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Introduction

Phosphorus (primarily as dissolved inorganic phosphorus, DIP) is a macronutrient, key for all life forms [START_REF] Ruttenberg | Development of a sequential extraction method for different forms of phosphorus in marine sediments[END_REF][START_REF] Tyrrell | The relative influences of nitrogen and phosphorus on oceanic primary production[END_REF], and one of the main controls of primary production [START_REF] Ruttenberg | Phosphorus Cycle[END_REF][START_REF] Smith | Phosphorus versus nitrogen limitation[END_REF]. In shallow aquatic systems, the main sources of phosphorus to the water column are external inputs and internal recycling from sediments [START_REF] Kraal | Sedimentary iron-phosphorus cycling under contrasting redox conditions in a eutrophic estuary[END_REF][START_REF] Pan | Impact of suspended inorganic particles on phosphorus cycling in the Yellow River (China)[END_REF].

Rivers carry phosphorus to the ocean in different forms: particulate (inorganic and organic) and dissolved (inorganic and organic) P [START_REF] Follmi | The phosphorus cycle, phosphogenesis and marine phosphate-rich deposits[END_REF][START_REF] Ruttenberg | 10.13 -The Global Phosphorus Cycle[END_REF][START_REF] Slomp | Phosphorus Cycling in the Estuarine and Coastal Zones: Sources, Sinks, and Transformations[END_REF]. Particulate inorganic P is mainly P bound to Fe (oxyhydr)oxides and apatite minerals [START_REF] Froelich | Kinetic control of dissolved phosphate in natural rivers and estuaries: A primer on the phosphate buffer mechanism[END_REF][START_REF] Slomp | Phosphorus Cycling in the Estuarine and Coastal Zones: Sources, Sinks, and Transformations[END_REF]. Moreover, some riverine organic P does not reach the ocean and appears to be trapped by flocculation and transformed in the estuaries therefore providing DIP for coastal primary productivity [START_REF] Compton | Variations in the Global Phosphorus Cycle[END_REF][START_REF] Sholkovitz | Flocculation of dissolved organic and inorganic matter during the mixing of river water and seawater[END_REF][START_REF] Watson | Phosphorus[END_REF].

In the last half of the past century, changes of agricultural practices with the introduction of artificial fertilizers and increase in population density have greatly enhanced anthropogenic nutrients loads (N, P) into coastal and estuarine ecosystems [START_REF] Conley | Controlling eutrophication: Nitrogen and phosphorus[END_REF]. The external P inputs originate mainly from fertilizer use, increases in cultivation and urban waste [START_REF] Ruttenberg | 10.13 -The Global Phosphorus Cycle[END_REF]. The excessive nutrient loads leads to eutrophication, a severe environmental problem referring to the increase in organic matter production [START_REF] Cloern | Our evolving conceptual model of the coastal eutrophication problem[END_REF][START_REF] Conley | Controlling eutrophication: Nitrogen and phosphorus[END_REF][START_REF] Nixon | Coastal marine eutrophication: A definition, social causes, and future concerns[END_REF][START_REF] Pinay | L'eutrophisation : manifestations, causes, conséquences et prédictibilité[END_REF]. Consequently, impacted ecosystems suffer from increased algal blooms, oxygen depletion, deterioration of water quality and an imbalance in N/P/Si ratio, inducing changes in aquatic ecosystem functioning [START_REF] Cloern | Our evolving conceptual model of the coastal eutrophication problem[END_REF][START_REF] Lancelot | Study and modeling of eutrophication-related changes in coastal planktonic food-webs: a contribution of the AMORE (Advanced MOdeling and Research on Eutrophication) consortium[END_REF][START_REF] Paudel | Phosphorus Dynamics in the Water Column and Sediments of Barnegat Bay, New Jersey[END_REF][START_REF] Pinay | L'eutrophisation : manifestations, causes, conséquences et prédictibilité[END_REF][START_REF] Turner | Coastal eutrophication near the Mississippi river delta[END_REF].

Estuarine and coastal sediments may act either as a source to [START_REF] Søndergaard | Internal phosphorus loading in shallow Danish lakes[END_REF] or a sink of DIP from the water column and the processes governing the sedimentary P dynamics are changing over space and time within estuaries [START_REF] Chambers | Importance of terrestrially-derived, particulate phosphorus to phosphorus dynamics in a west coast estuary[END_REF][START_REF] Forsgren | Sedimentation of phosphorus in limnetic and estuarine environments in the River Ore system[END_REF][START_REF] Froelich | Kinetic control of dissolved phosphate in natural rivers and estuaries: A primer on the phosphate buffer mechanism[END_REF][START_REF] Paudel | Phosphorus Dynamics in the Water Column and Sediments of Barnegat Bay, New Jersey[END_REF][START_REF] Sundby | The phosphorus cycle in coastal marine sediments[END_REF]. Consequently, the benthic P cycle has received great attention (e.g., [START_REF] Canavan | Phosphorus cycling in the sediment of a coastal freshwater lake and response to salinization[END_REF][START_REF] Emerson | Early diagenesis in anaerobic lake sediments-II. Thermodynamic and kinetic factors controlling the formation of iron phosphate[END_REF][START_REF] Ingall | Organic matter remineralization predominates phosphorus cycling in the mid-bay sediments in the chesapeake bay[END_REF][START_REF] Kraal | Sedimentary iron-phosphorus cycling under contrasting redox conditions in a eutrophic estuary[END_REF]. The coastal and estuarine sediments may efficiently remove P from the water column as in coastal sediments as showed in the Baltic and North sea [START_REF] Egger | Vivianite is a major sink for phosphorus in methanogenic coastal surface sediments[END_REF][START_REF] Slomp | A key role for iron-bound phosphorus in authigenic apatite formation in North Atlantic continental platform sediments[END_REF] and two estuaries in Archipelago Sea and the Gulf of Finland, acting as sinks for deposited P [START_REF] Lukkari | Vertical distribution and chemical character of sediment phosphorus in two shallow estuaries in the Baltic Sea[END_REF].

Consequently, the estuaries play a crucial role in filtering and trapping the riverine P [START_REF] Forsgren | Sedimentation of phosphorus in limnetic and estuarine environments in the River Ore system[END_REF][START_REF] Froelich | Early diagenesis of organic matter in Peru continental margin sediments: Phosphorite precipitation[END_REF][START_REF] Sundby | The phosphorus cycle in coastal marine sediments[END_REF]) which needs to be known through the determination of P dynamics in estuaries, thus, their role in enhancing of reducing the eutrophication will be addressed. For example, Chesapeake Bay, the most productive estuary in U.S., was characterized by an intense release of P from sediment to water column, exceeding the annual terrestrial plus atmospheric inputs by 44 to 214% [START_REF] Boynton | Inputs , Transformations , and Transport of Nitrogen and Phosphorus in Chesapeake Bay and Selected Tributaries[END_REF].

