
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Lugol iodine solution (2%) and stored in the dark at 4°C. Samples were gently homogenised
before settling in 10 mL sub-sample for 12 h in Hydro-Bios counting chambers (Utermdohl,
1958). Limits of quantification was 100 cells L. For bacterial and phytoplanktonic
abundances by flow cytometry, 2 mL water samples were fixed with glutaraldehyde (0.25%
final concentration; SIGMA-ALDRICH) and stored at -80°C until analysis. Enumeration was
carried out using a flow cytometer (NovoCyte, Agilent Tech.).

2.4.2. Planktonic metabolism parameters
For planktonic metabolism measurements (net community production, NCP, gross

primary production, GPP and community respiration, CR), 5 L water samples were pre-
filtrated through 100 pm pores to remove larger grazers, larges particles or large
phytoplankton colonies and carefully siphoned into fifteen 125 mL narrow-mouth Winkler
glass bottles with a silicon tube avoiding air oxygen bubbles. Water samples were protected
from solar irradiation before the onset of the incubation. Five replicates bottles were used to
determine the initial oxygen concentrations and five transparent “light” and five opaque
“dark” replicates bottles were used for in situ incubations in the sub-surface waters for six
hours (Carpenter 1965; Carritt and Carpenter). Dissolved oxygen concentration was measured
using the spectrophotometric Winkler approach which shows a standard deviation of 0.45%
for inter-repeatability and 0.73% for reproducibility near 250 pmol L (Labasque et al. 2004).
CR and NCP rates were calculated from changes in dissolved oxygen concentrations after
incubation of samples under light and dark conditions, respectively, relative to the initial
oxygen concentrations. GPP were then calculated as the sum of CR and NCP following the
mass balance equation GPP = NCP + CR. Occasionally, metabolism experiments failed and
yielded negative CR rates (i.e. production of oxygen in the dark) or negative GPP (i.e. CR >

NCP). These estimated were further not considered in the analysis.

The temporal evolution of the metabolic status of the planktonic community is
described by the GPP/CR ratio, where GPP/CR > 1 represents a net autotrophy, GPP/CR =1
is a metabolic balance and GPP/CR < 1 represents a net heterotrophy. In order to convert
planktonic metabolism rates from oxygen to carbon, we used an average photosynthetic
quotient (PQ = 1.3) from similar coastal systems and a typical respiratory quotient (RQ = 1.0)
used in most studies (Laws 1991; Caffrey 2004; Gazeau et al. 2004; Wielgat-Rychert et al.
2017). Results are expressed in umol CO, Lt h2,
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For each HT period, an integrated NCP rate (mmol CO2 m h™') was estimated from
the volumetric NCP rate (umol COz L* h'!) and the Hw mean above the marsh to compare
planktonic metabolism with net aquatic ecosystem production and air-water CO> fluxes (see
below). For each 24-h cycle, a daily net C balance (g C m? d) was obtained taking into

account the four NCP rates measured every 6 h successively at LT and HT.

2.5. Calculations
To distinguish temperature vs. non-temperature effects on water pCO; variations, TpCO-

(ppmv) and NpCO2 (ppmv) were calculated, respectively, following Takahashi et al. (2002)
and Polsenaere et al. (2022). In this study, TpCO: studied pCO; variations around the annual
or seasonal mean pCO: that would be expected only from temperature effects whereas,
NpCO: represented pCO> variations due to biological and non-temperature effects (horizontal
advection, tidal pumping, benthic exchanges) with a temperature normalization to an annual

or seasonal mean (Mayen et al. 2023).

Over the 24-h cycles, air-water CO> fluxes (FCO2) and net aquatic ecosystem production
(NEPaquatic) were simultaneously estimated for each HT period during highest immersion
levels with limited horizontal exchanges (for 2 h over C1-winter and C3-summer and for 3.5 h

over C2-spring and C4-fall).

2.5.1. Air-water COz2 fluxes
Diffusive CO- fluxes (FCO2, mmol m? h?) at the air-water interface were estimated

each hour following Eqg. (1) from Polsenaere et al. (2022) and Mayen et al. (2023):
FCO2 = k.a.ApCO2 Q)

where k (cm h') is the CO, gas transfer velocity, a (mol kg atm™) is the CO2 solubility
coefficient in saltwater (Weiss, 1974) and ApCO2 (ppmv) is the gradient between mean water
and air pCO. Water pCO, were measured by the C-sense probe while air pCO, and wind
speeds were measured by the Eddy Covariance system. In this study, we used the k-wind
parametrization of Wanninkhof et al. (2022), which was a coefficient specific for oceanic and
coastal waters (Wang et al. 2018; Polsenaere et al. 2022). The gas transfer coefficients,

normalized to a Schmidt number of 600 (keoo) obtained from Wanninkhof et al. (2022), were
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converted to the gas transfer velocity of CO: at the in situ temperature and salinity (Keeo)

following the procedure of Jahne et al. (1987).

2.5.2. Net ecosystem production of water column (NEPagquatic)
The NEPaquatic Was calculated by considering the changes in DIC concentrations

between two discrete samplings during HT periods and corrected for CaCO3

production/dissolution and air-water CO flux (Cotovicz et al. 2021), following Eq. (2):
NEPaquatic = ((DIC1 — DIC2)pd) / At — ((TA1 — TA2)pd) / At — FCO2 (2)

where DIC; and DIC; are DIC concentrations (mmol kg™) between two discrete samplings
normalized to the mean salinity, TA: and TA; are TA concentrations (mmol kg?) between
two discrete samplings normalized to the mean salinity, p is the sampled seawater density (kg
m=3), d is the mean depth above the marsh (m), At is the time interval (h) and FCOz is the
mean CO flux (mmol m? h?) across the air-water interface. In this study, NEPaguatic
estimated the overall aquatic metabolism (benthic and planktonic) whereas, NCP studied the

planktonic aquatic metabolism only (section 2.3.3).

2.6. Data analysis and statistical analysis
For each 24-h cycle, a linear regression between TA and DIC normalized to a salinity

constant (NTA and nDIC) was performed to highlight the dominant biogeochemical processes
affecting DIC and TA concentrations (Borges et al. 2003). For this, DIC and TA were
normalised according to Friis et al. (2003) with a mean salinity value from all samples (25.0,
36.7, 36.0 and 33.2 at C1-winter, C2-spring, C3-summer and C4-fall, respectively) in order to
reduce evaporation and dilution processes on these parameters (Koné and Borges 2008;
Saderne et al. 2019). For each 24-h cycle, DIC was partitioned into dissolved CO,, HCOs™ and
COs? ions from salinity, temperature, DSi, DIP, DIC and TA using the carbonic acid constant
from Mehrbach et al. (1973) as modified by Dickson and Millero (1987), the KHSO4 constant
from Dickson (1990) and the borate acidity constant from Lee et al. (2010). The CO2 system
calculation program (version 2.1.) performed these calculations (Lewis and Wallace, 1998).

Discrete sampling data did not respect a normal distribution (Shapiro-Wilk tests, p <
0.05). Non-parametric comparisons such as the Mann-Whitney and Kruskal-Wallis tests were

carried out with 0.05 level of significance. A Dunn test was used to perform a post-hoc
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multiple comparison of the Kruskal-Wallis test to detect significant differences among
groups. For a better data representation, high-frequency data were done in means
(meteorological data, water pCO2 and atmospheric CO> fluxes) whereas, discrete sampling
data were done in medians (inorganic carbon, organic matter, nutrients). The statistical tests,
Spearman’s correlation matrix as well as figures (temporal graphs, barplots, boxplots) were
performed with the GraphPad Prism 7 software. Since the biogeochemical data did not follow
a normal distribution, non-metric multidimensional scaling (NMDS) were conducted to assess
temporal variabilities at the seasonal scale (between 24-h cycles), at the tidal scale (low tide
vs high tide) and at the diurnal scale (daytime vs night-time) using the “vegan” package
(Oksanen et al., 2022) for the R software. At the global scale (all sampling data, n = 59),
multiple factor variance analyses were performed to test the contribution of seasonal, diurnal
and tidal factors on measured biogeochemical variables (Table 4.4). For variance analysis,
data that did not respect a normal distribution were transformed into logio(x) or logio(x+1).

These statistical analyses were performed with Statgraphics Centurion 19 software.

3. Results
3.1. Meteorological and environmental settings

The air temperature (Ta) averages over the 24-h cycles (Table 4.1) were within the
standard deviations of the 3-year seasonal averages (continuous measurements during three
full seasons; Table S1) although, C1-winter was significantly warmer (+2.1°C) and C4-fall
was significantly colder (-2.4°C) than the seasonal reference period (Mann-Whitney tests, p <
0.05). C3-summer was the warmest period whereas, similar thermal conditions were recorded
between Cl-winter and C4-fall (Table 4.1). Similarly, the full seasonal range in solar
radiations was captured over our 24-h cycles although, the daytime period of C1-winter was
brighter and the one of C4-fall less bright than the seasonal reference period (Tables 4.1 and
S1). C2-spring and C3-summer were the brightest periods with no significant variation in
daytime PAR values (Mann-Whitney, p = 0.10; Table 4.1). Globally, 24-h cycles were
characterized as bright/cold over Cl-winter, very bright/'warm over C2-spring, very
bright/very warm over C3-summer, no bright/cold over C4-fall. In average, over C2-spring
and C3-summer, wind speeds were similar to the seasonal reference periods whereas over C1-
winter, wind speeds were lower (Tables 4.1 and S1). Over Cl-winter, winds came from
northeast whereas over C2-spring and C3-summer, higher wind rotations were recorded with

winds mainly came from west (Fig. 4.1-B). The driest and wettest periods were the C2-spring
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and C4-fall, respectively, associated to the lowest and highest 7-day cumulative rains (Table
4.1).

Over the year 2021, salinity of shelf waters as water source flooding the studied salt marsh
were bimonthly measured at a close marine station (Filiere W; Fig. 4.1-A) and ranged from
27.6 (winter) to 34.8 (summer). At Filiere W station, salinity did no significantly varied
between the year 2021 and the 2000-2020 reference period (Mann-Whitney test, p = 0.50)
according to Belin et al. (2021) (Table S2). At the studied salt marsh, salinity measured at
high tides (marsh waters) was similar to the shelf whereas, salinity measured at low tides
(channel waters) showed stronger variations ranging from 21.4 (Cl-winter) to 44.2 (C3-
summer; Fig. 4.2). The whole duration of high tide periods was 8 h d* over C1-winter and
C3-summer (lowest tidal ranges) and 10 h d* over C2-spring and C4-fall (highest tidal
ranges; Table 4.2). Water temperatures varied between 6.4°C (C4-fall) and 28.1°C (C3-
summer). Similarly, large amplitudes of DO and water pCO. were measured over the 24-h
cycles, with DO-sat. ranging between 13% (C3-summer) and 187% (C2-spring) and water
pCO; ranging between 83 ppmv (C3-summer) and 1461 ppmv (C1-winter). For each variable,
these extreme values were measured at low tide in channel waters between the day (LT/Day)
and the night (LT/Night; Fig. 4.2).

3.2. Temporal variations of water pCO2 and atmospheric CO2 exchanges
During each 24-h cycle, the average water pCO2 was within the standard deviations of the

5-day seasonal average (Table S3). In average at the seasonal scale, waters were oversaturated
in CO2 with respect to the atmosphere over C1-winter and C4-fall (669 + 327 and 422 + 73
ppmv, respectively) and undersaturated in CO2 over C2-spring and C3-summer (239 + 105
and 271 + 182 ppmv, respectively). Water pCO: significantly differed between each 24-h
cycle (Kruskal-Wallis test, p < 0.0001), except between C2-spring and C3-summer (Dunn’s
test, p = 0.16). The average NpCO: decreased sharply from C1l-winter (802 = 440 ppmv) to
C3-summer (200 = 146 ppmv) and then increased towards C4-fall (546 + 80 ppmv) whereas,
the highest and lowest average TpCO. were calculated over C3-summer (562 + 57 ppmv) and

Cl-winter (342 = 35 ppmv), respectively.
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Figure 4.3: Boxplot distribution of water pCO. variations measured every 10-min. at the
diurnal/tidal scales within each seasonal 24-h cycles. Horizontal dotted line corresponds to the
CO. atmospheric concentration measured by the EC station and averaged over the four
seasonal 24-h cycles (416 ppm). LT/Day: low tide day; HT/Day: high tide day; LT/Night: low
tide night; HT/Night: high tide night. Daytime and night-time periods were separated into
PAR > 10 and PAR < 10 umol m™ s, respectively, whereas low tide (LT) and high tide (HT)
periods were separated into Hw = 0.50 m and Hw > 0.50 m, respectively (see Fig. 4.2 and
M&M section for further information on these temporal periods).

Water pCO; also significantly varied within each 24-h cycle depending on diurnal and
tidal scales with, generally, (1) pCO2 decreases during daytime and pCO: increases during
night-time and (2) lower pCO> values at low tides than at high tides (Figs. 4.2 and 4.3). Over
Cl-winter, the largest diurnal/tidal variation of water pCO> was recorded ranging from 321
ppmv at LT/Day (undersaturation period in CO2) to 1461 ppmv at LT/Night (oversaturation
period in COg; Fig. 4.3). Over C2-spring and C3-summer at low tide (LT/Day and LT/Night),
water was strongly undersaturated in CO> whereas at high tide (HT/Day and HT/Night), water
was slightly undersaturated and oversaturated in CO, over C2-spring and C3-summer,
respectively (Fig. 4.3). Finally, over C4-fall, the lowest diurnal/tidal variation was recorded
(from 311 to 541 ppmv) associated with a slightly water CO undersaturation at low tide and a
slightly water CO. oversaturation at high tide (Fig. 4.3). For each 24-h cycle, significant
differences in water pCO> were highlighted at the diurnal/tidal scales (Kruskall-Wallis tests, p

< 0.0001), except (1) between LT/Day and LT/Night and (2) between HT/Day and HT/Night
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both over C3-summer (Dunn’s tests, p = 0.90 and p = 0.60, respectively) and C4-fall (Dunn’s
tests, p = 0.21 and p = 0.07, respectively; Fig. 4.3). At the global scale (all pCO- values, n =
570), the variance analysis highlighted a significant effect of seasonal (F = 194.6, p < 0.0001)
and tidal (F = 243.6, p < 0.0001) factors on logio(pCOz2) but no significant diurnal effect (F =
0.9, p = 0.33).

During high tide periods, mean air-water FCO> from keso and water pCO> were estimated
to be 0.09 £ 0.09 (source), -0.13 + 0.11 (sink), 0.12 £ 0.08 (source) and 0.30 £ 0.20 (source)
mmol m? h* over Cl-winter, C2-spring, C3-summer and C4-fall, respectively. Significant
variations of air-water FCO, were recorded between the 24-h cycles (Kruskal-Wallis, p <
0.0001), except between Cl-winter and C3-summer (Dunn’s test, p = 0.65). We recorded a
significant higher mean air-water CO source at night than at day only over C1-winter (t test,
p <0.0001).

3.3. Planktonic biomass, abundance and metabolism
Median values of Chla concentrations increased from Cl-winter to C4-fall (Table 4.3).

Over Cl-winter, Chla varied between 1.2 and 5.0 pg L independently of the tidal status
whereas during the other 24-h cycles, higher Chla were recorded at low tide than at high tide
(Fig. 4.4 and Fig. S1). Over the 24-h cycles, microphytoplankton (> 20 um) was mainly
composed of pennate diatoms (except over C3-summer where a dinoflagellate bloom
occurred) with an increase of abundances from high to low tides both over C2-spring and C3-
summer (Fig. 4.4). For smaller cells (< 20 pum), nanophytoplankton was also more abundant at
low tides than at high tides from C2-spring to C4-fall (Fig. 4.4). Higher bacteria abundances
were also recorded at low tides with the highest and lowest tidal variations during C2-

spring/C3-summer and C1-winter/C4-fall, respectively (Fig. 4.4).

Over the 24-h cycles, NCP rates strongly varied according to light (daytime vs. night-time)
and water height (low tide vs. high tide). Planktonic community was net autotrophic during
daytime (except for C2-HT/Day and C4-HT/Day) and net heterotrophic during night-time
(except for C2-HT/Night) irrespective of the water height (Fig. 4.5-A). Systematically, a
stronger planktonic metabolism (net production and respiration) was recorded at low tides
than at high tides (Fig. 4.5-A,B). The highest net autotrophy rates (NCP > 0) were recorded at
low tide during daytime ranging from 0.54 + 0.10 (C4-LT/Day) to 5.24 + 0.39 umol L h?!
(C2-LT/Day) and the highest net heterotrophy rates (NCP < 0) were recorded at low tide
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during night-time ranging from -0.92 + 0.64 (C1-LT/Night) to -2.15 + 0.35 pymol L h' (C3-
LT/Night). At low tide, CR rates ranged from 0.92 £ 0.64 (C1-LT/Night) to 3.23 + 0.62 pmol
Lt h'! (C3-LT/Day) whereas at high tide, CR rates slighter varied from 0.26 + 0.13 (C4-
HT/Day) to 1.99 + 0.07 umol L* h! (C2-HT/Day; Fig. 4.5-B). Consequently, the strongest
daytime GPP rates were also recorded at low tide, especially over C2-LT/Day and C3-LT/Day
(Fig. 4.5-C). The NCP vs. CR relationship was significant only without LT/Day periods (R? =
0.43, p < 0.05, n = 12). At the global scale with all rates, CR were significantly related to
bacteria abundance (R? = 0.50, p < 0.05, n = 16) but not to Chla concentrations (p = 0.14, n =
16) (data not shown here).
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Figure 4.4: Abundance of microphytoplankton (10° cell L), pico-nanophytoplankton (108
cell L) and bacteria (10 cell L't) sampled at the diurnal/tidal scales during each 24-h cycle
simultaneously with NCP measurements. Contrary to the biogeochemical parameters sampled
every hour or two hours over 24-h cycles, planktonic communities were sampled every 6 h
once of each period of LT/Day, HT/Day, LT/Night and HT/Night (n = 4). The Chla
concentration associated to each sampled planktonic community was added in green.
Microphytoplankton was separated into centric diatoms, pennate diatoms and dinoflagellates.
LT/Day: low tide day; HT/Day: high tide day; LT/Night: low tide night; HT/Night: high tide
night (see Fig. 4.2 for further information on these temporal periods).
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Table 4.3: Medians (in bold) and associated ranges (in brackets) of biogeochemical parameters measured during our 24-h cycles (n = 13 over

Cl-winter, n = 15 over C2-spring and C3-summer and n = 16 over C4-fall; see Fig. S1).

code Cl-winter C2-spring C3-summer C4-fall Transformation for
variance analysis
Chlorophyll a (ug L?) Chla 2.6 4.2 7.0 114 logio(X)
(1.2-5.0) (1.4 -25) (1.3-17) (1.0-29)
Dissolved Inorganic Carbon (umol kgt) DIC 2850 2068 1963 2520 logio(X)
(2313 - 3869) (1886 —2342) (1663 — 2278) (2124 - 2793)
Total Alkalinity (umol kg?) TA 3076 2757 2385 2804 log10(X)
(2508 — 4016) (2379 —2947) (2228 - 2812) (2351 - 3047)
Nitrate + Nitrite (UM) NO3z_NOy 19.0 1.0 0.60 1.5 logio(x + 1)
(8.4-31) (0.37-1.7) (0.20 - 0.80) (0.35-5.3)
Ammonium (UM) NH4* 33 2.9 21 3.3 logio(x + 1)
(2.5-60) (0.51-7.7) (0.59-4.0) (1.59 - 6.6)
Phosphate (uM) DIP 1.06 0.19 0.75 0.25 logio(x + 1)
(0.56 — 2.3) (0.05-0.88) (0.12-1.73) (0.11-0.39)
Silicate (UM) DSi 27 14.4 23 7.2 logio(x + 1)
(21-94) (2.2-27) (8.4 —40) (5.2-12.5)
Dissolved Organic Carbon (uUM) DOC 288 519 358 289 logio(X)
(124.0 — 596) (161.9 — 1040) (97.4 - 1010) (93.1 - 529)
Particulate Organic Carbon (uUM) POC 188 151 166 101 logio(X)
(41.8 - 581) (27.4 - 560) (29.6 — 1048) (21.3-270)
Dissolved Organic Nitrogen (uM) DON 16 44 56 39 l0g10(X)
(5.4 — 45) (12.3-85) (23.3-117) (18.6 — 57)
Particulate Organic Nitrogen (UM) PON 16 17 28 15 l0g10(X)
(3.2-39) (2.7 - 68) (3.7-131) (3.8-36)
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Over the 24-h cycles, we examined also the variation of planktonic metabolism
standardized to Chla biomass in order to observe if the variation of the planktonic metabolism
is due to its productivity or to its biomass (Fig. 4.5). Chla specific NCP rates (NCPchia)
showed the highest mean value at C1-LT/Day whereas lower and similar specific NCPchia
rates were recorded both at C2-LT/Day and C3-LT/Day (Fig. 4.5-D). At low tide, the highest
and lowest specific CRchia rates were recorded over C1-winter/C3-summer and C2-spring/C4-
fall, respectively (Fig. 4.5-E). Over C2-spring, specific CRcnia rates were higher at high tide
than at low tide whereas over C3-summer, the opposite trend was recorded (Fig. 4.5-E). The
increases in specific GPPchia and CRcnia rates from C2-LT/Day to C3-LT/Day could
associated with a bloom of dinoflagellate that appeared in summer at low tide (42% of
Lingulodium polyedra, 18% of Gymnodinium and 10% of Prorocentrum micans) whereas,
abundance of pennate diatoms did no varied between spring and summer (Fig. 4.4). The
highest specific CR rates standardized per cell of bacteria (CRpac) Were recorded over C1-
HT/Night and C2-HT/Day (Fig. 4.5-G).

During high tide periods, planktonic metabolism (NCP) was compared with overall
aquatic metabolism (NEPaquatic; Table 4.6). Planktonic community was net autotrophic at C1-
HT/Day and C3-HT/Day (NCP = 0.89 and 0.43 mmol m h'%, respectively) whereas, overall
aquatic community was net autotrophic only at C3-HT/Day (NEPaguatic = 95.91 mmol m2 h).
At high tides, overall aquatic community produced higher inorganic carbon to water column
by heterotrophy at night than at day (except to the C2-spring). Generally, NCP rates were
lower than NEPaquatic rates and similar metabolic status (autotrophy vs. heterotrophy) were
recorded except over C1-HT/Day and C2-HT/Night (Table 4.6).
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Figure 4.5: Planktonic metabolism and associated standard errors at diurnal/tidal scale over the four seasonal 24-h cycles: net community
production (NCP, umol CO2 Lt hl), community respiration (CR, umol CO; L h') and gross primary production (GPP, pmol CO, L h?).
Specific rates of NCP (D), CR (E) and GPP (F) were standardized per unit of Chla (umol CO2 pg Chla ht). Specific CR rates standardized per
abundance of bacteria (G) were also indicated (umol CO2 cell h'%). Planktonic metabolism rates were measured by the Winkler method with in
situ water incubation in transparent and dark bottles. LT/Day: low tide day; HT/Day: high tide day; LT/Night: low tide night; HT/Night: high tide
night (see M&M section for further information on these temporal periods).
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3.4. Analytical biogeochemical measurements from water samples
DIC and TA concentrations followed similar seasonal and tidal variations with decreases

from Cl-winter to C3-summer and increases from high tides to low tides (Table 4.3). Over
each 24-h cycle, the highest DIC and TA concentrations were recorded in channel waters at
low tides, especially over Cl-winter at night (Table 4.3 and Fig. S1). Significant linear
relationship between salinity-normalized TA (nTA) and salinity-normalized DIC (nDIC) was
found over each 24-h cycle with slopes ranging from 0.39 over C2-spring (R?> = 0.58, n = 12,
p < 0.001; Fig. 6-B) to 1.10 over C4-fall (R>=0.99, n = 16, p < 0.001; Fig. 4.6-D).
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Figure 4.6: Linear regressions between normalized DIC (nDIC) versus normalized TA (nTA)
for each 24-h cycle at the seasonal scale. For each cycle, nTA and nDIC data were calculated
from Friis et al. (2003) with a mean salinity value from all samples (25.0, 36.7, 36.0 and 33.2
at C1-winter, C2-spring, C3-summer and C4-fall, respectively; see section 2.6.).
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Nutrients significantly varied between seasons (Kruskal-Wallis tests, p < 0.05), with a
strong decrease of NO3~_NO> and NH4" concentrations from C1-winter to C2-spring. DIP and
DSi concentrations also decreased from C1-winter to C2-spring before increasing toward C3-
summer (Table 4.3). At a shorter timescale (hourly sampling), significant higher
concentrations of NH4*, DSi and DIP were recorded at low tides than at high tides (Mann-
Whitney tests, p < 0.05) whatever diurnal status, especially (1) over C1-winter for NH4" (Fig.
4.7-B), (2) over C2-spring and C3-summer for DSi (Fig. 4.7-C) and (3) over C1l-winter and
C3-summer for DIP (Fig. 4.7-D) where the greatest amplitudes were recorded. On the
contrary, NOz"_NO>" concentrations were significantly lower at low tide at high tide (Mann-
Whitney tests, p < 0.05), especially over Cl-winter (Fig. 4.7-A). Over the 24-h cycles, the
highest and lowest DIN:DIP and DIN:DSi ratio were recorded over C1-winter (medians of 45
and 1.5, respectively) and C3-summer (medians of 3.3 and 0.1, respectively), respectively,

whereas, no seasonal variation in DSi:DIP ratio (overall median of 37, Table S4).

Organic matter also strongly varied at the seasonal scale (Table 4.3) with the highest POC
and DOC concentrations recorded over Cl-winter and C2-spring, respectively. Over 24-h
cycles, the highest concentrations were recorded at low tides and the lowest ones were
recorded at high tides. For instance, over C2-spring, median values of POC and DOC ranged
from 40 to 231 uM and from 199 to 873 UM, respectively, from high to low tides. For each
24-h cycle, total carbon (TC) and total nitrogen (TN) was calculated at high tides and at low
tides (Fig. 4.8) and most of TC was as inorganic forms whereas, most of TN was as organic
forms (except for Cl-winter). Systematically, significant increases in TC and TN were
recorded from high tide to low tide (Fig. 4.8) with (1) mainly increases of dissolved inorganic
matter over C1l-winter (especially, HCO3™ and NH4") and (2) mainly increases of dissolved
organic matter over C2-spring and C3-summer (especially, DOC). Over all 24-h cycles at low
tides, POC:PON ratios varied between 6 and 8 (except to Cl-winter where the highest
POC:PON ratios were recorded; Fig. 4.9-A). Discrete samplings showed that particulate
organic matter was mainly detrital (POC:Chla > 200 mg mg*; (Savoye et al. 2003) with the
highest and lowest POC:Chla ratios recorded at low tide over Cl-winter and C4-fall,
respectively. Over C2-spring, significant lower POC:Chla ratios were recorded at low tide
than at high tide whereas over C3-summer, the opposite tidal trend was recorded (Mann-
Whitney tests, p < 0.05; Fig. 4.9-B).
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Figure 4.7: Boxplot distribution (median, minimum and maximum) of inorganic nutrients
(uM) at the diurnal/tidal scales within each seasonal 24-h cycle: NOs_NO> (A), NHs™ (B),
DSi (C) and DIP (D). LT/Day: low tide day; HT/Day: high tide day; LT/Night: low tide night;
HT/Night: high tide night.
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3.5. Statistical analysis
At the scale of all 24-h cycles (all samples, n = 59), NMDS showed higher temporal

variations of measured biogeochemical parameters at seasonal and tidal scales than at diurnal
scale (Fig. 4.10). More precisely, variance analyses on dissolved inorganic matter showed that
TA, NH4" and DSi were more strongly explained by tidal factor in comparison with seasonal
factor whereas, the opposite trend was found for NO3”_NO." and DIC (Table 4.4). Regarding
dissolved organic matter, DOC and DON were mostly controlled by tidal factor (weak
seasonal influence) whereas for particulate organic matter, POC was only controlled by tidal
factor (Table 4.4). Diurnal factor did not significantly explained variance of biogeochemical
parameters at the global scale (except for DIP; Table 4.4) but significantly affected carbonate
system (DIC, TA and pCOy) over Cl-winter only (Fig. S1). At the global scale (n = 59),
correlation analyses highlighted that dissolved organic matter (DOC and DON) and
photosynthetic pigments (Chla) displayed strong negative correlations with water pCO2
whereas, dissolved inorganic matter (DIC and NOs_NO) displayed weak positive
correlations with water pCO> (Table 4.5). We showed that organic carbon (POC and DOC)
were significantly positively correlated with Chla whereas, NO3z~_NO> were significantly
negatively correlated with Chla. Increases in NHs* from high to low tides were strongly
positively correlated with TA and DIC (Fig. S1 and Table 4.5).

3.6. Net ecosystem CO:2 exchanges and daily C balances
Significant seasonal variations of NEE were highlighted between each 24-cycle (Kruskal-

Wallis test, p < 0.001). In average, the highest and lowest atmospheric CO- sinks within the
EC footprint were measured over C3-summer (-2.70 + 5.00 pmol m2 s1) and C1-winter (-
1.37 + 2.66 pmol m? s, respectively (Fig. 4.2). Over the 24-h cycles, the highest CO;
uptake and CO. emission were recorded at low tides during daytime and night-time,
respectively, associated with a major influence of marsh benthic metabolism (i.e. measured
NEE = estimated NEEmarsh; Fig. 4.2). However, at high tides, immersion strongly disrupted
NEE though, in general, no change in the marsh metabolism status (sink/source) was noticed.
Indeed, at HT/Day, significant differences were recorded between measured NEE and
estimated NEEmarsh over Cl-winter and C2-spring (Wilcoxon tests, p < 0.05), where tides
decreased net marsh CO. uptake of 80% and 68%, respectively. On the contrary, no
significant difference between NEE and NEEmarsh Was recorded over C3-summer at HT/Day

(Wilcoxon test, p = 0.41; NEE = NEEmarsh) though a water CO2 oversaturation was measured
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at this time (Fig. 4.2). At HT/Night, lower marsh CO. emissions were measured with
measured NEE than with estimated NEEmarsh (Wilcoxon tests, p < 0.05) inducing even a

switch from source to sink over C1-winter, though a water CO2 oversaturation was measured

at the same time (Fig. 4.2).
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Figure 4.10: Non-metric multidimensional scaling (NMDS) using Euclidean distance of the
biogeochemical parameters measured from hourly water samples (n = 59) at the seasonal (A),
tidal (B) and diurnal (C) scales (stress of 0.08). Each NMDS is based on pCO», DIC, DOC,
POC, PON, DON, TA, Chla, NO3_NO2, NH4*, DSi and DIP values. Biogeochemical data
were reported in table 4.3. Seasonal factor assesses variability between 24-h cycles (C1-
winter, C2-spring, C3-summer and C4-fall); tidal factor assesses variability between high
tides (Hw > 0.50 m) and low tides (Hw = 0.50 m); diurnal factor assesses variability between
daytime (PAR > 10 umol ms1) and night-time (PAR < 10 pmol m?2 s).
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Table 4.4: Multiple factor variance analysis of biogeochemical parameters measured from
hourly water samples during all 24-h cycles (n = 59). Seasonal factor assesses variability
between 24-h cycles (Cl-winter, C2-spring, C3-summer and C4-fall); tidal factor assesses
variability between high tides (Hw > 0.50 m) and low tides (Hw = 0.50 m); diurnal factor
assesses variability between daytime (PAR > 10 pmol m2 st) and night-time (PAR < 10
umol m2 st). Parameters that did not respect a normal distribution were transformed into
logio(x) or logio(x+1) for variance analysis. The F values of the Fisher test were added. The
higher the value of F, the greater the influence of the factor on the parameter.

Seasonal factor Tidal factor Diurnal factor

log1o(Chla) Yes Yes No
F=59 F=230.2 F=0.1
p <0.001 p <0.0001 p=0.74

logi0(DIC) Yes Yes No
F=479 F=18.1 F=03
p <0.0001 p < 0.0001 p=0.61

l0g10(TA) Yes Yes No
F=259 F=91.0 F=0.1
p < 0.0001 p < 0.0001 p=0.79

l0g10(POC) No Yes No
F=22 F=161.2 F=0.8
p=0.10 p < 0.0001 p=0.37

log10(DOC) Yes Yes No
F=4.2 F=188.5 F=0.8
p <0.05 p < 0.0001 p=0.36

log10(PON) Yes Yes No
F=51 F=174.3 F=0.7
p <0.05 p <0.0001 p=0.41

log10(DON) Yes Yes No
F=233 F=170.9 F=0.2
p <0.0001 p <0.0001 p = 0.65

l0g10(NO3_NO; + 1) Yes Yes No
F=151.6 F =538 F=18
p <0.0001 p < 0.0001 p=0.19

logio(NH4 + 1) Yes Yes No
F=39.2 F=60.0 F=0.8
p < 0.0001 p < 0.0001 p=0.39

logio(DIP + 1) Yes Yes Yes
F=257 F=232 F=6.3
p <0.0001 p < 0.0001 p <0.05

l0g10(DSi +1) Yes Yes No
F=28.0 F=40.8 F=11
p <0.0001 p <0.0001 p=0.31

213



Chapitre IV

Table 4.5: Spearman’s rank correlations of biogeochemical parameters and phytoplankton biomass recorded from hourly water samples during
the four 24-h cycles at the Bossys perdus salt marsh (n = 59). Asterisks designate significant correlations (™ p < 0.001, ™ p < 0.01, * p < 0.05,
NA p > 0.05).

Spearman  pCO: Chla DIC TA NOs_NO» NH4* DIP DSi DOC POC PON DON
pCO:2 1.00 -0.61™ 0.42™ NA 0.59™ NA NA NA -0.68™"  -0.56™"  -0.64™  -0.69"
Chla 0.11™ 0.45™ -0.50"™" 0.32" NA 0.25 0.69™ 0.78"™ 0.84™ .77
DIC 0.79™ 0.43™ 0.74™ NA NA NA NA NA NA

TA NA 0.87" 0.27" 0.37" 0.49™ 0.57" 0.42™ 0.26"

NOs_NO> 0.25 0.37" NA -0.39™ NA -0.43™" -0.68™
NH4* 0.47™ 0.46™ 0.40™ 0.49™ 0.35™ NA
DIP 0.87"™ 0.36 0.50™ 0.37" 0.22"

DSi 0.46™ 0.68™ 0.50™ NA
DOC 0.80™ 0.85™ 0.83™
POC 0.92™ 0.71™
PON 0.87™
DON 1.00
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Table 4.6: Diurnal comparison (day vs night) of planktonic metabolism (NCP) and overall aquatic metabolism (NEPaguatic) during marsh
immersion over each 24-h cycle at the Bossys perdus salt marsh. Simultaneously, water-air CO. fluxes (FCO.) estimated from water pCO>
measurements and net ecosystem CO. exchanges (NEE) measured by EC were simultaneously recorded (means and SD in bold, ranges in
brackets) and related to planktonic and aquatic metabolism. Wind direction (wind dir.) measured by the EC station was added for each
immersion period. NA: EC data could not be measured for C4-fall.

Planktonic metabolism Overall aquatic Water-air Net ecosystem CO; exchanges
metabolism CO; fluxes (NEE)
GPP/CR NCP NEPaquatic FCO; NEE Wind dir.
(mmol m?2 h?) (mmol m?2 h?) (mmol m?2 h?) (mmol m2h?)
Cl-winter HT/Day 3.31 0.89 -6.68 0.01 +0.00 -0.43+2.22 ENE
(0.00-0.02) (-6.80 — 2.80) ESE
HT/Night 0.84 -0.23 -16.70 0.17+£0.04 -3.18 +1.03 ESE
(0.11-0.22) (-5.02 — -1.55)
C2-spring HT/Day 0.91 -0.20 -27.81 -0.23 £ 0.08 -10.84 £ 4.72 WNW
(-0.31--0.11) (-19.33 - -5.29) NNW
HT/Night 2.52 1.77 -1.32 -0.06 £ 0.09 0.96+2.16 NNW
(-0.22 - 0.00) (-4.25-3.71)
C3-summer  HT/Day 1.91 0.43 95.91 0.07 £0.03 -8.03 +2.87 NNE
(0.03-0.10) (-15.84 — -5.08)
HT/Night 0.12 -0.73 -20.89 0.21+£0.02 0.06 £1.09 NNW
(0.18-0.22) (-1.24 - 1.56)
C4-fall HT/Day 0.29 -0.18 -1.30 0.38£0.06 NA NA
(0.32-0.44)
HT/Night 0.39 -0.27 -5.87 0.29+£0.26 NA NA
(0.00 -0.62)
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Table 4.7: Daily net C balances ( C m? d?) of measured NCP rates (planktonic metabolism), measured NEE fluxes (atmospheric CO;
exchanges) and estimated NEEmarsh, GPPmarsh and Rmarsh fluxes (marsh metabolic fluxes) during the four seasonal 24-h cycles at the Bossys
perdus salt marsh. For daily NCP rates, negative balances correspond to an autotrophy (net C sink for waters) and positive balances correspond to
a heterotrophy (net C source for waters). For net marsh metabolism with immersion (NEE) and without immersion (NEEmarsh), Negative balances
correspond to an atmospheric C uptake by the marsh. NA: EC data could not be measured for C4-fall.