The speciation of particulate P that settles on the sediment, comprises both particulate organic (associated with particulate organic matter) and inorganic forms, such as ferric iron (Fe(III)) (oxyhydr)oxides (henceforth termed Fe-oxides) and apatite [START_REF] Andrieux-Loyer | Phosphorus forms related to sediment grain size and geochemical characteristics in french coastal areas[END_REF][START_REF] Emsley | The Phosphorus Cycle[END_REF][START_REF] Ruttenberg | 10.13 -The Global Phosphorus Cycle[END_REF][START_REF] Sundby | The phosphorus cycle in coastal marine sediments[END_REF]. In brief, after deposition in the sediments, organic matter degradation generates most of DIP in pore water [START_REF] Krom | The diagenesis of phosphorus in a nearshore marine sediment[END_REF][START_REF] Ingall | Organic matter remineralization predominates phosphorus cycling in the mid-bay sediments in the chesapeake bay[END_REF][START_REF] Sundby | The phosphorus cycle in coastal marine sediments[END_REF]. In the oxidized zone, the released DIP may diffuse to the overlying water or be adsorbed onto sediment Fe-oxides, and form Fe-bound P, reversibly or irreversibly [START_REF] Balls | Nutrient Inputs to Estuaries from Nine Scottish East Coast Rivers; Influence of Estuarine Processes on Inputs to the North Sea[END_REF][START_REF] Cade-Menun | Editorial: Phosphorus Along the Soil-Freshwater-Ocean Continuum[END_REF][START_REF] Filippelli | Phosphorus geochemistry of equatorial Pacific sediments[END_REF][START_REF] Fox | Geochemistry of dissolved phosphate in the Sepik River and Estuary, Papua, New Guinea[END_REF][START_REF] Froelich | Kinetic control of dissolved phosphate in natural rivers and estuaries: A primer on the phosphate buffer mechanism[END_REF][START_REF] Li | Rate and Extent of Inorganic Phosphate Exchange in Lake Sediments[END_REF][START_REF] Slomp | The Role of Adsorption in Sediment-Water Exchange of Phosphate in North Sea Continental Margin Sediments[END_REF][START_REF] Syers | Phosphate Chemistry in Lake Sediments[END_REF]. In the reduced zone, DIP is also released by the reductive dissolution of Fe-oxides from where it may diffuse to upper sediment layers [START_REF] Krom | The diagenesis of phosphorus in a nearshore marine sediment[END_REF]. When DIP exceeds the equilibrium concentration, the precipitation of authigenic P-bearing phases such as carbonate fluorapatite, is potentially triggered in this part of sediment [START_REF] Ruttenberg | Authigenic apatite formation and burial in sediments from non-upwelling, continental margin environments[END_REF]. Furthermore, DIP may also precipitate in anoxic sediments as authigenic Fe(II)-phosphate such as vivianite (Fe3(II)(PO4)2*8H2O); that may account for a proportion of reactive P burial [START_REF] Dijkstra | Vivianite is a key sink for phosphorus in sediments of the Landsort Deep, an intermittently anoxic deep basin in the Baltic Sea[END_REF][START_REF] Egger | Vivianite is a major sink for phosphorus in methanogenic coastal surface sediments[END_REF][START_REF] Emerson | Early diagenesis in anaerobic lake sediments-II. Thermodynamic and kinetic factors controlling the formation of iron phosphate[END_REF][START_REF] Lenstra | Variations in river input of iron impact sedimentary phosphorus burial in an oligotrophic Baltic Sea estuary[END_REF][START_REF] O'connell | Vivianite formation and its role in phosphorus retention in Lake Ørn, Denmark[END_REF][START_REF] Ruttenberg | Phosphorus Cycle[END_REF]. In some cases, Ca-bound P precipitation may represent as much as 50% of organic P mineralization as calculated for deltaic and coastal sediments [START_REF] Ruttenberg | Authigenic apatite formation and burial in sediments from non-upwelling, continental margin environments[END_REF]. These physico-chemical reactions regulate DIP concentrations in rivers and estuaries [START_REF] Froelich | Kinetic control of dissolved phosphate in natural rivers and estuaries: A primer on the phosphate buffer mechanism[END_REF]; the particulate reservoirs may act as an additional potential source when there is a high demand by the primary producers [START_REF] Slomp | Phosphorus in the Environment : Natural Flows and Human Interferences[END_REF].

The Elorn and Aulne are two shallow macrotidal estuaries (Fig. 1), located in Northwestern France. The intense inputs of nutrients (N, P) due to agricultural activity and urbanization in their watersheds led to algal blooms in the downstream stations. [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF] showed that the pore water NH4 + /DIP ratio in the Aulne upstream station (A1) to be much higher (up to 300, in February and May) than in Elorn pore waters (around 10) highlighting the differences of benthic processes that may affect P cycling in these two estuaries. The P fate in Elorn and Aulne estuaries may differ according to different river morphologies, watersheds and organic matter characteristics, especially in their upstream stations (E1 and A1; Fig. 1). The purpose of this study is to characterize the main processes controlling the benthic P cycle along the Elorn and Aulne estuaries at different seasons characterized by a variety of forcing: winter land erosion, river hydrology with floods, spring phytoplankton blooms.

To this end, pore water and solid phase analysis of benthic cores were conducted over 4 seasons for the two estuaries from February to October 2009 at 3 stations per estuary characterized by different salinity conditions. These datasets are interpreted by a steady-state unidimensional diagenetic model, based on the OMEXDIA model [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF][START_REF] Soetaert | A model of early diagenetic processes from the shelf to abyssal depths[END_REF]. This model is extended to include phosphorus diagenesis based on the diagenetic reactions from [START_REF] Slomp | A key role for iron-bound phosphorus in authigenic apatite formation in North Atlantic continental platform sediments[END_REF], in order to [START_REF] Pinay | L'eutrophisation : manifestations, causes, conséquences et prédictibilité[END_REF] reproduce the depth profiles of dissolved and solid phases of sedimentary P, (2) quantify the relative importance of benthic biogeochemical processes that affect P bioavailability (3) compare the spatio-temporal variations of sedimentary P budgets along both estuaries and (4) evaluate the role of sediments in estuarine P cycling by comparing fluvial DIP inputs and recycled DIP fluxes to overlying waters in both estuaries.

Materials and methods

Study site

The Elorn and Aulne estuaries (Fig. 1) are two small shallow macrotidal systems, influenced by a temperate oceanic climate which leads to higher precipitations and storms in February. Although they are close and experience the same climate, they differ morphologically: the Elorn estuary is 15 km long and straight whereas the Aulne estuary is 35 km long and meandering. Both estuaries feed the Bay of Brest (Brittany, France). This Bay is a shallow (53% of surface area is below 5 m of water depth) and semi-enclosed ecosystem of 180 km² (Fig. 1; [START_REF] Hily | La mégafaune benthique des fonds meubles de la rade de Brest : prééchantillonnage par vidéo sous-marine[END_REF]. Among the five watersheds responsible of total freshwater inputs to the bay, around 80 % originates from these two main rivers: Aulne (with 63%) and Elorn (with 15%) [START_REF] Auffret | Dynamique sédimentaire de la Marge Continentale Celtique[END_REF].

The Aulne estuary has a larger drainage basin and higher interannual mean flow than the Elorn estuary (about 1842 km² and 30 m 3 s -1 vs 402 km² and 5.63 m 3 s -1 respectively) [START_REF] Chauvaud | Long-term variation of the Bay of Brest ecosystem: Benthic-pelagic coupling revisited[END_REF][START_REF] Lunven | Suspended sediments in a macrotidal estuary: Comparison and use of different sensors[END_REF]. It is less impacted by population (70 000 vs 285 000 habitants in Elorn estuary). The upstream part of the Elorn and Aulne estuaries is characterized by important proportion of muddy sediments [START_REF] Hily | La mégafaune benthique des fonds meubles de la rade de Brest : prééchantillonnage par vidéo sous-marine[END_REF]. Both estuaries are characterized by high nutrient loads due to urbanization and agricultural activities in their watersheds, which may reach the Bay of Brest [START_REF] Dauchez | A comparative study of nitrogen and carbon uptake by phytoplankton in a coastal eutrophie ecosystem (Bay of Brest, France)[END_REF][START_REF] Pape | Resistance of a coastal ecosystem to increasing eutrophic conditions: the Bay of Brest (France), a semi-enclosed zone of Western Europe[END_REF].

In terms of hydrological variability, the Aulne estuary is characterized by stronger seasonal variations from July to February 2009 [START_REF] Pinay | L'eutrophisation : manifestations, causes, conséquences et prédictibilité[END_REF]7 to 189 m 3 s -1 ) than the Elorn estuary (1 to 42 m 3 s -1 ) (Banque Hydro, http://www.hydro.eaufrance.fr). In the last three decades, anthropogenic inputs of phosphorus in the bay have been reduced [START_REF] Klouch | Heterogeneous distribution in sediments and dispersal in waters of Alexandrium minutum in a semi-enclosed coastal ecosystem[END_REF], especially through the ban of detergents containing orthophosphates, which has largely led to an intense nutrient imbalance with changes in the N/P ratio [START_REF] Arnaud | Le Réseau ECOFLUX-Convention entre l 'UBO et le Conseil Général du Finistère Florent ARNAUD[END_REF][START_REF] Arnaud | Le Réseau ECOFLUX[END_REF]; Direction Régionale de l'Environnement de l'Aménagement et du Logement Bretagne, 2010) accompanied by changes of planktonic biomass and benthic communities composition [START_REF] Guillaud | Relation concentration-débit et évolution temporelle du nitrate dans 25 rivières de la région Bretagne (France)[END_REF][START_REF] Quéguiner | Studies on the Phytoplankton in the Bay of Brest (Western Europe). Seasonal Variations in Composition , Biomass and Production in Relation to Hydrological and Chemical Features[END_REF]. Elorn and Aulne estuaries. The sediment was collected from a semi-rigid boat using a gravity corer (UWITEC ® ) with plexiglass tubes (9.5 cm diameter x 60 cm long). The 30 cm penetration of the corer into the sediment was done without disturbing the sediment-water interface [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF].

For benthic biogeochemistry, three cores were sampled, sliced at a resolution of 0.5 cm (0-2 cm depth), 1 cm (2-4 cm depth), 2 cm (4-12 cm) and then at 4 cm intervals up to 20 cm, within a couple of hours after collection. For every slice, a subsample was centrifuged in a Whatman VectaSpin 20TM centrifuge tubes filter (0.45 µm) under inert atmosphere (N2) at 3360 g and 4 °C for 20 min to collect interstitial waters. The interstitial water was acidified at pH = 2. An aliquot was frozen for further nutrient (NO3 -+ NO2 -, NH4 + , DIP) analysis [START_REF] Andrieux-Loyer | Phosphorus dynamics and bioavailability in sediments of the Penzé Estuary (NW France): in relation to annual P-fluxes and occurrences of Alexandrium Minutum[END_REF]. Another aliquot was preserved at 4°C for metal Fe 2+ and Mn 2+ analysis. Centrifuged sediments were freeze-dried for 48 hours, then heated in an oven at 60°C in order to ensure the sediment dryness, and ground for further analysis of the solid P forms [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF].

Laboratory measurements

Interstitial water analysis: The (NO3 -+ NO2 -), NH4 + and DIP concentrations were analyzed by the Segmented Flow Analysis (SFA) [START_REF] Aminot | Nutrients in Seawater Using Segmented Flow Analysis[END_REF]. Fe 2+ concentrations were measured with the ferrozine method [START_REF] Sarradin | Fe analysis by the ferrozine method: Adaptation to FIA towards in situ analysis in hydrothermal environment[END_REF] and Mn 2+ with the leuco-malachite green method [START_REF] Resing | Determination of Manganese in Seawater Using Flow Injection Analysis with On-Line Preconcentration and Spectrophotometric Detection[END_REF] both adapted for SFA [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF][START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF].

Solid phase analysis:

The organic carbon and total nitrogen, were analyzed by automatic Carlo Erba NA1500 analyzer, after the carbonate removal by dissolution in 1.2 N HCl [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF]. Phosphorus forms in the sediment were determined by the sequential procedure detailed in [START_REF] Andrieux-Loyer | Phosphorus dynamics and bioavailability in sediments of the Penzé Estuary (NW France): in relation to annual P-fluxes and occurrences of Alexandrium Minutum[END_REF] and adapted from widespread extraction methods [START_REF] Psenner | Fractionation of phosphorus in suspended matter and sediment[END_REF][START_REF] Ruttenberg | Development of a sequential extraction method for different forms of phosphorus in marine sediments[END_REF] (Table 1). Organic P was determined non-sequentially as the difference between the treatment by 1 mol l-1 HCl before (inorganic P; overnight) and after ashing the sediment at 550°C (total P; 4h).

Phase extracted

Extractant and protocol et al., 2008).

Model description

Model frame

The model was based on the benthic OMEXDIA model [START_REF] Soetaert | A model of early diagenetic processes from the shelf to abyssal depths[END_REF], allowing to calculate the oxic mineralization, denitrification and anoxic mineralization rates. For our study, the model, similar to the previous application by [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF], in terms of diagenetic pathways along the sediment column, has been extended to describe the P cycle from organic P sedimentation, to the Ca-bound P precipitation, in line with the model of [START_REF] Slomp | A key role for iron-bound phosphorus in authigenic apatite formation in North Atlantic continental platform sediments[END_REF]. All the differential equations of this model are coded in the programming language R (http://cran.rproject.org). The concentrations of simulated species are invariable with times because the model is solved at steady-state (i.e. ∂Ci/∂t = 0), using the R-package

ReacTran [START_REF] Soetaert | Reactive transport in aquatic ecosystems: Rapid model prototyping in the open source software R[END_REF]. The redistribution with sediment depths of all state variables is described by the general diagenetic equation [START_REF] Berner | Early Diagenesis --A Theoretical Approach[END_REF][START_REF] Boudreau | Diagenetic models and their implementation[END_REF], as indicated below:

- ∂ ∂x -ξD ∂Ci ∂x + ωξCi + ξREACi = 0
Where Ci denotes the concentrations of simulated dissolved and solid species i (in mol volume of bulk sediment -1 ). ξ represents the dissolved and solid constituents by sediment porosity (∅) and (1-∅), respectively. is the depth of sediment from the sediment-water interface (cm). D is the total diffusion coefficient (cm² d -1 ), is the sedimentation rate (cm d -1 ) and ∑ ξREACi denotes the rate of species concentration change by production/consumption in the sediment column (in mol volume of bulk sediment -1 time -1 ). The complete list of fixed, measured and fitted parameters is given in Tables 2, 3 and 4, respectively.

The model is used first to investigate the mineralization of deposited organic matter in a sedimentary column by a sequence of reactions. Each reaction is mediated by bacterial populations through the reduction of terminal electron acceptors (O2, NO3 -, MnO2, Fe(OH)3 and SO4 2-), with oxygen and nitrate consumption first [START_REF] Emerson | Sediment diagenesis and benthic flux[END_REF] and metals and SO4 2-combined into one suboxic oxidant (i.e. not modeled explicitly). Only the reduced substance produced during OM oxidation (ODU) are described as a state variable: ODU= 0.25 Fe 2+ + 0.5

Mn 2+ +2 H2S [START_REF] Berner | Biogeochemical cycles of carbon and sulfur and their effect on atmospheric oxygen over phanerozoic time[END_REF][START_REF] Canfield | The anaerobic degradation of organic matter in Danish coastal sediments: Iron reduction, manganese reduction, and sulfate reduction[END_REF][START_REF] Soetaert | A model of early diagenetic processes from the shelf to abyssal depths[END_REF].

Transport processes allow the redistribution of elements in the sediments and the nutrient exchange through the sediment-water interface [START_REF] Roskosch | Identification of transport processes in bioirrigated muddy sediments by [fluoride PET (Positron Emission Tomography)[END_REF].

The benthic transport processes differ according to substance nature; the solid species are transported by bioturbation, represented in the model by a function indicating the decrease in function of depth sediment [START_REF] Boudreau | A method-of-line code for carbon and nutrient daigenesis in aquatic sediments[END_REF]. The dissolved phases are transported by molecular diffusion and bioirrigation. The latter process is a non-local exchange [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF]. The advection is a common process for all species. In the model, the exponential decrease of porosity was taken into account, as a result of sediment compaction [START_REF] Berner | Early Diagenesis --A Theoretical Approach[END_REF][START_REF] Rabouille | Towards the EDGE: Early diagenetic global explanation. A model depicting the early diagenesis of organic matter, O2, NO3, Mn, and PO4[END_REF]. All these processes are kept in Appendix as described by [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF].

Full details of biogeochemical equations, parameters and results of organic matter dynamics in Elorn and Aulne estuaries during February and May 2009 can be found in [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF]. Our present work aims to describe the sedimentary phosphorus dynamics in Elorn and Aulne estuaries in February, May, July and October 2009.

Phosphorus dynamics

The state variables of the model describing P dynamics are pore water dissolved inorganic phosphorus (DIP, expressed in µmol l -1 ) and three pools of particulate P (organic P, Fe-bound P and Ca-bound P, expressed in µmol g -1 ).

Organic P is included in sediments in association with organic matter through P/C ratio assigned for fast and slow decay fractions. In addition, we consider a refractory fraction .

P = C !"#$ * P C &'() + C #*+, * P C (-. + P /& '0
Where P and P /& '0 are expressed in µmol g -1 of sediment. C !"#$ and C #*+, denote concentrations of labile and semi-labile fractions of organic carbon (mmol g -1 ).

The simulated P dynamics includes mineralization of organic P, Fe-bound P formation and release, and Ca-bound P precipitation processes. DIP is released during organic matter mineralization (according to the rate constants for fast and slow decay fractions, R &'() and R (-. , respectively). The DIP production (P 123 ; µmol cm -3 liquid d -1 ) is represented in the model by the equation:

P 123 = R &'() * C !"#$ * P C &'() + R (-. * C #*+, * P C (-. * (1 -∅) ∅
The DIP produced in the oxic zone by oxygen consumption can escape to the overlying water by diffusion when the oxic zone is absent or thin [START_REF] Slomp | The Role of Adsorption in Sediment-Water Exchange of Phosphate in North Sea Continental Margin Sediments[END_REF][START_REF] Slomp | Phosphorus in the Environment : Natural Flows and Human Interferences[END_REF]. This phase can also be quickly adsorbed onto sedimentary Fe-oxide surfaces available through ODU oxidation in this sediment layer, resulting in formation of Fe-bound P [START_REF] Anschutz | Burial Efficiency of Phosphorus and the Geochemistry of Iron in Continental Margin Sediments Burial efficiency of phosphorus and the geochemistry of iron in continental margin sediments[END_REF][START_REF] Balls | Nutrient Inputs to Estuaries from Nine Scottish East Coast Rivers; Influence of Estuarine Processes on Inputs to the North Sea[END_REF][START_REF] Krom | The diagenesis of phosphorus in a nearshore marine sediment[END_REF][START_REF] Fox | Geochemistry of dissolved phosphate in the Sepik River and Estuary, Papua, New Guinea[END_REF][START_REF] Froelich | Kinetic control of dissolved phosphate in natural rivers and estuaries: A primer on the phosphate buffer mechanism[END_REF], as described below (Fe_bound P & ?')@ A ; µmol cm -3 liquid d -1 ).