Daily NCP Daily NEE Daily NEEmarsh Daily GPPmarsh Daily Rmarsh

(gCm2d? (gCm2d? (gCm2d? (gCm2d? (gCm2d?
Cl-winter -0.07 -1.43 -1.64 -2.22 0.58
C2-spring -0.25 -2.56 -3.32 -4.96 1.64
C3-summer 0.06 -2.82 -2.62 -4.49 1.87
C4-fall 0.11 NA NA NA NA
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Over the 24-h cycles, net C balances of planktonic metabolism (NCP) ranged from -0.25
(C2-spring) to 0.11 g C m?2 d (C4-fall) whereas, net C balances of the salt marsh (NEE)
ranged from -1.43 (C1l-winter) to -2.82 g C m? d* (C3-summer; (Table 4.7). Indeed, net C
balances from estimated NEEmarsh, considering only the marsh metabolism at emersion,
ranged from -1.64 (C1-winter) to -3.32 g C m?2 d* (C2-spring). The highest GPPmarsh and
Rmarsh rates were recorded over C2-spring and C3-summer, respectively (Table 4.7). At
emersion, a significant proportion of the marsh primary production (GPPmarsh) Was respired
and re-emitted as atmospheric CO2 (Rmarsh) over our 24-h cycles (26%, 33% and 42% over

C1l-winter, C2-spring and C3-summer, respectively; Table 4.7).

4. Discussion
4.1. Temporal variations of water pCO2 and controlling factors

The four 24-h cycles with continuous water measurements following the different tidal
phases (at high tide with marsh waters influenced by shelf and at low tide with channel waters
influenced by salt marsh) showed large and significant seasonal and tidal variations of water
biogeochemical parameters related to carbon cycle (Fig. 4.10), especially water pCO2 (Fig.
4.3). For illustrate this, we observed a maximal pCO: variation of 430 ppmv at the seasonal
scale (between 24-h cycles) and a maximal pCO: variation of 1140 ppmv at the tidal scale

(between high tide and low tide).

Seasonal water pCO> were strongly controlled by non-thermal effects (biological activity,
tidal exchange and benthic exchanges) inducing a water CO2 oversaturation in winter and a
water CO, undersaturation in spring and summer. In the salt marsh, the water temperature
increased of 11.9°C from winter to summer whereas simultaneously, seasonal NpCO- values
decreased (from 802 to 200 ppmv) concomitantly to pCO. values (from 669 to 271 ppmv)
confirming a stronger control of non-thermal components than thermal components on water
pCO:. In winter, during the lowest marsh primary production (Mayen et al., 2024), aquatic
heterotrophy through microbial respiration of organic matter in the channel was favoured
inducing the highest seasonal NpCO: value. On the contrary, in spring and summer during the
growing period of marsh plants (Mayen et al., 2024), aquatic autotrophy through
photosynthesis was favoured inducing the lowest seasonal NpCO2 values (winter heterotrophy
and spring/summer autotrophy are more discussed in the next sections). In fall, non-thermal

effects consisted in more heterotrophy were offset by thermal effects producing a mean water
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pCO:z value nearby to atmospheric equilibrium. Fall thermal effects decreased water pCO- of
23% due to a water colding limiting water CO> oversaturation. In upstream artificial salt
marshes with higher water residence times, a strong biological control of macroalgae was
recorded on water pCO2 inducing water CO2 undersaturation in spring and summer due to
autotrophy (135 £ 165 and 242 = 116 ppmv, respectively) and water CO> oversaturation in
fall due to heterotrophy (622 + 57 ppmv; (Mayen et al. 2023). On the contrary, in the
downstream estuarine waters, a strong seasonal compensation of thermal and non-thermal
effects seemed to occur throughout the year producing low seasonal water pCO: variations
(between 441 + 21 ppmv in winter and 385 £ 60 ppmv in summer; (Mayen et al. 2023). Thus,
in closed coastal environments, CO2 biogeochemical processes in waters are likely to be
controlled by non-thermal effects, like biological activity (Borges et al. 2003; Cotovicz Jr. et
al. 2015; Berg et al. 2019), compared to more open systems where thermal effect can be more
dominant (Jiang et al. 2008; Dai et al. 2009; Polsenaere et al. 2022).

In the salt marsh, a stronger influence of the tide (i.e. water height) was recorded on water
pCO2 which may be due to higher biological activity (production and respiration) at low tide
in channel waters than at high tide in marsh waters (see next sections) as showed by Wang et
al. (2018). In winter at low tide, low daytime autotrophic processes in channel waters induced
the lowest pCO> decrease whereas high night-time heterotrophic processes in channel waters
induced the highest pCO: increase. On the contrary, in spring and summer both at day and
night, the strong channel autotrophy induced the lowest water pCO> values (Fig. 4.3). Thus,
during transient tidal phases, lateral exchanges with buffered shelf waters produced
instantaneously variations of channel water pCO: leading to strong increases during incoming
tides (i.e. channel filing), except in winter at night, and strong decreases during ebbing tides
(i.e. channel emptying; Fig. 4.2). To investigate the role of primary producers on the chemical
composition of channel waters, geochemical calculations had been done with PHREEQC
(Parkhurst and Appelo, 2013), a geochemical code able to calculate the speciation of
dissolved species in waters as well as the solid-water-gas equilibria in agueous systems. The
objectives of these simulations were mainly to investigate the calco-carbonic equilibrium
according to the season and to recalculate the equivalent water pCO. according to
temperature, pH and DIC concentrations and to compare with field measurements. These
calculations also allowed defining the saturation indices of solid phases and predicting the
risk of dissolution/precipitation of minerals. The results highlight that, during daytime low

tides periods in winter and fall, calculated pCO: in channel waters are very close to the
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atmospheric pCO; (about 103 atm) which could indicate that pCO- are partially controlled
by the calco-carbonic equilibrium. In spring and summer, calculated pCO2 in channel waters
are one order of magnitude lower than the atmospheric pCO2 (about 10*2 atm), which could
signify that the calco-carbonic equilibrium is influenced by other mechanisms, like a strong
biological driver playing the role of carbon sink. Our results can confirm the strong
contribution of biological activity in water inorganic carbon in salt marshes (Wang and Cai
2004; Wang et al. 2016; Gong et al. 2023), especially in water pCO2 (Wang et al. 2018; Song
et al. 2023). Others studies in coastal wetlands (seagrasses, mangroves and salt marshes)
showed a strong tidal control on inorganic carbon but, unlike to our results, the highest pCO>
values were measured at low tide irrespective of day or night status (Polsenaere et al. 2022).
The mineralization of organic carbon in sediments followed by efflux of porewaters
oversaturated in COz to water column by tidal pumping induced large water pCO: increases at
low tide (Borges et al. 2003; Burgos et al. 2018). For instance, within the Duplin River salt
marsh-estuary coastal system (USA), water pCO- values varied from 1600 ppmv (high tide)
to 12000 ppmv (low tide) in summer (Wang et al. 2018). Thus, horizontal exchanges of
coastal waters with salt marshes strongly modified water CO. biogeochemical status
(sink/source) with respect to the atmosphere due to a strong marsh metabolism (production
and respiration).

4.2. Marsh primary producer influence on water pCO2 and DOC
At the sampling station, water pCO. decreases and DOC concentration increases from

high to low tides, especially in spring (-54% and +77%, respectively) and summer (-71% and
+85%, respectively), were related to a strong marsh primary production. In the salt marsh, a
large part of water inorganic carbon can be fixed by photosynthesis of primary producers
(negative correlations between Chla biomass and water pCO.), including phytoplankton,
benthic microalgae, macroalgae and halophyte plants and it could be processed and exported
to channel waters as organic carbon form (negative correlations between DOC and water
pCOg; Table 4.5).

Within the 24-h cycles, the strong increases of phytoplankton abundance from high to
low tides, especially in spring and summer (Fig. 4.4), indicated a development of planktonic
communities under non-limiting nutrient conditions (Fig. 4.7). During low tide periods

(except in winter), POC:PON ratios were close to the Redfield value (Fig. 4.9-A) suggesting
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living phytoplanktonic biomass in waters. In the sampling planktonic communities, the high
abundance of pennate diatoms in spring and summer could indicate the presence of
resuspended benthic microalgal mats (microphytobenthos: MPB) whose strong metabolism
can influence water pCO> variations (Polsenaere et al. 2022). During low tide periods, daily
planktonic metabolism influenced inorganic C variations in channel waters inducing a net
autotrophy in winter and spring (0.05 and 0.17 g C m2 d?, respectively) and a net
heterotrophy in summer and fall (-0.04 and -0.09 g C m d%, respectively). These planktonic
communities behaved as a net CO> sink for channel waters during daytime and as a net CO>
source for channel waters during night-time (Fig. 4.5-A). During daytime low tides, the
highest planktonic CO> uptake (NCP) was recorded in spring (high PAR and intermediate
Tw) through a significant autotrophic activity of pennate diatoms and nanophytoplankton
whereas, the decrease of planktonic CO> uptake towards summer (high PAR and Tw) could
be liked to higher temperatures, which leads to an increase in respiration, and more generally,
heterotrophic processes. Moreover, in summer, the dinoflagellate bloom in channel waters,
some species of which are known to be mixotrophic or even heterotrophic (Stoecker 1999;
Jeong et al. 2010), could be responsible to the lower net planktonic CO, uptake in summer
than in spring. Thus, planktonic metabolism can be a significant controlling factor of water
pCOy, especially in spring, inducing high daytime decreases and low night-time increases
(Fig. 4.5-A). Moreover, since Chla concentrations significantly varied according to seasons
and tides (Table 4.4), variations in NCP rates also reflected changes in phytoplankton biomass
rather than physiological responses to community compositions or environmental conditions.
At low tides, the highest net autotrophy of planktonic metabolism standardized to Chla
biomass (NCPchia) was recorded in winter inducing a daytime decrease of water pCO2
probably by MPB activity. The metabolic activity of planktonic communities in channel
waters can be an important source of DOC (positive correlation between Chla and DOC) as
recorded at low tides (Fig. 4.8) by extracellular releases commonly accounting 5-30% of their
primary production (Karl et al. 1998). Planktonic communities can also produce DOC by
phytoplankton cell lysis in summer, which is an important process during physiological stress
conditions such as nutriment limitation (Van Boekel et al. 1992). In the salt marsh, pennate
diatoms and nanophytoplankton are fast-growing primary producers releasing high labile
DOC (De Brouwer and Stal 2001; Morelle et al. 2022) which could be degraded in CO2 by

bacterial remineralization (Oakes and Eyre 2014).
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In spring and summer at low tides, the strong daytime increases (up 190%) and night-time
decreases (up to 10%) of DO-sat in channel waters (Fig. 4.2) could indicate a strong
biological influence of aquatic macroalgae and/or benthic microalgae which have typically
higher rates of production and respiration than phytoplankton (Borum and Sand-Jensen 1996;
Hill et al. 2015). The fast-growing macroalgae bloom recorded in the upstream artificial
marsh waters, related to eutrophication conditions (Teichberg et al. 2010; Le Fur et al. 2018),
can induce and maintain large water CO. undersaturation both at day and at night, especially
during warm and bright periods (Mayen et al. 2023). These macroalgae can largely
contributed to CO- depleted and DOC concentrated waters recorded in the sampling channel
which received all upstream marsh waters at low tides. Previous studies have reported that the
primary production of macroalgae favours a large DOC exportation by horizontal exchanges,
a part of which can be sequestered in coastal and marine sediments (Hill et al. 2015; Krause-
Jensen and Duarte 2016; Raven 2018).

At the salt marsh, the strong net primary production of emerged plants, especially in
spring and summer (Mayen et al. 2024), could induce a large organic matter production by
roots (Duarte et al. 2005; Schiebel et al. 2018). A major part of this marsh primary production
can be exported to channel waters (Santos et al. 2009) favouring the highest DOC
concentrations (Fig. 4.8). The mostly DOC leached from marsh plants like Spartina is labile
and highly biodegradable by bacterial activity, especially polysaccharides. However, because
of its long residence time, lignin-derived DOC is a potentially important source of aquatic
humic substances in salt marshes (Moran and Hodson 1990; Wang et al. 2014). Thus, CO»-
depleted and DOC-concentrated water exportation from high to low tides highlighted a

significant role of marsh primary production in the carbon cycle of the coastal ocean.

4.3. Aquatic marsh respiration processes as source of DIC
Over 24-h cycles, significant temporal variations of DIC and TA were recorded (Fig. 4.6),

mainly driven by tidal factor. During high tide periods (marsh immersion), net ecosystem
production of water column was heterotrophic both during daytime and night-time (except in
summer at day) inducing DIC additions and water pCO> increases (Table 4.6). The low
contribution of planktonic metabolism (NCP) to net ecosystem production of water column
(NEPaquatic) suggested a major influence of immersed plant respiration and benthic exchanges

in water inorganic carbon. Previous studies in intertidal wetlands showed that benthic
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respiration produced strong sediment-to-water DIC transports by diffusion during immersion
inducing, in turn, water CO> oversaturation (Song et al. 2023; Gong et al. 2023).

During low tide periods, the largest DIC and TA increases were measured in channel
waters, especially in winter (Table 4.3 and Fig. S1), highlighting a strong control of tidal
forcing on water carbonate chemistry. In most of intertidal systems such as salt marshes and
mangroves, strong metabolic processes occur in sediments and can induced the highest DIC
and TA concentrations in surface waters at low tide through porewater exports driven by tides
(Koné and Borges 2008; Reithmaier et al. 2023). In winter, during the lowest biological
activity of S. maritima (Mayen et al. 2024), the highest POC:PON and POC:Chla ratios (Fig.
4.9) could suggest a refractory organic matter from decaying vegetation and could constitute
an energy source for bacterial activity inducing, in turn, the highest increases of DIC
concentrations and water pCO: in the channel. In an intertidal wetland (China), a large
biological addition of DIC was also recorded in sediments at low tides mainly by aerobic
respiration and fermentation of organic carbon derived from S. alterniflora (Gong et al. 2023).
Over the winter 24-h cycle, the strong relationship between DIP and NH4* from high to low
tide (R? = 0.66, p < 0.001; Fig. 4.7) can confirm a microbial respiration of organic matter in
sediments and a lateral export of DIC and nutrients from porewaters to channel waters by
tidal pumping (Deborde et al. 2008; Liu et al. 2017; Santos et al. 2019). As marsh sediments
are anoxic from first millimetres (Wiebe et al. 1981), anaerobic respirations can be dominant
metabolic processes in intertidal salt marshes producing DIC and TA (Wang et al. 2016;
Reithmaier et al. 2023). In winter and fall, the slope of the nTA:nDIC regression (Fig. 4.6)
suggests a major control of sulfate reduction in the DIC and TA additions (mainly HCO3")
according to theorical stoichiometric ratios of metabolic processes as deduced by Krumins et
al. 2013. Due to salinity, sulfate is abundant in coastal waters considering sulfate reduction as
among the most important organic carbon mineralisation pathways in intertidal salt marshes
(Wang et al. 2018; Reithmaier et al. 2023). However, variations in nutrient concentrations
could highlight other anaerobic processes producing DIC and TA in channel waters, further
confirming the major role of sediments in the water inorganic carbon dynamics. In winter, we
recorded the highest DIN:DIP ratios, especially at high tides, showing typically conditions of
terrestrial inputs of NOs"_NO>" in shelf waters by the Aiguillon Bay watershed (Belin et al.
2021). Over the 24-h cycle, NO3_NO>" decrease from high to low tides was significantly
related to NH4" increase (R? = 0.90, p < 0.001; Fig. 4.7). This strong relationship could

highlight a dissimilatory nitrate reduction to ammonium (DNRA) in anoxic sediments which

222



Chapitre IV

Is an important fermentative process in salt marshes producing DIC and TA (Hopkinson and
Giblin 2008; Giblin et al. 2013). Under low autotrophy conditions in winter, NOs_NO>" can
diffuse into marsh sediments during immersion (Boynton et al. 2018) and can be reduce in
NH4* by fermentative DNRA (Koop-Jakobsen and Giblin 2010) before its transfer to channel
waters through tidal pumping (Zheng et al. 2016). However, DNRA measurements are
unavailable to confirm the importance of this process.

In spring and summer, a larger increase of DIC than TA (Fig. 4.6) was recorded since
both aerobic and anaerobic respirations produced DIC whereas, only anaerobic respiration
produced TA (Krumins et al. 2013). Contrary to winter, DIC and TA productions in spring
and summer at low tide did not induced a significant water pCO variation (Fig. 4.3). In
spring, the nTA vs nDIC regression was slightly significant (R? = 0.58, p < 0.05; Fig. 4.6-B)
suggesting a large contribution of aerobic respiration to DIC production in surface waters. On
the contrary, in summer, the nTA vs nDIC regression was highly significant (R? = 0.93, p <
0.0001; Fig. 4.6-C) and the slope was close to the theorical stoichiometric ratio of
denitrification as deduced by Krumins et al. 2013. At low tides in summer, the values of
POC:Chla ratios (from 300 to 450 mg mg?*; Fig. 4.9) suggest a large contribution of detrital
phytoplanktonic biomass to DIC and nutriment productions in waters. Over the summer 24-h
cycle, the strong increase of DIP and DSi from high to low tides (Fig. 4.7) could confirm
strong sediment-water fluxes (Boynton et al. 2018; Borawska et al. 2022), especially at low
tide night where hypoxia conditions were occurred (Fig. 4.2). Moreover, the lowest DIN:DIP
ratios in summer (from 0.2 to 8.4) could suggest a denitrification and/or iron oxy-hydroxide
respiration in sediments promoting DIC releases in channel waters (Boynton et al. 2018). In
this salt marsh, a shift from refractory decomposed organic matter in winter to labile fresh
phytoplankton in spring/summer probably occurred. The sources of POC and PON were
sampled for identification; unfortunately, results are unavailable to validate the organic matter

composition.

4.4. Influence of aquatic and benthic metabolism on marsh ecosystem CO:
exchanges

To study the contribution of planktonic communities taking into account both high tide
and low tides on marsh CO> uptake in the integrative way, daily C balances were calculated
from planktonic metabolism in waters and from atmospheric CO2 exchanges in the EC

footprint (Table 4.7). The daily planktonic metabolism was autotrophic in winter and spring
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due to higher daytime CO> uptake than night-time CO. source whereas, it was heterotrophic
in summer and fall due to lower daytime CO> uptake than night-time CO- source (Fig. 4.5-A).
Simultaneously, NEE fluxes measured by EC indicated a strong marsh autotrophy from
winter to summer allowing a net daily C uptake from the atmosphere (Table 4.7) with a major
contribution of marsh habitats (NEEmarsh) and a minor one of planktonic communities (NCP).
For instance, in spring, tidal immersion reduced the marsh C uptake (-0.76 g C m? d?)
despite a planktonic autotrophy whereas in summer, immersion slightly increased the marsh C
balance (0.20 g C m d!) despite a planktonic heterotrophy (Table 4.7). Therefore, our study
indicated a low contribution of planktonic communities in daily C balances with a
contribution account up to 10% over a spring 24-h cycle. Moreover, over the 24-h cycles,
NEE flux partitioning allowed to study the influence of benthic metabolism on marsh
metabolic fluxes (photosynthesis and respiration). In an intertidal wetland (China), Gong et al.
(2023) showed that the microbial addition of DIC in sediments at low tide induced large
atmospheric CO, emissions from emerged sediments (0.95 + 0.24 g C m? d). However, at
the ecosystem scale, our EC measurements estimated a low Rmarsh: GPPmarsh ratio in winter (i.e.
0.26; Table 4.7) suggesting a weak contribution of the sediment heterotrophy and associated
DIC and TA exports on marsh C uptake whereas, the high Rmarsh:GPPmarsh ratio in summer
(i.e. 0.42; Table 4.7) could indicate a high influence of phytoplankton heterotrophy and

associated benthic microalgae remineralisation on marsh C uptake.

Over the 24-h cycles, strong variabilities in net ecosystem CO2 exchanges (NEE) were
recorded by atmospheric EC with generally daytime CO> uptake and night-time CO emission
associated with higher metabolic fluxes at low tides than at high tides (Fig. 4.2). During low
tide periods, the channel water CO> oversaturation (winter) and undersaturation
(spring/summer) did not significantly influence NEE fluxes measured within the EC footprint.
Indeed, the emerged marsh remained a daytime CO sink and a night-time CO2 source,
especially in spring and summer, due to a strong terrestrial plant metabolism (Fig. 4.2). Thus,
at emersion, the CO. biogeochemical status (sink/source) of channel waters related to
heterotrophic metabolism (winter) and autotrophic metabolism (spring/summer) was not a
major controlling factor in marsh metabolic fluxes. However, due to wind directions did not
come from the sectors most represented by the channel, it remains complex to study precisely
the effect of the biogeochemical status of channel waters (sink/source of atmospheric CO>) on

NEE fluxes at the marsh scale.
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During high tide periods, coastal waters advected from the shelf immersed the salt marsh
(mudflats and plants) and quickly disrupted NEE fluxes since waters created a physical
barrier between the marsh and the atmosphere limiting the CO: diffusion. During immersion,
atmosphere-water CO, fluxes estimated from water pCO, could be compared with NEE
fluxes from EC measurements at the same time to go further on the contribution of aquatic
metabolism on marsh metabolic fluxes (uptake/emission) at the footprint scale. During the
highest immersion levels of plants (winter and spring), aquatic metabolism and associated
water-atmosphere CO_ fluxes significantly influenced marsh CO, uptake within the EC
footprint. Indeed, during daytime immersion in winter, the water CO, oversaturation (source)
strongly reduced the marsh CO. uptake at the ecosystem scale whereas in spring, the water
CO2 undersaturation allowed to maintain a weak marsh CO; uptake (Fig. 4.2). On the
contrary, during the lowest immersion levels of plants (summer), the water CO:
oversaturation and associated atmospheric CO2 emissions did not significantly influence
marsh CO, uptake which was mainly controlled by terrestrial metabolism of emerged plants
(Suaeda vera). During night-time, tidal immersion completely suppressed the atmospheric
CO- emissions from ecosystem respiration (plants and sediments) even causing a change in
metabolic status from source to sink of atmospheric CO2 in winter despite an aquatic
heterotrophy and a water CO, oversaturation. This weak night-time CO> sink during marsh
immersion could suggest important spatial variations in water pCO. with coastal waters
undersaturated in CO2 compared to the atmosphere due to previous phytoplankton production
in the downstream shelf and estuary (Mayen et al. 2024). For instance, in spring 2022 (from
01/04 to 03/04/2022), atmospheric CO, uptake were recorded during night-time immersion
and could be related to a centric diatom bloom (= 1.10° cell L) a few days earlier in the
downstream shelf waters (station Filiere W; Fig. 4.1-A). To conclude, during high tides
periods, marsh metabolic fluxes are strongly controlled by terrestrial vegetation since
emerged plants located on the highest marsh levels can maintain a strong atmospheric CO>
uptake despite an immersion by coastal waters oversaturated in CO,. Under future
environmental conditions, the continuous sea level increase will induce a significant decrease

of atmospheric CO; uptake through higher immersion levels of marsh plants.
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Supplementary materials (Mayen et al. in prep.).

Table S1. Seasonal comparisons of meteorological parameters measured by the EC station at
the Bossys perdus salt marsh between 3-year reference periods and our 24-h cycles. Each
meteorological parameter measured during 24-hour cycles was compared to a mean and
standard deviation of the parameter measured continuously over three full reference seasons
(2020, 2021 and 2022). For all parameters, means and standard deviations were done in bold
and ranges were done in brackets. Ta: air temperature (°C), PAR: photosynthetically active
radiation (umol photon m2 s1), RH: relative humidity (%).

Ta Daytime PAR  Wind speed RH
(°C) (umol m2s™) (ms?) (%)
Winter 3-year reference 93127 454 + 375 459 +221 83.3+10.2
period (-0.7-19.1)  (10-1770)  (0.05-14.01)  (41.4-99.5)
Cl-winter 11.4+19 762 + 465 233+1.19 75.2+£10.0
(8.7-15.3) (10 - 1335) (0.45-5.09)  (54.8-89.5)
Spring 3-year reference 148+4.4 946 + 668 3.94+1.96 72.8+14.2
period (25-35.7)  (10-2539)  (0.04—14.29) (24.5—99.4)
C2-spring 13.8+29 1134 + 668 3.80+1.29 65.6+14.4
(9.4-20.1)  (10-1964)  (0.38-6.27)  (31.5—-84.1)
Summer  3-year reference 199+31 970 £ 662 3.56+£1.54 74.0+13.9
period (12.2-36.3)  (10-2428)  (0.03-10.49)  (16.6 —99.6)
C3-summer 196 £0.6 976 + 728 3.11+0.83 78.6+2.6
(185-20.8) (10-2216)  (1.14-5.05)  (73.2-88.9)
Fall 3-year reference 12.7+£4.1 476 + 393 NA 81.9+9.5
period (-05-23.7)  (10-2062) (42.2 — 99.4)
C4-fall 10.3+£0.7 160 + 93 NA 87.8+6.5
(7.9-11.3) (10 — 340) (73.4—-97.5)
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Table S2. Hydrological and biogeochemical setting of station Filiere W (continental shelf;
Fig. 1-A) as source water flooding the Bossys perdus salt marsh for (i) the year 2021 (year of
water sampling) and (ii) a reference period (2000-2020 for salinity, temperature and turbidity;
2006-2020 for Chla concentrations and 2016-2020 for nutrient concentrations). For all
parameters, means and standard deviations were done in bold whereas ranges were done in
brackets. Parameters were measured biweekly at station Filiere W according to REPHY
monitoring network (Belin et al., 2021). The highest and lowest values (except Chla
concentrations) were recorded in winter and summer, respectively (Belin et al., 2021,
REPHY, 2021).

Reference periods

(REPHY monitoring network)

Year of

water sampling

2000-2020 2006-2020 2016-2020 2021
period period period
Salinity 33.3+18 33.3+2.2
(26.0—35.8) (27.6 — 34.8)
N =575 N =23
Temperature 148+4.3 148+4.6
(°C) (5.5-23.7) (7.5-20.7)
N =573 N =23
Chla 21+17 1.3+£0.9
(ug L (0.3-11.2) (0.4-412)
N =380 N =25
NO3_NO2 16.9 +23.0 15.6 +23.2
(UM) (0.2 -107) (0.2-78)
N=114 N=21
NH,* 15+14 16+1.2
(UM) (0.1-5.9) (0.2-4.1)
N=114 N=24
DSi 13.7+£10.1 128+11.4
(UM) (0.9 —50) (0.4 -44)
N=114 N =25
DIP 0.42+0.48 0.36 £0.30
(uUM) (0.10-4.3) (0.10-1.22)
N=114 N =22
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Table S3. Seasonal comparisons in 2021 of water pCO> measured every 10 min. at the
Bossys perdus salt marsh between 5-day reference periods and our 24-h cycles (see section
2.2). Means and standard deviations were done in bold and ranges were done in brackets. NA:
water pCO: could not measure during low tide periods over the winter reference period (from
26/02 to 01/03/2021).

Water pCO;
(PpPmv)
Winter Winter reference period NA
26/02-02/03/2021
Cl-winter 669 £ 327
01/03-02/03/2021 (321 - 1461)
Spring Spring reference period 296 £ 113
23/04-28/04/2021 (106 — 596)
C2-spring 239 + 105
27/04-28/04/2021 (106 — 416)
Summer Summer reference period 307 £178
23/07-27/07/2021 (85— 668)
C3-summer 271 +182
26/07-27/07/2021 (89 —597)
Fall Fall reference period 452 + 88
03/12-07/12/2021 (260 — 753)
C4-fall 422+ 73
06/12-07/12/2021 (311 — 541)
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Fig. S1. Hourly variations of biogeochemical parameters sampled during each 24-h cycle
from March to December 2021: DOC and POC (umol L) as organic carbon parameters, DIC
and TA (umol kg™?) as carbonate system parameters, Chla (ug L) as biological parameter,
DSi, DIP and DIN as ecological parameters (nutrients, umol L™). Simultaneously, water
heights (Hw, m) were also measured every 10 mins by the STPS probe (Fig. 1). Grey areas
correspond to night-time periods. Each graduation of the x-axis corresponds to two hours.
Graduations of DSi and DIN were not the same between Cl-winter and other cycles to a
better visualization of tidal variations. Vertical dotted lines allow to distinguish the periods of
low tide day (LT/Day, 1), high tide day (HT/Day, 2), low tide night (LT/Night, 3) and high

tide night (HT/Night, 4).

Table S4. Seasonal medians of DIN:DIP, DIN:DSi and DSI:DIP molar ratios (ranges in
brackets) measured from water samplings at the Bossys perdus salt marsh in 2021.

DIN:DIP DIN:DSi DSi:DIP

Cl-winter 45.1 15 33.3
(29 - 57) (0.6 - 2.6) (16 — 65)

C2-spring 17.0 0.3 37.1
(6.0 —34) (0.0-0.9) (26 — 132)

C3-summer 3.3 0.1 32.3
(0.2-8.4) (0.0-0.2) (20 - 67)

C4-fall 23.1 0.7 317
(19 - 64) (0.5-1.0) (19-92)
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Chapitre V

Synthese générale de la these

Immersion du marais tidal des Bossys perdus (ile de Ré, Fier d’Ars) lors d’une marée haute

(08/12/2021). © Polsenaere.
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Les zones humides cétiéres telles que les marais salés sont des écosystemes végétalisés
d’une importance majeure sur Terre puisqu’ils sont reconnus comme « des écosystemes a
carbone bleu » grace a la captation et a la seéquestration de grandes quantités de carbone
atmosphérique dans les sediments permettant de lutter contre le changement climatique (Cali,
2011 ; McLeod et al., 2011 ; Macreadie et al., 2017). Les taux d’accumulation de carbone
organique y sont parmi les plus élevés sur Terre (McLeod et al., 2011) et constitue un
argument de poids en faveur de leur protection et de leur restauration (Gu et al., 2018 ;
Campbell et al., 2022 ; Pétillon et al., 2023).

1. Synthése des pCOz2 de I’eau dans les marais Charentais

Mes travaux de thése ont permis de montrer que la typologie (tidal ou rétro-littoral) et le
mode de gestion (protégé ou exploité) des marais littoraux Charentais (Fier d’Ars, Brouage et
Tasdon ; Fig. 1.20) influencent significativement la dynamique des pCO: de I’eau et le statut

métabolique du compartiment aquatique (puits ou source de CO2 atmosphérique).

1.1. Influence de la typologie des marais littoraux sur la dynamique des pCOz2
de I’eau

Les marais salés sont naturellement des écosystémes intertidaux végétalisés qui sont
localisés a I’interface entre le milieu terrestre et le milieu aquatique (chapitre 111, Mayen et al.,
2024). Nos mesures biogéochimiques au marais tidal des Bossys perdus ont montré de fortes
variations saisonniéres des pCOz de I’eau avec, en moyenne, des eaux sursaturées en CO2 en
hiver et en automne (pCOzeau > pCO2air) et des eaux sous-saturées en CO2 au printemps et en
été (PCO2zau < PCO2air), associées a une forte variabilité a I’échelle tidale (Tableau 5.1). A
marée haute, lors de I’immersion du marais par les eaux coticres, la faible activité des
communautés planctoniques associée a un métabolisme aquatique hétérotrophe ont induit des
sursaturations en CO> de I’eau et des émissions de CO2 a I’interface eau-atmosphere en hiver,
en été et en automne (chapitre IV ; Tableau 4.6). Cependant, I’activité photosynthétique des
producteurs primaires immergés (plantes et algues) peut jouer un rdle important sur les pCO>
de I’eau des marais en contribuant a réduire les émissions de CO, atmospheérique provenant
du compartiment aquatique en moyenne de 31% (i.e. 52 + 60 g C m2 an’ ; Song et al., 2023).

Au sein des marais tidaux, le temps de résidence trés court des eaux cotiéres (de quelques

233



Chapitre V

minutes a quelques heures selon les coefficients de marée) induit une immersion courte du
marais et favorise un renouvellement rapide de la colonne d’eau. A marée basse, lors de
I’émersion du marais, les chenaux permettent d’exporter des eaux sursaturées en CO2 en hiver
(pCO2 > 1400 ppmv ; Tableau 5.1) dominées par une forte respiration aquatique en conditions
de dessalure (Sal = 22) et des eaux sous-saturées en CO> au printemps et en été (pCO2 < 100
ppmv ; Tableau 5.1) influencées par la production primaire aquatiqgue en conditions
hypersalines (Sal = 40) (chapitre 1V ; Mayen et al., in prep.). Cependant, certains marais
tidaux dans le monde sont localisés a proximité des estuaires turbides qui sont généralement
hétérotrophes (Frankignoulle et al., 1998 ; Borges et Abril, 2011) induisant des valeurs trés
élevées des pCO2 de I’eau notamment a marée basse lorsque 1’cau est restreinte au niveau des
rivieres (Wang et Cai, 2004). Par exemple, dans un systtme de marais salés en milieu
estuarien (ile de Sapelo, USA), les pCO> de I'eau ont montré de fortes variations saisonnieres
et tidales avec des valeurs variant de 500 a 4000 ppmv entre la marée haute et la marée basse
en hiver et de 1600 a 12000 ppmv entre la marée haute et la marée basse en été (Wang et al.,
2018). Ces valeurs sont significativement plus élevées que celles mesurées au marais des
Bossys perdus (Tableau 5.1). Ainsi, au sein des marais tidaux, le rythme de la marée induit
des variations importantes des pCOz qui peuvent étre différents d’un site a I’autre (Wang et
al., 2018 ; Song et al., 2023), nécessitant de continuer a réaliser des mesures in situ sur des
cycles de 24 heures afin de mieux comprendre toutes les variabilités spatiales et temporelles
lices au cycle du carbone et de prendre en compte la contribution du compartiment aquatique

des marais dans les budgets globaux de carbone.
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Tableau 5.1 : Moyennes saisonnieres (+ écart-type et min-max entre parenthéses) des pressions partielles de CO2 de I’eau (pCO2 en ppmv)
mesurées sur des cycles de 24 heures dans les marais littoraux Charentais (Fier d’Ars, Brouage et Tasdon ; Fig. 1.20). Les pCO de I’cau ont été
mesurées toutes les minutes par une sonde autonome in situ (C-sense™, PME/Turner Designs) sauf en automne a MAD, les pCO, ont été
estimeées a partir du systeme des carbonates en utilisant les mesures de DIC et de TA. En rouge, les eaux de marais en moyenne sursaturées en
COz2 sur 24 heures et en bleu, les eaux de marais en moyenne sous-saturees en CO. sur 24 heures. Au sein de chaque cycle de 24 heures, les
amplitudes (min-max) des pCO: de I’eau correspondent aux variations diurne (jour/nuit) et tidale (marée haute/marée basse). Aux stations ¢ et d
(Fier d’Ars), les mesures ont été réalisées entre 2019 et 2020 tandis qu’aux autres stations, les mesures ont été réalisées au cours de I’année 2021
(aprés la renaturation pour le marais de Tasdon). A MAS et MAD, les mesures ont été réalisées en simultané (chapitre 1, section 6.1). Les
salinités sont données dans le chapitre Il pour les stations ¢ et d au Fier d’Ars, dans le chapitre IV pour les Bossys perdus, dans le chapitre V
(Fig. 5.3) pour les stations T7, T6 et T2 a Tasdon.