Fe_bound P & ?')@ A = R B/_C DAE F !+G1 * (DIP -DIP ( ) * O J func With: O J func = M N (M N OP.R)
In this expression, R B/_C DAE F !+G1 is the rate constant for Fe-bound P formation (d -1 ), DIP ( is the equilibrium concentration for P sorption (µmol l -1 ) and O J func indicates the dependence on oxygen. A depositional flux of allochthonous Fe-bound P was taken into account in the model by a parameter fluxFe_bound P, as an additional source of DIP to the sediment column.

In the reduced zone, once oxygen and nitrate are totally consumed, metal oxides including Fe-oxides are used as next terminal acceptor by reductive dissolution [START_REF] Canavan | Phosphorus cycling in the sediment of a coastal freshwater lake and response to salinization[END_REF][START_REF] Krom | The diagenesis of phosphorus in a nearshore marine sediment[END_REF]. Consequently, the DIP can be released through organic matter mineralization and from Fe-bound P (Fe_bound P /-/'(/ ; µmol cm -3 solid d -1 ).

Fe_bound P /-/'(/ = R B/_C DAE F GT* * UFe_bound P -Fe_bound P '(V?W X * (1 -O J func)
Where R B/_C DAE F GT* is the rate constant for Fe-bound P release (d -1 ) and

Fe_bound P '(V?W is the asymptotic concentration for Fe-bound P in sediments (µmol g -1 ) as observed in the dataset.

The DIP released by Fe-bound P dissolution and produced by organic matter mineralization along the sedimentary column leads to higher DIP concentrations at deeper sediment depths. Therefore, when DIP reaches an equilibrium value YZ [ , it may precipitate with Ca 2+ to form an authigenic mineral such as apatite or some derivates fluorapatite or carbo-fluorapatite (µmol cm -3 liquid d -1 ) [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF][START_REF] Ruttenberg | Authigenic apatite formation and burial in sediments from non-upwelling, continental margin environments[END_REF].

Ca_bound P W /0@W@)')@ A = R ]'_C DAE F ^GT_2^ * (DIP -DIP /`)
Where R ]'_C DAE F ^GT_2^ denotes the rate constant for Ca-bound P precipitation (d -1 ) and DIP /` is the equilibrium concentration of DIP (µmol l -1 ). The P bound mineral (Ca-bound P) is rather insoluble in pore water pH conditions, and thus represents a permanent sink for reactive phosphorus in sediments [START_REF] Slomp | A key role for iron-bound phosphorus in authigenic apatite formation in North Atlantic continental platform sediments[END_REF].

The processes influencing pore water DIP concentration in the sedimentary column are thus organic matter mineralization, Fe-bound P formation/release and authigenic Ca-bound P precipitation. The differences between solids and solutes and the coupling of their biogeochemical processes are considered by the stoichiometric conversion factors, according to porosity and density, involved in the following transformation rates: aDIP at = @ + P 123 -Fe_bound P formation + Fe_bound P release * (1 -∅) ∅ -Ca_bound P W /0@W@)')@ A + α @ P * (DIP C. -DIP) = 0

Where @ denotes the transport of dissolved phase by molecular diffusion and bioirrigation and the transport of solid species by bioturbation and sediments accumulation, as described in 2. The transformation of Fe-bound P and Ca-bound P is expressed by the terms of formation/release and precipitation, respectively, as:

aFe_bound P at = @ + Fe_bound P formation * ∅ ( 1 -∅) -Fe_bound P release = 0 aCa_bound P at = @ + Ca_bound P precipitation * ∅ ( 1 -∅) = 0
As the Ca-bound P refractory fraction may be present in the sedimentary column, a detrital concentration (formed in the watershed and deposited in the sediment-water interface) is added to authigenic Ca-bound P in the model (µmol g -1 ).

Total organic P mineralization, total Fe-bound Pformation, total Fe-bound Prelease and total Ca-bound Pprecipitation (µmol m -2 d -1 ) are the depth-integrated values of organic P mineralization, Fe-bound Pformation, Fe-bound Prelease and Ca-bound Pprecipitation depth profiles (nmol cm -3 d -1 ), respectively. In order to verify the numerical validity of the model solutions, mass balances for each state variable (organic P, Febound P, Ca-bound P and DIP) were calculated in the model by summing relative values of deposition fluxes, burial fluxes and integrated rates of production/consumption processes.

Statistical analysis

In order to statistically test the differences between Elorn and Aulne estuaries, non-parametric Mann-Whitney tests were used for each season and station along both estuaries with a significant p of 0.05. This test was applied to check if the organic P mineralization fluxes were seasonally similar in Elorn and Aulne estuaries or which season was different. At the same time, recycled DIP fluxes were tested as a function of the salinity gradient between both estuaries.

Results

Spatio-temporal distributions of P fractions along the Elorn estuary

Figures 2a and2b show the data obtained in the studied sediments, plotted as a function of time. Organic P concentrations (Fig. 2a) were generally larger in sediments from station E1 compared to E2 and E3 sediments. Most organic P distributions showed a decrease with sediment depth. No large seasonal variations of organic P were visible for the Elorn estuary except for the station E1 in May (up to 20 µmol g -1 in surface sediments).

Fe-bound P generally showed larger concentrations in surface sediments which decreased with depth. On the saline gradient, lower general concentrations were measured at station E3 (Fig. 2a). July and October at station E1 showed the highest concentrations in surface sediments (20 µmol g -1 ) with a sharp decrease with sediment depth. The Fe-bound P profiles showed a relatively similar pattern as organic P profiles.

Overall, Ca-bound P showed the lowest spatial variation along the estuary in terms of concentrations at stations E1, E2 and E3in comparison with organic P and Fe-bound P profiles. This phase showed a slight increase (8 to 12 µmol g -1 ) from February to October in the surficial sediment of station E1, whereas concentrations decreased during this period at stations E2 and E3. Globally, this P form increased with sediment depth in May and July (up to 10 µmol g -1 in 7 and 10 cm, respectively) at the upstream station. In October, concentrations ranged between 6 µmol g -1 (11 cm depth) and 13 µmol g -1 (7 cm depth). At the stations E2 and E3, little increase of Ca-bound P was visible on the investigated depths. Black points represent measurements in February, May, July and October 2009

Dissolved inorganic P variability along the Elorn estuary

The pore water DIP concentrations at stations E1, E2 and E3 in the Elorn estuary were very similar in the first five to ten centimeters of the sediment, never exceeding 25 µmol l -1 along the estuary (Fig. 2b). At depth, DIP showed a sharp increase reaching maximal concentrations of up to 300 µmol l -1 in May at station E2 (Fig. 2b). The lowest concentrations of DIP at greater depths occurred at station E1 (less than 125 µmol l -1 , below 12 cm depth).

At stations E1 and E3, NH4 + /DIP and Fe 2+ /DIP ratios showed contrasted variations with depth (Fig. 2b). The NH4 + /DIP ratio slightly increased at both stations with depth, especially at E1 in May (less than 5 to 10), while Fe 2+ /DIP ratios varied between6 in surficial sediments to less than 2 below 5 cm, globally. described above (DIP, organic P, Fe-bound P and Ca-bound P) for the 4 seasons.

The model outputs of P pools are presented in Figure 3a for February and May and Figure 3b for July and October.

Overall, the measured P-species were well represented by the model, including decreases in organic P and Fe-bound P profiles with depth, the increase of DIP concentrations with sediment depth and slight increase in shape of Ca-bound P profiles in general.

In particular, the contrast in average pore water DIP concentration between stations E1 and A1 was well represented: unlike NH4 + , the DIP profiles at station A1 displayed low average values and a peak at mid-depth (8 µmol l -1 ; Fig 3a and3b).

For both seasons, E1 displayed 10 times higher DIP concentrations (100 µmol l -1 ). In Organic P data in both estuaries showed slightly decreasing or constant profiles for February, May (Fig. 3a), July and October (Fig. 3b). The model fitted well these profiles (Fig. 3a andb), although occasionally larger values of organic P concentrations near the sediment-water interface and a large gradient downcore were generated by the model, as for A1 in February and May and E2 in February (Fig. 3a). Fe-bound P concentrations decreased generally with depth at all stations, which was described in the simulated profiles along Elorn and Aulne estuaries for all 

Parameters of the model and dataset

A part of the model parameters was based on measurements in each estuary station (Table 2), i.e. porosity parameters that were obtained by fitting modeled porosity to measurements, bottom water temperature and salinity that were measured for all stations, bottom water DIP concentration (DIPbw) and sedimentation rate (ω). Fixed parameters for all stations were C/Nfast and C/Nslow, C/Pfas tand C/Pslow and equilibrium concentration for P sorption on Fe-oxides (Fe-bound P formation, DIPs). C/Nfast and C/Nslow were determined from laboratory analyses of sediments and were set to 7 and 10, respectively [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF]. By assuming that N/P was equal to 16, the estimated C/Pfast was averaged to 112 [START_REF] Koelmans | Geochemistry of suspended and settling solids in two freshwater lakes[END_REF], whereas, C/Pslow was averaged to 160 [START_REF] Ingall | Organic matter remineralization predominates phosphorus cycling in the mid-bay sediments in the chesapeake bay[END_REF]. All other measured parameters 

Discussion

The good fits of the pore water O2, NO3, NH4 + , ODU and P forms profiles for February, May, July and October, obtained by model application to the study sites allowed calculating the relative contribution of biogeochemical processes in the production/consumption of DIP in the sediments from Elorn and Aulne estuaries. It also allowed determining DIP sources and sinks, and providing the sedimentary and the estuarine P budgets, as discussed below.

Production-consumption processes and DIP fluxes

Benthic DIP sources: organic P mineralization

Organic phosphorus is the primary vector of P delivered to sediments [START_REF] Ruttenberg | 10.13 -The Global Phosphorus Cycle[END_REF]. Once deposited at the sediment-water interface, the distribution of organic P is modified by mineralization processes. In our study, the integrated rates of organic P mineralization were estimated using the early diagenetic model at all stations and seasons (Fig. 4).

Although the average values were larger in Elorn than in Aulne, the modeled integrated rates of organic P mineralization were statistically not distinguishable for the entire dataset between Elorn (404±136 µmol m -² d -1 ) and Aulne estuaries (315±97 µmol m -² d -1 ) due to their internal, seasonal and along-estuarine variability.

However, two individual seasons (summer and fall) showed significantly larger organic P mineralization rates in Elorn than Aulne (p<0.05). These obtained integrated rates were in the same range as values from the eutrophic Haringvliet lake (270 µmol m -² d -1 ; [START_REF] Canavan | Phosphorus cycling in the sediment of a coastal freshwater lake and response to salinization[END_REF].

The difference between Elorn and Aulne can be linked to the nature of the organic matter in the two estuaries. Using δ13C and C/N ratio of the organic matter in surface sediments from the Elorn and Aulne estuaries. [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF] previously showed that OM mainly originates from agricultural activities in the Aulne and from farm and sewage inputs in the Elorn estuary. This difference in the type of organic matter is reflected in differences in reactivity which is thus higher in Elorn (larger isotopic composition of OC) than in Aulne estuary [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF].

With respect to seasonal variations, the lowest values of integrated mineralization rates were estimated for October in both estuaries with a general decreasing trend from winter to the fall. Winter in Brittany is generally humid with an abundant rainfall and storms leading to intense erosion and riverine export of organic matter [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF]. This was particularly the case for the Aulne in February 2009, where the expedition followed storm and rain events [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF]. The effect of this large winter organic matter input decreased with time and was gradually replaced by anthropogenic inputs of labile organic matter by sewage and agricultural activities during spring and early summer. The lowest values of October can be explained by the end of the productive season for aquatic biomass [START_REF] Chauvaud | Long-term variation of the Bay of Brest ecosystem: Benthic-pelagic coupling revisited[END_REF] in these estuaries. In freshwater and marine sediments, Fe-oxides play a very important role by moderating the flux of DIP produced by the mineralization of organic matter through adsorption on their surface [START_REF] Kraal | Sedimentary iron-phosphorus cycling under contrasting redox conditions in a eutrophic estuary[END_REF][START_REF] Slomp | The Role of Adsorption in Sediment-Water Exchange of Phosphate in North Sea Continental Margin Sediments[END_REF]. This process induces a sink-switching between organic P and authigenic P-bearing phases and allows the DIP trapping in sediments [START_REF] Ruttenberg | Authigenic apatite formation and burial in sediments from non-upwelling, continental margin environments[END_REF] by the formation of Fe-bound P in-situ. This process thus keeps the released DIP in the sediment instead of diffusing to the bottom waters and consequently promotes the formation of Ca-bound P in the sediment. The Fe-bound P formation and release rate constants were set to 0.8 d -1 and 0.0003-0.0008 d -1 , respectively (Table 2) according to model fits. The adopted values fall in the range (0.26-15 d -1 and 0.00053-0.000825 d -1 for Fe-bound P formation and release rate constants, respectively) defined by previous studies [START_REF] Ratmaya | Rôle des sédiments dans le cycle des nutriments et impacts sur l'eutrophisation des écosystèmes côtiers[END_REF][START_REF] Slomp | The Role of Adsorption in Sediment-Water Exchange of Phosphate in North Sea Continental Margin Sediments[END_REF][START_REF] Slomp | A key role for iron-bound phosphorus in authigenic apatite formation in North Atlantic continental platform sediments[END_REF]. The integrated rates of Fe-bound P formation and release for all seasons and stations along Elorn and Aulne estuaries were calculated in order to provide insights into the role, redistribution of this P form in sediments, and the intra and interestuarine variations. The formation and release rates are presented in Appendix (Fig.

A. 3). It is noteworthy that release of P from Fe-oxides was always larger than formation of Fe-bound P all seasons along Elorn and Aulne estuaries (except in A1 in May and July and E1 in May). This indicated that Fe-bound P was a net source of P to the internal DIP production in the sediment and potentially to the estuaries, because of the external source of Fe-bound P (flux Fe-bound P) which was deposited and transformed in the sediments. It is noteworthy that the processes of formation-release of Fe-bound P each represented around 50% of organic P mineralization in magnitude, highlighting its crucial role in benthic P cycling, even with a limited net contribution.

The integrated rates of Fe-bound P formation and release were statistically different in stations E1 and A1 (p<0.05) (Appendix; Fig. A.3). This difference indicated that the P cycling due to Fe-oxides was more intense in E1 compared A1 sediments. This was related to the intensity of early diagenesis driven by the lability of organic matter which proved to be larger in Elorn than Aulne upstream stations, as shown in [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF]. The range of integrated rates of formation and release of Fe bound P in Elorn estuary (338±192 µmol m -² d -1 ) were higher than values from Vilaine bay sediments (75 µmol m -² d -1 ; Ratmaya, 2018) which is located in a marine bay and thus receives less reactive Fe-bound P deposited at the sediment-water interface. The high rates of formation-release of Fe-bound P obtained in Elorn and Aulne sediments highlighted the key role of Fe-bound P in retaining concentrations of DIP thus potentially promoting the Ca-bound P precipitation.

Benthic DIP sinks: Ca-bound P and Iron-Phosphate minerals precipitation

In marine sediments, the calcium-phosphate minerals (such as apatite or fluorapatite), formed by the precipitation of Ca 2+ with DIP from pore waters, have a major importance, because they act as a permanent sink for reactive P and may represent 50% of the global burial [START_REF] Ruttenberg | Authigenic apatite formation and burial in sediments from non-upwelling, continental margin environments[END_REF][START_REF] Van Cappellen | A mathematical model for the early diagenesis of phosphorus and fluorine in marine sediments : apatite precipitation[END_REF]. According to our model's results, Ca-bound P precipitation rate constants ranged between 0.0001 and 0.17 d -1 , in accordance with ranges (0.00016-0.17 d -1 ) in previous publications [START_REF] Slomp | The Role of Adsorption in Sediment-Water Exchange of Phosphate in North Sea Continental Margin Sediments[END_REF][START_REF] Van Cappellen | A mathematical model for the early diagenesis of phosphorus and fluorine in marine sediments : apatite precipitation[END_REF].

The depth-integrated reaction rates of Ca-bound P precipitation (Fig. 5) along both estuaries were generally lower than the rates of other processes such as organic P mineralization, Fe-bound P formation and release. The Ca-bound P precipitation did not show a clear seasonal trend in any of the estuaries as it was largest in the Elorn estuary in October whereas in the Aulne estuary, precipitation reached their maxima in February and May. The annually stacked reaction rates (Fig. 5) highlighted a general decrease from upstream to downstream stations in both estuaries.