Fier d’Ars Brouage Tasdon
Station ¢ Station d Bossys MAD MAS T7 T6 T2
perdus
Hiver 343 + 87 347 + 30 669 + 327 346 + 58 259 +11 954 + 175 282 + 138 606 + 103
(130-519)  (302-438)  (321-1461) | (272-481)  (241-289) | (722-1303)  (109-637) (461 -784)
Printemps 135 + 165 NA 239 + 105 1666 = 533 326 = 38 438 + 168 953 + 287 400 + 47

(6 - 425) (106 - 416) | (869 -2423) (256 - 392) 164-822  (562-1460) (336 - 553)
Eté 242 £ 116 377 £ 85 271+ 182 83 £53 482 + 119 291 £ 190 1332 £ 615 3034 + 398

(25-430)  (250-508) (89 - 597) (25-312)  (310-688) | (91-681)  (628-3464) (1974 - 3568)

Automne | 622+57 155 + 30 422 +73 192 + 58 122+6 1143 + 139 124 + 36 294 + 50
(522-721)  (110-218)  (311-541) | (117-283)  (108-137) | (741-1578)  (79-233) (222 -393)
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Depuis le Moyen Age, les marais tidaux ont subi des grands aménagements par I’Homme
(endiguement, poldeérisation) principalement le long des cotes Atlantique Francaises et des
estuaires (ex : Charente Maritime). Le principal but était de gagner des étendues de terre sur la
mer pour y développer des activités agricoles et d’élevages mais aussi pour le contréle du
temps de résidence de I’eau avec des écluses pour la production de sel (Verger, 2005). Les
marais salés rétro-littoraux, situés en arriére des digues, sont donc alimentés en eaux cotieres
par la marée mais de facon gérée par rapport aux activités socio-économiques qui s’y
déroulent (Paticat, 2007 ; Tortajada, 2011). Le temps de résidence plus long de 1’eau (de
quelques heures a quelques semaines selon le mode de gestion) favorise généralement le
développement des producteurs primaires aquatiques (phytoplancton, herbier, macroalgue)
induisant des périodes prolongées de sous-saturation en CO2 de I’eau et des puits de CO>
atmosphérique pendant la majorité de I’année (Tableau 5.1) (chapitre Il, Mayen et al., 2023).
Ainsi, les marais rétro-littoraux pourraient étre associés aux valeurs de pCO2 de 1’eau les plus
faibles par comparaison a d’autres typologies de zones humides cotiéres similaires comme les
marais tidaux (Wang et al. 2018 ; Song et al. 2023), les mangroves (Borges et al., 2003 ;
Borges et Koné, 2007) et les herbiers marins (Berg et al., 2019 ; Polsenaere et al. 2022) mais
davantage de mesures intégrées au sein de ces systemes « carbone bleu » sont nécessaire aux
différentes échelles temporelles pour confirmer ces résultats. Cependant, les modes de gestion
des marais rétro-littoraux, au travers des apports en eaux ctiéres et en nutriments, pourraient
fortement influencer les pCO2 de I’eau et modifier le statut métabolique du compartiment

aquatique (puits/source de CO2 atmosphérique).

1.2. Influence du mode de gestion des marais littoraux sur la dynamique pCO:2
de ’eau

Au sein du Fier d’Ars (Fig. 1.21), deux marais salés rétro-littoraux ont été étudiés avec
des modes de gestion actuels contrastés : un marais « réensauvagé » a la station ¢ (27,0 <
salinité < 42,6) au sein de la réserve naturelle nationale (RNN) des Lilleau des Niges géré
pour une conservation de I’identité patrimoniale (voir définitions de réensauvagement dans
Pettorelly et al., 2019) et un marais salicole a la station d (21,3 < salinité < 38,4) au sein de
I’écomusée de Loix géré pour une production de sel (chapitre I, section 5). Des périodes de
sous-saturations importantes en CO> de I’eau ont été mesurées dans les marais salés rétro-
littoraux du Fier d’Ars au printemps et en été¢ (Tableau 5.1) favorisées par des macrophytes

aquatiques et des modes de gestion différents de 1’écluse (chapitre I, Mayen et al., 2023). A
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la station c, le bloom de macroalgues flottantes du début du printemps jusqu’a la fin de 1’été,
probablement lié a une pollution en nutriments et a un faible hydrodynamique du marais
(Newton et Thornber, 2013), a favorisé de fortes sous-saturations en CO> de 1’eau tandis que
la reminéralisation de ces macroalgues a croissante rapide en automne a induit une
augmentation des pCO: et une sursaturation en COz de I’eau (Tableau 5.1). Simultanément,
en été, la station d a présenté une sous-saturation en CO2 de I’eau plus faible provenant des
entrées d’eau coticre tamponnée nécessaire a la saliculture (ouverture régulicre de 1’écluse a la
mer). Au contraire, en automne, une forte sous-saturation en CO, de 1’cau a été mesurée
pendant I’arrét de la saliculture et le confinement du marais (fermeture de 1’écluse a la mer)
favorisant probablement le développement des herbiers de Ruppia et le puits de CO:
atmosphérique (Tableau 5.1). Les entrées d’eau coticre au sein des marais rétro-littoraux selon
les différents modes de gestion peuvent donc fortement perturber la dynamique des pCO> de
I’eau en réduisant instantanément les périodes de sous-saturation en CO; au printemps et en
été lors de la saison de croissance des producteurs primaires (chapitre 11, Mayen et al., 2023).
A Brouage, deux marais rétro-littoraux avec une histoire salicole commune (aménagés
pour la production de sel) mais des modes de gestion actuels contrastés (saumatre vs. salé) ont
été suivis en simultanée aux différentes saisons au sein de la RNN de Moéze-Oléron : le
marais saumatre MAD (2,4 < salinité < 6,6) et le marais salé MAS (13,6 < salinité < 50,3)
(chapitre I, section 5; Fig. 1.20). En moyenne, ces deux marais ont été caractérisés par de
longues périodes de sous-saturation en CO> de I’eau sauf (1) au printemps pour MAD (forte
sursaturation) probablement liée a une pollution en nutriments et a 1’eutrophisation du marais
et (2) en été pour MAS (faible sursaturation) probablement liée a une reminéralisation du
phytoplancton (Tableau 5.1 et Fig. S1). Les cycles de 24 heures réalisés a MAD (non
présentés dans cette thése) ont montré une communauté planctonique hétérotrophe au
printemps (-0,19 g C m? j') associée & une matiére organique particulaire détritique
(POC:Chla = 570 mg mg™; Savoye et al., 2003) et une communauté planctonique autotrophe
en automne (0,41 g C m? j1) associée a une matiére organique particulaire proche du
phytoplancton (POC:Chla = 110 mg mg™). Une analyse multidimensionnelle (ACP) a été
réalisée afin d'étudier la distribution temporelle des parametres biogéochimiques mesurés a
I'échelle diurne (dans les cycles de 24 h) et a I'échelle saisonniére (entre les cycles de 24 h) et
d’évaluer les principaux facteurs de controle des pCO; de I’eau (Fig. 5.1). L'ACP a montré
que les cycles de 24 h se sont principalement distingués de fagon horizontale le long de I’axe
PC1 en fonction des parametres biogéochimiques du carbone (pCO2, DIC, TA et POC), des
nutriments (DIN) et de la biomasse phytoplanctonique (Chla). Au sein de cet axe, les résultats
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ont indiqué que 1’hétérotrophie planctonique au printemps (salinité de 5,3) a été associée aux
concentrations les plus élevées en DIC (6499 + 344 umol kg?) et en NHs" (86 = 6 uM)
favorisant une forte sursaturation en CO; de I’eau par respiration (source de CO2
atmosphérique). Du printemps a 1’automne, la Chla a été négativement corrélée au DIC et au
NH4" permettant une assimilation des pCO2 et des nutriments de la colonne d’eau par la
production primaire phytoplanctonique (Fig. 5.1). Ainsi, I’autotrophie planctonique en
automne (salinité de 6,6) lors d’un bloom de nanophytoplancton et de chlorophytes (> 20 um)
a été associée aux concentrations les plus faibles en DIC (4344 + 370 umol kg™) et en NH4*
(0,53 £ 0,39 pM) induisant un puits de CO: atmosphérique par la photosynthése du
phytoplancton. L’ ACP permet é¢galement d’observer une forte variation temporelle (diurne et
saisonniére) des paramétres biogéochimiques (carbone et nutriments) indiquant la nécessité de
réaliser des cycles de 24 h sur plusieurs périodes de 1’année afin de prendre en compte toute la
variabilité temporelle liée au cycle du carbone dans les marais (Fig. 5.1).

Au marais salé MAS, nos mesures a hautes fréquences des pCO2 de I’eau sur 24 h ont
montré une forte sous-saturation en CO> de la colonne d’eau en hiver et en automne associée
a de faibles variations diurnes (Tableau 5.1 et Fig. S1), probablement liées au métabolisme
lent de I’herbier de Ruppia. Dans la lagune d'Arcachon, Polsenaere et al. (2022) ont aussi
montré de faibles variations des pCO2 de I’eau sur 24 h, principalement liées a I’activité des
herbiers de Zostere. Au contraire, en été, les mesures & MAS ont montré une sursaturation en
COs2 de la colonne d’eau associée a de fortes variations diurnes des pCO (Tableau 5.1 et Fig.
A.1), probablement liées a des producteurs primaires avec un métabolisme plus rapide.
L’échantillonnage de I’eau pendant 1’été a suggéré que le phytoplancton (Chla = 85 ug L™?)
était la principale source de matiere organique particulaire (POC:PON = 6,6 ; Redfield, 1958).
Cependant, cette biomasse phytoplanctonique était en majorité detritique (POC:Chla > 650
mg mg?; Savoye et al., 2003) indiquant une probable reminéralisation du phytoplancton sur
les sediments et une production associee du CO: et de nutriments dans 1’eau. En effet, les
concentrations élevées en DSi (91 uM) et en DIP (21 pM) et la faible concentration en DIN
(1,3 uM) ont induis des ratios DIN:DIP et DIN:DSi bien inférieurs a ceux de Redfield (< 0,1)
pouvant suggérer une contribution de I’interface eau-sediment (Boynton et al., 2017),
notamment la nuit lorsque des conditions d’hypoxies se sont produites dans le marais. Sur des
cycles de 24 h a chaque saison a MAS, des mesures de chambre benthique couplées a des
incubations des communautés planctoniques permettraient de préciser la contribution
respectivement du phytoplancton et de I’herbier de Ruppia sur les pCO2 de 1’eau. Si les

herbiers marins sont reconnus pour la captation de CO2 atmosphérique en zone intertidale et
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subtidale (Polsenaere et al., 2012 ; Berg et al., 2019 ; Van Dam et al., 2019), peu d’études
existent concernent I’influence du métabolisme des herbiers sur les flux de CO2

atmosphérique des marais salés.
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Figure 5.1 : Analyse en Composante Principale (ACP) des parametres biogéochimiques de
I'eau échantillonnés a I'échelle diurne au cours de trois cycles de 24 heures (C1-hiver, C2-
printemps et C3-automne) au marais saumatre MAD a Brouage. Les plus petits points
représentent les échantillons horaires au sein de chaque cycle de 24 h (n = 12) et les plus gros
points représentent les barycentres. L'ACP est basee sur les valeurs de température (T, °C),
turbidité (TU, FNU), oxygene dissous (DO, uM), pression partielle de CO2 (pCO2, ppmv),
carbone inorganique dissous (DIC, umol kg?), carbone organique dissous (DOC, pM),
carbone organique particulaire (POC, uM), azote organique particulaire (PON, uM), alcalinité
totale (TA, pmol kg?), chlorophylle-a (Chla; pg L™1), nitrate_nitrite (NO3_NOz; uM),
ammonium (NH4" ; uM), silicates (DSi, uM) et phosphate (DIP, uM). Les trois cycles de 24 h
ont eté realises en hiver (février 2021, salinité de 2,4), au printemps (mai 2021, salinité de 5,3)
et en automne (novembre 2021, salinité de 6,6) ; 1’été a été associé uniquement a des mesures
biogeochimiques in situ des pCO2 de 1’eau (voir Tableau 5.1). Pour chaque cycle de 24 h, la
stratégie d'échantillonnage et les différentes méthodes analytiques ont été entierement décrites
au sein du chapitre IV (Mayen et al.,, in prep.). Le logiciel R-studio et le package
"FactoMineR" (L& et al., 2008) ont été utilisés pour réaliser I’ ACP.
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Dans le cadre de mon travail de thése et des mesures a hautes fréquences des pCO: de
I’eau, nous avons suggéré que 1’état trophique des marais rétro-littoraux influence le type de
producteur primaire et le statut puits/source de CO2 atmosphérique du compartiment
aquatique. Dans les marais au stade de développement en conditions eutrophes (station ¢ au
Fier d’Ars et station MAD a Brouage), les producteurs primaires a croissantes rapides
(macroalgues opportunistes et phytoplancton), souvent associés a des rapports production (P)
sur biomasse (B) éleveés, ont tendance a se développer rapidement (Sand-Jensen et Borum,
1990 ; Le Fur et al., 2017) et a favoriser des sous-saturation en COz de 1’eau pendant la saison
de croissance. Cependant, ils sont rapidement reminéralisés par les micro-organismes
induisant des augmentations importantes des pCO2 de 1’eau et probablement une source
annuelle nette de CO, atmosphérique (Fig. 5.2). Au contraire, dans les marais au stade mature
en conditions oligotrophes (station d au Fier d’Ars et station MAS a Brouage), les producteurs
primaires a croissance lente (herbiers de Ruppia), avec des rapports P:B souvent plus faibles,
maintiennent des sous-saturations généralement toute 1’année, en particulier en hiver et en
automne favorisant une captation annuelle nette de CO2 atmosphérique (chapitre 11, Mayen et
al., 2023) (Fig. 5.2). Ainsi, le mode de gestion anthropique des marais influence fortement la
contribution et le renouvellement des producteurs primaires et, par conséquent, le
comportement puits/source de CO2 atmosphérique des marais. Ces résultats recommandent
une gestion adaptée des marais littoraux permettant de limiter I’eutrophisation par les apports
en nutriments et, au contraire, de favoriser les macrophytes a croissance lente qui contribuent

a une meilleure séquestration du carbone bleu (McLeod et al., 2011).

Au sein des marais tidaux, le stade mature associé a de faibles apports en nutriments
permet le développement d’une forte végétation halophyle (Spartines, Obiones, Soudes) et
une faible reminéralisation de la matiére organique (MO) du sol favorisant une captation
optimale du CO, atmosphérique par photosynthese (Fig. 5.2.; Mayen et al., 2024). Au
contraire, dans les marais tidaux au stade de développement, les apports imports de nitrates
par les eaux cotiéres favorisent la reminéralisation de la MO du sol (biomasse souterraine des
plantes), entrainant une déstabilisation de la végétation et une augmentation de la surface des
chenaux (Deegan et al., 2013). Cette modification des habitats (d’une surface végétalisée a
une surface peu vegétalisée) pourrait avoir des impacts négatifs sur la capacité de captation de

CO. atmosphérique par les végétaux du marais (Fig. 5.2).
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Marais littoraux
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(herbiers) (phyto, macroalgues opportunistes) végétaux terrestres végétaux terrestres
Renouvellement lente Renouvellement rapide Minéralisation lente Minéralisation rapide
de la biomasse végétale de la biomasse végétale de la MO du sol de la MO du sol
Puits annuel de C Source annuelle de C Forts puits annuel de C 7
Mayen et al. 2023 Mayen et al. 2024 Deegan et al. 2013

Figure 5.2 : Influence de la typologie (marais rétro-littoraux vs marais tidaux) et du mode de
gestion (stade mature vs stade de développement) des marais littoraux sur leur statut comme
puits ou source de CO, atmosphérique. Les fleches noires correspondent a la typologie, les
fleches marrons correspondent au mode de gestion et les fleches vertes correspondent aux
producteurs primaires dominants. Les fleches rouges correspondent au changement de
typologie ou de mode de gestion selon les activités humaines (changements d’activités par
exemple) ou les événements extrémes (submersion par exemple).

1.3. Influence de la renaturation des marais littoraux sur le statut puits/source
de COz2 de I’eau : cas du marais de Tasdon

L’étude biogéochimique concernant I’influence de la renaturation du marais de Tasdon sur
les flux de CO2 atmosphérique n’a pas été traitée dans ce manuscrit de thése mais les résultats
sont présentés et discutés dans cette section. Le marais de Tasdon est une ancienne zone
humide d’eau douce abandonnée et eutrophisée (concentration maximale en NOz de 1260
UM en 2019 ; Xaus, 2023) qui a connu un projet de renaturation (réaménagement des bassins,
implantation de veégétation et reconnexion a la mer ; chapitre I, section 5) afin de préserver la
biodiversité et de restaurer les fonctions écologiques du marais (Bergeon et al., in prep.). Dans
le cadre de cette these et des différents projets associées (PAMPAS, LRTZC), nous avons
étudié les variations diurnes (jour/nuit) et saisonniéres des pCO; de I’eau et des flux de CO2
eau-air estimés au sein des trois stations du marais (T7, T6 et T2 ; Fig. 1.22) pour mieux
comprendre les variations temporelles du cycle du carbone et I’influence de la renaturation du

marais sur le comportement puits ou source de CO: atmosphérique du compartiment
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aquatique. Sur nos périodes de mesure entre 2019 et 2022, les pCO2 de I’eau ont
significativement varié a 1’échelle saisonni¢re mais aussi a 1’échelle spatiale avant et aprés
renaturation (tests de Kruskal-Wallis, p < 0.05). Au printemps et en automne 2019 avant la
renaturation, les valeurs moyennes des pCO2 de I’cau étaient respectivement de 899 + 358 et
2084 + 324 ppmv a la station T7, de 1649 + 228 et 3294 + 312 ppmv a la station T6 et de
1881 + 85 et 3065 + 159 ppmv a la station T2. Les trois stations étaient fortement sursaturées
en CO., particulierement en automne 2019, entrainant ainsi un dégazage important de CO>
vers I’atmospheére a cette saison (Fig. 5.3).

Suite a la renaturation du marais a partir du printemps 2021, les stations T7 et T6
(initialement d’eau douce) ont progressivement été ouvertes a la mer par des entrées
réguliéres d’eaux cotiéres lors de marées de vives-eaux (Fig. 5.3). La station T2 est un marais
d’eau douce et la renaturation n’a pas influencé sa salinité. En moyenne sur 24 heures, la
station T7 a été sous-saturée en CO> uniquement en été 2021 (291 + 190 ppmv) et sursaturée
en CO2 au printemps 2021 (438 + 138 ppmv), en automne 2021 (1143 + 139 ppmv) et en
hiver 2022 (954 £ 175 ppmv). Cette sous-saturation de la station T7 pendant 1’été a induit un
puits de CO, atmosphérique (-0,7 g C m j1) contrairement aux autres saisons (Fig. 5.3).
Suite a la renaturation de la station T6, les pCO2 de I’eau ont légérement augmenté du
printemps 2021 (953 + 287 ppmv) a I’été 2021 (1332 = 615 ppmv) avant de fortement
diminuer en automne 2021 et en hiver 2022 (124 + 36 et 282 + 138 ppmv, respectivement ;
Fig. 5.3). Ainsi, la station T6 s’est comportée comme un puits de CO2 atmosphérique
uniquement a I’automne 2021 (-0,3 g C m2 j1). Pour finir, la station T2 a été en moyenne
sous-saturée en CO. au printemps et en automne 2021 (400 + 47 et 294 + 50 ppmv,
respectivement) et fortement sursaturée en été 2021 (3034 + 398 ppmv) entrainant des
émissions de COz vers 1’atmosphére (1,5 g C m? j!; Fig. 5.3).

A la fois au printemps et a I’automne, aux trois stations étudiées, la renaturation du
marais de Tasdon a entrainé une diminution significative des pCOz de I’eau et des émissions
de CO2 atmosphérique (tests de Mann-Whitney, p < 0.05). Au printemps, entre 2019 et 2021,
les pCO2 ont diminué en moyenne de 51% (station T7), 42% (station T6) et 79% (station T2)
tandis qu’en automne, entre 2019 et 2021, les pCO2 ont diminue en moyenne de 45% (station
T7), 96% (station T6) et 90% (station T2) (Fig. 5.3). Nos résultats ont donc montré que la
renaturation du marais a limité le dégazage de CO> atmosphérique aux trois stations et dates
étudiées et a permis un passage de source a puits de CO a I’automne a la station T6 (de 20,2 a
-0,3 9 C m?2j?)etalastation T2 (de 29,9 a -0,3 g C m? j?). La renaturation du marais de

Tasdon au travers d’une ouverture progressive a la mer et de I’implantation d’une végétation
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aquatique dense a probablement enclenché une transition d’un systéme aquatique globalement
hétérotrophe qui émet du CO, atmosphérique vers un systéme aquatique globalement
autotrophe qui capte du CO> atmosphérique. Cependant, de grandes incertitudes persistent
concernant I’influence de la renaturation du marais sur les flux de CO2 atmosphérique en
prenant en compte 1’évolution de la diversité et de 1’abondance des communautés
planctoniques (bactéries, phytoplancton et zooplancton). Ainsi, un stage de Master 2 a été
réalisé en 2023 (Xaus, 2023) et une publication est en cours de préparation permettant
d’approfondir le lien entre le comportement du CO2 des marais (puits/source) et les réseaux
trophiques planctoniques associés (Xaus et al., in prep.) en continuité des travaux de thése de
L. Bergeon (2020-2023) sur ce site (Bergeon et al., in prep.). Un lien important a été mis en
évidence entre la typologie du réseau trophique planctonique et la dynamique des pCO2 de
I’eau montrant que trois typologies de réseau trophique stable (hiver biologique, réseau
microbien, et multivore) sont associées a des pCO. élevés (source) tandis que deux typologies
de réseau trophique transitoire (multivore faible et herbivore faible) sont associées a des
valeurs de pCO- plus faibles (puits) (Xaus, 2023). Par exemple, aprés la renaturation, le
réseau « hiver biologique » a la station T7 en hiver et a la station T6 au printemps a été
associé a des pCO2 moyens de 954 + 175 et 953 + 287 ppmv, respectivement, tandis que le
réseau « faible herbivore » a la station T6 en automne et en hiver a été associé a des pCO>
moyens de 124 + 36 et de 282 + 138 ppmv, respectivement (Tableau 5.1 ; Xaus, 2023).
Cependant, les fortes variabilités diurne, saisonniére et interannuelle observées nécessite de
poursuivre les mesures in situ des pCO: de I’eau afin de confirmer ou pas le passage d’un
systeme hétérotrophe vers un systeme autotrophe permettant une captation et séquestration de

carbone.
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Figure 5.3 : Variations spatiales et saisonniéres des pCO2 de I'eau (moyenne + écart-type, en
ppmv) et des flux de carbone atmosphérique (g C m? j1) aux stations T7, T6 et T2 avant
(2019) et apreés (2021 et 2022) la renaturation du marais de Tasdon. Les valeurs de salinité
sont indiquées en bleu. Les lignes horizontales en pointillé correspondent a la pCO2 de I’air
pour chaque période (NOAA). Les pCO2 de I'eau inférieures a la pCO. de l'air indiquent une
sous-saturation en CO2 de 1’eau par rapport a l'atmosphere et les pCO2 de I'eau supérieures a
la pCO> de l'air indiquent une sursaturation en CO2 de I’eau par rapport a l'atmosphére. Les
flux de CO; a linterface eau-air (mmol CO; m? h), estimés avec la paramétrisation de
Raymond et Cole (2001), ont été cumulés sur 24 h et convertis en flux de carbone
atmosphérique (g C m2 j™?). Des flux de C cumulés négatifs a I'interface eau-air indiquent un
puits net de C atmosphérique sur 24 h et des flux de C cumulés positifs a l'interface eau-air
indiquent une source nette de C atmosphérique sur 24 h. La stratégie de mesure des pCO. de
I’eau et la méthode d’estimation des flux de CO2 atmospherique ont été decrites au sein du
chapitre 11 (Mayen et al., 2023).

244



Chapitre V

2. Variations des échanges nets de CO2 atmosphérique au sein d’un marais tidal

Une partie majeure de mon travail de thése a concerné I’étude des variations spatio-
temporelles et des facteurs de contrdle associés des flux verticaux de CO- entre le marais tidal
des Bossys perdus et 1’atmosphére (chapitre 111, Mayen et al., 2024). Pour cela, la technique
de I’Eddy Covariance (EC) atmosphérique a permis de mesurer les échanges nets de CO; a
I’échelle de 1'écosystéme (NEE, umol m2s™) a un pas de temps court (10 mins) et de maniére
intégrative au sein de I'empreinte (footprint), a la fois a I'interface sédiment-air & marée basse

et a l'interface eau-air a marée haute.

2.1. Aspects methodologies

La premiere étape s’est focalisée sur le traitement des données d’EC par le logiciel
EddyPro qui nécessite une longue séquence d'opérations comprenant le filtrage des donneées
brutes, la calibration et d'autres algorithmes de calculs et de corrections des flux (chapitre 11,
section 2.4). Au sein de notre étude, les fluctuations turbulentes des flux de CO:
atmosphérique a 20 Hz ont été traitées et moyennées sur des intervalles de temps de 10 mins
(soit une moyenne de 12 000 mesures) contre 30 mins en général. En effet, nous avons choisi
une moyenne temporelle plus courte que pour les écosystemes terrestres (Kowalski et al.,
2003 ; Lasslop et al., 2010 ; Burba, 2021) et certains marais salés (Schafer et al., 2014 ;
Forbrich et al., 2018 ; Nahrawi et al., 2020 ; Wei et al., 2020) afin de mieux détecter les
variations rapides de la NEE pendant les périodes transitoires de marées montantes et de
marées descendantes. Lors du traitement des données d’EC, une correction pour les pertes
spectrales des flux de CO. dans la gamme des basses fréquences a été effectuée selon
Moncrieff et al. (2004). Pour Vvérifier cette correction, deux périodes temporelles sur plusieurs
jours sans immersion et avec des variations importantes dans les vitesses du vent ont été
choisies et utilisées pour comparer les flux de CO2 moyennés sur un pas de temps de 10 mins
par rapport a ceux moyennés sur un pas de temps de 30 mins. Nous avons calculé le rapport
entre la moyenne des trois valeurs de flux a 10 mins et la valeur de flux a 30 mins et nous
avons enregistré un rapport moyen proche de 1 a la fois pour les vitesses de vent les plus
élevées (1,07 + 0,88 pour 5 < vitesses < 10 m s™) et pour les vitesses de vent les plus faibles
(1,01 + 0,13 pour 0 < vitesses < 5 m s?). Ainsi, dans notre étude, nous avons pu faire
I’hypothése qu'il n'y a pas eu de perte significative a basse fréquence dans les flux de CO2

atmosphérique moyennés sur 10 mins en utilisant la correction de Moncrieff et al. (2004).
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D'autres auteurs ont egalement choisi une moyenne temporelle de 10 mins comme Polsenaere
et al. (2012) dans la lagune d'Arcachon ou il n’a pas été montré de perte significative des
basses fréquences en utilisant cette moyenne temporelle. Mon travail de thése a permis de
valider les mesures de flux de CO, atmospherique par EC sur des intervalles de 10 mins dans
les zones humides cétiéres telles que les marais salés intertidaux afin de quantifier avec
précision leur taux de captation de CO, atmosphérique et leur contribution au cycle global du
carbone (chapitre 111, Mayen et al., 2024).

Un contrdle strict de la qualité des données a été appliqué aux traitements des flux de CO>
par EddyPro afin d'éliminer les données qualifiées de mauvaises qualités liées aux
dysfonctionnements de l'instrument, aux artefacts mathématiques et de traitement, aux
conditions ambiantes qui ne correspondent pas a la méthode EC, aux vents qui ne proviennent
pas de I'empreinte et aux fortes précipitations pour I'RGA (analyseur de gaz infrarouge ;
Burba, 2021). Un diagnostic sur la force du signal de I’'IRGA a été appliqué pour toutes les
mesures a 20 Hz avec un indicateur variant de 0 (mauvaise qualité) a 1 (bonne qualité). Si ce
rapport signal/bruit de 'IRGA était inférieur a 0,7 et/ou si le pourcentage de valeurs
manquantes sur 10 mins dépassait 10% (valeurs non mesurées ou supprimées a cause de
I’indicateur de qualité), aucun flux de CO n'a été calculé. Ce travail a permis de montrer que
ce choix a été le meilleur équilibre entre supprimer la majorité des données de mauvaises
qualités et conserver un maximum de données de flux de CO2 mesurés (tests et résultats non
présentés dans ce manuscrit). Ensuite, nous avons utilisé la méthode de Papale et al. (2006)
pour détecter et supprimer les valeurs aberrantes dans les données de flux a 10 min (Kostyrka,
2021). Suite a ’ensemble des contrdles de qualité et de post-traitement sur 1’année 2020,
environ 18% des données EC ont été supprimées et comblées par une approche
d'apprentissage automatique (machine learning) afin d'obtenir des données de flux de CO:
(NEE) en continue sur 2020. Un modele de Random Forest (RF) (Kim et al., 2020 ; Cui et al.,
2021) a été développé avec des variables environnementales disponibles ou mesurées et
identifiées dans la littérature pour contrdler de maniére significative les flux de CO, dans les
marais salés (Kostyrka, 2021). Cependant, le modéle RF a moins bien estimé les flux de CO;
la nuit (38%) que le jour (59%). Pendant la nuit, la faible performance du modéle RF pourrait
étre liée aux flux de CO. négatifs mesurés a la fois a I’émersion et a I’immersion du marais.
Ces faibles puits de CO2 nocturne peuvent étre expliqués par des apports d'eau cotiére sous-
saturée en CO- par rapport a I'atmosphére et/ou par la dissolution de CaCOs3 dans les eaux ou
les sédiments (chapitre Ill, Mayen et al., 2024). Ces processus aquatiques et/ou benthiques
pourraient contribuer a la difficulté du modele RF a combler les flux de CO, atmosphérique
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pendant la nuit. Une étude récente montre qu'a I'échelle diurne (jour/nuit), les modéles de
machine learning pour prédire les flux de CO2, méme sur les écosystémes terrestres, sont
particulierement compliqués a appliquer de fagon efficace en raison des non-stationnarités
provenant de processus multiples (Bartolomeis et al., 2023). Cependant, ce travail de these a
permis de mettre en évidence que ce modele RF a induit seulement une faible incertitude sur
le bilan de carbone annuel au marais tidal des Bossys perdus au cours de I’année 2020 (i.e.
0,43%), ce qui traduit la bonne performance du modéle pour combler les données EC en zone
de marais.

Enfin, dans le but d’étudier le métabolisme du marais tidal des Bossys perdus
(photosynthése vs respiration), un travail de modélisation a été mené dans cette thése (en
collaboration avec I’INRAE) pour partitionner les échanges nets de 1’écosystéme (NEE) en
production primaire brute (GPP) et respiration de I’écosystéme (Reco) Selon Kowalski et al.
(2003) et Wei et al. (2020), respectivement (chapitre 111, Mayen et al., 2024).

2.2. Variations temporelles de la NEE d’un marais tidal

Une deuxieme étape a été d’évaluer les différentes variations temporelles de la NEE
mesurée par EC au marais tidal des Bossys perdus afin de mieux comprendre le
fonctionnement biogéochimique de ces systémes cotiers face a I’immersion tidale et de les
intégrer dans les budgets de carbone. Au cours de I’année 2020, nos mesures en continu (10
mins) ont montré que le marais s’est comport¢ en moyenne comme un puits de CO2
atmosphérique (-1,27 + 3,48 pmol m™ s ; Fig. 3.3) permettant une captation nette de 483 g C

m—2

an’, au travers d’une forte autotrophie des plantes halophytes terrestres (Spartina
maritima, Halimione portulacoides et Suaeda vera) (chapitre Ill, Mayen et al., 2024).
L’augmentation du taux de captation de CO2 atmosphérique en 2021 et 2022 (551 et 527 g C
m2 an, respectivement) a été liée aux conditions environnementales plus favorables a la
photosynthése (conditions plus froides et plus humides en 2021) et a une augmentation de la
couverture végétale de S. maritima sur les zones de vase qui peuvent assurer une forte
production primaire au printemps et en €té (Coutantin, 2023). D’apres nos mesures, les marais
tidaux pourraient avoir des taux de captation de CO2 atmosphérique supérieurs a ceux des
herbiers marins (Polsenaere et al., 2012 ; Van Dam et al., 2021), des mangroves (Rodda et al.,
2016 ; Gnanamoorthy et al., 2020) et des vasiéres intertidales (Xi et al., 2019 ; Polsenaere et

al., 2012 ; Polsenaere, 2022 ; Pery, 2023) permettant de jouer un réle important dans le cycle
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global du carbone et de contribuer a la compensation des émissions de CO: d'origine
anthropique (chapitre I, section 1.1).

Les mesures EC ont également révélé de fortes variabilités saisonnieres dans les flux
de NEE. La captation nette de CO; la plus importante a été mesurée au printemps pendant la
saison de croissance des plantes halophytes avec des conditions environnementales favorables
a la photosynthése tandis qu'en été, les températures de 1’air plus élevées et les taux
d'’humidité plus faibles ont limité la production primaire et ont, au contraire, favorisé la
respiration de [I'écosysteme (plantes, microphytobenthos et bactéries). Concernant cette
saisonnalité, I'utilisation de modéles linéaires dynamiques (DLM) appliquée aux trois années
de mesures (de 2020 & 2022) a permis de montrer des variations saisonniéres de ’ordre de
200% entre la saison la plus productive (fin printemps/début été) et la saison la moins
productive (I’hiver) (Coutantin, 2023). Des variations temporelles encore plus importantes de
la NEE ont été enregistrées sur des échelles de temps plus courtes au cours d’une journée avec
un puits de CO. atmosphérique le jour controlé par la photosynthese des producteurs
primaires et une source de CO atmosphérique la nuit contrdlée par la respiration de
I’écosysteme (role majeur de la lumiere). Cependant, les mesures ont montré que I’immersion
tidale a affecté instantanément la NEE en réduisant la captation de CO2 de jour sans modifier
le statut métabolique de 1’écosystéme. Les eaux cotieres advectées forment en général une
barriere physique entre les plantes et 1’atmosphére limitant les échanges de CO2 avec
I’atmosphere (Polsenaere et al., 2012 ; Nahrawi et al., 2020 ; Wei et al., 2020). La nuit, lors
des niveaux immersions les plus élevés, les émissions de CO. atmosphérique ont été
entierement supprimées entrainant méme un passage de source vers puits de CO: dans
certaines situations, notamment 1’hiver lorsque la respiration de 1’écosystéme est la plus
faible. Pendant la nuit, la présence d’eau cotiere advectée sous-saturée en CO» par rapport a
I’atmosphere en raison de la production primaire phytoplanctonique dans I’estuaire du Fier
d’Ars ou/et dans le Pertuis Breton pendant la journée, a pu induire une captation nette de CO2
(Fig. 3.8). Le passage de source a puits de CO2 atmosphérique pendant I’immersion nocturne
du marais est possible uniguement si les eaux cotiéres advectées sont sous-saturée en COg, ce
qui n’est généralement pas le cas pour la plupart des marais salés en milieu estuarien ou le
métabolisme aquatique hétérotrophe prédomine (Wang et al., 2018). Au cours de ’année
2020, la comparaison des bilans nets de carbone entre la NEE mesurée par EC (-483 g C m™
an?) et la NEE modélisée a D’interface benthique entre le marais et 1’atmosphére sans
présence d’eau (-486 g C m? an!) a permis de montrer que I’immersion du marais (30% du

temps sur l’année) n’a pas eu d’impact significatif sur la captation annuelle de CO:
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atmosphérique. Ce résultat important a été confirmeé sur les années 2021 et 2022 au méme site
d’étude (Coutantin, 2023). Au marais étudi¢, pendant une année de mesure, la perte de
captation de CO> pendant lI'immersion jour en raison de la diminution de la GPP a pu étre
compensee par I'immersion de nuit ou les émissions de CO; ont été inhibées. Ces travaux de
these permettent de confirmer que les marais salés tidaux avec une forte couverture végétale
terrestre sont de bons candidats au sein de la zone cdtiére pour la captation et la séquestration
de carbone.