The larger stacked value of Ca-bound P precipitation at the station A1 was mostly due to an extremely large rate of estimated Ca-bound P precipitation in February (402 µmol m -² d -1 ). This large rate was probably linked to high mineralization of organic matter indicated by the exceptionally high NH4 + pore water concentrations reaching asymptotic values of 2500 µmol l -1 . These concentrations likely resulted from fluid mud loads deposited after the January flood [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF]. The large release of NH4 + was likely accompanied by DIP production (with a ratio of 16/1 in the model) but the observed NH4 + /DIP ratio of around 300 indicated a significant sink of DIP in these sediments, very likely linked to Ca-bound P precipitation. At this station in February, authigenic Ca-bound P accounted for a significant fraction of reactive P deposition to a permanent sink at deeper sediment depths as found in [START_REF] Slomp | A key role for iron-bound phosphorus in authigenic apatite formation in North Atlantic continental platform sediments[END_REF] for the North Sea. In deeper sediments, an authigenic Fe (II)-P such as vivianite [START_REF] Rosenqvist | Formation of vivianite in Holocene clay sediments[END_REF] may represent a large sink of DIP in some anoxic sediments [START_REF] Dijkstra | Vivianite is a key sink for phosphorus in sediments of the Landsort Deep, an intermittently anoxic deep basin in the Baltic Sea[END_REF][START_REF] Egger | Vivianite is a major sink for phosphorus in methanogenic coastal surface sediments[END_REF][START_REF] Lenstra | Variations in river input of iron impact sedimentary phosphorus burial in an oligotrophic Baltic Sea estuary[END_REF][START_REF] O'connell | Vivianite formation and its role in phosphorus retention in Lake Ørn, Denmark[END_REF]. This process is generally related to sediment zones where the dissolved Fe 2+ accumulates especially below the sulfate-methane transition zone (SMTZ), where SO4 is completely depleted by the anaerobic oxidation of methane (AOM) [START_REF] Slomp | Coupled Dynamics of Iron and Phosphorus in Sediments of an Oligotrophic Coupled Dynamics of Iron and Phosphorus in Sediments of an Oligotrophic Coastal Basin and the Impact of Anaerobic Oxidation of Methane[END_REF].

In our laboratory study, the extraction of Fe-bound P during the dithionitebicarbonate step of the sequential procedure [START_REF] Andrieux-Loyer | Phosphorus dynamics and bioavailability in sediments of the Penzé Estuary (NW France): in relation to annual P-fluxes and occurrences of Alexandrium Minutum[END_REF] was accompanied by extraction of vivianite [START_REF] Egger | Vivianite is a major sink for phosphorus in methanogenic coastal surface sediments[END_REF]. Therefore, the measured Fe-bound P profiles in Figures 3a and3b include both phases, and we attributed their asymptotic concentrations to the inherited detrital fraction of vivianite, which is mostly unreactive because of its low solubility [START_REF] Rosenqvist | Formation of vivianite in Holocene clay sediments[END_REF]. This was taken into account in the model by the parameter Fe-bound Pasymp.

Overall, the measured Fe-bound P profiles showed a general constancy or decrease at depth except E2 in February, July and October and, A2 in October, thus providing no sign of large vivianite accumulation, below 5 cm depth. Furthermore, vivianite precipitation is generally associated with very reduced sediments and methanogenesis [START_REF] Egger | Vivianite is a major sink for phosphorus in methanogenic coastal surface sediments[END_REF][START_REF] Lenstra | Variations in river input of iron impact sedimentary phosphorus burial in an oligotrophic Baltic Sea estuary[END_REF]) located below the sulfatemethane transition zone. These conditions were not met in Aulne and Elorn estuarine sediments [START_REF] Khalil | Spatial and Temporal Variability of Sediment Organic Matter Recycling in Two Temperate Eutrophicated Estuaries[END_REF], which showed little depletion of sulfate in pore waters and no strongly anoxic sediments, thus probably indicating limited vivianite precipitation. However, it cannot be excluded that vivianite precipitation may occur below 20 cm depth of sediment, which were not investigated during this study and thus contribute to a deeper sink of reactive P which would deserve further investigations.

Recycled DIP fluxes at sediment water interface

Model results indicated a substantial source of DIP from the sediment to the bottom water originating from organic P mineralization and Fe-bound P dissolution processes. Recycled DIP fluxes from Elorn estuarine sediments were statistically larger than from Aulne estuarine sediments and confirmed the difference between estuaries recycling for all seasons and stations (p = 0.033).

Figure 6 showed the sum of diffusion and bioirrigation fluxes which transported recycled DIP to the overlying waters. The large DIP fluxes at the sediment-water interface were mainly associated to large organic matter inputs and mineralization in these two estuaries (OC flux from 22 to 98 mmol m -² d -1 ) which are characteristics for eutrophic ecosystems [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF]. The seasonal trends of integrated rates of organic P mineralization were similar to mineralization integrated rates in both estuaries, with lowest fluxes in October. Haringvliet lake [START_REF] Canavan | Phosphorus cycling in the sediment of a coastal freshwater lake and response to salinization[END_REF], Baltic sea [START_REF] Mort | Phosphorus recycling and burial in Baltic Sea sediments with contrasting redox conditions[END_REF] and Gulf of Finland [START_REF] Lehtoranta | Atmospheric forcing controlling interannual nutrient dynamics in the open Gulf of Finland[END_REF]. However, they were higher than those in Orn lake [START_REF] O'connell | Vivianite formation and its role in phosphorus retention in Lake Ørn, Denmark[END_REF], Mandovi estuary [START_REF] Pratihary | Benthic fluxes in a tropical Estuary and their role in the ecosystem[END_REF] and Vilaine Bay [START_REF] Ratmaya | Rôle des sédiments dans le cycle des nutriments et impacts sur l'eutrophisation des écosystèmes côtiers[END_REF]. The difference between Elorn and Aulne and these ecosystems was related to the main sources of recycled DIP and the production mechanisms. For example, DIP fluxes in the Vilaine bay were mainly linked to organic P mineralization which were clearly lower than the Aulne and Elorn estuaries. Unlike these 

Sedimentary P budgets

Sedimentary P budgets were determined using the model along the Elorn and Aulne estuaries for each season, in order to compare the different pathways related to benthic P transformations. In Figure 7 The stations E1 and A1 (Fig. 7a and7b) showed different patterns, with higher reaction rates for organic P mineralization and higher net Fe-bound P release in Elorn compared to Aulne sediments. This led to a doubled recycled DIP flux in E1 compared to A1. It is noteworthy that, in this case of station E1, the net release of P from Fe-oxides contributed almost as much as organic P mineralization to the DIP production. At this station, the large DIP production also provided a larger Ca-bound P burial in E1 compared to A1. A convergence of biogeochemical functioning of the two estuaries was visible in the downstream stations E3 and A3 (Fig. 7c and7d),

where sedimentary P budgets were similar for both estuaries, consistent with a larger influence of marine inputs and a less significant role of Fe bound P release.

When averaging the P budgets for the sediments of all stations, months, and estuaries, the calculations indicated that organic P mineralization was the dominant source of DIP, accounting for 77 % of total DIP released, in comparison with net Febound P release proportion (23 %). A calculation was conducted to determine the proportion of processes which constitute losses of DIP for surface sediments. These terms in the model (Fig. 8a and8b) were linked to DIP flux to bottom waters by diffusion and bioirrigation and to Ca-bound P precipitation and burial. Except at station A1 in February, the largest proportion of DIP loss was associated to DIP effluxes at the sediment-water interface (average 85%), in comparison with Cabound P formation (precipitation) in both estuaries (average 15%). The same range of values was found by [START_REF] Canavan | Phosphorus cycling in the sediment of a coastal freshwater lake and response to salinization[END_REF], by taking into account burial of Down reactive P in his model (83% for recycled DIP fluxes and 17% for authigenic P burial).

Burial of Ca bound P remained a significant sink for DIP in these eutrophic estuaries. The capacity of sediments to store temporarily phosphorus from the environment or act as a delayed source of nutrient (legacy nutrient) is largely reflected by its residence time in the sediments. We tried to approach these timescales by calculating the turnover time of organic matter mineralization which represents the largest source of DIP to the pore waters (as P was associated to OC):

it was calculated as 1/R using Rfast and Rslow (Tables 3 and4). The turnover time for the labile fraction (Fast) and semi-labile (Slow) fraction of OC is similar in Elorn and Aulne estuaries, except for station A1 in February. It varies between 1 week and 3 months (0.02 to 0.25 year) for the labile fraction which represents 75 % of OC flux.

The semi-labile fraction (25 % of OC flux) has a mineralization turnover time ranging between 3 and 27 years.

These numbers are in agreement with the turnover times published by [START_REF] Emerson | Processes controlling the organic carbon content of open ocean sediments[END_REF] for marine organic matter. These authors indicated similar degradation timescales for fresh algae (0.01 to 0.7 years) and marine particles sediments (0.6-140 years) [START_REF] Emerson | Processes controlling the organic carbon content of open ocean sediments[END_REF]. The obtained turnover times for the labile fraction of organic C in Elorn and Aulne estuaries were also in accordance with those in eutrophic ecosystems such as Haringvliet Lake 

b) Aulne

CaP-precipitation % ∑ diffusion and irrigation % (0.04 years; [START_REF] Canavan | Modeling nitrogen cycling in a coastal fresh water sediment[END_REF], the Thau Lagoon (0.027 to 0.04 years; [START_REF] Dedieu | Coupling of carbon, nitrogen and oxygen cycles in sediments from a Mediterranean lagoon: A seasonal perspective[END_REF] and the Rhône River (0.03 to 0.09 years; [START_REF] Pastor | Modeling biogeochemical processes in sediments from the Rhǒne River prodelta area (NW Mediterranean Sea)[END_REF]. Concerning the turnover time for the semi-labile fraction of organic C, Elorn and Aulne estuaries highlighted lower values than those in Haringvliet Lake (100 years; [START_REF] Canavan | Modeling nitrogen cycling in a coastal fresh water sediment[END_REF], and higher than the Thau Lagoon (2.7 years; [START_REF] Dedieu | Coupling of carbon, nitrogen and oxygen cycles in sediments from a Mediterranean lagoon: A seasonal perspective[END_REF] and the Rhône River (2.7 to 4.7 years; [START_REF] Pastor | Modeling biogeochemical processes in sediments from the Rhǒne River prodelta area (NW Mediterranean Sea)[END_REF].

Estuarine P budgets:

The fitting of our diagenetic model to pore water and sediment seasonal data in the Elorn and Aulne estuaries encompassing the four seasons allowed to calculate sediment P budgets (recycling-burial) on the whole estuarine scale. Benthic phosphorus recycling was calculated as the DIP flux via molecular diffusion and bioirrigation processes at the sediment-water interface in the model. DIP inputs to the estuaries via river discharge were calculated using observed bottom water DIP/DIN ratios at upstream stations (S=0; E1 and A1) for each season, multiplied by the observed riverine DIN discharge [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF].These two input fluxes were then summed up (recycling + river inputs) and the share of each source calculated (Table 6).

The results indicated that DIP fluxes from the sediments along these estuarine sediments represented 80-96% of the total DIP input to the estuary. Therefore, the largest fraction of DIP in the estuarine water originated from the sediments rather than from the upstream river (Table 6).This large proportion of benthic fluxes compared to DIP input by the river may indicate that other riverine reactive P-sources (Fe-bound P, organic P) may have been overlooked and could contribute significantly to the input of P to the estuary: Fe bound P during winter floods and soil erosion and organic P during spring phytoplankton blooms. Unfortunately, these sources are poorly quantified for the moment and may contribute to the large recycling flux observed in these sediments.

We may also hypothesize that the large disequilibrium between DIP input by the river and sediment recycling providing an "excess benthic DIP flux" may be related to the retention within the sediments of former accumulation of organic P and Fe-bound P in the 60s-80s. This phenomenon called legacy nutrients, is generally due to the large P concentrations before the enforcement of P inputs regulations including secondary water treatment with P removal in WWTP and ban of Pcontaining detergents. To support this hypothesis, data originating from the early 1980's [START_REF] Delmas | Evolution saisonnière des nutriments dans un écosystème eutrophe d'Europe occidentale (la rade de Brest). Interactions marines et terrestres[END_REF] indicated that the concentration of DIP was larger at this period (1-6 µM in river water) compared to our studies conducted 30 years later (0.5-2 µM). The diagenetic model indicated that the source of this legacy DIP could be linked to the semi-labile organic matter in these bioturbated sediments, which has a turnover time of 3-27 years (see previous paragraph). Hence, the organic matter inherited from the estuarine ecosystem or the river watershed had a potential for delivering DIP for several decades according to these mineralization timescales. The model also indicates that part (around 20%, Fig. 8) of the DIP introduced by organic P mineralization was immobilized in insoluble DIP minerals.

This agreed well with the results from the Chesapeake Estuary [START_REF] Ingall | Organic matter remineralization predominates phosphorus cycling in the mid-bay sediments in the chesapeake bay[END_REF] who showed that benthic organic P recycling was the main source to the estuarine water and to the authigenic precipitation. 

Conclusion

In this study, we applied an early diagenetic model, extended to include P forms, to a dataset in sediments and pore waters from two temperate eutrophic estuaries, Elorn and Aulne. The model results highlighted the biogeochemical processes which affected P cycle along the salinity gradient of both eutrophic estuaries. The sedimentary P forms indicated that organic P was more reactive in the Elorn than Aulne estuary, due to labile and urban organic matter coming from the Elorn's watershed. The Fe-bound P acted as an intermediate between organic P and the authigenic Ca-bound P in Elorn and Aulne sediments and represented also a net source of P to the estuarine sediments since the release from Fe-oxides was more intense than Fe-bound P formation. In these sediments, the authigenic Ca-bound P represented the permanent sink of DIP burial, especially in Aulne estuary, while the Elorn was characterized by more intense benthic recycling of DIP than Aulne estuary.

Sedimentary P budgets showed that organic P mineralization was the main source of DIP to pore waters in both estuaries and thus constituted the major control of DIP fluxes from the sediment to the estuary. Concerning the overall estuarine P budgets, our model indicated that sedimentary recycled DIP in both estuaries was higher by 3 to 20 times than fluvial DIP inputs. As the semi-labile fraction of organic matter had a turnover time that may reach 27 years for mineralization, the sediments could act as a delayed source of P. The recycling of these "legacy nutrient" characteristic of eutrophic ecosystems, could also characterize these ecosystems and delay their restoration.
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 1 Fig.1.Location of studied stations along Elorn (E1, E2 and E3) and Aulne estuaries (A1, A2, A3) sampled in February, May, July and October 2009

  3.1 paragraph and Appendix. DIP C. indicates the bottom water concentration of DIP, and + α @ P * (DIP C. -DIP) the bioirrigation term.

  Fig. 2a. Contour maps of Phosphorus forms (rows: Organic P, Fe-bound P, Cabound P in µmol g -1 ) in the sediments of Elorn estuary (columns: E1, E2 and E3).

  Fig. 2b. Contour maps of DIP and dissolved species molar ratios (rows: DIP in µmol l -1 , NH4 + / DIP, Fe 2+ /DIP) in the pore water of Elorn estuary (columns: E1, E2 and E3). Black points represent measurements in February, May, July and October 2009

  Fig. 3a. Model (black lines for February and grey for May) and data (symbols (•) and (•)) of DIP, org P, Fe-bound P and Ca-bound P at Elorn and Aulne estuaries

Fig. 3b .

 3b Fig. 3b. Model (black lines for July and grey for October) and data (symbols (•) and (•)) of DIP, org P, Fe-bound P and Ca-bound P at Elorn and Aulne estuaries

(

  sediment-water interface oxygen concentration (O2swi), bottom water concentrations of nitrate + nitrite (NOxbw), ammonium (NH4bw) and ODU (ODUbw) are similar to[START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF].The other parameters were obtained by fitting the model to measured profiles (Tables 3 for Elorn estuary and 4 for Aulne estuary). These parameters include organic carbon fluxes (OCflux), the proportion of the labile organic carbon fraction (Pfast), the labile and semi-labile carbon mineralization rate constant (Rfast and Rslow, respectively), the bioturbation parameters (surface bioturbation constant Db0, thickness of bioturbated layer xb) and the bioirrigation parameters (surface irrigation concentration αirr0, irrigation depth xirr). Fe-bound P fluxes at the sediment-water interface were in the same range in the Aulne (190 to 500 µmol m -² d-1 ) and in the Elorn estuary (110 to 400 µmol m -² d -1 ). Aulne estuary values showed larger variations for asymptotic concentration for Fe-bound P (Fe-bound Pasymp; 3 to 20 µmol g -1 ) than for Elorn estuary (2 to 11 µmol g -1 ). Fe-bound P formation (RFe-bound Pform) and release (RFe-bound Prel) rate constants were set to 0.8 d-1 and varied between 0.0003 and 0.0008 d -1 , respectively. Ca-bound P precipitation rate constants (RCabound Pprecip) ranged between 0.0001 (E3 in October) and 0.17 d -1 (A1 in February). An inherited (background) Ca-bound P (Ca-bound Pher) was 5.5 to 17.5 µmol g -1 in Aulne estuary versus 4.5 to 12 µmol g -1 in Elorn estuary. According to[START_REF] Slomp | The Role of Adsorption in Sediment-Water Exchange of Phosphate in North Sea Continental Margin Sediments[END_REF], DIPeq was assumed to be equal to DIP concentrations in bottom water for each station and season. Refractory C (Crefrac) and P (Prefrac) were almost similar in Elorn (1.07 to 4 % for Crefrac and 0.25 to 7 µmol g -1 for Prefrac) and Aulne estuaries (1.3 to 4.25 % for Crefrac and 0.25 to 5 µmol g -1 for for Prefrac).