2.3. Variations spatiales de la NEE au sein d’un marais tidal

Au sein de I’emprise de I’EC (Fig. 3.2), ’analyse spatiale de la NEE en fonction des
directions de vent pendant I’émersion du marais a généralement indiqué que les secteurs avec
une forte densité de végeétation ont été associés a une captation de CO; diurne et une émission
de CO2 nocturne plus importantes que les secteurs avec une forte densité de vase (Fig. 3.7).
Ainsi, les zones de vase, plutét occupées par du microphytobenthos (MPB) (Savelli et al.,
2019), pourraient présenter un métabolisme benthique (production vs. respiration) plus faible
que les zones dominées par les plantes vasculaires terrestres (chapitre 111, Mayen et al., 2024).
Cependant, en raison de la forte hétérogénéité spatiale du marais des Bossys perdus (Fig. 3.2),
il a été complexe d'étudier plus précisément 1’effet des habitats (vasiére vs. macrophyte) sur
les flux de NEE a 1'échelle de I’écosysteme et d'en tirer des conclusions plus générales. Dans
le cadre du projet La Rochelle Territoire Zéro Carbone (LRTZC), une station EC a été
déployée depuis février 2023 au sein de la Baie de I’Aiguillon (France), a la limite entre la
partie vasiére intertidale et la partie occupée par les habitats de marais salé, afin justement de
répondre aux interrogations concernant l'influence des habitats sur les échanges de CO:
atmosphérique (Pery, 2023). Sur les mesures réalisées a I’émersion entre janvier et mai 2023,
les résultats ont mis en évidence une plus forte captation de CO> atmosphérique par la vasiére
(-1,47 £ 2,79 umol m2 s) que par le marais salé (-0,98 + 3,56 pmol m=2 s*; Pery, 2023)
nécessitant d'évaluer plus précisément les flux de NEE des vasiéres sur des séries a long terme
pour mieux comprendre leur capacité de captation de CO, atmosphérique dans les systemes
intertidaux tels que les marais salés et les estrans (Polsenaere et al., 2012 ; Savelli et al., 2019,
2021). De plus, le MPB (producteurs a croissance rapide) est principalement constitué de
carbone organique labile (De Brouwer et Stal, 2001 ; Morelle et al., 2022) qui peut étre
rapidement remineéralisé en COz par la respiration hétérotrophe, alors que les plantes a feuilles
persistantes (producteurs a croissance lente) sont principalement constituées de carbone
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organique réfractaire comme la lignine (Benner, 2011 ; Jiao et al., 2011) permettant un
renouvellement lent de sa biomasse et ainsi, de sa reminéralisation en CO.. Ainsi,
contrairement au MPB sur les vases, une forte densité de plantes vasculaires dans les marais
salés pourrait étre considérée comme une “pratique de gestion souhaitable™ pour une meilleur
captation et séquestration de carbone dans un contexte de lutte contre le changement

climatique (Francisco Artigas, communication personnelle).

De plus, en hiver et en automne a I'émersion, I'analyse spatiale de la NEE a montré des
taux de captation de CO: significativement plus élevés pour H. portulacoides que pour S.
maritima alors qu'en €té, aucune différence significative n'a été enregistrée entre ces deux
espéces végétales (Fig. 3.7). Cette différence saisonniere pourrait étre liée a la phénologie des
plantes puisque H. portulacoides est une plante a feuilles persistantes tout au long de I'année,
alors que la saison de croissance de S. maritima est restreinte du printemps et a 1’été. Ainsi,
cette analyse a permis de conclure d’une plus grande efficacité de H. portulacoides dans la
captation de CO2 atmosphérique par rapport a S. maritima (chapitre 111, Mayen et al., 2024).

Dans le marais salé des Bossys perdus, les activités salicoles passées ont modifié la
typologie du site avec un ensemble de digues, de bosses et de petits chenaux produisant une
immersion plus longue pour les zones basses du marais (vases et S. maritima) que pour les
zones hautes du marais (H. portulacoides et S. vera). Ainsi, cette immersion différée dans le
temps a probablement favorisé une plus forte captation de CO. atmosphérique par H.
portulacoides et S. vera. Nous avons pu faire I’hypothése que la micro-topologie des marais
salés liée aux activités anthropiques récentes favoriserait une captation de CO. plus
importante qu’un marais salé sans activité anthropique depuis tres longtemps dont la surface
plane permet I’immersion rapide de I’ensemble des habitats (Pery, 2023). Dans le contexte de
I’augmentation du niveau des océans et de 1’altération des digues, les marais rétro-littoraux
faconnés pour un usage salicole seront probablement submergés et remplacés par des marais
tidaux avec a une forte densité de plantes terrestres halophytes et une micro-topologie
spécifique qui favorisera une plus forte captation de carbone atmosphérique. Dans le cadre du
projet de I’ANR-PAMPAS, une étude est en cours de préparation afin de mieux comprendre
les effets des submersions marines sur les marais littoraux Charentais au travers a travers une
approche multidisciplinaire intégrant les liens entre la géomorphologie, les producteurs
primaires (plancton), les consommateurs (poissons, amphibiens, arthropodes), et les fonctions

de captation et de séquestration de carbone (Amann et al., in prep.).
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3. Influence du métabolisme aquatique sur les flux horizontaux et verticaux de
carbone

Les marais salés sont des écosystemes cotiers productifs qui favorisent la captation de
CO- atmosphérique grace a une forte production primaire des plantes halophytes terrestres
(Schéfer et al., 2014 ; Artigas et al., 2015 ; Forbrich et Giblin, 2015). De plus, le métabolisme
intense de ces systemes intertidaux exporte horizontalement des quantités importantes et
variables de carbone (C) organique et inorganique au travers du compartiment aquatique (Cai,
2011; Wang et al., 2016 ; Reithmaier et al., 2023). Cependant, les fortes variations
temporelles de ces flux verticaux et horizontaux de C nécessitent d'étudier I'ensemble du
métabolisme des marais en prenant en compte les compartiments terrestre et aquatique et en
distinguant leurs contributions respectives aux échanges de CO, atmosphérique mesurés par
Eddy Covariance (EC). Au cours de nos quatre cycles de 24 heures au marais tidal des Bossys
perdus, les formes organiques et inorganiques du C, les nutriments et le métabolisme
planctonique ont été mesurés en simultané avec les pCO. de I’ecau et les flux de CO2
atmosphérique associé¢s. Ces mesures ont permis d’apporter des informations essentielles sur
les variations temporelles du C, des nutriments et du métabolisme planctonique entre les
phases de marée haute et celles de marée basse et d’étudier I’influence du compartiment
aquatique des marais sur les échanges nets de CO2 a I’échelle de 1’écosysteme (NEE)

(chapitre IV, Mayen et al., in prep.).

Figure 5.4 : Schéma de la dynamique du carbone entre la marée haute (immersion du marais
par les eaux cotieres) et la marée basse (émersion du marais et exportation des eaux vers le
chenal) au cours de nos cycles de 24 h au marais tidal des Bossys perdus. Les eaux des marais
rétro-littoraux en amont sont évacuées dans le chenal uniquement lors des périodes de marée
basse. Les bilans de carbone en hiver, au printemps et en été pour la NEE (échanges de CO>
atmosphérique mesurés par EC), la NEEmarsh (flux métabolique du marais sans immersion) et
la NCP (métabolisme planctonique) sont donnés en g C m2 j. Pour les taux journaliers de
NCP, les bilans négatifs correspondent a une autotrophie (puits net de C pour les eaux) et les
bilans positifs correspondent a une hétérotrophie (source nette de C pour les eaux). Pour le
métabolisme net du marais avec immersion (NEE) et sans immersion (NEEmarsn), les bilans
négatifs correspondent a une captation de C atmospherique par le marais. Les valeurs en DIC,
DOC et POC sont les concentrations moyennes a marée basse et a marée haute (en uM) pour
chaque cycle de 24 h. NA : les données EC n'ont pas pu étre mesurées pour C4-fall.
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. . Winter Sprin Summer Fall
Tidal salt marsh with strong pring
. . NEE:  -1.43 NEE:  -2.56 NEE:  -2.82 NEE:  NA
terrestrial vegetation cover NEE.__.:-1.64 NEE....:-3.32 NEE.. 262 NEE.. . NA
(Mayen et al., 2023b) NCP:  -0.07 NCP:  -0.25 NCP:  0.06 NCP: 0.1

Rewilded artificial salt marshes
with free-floating macroalgae
bloom (Mayen et al., 2023a)
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Artificial salt marsh water exports at low tides
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Tableau 5.2 : Bilans nets de carbone journaliers (g C m? j1) a I’échelle tidale (marée haute/marée basse) des taux de NCP mesurés par la
méthode Winkler (métabolisme planctonique), des flux de NEE mesurés par EC (échanges de CO, atmosphérique) et des flux de NEEmarsh,
GPPmarsh €t Rmarsh €stimés a partir du partitionnement de Kowalski et al. (2003) (flux métabolique du marais sans immersion) au cours des quatre
cycles de 24 heures au marais salé de Bossys perdus. Pour les taux journaliers de NCP, les bilans négatifs correspondent a une autotrophie (puits
net de C pour I’eau) et les bilans positifs correspondent a une hétérotrophie (source nette de C pour 1’eau). Pour le métabolisme net du marais
avec immersion (NEE) et sans immersion (NEEmarsh), les bilans négatifs correspondent a une captation de C atmosphérique par le marais

(chapitre 1V, Mayen et al., in prep.). NA : les données EC n'ont pas pu étre mesurées pour C4-fall.

Cl-winter C2-spring C3-summer C4-fall
NEE Benthic and aquatic -0.19 -0.76 -0.48 NA
metabolism

NEEmarsh Benthic metabolism -0.40 -1.52 -0.29 NA
High Tides GPPmarsh Benthic metabolism -0.60 -2.23 -1.00 NA
Rmarsh Benthic metabolism 0.20 0.71 0.71 NA
NCP Planktonic metabolism in -0.03 -0.08 0.02 0.02

marsh waters
NEE Benthic metabolism -1.24 -1.80 -2.34 NA
NEEmarsh Benthic metabolism -1.24 -1.80 -3.34 NA
Low Tides GPPmarsh Benthic metabolism -1.62 2.73 -3.49 NA
Rmarsh Benthic metabolism 0.38 0.93 1.16 NA
NCP Planktonic metabolism in -0.05 -0.17 0.04 0.09

channel water

253



Chapitre V

Lors de I’immersion du marais par les eaux cotiéres du Pertuis Breton (Fig. 1.21), les
mesures du métabolisme aquatique ont généralement indiqué une hétérotrophie de la colonne
d’eau produisant du DIC et des augmentations de pCO2 de I’eau. En absence d’une forte
activité des communautés planctoniques a marée haute, cette hétérotrophie aquatique pourrait
étre liée a la respiration des plantes immergées et/ou a un couplage benthique-pélagique (Fig.
5.4). Les fortes concentrations en nitrate dans les eaux cotieres en hiver (> 30 pM ; Belin et
al., 2021), influencées par le bassin versant de la Baie de 1’ Aiguillon, ont été advectées vers le
marais des Bossys perdus lors des marées hautes (DIN:DIP > 50). Les nitrates ont ensuite
probablement diffusé dans les sédiments ou ils ont été réduits pour la respiration de la matiére
organique produisant un flux diffusif de DIC des sédiments vers la colonne d’eau (chapitre
IV, Mayen et al., in prep.). Cette hétérotrophie aquatique mesurée a probablement favorise les
sursaturations en CO; de I’cau et les émissions de CO2 atmosphérique par le compartiment
aquatique (Fig. 5.4). A marée haute, les flux de NEE principalement a I’interface entre ’eau
et I’air ont montré une faible captation nette de CO2 atmosphérique au cours des cycles de 24
heures (Tableau 5.2 et Fig. 5.4). En hiver et au printemps, les bilans nets de C mesurés par EC
lors de I’'immersion (i.e. NEE) ont ¢t¢ deux fois plus faibles que ceux estimés pour le
compartiment benthique du marais sans immersion (i.e. NEEmarsh) induisant une perte dans la
captation de CO2 atmosphérique lors des marées hautes tandis que, I’inverse a été mesurée en
¢té (Tableau 5.2). Simultanément, les incubations de la colonne d’eau ont montré que les
communautés planctoniques, essentiellement composés de diatomées pennées et de
picophytoplancton, se sont comportées comme un puits net de CO2 pour la colonne d’eau en
hiver et au printemps (autotrophie) et comme une source nette de CO> pour la colonne d’eau
en été et en automne (hétérotrophie) (Tableau 5.2). Cependant, les faibles taux du
métabolisme planctonique (NCP) par comparaison a la captation nette de CO2 du
compartiment aquatique (NEE) suggére une contribution importante du compartiment
benthique (NEEmarsh) ou le métabolisme terrestre des plantes émergées sur les zones les plus
hautes du marais pourraient maintenir un puits de CO, atmosphérique pendant I’immersion
malgré des eaux sursaturées en CO; par rapport a ’atmospheére (Tableau 5.2 et Fig. 5.4).

Lors de I’émersion, les eaux influencées par les marais salés sont drainées vers les
chenaux permettant d’exporter des eaux sursaturées en CO2 en hiver (hétérotrophie aquatique)
et des eaux sous-saturées en CO: au printemps et en été (autotrophie aquatique). Les
augmentations importantes et significatives des concentrations en carbone total dans 1’eau
(TC =DOC + POC + DIC) de la marée haute vers la marée basse (1087, 912, 830 et 740 uM

en hiver, printemps, été et automne, respectivement) peuvent mettre en évidence un
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métabolisme intense du marais (Tableau 5.2 et Fig. 5.4). En hiver, les plus fortes
augmentations en DIC, en TA et en nutriments (NH4* et PO4>) pendant la marée basse de nuit
(chapitre 1V, Mayen et al., in prep.) sont probablement liées a des apports sédimentaires par la
pompe tidale et une exportation associée d’eaux porales vers le chenal (Lui et al., 2017 ;
Santos et al., 2019 ; Reithmaier et al., 2023). Plusieurs processus de respiration anaérobie se
produisent en simultanée dans les seédiments des marais salés (sulfato-réduction,
dénitrification, etc.) produisant du DIC et du TA dans les eaux de surface (Wang et al., 2016).
En hiver, la forte relation entre les diminutions de NO3_NO;™ et les augmentations de NH4*
de la marée haute vers la marée basse ont pu indiquer une réduction dissimilatrice des nitrates
en ammonium dont le processus a déja eété mis en évidence dans les marais salés tidaux
(Hopkinson et Giblin, 2008 ; Giblin et al., 2013 ; Zhen et al., 2016). Au contraire, au
printemps et en été, les diminutions significatives des pCO2 de l'eau et les augmentations
significatives du DOC au cours de la marée basse ont pu étre liées a une forte production
primaire du marais dont celle des plantes halophytes, des macroalgues, du MPB et du
phytoplancton qui se développent dans le chenal (Fig. 5.4). Ainsi, les taux associés au
métabolisme planctonique (NCP) ont été plus élevés a marée basse dans les eaux du chenal
variant de -0,17 g C m j* au printemps (puits de CO2) 4 0,09 g C m™2 j* en automne (source
de COy). Cependant, lors des périodes de marée basse, la forte captation de CO. mesurée par
EC au sein de ’emprise a sans doute été principalement contrdlée par le compartiment
benthique du marais constitué a 70% de plantes halophytes terrestres qui assurent une forte
production primaire a I’émersion (Tableau 5.2).

Les exportations horizontales de DIC par les marais salés pourraient induire un dégazage
de CO; atmosphérique dans les eaux cétiéres adjacentes (Wang et al., 2016) alors que les
exportations horizontales de TA favoriseraient la capacité tampon des eaux cotieres et le puits
de carbone a long terme puisque 1’alcalinité totale reste généralement sous forme dissoute
(Middelburg et al., 2020). Les données liées aux exportations de TA au sein de plusieurs
marais salés autour du monde ont été récoltées afin de les intégrer au budget de carbone des
marais et permettre d’augmenter la plus-value de ces écosystémes intertidaux dans la

séquestration de carbone (Reithmaier et al., 2023).
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Conclusions de la these

Ces travaux de theése ont permis d’apporter des connaissances concernant les processus
biologiques, physiques et chimiques controlant les flux de carbone aux interfaces terrestre-
aquatique-atmosphérique des marais Charentais au travers de mesures in situ (pCO2 de I’eau
et flux de CO; atmosphérique) et d’échantillonnages de la colonne d’eau (POC, DOC, DIC,
TA et nutriments) aux différentes échelles temporelles (diurne, tidale, saisonniére) et spatiales
(marais salés et doux). Une étude de la balance métabolique des communautés planctoniques
a également ¢été menée afin d’étudier la contribution du phytoplancton dans les flux
horizontaux et verticaux de carbone dans les marais.

Face aux enjeux environnementaux que représente la préservation des marais littoraux
dans la captation de CO. atmosphérique, il a été fondamental d’apporter une meilleure
comprehension du cycle du carbone et du comportement du CO. dans ces écosystémes
végétalisés selon leur typologie et leur mode de gestion. Le long d’un continuum aquatique
(ile de Ré), nos mesures biogéochimiques a haute fréquence ont montré un fort contréle de la
typologie de I’écosystéme sur la dynamique du carbone inorganique, avec des pCO2 de ’eau
significativement plus faibles dans les marais salés rétro-littoraux en amont, en raison d'une
activité biologique plus forte et d’un temps de résidence de 1’eau plus long, que dans
I’estuaire tidal en aval. En effet, les pCO2 de 1’eau des marais salés ont été fortement
contrélées par le métabolisme des producteurs primaires aquatiques (phytoplancton et
macrophytes) induisant des périodes importantes de sous-saturation en CO2 de I’eau par
rapport a I’atmosphere. Cependant, les entrées d’eau cotiere tamponnée dans les marais salés
selon les différents modes de gestion (naturel vs. anthropique) ont significativement perturbé
la dynamique des pCO: de I’eau en diminuant instantanément les périodes de sous-saturation
en COz de la colonne d’eau. De plus, ces travaux de thése ont également permis d’établir un
lien entre le type de producteur primaire dans le marais et le statut métabolique du
compartiment aquatique comme source ou puits de CO. atmosphérique. Les apports en
nutriments interagissent de facon significative avec le cycle du carbone des marais en
favorisant principalement des producteurs primaires a croissance rapide (macroalgues
flottantes et phytoplancton) dont le renouvellement rapide au cours de ’année ne permet pas
une captation nette de CO> atmosphérique a I’échelle annuelle contrairement aux macrophytes
a croissance lente (herbiers marins ou plantes vasculaires). Ainsi, ce travail de thése indique

que la gestion des marais peut étre un levier important afin de limiter les nutriments et de
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privilégier des producteurs primaires avec un faible taux de renouvellement permettant une
meilleur captation et séquestration de carbone a plus long terme.

Les marais tidaux sont des zones humides végétalisés a I’interface entre le milieu
terrestre et le milieu aquatique associées a des temps de résidence plus court de I’eau lors de
I’immersion par les eaux cotiéres. Un systéme d’Eddy Covariance atmosphérique a été
déployé pendant trois ans (2019-2022) au niveau d'un marais tidal des Bossys perdus (ancien
marais salants) afin de mesurer en continu les échanges nets de CO> de I'écosysteme (NEE) et
évaluer Dl’influence des principaux facteurs de contrdle environnementaux (biotiques et
abiotiques). Les résultats de ces travaux ont montré un fort puits annuel de CO:
atmosphérique principalement li¢é a une faible respiration de 1’écosystéme (plantes, MPB,
sédiments) couplée a une forte activité photosynthétique des plantes terrestres émergés,
principalement au printemps et en été, contrdlée par la lumiére, la température et le VPD.
Cette étude a fourni également des informations importantes sur les variations temporelles des
flux de NEE pendant I'immersion tidale en diminuant significativement la captation de CO-
atmosphérique le jour et les émissions de CO; atmosphérique la nuit au cours d’une journée
alors que I'immersion n'a pas affecté significativement le bilan annuel de carbone du marais.

Au cours des cycles de 24 heures menés au marais tidal des Bossys perdus, les pCO;
de I'eau ont été contrdlées par I’activité biologique induisant en moyenne une sursaturation en
CO2 de I’cau en hiver et une sous-saturation en CO> de 1’eau au printemps et en été. Lors des
marées hautes, le métabolisme hétérotrophe de la colonne d’eau a favorisé la production de
DIC et des augmentations de pCO2 de I’eau. Ainsi, les eaux sursaturées en CO2 par rapport a
I’atmospheére (en plus de 1’effet barriére de la colonne d’eau sur les échanges eau-air) ont pu
réduire de maniére significative la captation de CO2 atmosphérique a I’échelle du marais
mesurée par Eddy Covariance pendant les niveaux d’immersion des plantes les plus élevés.
De la marée haute a la marée basse, le marais s’est comporté comme une source importante de
DIC, de TA et de nutriments (NH4* et PO4>), notamment en hiver, probablement liée a des
processus métaboliques anaérobies importants dans le chenal et les sédiments induisant une
augmentation significative des pCO2 de 1’eau. Au contraire, au printemps et en été, la forte
production primaire du marais incluant le phytoplancton, les microalgues benthiques (MPB)
et les macroalgues ont favorisé des plus faibles valeurs des pCO2 de I’eau dans le chenal de
jour comme de nuit, associées a de fortes productions de DOC. A marée basse, le
métabolisme planctonique a eu une influence significative sur les pCO2 de I’eau, induisant
une captation nette en hiver et au printemps et une source nette en été et en automne.

Cependant, les communautés planctoniques n'ont pas joué un réle significatif dans les bilans
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nets de carbone du marais a I'échelle de I'écosystéme qui sont contrdlés majoritairement par la
végétation terrestre. Ces résultats soulignent que les échanges horizontaux d’eau cotie¢re avec
les marais salés ont modifié de maniére significative la dynamique du carbone et I'état
biogéochimique du CO, de I’eau par rapport a l'atmosphére au travers d’une forte activité
biologique des marais (production et respiration).

Dans le contexte du changement climatique, ce travail a permis une avancée dans la
compréhension écologique et biogéochimique des marais et pourra fournir une aide a la

gestion de ces ecosystemes littoraux pour favoriser les puits de carbone en zone cotiere.
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Perspectives de these

MNT et Eddy Covariance atmosphérique

En raison de la micro-topologie spécifique du marais tidal des Bossys perdus liée aux
anciennes salines, les mesures de hauteur d’eau a une seule localisation sur le marais n’ont
pas permis de prendre en compte précisement toute la variabilité spatiale du site entre les
secteurs émergés (zones hautes du marais) et ceux immergés (zones basses du marais) au sein
du footprint (Fig. 3.2). En effet, plusieurs secteurs de vent sont rapidement immergés par les
eaux cotieres lors de la marée montante (vases) alors qu’en méme temps, d’autres secteurs
sont encore émergés (sources) complexifiant I’étude de I’influence de I’immersion tidale sur
les flux de NEE mesurés par Eddy Covariance (chapitre I11). Nos visualisations sur le terrain
lors des plus gros coefficients de marée ont indiqué que certains secteurs de vent sont encore
émergés ou partiellement émergés dans ’atmosphére pour une hauteur d’eau mesurée
inférieure a 1 m (Fig. 3.8). Pour mieux contraindre 1'influence de 1I’immersion tidale sur les
flux métabolique du marais, un modele numérique de terrain (MNT) pour les hauteurs d'eau
permettrait de déterminer spatialement les zones précises d'immersion et d'émersion dans
chaque secteur de vent du footprint et a chaque valeur de flux de NEE a 10 mins. Ce MINT a
été réalisé pour les années 2021 et 2022 mais il nécessite des améliorations, notamment du
fait des imprécisions liées au capteur STPS pour les mesures de hauteur d’eau (plusieurs
capteurs STPS dans différents secteurs du footprint seraient nécessaires). Associé a la
connaissance des habitats des Bossys perdus au sein du footprint (Tableau 3.1), nous
pourrions ainsi calculer la proportion relative des secteurs immergés et émergés par rapport a
la surface totale correspondantes et leurs contributions respectives quant aux flux de CO>
atmosphérique mesures par Eddy Covariance en termes de photosynthese et respiration lors

de ces phrases d’immersion variables suivant la marée.

Matiere organique particulaire des marais salés

Compte tenu de I’importance de la matieére organique particulaire dans le cycle du carbone
des environnements cotiers, il est nécessaire d’échantillonner le carbone organique
particulaire (POC) et ’azote organique particulaire (NOP) afin d’élucider son réle sur les
pCO2 de I’eau et échanges de CO. atmosphérique associés dans les marais. Au cours des
cycles de 24 h au marais tidal des Bossys perdus, les ratios POC:PON (molaire) et POC:Chla

259



Perspectives

(atomique) ont permis de donner des indications sur les caractéristiques la matiére organique
particulaire dans 1’eau (origine, composition, état de dégradation) (Savoye et al., 2003). En
hiver, les valeurs les plus élevées des ratios POC:PON (entre 11 et 15) et POC:Chla (entre
1300 et 1600 mg mg™?) ont été mesurées au cours de la marée basse de nuit et pourraient
indiquer une minéralisation de la matiére organique végétale en décomposition dans les eaux
du chenal induisant les plus fortes augmentations des pCO2 de 1’eau et des concentrations en
DIC. Au contraire, aux autres saisons échantillonnées a marée basse, les ratios POC:PON ont
été proche de la valeur théorique de Redfield (106:16) indiquant une matiére organique
phytoplanctonique dégradée a 1’été (POC:Chla > 300 mg mg™) et peu dégradée a I’automne
(POC:Chla < 150 mg mg™). Cependant, des mesures par signature isotopiques permettraient
d’identifier les sources de la matiére organique particulaire dans 1’eau avec une meilleure
précision (Savoye et al., 2003 ; Bristow et al., 2012). En biogéochimie et écologie aquatique,
les rapports isotopiques stables du carbone (5'3C) et de 1'azote (5'°N) sont largement utilisés
pour déterminer l'origine (macrophytes terrestres ou aquatiques, phytoplancton d’eaux douces
ou d’eaux marines ou eaux usées) et le devenir de la matiére organique particulaire en
suspension. Dans cette these, les sources de POC et de PON (eau et producteurs primaires)
ont été¢ échantillonnées lors de nos cycles de 24 h pour I’identification de la maticre

organique ; les analyses sont prévues et les résultats a venir.

Budget de carbone des marais salés

Au sein des marais salés tidaux de la cote nord-est des Etats-Unis, le budget de carbone a
été construit sur la base de flux horizontaux et verticaux de carbone mesurés au sein de
plusieurs études et compilées au sein d’un méme budget (Fig. 1.16 ; Song et al., 2023). Ainsi,
la GPP a été calculee comme la somme des exports latérales de DIC (Wang et al., 2016), de
DOC et de POC (Herrmann et al., 2015 ; Najjar et al., 2018), de séquestration de carbone bleu
(Chmura et al., 2003) et de dégazage de CO2 atmosphérique par les compartiments terrestre
(Forbrich et Giblin, 2015 ; Carey et al., 2022) et aquatique (Song et al., 2023). Cependant, le
manqgue de mesures in situ sur les echanges de CO> atmosphérique a grande échelle par Eddy
Covariance en simultanée avec des mesures de la balance métabolique des communautés
planctoniques et des flux horizontaux de carbone entraine encore des incertitudes dans les
budgets de carbone des marais (Wang et al., 2018 ; Song et al., 2023) et sur leur contribution

aux cycles régional et global du carbone (Bauer et al., 2013 ; Najjar et al., 2018).
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Au cours de nos cycles de 24 h au marais tidal des Bossys perdus (chapitre 1V), des
mesures courantométriques a hautes fréquences (10 mins) ont donc été réalisées dans le
chenal a chaque saison en simultanée avec les mesures du carbone organique et inorganique
de I’eau (DIC, DOC, POC) dans le but de calculer précisément les flux horizontaux de
carbone lors des différentes phases de marée en simultanée avec les mesures des échanges
nets de CO> de I’écosystéme (NEE) par Eddy Covariance. Ces mesures/résultats (qui viennent
de nous étre transmis) de volumes d’eau et de débits associés transitant au marais étudié, soit
advectés depuis le Pertuis Breton a marée haute, soit exportés depuis le marais vers le Pertuis
Breton a marée basse permettront de tendre vers un premier budget de carbone en prenant en
compte des flux de NEE en continu. De plus, nos mesures en simultanée entre les pCO> de
I’eau et les flux de CO. atmosphérique par Eddy Covariance lors des périodes d’immersion
offre la possibilité de calculer avec précision le coefficient d’échange du CO2 a l’interface
eau-air (k; chapitre I, section 4.1) suivant Polsenaere et al. (2013) afin d’apporter des
précisions concernant les dégazages de CO2 par le compartiment aquatique du marais a marée
haute. Pour finir, dans le cadre de deux post-doctorats, le compartiment sol du marais a
également été suivi la méme année par des mesures de séquestration de carbone (Amann et
al., soumis) et aussi de production et de dégradation racinaire des plantes halophiles en
fonction du rythme tidal (Arnaud et al., soumis) et permettent d’apporter des précisons

majeurs dans la construction du budget de carbone du marais tidal des Bossys perdus.

De plus, dans les marais tidaux, les valeurs de NEP (production de 1’écosystéme nette ;
chapitre 1, section 3.1) ne peuvent pas étre directement estimées par des mesures Eddy
Covariance atmosphérique (Chapin et al., 2006 ; Mayen et al., 2024). En effet, pendant les
phases de marée descendante, les exportations latérales de DIC liées a la respiration
hétérotrophe du marais, la minéralisation de la matiére organique, la dissolution des
carbonates et le couplage benthique-pélagique (Wang et al., 2016) ne peuvent pas étre prise
en compte par des mesures d’échanges de CO, atmosphérique. Ainsi, des mesures d’exports
latérales de DIC doivent étre menées en simultanée avec des mesures Eddy Covariance afin

d’estimer avec précision la NEP des marais.

Pour finir, des incertitudes persistent encore quant a la contribution des réseaux
trophiques dans les flux horizontaux et verticaux de carbone suivant la typologie des marais
littoraux. Un travail de post-doctorat au sein du projet LRTZC propose de mesurer des flux de
CO:2 atmosphérique aux différentes interfaces d’échange des marais (sédiment-air, eau-air et

sédiment-ecau) afin d’établir des bilans de carbone a I’échelle de 1’écosystéme via une
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approche de modélisation des réseaux trophiques tout en prenant en compte les variabilités
saisonniéres. Face a I’enjeu que représente la préservation et la gestion des marais littoraux
pour la captation et la séquestration de carbone, il est fondamental de mieux comprendre le
fonctionnement biogéochimique de ces écosystémes d’interface et notamment, la contribution

des réseaux trophiques dans les flux horizontaux et verticaux de carbone.

Lien entre eutrophisation des marais et les bilans de carbone

Ces travaux ont permis d’établir une premiére relation entre le niveau trophique des
marais littoraux et leur statut métabolique comme puits ou source de CO, atmosphérique
(chapitre V, section 1.2). Les fortes valeurs de pCO2 de I’eau dans les marais pourraient étre
ainsi liées a 1’eutrophisation du milieu et au renouvellement rapide des producteurs primaires
a croissance rapide. Dans un contexte de hausse de 1’anthropisation des environnements
cotiers, il serait nécessaire d’approfondir les connaissances concernant 1’influence des apports
en nutriments dans les marais sur les échanges de CO> atmosphérique et sur leur capacité de
captation de carbone. Il serait intéressant de déployer une station d’Eddy Covariance a la
station MAD (Brouage) afin de quantifier les flux de NEE a D’interface entre 1’eau et
I’atmosphere a I’échelle de 1’écosysteme et d’apporter des précisions concernant 1’influence
de D’eutrophisation d’un marais sur la capacité de captation de CO> atmosphérique aux

différentes échelles temporelles.

Dans les mangroves, 1’eutrophisation liée aux apports importants de matiére organique
labile comme les algues pourrait (1) renforcer la boucle microbienne de dégradation de la
matiere organique peu biodégradable et altérer la séquestration de carbone bleu dans les
sédiments (Cheynel et al., 2022) et (2) augmenter les émissions de CO. atmosphérique
provenant des sédiments émergés (Barroso et al., 2022). Au sein des marais tidaux, les
niveaux élevés en nutriments (NO3’) associés a I’eutrophisation cotiére augmentent la
décomposition microbienne de la matiére organique par dénitrification au niveau de la
biomasse souterraine des plantes altérant la structure des marais et favorisant le passage d’un
couvert végétal a un couvert vaseux (Deegan et al., 2012). Ces augmentations de la respiration
de D’écosysteme pourraient étre mis en évidence par des mesures d’Eddy Covariance

atmosphérique en utilisant le partitionnement des flux de NEE en flux métabolique du marais.
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Annexes chapitre V

Hiver, 12-16/02/2021
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Figure S1 : Pression partielle de COz de I’eau (pCO2 en ppmv) mesurées a hautes fréquences
(i.e. 1 minute) au marais saumatre (MAD en vert) et au marais salé (MAS en bleu) aux quatre
saisons en 2021 en simultané durant quatre jours consécutifs (hiver en noir, printemps en vert,
été en jaune et automne en marron) ; les bandes claires et foncées représentent les périodes de
jour et de nuit, respectivement ; le trait pointillé a 415 ppmv correspond a la pCO2 moyenne
de I’atmosphere en 2021 ; a MAD en automne, les pCO2 de I’eau ont été estimées a partir des
mesures de pH et d’alcalinité de I’eau toutes les deux heures lors des derniéres 24 heures de
mesures. Polsenaere, 2023.
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Des analyses statistiques complémentaires ont été realisées telles que des régressions
linéaires multiples a I'échelle saisonniere (cycle de 24 heures ; 12 < n < 16) afin de tester la
contribution des variables biogéochimiques mesurées (Tableau 4.3) sur les variations des
pCO; de I'eau au travers du pourcentage de variance expliquée (R? ajusté ; Tableau 5.3). En
hiver et en automne, les analyses de régression multilinéaire ont montré que les pCO2 ont été
significativement expliquées par les variations de DIC, de TA et de nutriments (NOz"_NO>" et
NH4"), ce qui pourrait confirmer une forte contribution des processus hétérotrophes sur les
pCO: de I’eau. Au contraire, au printemps et en été, les pCO- ont été fortement corrélées avec
DOC (Tableau 5.3) permettant de confirmer une forte contribution des processus autotrophes
sur les pCOz de I’eau. Ces analyses statistiques peuvent venir compléter les résultats et les
conclusions du chapitre IV (Mayen et al., in prep) concernant 1’influence des processus

métaboliques de la colonne d’eau sur les pCO2 mesurées.

Tableau S5.3: Analyses de regression linéaire multiple (méthode pas a pas) a I'échelle
saisonniere (cycles de 24 heures ; 12 < n < 16) (Harrell, 2015). Pour chaque modele
multilinéaire sélectionné (p < 0,001), la valeur du R? ajustée est la plus élevée avec toutes les
variables expliquant au moins 5% de la variation des pCOz de I’eau. En gras est indiqué le
paramétre expliquant au moins 50% de la variation de la pCO.. La statistique F de Fisher et le
R? ajusté (R? adj.) sont indiqués. Ces analyses statistiques ont été réalisées avec le logiciel
Statgraphics Centurion 19.

Equation F Adj. R?

Hiver pCO, =-1349,5+4,1DIC-32TA-0,9POC + 11,3NOs_NO,” 103,9 97,1%

Printemps pCO,=4154-0,4 DOC - 0,8 POC + 22,7 Chla 15,2 75,3%
Eté pCO, =527,6 - 0,5 DOC 59,7 80,7%
Automne pCO,=668,2+0,7DIC-6,7 TA-37,1 NH,* 57,6 91,9%
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ARTICLE INFO ABSTRACT

Keywords: Within the coastal zone, salt marshes often behave as atmospheric CO sinks, allowing for blue carbon (C)
Shelf-estuary-marsh continuums sequestration associated with intense autotrophic metabolism. However, C dynamics over salt marshes are
Water pCO4y

complex since various biogeochemical processes and fluxes occur at different terrestrial-aquatic-atmospheric

gifl_r‘rlxv:lt er CO, fluxes exchange interfaces and spatiotemporal scales. This study focuses on seasonal, tidal and diurnal variations of
Tidal water pCO,, estimated water—air CO, fluxes and controlling factors along two temperate shelf-estuary—marsh
Seasonal scales continuums. The latter include typical coastal systems with artificial salt marshes that have contrasting water
Marsh management practices management practices and primary producer types. Our high-frequency biogeochemical measurements (seasonal
Macrophytes 24-hour cycles) highlighted a strong control of ecosystem typology on inorganic C dynamics with lower water

pCO; values in the artificial salt marshes, due to stronger biological activity and longer water residence times,
than in the tidal estuary. In the marine-dominated estuary, water pCO5 variations (267 - 569 ppmv) were
strongly controlled by tidal effects and phytoplankton activity particularly in spring/summer. On the contrary,
the greatest amplitudes in water pCO; were recorded in the artificial salt marshes (6 - 721 ppmv) due to intense
macrophyte activity. In the rewilded marsh, eutrophication favoured spring/summer fast-growing macroalgae
produced, in turn, strong fall atmospheric CO2 outgassing from degraded algae waters and thus a net annual
source of CO to the atmosphere (17.5 g C m~2 yr™1). Conversely, specific management practices at the working
marsh for salt-farming activity favoured rather slow-growing macrophytes (i.e. seagrasses) which greatly
contribute to the yearly observed atmospheric CO; sink (-97.7 g C m~2 yr’l), In this work, we suggest that salt
marsh management can be used to control the contribution of primary producers to marsh C budget as atmo-
spheric CO> (sink and/or source).

1. Introduction geomorphological types and ecosystems (shelves, estuaries, bays, wet-
lands) shaping the biogeochemical cycle coupling between land, ocean

Marine coastal environments, which only account for 7% of the and atmosphere (Aufdenkampe et al., 2011; Bauer et al., 2013). These
global ocean, perform major ecological functions such as primary pro- dynamics and heterogeneous ecosystems vertically exchanges large and
duction, bacterial mineralization and organic matter burial (Gattuso variable quantities of carbon (C) with the atmosphere (Cole et al., 2007;
et al, 1998). The coastal zone presents a wide diversity of Polsenaere et al., 2012). At the global scale, continental shelves behave
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as atmospheric CO, sinks and absorb 0.25 + 0.05 Pg C yr~! due to
phytoplankton primary production (Bauer et al., 2013; Dai et al., 2022).
On the contrary, CO, supersaturated estuarine waters emit 0.25 + 0.05
Pg C yr ! to the atmosphere (Bauer et al., 2013) due to a strong
mineralization of organic matter from the land (Frankignoulle et al.,
1998; Borges and Abril, 2011). These atmospheric C exchanges within
the coastal zone are heterogeneous (Borges et al., 2005) and need to be
better taken into account in regional and global C budgets (Najjar et al.,
2018). For instance, coastal wetlands, including salt marshes located
along inner shelf-estuary—marsh continuums, absorb 0.55 + 0.05 Pg C
yr~! from the atmosphere (Bauer et al., 2013) and may play a major role
in atmospheric CO uptake and associated organic C burial on Earth
(Cai, 2011; Mcleod et al., 2011).

In salt marshes, inorganic C dynamics and water pCO; are influenced
by several physicochemical and biological processes within and between
each ecosystem compartment such as tidal exchanges, calcium carbon-
ate precipitation/dissolution, benthic-pelagic coupling, air-water ex-
changes and photosynthesis/respiration balance (Cai, 2011; Bauer et al.,
2013; Macreadie et al., 2017). Due to high photoautotrophy rates of
both aquatic (phytoplankton and seagrasses) and terrestrial (vascular
plants) primary producers (Tobias and Neubauer, 2019), these highly
productive ecosystems mostly behave as net atmospheric C sinks
(Schafer et al., 2014; Artigas et al., 2015; Forbrich and Giblin, 2015). A
refractory part of organic C produced through photosynthesis in these
vegetated coastal ecosystems can then be sequestered in sediments or/
and plant biomass (Chmura et al., 2003) and stored as blue C, and
greatly contribute to the regional/global C cycle in comparison with
terrestrial ecosystems (Mcleod et al., 2011). Salt marshes also produce
and horizontally export significant quantities of C through tidal water
advection (Najjar et al., 2018) which could, in turn, strongly influence
the C balance of the system itself as well as the estuary and shelf systems
(Cai, 2011). The “marsh CO, pump” hypothesis proposes that atmo-
spheric CO5 uptake by marsh primary producers and the export of a part
of the associated C may be one of the major mechanisms making adja-
cent coastal waters sources of COy to the atmosphere (Wang and Cai,
2004). For instance, in a tidal marsh area (USA; 12 300 kmz), Wang et al.
(2016) estimated that 56% of the atmospheric C uptake by the marsh net
primary production (NPP) was exported to the coastal ocean by tides
(839% inorganic and 17% organic C forms). Nevertheless, despite these
major ecological potentials (storm protection, nursery areas, long-term
C storage), these interface areas are the most threatened in the world
by land-use changes, climate changes and sea level rise (Gu et al., 2018).
Moreover, coastal eutrophication causes the loss of salt marshes by
decreasing the below-ground biomass of plant roots through microbial
degradation processes thereby producing a decrease in the geomorphic
stability of marshes (Deegan et al., 2012). Since the 1800s, salt marshes
have lost about 25% of their global area with negative effects on the
atmospheric CO3 sink and the associated C sequestration (Mcleod et al.,
2011). Their importance as ecosystem service reservoirs has made it
possible to implement protection and restoration policies that contribute
to their better management and to the development of their ecological
and economic potentials (Gu et al., 2018; Adam, 2019).

The high heterogeneity in biogeochemical processes within coastal
systems at spatial and temporal scales (Cai, 2011; Bauer et al., 2013)
requires more integrative C process and exchange measurements at the
various terrestrial-aquatic-atmospheric interfaces over different time
scales (tidal, diurnal and seasonal) to better understand the ecological
functioning of these ecosystems facing global changes. Some studies in
coastal wetlands such as salt marshes or seagrasses have taken water
pCO2 measurements at different temporal scales allowing the study of in
situ CO2 dynamics in relation to other biotic and abiotic processes (Berg
et al., 2019; Burgos et al., 2018; Polsenaere et al., 2022; Wang et al.,
2018). For instance, in an intertidal mangrove (Gaderu Creek, India),
Borges (2003) showed a strong control of diurnal pCO, variations by
tides and biological activity (primary production and respiration).
However, still too few studies have taken high-frequency water pCO5
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measurements in salt marshes at the diurnal and tidal scales to better
understand the biogeochemical status of marsh waters which are still
little studied from a C point of view (Song et al., 2023). These temporal
variations in water pCO; strongly affect associated air-water CO fluxes
that can, in turn, be estimated from the CO, gas transfer velocity, CO,
solubility in the water and air-water COy gradient (Borges, 2003;
Crosswell et al., 2017). The atmospheric Eddy Covariance technique
represents an alternative way to directly measure atmospheric CO;
fluxes at the ecosystem scale (Baldocchi et al., 1988; Schafer et al.,
2014). This non-intrusive micrometeorological technique allows to
study the metabolism of coastal ecosystems (sink or source) under real
field conditions and to integrate them into regional C budgets (Polse-
naere et al., 2012; Van Dam et al., 2021).

The purpose of this study was to better understand CO2 dynamics at
different temporal scales and locations over two aquatic sea-land con-
tinuums along the Atlantic French coast on Ré Island. These continuums
include coastal systems (shelf, estuary, marsh) such as those studied
elsewhere by Cai (2011) and Bauer et al. (2013) with regards to hori-
zontal and vertical C exchanges in the coastal ocean. Unlike tidal salt
marshes, which are more generally discussed in the literature (Cai,
2011; Wang et al., 2016), here we studied two artificial salt marshes (i.e.
salt ponds) in which water exchanges are controlled by dykes and locks
for human uses (biodiversity protection or anthropogenic activities
(Tortajada et al., 2011)). Through in situ high-frequency measurements
of biogeochemical parameters in waters and estimations of atmospheric
COq fluxes from 2018 to 2020, we sought to (1) identify biophysical
controlling factors of water pCO2 by establishing biogeochemical re-
lationships both at the seasonal and diurnal/tidal scales, (2) highlight
the influence of continuum typologies on measured biogeochemical
parameters and (3) identify role of station typologies and salt marsh
management practices on temporal pCO5 dynamics and associated CO;
budgets. The results allowed us to contextualize the associated contin-
uum metabolism among other studied systems from a C dynamics and
budget point of view.

2. Materials and methods
2.1. Study sites

2.1.1. Tidal estuary (station a) and channel (station b)

The Fier d’Ars estuary is a semi-closed maritime area of 750 ha on Ré
Island within the French Atlantic Ocean and connected to the Breton
Sound continental shelf (Fig. 1). It corresponds to a type II temperate
tidal estuary according to Diirr et al.’s (2011) coastal system typology.
At low tide (LT), its subtidal zone (in light blue; Fig. 1) is composed of
mudflats (slikke) and tidal salt marshes (schorre) traversed by numerous
channels of different sizes. At high tide (HT), the subtidal zone is flooded
by coastal waters from the shelf up to the dykes (Fig. 1), managed to
control water exchanges between the estuary and upstream artificial salt
marshes. Station a, with a maximum water height of 6.5 m, is located
within the subtidal zone of the estuary along the main channel con-
nected to slikke (Fig. 1). Station b is a secondary tidal channel associated
to the schorre and located at the back of the estuary before the dyke.
With a maximum water height of 5.3 m, it is connected to station a
(distance of 1.6 km) enabling the supply of coastal waters to artificial
salt marshes upstream from the dyke (Fig. 1).

Artificial salt marshes are old tidal salt marshes divided into multiple
ponds by dykes mainly located along European coasts for which water
residence times (from a few hours to fifteen days according to the
management practices; Bel Hassen, 2001) were originally controlled for
salt-farming through locks (Tortajada et al., 2011).

2.1.2. Rewilded artificial salt marsh (station c)

Station c is a rewilded artificial salt marsh upstream from the dyke
(surface area of 40100 m?2, depth of 60 cm), protected and managed
inside a National Natural Reserve (NNR). During HT periods, this
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Fig. 1. The Fier d’Ars estuary (Ré Island, French Atlantic coast) and locations of the four studied stations along aquatic continuums: tidal estuary at station a, channel
at station b, rewilded artificial salt marsh at station ¢ (countour line in green) and working artificial salt marsh at station d (countour line in blue). The dyke (red line)
delimits terrestrial and maritime (subtidal) areas. The locks in the two studied artificial marshes are represented within the two map expansions. An atmospheric
Eddy Covariance station was deployed at station e on the tidal salt marsh downstream from the dyke. Station F is located in the centre of the Breton Sound continental
shelf; station a is located at the entry of the estuary; stations b, ¢ and e are within the National Natural Reserve to the west of the estuary; station d to the east of the
estuary is within a salt-farm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rewilded marsh is supplied indirectly with coastal waters from the es-
tuary by the station b channel (distance of 500 m between stations b and
c; Fig. 1) through a lock management practice to promote biodiversity
protection (former salt farm that has been rewilded; Fig. A.1). From
November to March (winter period), the lock is open only during the
highest tidal amplitudes in order to have the best compromise between
salt- and fresh-mixing waters (salinity around 30) to allow aquatic fauna
passing from the continental shelf to the marsh. From April to October
(summer period) with lower tidal amplitudes, the lock is permanently
open to avoid large salinity fluctuations in marsh waters and favour the
development of Ruppia spp. seagrass beds in the marsh (salinity between
30 and 45). Lately, this rewilded marsh is characterized by significant
macroalgae development from early spring to late summer each year
thereby preventing seagrass development (Champion et al., 2012).

2.1.3. Working artificial salt marsh (station d)

Station d is a working artificial salt marsh upstream from the dyke
(surface area of 8 500 m?, depth of 75 cm) directly communicating (no
channel in between) with coastal waters at HT from the estuary through
a lock (distance of 2 km between stations a and d; Fig. 1). This working
marsh was chosen for its specific management practice of the lock
related to a salt-farming activity. In spring and summer, the lock is
regularly open to store salt waters and then allow to supply a succession
of upstream ponds during neap tides for the salt production through the
evaporation process (Fig. A.1). Moreover, the use of this working marsh
requires a drying up and a cleaning once a year in early spring before the
start of the salt production period to remove seagrass, macroalgae and
organic matter in the marsh (Poitevin, personal communication).

2.1.4. Additional station: continental shelf (station F)

The Breton Sound corresponds to a coastal maritime area located on
the French continental shelf, characterized by a surface area of 425 km?
(Fig. 1). The Breton Sound continental shelf exchanges salt waters with
the Atlantic Ocean to the west at each semi-diurnal tidal cycle and re-
ceives continental inputs through the Aiguillon Bay discharges to the
east depending on hydrodynamic and meteorological conditions
(Stanisiere et al., 2006; Soletchnik et al., 2015). The highest and lowest
river water flows were recorded in winter and summer, respectively,
influencing salinity of the shelf waters differently. Station F in the centre
of the Breton Sound (Fig. 1) is located in a predominantly marine
environment with a low freshwater contribution (Stanisiere et al., 2006;
Soletchnik et al., 2015). At each HT, the continental shelf supplies our
studied stations (a, b, ¢ and d) with various water masses based on the
tidal amplitudes and seasonal periods along two aquatic sea-land con-
tinuums: (1) continental shelf (station F)-estuary (station a)-channel
(station b)-rewilded salt marsh (station c¢) and (2) continental shelf
(station F)-estuary (station a)-working salt marsh (station d).
Conversely, at each LT, different water masses from salt marshes are
exported (indirectly through the station b channel for station c¢ or
directly for station d) to the estuary and then to continental shelf (Fig. 1).

In this study, meteorological parameters (air temperature, rain, wind
speed) corresponding to our measurement cycles were used from the
Eddy Covariance station (Campbell Scientific) deployed on a nearby
tidal salt marsh (station e; Fig. 1).

2.2. Measurement strategy and biogeochemical measurements

In the sub-surface waters (~30 cm depth), partial pressure of COy
(pCOy), temperature, salinity, turbidity, dissolved oxygen concentration
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(DO) and pH were autonomously measured with in situ probes at a
frequency of 1 min. during fifteen 24-h cycles at stations a, b, ¢ and
d during each season (Table A.1). These high frequency measurements
allowed to record relevant temporal (diurnal, tidal and seasonal) and
spatial (continuums) variations of water pCO, and associated physico-
chemical parameters. The diurnal scale corresponds to fluctuations
occurring between daytime and night-time whereas, the tidal scale
corresponds to fluctuations between LT and HT. The seasonal mea-
surement cycles were performed in 2018 at stations a and b and in 2019/
2020 at stations c and d. Measurements could not be taken at station d in
spring 2020 due to the Covid pandemic. At station F, the same biogeo-
chemical measurements were taken biweekly over the year 2018
(Table A.1) by Coignot et al. (2020).

A pCO; underwater probe (C-Sense™; PME/Turner Designs), a
multiparameter probe (EX02; YSI) and a submersible fluorometer
(C3™; Turner Designs) were deployed to measure water pCOg, physi-
cochemical parameters and fluorescence, respectively. The measure-
ment range of the C-Sense probe is 0-2000 ppmv with an absolute
accuracy of 60 ppmv (3% of the full scale; Turner Designs). The C-Sense
probe was calibrated by the manufacturer before the study. The EXO2
probe was used to measure temperature (+£0.1 °C), salinity (+ 0.5
salinity unit), turbidity (+ 0.3 NTU), DO concentration (+3.1 pmol L’l),
DO saturation level (+ 1%) and pH (£ 0.01 pH unit). The pH was cali-
brated before and after each 24-h cycle using three YSI buffer solutions
(pH 4.01, pH 7.00 and pH 10.01) as outlined by Aminot and Kérouel
(2004). It was not possible to measure pH at stations a and b. The C3-
fluorometer was used to estimate the sub-surface Chl a values from
the 10-min. fluorescence data. This latter was deployed only at station ¢
and d in summer 2019 and winter 2020.

Water pCO5 measured by the C-Sense probe are influenced by the
total dissolved gas pressure (TDGP) which corresponds to the total
pressure exhibited by all gases within the water column. When this
pressure greatly exceeded the pressure at which the C-Sense probe was
calibrated, the output needed to be corrected. Then, a pCO, correction
was applied taking both TDGP, atmospheric pressure during sensor
calibration (1009 hPa) and the measured pCO> by the C-Sense probe into
account, as per equation (pCOxmeasured X 1009)/TDGP (Turner Designs).
Over all 24-h cycles, the corrected pCO2 values with TDGP were 2.6 +
0.9% lower than the measured pCO2 values. Total alkalinity (TA) and
dissolved inorganic carbon (DIC) were estimated from salinity, tem-
perature, pH and water pCO2 using the carbonic acid constant from
Mehrbach et al. (1973) as modified by Dickson and Millero (1987), the
Kusos constant from Dickson (1990) and the borate acidity constant
from Lee et al. (2010). The CO; system calculation program (version
2.1.) performed these calculations (Lewis and Wallace, 1998).

2.3. Temperature and non-temperature effects on pCO variations

To distinguish between the temperature and non-temperature effects
on in situ pCO, variations at the seasonal and diurnal scales, TpCO4
(pCO4, variations related to temperature physical effects, in ppmv) and
NpCO; (pCO; variations related to non-temperature effects, in ppmv)
were calculated respectively, following Eq. (1) and Eq. (2) from Taka-
hashi et al. (2002):

TpCO, = pCO,peun X €xp[0.0423 X (Tobs — Trnean)] (D)

NpCO, = pCO,p, X €xp[0.0423 X (Tomean — Tobs)] ®)

where Tgps and pCOyps are the temperature and pCO; values measured
by the probes at each time step (1 min.), respectively. Tpean and pCO
omean are the temperature and pCO, averaged either at the seasonal
(annual mean) or diurnal scale (means per 24-h cycle). TpCO> is only
associated with the physical pump whereas, NpCO; is associated with
biological processes, tidal advection and benthic-pelagic coupling
(Cotovicz et al., 2015; Polsenaere et al., 2022).
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2.4. Calculations of air-water CO; fluxes

For all 24-h measurement cycles, the gas transfer velocity (ko) and
hourly CO5 fluxes (FCO3) at the air-water interface were estimated
following Ribas-Ribas et al. (2011) and Polsenaere et al. (2022) in
coastal environments. At stations a and b, only air-water FCO, during
HT periods (four hours around each HT) were calculated whereas at
stations ¢ and d, all hourly FCO5 were calculated using the following Eq.
(3):

FCO, =axk x ApCO, 3
where FCO, (mmol m™2 h™!) is the estimated air-water CO,, fluxes, a
(mol kg’1 atm ~1) is the CO, solubility coefficient in saltwater, k (cm
h™1) is the gas transfer velocity of CO5 and ApCO, (ppmv) is the gradient
between mean water and air pCO2. Water pCO, were measured by the C-
Sense probe. Atmospheric CO, concentrations were measured by (1) the
Eddy Covariance (station e; Fig. 1) for summer 2019 and winter 2020
and (2) the National Oceanic and Atmospheric Administration (NOAA)
at the Mauna Loa Observatory for all other periods (see values caption
Table 3). The a coefficient depends on water temperature and salinity
and was calculated according to Weiss (1974). The k coefficient also
significantly controls air-water FCO; since it directly takes turbulence
processes at the air-water exchange interface into account (Polsenaere
et al., 2013). In this study, k (or ke¢so) was calculated according to both
Raymond and Cole (2001) (RCO1; Eq. (4)) and Wanninkhof et al. (2022)
(W22; Eq. (5)) corresponding to closed environments and more open
coastal environments, respectively. These two parametrization methods
for the k exchange coefficient were applied in order to compare the
results.
For closed freshwater environments (Raymond and Cole, 2001):

keoo = 1.91 x exp[0.35 x U] (€))

For more open coastal environments (Wanninkhof et al., 2022):
keoo = 0.31 x (Uyg)? )

The gas transfer coefficients normalized to a Schmidt number of 600
(ksoo) obtained with the two parametrization were then converted to the
gas transfer velocity of CO, at the in situ temperature and salinity (keeo)
according to Jihne et al. (1987) following Eq. (6):

keso = k@(m/(ﬁﬁo/sc)io‘j (6)

where keso (cm h™1) is the gas transfer velocity of CO, at the in situ
temperature and salinity according to the parametrizations of RCO1 or
W22, Uyp (m s 1) is the wind speed normalized to 10 m (Amorocho and
DeVries, 1980) and Sc is the Schmidt number which describes both the
water viscosity and the molecular diffusion of the subsurface layer
(Bade, 2009). In summer 2019 and winter 2020, wind speeds were
measured by the Eddy Covariance (station e; Fig. 1) at a height of 3.15
m; for all other periods, wind data were obtained from the Infoclimat
station (Fig. 1) measured at a height of 10 m (distances of 6.20, 4.85,
4.30 and 8.40 km from stations a, b, ¢ and d, respectively).

2.5. Chl a concentrations and fluorometer data calibration

In situ Chl a concentrations (ug L~1) were measured from sub-surface
water samples collected only at stations ¢ and d. Water samples (50-100
mL) were filtered through GF/F filters (Whatman® Nuclepore™,
porosity of 0.7 pm) and stored at —20 °C until analysis. In the dark, Chl
a was extracted in 90% acetone with a glass rod. After 12 h of stirring at
4 °C to continue the extraction, Chl a was analysed by monochromatic
spectrophotometry at 665 nm (Aminot and Kérouel, 2004).

For the fluorometer data, the calibration procedure was applied to
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Table 1
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Meteorological conditions (air temperature in °C and cumulative precipitation in mm) obtained from the Infoclimat station on Ré Island (Fig. 1; https://www.info
climat.fr) at the monthly and annual scales over our measurement periods in 2018, 2019 and 2020 in bold compared to the reference period (1990-2020).

Year Season Month Mean air temperature Difference with the reference period Cumulative precipitation Difference with the reference period
Q) Q) (mm) (mm)
2018  Winter March 9.1 -0.7 127 +70
Spring April 13.4 +1.4 58 -3
Summer  July 22.2 +1.7 59 +19
Autumn  September  19.0 +1.0 9 -51
Annual 14.3 +0.8 786 +32
2019  Spring April 11.9 -0.1 57 —4
Summer  July 22.5 +2.0 33 -7
Autumn  October 15.8 +1.1 117 +33
Annual 14.1 +0.6 827 +73
2020 Winter February 10.4 +3.1 68 +12

derive Chl a values from our water fluorescence measurements (Aminot
and Kérouel, 2004). Chl a could be calculated only at station d through
the significant linear regressions (p < 0.05) between the fluorometer
values and the in situ Chl a values sampled simultaneously in the marsh
waters.

2.6. Statistical tools and analysis

For all measured variables, the high-frequency data (i.e. 1 min) did
not respect a normal distribution (Shapiro-Wilk tests, p < 0.05). Non-
parametric comparisons such as the Mann-Whitney and Krus-
kal-Wallis tests were carried out with 0.05 level of significance. A Dunn
test was used to perform a post-hoc multiple comparison of the Krus-
kal-Wallis test to detect significant differences among groups. The sta-
tistical tests as well as temporal graphs, linear regressions, boxplot and
barplot were performed with the GraphPad Prism 7 software. The R-
studio software was used to perform the principal component analysis
(PCA) with the “FactoMineR” package (Le et al., 2008) and the

PCA - Biplot

PC2 (35.5%)

correlation matrices with the “corrplot” package (Wei and Simko, 2017).
The PCA allows to study the seasonal distribution of data along the
studied continuums (Fig. 2). It is based on the seasonal means of the
temperature, salinity, turbidity, DO and pCO, measured (i) once every
two weeks at station F and (ii) once every minute over 24-h cycles at
stations a, b, ¢ and d. Stepwise multilinear regression analysis were
performed to test the contribution of measured physicochemical vari-
ables (salinity, temperature, turbidity and oxygen) on water pCO, var-
iations through the percentage of explained variance (adjusted R%
Harrell, 2015). Within each 24-h cycle, the selected multilinear model (p
< 0.001, n = 1441) had the highest adjusted R? with all variables
explaining at least 5% of the pCO; variation. Analysis were performed
with Statgraphics Centurion 19 software.

c-Aut
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b
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Fig. 2. Principal Component Analysis (PCA) of the biogeochemical parameters measured at each season along the studied aquatic continuums (stations a, b, ¢ and d).
The PCA is based on temperature (Temp), salinity, turbidity, dissolved oxygen concentration (DO), dissolved oxygen saturation level (DO-sat.) and pCO, mean values
for each 24-h cycle. Stations a, b, ¢ and d are represented in red, brown, green and blue, respectively. The additional station F is represented in light blue. Win: Winter;
Spr: Spring; Sum: Summer; Aut: Autumn. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results
3.1. Biogeochemical overview of the aquatic continuums

Over our measurement periods, thermal conditions for the years
2018 and 2019 were similar following a classical seasonal trend. How-
ever, July 2018, July 2019 and February 2020 were warmer than the
1990-2020 reference period (Table 1). Annual cumulative pre-
cipitations in 2018 and 2019 were higher than the historical data with
March 2018 and October 2019 as the rainiest months (Table 1). Salinity
at station F as the water source flowing into the two studied continuums
did not vary significantly between the years 2018, 2019, 2020 and the
2000-2017 reference period (Kruskal-Wallis test, p = 0.77; Fig. A.2).

At station F, over the biweekly measurements in 2018, water tem-
peratures varied from 7.5 (winter) to 21.7 °C (summer) whereas at
station a over our seasonal 24-h cycles, values varied from 9.1 (winter)
to 26.9 °C (summer). Along the aquatic continuum, water temperatures
significantly increased from station a to stations b and ¢ (Mann-Whitney
tests, p < 0.05). Salinity ranged from 28.9 (winter) to 35.4 (autumn) at
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station F whereas, values varied from 31.4 (winter) to 35.7 (autumn) at
station a, from 27.5 (winter) to 36.9 (autumn) at station b, from 27.0
(winter) to 42.6 (summer) at station ¢ and from 21.3 (winter) to 38.4
(autumn) at station d with largest salinity gradients recorded at stations
cand d (Table 2). In average over the year, station a waters were slightly
oversaturated in oxygen compared to the atmosphere with DO satura-
tion levels ranging between 70 (LT during dawn) and 150% (LT during
dusk) during the summer cycle (Fig. 3). Simultaneously, station b waters
were close to the saturation value with the atmosphere with a lower
maximum value (120%) during the summer cycle (Fig. 4). Larger am-
plitudes of DO saturation level were recorded in the artificial salt
marshes with values ranging from 36 to 176% at station ¢ (summer;
Fig. 5) and from 49 to 150% at station d (summer; Fig. 6). The annual
levels of water CO5 undersaturation with respect to the atmosphere were
48%, 16%, 65% and 86% at stations a, b, ¢ and d, respectively, with a
strong annual CO; oversaturation at station b (Fig. 4). The greatest
amplitude in water pCO, was recorded at station ¢ with values varying
from 6 (spring) to 721 ppmv (autumn; Fig. 5).

At station F, over the year 2018, Chl a values increased from winter

Table 2

Seasonal means (+SD) and ranges (min-max) of temperature (°C), salinity, DO (umol L), pH (NBS scale) and pCO, (ppmv) values measured (i) once every two weeks
in 2018 at station F (Coignot et al., 2020) and (ii) during each 24-h cycle from 2018 to 2020 at stations a, b, ¢ and d in this study.

Temperature (°C) Salinity DO (pmol LY pH (NBS) pCO, (ppmv)
Winter 2018 9.1 +1.3 31.4+1.8 269.6 + 29.7 8.04 + 0.17 619 + 285
(7.5-10.6) (28.9-33.0) (225.0-285.3) (7.79-8.17) (415-1040)
March 2018 9.5 + 0.4 32.5 + 0.2 278.7 + 7.7 - 441 + 21
(9.1-10.49) (31.9-32.9) (257.2-288.8) (377-510)
March 2018 9.8 + 0.5 31.0+ 1.4 269.7 + 9.3 - 450 + 33
(9.0-11.3) (27.5-32.5) (251.6-307.5) (337-518)
February 2020 11.5 + 0.7 27.8 + 0.7 287.5 + 22.0 8.20 + 0.14 343 + 87
(10.2-12.9) (27.0-29.7) (256.9-350.0) (7.94-8.53) (130-519)
February 2020 10.2 + 0.6 21.4 + 0.0 314.5 + 15.9 8.27 + 0.04 347 + 30
(9.2-11.1) (21.3-21.5) (293.1-343.8) (8.16-8.32) (302-438)
Spring 2018 16.0 + 2.5 324+ 1.5 270.0 + 28.5 8.23 + 0.09 379 + 89
(13.2-19.1) (30.8-34.2) (245.3-308.2) (8.11-8.33) (279-495)
April 2018 15.0 + 0.7 31.5 + 0.0 265.8 + 16.4 8.17 + 0.03 390 + 40
(14.1-16.5) (31.4-31.5) (221.9-285.3) (8.09-8.21) (342-505)
April 2018 15.5 + 0.9 31.2 + 0.3 252.2 + 20.1 8.05 + 0.02 443 + 44
(14.1-16.9) (30.3-31.6) (200.3-279.4) (7.98-8.09) (371-551)
May 2019 17.1 + 1.8 33.7 + 0.2 287.5 + 78.4 8.78 + 0.43 135 + 165
(14.3-19.9) (33.3-34.0) (168.4-415.0) (8.12-9.23) (6-425)
Summer 2018 199+ 1.5 34.6 + 0.6 235.6 + 22.3 8.20 + 0.12 410 + 130
(18.2-21.7) (34.0-35.2) (204.4-253.1) (8.05-8.34) (270-572)
July 2018 229+ 1.6 34.2 + 0.3 249.4 + 35.9 8.22 + 0.07 385 + 60
(21.0-26.9) (33.6-34.9) (153.4-306.6) (8.12-8.39) (267-522)
July 2018 239+ 1.3 34.7 £ 0.5 211.8 + 33.9 8.02 + 0.05 454 + 55
(21.9-26.1) (33.9-35.6) (139.7-291.9) (7.89-8.12) (374-590)
July 2019 23.5 + 2.5 36.8 + 2.3 206.8 + 58.5 8.31 + 0.23 242 + 116
(20.1-28.4) (33.5-42.6) (76.9-339.7) (8.01-8.94) (25-430)
July 2019 23.3+1.6 35.8+1.4 202.4 + 70.4 7.97 + 0.09 377 + 85
(21.2-28.1) (33.3-38.1) (108.8-314.4) (7.84-8.11) (250-508)
Autumn 2018 14.7 + 3.2 34.3 + 2.1 249.1 + 23.5 8.09 + 0.06 510 + 70
(10.3-17.5) (30.6-35.4) (225.0-284.4) (8.04-8.18) (403-580)
September 2018 189+ 1.5 35.2+0.1 267.4 + 25.9 7.98 + 0.07 460 + 58
(17.6-22.0) (35.1-35.7) (204.7-323.4) (7.90-8.16) (334-569)
September 2018 20.8 +1.2 35.9 + 0.5 232.1 + 30.3 7.84 + 0.05 503 + 46
(18.8-23.1) (35.1-36.9) (153.8-275.3) (7.74-7.94) (422-630)
October 2019 17.1 + 0.9 35.0 + 0.3 194.3 + 24.4 7.82 + 0.04 622 + 57
(15.1-18.5) (34.6-35.7) (152.2-236.9) (7.74-7.91) (522-721)
October 2019 15.9 + 0.4 38.2 + 0.1 255.8 + 39.9 8.17 + 0.07 155 + 30
(15.4-16.8) (38.0-38.4) (210.6-331.9) (8.07-8.28) (110-218)
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Fig. 3. Temporal variations at station a (tidal estuary) of water temperature (°C), salinity, DO saturation level (DO-sat., %), turbidity (NTU), pCO2, NpCO5 (pCO2
variations related to non-temperature effects, ppmv) and TpCO, (pCO,, variations related to temperature physical effects, ppmv) during each 24-h cycle from winter
2018 to autumn 2018. Parameters were autonomously measured once per minute by in situ probes. Water heights (H, m) were retrieved from the SHOM station (9
km away; Fig. 1). Grey areas correspond to night-time periods. Vertical dotted lines correspond to high tides (HT). Horizontal dotted lines correspond to the CO,
atmospheric concentration (411 ppm; NOAA 2018). Each graduation of the x-axis corresponds to one hour.
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Fig. 4. Temporal variations at station b (channel) of water temperature (°C), salinity, DO saturation level (DO-sat., %), turbidity (NTU), pCO5, NpCO, and TpCO,
(ppmv) during each 24-h cycle from winter 2018 to autumn 2018. See Fig. 3 caption for more details.

0.7+ 0.1 pgL™Y) tospring-summer (25+1.6and1.6+ 1.0 pg
L1, respectively), before decreasing in autumn (0.8 = 0.5 pgL™1).
At station c, the highest and lowest Chl a values were recorded in
autumn 2019 (8.1 =+ 0.4 pg L™Y) and winter 2020 (1.3 = 0.3 ug
L7Y), respectively, whereas at station d, the highest and lowest values
were recorded in winter 2020 (3.4 = 0.4 pgL™!) and summer 2019
1.9+ 03 pg L™, respectively. Moreover, at station ¢, from spring
to autumn 2019, a free floating macroalgae development (Ulva spp.) was
observed in the sub-surface waters and on sediments (Fig. A.3). On the
contrary, at station d, no macroalgae development occurred, allowing
for the seagrass growth (Ruppia spp.) in the marsh (Fig. A.3).

3.2. Seasonal variations and controls along the aquatic continuums

Seasonally, the PCA reveals that stations along the aquatic contin-
uums were vertically distinguished according to pCOs, turbidity and DO
saturation within PC2 explaining 35.5% of the total variance (Fig. 2).
Within this axis, our results confirmed that water pCO3 were seasonally
negatively correlated with DO saturation (rpeyson = —0.56; n = 19; p <
0.05) and positively correlated with turbidity (rpearson = 0.54; 1 =19; p
< 0.05) (Fig. 2). Station b recorded the highest water pCO; values and
the lowest DO saturation levels compared to the three other studied
stations (except in autumn; Table 2 and Fig. 2). Station b was also
characterized by the highest turbidity values along the aquatic
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NpCO, and TpCO, (ppmv) and in situ Chl a (ug L) during each 24-h cycle from spring 2019 to winter 2020. Vertical dotted lines correspond to coastal water inflows
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continuums (from 1.6 to 41 NTU). The PCA also shows that seasonal
data were horizontally distinguished according to salinity and temper-
ature within PC1 explaining 42.3% of the total variance (Fig. 2).
Generally, the highest and lowest salinity values were recorded in
summer and winter, respectively (Fig. 2), except at station d where the
highest salinity were recorded in autumn (Table 2). At all studied sta-
tions, temperature and salinity values significantly varied between each
seasonal 24-h cycles (Kruskal-Wallis tests, p < 0.0001).

Along the aquatic continuums, the PCA reveals contrasted seasonal
variations of water pCOs, particularly in artificial salt marshes (Fig. 2).
At station F, in 2018, no significant difference in water pCO, were

recorded at the seasonal scale (Kruskal-Wallis test, p = 0.13), although
the highest and lowest seasonal means were recorded in winter and
spring, respectively (Table 2 and Fig. 7). At station a, in 2018, water
pCO2 showed the same seasonal pattern decreasing from winter to
summer before increasing in autumn, whereas station b showed lower
seasonal variations over the same measurement periods (Table 2 and
Fig. 7). In contrast, stations ¢ and d showed larger seasonal pCO, vari-
ations (Fig. 7). Station ¢ waters were undersaturated in COg in spring
2019, summer 2019 and winter 2020 but oversaturated in CO5 in
autumn 2019 (622 + 57 ppmv). At the same time, station d waters were
undersaturated in CO5 in summer, autumn and winter with the largest
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water CO, undersaturation recorded in autumn (155 + 30 ppmv) in
contrast to station c (Fig. 7). At all studied stations, water pCO» signif-
icantly differed between seasons (Kruskal-Wallis tests, p < 0.05), except
for station a between spring and summer (Dunn’s post-test, p > 0.99).

The same seasonal NpCO,, variations were observed at stations a and
bin 2018, with a decrease from winter (595 and 624 ppmv, respectively)
to summer (296 and 347 ppmv, respectively) and an increase towards
autumn (420 and 439 ppmv, respectively; Fig. 7). At station c, the sea-
sonal mean NpCO; value increased sharply from summer 2019 (193
ppmv) to autumn 2019 (630 ppmv) and then decreased towards winter
2020 (441 ppmv) whereas at station d, values slightly decreased from
summer (286 ppmv) to autumn 2019 (160 ppmv) before increasing to-
wards winter 2020 (453 ppmv; Fig. 7). Regarding temperature effects on
water pCOj, the highest and lowest seasonal TpCO, values were
measured in summer and winter, respectively, with seasonal TpCO
values followed systematically by seasonal water temperature variations
(Fig. 7). At station a, ATpCO; offset recorded from winter to summer
2018 (ATpCO, = 240 ppmv, from 310 to 550 ppmv) concomitantly to
the water temperature increase of 13.4 °C partly compensated non-
thermal effects on water pCOy during this period (ANpCO; = 299
ppmv, from 595 to 296 ppmv).
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3.3. Diurnal/tidal variations and controls along the aquatic continuums

At stations a and b in winter, salinity varied at the tidal scale with the
lowest values at LT and the highest values at HT whereas from spring to
autumn, the opposite pattern was recorded with salinity decreases at
each incoming tide from the shelf (Figs. 3 and 4). At stations ¢ and d,
even stronger salinity gradients were recorded, especially in summer
with decreases of 9 and 5 salinity units, respectively (Figs. 5 and 6). At
station ¢, coastal water inflows led to an increase in salinity only in
winter (Fig. 5). At station d, salinity and turbidity did not vary neither in
autumn or in winter (Fig. 6).

The largest diurnal/tidal variations in water pCO2 and DO concen-
trations occurred during summer with pCO, ranges of 255, 216, 405 and
258 ppmv at stations a, b, ¢ and d, respectively, and DO ranges of 153.2,
152.2, 262.8 and 205.6 pmol L~ ! at stations a, b, ¢ and d, respectively.
At stations a and b, the low tide periods during the day (LT/D) occurring
at dawn showed higher water pCO, values and lower DO saturation
levels than the low tide periods during the night (LT/N) occurring at
dusk under similar salinity ranges, particularly in summer (Figs. 3 and
4). In general, our diurnal cycles showed a pCO; decrease that was
negatively correlated to a DO increase during daytime (except at station
c in spring; Fig. 5) and an opposite pattern during night-time (except at
station ¢ in summer; Fig. 5). At station c, in winter during LT periods (no
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Fig. 7. Derived temperature-normalized pCO, (seasonal NpCO,, blue curves with empty blue dots) and thermally forced pCO, (seasonal TpCO,, pink curves with
empty pink dots) at the seasonal scale at stations F, a, b, ¢ and d. Seasonal means of water temperature (in red dotted lines) and pCO, (red curves with filled red dots)
are also represented. Horizontal dotted lines correspond to CO, atmospheric concentration (411 ppm; NOAA 2018). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Seasonal and spatial variations in estimated CO, fluxes (FCO5, in mmol
m2h™) at the water-atmosphere interface at stations F, a, b, ¢ and d. The
means and associated standard deviations over each 24-h cycle are shown. kego
and FCO, estimations were calculated according to the R22 parametrization.
FCO,, values at stations a and b are only given for high tide periods.

salinity variation), water pCO; decreased of 390 ppmv during the day
(from 09:00 to 17:00) and increased of 230 ppmv during the night (from
20:00 to 05:00) while simultaneously, DO increased of 76.6 pmol L™
and decreased of 29.0 pmol L respectively (Fig. 5). At station d, the
same diurnal water pCO, and DO patterns were recorded at each 24-h
cycle (Fig. 6). However, these strong diurnal pCO2 and DO variations
were significantly disrupted once coastal water advection and marsh
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management practices occurred.

Strong tidal variations in water pCO, were recorded during all sea-
sonal cycles, except at station d both in autumn and winter (Fig. 6). At
stations a and b, incoming tides from the shelf during the day produced
rapid water pCO; decreases from an oversaturation to a slight water
undersaturation, particularly in spring (—121 and —167 ppmv, respec-
tively) and summer (—139 and —115 ppmv, respectively; Figs. 3 and 4).
Only at station a, ebbing tides during the day generated an additional
pCO- decrease to reach the lowest values (Fig. 3). At station a, in sum-
mer and autumn and at station b over the four seasons, incoming tides
during the night produced pCOs increases leading to water over-
saturation periods (Figs. 3 and 4). Along the continuum, at station ¢
during the night, higher water pCO2 values were recorded at HT than at
LT, especially in spring (363 + 85 and 16 + 5 ppmv at HT/N and LT/N,
respectively) and in winter (431 + 6 and 323 + 53 ppmv at HT/N and
LT/N, respectively; Fig. 8). The same tidal pCOy pattern was also
recorded at station ¢ in summer during the day (323 + 88 and 197 + 141
ppmv at HT/D and LT/D, respectively; Fig. 8). In spring, the station c
marsh recorded the lowest water pCO5 values both the day and the night
during the marsh confinement but coastal water inflows at HT from the
station b channel instantly produced a large and rapid increase in water
pCO2 (+ 395 ppmv) within a two-hour period (Fig. 8).

For all 24-h cycles, strong and significant correlations between pCO,
and NpCO5 were computed (Figs. 3-6). Similarly, water pCO, values
were negatively correlated with DO saturation levels (n = 1441, p <
0.05), with rgpearman ranging from —0.67 (winter) to —0.97 (autumn) at
station a, from —0.63 (summer) to —0.87 (autumn) at station b, from
—0.54 (winter) to —0.86 (autumn) at station ¢ and from —0.59 (winter)
to —0.80 (autumn) at station d. At station d, negative correlations were
obtained between measured pCO; and estimated Chl a in summer
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(rspearman = —0.44; n = 105; p < 0.05) and winter (rspearman = —0.60; n =
144; p < 0.05) (Fig. 6). At station q, in winter, the multilinear regression
analyses highlighted that water pCO, were controlled by DO, tempera-
ture and salinity whereas over other seasons, pCO2 were strongly
controlled only by DO with the highest R? values (Table 4). At station a,
in spring and summer, estimated TA values were weakly correlated with
measured pCO, and pH values (Fig. A.4) whereas in autumn, stronger
correlations TA versus pCO, were recorded (R? = 0.89 and R? = 0.71,
respectively; n = 1441; p < 0.05). At station c, water pCO2 were mainly
controlled by both salinity and DO in spring, by salinity in summer and
by DO in autumn (Table 4). Finally, at station d, pCO2 were mostly
explained by salinity and DO in summer (salt farming period) and by DO
and temperature in autumn/winter total (marsh confinement periods)
(Table 4).

Table 3
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3.4. Air-water CO, flux variations

Annual means of air-water CO5 fluxes (FCO3) according to the W22
parametrization were estimated to be —0.01 + 0.22, 0.22 + 0.40, 0.18
+1.37and —1.22 + 1.71 mmol m~2h ! at stations a (sink), b (source), ¢
(source) and d (sink), respectively, whereas station F waters behaved as
a CO, source (0.30 & 1.04 mmol m2hh. Large seasonal and diurnal
variations were observed at the studied stations (Fig. 9). On average,
station a showed positive FCO5 values in winter and autumn (slight CO4
source) and negative values in spring and summer (slight CO, sink;
Table 3 and Fig. 9). At station b, positive FCO5 values were estimated
with maximum and minimum FCO, mean values occurring in winter
and summer, respectively (Table 3 and Fig. 9). Station ¢ behaved as a
COq sink in spring, summer and winter and as a strong CO2 source in
autumn (Table 3). At this marsh station, FCO5 varied between —3.00 and
0.03 mmol m 2 h™*! in spring and between 0.61 and 4.61 mmol m 2h~?

Seasonal means (+SD) and ranges (min-max) of wind speed (km h™1), gas transfer velocity (kgs0, cm h™1) and estimated water—atmosphere CO, flux (FCO,, mmol m~2
h~1) values measured (i) once every two weeks in 2018 at station F (Coignot et al., 2020) and (ii) during each 24-h cycle from 2018 to 2020 at stations a, b, c and d in the
present study. Air CO; concentrations used for FCO;, calculations are: 408 ppm (stations a, b and F in 2018), 411 ppm (station c in spring 2019), 413 ppm (stations ¢ and
d in autumn 2019), 400 ppm (stations c and d in summer 2019) and 403 ppm (stations c and d in winter 2020; see M&M sections).

Wind speed keso (cm h™1) FCO, (mmol m 2 h™1)
(km hfl) W22 RCO1 w22 RCO1
Winter 2018 F 19 + 10 7.45 + 6.30 11.29 + 8.83 1.21 + 2.10 1.85 + 3.18
(7-29) (0.91-14.24) (2.79-21.62) (0.01-4.35) (0.02-6.60)
March 2018 a 29 + 4 14.93 + 4.04 24.75 + 9.92 0.18 + 0.09 0.28 + 0.14
(22-37) (8.63-24.68) (12.08-52.53) (0.09-0.42) (0.13-0.69)
March 2018 b 32+ 12 21.39 + 15.99 66.17 + 87.62 0.52 + 0.65 1.91 + 3.45
(13-54) (3.02-54.68) (5.06-285.40) (-0.31-2.13) (-0.46-11.11)
February 2020 c 27 +5 23.17 + 10.28 30.36 + 13.28 —0.40 + 0.77 —0.68 + 1.31
(16-34) (6.93-39.66) (9.21-50.44) (-2.02-0.94) (—3.58-1.58)
February 2020 d 15+5 6.92 + 3.17 9.46 + 4.34 —0.10 + 0.09 —0.15 + 0.13
(4-24) (2.15-14.23) (2.96-19.78) (—0.31-0.09) (—0.41-0.13)
Spring 2018 F 15 + 20 5.35 + 3.44 7.78 + 3.91 —0.06 + 0.26 —0.09 + 0.34
(11-20) (2.41-9.32) (4.43-12.40) (—0.40-0.22) (—0.54-0.30)
April 2018 a 33+7 24.01 + 9.56 51.64 + 32.90 —0.29 + 0.23 —0.66 + 0.65
(24-43) (11.85-38.49) (16.94-108.70) (-0.71-0.11) (-1.81-0.18)
April 2018 b 14+5 4.62 + 2.96 7.23 + 3.46 0.05 + 0.11 0.08 + 0.15
(4-22) (0.35-10.44) (2.55-13.62) (—0.06-0.33) (—0.08-0.46)
May 2020 c 18+7 8.99 + 6.31 12.86 + 9.09 —0.77 + 0.84 —1.21 + 1.30
(6-31) (0.86-22.99) (3.17-37.67) (—3.00-0.03) (—5.09-0.04)
_ d _ _ _ _ _
Summer 2018 F 20 + 12 12.85 + 10.75 20.41 + 17.10 —0.09 + 0.31 —0.08 + 0.49
(4-32) (0.36-24.50) (2.56-40.89) (-0.34-0.31) (-0.50-0.51)
July 2018 a 11+3 3.50 + 1.97 6.35 + 2.13 —0.02 + 0.03 —0.03 + 0.06
(6-17) (0.89-7.21) (3.55-10.40) (—0.08-0.08) (—0.14-0.16)
July 2018 b 18+ 7 9.69 + 6.37 14.66 + 9.28 0.06 + 0.08 0.09 + 0.13
(7-30) (1.29-23.89) (4.15-39.18) (-0.07-0.22) (-0.11-0.37)
July 2019 c 13+ 4 4.56 + 2.59 7.59 + 2.92 —0.19 + 0.17 —0.33 + 0.24
(4-19) (0.43-9.46) (3.16-13.32) (-0.70-0.01) (-1.01-0.02)
July 2019 d 15+ 6 7.12 + 4.60 10.77 + 5.72 —0.09 + 0.18 —0.12 + 0.27
(2-23) (0.11-14.77) (2.41-20.96) (—0.43-0.20) (—0.60-0.29)
Autumn 2018 F 17 +5 6.37 + 4.09 9.01 + 4.98 0.21 + 0.22 0.30 + 0.29
(11-22) (2.25-10.83) (4.08-14.46) (—0.02-0.56) (—0.02-0.75)
September 2018 a 11+ 6 3.55 + 3.27 6.21 + 3.66 0.09 + 0.09 0.15 + 0.11
(4-20) (0.36-8.98) (2.65-12.53) (0.01-0.30) (0.01-0.41)
September 2018 b 17+ 6 7.32 + 5.46 9.46 + 7.91 0.22 + 0.23 0.28 + 0.33
(11-32) (2.90-24.27) (4.02-42.48) (0.07-1.00) (0.05-1.75)
October 2019 c 35+ 8 27.39 + 11.52 63.79 + 42.95 2.03 +1.17 4.86 + 4.22
(20-48) (9.01-48.79) (12.58-179.80) (0.61-4.61) (0.85-16.98)
October 2019 d 42+ 7 38.22 + 12.55 122.80 + 84.13 —3.43 + 1.09 —10.91 + 7.35
(31-54) (20.54-62.36) (34.76-325.40) (—6.03--1.79) (—31.46--3.03)
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Table 4

Stepwise multilinear regression analyses to test the contribution of physico-
chemical variables on water pCO, variations through the percentage of
explained variance (adjusted R?). Each selected multilinear model (p < 0.001, n
= 1441) had the highest adjusted R? value with all variables explaining at least
5% of the pCO, variation. In bold is indicated the parameter explaining at least
50% of the pCO,, variation. Input variables: DO-sat. (dissolved oxygen saturation
level), T (water temperature), S (salinity) and TU (turbidity). The statistic (F)
and adjusted R? (adj. R?) are given.

Equations F adj.
RZ
Winter March 2018 a pCOy; =2227.7 — 3.7 DO- 1004 67.7%
sat. — 199T — 3828
March 2018 b pCO, = -373.8 +21.1S+ 377 43.9%
0.8TU + 159T
February ¢ pCO; =1460.5 — 158.3T 1180 62.1%
2020 + 7.0 DO-sat.
February d pCO; =446.6 — 10.8 DO- 4723 86.8%
2020 sat. + 99.1 T
Spring April 2018 a pCO; =949.8 — 5.5DO- 8255 85.2%
sat.
April 2018 b pCO; =2542.0 — 4.0 DO- 1923 80.0%
sat. — 61.7S + 14.2T
May 2019 ¢ pCO; =21777.7 — 640.8S 3668 83.6%
— 0.6 DO-sat.
- d - -
Summer  July 2018 a pCO; =747.2 — 3.2DO- 30524  95.5%
sat.
July 2018 b pCO; = —2440.0 + 100.8S 3330 82.7%
— 254T
July 2019 ¢ pCO; =1961.5 — 46.7 S 9401 86.8%
July 2019 d pCOy; = —961.8 + 40.1S — 47983  98.5%
1.2 DO-sat.
Autumn September a pCO, =923.1 — 4.1DO- 34905 96.4%
2018 sat.
September b pCO; =782.0 — 2.8 DO- 3066 81.0%
2018 sat. + 1.1 TU
October ¢ pCOz; =1009.3 — 4.9 DO- 8831 86.0%
2019 sat.
October d pCO; =1932.7 + 1.6 DO- 3253 81.9%
2019 sat. — 122.7T

in autumn (Fig. 9). Station d behaved as a CO5 sink in summer, autumn
and winter with the largest atmospheric CO, uptake in autumn (Table 3)
where FCO, varied between —6.03 and —1.79 mmol m2h! (Fig. 9).

4. Discussion

4.1. Biogeochemical parameter relationships and pCO; controls along the
shelf-estuary-marsh continuums

At the tidal estuary (a) and its associated channel (b), seasonal non-
thermal effects (biological and tidal affects) inducing heterotrophy in
winter and autotrophy in summer were offset by thermal effects and
resulted in low seasonal variations of water pCOy (Fig. 7). Similar ob-
servations were reported in two marine-dominated estuaries (Jiang
et al.,, 2008) and in the Arcachon coastal lagoon (Polsenaere et al.,
2022). In the estuarine waters here, thermal effects decreased and
increased in situ pCO4 values of 30 and 40% in winter and summer,
respectively. On the contrary, at the rewilded artificial salt marsh (c),
seasonal water pCO, were strongly controlled by non-thermal effects
promoting autotrophy both in spring and summer and heterotrophy in
autumn, mostly due to macroalgae activity whereas at the working
artificial salt marsh (d), thermal effects in summer and biological effects
in autumn strongly controlled seasonal water pCO» (Fig. 7).

At the diurnal scale, the biological influence on continuum water
pCO2 dynamics through autotrophic and heterotrophic processes was
significant at each station as endorsed by strong linear relationships
between pCOy and DO, especially in autumn (Table 4). At the tidal
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estuary (a), from spring to autumn, diurnal pCO, variations were mostly
controlled by the photosynthesis versus respiration balance of plank-
tonic communities; indeed, more than 80% of the pCO, variance was
modelled with DO only (Table 4). Dai et al. (2009) highlighted that CO,
biogeochemical processes in coastal environments such as our estuary
are generally controlled by non-thermal effects, like biological activity,
compared to more open systems. Several studies have shown a major
biological control on diurnal pCO; variations in coastal systems such as
the temperate Bay of Brest (France; Bozec et al., 2011), the temperate
Arcachon lagoon (France; Polsenaere et al., 2022), the shallow sub-
tropical estuary in Tampa Bay (USA; Yates et al., 2007) and the tropical
coastal embayment at Guanabara Bay (Brazil; Cotovicz et al., 2015). At
the rewilded marsh (c), while in spring and summer, the high primary
production of macroalgae induced large periods of water CO, under-
saturation with respect to the atmosphere, winter pCO, variations were
rather induced by planktonic community activity (ciliates > 2 10% cell
L_l; unpublish result). At the working marsh (d), the negative correla-
tions between pCO; and Chl a associated with strong non-thermal con-
tributions (ANpCO; = 318 ppmv in summer for instance) showed a
major biological influence on diurnal pCO- variations as well. By com-
parison, in a Zostera marina meadow (South Bay, USA), Berg et al. (2019)
measured similar diurnal fluctuations of water pCO» that were directly
controlled by seagrass metabolism with diurnal ranges of 528 and 603
ppmv in spring and summer, respectively.

Tidal advection of waters between continental shelf and salt marshes
also significantly controlled pCO2 dynamics and associated station
biogeochemical status. This control was supported by the linear re-
lationships between water pCO5 and salinity as observed at each station
from winter to summer whereas, relationships with turbidity were
rather related to the hydrodynamic forcing on water pCO5 (Table 4). At
the tidal estuary (a) and its associated channel (b), daytime incoming
tides created a significant decrease in water pCO5 since the advected
shelf waters were CO; undersaturated with respect to the atmosphere
contrary to estuarine waters. In the Arcachon lagoon, seasonal mea-
surement cycles also showed a strong tidal control on inorganic C pa-
rameters with lower pCO; values measured at high tide than at low tide
irrespective of day or night status (Polsenaere et al., 2022). Even
stronger tidal influences on water pCO2 (from 1380 to 4770 ppmv) were
observed during a summer cycle in the Gaderu Creek mangrove (Borges,
2003). In summer, the large pCO, decrease in the studied estuarine
waters at ebbing tide the day, associated with strong DO saturation level
increase, was probably due to CO, undersaturated water exports from
the productive salt marshes upstream. Indeed, in spring and summer, the
rewilded marsh waters (c) were CO, depleted due to strong autotrophy
activity. Conversely, more COs-enriched coastal water inflows from the
shelf and the estuary into the marsh instantly produced significant
salinity decreases and pCO; increases (Table 4). Therefore, at each semi-
diurnal tidal cycle, horizontal advection had significant effects on water
pCO2 dynamics (except during marsh confinement) but variations
strongly depended on the biogeochemical state (CO, sink/source) of
advected waters from upstream/downstream and the ecosystem typol-
ogy (estuary, marsh, channel).

4.2. Continuum typologies revealed from measured biogeochemical
parameters

In the coastal ocean, a strong influence of ecosystem typology
(continental shelf, estuary, marsh) on biogeochemistry is generally
observed and particularly, on inorganic C (Bauer et al., 2013). In our
study, in 2018, watershed-influenced shelf waters (F) were character-
ized by lower salinity values than the Atlantic Ocean (35.6; Vander-
meirsch, 2012), confirmed over the 2000-2017 reference period (Belin
etal., 2021; REPHY, 2021). However, shelf waters showed a rather weak
influence of terrestrial inputs on water pCO, dynamics (annual non-
significant salinity and pCO, relationship, p = 0.88). At this shelf sta-
tion, phytoplankton bloom with centric diatoms generally occurs in
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spring and summer (Guarini et al., 2004) and can induce water CO5
undersaturation as also observed on the Belgian continental shelf
(Borges and Frankignoulle, 1999). Along the continuum, the tidal es-
tuary (a) influenced by buffered shelf waters was CO, undersaturated at
4% in winter and 82% in spring/summer that could be attributed to
coastal water autotrophic activity at this period. A previous study car-
ried out in the same estuarine waters measured Chl a concentrations
from 0.2 (winter) to 3.5 pg L™! (spring/summer) and a Chl a export
suggesting a net primary production within this tidal estuary (Bel Has-
sen, 2001). Additionally, Savelli et al. (2019) observed in a nearby
intertidal zone that microphytobenthos (MPB) may also contribute to
water CO, undersaturation and to the overall water column Chl a con-
centration through tidal resuspension. Due to the small insulary
catchement area (1200 ha) consisting only of salt marshes (no terrestrial
water input), the CO5 dynamics in the tidal estuary (a) is different from
other estuaries worldwide (Borges and Abril, 2011). Similarly, the
marine-dominated estuary of Sapelo Sound (USA) was also character-
ized by lower water pCO3 values than river-dominated ones (Borges and
Abril, 2011) but bacterial remineralization of organic carbon produced
by Spartina in nearby salt marshes strongly increased water pCOy in
summer (Jiang et al., 2008) contrarily to our studied estuary.

Overall, channel (b) waters between the estuary and salt marshes
showed the longest periods of CO, oversaturation with respect to the
atmosphere. At this channel station, strong hydrodynamic forcings
during incoming and ebbing tides produced more turbid waters due to
organic matter resuspension from muds (Guarini et al., 2008). It prob-
ably limited the primary production (phytoplankton, MPB) by low light
availability in water column (Cloern, 1987) and, on the contrary, fav-
oured heterotrophic processes (Polsenaere et al., 2022). In channel
waters, we recorded lower DO concentrations (—10%) and higher pCO»
values (+10%) than in estuarine waters under similar salinity ranges
and meteorological conditions. In channels at the same location, Tor-
tajada (2011) measured POC/Chl a > 200 mg mg ™! throughout the year
and even POC/Chl a > 600 mg mg ™' in autumn. This detrital/hetero-
trophic organic material may indicate microbial mineralization pro-
cesses from MPB and confirm the water CO, oversaturation periods.
However, our studied channel (b) showed lower water pCO values than
those from other coastal channel systems probably due to low terrestrial
water inputs upstream/downstream over the estuary (a). The Sancti
Petri Channel waters and its nearby salt marshes between the Atlantic
Ocean and the Cadiz Bay (Spain) were also mainly CO; oversaturated
(281-862 ppmv), due to DIC inputs from diagenetic processes of organic
matter in mudflats that constitute a CO; source to water column (Burgos
et al., 2018). Indeed, within the Duplin River salt marsh-estuary coastal
system (USA), higher summer pCO2 and DIC values were recorded at
low tide in channel waters (12000 ppmv and 4300 pmol L™, respec-
tively) than at high tide in marsh waters (1600 ppmv and 2200 pmol
L’l, respectively; Wang et al., 2018).

Contrary to estuarine and channel waters, artificial salt marshes (c
and d) waters were characterized by the lowest turbidity and highest
salinity values due to longer water residence times. These lower hy-
drodynamic conditions promoted the development of primary producers
and as a result, biological CO2 uptake associated with the highest DO
saturation levels. In turn, the salt marshes showed lower water pCO5
values and longer water CO2 undersaturation periods mainly due to a
strong macrophyte activity (macroalgae at rewilded marsh and sea-
grasses at working marsh) than the tidal estuary and elsewhere similar
wetland typologies (Borges, 2003; Burgos et al., 2018; Wang et al., 2018;
Berg et al., 2019; Polsenaere et al., 2022; Song et al., 2023). Unlike
seagrasses which are known to be important blue C systems (Mcleod
et al., 2011), macroalgae developing in coastal wetlands have a limited
capacity to store C over the long-term. However, studies have shown
their potential contribution to coastal blue C by (i) storing large organic
matter quantities in their living biomass through their high primary
production (Raven, 2018) and (ii) transferring it to adjacent systems
through tides and storage in coastal sediments (Duarte and Cebrian,
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1996; Hill et al., 2015; Krause-Jensen and Duarte, 2016). Our pCO»
observations are in accordance with these reports with the role of C
storage by macrophytes in these shallow salt marshes.

4.3. Temporal carbon modulation by management practices

Management practices at the artificial salt marshes correspond to
specific water lock actions linked to anthropogenic activities. They can
strongly modulate water fluxes from the estuary and thereby influence
marsh pCO, dynamics. At the rewilded marsh (c), the specific man-
agement practice by the NNR produced favourable conditions for free
floating macroalgae development from early spring to late summer
under low water marsh hydrodynamic and high air and water temper-
ature conditions (Newton and Thornber, 2013). These macroalgae
indicate a degraded-eutrophic status of the marsh waters with excess
nutrient inputs, as described for other coastal ecosystems (Teichberg
etal., 2010; Le Fur et al., 2018). In our study, nearby marsh aquafarming
activities occurring upstream from the estuary (Paticat, 2007; Tortajada,
2011) can communicate with the rewilded marsh (c) through channels
and result in high nutrient conditions which could explain observed
macroalgae blooms. Indeed, at the station b channel in September 2018,
high DIN concentrations were reported (60 pmol L™%; unpublished
results). Moreover, shelf waters influenced by terrestrial inputs in winter
could also lead to nutrient inputs at the rewilded marsh. Indeed, at the
station F shelf in winter 2019, NO3~ ranged between 29 and 107 pmol
L~! (Belin et al., 2021; REPHY, 2021). Consequently, these fast-growing
macroalgae probably prevented the growth of phytoplankton and sea-
grasses by nutrient and oxygen competition and light limitation in the
water column (Sand-Jensen and Borum, 1991; Le Fur et al., 2018).
Simultaneously, in spring and summer, the large water CO5 under-
saturation periods due to the macroalgae autotrophy were maintained
through occasional inflows of CO, oversaturated channel waters (weak
tidal amplitudes). This result is confirmed by significantly higher
salinity values in the rewilded marsh waters than in the channel waters
during the spring and summer sampling periods (Table 2). On the con-
trary, macroalgae degradation in autumn probably by microbial remi-
neralization processes (Hill et al., 2015) produced in turn the highest
pCO; values and the longest oversaturation periods recorded in marsh
waters. These heterotrophic processes were confirmed by high NH4*
levels (62 pmol Lt ; unpublished results) and low DO saturation levels
recorded at this period and as described by Newton and Thornber
(2013).

Contrarily to the rewilded marsh (c), the working marsh (d) is
managed for salt production in the upstream ponds along the continuum
and is directly connected to the estuary (a) with no channel in between
(Fig. 10). Salt production requires a subtle lock hydraulic management
of the marsh depending on the frequency of the coastal water supplies
that are mainly controlled by the salt manufacturer and meteorological
conditions (rainfall, sunshine and wind) to favour the evaporation
process (Paticat, 2007). Therefore, contrary to rewilded marsh, coastal
water inflows to the working marsh were performed sparingly with
small daily volumes to limit these water mixing effects (i.e. rapid
accumulation of large water volumes through rainfall events or spring
tides stop the increase in temperature and salinity in marsh waters;
Paticat, 2007). At the working marsh in summer, water pCO, were
significantly higher than those measured at the same period at the
rewilded marsh but reflected those from the estuary (Table 2). This
could also be linked to a lower activity of the primary producers during
the summer period dedicated to salt production as confirmed by higher
thermal than non-thermal effects on water pCO2 (Fig. 7). On the other
hand, in autumn and winter, lower hydrodynamic conditions due to lock
closure (standstill salt farming activity) led to low water turbidity (< 2
NTU) and nutrient input into the marsh (DIN < 2 pmol L% unpub-
lished results) and the growth of seagrasses and phytoplankton pro-
duced, in turn, the lowest water pCO5 values. Overall, in Mediterranean
poly-euhaline lagoons, Le Fur et al. (2018) confirmed that nutrient
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0.18 + 1.37 mmol m2 h!
(-3.00 - 4.61)

Rewilded artificial salt marsh
(station ¢)

Macroalgae

-1.22 +1.71 mmol m2 h!
(-6.03 - 0.20)

| Working artificial salt marsh
(station d)

Seagrasses

—

Fig. 10. CO, budget over the two aquatic sea - land continuums: (1) continental shelf - estuary - channel - rewilded artificial salt marsh and (2) continental shelf -
estuary - working artificial salt marsh. Annual means (+ SD) and ranges (min-max) of water pCO (ppmv) and air-water FCO, (mmol m~2 h™!) are showed. The
picture of station c in spring 2019 (© P. Polsenaere) allows to visualize the macroalgae bloom.

pollution influence the contribution of primary producers from peren-
nial seagrasses in oligotrophic waters to fast-growing macroalgae in
eutrophic waters. Similarly, other studies have suggested that the
coastal ecosystem management by reducing anthropogenic nutrients
could favour blue C ecosystems such as seagrasses and salt marshes
(Macreadie et al., 2017; Palacios et al., 2021).

4.4. Metabolism assessment of the sea-land continuums

The tidal estuary (a) behaved on average as a yearly CO5 sink close to
the atmospheric equilibrium (Fig. 10), although a significant sink was
measured in the spring/summer due to autotrophic activity of phyto-
plankton in coastal waters. Conversely, over the same meteorological
periods, the channel (b) was a net annual source from its turbid waters to
the atmosphere due to several water CO; oversaturation periods
(Fig. 10), particularly in winter, characterized by high gas transfer ve-
locities (Table 3). In the Arcachon lagoon, estimated atmospheric CO2
sources were higher with seasonal means ranging from 0.06 + 0.04
(winter) to 0.62 + 0.66 mmol m2 h! (summer) with significant
diurnal fluctuations (Polsenaere et al., 2022). In our study, eutrophic
waters of the rewilded marsh (c) behaved as a yearly source of atmo-
spheric CO3 (Fig. 10), when macroalgae degradation produced strong
atmospheric CO; effluxes. On the contrary, oligotrophic waters of the
working marsh (d) behaved as a large yearly CO; sink (Fig. 10), favoured
by low tidal advection in the absence of salt-farming activities. Within
the Duplin River salt marsh-estuary system, both channel and marsh
waters degassed CO; to the atmosphere and, unlike our stations, the
highest and lowest sources were recorded in summer (5.50 and 3.90
mmol m~2 h™! from channel and marsh waters, respectively) and in
winter (0.70 and 0.60 mmol m~2 h™! from channel and marsh waters,
respectively), respectively (Wang et al., 2018). Overall, the Duplin sys-
tem emits more atmospheric CO; than the Fier d’Ars system, probably
due to its more intense estuarine heterotrophic metabolism.

In autumn, the lack of variations in wind speeds between stations a
and b in 2018 and between stations ¢ and d in 2019, whereas atmo-
spheric CO, exchanges significantly changed, highlighted the
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predominance of air-water CO. gradients in the control of flux di-
rections either as a sink or a source (Table 3). However, at the seasonal
scale, turbulence processes measured at the air-water interface played
an important role in CO;, flux variability and magnitude. For instance, at
station a between spring and summer and at station b between winter
and summer, wind speed variability produced significant FCO, varia-
tions although no significant air-water CO, gradients were measured
(Table 3). Atmospheric exchanges in salt marshes are therefore depen-
dent on the CO; saturation state of the water column considering that
the wind only acts as a driver of the flux (Polsenaere et al., 2022).
Moreover, the methodological calculations and associated differences
chosen for the exchange coefficient parameterizations (higher fluxes
with RCO1 than with W22; Table 3) may produce even more contrasts in
the estimated air—-water FCO, (Cotovicz et al., 2015; Polsenaere et al.,
2022).

By scaling-up and considering stations a and b together along the
continuum, estuarine and channel waters behaved as an annual atmo-
spheric CO, source of 7.3 g C m~2 yr . The rewilded marsh emitted
17.5 g C m~2 yr™! to the atmosphere whereas, the working marsh
absorbed 97.7 ¢ C m™2 yr~! from the atmosphere. A larger scale study
along three shelf-estuary-tidal wetland continuums on the Atlantic
coast of the United States also showed strong spatial variations in at-
mospheric CO; fluxes with uptake to wetland and shelf waters (523.2 +
148.1 and 10.5 + 1.8 g C m 2 yr !, respectively) and a source from
estuarine waters (110.0 £ 44.5gC m 2 yr’l; Najjar et al., 2018). During
our study, contrasting coastal stations were sampled via seasonal 24-h
cycles to estimate the air-water CO, exchanges. However, longer sea-
sonal measurement periods would be more representative of the strong
temporal variability in kego, water pCO5 and other biogeochemical pa-
rameters. At the nearby tidal salt marsh (e), emerged for 75% of time
during low tides and neap tides, another flux methodology using the
atmospheric Eddy Covariance technique was deployed to continuously
measure in situ CO; fluxes at the ecosystem scale coming from all hab-
itats (aquatic and terrestrial vegetations, mudflats, channels). Over the
year 2020, a net uptake of 483 g Cm ™2 yr! from the atmosphere was
measured, indicating a stronger CO3 sink in tidal marshes than artificial
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marshes due to higher halophytic plant photosynthesis activity. How-
ever, it is also important to study the whole marsh metabolism taking
terrestrial and aquatic compartments into account and distinguishing
their respective contributions to atmospheric fluxes and the regional C
budgets of the associated marshes (Mayen et al., 2017).

5. Conclusion

Along the continuums, estuarine and channel waters were slightly
oversaturated in CO, characterized by seasonal compensations of ther-
mal and non-thermal effects whereas, upstream marsh waters were
mostly undersaturated in CO, due to stronger biological activity and
longer water residence times. At the diurnal/tidal scale, our high-
resolution analyses highlighted large water pCO, variations in salt
marshes, controlled by production and respiration of macrophytes and
coastal water inflows. However, anthropogenic management in salt
marshes could strongly influence the contribution and turnover of
macrophytes and, consequently, the marsh CO5 sink/source behaviour.
Due to eutrophication in the rewilded salt marsh, development of the
fast-growing macroalgae produced an overall net annual atmospheric
CO4 source through their degradation. Our results suggest a winter
marsh confinement follow by drying up to limit nutrient inputs and
macroalgae development and on the contrary, favour rather slow-
growing macrophytes (i.e. seagrasses) which could ultimately
contribute to blue C sequestration.
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Abstract. Within the coastal zone, salt marshes are atmo-
spheric CO» sinks and represent an essential component of
biological carbon (C) stored on earth due to a strong primary
production. Significant amounts of C are processed within
these tidal systems which requires a better understanding of
the temporal CO; flux dynamics, the metabolic processes in-
volved and the controlling factors. Within a temperate salt
marsh (French Atlantic coast), continuous CO, fluxes mea-
surements were performed by the atmospheric eddy covari-
ance technique to assess the net ecosystem exchange (NEE)
at diurnal, tidal and seasonal scales as well as the associ-
ated relevant biophysical drivers. To study marsh metabolic
processes, measured NEE was partitioned into gross pri-
mary production (GPP) and ecosystem respiration (Reco)
during marsh emersion allowing to estimate NEE at the
marsh—atmosphere interface (NEEarsh = GPP — Reco). Dur-
ing the year 2020, the net C balance from measured NEE was
—483¢C m~2 yr’1 while GPP and R, absorbed and emit-
ted 1019 and 533gCm~2yr~!, respectively. The highest

CO, uptake was recorded in spring during the growing sea-
son for halophyte plants in relationships with favourable en-
vironmental conditions for photosynthesis, whereas in sum-
mer, higher temperatures and lower humidity rates increased
ecosystem respiration. At the diurnal scale, the salt marsh
was a CO; sink during daytime, mainly driven by light, and
a CO; source during night-time, mainly driven by tempera-
ture, irrespective of emersion or immersion periods. How-
ever, daytime immersion strongly affected NEE fluxes by
reducing marsh CO; uptake up to 90 %. During night-time
immersion, marsh CO, emissions could be completely sup-
pressed, even causing a change in metabolic status from
source to sink under certain situations, especially in winter
when Re., rates were lowest. At the annual scale, tidal im-
mersion did not significantly affect the net C uptake of the
studied salt marsh since similar annual balances of measured
NEE (with tidal immersion) and estimated NEEarsh (With-
out tidal immersion) were recorded.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Salt marshes are intertidal coastal ecosystems dominated
by salt-tolerant herbaceous plants located at the terrestrial—
aquatic interface. Despite their low surface area at the global
scale (54 650 kmz; Mcowen et al., 2017), salt marshes pro-
vide important ecosystem services such as an erosion pro-
tection (natural buffer zones), a water purification, a nurs-
ery for fisheries (Gu et al., 2018) and a high capacity for at-
mospheric CO; uptake and carbon (C) sequestration in their
organic matter (OM) enriched sediments and soils (Mcleod
et al., 2011; Alongi, 2020). In salt marshes, emersion at low
tide and slow immersion at high tide favour this CO, fixa-
tion through photosynthesis of terrestrial and aquatic vegeta-
tions and also a strong benthic—pelagic coupling (Cai, 2011;
Wang et al., 2016; Najjar et al., 2018). The high net pri-
mary production (NPP) rate of salt marshes on the Atlantic
coast of the United States (1070gCm~2yr~!; Wang et al.,
2016) makes marshes one of the most productive ecosystems
on earth (Duarte et al., 2005; Gedan et al., 2009). Accord-
ing to Artigas et al. (2015), approximately 22 % of C fixed
through this marsh NPP is then buried in sediments as “blue
C” thus allowing salt marshes to be a large biological C pool
(Chmura et al., 2003; Mcleod et al., 2011). However, tidal
immersion can generate strong lateral exports of organic and
inorganic C to the coastal ocean (Wang et al., 2016), induc-
ing in turn atmospheric CO, emissions from coastal ecosys-
tems downstream (Wang and Cai, 2004; Jiang et al., 2008).
Salt marshes represent a biogeochemically active interface
area within the coastal zone but are also threatened by sea
level rise and global warming (Gu et al., 2018) which could
significantly alter their capacity to sink and store C (Camp-
bell et al., 2022). Thus, atmospheric CO;, exchanges need to
be accurately measured and better understood, especially the
influence of biotic and abiotic controlling factors, in order to
be included in regional and global C budgets (Borges et al.,
2005; Cai, 2011) and to predict future mash C sinks within
the context of climate change.

In temperate salt marshes, actual and historical land and
water management, plant species, tidal influence and envi-
ronmental conditions have been shown to play an important
role in the C cycle. Generally, strong seasonal variations in
the net ecosystem CO, exchange (NEE) were recorded with
a marsh CO» sink during the hottest and brightest months and
a CO; source during the rest of the year (Schéfer et al., 2014;
Artigas et al., 2015). At a smaller scale, in urban salt marshes
(USA), the highest CO, uptake generally occurred at mid-
day whereas the systems emitted CO, throughout the night-
time, illustrating the major role of net solar radiations in the
marsh metabolic status (Schéfer et al., 2014, 2019). Tidal im-
mersion over salt marshes can also strongly influence both
daytime and night-time NEE fluxes, especially during spring
tides (Forbrich and Giblin, 2015). For instance, negative cor-
relations between NEE and tidal effects were computed in a
temperate salt marsh (USA) with Spartina alterniflora and
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Phragmites australis, especially in summer and winter, with
negative (sink) and positive (source) NEE fluxes during in-
coming and ebbing tides, respectively (Schéfer et al., 2014).
Wang et al. (2006) showed a competitive advantage for the
growth and productivity of S. alterniflora plants under a
moderate level of salinity (15 %o) and immersion conditions.
These different eddy covariance (EC) studies highlight the
complexity of the C cycle over salt marshes and the associ-
ated biophysical factors driving CO; fluxes that require more
in situ and integrative NEE measurements within and be-
tween all compartments at the different temporal scales to
better understand the biogeochemical functioning of these
ecosystems under changing sea level conditions.

Within coastal wetlands, CO, fluxes at the sediment—
atmosphere interface can be accurately assessed with static
chambers by repeating measurements over different inter-
tidal habitats (Xi et al., 2019; Wei et al., 2020a). Yet, a ma-
jor limitation of this method is that it can hardly include
the temporal and spatial CO, flux variability across differ-
ent vegetations and habitats (Migné et al., 2004). In hetero-
geneous intertidal systems, the eddy covariance technique
can be used to measure ecosystem-scale CO, fluxes (NEE)
based on the covariance between fluctuations in the verti-
cally velocity and air CO;, concentration (Baldocchi et al.,
1988; Aubinet et al., 2000; Baldocchi, 2003). This direct
and non-invasive micrometeorological technique has been of
growing interest over the coastal zone to obtain NEE time
series through accurate, continuous and high-frequency CO;
flux measurements (Schifer et al., 2014; Artigas et al., 2015;
Forbrich and Giblin, 2015). This method has been deployed
over blue C systems such as mangroves (Rodda et al., 2016;
Gnanamoorthy et al., 2020), seagrass meadows (Polsenaere
et al., 2012; Van Dam et al., 2021) and salt marshes (Arti-
gas et al., 2015; Forbrich et al., 2018; Schéfer et al., 2019)
to assess their capacity of CO; uptake. In intertidal systems
like salt marshes, the major advantage of the EC method is
to measure NEE fluxes at the ecosystem scale, coming from
all habitats inside the footprint, at various timescales from
hours to years and at both the sediment—air and water—air in-
terfaces (i.e. low and high tides, respectively) (Kathilankal
et al., 2008; Wei et al., 2020b). Although many studies have
used this method to assess tidal effects on NEE fluxes over
salt marshes, only a limited number have looked at the loss
of CO; uptake due to tidal effects. Moreover, NEE can be
partitioned into marsh metabolic fluxes (gross primary pro-
duction, GPP and ecosystem respiration, Rec,) during emer-
sion periods through modelling approaches (Kowalski et al.,
2003; Reichstein et al., 2005; Lasslop et al., 2010). However,
use of the EC method requires significant qualitative and
quantitative processing and data correction applied to each
specific site since this method relies on the physical and the-
oretical backgrounds (Baldocchi et al., 1988; Burba, 2021)
and is adapted (technically and scientifically) to the coastal
systems.

https://doi.org/10.5194/bg-21-993-2024
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Figure 1. The studied Bossys perdus salt marsh located on the French Atlantic coast within the National Natural Reserve (blue line delimita-
tion) on Ré Island. The salt marsh is connected to the Fier d’Ars tidal estuary (light blue). The dyke separates terrestrial and maritime marsh
areas (orange line). The eddy covariance system and associated estimated footprint are indicated (black cross and red line; see Fig. 2). From
geo-referenced IGN 2019 orthogonal images (Institut national de I’information géographique et forestiére (IGN)).

Our study focused on the atmospheric CO;, uptake ca-
pacity of a tidal salt marsh (old anthropogenic marsh) un-
der the influence of biophysical factors and its potential role
in global and regional C budgets. For this purpose, we de-
ployed an atmospheric EC station to measure vertical CO;
fluxes (NEE) during the year 2020 at the ecosystem scale
on the Bossys perdus salt marsh on Ré Island connected to
the French continental shelf of the Atlantic Ocean. Here, we
aim to (a) describe NEE flux temporal series measured at
different temporal scales (diurnal, tidal and seasonal scales)
using the EC technique, (b) evaluate the relevant environ-
mental factors that control atmospheric CO, exchanges (i.e.
NEE) and (c) accurately qualify and quantify the effects of
tides on the marsh CO, metabolism.

2 Materials and methods
2.1 Study site

The study was conducted at the Bossys perdus salt marsh sit-
uated along the French Atlantic coast on Ré Island (Fig. 1). It
corresponds to a vegetated intertidal area of 52.5 ha that has

https://doi.org/10.5194/bg-21-993-2024

been protected inside the National Natural Reserve (NNR)
(Fig. 1). Between the 17th and most of the 20th century, the
salt marsh experienced successive periods of intensive land
use (salt harvesting and oyster farming) and returned to natu-
ral conditions before becoming a permanent part of the NNR
in 1981 for the biodiversity protection without major restora-
tion work (Julien Gernigon, personal communication, 2023).
It is currently managed to restore its natural hydrodynamics
while conserving the site’s specific typology due to past hu-
man activities (channel networks, humps and dykes; Fig. 2).
This salt marsh is linked to the Fier d’Ars tidal estuary that
exchanges between 2.4 and 10.2 x10®m?> of coastal waters
with the Breton Sound continental shelf allowing a maximal
tidal range of 5m in the estuary (Bel Hassen, 2001). This
communication allows (1) drainage of the intertidal zone of
the estuary including mudflats (Mayen et al., 2023) and tidal
salt marshes (Mayen et al., 2023) and (2) supply of coastal
water to a large complex of artificial salt marshes (i.e. salt
ponds) located upstream of the dyke (Fig. 1). The artificial
marsh waters managed by the NNR for biodiversity protec-
tion (Mayen et al., 2023) are flushed back to the estuary
downstream through the Bossys perdus channel (Fig. 1).

Biogeosciences, 21, 993-1016, 2024
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Figure 2. Location and set-up of the eddy covariance (EC) system within the Bossys perdus salt marsh and its associated footprint estimated
from Kljun et al. (2015) and averaged over the year 2020 (70 % contour line, i.e. 13042 mz). Wind sectors (45°) and marsh habitats (see
Table 1) are represented. The canopy height of the studied marsh is short and constant (from 0.15 m for H. portulacoides to 0.30 m for S. mar-
itima). The STPS sensor (in yellow), measuring water heights (Hy) and temperatures (7w ), was located in the SSW sector. The EC system
(Campbell Scientific) includes (1) the ultrasonic anemometer (CSAT3), (2) the open-path infrared gas analyser (EC150), (3) the tempera-
ture probe (100K6A1A thermistor), (4) the temperature/relative humidity sensor (HMP155A), (5) the silicon quantum sensor (SKP215) and
(6) the central acquisition system (CR6) and the electronics module (EC100). A rainfall sensor (TE525MM; Rain Gauge, Texas Electronics)
simultaneously measured the cumulative precipitation. From geo-referenced IGN 2019 orthogonal images. Photographs of four wind sectors
within the studied footprint area (NNW, ENE, WSW and SSE) were taken from the EC system during an emersion period in summer 2021
when all the marsh habitats were emerged into the atmosphere: (a) Spartina maritima, (b) Halimione portulacoides, (¢) Suaeda vera and
(d) mudflat. © S.-C. Zech.
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The Bossys perdus salt marsh, located upstream of the es-
tuary (Mayen et al., 2023), is subjected to semi-diurnal tides
from the Breton Sound continental shelf (Fig. 1) allowing the
marsh immersion by two main channels differently in space,
time and frequency according to the tidal periods (Fig. 2). At
high tide, advected coastal waters can completely fill chan-
nels (Fig. S1b in the Supplement) and immerse the marsh
through variable water heights depending on tidal amplitudes
and meteorological conditions (Fig. S1c). In contrast, at low
tide, the marsh vegetation at the benthic interface is emerged
into the atmosphere without any coastal waters (Fig. Sla).
During this time, Bossys perdus channels allow drainage of
upstream artificial marsh waters to the estuary (Fig. 2). The
marsh vegetation assemblage was mainly composed by three
halophytic species as perennial plants (Halimione portula-
coides, Spartina maritima and Suaeda vera; Fig. 2) that as-
sociated with different metabolic pathways (the C3z-type pho-
tosynthesis for H. portulacoides and S. vera and the Cy4-type
photosynthesis for S. maritima; Duarte et al., 2013, 2014).
Whereas H. portulacoides and S. vera are evergreen plants
throughout the year, the growing season for S. maritima was
shorter (from spring) with a flowering period between Au-
gust and October (plants persist only in the form of rhizomes
in winter and fall; Julien Gernigon, personal communication,
2023).

2.2 Eddy covariance and micrometeorological
measurements

The atmospheric eddy covariance technique allowed us to
quantify the net CO, fluxes at the ecosystem—atmosphere
interface through micrometeorological measurements of the
vertical component of atmospheric turbulent eddies (Aubinet
et al., 2000; Baldocchi, 2003; Burba, 2021). The averaged
vertical flux of any gas (F, umol m~2s~!) can be expressed
as the covariance between the vertical wind speed (w, ms™ 1 ),
air density (p, kgm~3) and the dry mole fraction (s) of the
gas of interest as

F =pws ~pw's’, (D

where the overbar represents the time average of the param-
eter (i.e. 10 min in this study due to strong fluctuations at
the tidal scale; Polsenaere et al., 2012) and the prime in-
dicates the instantaneous turbulent fluctuations in these pa-
rameters relative to their temporal average (Reynolds, 1883).
The Reynold’s decomposition was used to break the in-
stantaneous term down into its mean and deviation (e.g.
w=w + w’) (Reynolds, 1883; Burba, 2021). This equation
(Eq. 1) is obtained by assuming, on a flat and homogeneous
surface, that (1) the variation in air density is negligible,
(2) there is no divergence or convergence of large-scale verti-
cal air motion and (3) atmospheric conditions are stable and
stationary (Aubinet et al., 2012). A negative flux of atmo-
spheric CO; is directed towards the ecosystem, and is there-
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fore characterized as a sink, and vice versa for positive fluxes
qualified as sources of CO; to the atmosphere.

An EC system was continuously deployed at the Bossys
perdus salt marsh to measure the net ecosystem CO, ex-
change (NEE, pmol m 2 s~1). The set of EC sensors (Fig. 2),
at a height of 3.15m, was composed of an open-path in-
frared gas analyser (model EC150; Campbell Scientific) to
measure the CO> (mgm™>) and H,O (gm™?) concentrations
in the air as well as the atmospheric pressure (kPa) and an
ultrasonic anemometer (model CSAT3; Campbell Scientific)
to measure the three-dimensional components of wind speed
(U, V and W; ms™!) at a frequency of 20 Hz and averaged
every 10min (Fig. 2). The EC150 gas analyser also mea-
sured the air temperature using a thermistor probe (model
100K6A1A; BetaTherm). The EC100 electronics module
(model EC100; Campbell Scientific) allowed us to synchro-
nize high-frequency measurements and rapid communica-
tions between the CR6 datalogger (model CR6; Campbell
Scientific) and EC devices including EC150 and CSAT3A
(Fig. 2). The CR6 datalogger is a powerful core compo-
nent for the data acquisition system. Additional meteorolog-
ical data, such as relative humidity (RH, %), air tempera-
ture (7,, °C) and photosynthetically active radiation (PAR,
umol m~2 s~ 1), were recorded every 10 min simultaneously
and at the same height as the EC sensors, by a tempera-
ture/relative humidity sensor (HMP155A; Campbell Scien-
tific), with RAD14 natural ventilation shelter) and a silicon
quantum sensor (SKP215; Skye Instruments), respectively
(Fig. 2). The vapour pressure deficit (VPD, Pa) was calcu-
lated every 10min from saturated vapour pressure (calcu-
lated from T7,) and from actual vapour pressure (calculated
from RH). A rainfall sensor (TE525MM; Rain Gauge, Texas
Electronics), located 10 m away and connected to the EC sta-
tion, simultaneously measured the cumulative precipitation
at a height of 1 m (rainfall, mm). All high-frequency EC data
were recorded on an SD micro-card (2 Go; Campbell Sci-
entific) that was replaced every 2 weeks, whereas meteoro-
logical data were recorded and stored in the central acqui-
sition system (CR6). The EC system was connected to two
rechargeable batteries (12 volts and 260 Ah—!; AGM) pow-
ered by a monocrystalline solar panel (24 V, 200Wp mod-
ule with MPPT 100 V/30 A controller; Victron Energy). The
EC sensors were checked and cleaned every 2 weeks and the
EC150 was calibrated each season with a zero-air calibra-
tion of O ppm (Campbell Scientific) and a certificated CO,
standard of 520 ppm (Gasdetect). Water height (Hy; = 0.3 m)
and water temperature (7y; £ 0.1 °C) were also measured ev-
ery 10 min along with EC data using a STPS probe (NKE
Instrumentation) located 20m away from the EC system
(Fig. 2). The sensor was checked every two months at the
laboratory to verify possible derivations in the measured pa-
rameters.

Biogeosciences, 21, 993-1016, 2024
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Table 1. Bossys perdus marsh habitat (percentages are in bold and associated surface area, in square metres, are in brackets) within each 45°
wind sector in the corresponding footprint areas (Fig. 2) and the whole averaged footprint for the year 2020 (13 042 m?, 70 % contour line).

Wind sectors Halimione Spartina Suaeda Muds Channels
portulacoides maritima vera
NNE 0-45 48 22 1* 22 8
(850) (390) C)) (386) (150)
ENE 45-90 31 26 1 37 4
(590) (492) (22) (704) (80)
ESE 90-135 37 21 31 9 2
(335) (190) (288) (82) (22)
SSE 135-180 60 9 0* 21 8
(803) (124) “ (275) (113)
SSW 180-225 48 19 0* 8 25
(734) (283) 2) (122) (388)
WSW  225-270 33 35 0* 25 6
(689) (745) (6) (530) (132)
WNW  270-315 30 11 29 30 0
(580) (216) (570) (588) 0)
NNW  315-360 16 26 2 56 0
(249) (401) 31 (867) 0)
Total footprint 37 22 7 27 7
(70 % contour line) (4830) (2841) 932) (3554) (885)

* Negligible surfaces on the total area of the sector.

2.3 Footprint estimation and immersion/emersion
marsh heterogeneity

Footprints were estimated using the model of Kljun et al.
(2015) applied to data from the year 2020 to obtain an annual
averaged footprint from the constant measurement height
(Zm =3.15m), the constant displacement height (d =0.1 m;
estimated from 0.67 times the canopy height; LI-COR,
EddyPro® 7 Software, LI-COR Environmental), mean wind
velocities (u_mean, ms_l), standard deviations of the lat-
eral velocity fluctuations after rotation (sigma_v, ms™!), the
Obukhov length (L), friction velocities (u*, ms~1) and wind
directions (°) obtained from the EC measurements and the
processing software (EddyPro® v7.0.8; LI-COR) output. For
verification, we performed the footprint estimations both
with variable Zy, from water height measurements and with
constant Z,, from data at emersion and we obtained the same
footprint shapes and extends. For all calculations (i.e. habi-
tat coverage, relationships with CO, fluxes, etc.), we used
the 70 % footprint contour line that corresponds to an aver-
age footprint of 13042 m? of the studied salt marsh area of
interest (Fig. 2). A land-use map was also created (Fig. 2)
from geo-referenced IGN BD orthogonal images with a res-
olution of 20 cm (2019) using ArcGIS 10.2 (ESRI). The spa-
tial analysis tool of ArcGIS 10.2 was used to perform an un-
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supervised classification of the BD orthogonal images. We
checked the resulting map by selecting 20 random locations
within the footprint of the studied salt marsh and compared
their land use on the ground and on the map.

In some situations, based on the tide (neap tides), due to
meteorology influence (wind direction and atmospheric pres-
sure) and the local altimetry heterogeneity, our one-location
H,, measurements could not accurately account for the whole
spatial emersion and immersion of the marsh in the EC foot-
print (Fig. 2). At incoming tide, when coastal waters begin
to fill the channel and then overflow over the marsh (from
0.5h in spring tides to 2.5h in neap tides; data not shown),
the SSW sector (Fig. 2) was first immersed and a non-zero
H,, value was measured. However, although some marsh
sectors were immersed at the same time, others were still
emerged. Indeed, lowest marsh levels (56 % of the footprint
area), mainly composed of mudflats and S. maritima (Fig. 2;
Table 1), were quickly immersed from Hy, > 0m (south),
whereas the whole marsh immersion (muds and plants) only
occurred 0.75h later from Hy, > 1.0m at high tide during
spring tide. Thus, the highest marsh levels (44 % of the foot-
print area), mainly composed of H. portulacoides and S. vera
(Fig. 2; Table 1), were still emerged for 0 < Hy, < 1.0 m.
Conversely, at neap tide, this footprint immersion versus
emersion marsh heterogeneity could still be present even at

https://doi.org/10.5194/bg-21-993-2024
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high tide due to insufficient water levels. Although a digital
field model for water heights could not be performed in 2020
to have a better spatial representation of the immersion/emer-
sion footprint, all these important considerations were con-
sidered in our computations and analyses in this study.

2.4 EC data processing and quality control

Raw EC data measured at high-frequency were processed
following Aubinet et al. (2000) with the EddyPro software.
First, different correcting steps were applied to our raw data
according to the procedures given by Vickers and Mahrt
(1997) and Polsenaere et al. (2012) for intertidal systems:
(1) unit conversion to check that the units for instantaneous
data are appropriate and consistent to avoid any errors in
the calculation and correction of CO, fluxes; (2) despik-
ing to remove outliers in the instantaneous data from the
anemometer and gas analyser due to electronic and physi-
cal noise and replaced the detected spikes with a linear in-
terpolation of the neighbouring values; (3) amplitude reso-
lution to identify situations in which the signal variance is
too low with respect to the instrumental resolution; (4) dou-
ble coordinate rotation to align the x axis of the anemometer
to the current mean streamlines, nullifying the vertical and
cross-wind components; (5) time delay removal by detect-
ing discontinuities and time shifts in the signal acquisition
from the anemometer and gas analyser; (6) detrending with
removal of short-term linear trends to suppress the impact of
low-frequency air movements; and (7) performing the Webb—
Pearman—Leuning (WPL) correction to take into account the
effects of temperature and water vapour fluctuations on the
measured fluctuations in the CO, and H>O densities (Burba,
2021). The turbulent fluctuations of CO, fluxes were calcu-
lated with EddyPro using the linear detrending method (Gash
and Culf, 1996) which involves calculating deviations from
around any linear trend evaluated (i.e. over the whole flux av-
eraged period). High-frequency CO; fluxes were processed
and averaged over intervals of 10 min (shorter than in terres-
trial ecosystems) to detect fast NEE variations with the tide
(Polsenaere et al., 2012; Van Dam et al., 2021). During the
EC data processing by EddyPro, a correction for flux spectral
losses in the low frequency range was performed according
to Moncrieff et al. (2004).

A strict quality control was applied on EddyPro processed
CO, flux data to remove bad data related to instrument mal-
functions, processing and mathematical artefacts, ambient
conditions that do not satisfy the requirements for the EC
method, wind that is not from the footprint and heavy pre-
cipitation for the open-path IRGA (Burba, 2021). Processed
data were screened using tests for steady state and turbulent
conditions (Foken and Wichura, 1996; Foken et al., 2004;
Gockede et al., 2004). In this study, we did not apply a ustar
filter in our EC data processing because we measured only
11 % of night-time data corresponding to a ustar threshold
below 0.1ms~! and above which NEE does not increase
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anymore with ustar values (threshold close to values found
in grassland; Gu et al., 2005). Contrary to terrestrial ecosys-
tems (Gu et al., 2005), the low canopy height of the stud-
ied marsh strongly limited the CO, storage in the vegetation
and favours the atmospheric CO, circulation. If the signal
to noise ratio of the EC150 gas analyser was less than 0.7
and/or the percentage of high-frequency missing values over
10 min exceeded 10 % (i.e. data absent in the raw data file
or removed through the quality screening procedures), no
flux was calculated. This choice was the best compromise
between removing poor-quality data and keeping as much of
measured CO; flux data as possible (data and associated tests
not shown). Then, we used the method of Papale et al. (2006)
to detect and remove outliers in the 10 min flux data. The me-
dian and median absolute deviation (MAD) were calculated
over a 2-week window separating daytime and night-time pe-
riods. Data above 5.2x MAD were removed. After all post-
processing and quality controls, 18.3 % of the EC data were
removed and gap-filled through a machine learning approach
to obtain continuous flux data in 2020.

2.5 Flux gap filling and statistic tools

The random forest (RF) model was used to gap-fill our EC
dataset. Random forest is a supervised machine learning
technique proposed by Breiman (2001) that can model a non-
linear relationship with no assumption about the underlying
distribution of the data population. This method has been
shown to be particularly suited to gap-fill EC data (Kim et al.,
2020; Cui et al., 2021). Random forest builds multiple deci-
sion trees, each of which is based on a bootstrap aggregated
data sample (i.e. bagging of the EC data) and a random subset
of predictors (i.e. the selected environmental data; Table S1
in the Supplement). We build RF models with environmental
predictors that have been identified in the literature to control
CO, fluxes in salt marshes and which were available dur-
ing the gaps and with measurements recorded between 2019
and 2020 (Table S1). Each random forest model was built
from a trained bagging ensemble of 400 randomly generated
decision trees (Kim et al., 2020) with the “randomForest”
package in the R software (Liaw and Wiener, 2022). In this
study, we used the RF2 model with PAR, air temperature,
water height and relative humidity as environmental predic-
tors because its performance indicators showed a high Pear-
son correlation coefficient (R? = 0.88) and low values of root
mean square error (RMSE = 1.27) and model bias (0.0024)
allowing us to correctly gap-fill a large EC data (Table S1).
The calculated uncertainty of the RF2 model on the result-
ing annual C budget was 0.43 %. Each tree was trained from
bagged samples including 70 % of the initial dataset. The re-
maining 30 % of the data were used to estimate the fit of each
random forest model. The model used was then able to ex-
plain 88 % of the variability in the test data. Daytime data
were better explained than night-time data (59 % vs. 38 %),
with light being the main parameter of the model. However,
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only 20 % of the night-time EC data were gap-filled with the
random forest model. Using a partial dependence analysis
and an ondelette analysis, we concluded that the relation-
ships and temporal dynamics modelled allowed us to cor-
rectly fill the gaps in our dataset. However, extreme values
of some predictors (i.e. PAR > 1000 umolm~2s~!) can re-
duce the random Forest model performance for estimation
of EC data. This observation is common for random forest
models, as they show poor results for extreme values. Other
models, such as artificial neural networks, were also tested
but showed poorer results (Table S1).

For all measured variables, the 10 min data did not fol-
low a normal distribution (Shapiro-Wilk tests, p < 0.05).
Non-parametric comparisons, such as the Mann—Whitney
and Kruskal-Wallis tests, were carried out with a 0.05 level
of significance. To assess the influence of meteorological
and hydrological drivers on NEE fluxes at different tempo-
ral scales, we performed a pairwise Spearman’s correlation
analysis on the 10 min values and monthly mean values (“cor
function” in R).

2.6 Temporal analysis of NEE fluxes and partitioning

During the year 2020, temporal variations in NEE fluxes
were studied at the seasonal and diurnal/tidal scales. Sea-
sons were defined based on calendar dates: the winter pe-
riod from 1 January 2020 to 19 March 2020 and from 21 to
31 December 2020, the spring period from 20 March 2020
to 19 June 2020, the summer period from 20 June 2020 to
21 September 2020 and the fall period from 22 Septem-
ber 2020 to 20 December 2020. Daytime and night-time
were separated into PAR > 10 and PAR < 10 umol m~2 s 1
respectively. For the NEE flux analysis according to envi-
ronmental drivers, NEE fluxes were grouped into five PAR
groups (0 < PAR < 10, 10 < PAR <500, 500 < PAR < 1000,
1000 < PAR < 1500 and 1500 < PAR <2000 pmolm—2 s~ 1)
to reduce NEE fluctuations due to PAR variations. Wa-
ter heights (H,) measured at one location over the marsh
(Fig. 2) relative to the mean sea level were used to distinguish
emersion (Hy, =0m at low tide) and immersion (Hy, > 0m
at high tide) periods (see Sect. 2.3) and thus, the influence of
tides on NEE fluxes.

To study marsh metabolism related to photosynthesis and
respiration processes, measured NEE fluxes were partitioned
into gross primary production (GPP) and ecosystem res-
piration (Reco), respectively. During marsh emersion, NEE
fluxes occur at the marsh—atmosphere interface involving
only benthic metabolism (or marsh metabolism) resulting in
NEE = GPP — R¢¢o. During marsh immersion, NEE fluxes
are the result of benthic metabolism, planktonic metabolism
and lateral C exchanges by tides thereby making it more
difficult to study the marsh metabolism (Polsenaere et al.,
2012). Negative NEE values indicated a marsh CO; uptake
from the atmosphere and positive values indicated a marsh
CO; source into the atmosphere. GPP was expressed in neg-
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ative values and Rec, was expressed in positive values. In
this study, NEE flux partitioning into marsh metabolic fluxes
(NEEmarsh) was performed according to the following equa-
tion using the model of Kowalski et al. (2003):

a;PAR

NEEnarsh = GPP — Reco = m

— Reco, 2)
where a; is the maximal photosynthetic CO;, uptake
at light saturation (umolCO,m™2s~!) and ap is the
PAR at half of the maximal photosynthetic CO;, uptake
(umol photon m~2 s~1). The ay /a; ratio corresponds to pho-
tosynthetic efficiency (Kowalski et al., 2003). Rec, was cal-
culated as follows according to Wei et al. (2020b):

Reco = Roexp(bT,), 3)

where Reco is the night-time ecosystem respiration
(umol CO;m~2s~1), Ry is the ecosystem respiration
rate at 0°C (umol CO, m~2s71), T, is the air temperature
(°C) and b is a response coefficient of the temperature
variation (Wei et al., 2020b).

For NEE flux partitioning, estimations of the GPP coef-
ficients (a; and ap; Eq. 2) and Rec, coefficients (Ro and b;
Eq. 3) were performed by the least squares method (“min-
pack.Im” package in R) at the monthly scale only during
emersion periods where measured NEE fluxes corresponded
to estimated NEEarsh fluxes. First, for each month, Ry and
b were estimated during night-time emersion periods where
NEE = R, following Eq. (3) (Wei et al., 2020b). Then,
ap and a, were estimated during daytime emersion periods
using night-time respiration coefficients (Rg and b) where
NEE = GPP — R, following Egs. (2) and (3) (Kowalski
et al., 2003). Finally, NEEn,rsh (net marsh metabolic fluxes
without tidal influence) were calculated from PAR and T,
values measured at a 10 min frequency throughout the year
using the monthly coefficients calculated for the partitioning
(Eq. 2). As our ecosystem had a low phenological variation
(Table S2), we concluded that a monthly time step for the
coefficient estimation was sufficient to answer our study ob-
jectives. During emersion periods, monthly net C balances
(i.e. budgets) of measured NEE and estimated NEEarsh,
as well as the monthly mean fluxes, were very similar (Ta-
ble S3), confirming the correct NEE flux partitioning calcu-
lations done in this study.

3 Results
3.1 Habitat covering of the footprint

Within the EC footprint, halophyte marsh vegetation (66 %)
composed of Halimione portulacoides, Spartina maritima
and Suaeda vera mainly dominated, whereas muds and chan-
nels only accounted for 27 and 7 %, respectively (Fig. 2).
The area occupied by S. vera, crossing the EC footprint from
WNW to ESE (Table 1), corresponded to the highest marsh

https://doi.org/10.5194/bg-21-993-2024
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Figure 3. Net ecosystem exchanges and associated environmental parameters measured every 10 min throughout the year 2020. The measured
environmental parameters include (a) the photosynthetically active radiation (PAR, pmol m—2 s_l), (b) air temperature (73, °C), vapour
pressure deficit (VPD, Pa), (¢) wind speed (ms™ 1 ), (d) water height (Hy, m), water temperature (7w, °C) and (e) the net ecosystem exchanges
(NEE, umol CO, m2s71) computed from the 20 Hz atmospheric CO, and wind speed measurements with the EddyPro software. The red
line in (e) is the moving average of NEE (daily mean). Seasons are delimited by vertical lines.
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Table 2. Emersion and immersion periods (percentage in bold) at the studied salt marsh for four water height ranges of 0.5 m during the year
2020 and at the seasonal scale. The emersion and immersion durations in hours per day were calculated (shown in brackets).

Emersion ‘ Immersion
Hy =0 ‘0<Hw<0.5 0.5< Hy <1 1<Hy <15 1.5< Hy <2
Year 2020 74.5 124 8.7 3.6 0.8
(17.9) 2.9) 2.1) 0.9) 0.2)
Winter 76.3 10.4 8.6 3.6 1.1
(18.0) 2.5) 2.0 0.9) 0.3)
Spring 74.5 13.7 8.2 3.0 0.6
(18.0) (3.2) 2.0) 0.7) (0.1)
Summer 75.1 17.1 59 1.3 0.0
(18.5) 4.2) (1.6) 0.3) (0.0)
Fall 72.0 8.5 11.5 6.4 1.6
(17.0) (1.9 2.7 (1.5) 0.4)

level that was partly immersed only during the highest tidal
amplitudes (Fig. 2). H. portulacoides and S. maritima occu-
pied mostly the NNE (70 %), SSE (69 %), WSW (68 %) and
SSW (67 %) wind sectors. In contrast, mud habitats mostly
covered the NNW sector, where the lowest vegetation cover
was found (Fig. 2; Table 1). The highest channel area was
found in the SSW sector (Fig. 2; Table 1).

3.2 Seasonal variations in environmental conditions
and NEE fluxes

Throughout the year 2020, the full seasonal range in so-
lar radiation was measured (Fig. 3a) with an increase in
daytime PAR from winter (lowest light season) to summer
(brightest season). A similar seasonal pattern was recorded
for air temperatures (7,) with values ranging from 1.5°C
in winter (coldest season) to 33.6°C in summer (warmest
season; Fig. 3b). On average, the winter and fall seasons
were the wettest (RH > 82 %), associated with the lowest
vapour pressure deficit (VPD) values, whereas spring and
summer were the driest ones (RH < 75 %), associated with
the highest VPD values (Fig. 3b). Indeed, the highest and
lowest cumulative rainfalls were recorded in fall (342 mm)
and summer (62 mm), respectively. The highest mean sea-
sonal wind speed was measured in winter (4.9 £2.3 ms— 1)
with maximal speeds up to 13ms~! (Fig. 3c). Winds came
mostly from the SSW-WSW sectors both in winter (55 %)
and summer (41 %) and from the NNE-ENE sectors both
in spring (51 %) and fall (31 %) (Fig. 2). Tidal activities re-
flected the typical hydrological conditions of the Atlantic
coasts with a bi-monthly succession of spring tides and neap
tides (Fig. 3d). Water heights (Hy,) strongly varied accord-
ing to tidal amplitudes with a maximal H,, of 1.4 m during
neap tides and 2.0 m during spring tides (overall annual mean
of 0.6 £ 0.4 m; Fig. 3d). Throughout the year, 25.5 % of the
EC data were measured when the salt marsh was immersed

Biogeosciences, 21, 993-1016, 2024

through variable immersion durations and water heights (Ta-
ble 2). On average, the daily immersion durations ranged
between 5.7hd~! in winter (23.7% of the EC data) and
6.5hd ™! in fall (28 % of the EC data). In winter, the EC data
during immersion were split into 19 % for 0 < H,, < 1 m and
4.7 % for 1 < Hy, <2m, whereas in fall, these latter were
split into 20 % for 0 < Hy, < 1m and 8 % for 1 < Hy, <2 m.
In summer, the lowest marsh immersion was measured with
no Hy, value higher than 1.5 m (Table 2).

The annual mean NEE value was
—1.274+3.48umolm=2s~! with strong temporal vari-
abilities recorded over both long and short timescales
(Fig. 3e). Significant NEE variations were highlighted be-
tween each season (Kruskal-Wallis test, p < 0.001) where,
on average, the highest and lowest atmospheric CO; sinks
were recorded in spring (—1.9343.84 umolm~2s!)
and fall (—0.59+2.83umolm—2s~!),  respectively
(Fig. 4). NEE flux partitioning gave an annual mean
NEEnarsh  value of —1.28 £3.16 umol m2s7L, rang-
ing from —2.0043.49umolm~2s~! in spring to
—0.53+2.51umolm™2s~! in fall. On average, in win-
ter and fall, the measured NEE values were more negative
than the estimated NEEpasn values, whereas in spring and
summer, the opposite trend was recorded (Fig. 4). Contrary
to NEE and NEE,h, the highest seasonal values of GPP
and Re., were estimated in summer, whereas the lowest
seasonal values were estimated in winter (Fig. 4). The
highest and lowest photosynthetic efficiencies (aj/ay ra-
tio) were found in winter (—2.08 x 1072) and summer
(—1.36 x 1072), respectively.

3.3 Environmental parameter and NEE flux variations
at diurnal and tidal scales

At each season, significant diurnal differences in NEE
fluxes were highlighted (Mann—Whitney tests, p < 0.05)

https://doi.org/10.5194/bg-21-993-2024
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Table 3. Diurnal/tidal variations (means & SD in bold) of NEE fluxes (umol CO, m~2 s~ h during each season in 2020. The associated

ranges (min/max) are indicated in brackets. Daytime and night-time periods were separated into PAR > 10 and PAR < 10 pmol m

respectively, whereas emersion and immersion periods were separated into Hy =0 m and Hy, > 0 m, respectively.

Daytime Night-time Daytime Night-time Seasonal
emersion emersion immersion immersion
Winter -3.15+2.96 0.61£0.86 —-2.03+2.30 —0.10+£0.99 —1.01+2.61
(—19.55/10.73) (—4.80/5.40) (—16.06/6.49) (—5.31/3.34) (—19.55/10.73)
Spring —4.39+3.76 1.25+0.98 —2.59+3.24 0.51+1.22 —1.93+3.84
(—25.67/19.09) (—4.54/7.01) (—29.68/17.62) (—4.60/6.04) (—29.68/19.09)
Summer —4.42+3.88 2.11+1.34 —-2.22+3.26 1.18 +1.44 —-1.53+4.19
(—23.71/18.07) (—5.93/9.25) (—25.23/13.01) (—4.86/9.36) (—25.23/18.07)
Fall —-3.00+3.32 1.12+1.03 —1.53+2.60 0.29 +1.07 —0.59 +2.83
(—21.54/17.74) (—4.19/6.09) (—18.15/18.21) (—3.97/5.50) (—21.54/18.21)
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Figure 4. Seasonal variations (means=+SD) of the measured
NEE, estimated NEE,sh, estimated GPP and estimated Reco
(umol CO, m~2 s~1) recorded throughout the year 2020. NEE: net
ecosystem exchange, NEE,sh: net ecosystem exchange at the
marsh—atmosphere interface without coastal water, GPP: gross pri-
mary production, Reco: ecosystem respiration. The NEE fluxes
were partitioned into GPP and Reco according to Kowalski et al.

(2003) and Wei et al. (2020b) (see Sect. 2.6).

with, on average, an atmospheric CO; sink during day-
time and an atmospheric CO; source during night-time,
irrespective of emersion or immersion periods (Table 3).
For instance, in spring, NEE means were —3.934+3.72
and 1.06+1.09umolm~2s~! during daytime and night-
time, respectively (Fig. 5b). Over all seasons, similar diurnal
variations in measured NEE and estimated NEE,;sn Were
recorded with, on average, a rapid increase in CO; uptake
during the morning up to the middle of the day (low T,
and VPD values) and then, a decrease in CO, uptake dur-
ing the afternoon (high 7, and VPD values) to become a
CO; source during night-time (Figs. 5 and S2). On average,
during the afternoon, the GPP decreases and R, increases
explained the measured decrease in CO, uptake (Fig. 5).
For each season, the highest marsh CO; uptakes were mea-
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sured during daytime emersion periods between 12:00 and
13:00 UT (maximal PAR levels), with the latter increasing
from winter (—4.84 & 2.87 umol m~2 s~!) to spring—summer
(—6.94 4 2.80 umol m~2 s~ !; Fig. 5).

At each season, the tidal rhythm strongly disrupted NEE
fluxes with, in general, no change in the marsh metabolism
status (sink/source). During daytime, significantly lower
CO, uptakes were recorded during immersion than dur-
ing emersion (Mann—Whitney tests, p < 0.05) when marsh
plants were mostly immersed in tidal waters, and during
night-time, a similar tidal pattern was recorded for CO;
emissions (Mann—Whitney tests, p <0.05; Table 3). For
instance, in spring, NEE means were —4.39 +3.76 and
—2.59+3.24umolm2s~! during daytime emersion and
daytime immersion, respectively, and were 1.25 £0.98 and
0.5141.22umolm~2s~! during night-time emersion and
night-time immersion, respectively. In winter, during some
night-time periods, weak CO; sinks were recorded both dur-
ing emersion (—0.79 & 0.84 umolm~2s~!; 137 h over 71 d)
and immersion (—0.82 = 0.91 pmol m~2s~ ! 143 hover 55d
associated with a mean Hy, of 0.80 m; Fig. S2). The maxi-
mal CO; uptakes were —4.80 and —5.31 pmolm~2s~! dur-
ing night-time emersion and night-time immersion, respec-
tively (Table 3).

3.4 Influence of environmental drivers on temporal
NEE variations

Throughout the year, NEE fluxes were significantly con-
trolled by solar radiations and air temperatures at the mul-
tiple timescales studied, thereby favouring marsh CO; up-
take. During daytime (PAR > 10 umolm~2s~!), PAR and
T, displayed the strongest negative correlations with NEE
at both the monthly scale (—0.87 and —0.65, respectively;
n=12, p <0.05) and the 10 min scale (—0.77 and —0.21,
respectively; n=27160, p <0.05). The highest and low-
est correlations between NEE and PAR were recorded for

Biogeosciences, 21, 993-1016, 2024
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Figure 5. Hourly plots of the measured NEE, estimated NEE;,;¢n, estimated GPP and estimated Reco diurnal variations obtained every
10 min in winter (a), spring (b), summer (c) and fall (d) for the year 2020. NEE averages are represented by solid blue lines and standard
deviations are represented by blue areas. The NEE,:sh, GPP and Reco averages are represented by dotted red, green and black lines,
respectively. The measured NEE fluxes were partitioned into GPP and Reco according to Kowalski et al. (2003) using monthly coefficients
(see the “Materials and methods” section). Night-time periods correspond to GPP = 0 umol m~2s~! and NEEharsh = Reco- All values are

in umol CO, m~2s 1,

10 < PAR < 500 and for 1500 < PAR <2000 umolm—2s~!,
respectively, confirming the rapid increase or decrease in
CO; uptake for low daytime PAR values (Fig. 6a). Dur-
ing daytime, vapour pressure deficit (VPD) was negatively
correlated with NEE (—0.31; n=27160, p <0.05) pro-
ducing a large reduction in CO, uptake for all PAR lev-
els and even led to a switch from sink to source of at-
mospheric CO; from VPD > 1200Pa for low PAR lev-
els (PAR <500 umolm~2s~!; Fig. 6b). During night-time
and daytime, air temperature (7,) was positively (0.54;
n=27190, p <0.05) and negatively (—0.21; n=25544,
p < 0.05) correlated with NEE, respectively. However, from
PAR > 500umolm~2s~!, high T, values (>20°C) de-
creased CO;, uptake for all PAR levels (Fig. 6¢). Wa-
ter temperature (7y,) did not influence NEE during im-
mersion (Fig. 6d). Indeed, for PAR > 500 umolm=2s~!
and Hy, >0.5m, no significant relationship was found
between NEE and Ty, (n=1215; p=0.26). For low
PAR levels (PAR < 500 umolm~2 s~!), wind speeds quickly
increased CO, uptake, whereas for high PAR levels
(PAR > 500 umol m~2 s~ 1), CO, uptake was increased only
for wind speeds higher than 7ms~! (Fig. 6e). For wind di-
rections, a spatial heterogeneity of NEE was recorded ac-

Biogeosciences, 21, 993-1016, 2024

cording to wind sectors both during daytime and night-
time (Fig. 6f). Within the footprint area composed of an
assemblage of plants and muds (Fig. 2), the highest CO;
uptakes were generally recorded from the southern sectors
(high vegetation : mud ratios) whereas, the lowest CO; up-
takes were generally recorded from the northern sectors (low
vegetation : mud ratios; Fig. 7). For instance, our sectorial
NEE analysis during daytime emersion showed that the SSE
sector (vegetation : mud ratio of 2.4; Table 1) did uptake
32 % (winter), 25 % (spring) and 50 % (fall) times more at-
mospheric CO; than the NNW sector (vegetation : mud ratio
of 0.8; Table 1). Moreover, in winter and fall, we highlighted
that CO; uptake rates of H. portulacoides (C3 species) were
significantly higher than S. maritima (C4 species) ones by
comparing the SSE (60 % of H. portulacoides and 9 % of
S. maritima) and WSW (33 % of H. portulacoides and 35 %
of S. maritima) sectors during daytime emersion (Mann—
Whitney tests, p <0.0001). In contrast, in summer, no sig-
nificant difference in NEE fluxes was recorded between
these two sectors (Mann—Whitney test, p = 0.06; Fig. 7) and,
more generally, between the different wind sectors (Fig. 7;
Table 1). For all seasons, during night-time emersion, we
recorded that southern sectors (ESE, SSE and SSW) emit-
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Figure 6. Diurnal variations of NEE fluxes (umol CO, m~2s~1) measured every 10 min according to different variables within five PAR
groups: 0—10 (night-time), 10500, 500-1000, 1000-1500 and 1500—2000 umol m~2 s~ . Panel (a) shows PAR (umolm~—2s~1), (b) VPD
(Pa), (¢) air temperature (°C), (d) water temperature (°C), (e) wind speed (m s_l) and (f) wind direction (°). NEE fluxes are averaged after

separating each variable into five classes and the coloured area is the standard error at the mean.

ted higher atmospheric CO; than northern sectors (NNE and
ENE), especially in winter and fall (Fig. 7; Table 1).

The tidal rhythm strongly influenced NEE fluxes during
immersion depending on water heights (Hy) and PAR lev-
els (Figs. 8 and S3). Throughout the year, NEE were pos-
itively correlated with Hy, during the day but negatively
correlated during the night (Fig. 8). More precisely, night-
time immersion strongly reduced CO, emissions and even
led to a switch from source to sink of atmospheric CO;
from Hy, > 0.4m in winter (Fig. 8a), Hy, > 0.7 m in spring
(Fig. 8b), Hy, > 1.4m in summer (Fig. 8c) and Hy > 1m
in fall (Fig. 8d), on average. For low daytime PAR levels
(PAR < 500 umol m~2 s~ 1), immersion only slightly reduced
CO; uptake (Fig. 8c). On the contrary, for higher daytime
PAR levels (PAR > 500 umol m~2s~!), immersion strongly
reduced CO, uptake, especially from Hy, > 0.5m, to reach
the lowest CO; sinks from Hy, > 1.0 m, irrespective of the
PAR levels (Fig. 8c).

3.5 Annual carbon budgets

Throughout the year, the annual NEE value was
—483.6gCm~2yr~!, associated with immersion dura-
tion of 6.1hd~!, on average. Simultaneously, estimated GPP
and Rec, (marsh metabolic fluxes without tidal influence)
absorbed and emitted 1019.4 and 533.2gCm2yr~!, re-
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spectively, resulting in an annual estimated NEEarsn value
similar to the measured NEE value (Fig. 9). At the seasonal
scale, the highest CO, uptakes occurred in spring and
summer, associated with the lowest marsh immersion levels,
and the lowest CO;, uptakes occurred in winter and fall,
associated with the highest marsh immersion levels (Tables 2
and 4). In winter and fall, when the daytime immersion
periods were the shortest, net C balances from measured
NEE gave higher values than net C balances from estimated
NEEarsh (+7.9 and —|—6.2ng_2, respectively; Table 4).
Conversely, in spring and summer when the daytime im-
mersion periods were the longest, the opposite pattern was
observed between measured NEE values and estimated
NEE, arsh values (—7.3 and —9.9 ng’z, respectively;
Table 4).

4 Discussion

4.1 Marsh CO; uptake and influence of management
practice

In the present EC study, the salt marsh absorbed
483 gCm~2yr~! from the atmosphere. This net C balance
(i.e. budget) was lower than the values estimated for global
tidal wetlands (1125 ng’2 yr’]; Bauer et al., 2013) and

Biogeosciences, 21, 993-1016, 2024
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Figure 7. Spatial split of NEE fluxes (umol CO, m~2s~!) within each 45° wind sector (Fig. 2) during emersion periods (Hyw =0m) at
the seasonal and diurnal scales. During daytime, the brightest emersion periods (PAR > 500 umol m—2 s~1) were chosen to reduce NEE

fluctuations due to PAR influence (see Fig. 6a).

for tidal marshes on the Atlantic coast of the United States
(7752Cm~2yr~'; Wang et al., 2016) but similar to the C
balance estimated by Alongi (2020) for global salt marshes
(382gCm~2yr 1.

Currently, an increasing number of EC measurements are
being taken in salt marshes in order to obtain continuous
NEE data series as well as to increase knowledge about the
associated metabolic processes and fluxes for these tidal sys-
tems (Table 5) (Schifer et al., 2014; Forbrich et al., 2018;
Knox et al., 2018). These EC studies confirmed the estimates

Biogeosciences, 21, 993-1016, 2024

of CO, sinks in salt marshes (Wang et al., 2016; Alongi,
2020) but also revealed strong NEE flux heterogeneities ac-
cording to climatic conditions and anthropogenic influences
(Herbst et al., 2013; Schifer et al., 2019). For instance, NEE
measured in a natural salt marsh (S. alterniflora, S. maritima
and D. spicata) showed a net C uptake from the atmosphere
with high interannual variations in C balances (Table 5)
mainly due to rainfall during the growing season for marsh
plants (Forbrich et al., 2018). By comparison, in an urban
tidal marsh, Schifer et al. (2014) reported a higher interan-

https://doi.org/10.5194/bg-21-993-2024
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Table 4. Net seasonal carbon balances for the measured NEE and estimated NEE ,,;¢n values (gC m~2). Corresponding seasonal percentages
of marsh immersion and daytime marsh immersion are indicated. NEE corresponds to net vertical CO; exchanges measured by EC, whereas
NEE,arsh corresponds to net vertical CO, exchanges estimated at the benthic interface without any tidal influence.

Cumulative NEE ~ Cumulative NEE,41sh

NEE — NEEarsh

Immersion time  Daytime immersion time

(gCm~2) (gCm~2) (gCm™?) (%) (%)
Year 2020 483.6 485.9 -2.3 25.5 52.2
Winter 94.4 86.5 7.9 23.7 41.5
Spring 184.5 191.8 -73 25.5 63.4
Summer 149.3 159.2 —-9.9 249 64.5
Fall 55.5 49.3 6.2 27.9 39.5

nual variability from 984 gCm~2 in 2009 to —310gCm™~2in
2012 due to management practices and plant species (P. aus-
tralis and S. alterniflora in 2009 and total elimination of
P. australis in 2012; Table 5). In the same area, in another
restored salt marsh in which the P. australis monoculture
was replaced by a high diversity of emergent marsh plants
(8. patens, S. cynosuroides, S. alterniflora and D. spicata), a
net CO; uptake was recorded (Table 5) which once again

https://doi.org/10.5194/bg-21-993-2024

confirms the importance of land management practices in
marsh C balances (Artigas et al., 2015). In our studied salt
marsh, the natural management for several decades has al-
lowed for a return to the natural site hydrodynamics and the
development of productive marsh halophytes, mainly com-
posed of H. portulacoides and S. maritima (59 % of the foot-
print area). However, past human activities and water man-
agement practices for salt farming have shaped the marsh

Biogeosciences, 21, 993-1016, 2024



1008

J. Mayen et al.: Atmospheric CO, exchanges measured by eddy covariance

Table 5. Comparison of the annual NEE budget (gC m~2 yr_l) using EC measurements across the salt, brackish and freshwater marshes of

the coastal zone.

Study site Location Annual NEE budget Reference
(gCm~2yr")
Tidal salt marsh? Fier d’ Ars tidal estuary, —483 This study
France
Tidal salt marsh? Virginia, USA —130b Kathilankal et al. (2008)

Urban tidal marsh?®

Hudson—Raritan estuary,
New Jersey, USA

From +894 to —310

Schifer et al. (2014)

Restored salt marsh?

Hudson—Raritan estuary,
New Jersey, USA

—213

Artigas et al. (2015)

Tidal salt marsh

Plum Island Sound estuary,
Massachusetts, USA

From —104 to —233
(=176 £32)°¢

Forbrich et al. (2018)

Tidal salt marsh

Duplin River

From —139 to —309

Nahrawi (2019)

salt marsh—estuary,
Georgia, USA

Urban tidal wetlands Hudson—Raritan estuary, —3074 Schifer et al. (2019)
New Jersey, USA

Brackish tidal marsh San Francisco Bay, —225 Knox et al. (2018)
California, USA

Brackish marsh Louisiana, USA 171 Krauss et al. (2016)

Para-dominated subtropical marsh Taiwan —376 Lee et al. (2015)

Reed-dominated Taiwan —53 Lee et al. (2015)

marsh

Freshwater marsh Louisiana, USA —337 Krauss et al. (2016)

Freshwater wetland
Florida, USA

Everglades National Park,

From —91 to +3
(=21+£17)¢

Zhao et al. (2019)

4 Managed and protected marshes. b NEE budget during the growing season (from May to October 2007). ¢ Mean of annual NEE budgets over a 5-year period
(from 2013 to 2017). 4 Annual NEE budget of three tidal marshes with different restoration histories. © Mean of annual NEE budgets over a 9-year period (from

2008 to 2016).

typology (channel network, humps and dykes), producing a
time-delayed immersion of plants and muds between high
and low marsh areas during spring tides. Thus, due to this
emersion/immersion heterogeneity, mud and S. maritima
were quickly immersed by coastal waters, whereas the whole
immersion of marsh habitats only occurred during the high-
est tidal amplitudes favouring a higher atmospheric CO; up-
take by H. portulacoides and S. vera. During the year 2020,
our rewilded salt marsh took up more C from the atmosphere
mainly due to strong plant photosynthesis than the other salt,
brackish and freshwater marshes reported in the literature
(Table 5). However, the net C balances calculated with the
EC method are still too scarce to be able to take all tem-
poral and spatial variabilities of salt marshes into account.
Based on biomass production measurements in salt marshes,
Sousa et al. (2010) estimated that the NPP of H. portula-
coides was 505 gCm~2yr~!, whereas the NPP of S. mar-

Biogeosciences, 21, 993-1016, 2024

itima varied between 367 and 959 gCm~2yr~! depending
on the chemical—physical characteristics and marsh maturity.
Thus, the net metabolism of these halophytic plants could
play an important role in our net C balance but, according to
“the marsh CO, pump” (Wang et al., 2016), a significant pro-
portion of marsh NPP was respirated by heterotrophic pro-
cesses and then (1) emitted as atmospheric CO, (38 =11 %)
and (2) exported by tides as DIC (37 & 15 %; Song et al.,
2023).

Moreover, despite a lower benthic metabolism (photo-
synthesis and respiration) of muds than evergreen plants
(Fig. 7), the microphytobenthos which can develop on
mudflats (27 % of the footprint area) may also contribute
to marsh production during daytime emersion, as high-
lighted in our studied marsh where static chamber mea-
surements performed in March 2023 at midday showed a
net CO; uptake to a non-vegetated mudflat (NEE mean

https://doi.org/10.5194/bg-21-993-2024
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Figure 9. Cumulative carbon fluxes (gC m_z) of the measured NEE
(in blue) and estimated NEE,;n (in green) throughout the year
2020. Vertical lines are used to delimit the four seasons. NEE fluxes
correspond to net vertical CO, exchanges measured by EC, whereas
NEE,arsh fluxes correspond to net vertical CO, exchanges esti-
mated from NEE partitioning at the benthic interface only, without
any tidal influence.

of —2.92 umol m~2 s~ !; unpublished results) and confirmed

in an estuarine wetland in China (Xi et al.,, 2019). On
an intertidal flat (France), EC measurements even showed
a higher daily benthic metabolism with microphytoben-
thos (1.72gCm~2d~!; September/October 2007) than with
Zostera noltei (1.25gCm~2d~!; July and September 2008),
confirming the high biological productivity of mudflats
(Polsenaere et al., 2012). However, due to the specific as-
semblage of our studied marsh (Fig. 2), it remains com-
plex to accurately study these habitat effects (plants vs. mi-
crophytobenthos) on NEE fluxes at the marsh scale and
draw more general conclusions. Thus, the microphytoben-
thos could play a significant role in the atmospheric CO, up-
take of salt marshes but also, more generally, in the carbon
cycle of the coastal ocean because the resuspension of the mi-
crophytobenthos primary production during tidal immersion
induce a large export of organic carbon from muds to coastal
waters (up to 60 % of the benthic primary production in a
nearby tidal flat; Savelli et al., 2019). These fast-growing pri-
mary producers with high labile organic carbon could also be
quickly degraded locally by microbial remineralization (Rut-
tenberg, 1992; De Brouwer and Stal, 2001; Morelle et al.,
2022), contrary to evergreen plants contributing to long-term
“blue carbon” burial in sediments (Mcleod et al., 2011).

https://doi.org/10.5194/bg-21-993-2024

4.2 Metabolism processes and controlling factors at
multiple timescales

4.2.1 Seasonal scale

In a tidal salt marsh, the average monthly budgets from For-
brich et al. (2018) showed a net CO, sink during the growing
season for marsh plants from June to September and a net
CO» source to the atmosphere during the rest of the year,
indicating a strong seasonal variability in marsh metabolic
fluxes. In urban salt marshes, the growing season was longer
switching from source to sink in May (Schéfer et al., 2014;
Artigas et al., 2015) and even in April in a brackish marsh
(Knox et al., 2018). In our studied marsh, the halophyte
vegetation, mostly composed of evergreen species, was au-
totrophic throughout the year allowing a net C uptake from
the atmosphere during both the growing and non-growing
seasons (between 9 gCm™?2 in December and 73 gCm™2 in
July), whereas the senescence of smooth cordgrass plants in
some salt marshes (S. alterniflora and S. cynosuroides, for
instance) from October produced a marsh heterotrophy and
a net C source to the atmosphere in winter and fall (Schifer
et al., 2014; Artigas et al. 2015; Forbrich et al., 2018). In
our case, S. maritima is a perennial species with a rela-
tively short growing period. Indeed, during winter and fall,
the metabolism of this halophytic plant could have a signif-
icantly lower influence on marsh C uptake than H. portula-
coides and S. vera. The spatial NEE analysis showed that, in
summer during daytime emersion, CO, uptake rates of the
northern sectors (high mudflats areas) were close to ones of
the southern sectors (high plants areas) which suggests a low
heterotrophic respiration in the mudflats during this period.
The low Reo rates related to plant and soil respiration pro-
cesses resulted in lower atmospheric CO; emissions in the
studied salt marsh than in urban salt marshes (Artigas et al.,
2015) and brackish marshes (Knox et al., 2018), thus allow-
ing a net CO; sink from winter to summer. Moreover, our
low Reco is also likely linked to the low OM decomposition
observed at our site, notably due to recalcitrant OM (Arnaud
et al., 2024). Furthermore, it is also important to better under-
stand the direct and indirect effects of meteorological condi-
tions and tidal immersion on photosynthesis and respiration
processes and the associated marsh C balances (Knox et al.,
2018).

Our study showed the predominant role of PAR and 7, on
NEE variations in the salt marsh as has already been high-
lighted elsewhere by Wei et al. (2020b). Our correct NEE
flux partitioning into GPP and R, during emersion indi-
cated that plant photosynthesis was mainly driven by light,
while ecosystem respiration was mainly driven by temper-
ature. At the seasonal scale, the strongest CO; sinks were
measured during warm and bright periods such as spring and
summer, which were responsible for 70 % of the annual C up-
take (Table 4). However, although the highest seasonal rate of
GPP was measured in summer during the brightest months,
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the simultaneously recorded high T, values instead favoured
ecosystem respiration producing a lower net CO; uptake in
summer than in spring (Table 4). For instance, in two ur-
ban salt marshes, the T, values above 30 °C reduced CO;
uptake by increasing respiration and atmospheric CO, emis-
sions (Schifer et al., 2019). These two meteorological pa-
rameters controlled short- and long-term NEE variations, as
confirmed in urban salt marshes where significant and strong
pairwise correlations of NEE with net radiation and temper-
ature were recorded on half hourly, daily and monthly aver-
ages (Schifer et al., 2019).

At the studied salt marsh, we showed a significant influ-
ence of VPD and RH on daytime NEE variations favour-
ing plant CO; uptake for the lowest VPD values (< 1000 Pa)
and the highest RH values (> 80 %). The lack of a signif-
icant relationship between NEE and RH at night indicated
that humidity influenced plant photosynthesis, by decreasing
VPD and stomata opening, rather than their respiration. In a
similar tidal salt marsh, Forbrich et al. (2018) showed a link
between rainfall and C budgets on interannual variations in
NEE, i.e. during the early growing season in spring, rainfall
events produced a decrease in soil salinity and favoured CO,
uptake through an increase in plant productivity. In a salt
marsh in the Yellow River Delta, significant NEE increases
and GPP decreases were recorded with high soil salinities
during emersion using static chamber measurements (Wei
et al., 2020a). High levels of soil salinity in salt marshes are
a stressor for plants such as Spartina spp. and can lead to
reduce biomass production by inhibiting nutrient and CO,
uptake throughout stomatal closure (Morris, 1984; Hwang
and Morris, 1994). Thus, in our studied marsh, we believe
that the increase in dryness periods, especially in summer,
with a decrease in rainfall events could profoundly modify
plant productivity and marsh C uptake. This was confirmed
by a significant reduction in the CO, sink at the studied salt
marsh with low RH and high 7, values.

4.2.2 Diurnal and tidal scale influences

High-frequency EC measurements demonstrated that diurnal
variations in NEE fluxes were driven by light, rather than
air temperature (Xi et al., 2019; Wei et al., 2020b), with no
significant time delay recorded between NEE and PAR varia-
tions (Fig. S2). At our studied site, the highest negative corre-
lations between NEE and PAR were highlighted for low day-
time PAR values, indicating that the increases in light during
the morning strongly favoured CO, uptake mainly through
plant photosynthesis up to the middle of the day. During the
afternoon, the high 7, and VPD values (warm and dry pe-
riods) produced a reduction in photosynthetic rates through
stomatal closure of the C3 plants (Lasslop et al., 2010). This
GPP decrease associated with a Reco increase in afternoon
reduced the net CO; uptake up to reach CO, emissions dur-
ing night-time (Knox et al., 2018; Xi et al., 2019). In an-
other tidal salt marsh, Kathilankal et al. (2008) confirmed
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the PAR importance on Spartina photosynthesis and diur-
nal NEE fluxes. In a restored salt marsh, EC measurements
also showed that the time of day has a major influence on
atmospheric CO; exchanges during the growing season, ac-
counting for 49 % of NEE variability (Artigas et al., 2015).
Moreover, in some cases, soil respiration can also be con-
trolled by PAR or photosynthesis at the diurnal scale (Var-
gas et al., 2011; Jia et al., 2018; Mitra et al., 2019), once
again highlighting the major role played by light in diurnal
NEE variations (Kathilankal et al., 2008; Wei et al., 2020b).
In winter, negative NEE fluxes were measured during some
night-time emersion periods in the absence of any photo-
synthetic processes (18.5 % in January, 18.1 % in February
and 10.7 % in March). These negative fluxes could have two
main sources: (1) an inorganic CO; diffusion and dissolution
processes in saline/alkaline soils over mudflats (Ma et al.,
2013) and (2) an inflow of coastal waters undersaturated in
CO; with respect to the atmosphere within the footprint area
(in channel; Fig. 2) but not seen by the STPS probe due to
our one-location water height measurement and immersion
marsh heterogeneity (see Sect. 2.2). The negative values dur-
ing night-time emersion could reduce the night-time random
forest model performance for EC data gap-filling and pro-
duce an underestimation of respiration coefficients for NEE
flux partitioning (particularly b) even causing a negative co-
efficient (February; Table S2).

At the daily scale, the intensity of atmospheric CO;
exchanges and the metabolic status of the marsh (sink/-
source) were also significantly influenced by the tidal rhythm
(Fig. 8). Tides produced a significant decrease in daytime
CO, uptake with maximal reductions up to 90 % for the high-
est tidal amplitudes. In a S. alterniflora salt marsh, a mean
reduction of 46 £ 26 % was measured during immersion, al-
though large CO, amounts were still assimilated at a reduced
rate (Kathilankal et al., 2008). In some cases, daytime NEE
fluxes could be completely suppressed during immersion in
salt marshes (Moffett et al., 2010; Forbrich and Giblin, 2015;
Wei et al., 2020a) and brackish marshes (Knox et al., 2018).
This drop in CO; uptake could be related to a physiological
stress for plants under tidal immersion conditions resulting
in a reduction in the effective photosynthetic leaf area and
photosynthesis rates (Kathilankal et al., 2008; Moffett et al.,
2010). Moreover, the physical barrier created by tidal waters
could limit the CO; diffusion from waters to plants, thereby
resulting in fewer CO, exchanges between the atmosphere
and the benthic compartment (sediments and soil). Using
chamber measurements at different tidal stages, Wei et al.
(2020a) also highlighted the importance of water heights and
marsh immersion levels in NEE variations and confirmed a
significant GPP decrease during immersion. However, tidal
effects on daytime NEE fluxes may be more variable depend-
ing on the immersion level of the marsh and the biogeochem-
istry state of the tidal waters. Indeed, during the brightest pe-
riods in winter and spring, the temporary increases in CO»
uptake recorded during incoming tides could be related to
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(1) an increase in the GPP of H. portulacoides and S. vera
(highest marsh levels) favoured by VPD and T, decreases
due to tidal conditions and/or (2) tidal waters advected from
the shelf that are undersaturated in CO, with respect to the at-
mosphere due to phytoplankton blooms (Mayen et al., 2024).
Moreover, when the salt marsh was fully immersed at high
tide during spring tides, NEE fluxes were mostly controlled
by ecosystem respiration and/or inorganic processes (carbon-
ate and physicochemical pumps) rather than by photosynthe-
sis, as light was no longer a major controlling factor for CO;
uptake in tidal waters.

During night-time, CO, emissions from the salt marsh
were inhibited by tidal effects through a significant decrease
in ecosystem respiration (Han et al., 2015; Knox et al., 2018;
Wei et al., 2020a). The physical barrier formed by tidal wa-
ters limits the atmospheric CO; releases via respiration from
plants and soils (Wei et al., 2020b). Moreover, saturation of
surface soils in tidal waters during immersion could reduce
oxygen availability in the soil and limit OM microbial de-
composition and CO, emissions through aerobic respiration
(Nyman and DeLaune, 1991; Miller et al., 2001; Jimenez
etal.,2012; Han et al., 2015). In our case, night-time CO, ex-
changes were reduced up to 100 % (completely suppressed),
sometimes even causing a change in metabolic status of at-
mospheric CO, from source to sink, especially in winter
when the R, rates were the lowest. The presence of tidal
waters advected from the shelf during the night, and CO,
undersaturated with respect to the atmosphere due to previ-
ous phytoplankton production and/or CaCO, dissolution in
the water column during the day (Gattuso et al., 1999; Polse-
naere et al., 2012), could induce a sink which may lead to a
net uptake of CO, at night (Fig. 8). The results of our study
indicate that tidal NEE variations may be mainly related to
the marsh immersion level, the PAR level and the time of the
growing cycle of plants as reported in Nahrawi et al. (2020).

4.3 Salt marsh carbon budgets for future research
perspectives

At the annual scale in 2020, the tidal rhythm did not signifi-
cantly affect the net C balance of the studied salt marsh since
similar annual measured NEE and estimated NEE .. val-
ues were recorded (Fig. 9). The loss of CO, uptake measured
during daytime immersion due to a GPP decrease could be
compensated by night-time immersion where CO; emissions
and R.c, were inhibited. However, strong temporal variabili-
ties were measured, especially between the growing and non-
growing seasons. In winter and fall, the salt marsh did uptake
more C from the atmosphere with the tidal influence (mea-
sured NEE) than without (estimated NEEnarsh), especially
in December (435.7 %), November (+19.7 %) and January
(+15.4 %), associated with the highest photosynthetic effi-
ciencies. An opposite trend was observed in spring and sum-
mer with a reduction in net C uptake under tidal influence,
especially in August (—16.9 %) and September (—9.8 %).
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This significant difference in the seasonal C balances could
be mainly related to the photoperiod of immersion periods.
We demonstrated that daytime immersion decreased CO;
uptake, whereas night-time immersion decreased CO, emis-
sions up to a change in metabolic status for the highest im-
mersion levels. Thus, during seasons where daytime immer-
sion primarily occurs, such as spring and summer, the salt
marsh did uptake less atmospheric CO; with tidal influence,
whereas seasons that mostly have night-time immersion did
uptake more atmospheric CO; with tidal influence (Table 4).
However, this unpublished result was only possible provided
that the salt marsh switched from a source to a sink of CO;
during night-time immersion due to water undersaturation
with respect to the atmosphere. In a salt marsh on Sapelo
Island (USA), Nahrawi et al. (2020) highlighted tidal CO;
flux reductions all year round by distinguishing neap tide and
spring tide periods. Their results showed that the highest and
lowest reductions in C uptake occurred in spring (—34 %)
and summer (—13 %), respectively, with a similar but greater
tidal influence on the C uptake values compared with our
study.

To better constrain the tidal influence on the metabolism
of the salt marsh, further investigations have been carried
out in 2021 in parallel with our EC measurements, with the
construction of a digital field model for water heights that
can be used to spatially determine, over the whole EC foot-
print, the exact areas of immersion and emersion (especially
for the low water levels) of the marsh in each sector at a
10min step. Similarly, during marsh immersion, EC mea-
surements do not directly capture CO; fluxes from benthic
metabolism because of the physical barrier of the water and
the lower CO; diffusion rates in water than in air. Conse-
quently, at the same time as when the NEE measurements
were taken, water pCO,, inorganic and organic carbon con-
centrations associated with planktonic metabolism were de-
termined each season through 24 h cycles to provide essential
information on the contribution of planktonic communities
and plants to CO, fluxes during immersion (Mayen et al.,
2024). The lateral carbon export from salt marshes by tides
plays a significant role in the coastal ocean carbon cycle (Guo
et al., 2009; Wang et al., 2016). Plant respiration and micro-
bial mineralization of marsh NPP could generate Dissolved
Inorganic Carbon (DIC) in waters associated with a strong
benthic—pelagic coupling. Thus, our 2021 measurements of
the carbon parameters, planktonic metabolism (production
and respiration) and other relevant biogeochemical variables
over 24h diurnal cycles, along with measurements of the
soil compartment (root OM production vs. mineralization;
Arnaud et al., 2024) carried out in the EC footprint, would
allow for a more integrative calculation of the studied marsh
carbon budget (Mayen et al., 2024). One advantage of the EC
measurements is the aggregation of CO; fluxes from all com-
partments (waterbodies, soil, plants and atmosphere) in salt
marshes. Yet, through this flux aggregation, we cannot mech-
anistically understand each marsh compartment, and there-
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fore it can be challenging to predict CO, fluxes under mul-
tiple global changes. Therefore, future contributions should
try to simultaneously quantify all these compartments, espe-
cially soil as it is where most of the carbon is stored in salt
marshes (Arnaud et al., 2024). Ongoing atmospheric CO>
exchange measurements are actually carried out since Jan-
uary 2023 up north over Aiguillon (intertidal) Bay in France
where we precisely deployed an EC station at the edge be-
tween the tidal mud flat on the west side and salt marsh habi-
tats on the east side of the footprint along with benthic cham-
ber flux and water, sediment, soil carbon measurements and
satellite analysis at each season to specially address ques-
tions on relative habitat (mudflat vs. salt marshes) influence
on atmospheric CO, exchanges (Pierre Polsenaere, personal
communication, 2023).

5 Conclusion

In this study, we used the micrometeorological eddy covari-
ance technique to investigate the net ecosystem CO; ex-
changes (NEE) at different timescales and to determine the
major biophysical drivers of a rewilded tidal salt marsh. Dur-
ing the year 2020, the net C uptake from the atmosphere
(—483 gCm~2 yr~!) was mainly related to a low OM decom-
position rate coupled with an intense autotrophic metabolism
of halophyte plants, especially during the growing season,
driven by light, temperature and VPD. In summer, the bright-
est days increased the plant GPP and, simultaneously, high
temperature and VPD values favoured R, resulting in a
lower net CO; uptake in summer than in spring. At the daily
scale, the tidal rhythm significantly influenced NEE fluxes
according to the level of marsh immersion and PAR. During
daytime, tides strongly limited atmospheric CO, uptake, up
to 90 % reductions, whereas night-time immersion inhibited
atmospheric CO; emissions through plant and soil respira-
tion, sometimes even causing a change in metabolic status
from source to sink. However, at the annual scale, NEE flux
partitioning into NEE .5 highlighted that the tidal rhythm
did not significantly affect the net marsh C balance. Our con-
tinuous NEE measurements have made it possible to better
understand the biogeochemical functioning of salt marshes
over a wide range of environmental conditions and have pro-
vided essential information on NEE fluxes in marshes under-
going potential future changes such as global warming or sea
level rise.
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Résumé: Les marais littoraux sont des
écosystemes productifs permettant la captation de
CO2 atmosphérique par une forte production
primaire. Leur métabolisme entraine également une
exportation latérale importante de carbone (C)
organique et inorganique via le compartiment
aquatique. Au regard de limportance des marais
dans le cycle du C, I'objectif général de la thése a
été de comprendre les processus biologiques et
physico-chimiques contrélant les flux de C aux
interfaces terrestre-aquatique-atmosphérique des
marais Charentais. Les mesures des pCO: de I'eau
ont montré un fort contréle de la typologie des
écosystemes cotiers sur la dynamique du C
inorganique avec des variations spatiales
significatives le long dun continuum plateau
continental — estuaire — marais. Dans les marais
salés rétro-littoraux, les pratigues de gestion
(naturelle ou anthropique) et les types de producteur

(macroalgues ou herbiers) influencent le statut
métabolique (source ou puits de C). Au sein d’'un
marais tidal, les échanges nets de CO: a I'échelle
de [l'écosysteme (NEE) ont été mesurés pour
quantifier le statut métabolique et évaluer l'influence
des facteurs biotiques et abiotiques. Un fort puits de
CO:2 atmosphérigue a été mesuré par la
photosynthése des plantes émergées. Cependant,
limmersion a fortement influencé les flux
métaboliques en diminuant la captation de CO2 le
jour et les émissions de CO2 la nuit. Au sein d’'une
troisieme partie, les formes organiques et
inorganiques du C, les nutriments et le métabolisme
planctonique ont été mesurés sur des cycles de 24-
heures en simultané avec la NEE pour évaluer la
contribution du métabolisme aquatique dans les flux
horizontaux et verticaux de C des marais.

Title: Atmospheric CO2 exchanges in the Charentais marshes: processes, dynamic and environmental
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Abstract: Coastal marshes are shallow productive
ecosystems allowing atmospheric CO:2 uptake
through strong primary production of plants and
algae. The metabolism of these dynamics systems
also exports significant and variable amounts of
organic and inorganic carbon (C) to coastal waters
through the aquatic compartment. Due to the
importance of marshes in the C cycle, the general
objective of this PhD thesis was to measure and
understand the biological, physical and chemical
processes controlling C fluxes at the terrestrial —
aguatic — atmospheric interfaces of the Charentais
marshes. High-frequency measurements of water
pCO2 showed a strong control of the coastal
ecosystem typology on inorganic C dynamics, with
significant spatial variations along a continental shelf
— estuary — marsh continuum.

In artificial salt marshes, management practices
(natural or anthropogenic) and the types of primary
producer (macroalgae or seagrass) influence the
metabolic status (source or sink of CO2). Within a
tidal salt marsh, net ecosystem CO: exchange (NEE)
were measured to quantify the marsh metabolic
fluxes and evaluate the relevant environmental
factors that control NEE fluxes. The results showed a
strong annual atmospheric CO: sink through the
photosynthesis of emerged halophyte plants.
However, tidal immersion significantly disrupted the
marsh metabolic fluxes, reducing net CO:2 uptake
during the day and net CO2z emissions during the
night. In the third part, organic and inorganic forms of
C, nutrients and planktonic metabolism were
measured over 24-h cycles simultaneously with the
NEE fluxes to assess the contribution of aquatic
metabolism to horizontal and vertical fluxes of C in
marshes.