Fig. 4 .

 4 Fig. 4. Integrated rates of organic P mineralization in Elorn (a) and Aulne (b) estuaries in February, May, July and October

Fig. 5 .

 5 Fig. 5. Annual-integrated Ca-bound P precipitation rates in Elorn (a) and Aulne (b) estuaries during February, May, July and October

Fig. 6 .

 6 Fig.6. Recycled DIP fluxes in Elorn(a) and Aulne (b) estuaries in February, May, July and October. Recycled DIP fluxes were significantly higher in Elorn than Aulne estuary in July and October

  recycling was enhanced mainly by Fe-bound P release in 708 sediments of the Baltic sea and Gulf of Finland during the periods of hypoxia.

Fig. 7 .

 7 Fig. 7. Representation of sedimentary P transformation processes (µmol m -² d -1 ) in upstream (a and b) and downstream stations (c and d) of Elorn and Aulne estuaries during October

Fig. 8 .

 8 Fig. 8. DIP lost from the sediment as a proportion (%) of the total flux out of the sediment in Elorn (a) and Aulne (b) estuaries averaged February, May, July and October

Fig. A. 4 .

 4 Fig. A.4. Representation of sedimentary P transformation processes (µmol m -² d -1 ) in midstream stations of Elorn and Aulne estuaries during October

  

Table 1 .

 1 Sequential extraction method for solid P forms in sediments (Andrieux-Loyer

	Adsorbed and Fe-bound P (including	Dithionite-Bicarbonate
	vivianite)	(0.1 mol l -1 , 8h, 20°C)
	Authigenic Ca-bound P	Na-acetate buffer
	(carbonate fluorapatite Ca5(PO4,	(1 mol l -1 , pH = 4, 6h, 20°C)
	CO3)3F, biogenic hydroxyapatite	MgCl2 wash
	Ca10(PO4)6(OH)2 and CaCO3 bound P)	(1 mol l -1 , pH = 8, 0.5h, 20°C)
	Detrital P	HCl (1 mol l -1 , overnight)
		HCl 1 mol l -1 treatment overnight
	Organic P (total P -Inorganic P)	(inorganic P: Fe-bound P, authigenic and detrital Ca-bound P) Ash at 550 °C (4h), HCl 1 mol l -1 treatment
		overnight (total P)

Table 2 .

 2 Model parameters determined from measurements and used in the model for all stations at

	Elorn and Aulne estuaries. Observed parameters are bottom water concentration of dissolved
	inorganic phosphorus (DIPbw), bottom water temperature, salinity, porosity parameters (Ø0, Ø∞ and
	coeffø) and sedimentation rate (ω).

Table 3 .

 3 Fitted parameters used in the model for all stations at Elorn estuary. The fitted parameters are organic carbon fluxes (OCflux), proportion of most

	reactive fraction (Pfast), most reactive carbon mineralization constant (Rfast), less reactive carbon mineralization constant (Rslow), bioturbation (surface
	bioturbation Db0, bioturbation depth xb) and bioirrigation (surface irrigation αirr0, irrigation depth xirr) parameters, Fe-bound P fluxes at sediment-water interface.
	Fe-bound P formation (RFe-bound Pform) and release (RFe-bound Prel) rate constants, Ca-bound P precipitation rate constants (RCa-bound Pprecip), asymptotic

concentration for Fe-bound P (Fe-bound Pasymp), inherited Ca-bound concentration (Ca-bound Pher), refractory carbon (Crefrac), refractory phosphorus (Prefrac).

Table 4 .

 4 Fitted parameters used in the model for all stations at Aulne estuary. The fitted parameters are organic carbon fluxes (OCflux), proportion of most reactive

	fraction (Pfast), most reactive carbon mineralization constant (Rfast), less reactive carbon mineralization constant (Rslow), bioturbation (surface bioturbation Db0,
	bioturbation depth xb) and bioirrigation (surface irrigation αirr0, irrigation depth xirr) parameters, Fe-bound P fluxes at sediment-water interface. Fe-bound P
	formation (RFe-bound Pform) and release (RFe-bound Prel) rate constants, Ca-bound P precipitation rate constants (RCa-bound Pprecip), asymptotic concentration for Fe-
	bound P (Fe-bound Pasymp), inherited Ca-bound concentration (Ca-bound Pher), refractory carbon (Crefrac), refractory phosphorus (Prefrac).

Table 5 .

 5 DIP fluxes (µmol m -² d -1 ) in selected ecosystems.

Table 6 .

 6 DIP recycling comparison with DIP riverine inputs along Elorn and Aulne

	819	
	820	estuaries

FebruaryMayJuly October
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Appendix :

1. Materials and methods: Extraction of P forms as described by Andrieux-

Loyer et al. (2008)

The major reservoirs of sedimentary P were determined using the widespread sequential method of Ruttenberg (1990[START_REF] Ruttenberg | Development of a sequential extraction method for different forms of phosphorus in marine sediments[END_REF]. There are three differences compared to the original procedure of [START_REF] Ruttenberg | Development of a sequential extraction method for different forms of phosphorus in marine sediments[END_REF].

Firstly, exchangeable P (Exch-P) was not extracted in step I with MgCl2 but separately using the infinite dilution extrapolation (IDE) method (Aminot &Andrieux, 1996). Thus, step I extraction in this study includes easily exchangeable P and iron oxide-bound P (Fe-P). Secondly, we omitted citrate in the first step as it was shown to make a part of the calcium-bound phosphate soluble [START_REF] Psenner | Fractionation of phosphorus in suspended matter and sediment[END_REF]. Thirdly, the MgCl2 and H2O washes were omitted except in the acetate buffer treatment (step II).

These were originally used to avoid the secondary sorption of P on the residual solid surfaces during the extractions. This process was shown to be insignificant in the Citrate-Dithionite-Bicarbonate (CDB) and HCl extractions [START_REF] Ruttenberg | Development of a sequential extraction method for different forms of phosphorus in marine sediments[END_REF]. Organic P (Orga-P) was determined nonsequentially as the difference between 1 M HCl extractable P (24 h) before and after the ignition of the sediment (550 °C, 4 h; Aspila et al., 1976). Total P is calculated as the sum of this organic P and the inorganic P determined with the sequential procedure (Slomp, 1996a). The inorganic P concentrations determined as the sum P-forms (Fe-bound P, authigenic P and detrital Ca-P) agreed well (r2 = 0.99; n = 379) with inorganic P concentrations obtained with the 1 M HCl extraction in the one-step procedure.

Materials and methods: Transport processes

The bioturbation profile is denoted according to the following equations:

Where D CP denotes the bioturbation constant in surface sediments (cm 2 d -1 ) and yzl{{ |k = 2indicates the coefficient of the exponential decrease of bioturbation (cm) below the bioturbated layer xb (cm)

The bioirrigation process is calculated as [START_REF] Khalil | Importance of nitrate reduction in benthic carbon mineralization in two eutrophic estuaries : Modeling , observations and laboratory experiments[END_REF] :

With α @ P denotes the irrigation coefficient in surface sediments (d -1 ), coeff @ = 2 is the coefficient of the exponential decrease of irrigation (cm) below the irrigation layer and x ~ is the irrigation layer (cm).

The porosity is expressed in the model by the following equation

Where ∅ " denotes the porosity below the sediment surface,∅ ƒ represents the porosity at deep sediment and yzl{{ ∅ is the coefficient of the exponential decrease of porosity (cm).

Results: Model results for dissolved phases

The results of Elorn and Aulne stations for O2, NO3, NH4 and ODU during February and May are as follows: