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Maintaining low nitrite concentrations in aquatic systems is a major issue for stakeholders due to nitrite's high toxicity for living species. This study reports on a cost-effective and realistic approach to study nitrite dynamics and improve its modelling in human-impacted river systems.

The implementation of different nitrifying biomasses to model riverine communities and waste water treatment plant (WWTP)-related communities enabled us to assess the impact of a major WWTP effluent on in-river nitrification dynamics. The optimal kinetic parameters and biomasses of the different nitrifying communities were determined and validated by coupling laboratory experiments and modelling. This approach was carried out in the Seine River, as an example of a large human-impacted river with high nitrite concentrations. The simulation of nitrite fate was performed at a high spatial and temporal resolution (∆t = 10 min, dx = 500 m) including water and sediment layers along a 220 km stretch of the Seine River for a 6-year period (2007)(2008)(2009)(2010)(2011)(2012). The model outputs were in good agreement with the peak of nitrite downstream the WWTP as well as its slow decrease towards the estuary. Nitrite persistence between the WWTP and the estuary was mostly explained by similar production and consumption rates of nitrite in both water and sediment layers. The sediment layer constituted a significant source of nitrite, especially during high river discharges (0.1-0.4 mgN h -1 m -2 ). This points out how essential it is to represent the benthic layer in river water quality models, since it can constitute a source of nitrite to the water-column. As a consequence of anthropogenic emissions and in-river processes, nitrite fluxes to the estuary were significant and varied from 4.1 to 5.5 TN d -1 in low and high water discharge conditions, respectively, over the 2007-2012 period. This study provides a methodology that can be applied to any anthropized river to realistically parametrize autochthonous and WWTP-related nitrifier communities and simulate

Introduction

Along with the on-going improvement of nitrogen removal efficiency in Waste Water Treatment Plants (WWTPs), total nitrogen concentrations in WWTP effluents have been reduced [START_REF] García-Barcina | Assessing the improvement of the Bilbao estuary water quality in response to pollution abatement measures[END_REF][START_REF] Carey | Contribution of Wastewater Treatment Plant Effluents to Nutrient Dynamics in Aquatic Systems: A Review[END_REF][START_REF] Rocher | La production de nitrites lors de la dénitrification des eaux usées: un sujet sensible et complexe ! L' Eau[END_REF]. Even though the total nitrogen load has decreased, nitrite concentrations can still exceed the European standard of good environmental status of 0.09 mgN L -1 in urbanized river systems [START_REF] Helder | Estuarine nitrite maxima and nitrifying bacteria (Ems-Dollard estuary)[END_REF][START_REF] Morris | Nitrite and ammonia in the Tamar estuary[END_REF][START_REF] Von Der Wiesche | Temporal and spatial dynamics of nitrite accumulation in the River Lahn[END_REF][START_REF] Garnier | Nitrogen Behaviour and Nitrous Oxide Emission in the Tidal Seine River Estuary (France) as Influenced by Human Activities in the Upstream Watershed[END_REF][START_REF] Rocher | La production de nitrites lors de la dénitrification des eaux usées: un sujet sensible et complexe ! L' Eau[END_REF], as well as in agricultural ecosystems [START_REF] Corriveau | Occurrence of High In-Stream Nitrite Levels in a Temperate Region Agricultural Watershed[END_REF]. In these anthropogenic systems, concentrations are well above 0.01 mgN L -1 found in pristine streams [START_REF] Meybeck | Carbon, nitrogen, and phosphorus transport by world rivers[END_REF]. Compared to nitrate, nitrite is toxic at low concentrations. A well-known consequence of nitrite toxicity is the blue baby syndrome due to direct ingestion of nitrite or to conversion of ingested nitrate to nitrite [START_REF] Knobeloch | Blue babies and nitratecontaminated well water[END_REF]. Maintaining low nitrite concentrations is thus a major environmental issue. However, nitrite in rivers is rarely studied independently from nitrate, due to its much lower concentration.

The presence of nitrite in aquatic systems results from its production and persistence. Nitrite is an intermediate compound produced by nitrification, denitrification and/or dissimilatory nitrate reduction to ammonium pathways in water and sediment [START_REF] Wilderer | Competition in denitrification systems affecting reduction rate and accumulation of nitrite[END_REF][START_REF] Kelso | Dissimilatory nitrate reduction in anaerobic sediments leading to river nitrite accumulation[END_REF][START_REF] Philips | Origin, causes and effects of increased nitrite concentrations in aquatic environments[END_REF][START_REF] Park | Modeling kinetics of ammonium oxidation and nitrite oxidation under simultaneous inhibition by free ammonia and free nitrous acid[END_REF]. Nitrification is a two-step process involving two distinct microbial communities. Ammonia oxidizers (AO) transform ammonia to nitrite, and nitrite oxidizers (NO) use nitrite and generate nitrate. Ammonia oxidation is generally considered to be the limiting step [START_REF] Kowalchuk | Ammonia-oxidizing bacteria : A model for molecular microbial ecology[END_REF] avoiding nitrite accumulation. However nitrite has been shown to persist in oxic river waters due to low water residence time, low nitrification rates, as well as similar ammonia and nitrite oxidation rates, or non steady-state nitrification [START_REF] Brion | Distribution of nitrifying activity in the Seine River (France) from Paris to the estuary[END_REF][START_REF] Philips | Origin, causes and effects of increased nitrite concentrations in aquatic environments[END_REF]. In oxic waters of large rivers, benthic exchanges of nitrogen at the sediment-water interface are expected to be low due to low surface-to-volume ratios [START_REF] Pinay | Basic principles and ecological consequences of changing water regimes on nitrogen cycling in fluvial systems[END_REF]. Based on this general knowledge, nitrification in the water column is supposed to be the main process affecting nitrite production and consumption in large oxic rivers, especially in high river discharge conditions. Anyhow, nitrite can be produced in river bed sediments and transferred to the water column by diffusion [START_REF] Morris | Nitrite and ammonia in the Tamar estuary[END_REF][START_REF] Kelso | Dissimilatory nitrate reduction in anaerobic sediments leading to river nitrite accumulation[END_REF]. It is important to quantify the impact of this benthic nitrite production on nitrogen cycling and export to estuaries in the case of large human impacted river systems.

WWTPs constitute a potential source of nutrients e.g. nitrite as well as microorganisms (nitrifiers included) to riverine waters, depending on the processing of the influent (Servais et al., 1999a;[START_REF] Brion | Distribution of nitrifying activity in the Seine River (France) from Paris to the estuary[END_REF][START_REF] Cébron | Nitrification and Nitrifying Bacteria in the Lower Seine River and Estuary (France)[END_REF]. Species and activity of microorganims (nitrifiers included) present in WWTP effluents can differ from those found in the river upstream the effluent and alter the river ecological functioning [START_REF] Goñi Urriza | Impact of an urban effluent on antibiotic resistance of riverine Enterobacteriaceae and Aeromonas spp[END_REF][START_REF] Féray | Competition between two nitrite-oxidizing bacterial populations: a model for studying the impact of wastewater treatment plant discharge on nitrification in sediment[END_REF][START_REF] Cébron | Nitrification and Nitrifying Bacteria in the Lower Seine River and Estuary (France)[END_REF]. Consequently WWTP effluents potentially modify the nitrifying community structure and biomass, and sometimes lead to an increase in nutrient concentrations e.g. ammonium in river systems, even though treatment processes were significantly improved during the last decades. As a potential consequence, nitrifying kinetics and nitrite dynamics within the aquatic system are impacted.

Models constitute efficient integrative tools to study spatio-temporal variations of nitrogen dynamics in rivers and improve our understanding of in-river biogeochemical cycling. Many hydro-ecological models of different complexity are available [START_REF] Rauch | River water quality modelling: I. state of the art[END_REF][START_REF] Reichert | River Water Quality Model no.1 (rwqm1) : Case study II oxygen and nitrogen conversion processes in the river glatt (Switzerland)[END_REF]Arheimer and Olsson, 2003;[START_REF] Cox | A review of currently available in-stream water-quality models and their applicability for simulating dissolved oxygen in lowland rivers[END_REF][START_REF] Kannel | A review of Public Domain Water Quality Models for Simulating Dissolved Oxygen in Rivers and Streams[END_REF][START_REF] Sharma | Assessment of river quality models: a review[END_REF].

They tend to simulate a large range of biogeochemical processes, requiring a large number of parameters. However, not all models represent nitrite as an intermediate between the 2-step nitrifying process, and even less models consider explicitly the involved nitrifier biomasses.

These models can be used to simulate average nitrite profiles at a pluri-annual time scale [START_REF] Garnier | Modelling nitrogen transformations in the lower Seine river and estuary (France): impact of wastewater release on oxygenation and N2O emission[END_REF], or to simulate nitrite dynamics at a high resolution along small river stretches and for a short period of time [START_REF] Reichert | River Water Quality Model no.1 (rwqm1) : Case study II oxygen and nitrogen conversion processes in the river glatt (Switzerland)[END_REF]. To our knowledge, no former study focused on nitrite dynamics at a high spatio-temporal resolution, and at large spatio-temporal scales.

The aim of our study is to propose a cost-effective and realistic approach to study nitrification dynamics and improve the modelling of nitrogen species (and especially nitrite) in humanimpacted river systems. The Seine River is a pertinent study case for this purpose, as this river receives effluents from the biggest European WWTP (called SAV for "Seine AVal"), and is characterized by high nitrite concentrations, exceeding the good EU WFD criteria downstream this WWTP [START_REF] Rocher | La production de nitrites lors de la dénitrification des eaux usées: un sujet sensible et complexe ! L' Eau[END_REF]. Nitrogen removal in the SAV WWTP has significantly increased since the addition of nitrification and denitrification units in 2007 and 2011, and changed the nitrogen dynamics in the Seine River [START_REF] Rocher | La production de nitrites lors de la dénitrification des eaux usées: un sujet sensible et complexe ! L' Eau[END_REF]. These modifications most likely changed kinetic parameters of nitrifying communities in the SAV effluent, as well as the subsequent nitrite dynamics within the Seine River downstream SAV.

The originality of this study is the distinction between natural river and WWTP nitrifying communities. The biomass and kinetic parameters of each river and WWTP-related nitrifying community were characterized using a cost-effective approach. (1) Potential ammonia and nitrite oxidation activity in river and WWTP waters were studied separately using batch incubations with inhibitors for the two processes. The evolution of nitrite concentrations with a lumped model representing the 2-step nitrification process were then fitted in order to determine optimal values of biomass and kinetic parameters (maximal growth rate, half-saturation constant) of ammonia and nitrite oxidizers. (2) Experimentally deduced biomass and kinetic parameters defined for riverine and WWTP-related nitrifying communities were validated in a hydro-ecological model of the Seine River including water and sediment layers along a 220 km stretch for a 6-year period (2007)(2008)(2009)(2010)(2011)(2012). This allowed the assessment of WWTP impact on the fate of nitrite and nitrifiers along a human-impacted river. Nitrogen mass balances were assessed up-and downstream the WWTP for different hydrological conditions. The model was used to quantify the effect of benthic and pelagic processes on nitrite fluxes exported to the estuary, and to forecast the effect of new management strategy impacts on river water quality.

Methods

Study site

The Seine River is the second longest French river (776 km long), which flows north-west towards the English Channel. The climate is temperate, with oceanic and semi-continental influences. The mean annual discharge is 210 m 3 s -1 in Paris for the period 1978-2011. Over this time period, the first discharge decile is 90 m 3 s -1 (discharge lower than this value 10 % of the time), while the last one is 670 m 3 s -1 . The summer river discharge is artificially maintained at its value in Paris from upstream water release reservoirs. Two major tributaries are the Marne and Oise Rivers, with an average discharge of 95 and 100 m 3 s -1 , respectively. Water temperatures range from 5 • C in winter to 25 • C in summer. The Seine River is a highly anthropized system dominated by agriculture, urbanization and industry. Downstream Paris, the Seine River is strongly impacted by urbanization with a population of 12 million inhabitants concentrated over an area of about 12,000 km 2 (Fig. 1). The biggest Parisian and European WWTP (SAV) is located downstream of Paris and treats waste water from more than 5 million population equivalent (treatment capacity of 1.7 10 6 m 3 d -1 ) [START_REF] Rocher | La production de nitrites lors de la dénitrification des eaux usées: un sujet sensible et complexe ! L' Eau[END_REF]. In 2007, a tertiary biological treatment composed of a nitrification/denitrification unit was implemented in the SAV WWTP for 70 % nitrogen removal.

Sampling design

River water samples (10-20 L) were collected in November 2012 upstream SAV (at Asnières), and in the SAV effluent (Fig. 1). Samples were brought back to the laboratory after sampling and stored at 4 • C in the dark. Aliquots were immediatly filtered over 0.2 µm PVDF filters and analyzed for nitrite concentrations.

Laboratory incubations and analyses

Unfiltered water samples (200-250 mL) were incubated in Erlenmeyers of 500 mL in the dark at 20 • C under constant agitation (120 rpm) for 14 days. According to Cébron and Garnier (2005), two selective inhibitors, i.e. allylthiourea (0.1 mM) and sodium chlorate (10 mM), were used to study separately NH + 4 and NO - 2 oxidation reactions. Aliquots were sampled daily to measure NO - 2 concentrations. Additional water samples were incubated in the presence of the two inhibitors to verify the complete nitrification inhibition. Samples from both sites were also ammended with NH + 4 (14 mgN L -1 ) and incubated to observe NO - 2 dynamics with active (non-inhibited) ammonia and nitrite oxidizers. The concentrations of NO - 2 were determined using the colorimetric method of [START_REF] Rodier | L'analyse de l'eau (eaux naturelles, eaux résiduaires, eau de mer)[END_REF].

Nitrification model ( C-rive)

The nitrification processes in the incubated water samples were simulated with the C-rive model [START_REF] Vilmin | Le modèle de simulation biogéochimique C-rive[END_REF], the stand-alone version of the biogeochemical module of the ProSe hydro-ecological model (see section 2.6). C-rive is an adaptation of the rive model (Billen et al., 1994;[START_REF] Garnier | Seasonal succession of diatoms and chlorophycae in the drainage network of the river Seine: Observations and modelling[END_REF], which mimics carbon, nitrogen, phosphorus and oxygen cycling in river systems. Living species involved in these biogeochemical cycles, as nitrifiers, are explicitely represented. The nitrification process has recently been detailed in rive and C-rive models, including the appearance of nitrite and nitrous oxide intermediates (Cébron et al., 2005;[START_REF] Garnier | Modelling nitrogen transformations in the lower Seine river and estuary (France): impact of wastewater release on oxygenation and N2O emission[END_REF][START_REF] Polus | Geostatistics for assessing the efficiency of distributed physically-based water quality model. Application to nitrates in the Seine River[END_REF][START_REF] Vilmin | Le modèle de simulation biogéochimique C-rive[END_REF].

A brief description of the formulation used to describe the nitrification processes is given here. Description, unit and fixed value for parameters and variables are given in Table 1.

The evolution of nitrifier biomass [BN] 

dt = µ i,j -mort i - V sed,i h [BN] i,j (1) 
i is the index referring to the nitrifying community, i.e. ammonia oxidizers (AO) or nitrite oxidizers (NO). j is the index refering to the sample location (river water or SAV effluent).

Note that the sedimentation velocity V sed,i is set to zero for the simulations of the incubated water samples, as these samples are agitated during the experiment.

Growth rates of ammonia and nitrite oxidizers (µ i,j ) are calculated according to the following equations 2 and 3 [START_REF] Garnier | Modelling nitrogen transformations in the lower Seine river and estuary (France): impact of wastewater release on oxygenation and N2O emission[END_REF]:

µ AO,j = µ max,AO,j f (T ) [NH + 4 ] [NH + 4 ] + K N H + 4 ,j [O 2 ] [O 2 ] + K O 2 ,AO (2) 
µ N O,j = µ max,N O,j f (T ) [NO - 2 ] [NO - 2 ] + K N O - 2 ,j [O 2 ] [O 2 ] + K O 2 ,N O (3) 
with a temperature dependance described by the following equation [START_REF] Polus | Geostatistics for assessing the efficiency of distributed physically-based water quality model. Application to nitrates in the Seine River[END_REF]:

f (T ) = f (T opt ) e - (T -T opt,i ) 2 σ 2 i (4)
The quantity of consumed ammonium, nitrite and oxygen depends on growth rates µ i,j , nitrification yields Y i and nitrifier biomass [BN] i,j according to the following equations (Eqs.

5, 6 and 7).

d[DIN cons ] dt = - j µ i,j Y i [BN] i,j (5) 
d[DIN prod ] dt = + j µ i,j Y i [BN] i,j (6) 
d[O 2 ] dt = - j r O 2 ,i µ i,j Y i [BN] i,j (7) 
where DIN cons and DIN prod are NH + 4 and NO - 2 for ammonia oxidizers, and NO - 2 and NO - 3 for nitrite oxidizers.

Fitting procedure

Optimal values of initial [BN] i,j , µ max,i,j , K N H + 4 ,j and K N O - 2 ,j were obtained by fitting nitrite concentrations in non-inhibited and/or inhibited incubations. The fitting was achieved with a screening of the model response to a large number of parameter sets. The minimization of the root mean square error (RMSE) between experimental and modelled values was used as the objective function to determine the optimal values. Table 1 displays the ranges and the optimal values of parameters [BN] i,j , µ max,i,j , K N H + 4 ,j and K N O - 2 ,j . Mortality rates, nitrification yields and the temperature dependency function (T opt,i and σ i ) were previously determined [START_REF] Brion | Une réévaluation de la methode d'incorporation de H 14 CO -3 pour mesurer la nitrification autotrophe et son application pour estimer des biomasses de bactéries nitrifiantes[END_REF][START_REF] Garnier | Modelling nitrogen transformations in the lower Seine river and estuary (France): impact of wastewater release on oxygenation and N2O emission[END_REF], and were therefore kept constant in the current fitting procedure.

A flow chart explains the different steps to obtain optimal parameters (Fig. 2). Noninhibited water samples were incubated for 2 weeks. The observed NO - 2 time-series were analysed to determine if a second batch incubation was necessary to determine nitrifier growth kinetic parameters and biomass. Two cases were considered :

• NH + 4 and NO - 2 oxidation did not occur simultaneously in the non-inhibited water sample.

In this case, the whole initial amount of NH + 4 was converted to nitrite during the first days of the incubation. NO - 2 concentration reached the maximum possible value of 14 mgN L -1 (corresponding to the initial concentration of NH + 4 ) before it started to decrease due to NO - 2 oxidation (see Seine River water sample, Fig. 3a).

• NH + 4 and NO - 2 oxidation occured simultaneously. NO - 2 concentration therefore did not reach the maximal value of 14 mgN L -1 (see SAV water sample, Fig. 3b).

In the first case, one single incubation was needed. Growth parameters and biomass of ammonia oxidizers were first fitted from the beginning of the batch experiment to the 14 mgN L -1 NO - 2 concentration peak (first 8 days, see Seine River water sample, Fig. 3a). Nitrite oxidation was then fitted until the end of the batch experiment (days 9 to 15).

In the second case, the non-inhibited incubation did not allow identifying ammonia and nitrite oxidizer parameters separately. An additional incubation, inhibiting nitrite oxidation, was used to determine biomass and kinetic parameters of ammonia oxidizers. Using the values obtained for ammonia oxidizers, biomass and kinetic parameters of nitrite oxidizers were then determined in the non-inhibited batch. During this calibration of nitrite oxidation, a dimensionless acceleration factor (r AO ) of maximal growth rates was used for ammonia oxidizers. This factor was used and justified by the fact that nitrite production was slightly lower in inhibited compared to non-inhibited batches (see SAV water sample, Fig. 3b), most likely due to higher mortality rates of ammonia oxidizers or to lower maximal growth rates in the presence of the inhibitor. A similar factor was used to account for increased degradation efficiencies of organic carbon under oxic versus anoxic conditions [START_REF] Canavan | Organic matter mineralization in sediment of a coastal freshwater lake and response to salinization[END_REF].

Hydro-ecological model ( ProSe)

The nitrifying growth parameters and biomasses obtained with the procedure described above were implemented and validated in the ProSe hydro-ecological model to simulate nitrification dynamics along a 220 km stretch of the Seine River for a 6-year period (2007)(2008)(2009)(2010)(2011)(2012).

The domain started 10 km upstream Paris down to Poses at the entrance of the Seine Estuary (Fig. 1), including 25 km of the Marne River. Four major tributaries were taken into account as boundary conditions. Anthropogenic pressures (WWTP effluents, combined sewer overflows and dry weather effluents) constituted point sources in the model [START_REF] Even | River ecosystem modelling: Application of the ProSe model to the Seine river (France)[END_REF][START_REF] Even | Modelling oxygen deficits in the Seine river downstream of combined sewer overflows[END_REF](Even et al., , 2007b)).

The ProSe model simulates the hydro-ecological response of a river system to point sources or diffuse pollutions, in steady or transient states [START_REF] Even | River ecosystem modelling: Application of the ProSe model to the Seine river (France)[END_REF](Even et al., , 2007b;;[START_REF] Flipo | Biogeochemical modelling at the river scale: Plankton and periphyton dynamics -Grand Morin case study[END_REF].

It is composed of three modules, which compute hydrodynamic, transport and biogeochemical processes, in the column water and the benthic sediment. The ProSe model has been applied successfully to several case studies in the Seine River basin [START_REF] Even | River ecosystem modelling: Application of the ProSe model to the Seine river (France)[END_REF][START_REF] Even | Modelling oxygen deficits in the Seine river downstream of combined sewer overflows[END_REF](Even et al., , 2007b;;[START_REF] Flipo | Biogeochemical modelling at the river scale: Plankton and periphyton dynamics -Grand Morin case study[END_REF][START_REF] Flipo | Primary production in headwater streams of the Seine basin: the Grand Morin case study[END_REF][START_REF] Polus | Spatial and temporal caracterization of "river water bodies[END_REF][START_REF] Polus | Geostatistics for assessing the efficiency of distributed physically-based water quality model. Application to nitrates in the Seine River[END_REF]Vilmin et al., in press) and in the Seine Estuary (Even et al., 2007c). The role of benthic sediments has been recently improved by recalibration of the sediment erosion processes in the ProSe model [START_REF] Vilmin | Pluri-annual sediment budget in a navigated river sytem: the Seine River (France)[END_REF].

In addition to nitrification (described in section 2.4), the model simulates the fate of ammonium via heterotrophic mineralization of organic matter and phytoplankton uptake. compared at low and high water discharge conditions, following the approach developed to analyze in-river sediment [START_REF] Vilmin | Pluri-annual sediment budget in a navigated river sytem: the Seine River (France)[END_REF] and phosphorus (Vilmin et al., in press) dynamics.

The distinction between low and high discharge conditions was based on the daily discharge measured at the Paris gauging station (Fig 1). Discharge rates lower and higher than 205 m 3 s -1

(median discharge rate for the 2007-2012 period) were defined as low and high river discharge conditions, respectively.

Finally, nitrogen budgets were derived from model outputs for low and high water discharge conditions over the simulated 6-year period. Nitrogen stocks were calculated in two compartments (water column and sediment layer) in two river domains (upstream and downstream the SAV WWTP). Nitrogen fluxes linked to the different simulated biogeochemical processes and exchanges at the sediment-water interface were calculated as model outputs and integrated over the two river domains (upstream and downstream the SAV WWTP). Averaged daily fluxes for the simulated 6-year period were calculated in each domain for low and high water discharge condition, respectively.

Results

Optimal sets of biomasses and kinetic parameters of natural nitrifying communities in in-river waters and WWTP effluents

The best statistical adjustments of nitrite concentrations over 15 days in batch incubations are shown for ammonia and nitrite oxidizers in river water and SAV effluent (Fig. 3). Modelled nitrite outputs were in good agreement with measured nitrite concentrations, when using the optimal parameter sets for Seine water (correlation = 0.93 and RMSE = 2.32 mgN L -1 -0.44 mgN L -1 without the point at day 8) and for SAV effluent non-inhibited batches (correlation > 0.99 and RMSE = 0.01 mgN L -1 ). The optimal values of nitrifier biomass [BN] i,j (0.001-0.02 mgC L -1 ), maximal growth rate µ max,i,j (0.04-0.07 h -1 ) and half-saturation constant K N H + 4 ,j

(1.5-2 mgN L -1 ) and K N O - 2 ,j (0.3-10 mgN L -1 ) are summarized in Table 1. Our values observed for natural communities under reconstructed in situ conditions were in the range of values determined for pure cultures under optimal conditions i.e.

[BN] ∈ [0.00004-0.07] mgC L -1 , 2 and3). The estimated ammonia oxidizer biomass ([BN AO ]) was higher than nitrite oxidizer biomass ([BN] N O ) in both WWTP and river samples. The SAV WWTP effluent contained one to two orders of magnitude more nitrifying biomass (0.027 and 0.008 mgC L -1 for ammonia and nitrite oxidizers, respectively), as deduced from the experiments, than the Seine River water (0.0075 and 0.001 mgC L -1 for ammonia and nitrite oxidizers, respectively). The maximal growth rate (µ max ) was in the same order of magnitude for ammonia oxidizers and nitrite oxidizers in river and WWTP samples (0.04-0.07 h -1 ). As found in the literature, K N H + 4 and especially K N O - 2 were more variable than µ max values. K N H + 4 values were similar in river and SAV samples (2 and 1.5 mgN L -1 , respectively), while K N O - 2 values were 30 times higher in river waters than in SAV effluent (10 and 0.3 mgN L -1 , respectively).

µ max ∈ [0.008-0.1] h -1 , K N H + 4 ∈ [0.002-74] mgN L -1 and K N O - 2 ∈ [0.00003-28] mgN L -1 (Tables
3.2. Validation of the optimal sets of parameters in an hydro-ecological model along a 220 km stretch for a 6-year period

The optimal parameter sets determined for ammonia and nitrite oxidizing communities in river water and SAV effluent were then used to parametrize the ProSe model. The 6-year outputs of NO - 2 concentrations are presented for 4 stations from upstream to downstream the SAV WWTP and compared with weekly data collected at SIAAP stations (Fig. 4). Good adjustments of NO - 2 concentration time-series were observed upstream the SAV WWTP effluent (Asnières, Sartrouville) for the whole 6-year simulated period, at low river discharge (RMSE < 0.034 mgN L -1 ) and high discharge conditions (RMSE < 0.015 mgN L -1 ; Table 4).

Representing two distinct nitrifying communities (river and WWTP) led to an accurate simulation of concentrations downstream the SAV WWTP (Poissy, Poses), especially during high river discharge periods (RMSE < 0.057 mgN L -1 ; Table 4). A slight overestimation of NO - 

Assessment of in-river water-quality

Longitudinal profiles of 10 %, 50 % and 90 % concentration quantiles for the 2007-2012 period were calculated with the ProSe model for NH + 4 , NO - 2 , and NO - 3 (Fig. 5). The spatial variability of these quantiles was high around point source effluent output. Regarding nitrite concentrations, the water quality status moved from moderate to bad status just downstream the SAV WWTP, and before the confluence with the Oise River. Nitrite concentrations increased slightly along the first 100 km after the Oise River, before decreasing towards the estuary.

Using distinct variables for river and WWTP nitrifiers in the hydro-ecological ProSe model also allowed simulating the fate of the biomass of each nitrifying community issued from the two main sources (i.e. upper drainage basin, WWTP effluent) in the Seine hydrological system (Fig. 6). Nitrifiers from the SAV WWTP contributed to 16-76 % of the nitrifying biomass present in the river downstream the SAV effluent, especially in low river discharge conditions (50-76 %).

Effect of sampling frequency on river environmental assessment

Although simulated times series were validated with weekly monitoring data (Fig. 4), 

NH + 4 , NO - 2 ,

Testing the effect of new treatment strategy

A simulation with no nitrifying biomass in the SAV effluent was performed to mimic the implementation of effluent micro-filtration (Fig. 4). Without nitrifiers in the SAV effluent, nitrite concentrations would reach values corresponding to a bad ecological status according to the European WFD along almost the whole stretch from SAV to the estuary. According to the model results, mean nitrite concentrations at the estuary would increase by over 60 % without the input of nitrifying biomass from the WWTP.

Discussion

Fitting nitrifying parameters to model the fate of nitrite in human-impacted rivers

Our approach combines deduction of kinetic parameters using laboratory experiments and stand-alone modelling, and validation of these parameters in hydro-ecological modelling in order to upscale our results from laboratory to river scale. This approach is consequently based on identical nitrification model frames in stand-alone and river-scale models.

Our results highlight the importance of determining biomasses and kinetic parameters of natural nitrifying communities in rivers and in point source effluents carrying active nitrifiers,

i.e. in WWTPs. The higher nitrifying biomass in WWTP effluents compared to river water (this study) is explained by tertiary biological treatments removing nitrogen in urban effluents and the presence of nitrifying biomass in the WWTP. These higher biomasses are in agreement with previous results found when WWTP was only subjected to secondary treatments (Servais et al., 1999b;[START_REF] Brion | Une réévaluation de la methode d'incorporation de H 14 CO -3 pour mesurer la nitrification autotrophe et son application pour estimer des biomasses de bactéries nitrifiantes[END_REF][START_REF] Cébron | Nitrification and Nitrifying Bacteria in the Lower Seine River and Estuary (France)[END_REF]. This suggests that the release of nitrifying biomasses related to WWTP effluents must be considered, when microfiltration, chlorine or ultraviolet radiation is not performed at the outlet. This biomass must be characterized depending on the treatment applied in WWTPs.

In addition to biomass estimation, our method enables the determination of kinetic parameters and can be applied to any riverine ecosystem. These parameters are necessary to calculate the nitrifying activity, which appears to be more important than the nitrifying biomass itself [START_REF] Röling | Do microbial numbers count? quantifying the regulation of biogeochemical fluxes by population size and cellular activity[END_REF]. The low variability of the maximal growth rate (0.04-0.07 h -1 ), which is consistent with the literature, suggests a robust parametrization of this parameter and a low variability of growth rates depending on nitrifying communities (ammonia or nitrite oxidizers) and on their origin (river or WWTP). Considering a constant mortality, the range of maximal growth parameters can easily be transfered to any system, and tuned if necessary. The difference in affinity (K N O - 2 ) between river and WWTP (10 and 0.3 mgN L -1 , respectively) is most likely related to variations in nitrifying community structure, and environmental conditions.

The low K N O - 2 in tertiary advanced WWTP effluent might be explained by the dominance of Nitrobacter species, as already observed in the SAV WWTP effluents prior to 2007 (Cébron and Garnier, 2005), and in 2012 (T. Cazier, pers. comm.). Nitrobacter sp. has already been shown to exhibit low K N O - 2 in activated sludge reactors [START_REF] Jiménez | Effect of pH and nitrite concentration on nitrite oxidation rate[END_REF] and in 1000 mgN L -1 enriched synthetic waste water [START_REF] Blackburne | Kinetic characterisation of an enriched Nitrospira culture with comparison to Nitrobacter[END_REF]. The similarity of K N O - 2 obtained in WWTP-type chemostat (Cébron et al., 2005) and in SAV WWTP effluent (our study) suggests that nitrifying communities in tertiary advanced WWTP effluents might be characterized by low K N O - 2 . The high K N O - 2 in river waters, in the range of values found in the literature (Table 3), might rather be explained by other reasons e.g. species competition, or limitations other than nitrite.

Our results bring complementary information on the difference between river and WWTPrelated nitrifying communities, leading to improvements in the modelling of nitrite dynamics and nitrogen cycling in the river. Our approach is based on several initial assumptions from previous experimental and modelling studies in the Seine River [START_REF] Brion | Une réévaluation de la methode d'incorporation de H 14 CO -3 pour mesurer la nitrification autotrophe et son application pour estimer des biomasses de bactéries nitrifiantes[END_REF]Cébron et al., 2005;[START_REF] Garnier | Modelling nitrogen transformations in the lower Seine river and estuary (France): impact of wastewater release on oxygenation and N2O emission[END_REF]: a constant mortality rate of 0.01 h -1 , a yield of 0.09 and 0.026 mgC mgN -1 for ammonia and nitrite oxidizers, respectively, and a temperature function (see Eq. 4) with T opt of 23 • C and σ of 12 • C. The fixed mortality rate (i.e. first-order mortality constant) strongly controls the growth rate value, but it does not impact the net growth rate of nitrifiers (i.e. growth -mortality). More experimental studies should be undertaken to precise the spatio-temporal variations of yields and temperature functions suggested in other studies (detailed here after), which could potentially affect nitrite dynamics in the river. First, even if protein synthesis is essential to maintain optimal nitrifying activity [START_REF] Tappe | Maintenance Energy Demand and Starvation Recovery Dynamics of Nitrosomonas Europaea and Nitrobacter Winogradskyi Cultivated in a Retentostat with Complete Biomass Retention[END_REF], yields have been shown to vary with temperature and oxygen, suggesting the potential uncoupling between nitrifier growth and activity (Andersson et al., 2006). Second, optimal temperatures for growth generally range between 20 and 35 • C depending on species, and can vary with the seasonal nitrifier community composition. To date, no dataset exists to constrain the variability of yields and temperature functions with environmental parameters and community composition. However, the good adjustment of nitrogen species in our study suggests that spatio-temporal variations of yields and temperature functions might have been low or might be well represented by generic and constant parameters. The use of generic parameter values is thus validated which is in adequation with the deterministic approach generally used in river modelling.

As modelling is based on initial assumptions, it is essential to use identical initial assumptions in stand-alone models and fully coupled hydro-ecological models to achieve a good param-eterization of ecosystem models. In our case, we used the same initial assumptions of constant mortality rates, yields and temperature function parameters during the fitting procedure in the batch model (C-rive) and during the 6-year simulation performed with the hydro-ecological model (ProSe-C-rive).

Our approach could be applied to any river system, using an hydro-ecological model which takes into account point sources e.g. WWTP effluents. The minimum required is to consider both natural and WWTP-related communities of ammonia and nitrite oxidizing communities and use our kinetic parameters for each nitrifying community to parameterize the model. The best approach is to (1) sample the river water upstream of the main WWTP and the WWTP effluent, and (2) apply our methodology to evaluate biomasses and kinetic parameters of the nitrifying communities present in the specific system. Applying our approach, and not only our parameters, is especially necessary in systems receiving effluents from WWTPs with other technologies used for nitrogen removal.

Nitrogen cycling in human impacted river systems: example of the Seine River

The strength of distributed process-based modelling tools is to represent the fate of variables and fluxes linked to the various simulated biogeochemical processes, which are difficult to quantify through direct methods (e.g. in situ ammonia and nitrite oxidation rates, nitrifying biomasses). The ProSe model was used here to assess nitrifier biomasses along a 220 km stretch and to quantify the fluxes linked to the biogeochemical transformations of NH + 4 , NO - 2 , and NO - 3 at a pluri-annual time scale.

Effect of WWTP effluents on in-river nitrifying biomasses

Our results confirm that effluents of advanced WWTP constitute a significant source of nitrifier biomass to river ecosystems (16-76 %, this study). Our approach allows the study of biomass evolution for the two distinct nitrifying communities (river and WWTP) along the river. For the 2007-2012 period, the nitrifying biomass (whatever its origin and specificity) was stable during its transit towards the estuary at high water conditions (Fig. 6a), indicating that nitrifying biomass was mostly transported downstream, without noteworthy net growth. At low water conditions, the biomass of nitrifiers flowing from the WWTP increased (Fig. 6b), as already observed before 2007 when ammonium concentrations promoted nitrifier growth (Servais et al., 1999b;[START_REF] Brion | Une réévaluation de la methode d'incorporation de H 14 CO -3 pour mesurer la nitrification autotrophe et son application pour estimer des biomasses de bactéries nitrifiantes[END_REF][START_REF] Cébron | Nitrification and Nitrifying Bacteria in the Lower Seine River and Estuary (France)[END_REF]. The amplitude of ammonia oxidizer growth downstream the WWTP was however lower than before 2007 due to the lower in-stream ammonia concentrations since the addition of nitrification-denitrification units in SAV WWTP in 2007. These results highlight the feedback of the decrease of ammonia release by WWTPs on nitrifying communities/biomass in river systems.

Our results also show differences in biomass evolution along the river stretch between WWTP and river nitrifiers. While WWTP nitrifier biomass increased at low water conditions, the biomass of river nitrifiers tended to decrease. This is related to the higher affinity of WWTP nitrifiers for nitrite compared to nitrifiers initially present in the river. This indicates that studying nitrifier kinetics in river waters and WWTP effluents, and the survival of the different communities in the system [START_REF] Féray | Competition between two nitrite-oxidizing bacterial populations: a model for studying the impact of wastewater treatment plant discharge on nitrification in sediment[END_REF], is needed to understand the evolution of nitrite in river systems. The evolution of nitrifier biomass along the river depends thus on point sources (i.e. WWTP), ecosystem hydrology (i.e. high or low river discharge), environmental conditions (e.g. ammonia and nitrite concentrations), and nitrifier activity (related to biomass and kinetics).

The explicit representation of nitrifying biomass for autochtonous and WWTP communities allows the simulation of the growth of both communities and their relative impact on river water quality.

Persistence of nitrite in the water column downstream WWTP effluents

The longitudinal profile of nitrite concentrations shows strong spatial variations, especially downstream main singularities (tributaries and effluents, see Fig. 5). The dilution of nitrite by the Oise River (70 km downstream of Paris) significantly reduces NO - 2 concentrations in the system. This shows that accounting for the main tributaries is essential for a good representation of river biogeochemistry. The longitudinal profile also displays that nitrite is mostly produced just downstream the WWTP effluent, before it is slowly consumed by increasing nitrite oxidizers towards the estuary. WWTP-related nitrite oxidizing communities, which are efficient in the presence of riverine nitrite concentrations, take part in this consumption. However, the nitrite brought by the SAV effluent and produced downstream the WWTP is not totally consumed before the entrance of the estuary. NO - 2 concentrations still reach values corresponding to a poor ecological status as defined by the European Water Framework Directive (Fig. 5).

The quantification of daily averaged biogeochemical fluxes (for the whole 2007-2012 period) in the water column, in the unconsolidated sediments, and at the sediment-water interface enables us to explain the longitudinal evolution of in-river concentrations up-and downstream the SAV WWTP, for low and higher river discharge conditions (Fig. 7). The persistence of nitrite downstream the WWTP is mostly explained by the net production of nitrite in the water column which is 80 % higher downstream than upstream the WWTP during low river discharge, and more than 7 times higher during high river discharge. This high net production downstream the WWTP is notably due to the high NH + 4 levels in the water column. Nitrite consumption rates are also higher downstream the WWTP, so that nitrification processes are closer to equilibrium (same NH + 4 and NO - 2 oxidation rates) than upstream SAV WWTP. The ratio of NO - 2 oxidation rate per NH + 4 oxidation rate is in fact much lower downstream SAV WWTP (1.2 and 2.8 for low and high river discharge, respectively) than upstream SAV WWTP (over 17 for both low and high discharge conditions). This is due to the fact that WWTP nitrifiers were more abundant and efficient for nitrite oxidation (i.e. low K N O - 2 ) compared to the autochtonous ones. These results highlight the importance of nitrifiers released by WWTP effluents in nitrite production and consumption in the water column downstream WWTPs.

Importance of benthic processes in nitrogen cycling and nitrite export to estuaries

Nitrogen cycling is directly controlled by biotic processes (mineralization, denitrification, nitrification, and uptake by phytoplankton), and indirectly by hydro-sedimentary processes. Accumulation of particles (notably organic matter, heterotrophic and nitrifying micro-organisms) on the river bed, and their re-suspension, determine the intensity of benthic processes and of exchanges at the sediment-water interface. Hydro-sedimentary processes were calibrated and validated by [START_REF] Vilmin | Pluri-annual sediment budget in a navigated river sytem: the Seine River (France)[END_REF], which allows an estimation of sediment accumulation in the river bed and of the intensity of benthic biogeochemical processes and sediment-water exchanges.

Inorganic nitrogen in the water column is largely dominated by NO - 3 (88-97 %) (Fig. 7).

Nitrate concentrations are mainly driven by the fluxes flowing from the upper agricultural drainage basin to the river system [START_REF] Garnier | Nitrogen Behaviour and Nitrous Oxide Emission in the Tidal Seine River Estuary (France) as Influenced by Human Activities in the Upstream Watershed[END_REF][START_REF] Polus | Geostatistics for assessing the efficiency of distributed physically-based water quality model. Application to nitrates in the Seine River[END_REF] and, to a lesser extent, by anthropogenic effluents. Given the large amount of NO - 3 in the water column, the fluxes linked to in-river biogeochemical processes have very little effect on the NO - 3 fluxes exported at the estuary. In fact, these in-river processes (in the water column and in the sediment layer) contribute to less than 1 % of the increase of NO - 3 fluxes between the Paris urban area and the estuary.

NH + 4 concentrations are not only affected by nitrification processes, but also by the mineralization of organic matter and uptake by phytoplankton. At high discharge conditions, NH + 4 is produced in the river system both up-and downstream the SAV WWTP (Fig. 7). At low discharge conditions downstream SAV, the river system constitutes a significant sink of ammonium, and therefore contributes to the Seine River self-purification. 7.5 tons of N of NH + 4 are consumed per day, while 2.0 tons are produced by mineralization of organic matter, along this 142 km stretch. 25 % of this total consumption (7.5 tons of N) is due to NH + 4 consumption in the benthic layer.

The Seine River usually constitutes a source of nitrite, with a higher nitrite production than consumption (Fig. 7). Part of this nitrite is produced in river bed sediments (0.025-0.244 TN d -1 ) and transferred to the water column by diffusion [START_REF] Morris | Nitrite and ammonia in the Tamar estuary[END_REF][START_REF] Kelso | Dissimilatory nitrate reduction in anaerobic sediments leading to river nitrite accumulation[END_REF], except downstream the WWTP at low river discharge conditions (-0.01 TN d -1 ), when more NO - 2 is consumed than produced in the benthic layer. At low river discharge conditions upstream the WWTP, a large part of the NO - 2 produced in the water column (up to 30%, this study) originates from the benthic nitrifying activity. The impact of benthic sediments is also significant during high discharge conditions, when one fifth of the NO - 2 produced in the water column originates from the unconsolidated sediment layer. Even though the contact time between the water and the sediment layer is smaller in high discharge conditions, the sediment layer has a significant effect on nitrite fluxes. This is explained by the imbalance between nitrite production and consumption in the sediment layer during high discharge conditons. As a result of point sources and in-stream biogeochemical processes, the river is a source of nitrite to the estuary (means of 4.1 and 5.6 TN d -1 in low and high river discharge, respectively).

Our results point out the importance of taking biological activity in benthic sediments into account. In fact, a large proportion of in-river nitrification takes place in this sediment layer; the produced nitrite is then transferred to the water column by diffusion and transport (erosion, bioturbation/bioirrigation). Even if sediments are known to have less impact on nitrogen cycling i.e. nitrate dynamics in large river systems with low surface-to-volume ratios [START_REF] Pinay | Basic principles and ecological consequences of changing water regimes on nitrogen cycling in fluvial systems[END_REF], their effect on nitrite export at estuaries is definitely significant. Considering the importance of benthic sediments in nitrite dynamics (this study), the role of benthic anaerobic nitrate reduction (denitrification, DNRA), and their coupling with nitrification, in riverine nitrite dynamics must be evaluated through an approach similar to the one developped for nitrifiers in this study.

Assessment and management of nitrite in rivers

Accounting for distinct biomasses and kinetic parameters of nitrifying communities in the river and in point source effluents (i.e. WWTP) allowed a proper modelling of concentrations and dynamics of nitrite in the Seine River. The quantification of biomass and kinetic parameters of ammonia and nitrite oxidizers is thus essential to parameterize nitrifying communities in hydro-ecological models in anthropized rivers. Once the model provides reliable results compared to monitoring data, it can be used to complete our understanding of the ecological functioning of the system or to support monitoring and management strategies [START_REF] Poulin | La Seine en son bassin. Fonctionnement écologique d'un système fluvial anthropisé[END_REF][START_REF] Rode | New challenges in integrated water quality modelling[END_REF]Bende-Michl et al., 2011).

Compared to local sampling, models allow the simulation of the water quality of river systems at extremely small spatio-temporal resolution, over a large spatio-temporal extent and for a large number of variables and fluxes. One model output is the annual 90 % quantile of NH + 4 , NO - 2 , and NO - 3 concentrations which is, according to the European Water Framework Directive, the statistical criterion used to assess the water quality status accounting for transient nutrient concentration peaks. The model allows to access the high spatial variability of water quality criteria, which is not always captured by local sampling [START_REF] Polus | Spatial and temporal caracterization of "river water bodies[END_REF].

As monitoring is an expensive task in water quality assessment, sampling strategies need to be optimized [START_REF] Nadeo | River water quality assessment: Implementation of non-parametric tests for sampling frequency optimization[END_REF]. Model outputs are efficient to determine the minimum sampling time step necessary to estimate water quality levels. Our results suggest that monthly sampling is enough for the assessment of nitrate dynamics, and the assessment of the water quality level regarding nitrate concentrations. The variability of nitrate is mostly explained by diffusive fluxes due to agricultural practices. On the contrary, monthly sampling is not sufficient to capture ammonia and nitrite concentration peaks, and leads to the over-or underestimation of the annual 90 % ammonia and nitrite concentration quantiles compared to averaged highfrequency model outputs. Weekly sampling at least is required to calculate accurate quality criteria accounting for the high variability of ammonia (along the whole river) and nitrite (after WWTP effluent). The optimal sampling frequency depends on sampling location (hydromorphological characteristics, presence of anthropogenic loads), and indicator variability in the receiving environment [START_REF] Lázslo | Implementation of the EU Water Framework Directive in monitoring of small water bodies in Hungary, I. Establishment of surveillance monitoring system for physical and chemical characteristics for small mountain watercourses[END_REF]. Hydro-ecological models validated at fine spatiotemporal scales, as the ProSe model, can be usefully coupled with monitoring surveys in order to avoid expensive high frequency sampling and improve the assessment of water quality levels regarding highly variable substances as NH + 4 and NO - 2 . As river ecosystems are submitted to variable natural and most often anthropogenic forcings, adaptability of monitoring frequency is required if changes in nutrient variability are generated by modified loads.

The validated model can also be employed to assess the impact of future management strategies or the implementation of new waste water treatment technologies (Even et al., 2007a;[START_REF] Kannel | Application of automated QUAL2Kw for water quality modeling and management in the Bagmati River, Nepal[END_REF][START_REF] Richter | The Water Framework Directive as an approach for Integrated Water Resources Management: results from the experiences in Germany on implementation, and future perspectives[END_REF]. For instance, we evaluated the effect of the implementation of micro-filtration, chlorine or ultraviolet radiation at the outlet of nitrification/denitrification units, i.e. suppression of microorganisms, on nitrite dynamics in the river. The results show that the implementation of such a filtration system in the WWTP would lead to an increase of nitrite concentrations downstream the WWTP towards the estuary. This result underlines the importance of maintaining in the effluent ammonia and nitrite oxidizer communities, which increases the nitrifying activity and eliminates part of the ammonium and nitrite discharged and produced in the river system. The method proposed in this paper can be applied to investigate the effect of diverse human perturbations on nitrogen cycling in any river system.

Conclusions

A cost efficient method is proposed here to study the nitrogen cycling (including nitrite dynamics) in anthropogenic rivers subject to nitrite contamination. Accounting for distinct communities of ammonia oxidizers and nitrite oxidizers in river water and WWTP effluents in the river, and quantifying their biomasses and kinetics, leads to an accurate simulation of nitrite concentrations downstream WWTP effluents and allows the assessment of each community distribution along the river. The representation of benthic processes is essential for an correct simulation of nitrite dynamics and fluxes in large urbanized rivers. In the case of the Seine River downstream the Paris urban area, benthic nitrite production constitutes for example one fifth of the total nitrite flux exported to the estuary at high flow conditions. Our results point out how essential the coupling of monitoring and modelling tools is to improve our understanding of in-river biogeochemical cycles, to improve the assessment of the quality of aquatic systems, and to decrease water quality management costs. Besides the additional information that models can provide to in situ measurements on ecosystem functioning, models can be used to forecast the impact of possible future management strategies.
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Environmental microbial communities 0.02-0.1 0.18-8 0.00004-0.06 [START_REF] Knowles | Determination of Kinetic Constants for Nitrifying Bacteria in Mixed Culture, with the Aid of an Electronic Computer[END_REF] 

  Nitrate concentrations are affected by phytoplankton uptake and by denitrification. In the model, nitrite is considered as the intermediate variable in the nitrification process, whereas incomplete denitrification is not considered in the present study. Simulated time series of NH + 4 , NO - 2 and NO - 3 concentrations were validated at four weekly monitoring stations (from upstream to downstream: Asnières, Sartrouville, Poissy, Poses) managed by the public sewage company of Paris (Syndicat Interdépartemental pour l'Assainissement de l'Agglomération Parisienne, SIAAP). Note that the biggest WWTP (SAV) is located between Sartrouville and Poissy. The longitudinal profiles of the simulated concentration quantiles (10%, 50% and 90%) were compared to weekly observations at ten stations managed by the SIAAP and eight stations of the national river monthly monitoring network (Réseau de Contrôle et de Surveillance, referred to as RCS) along the studied stretch. The longitudinal profiles of the biomasses of ammonia and nitrite oxidizers from the Seine River and the SAV effluent were
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  concentrations was sometimes observed at Poses, due to less well constrained river morphology upstream this station, which involves uncertainties in the location of benthic river sediments.[START_REF] Vilmin | Pluri-annual sediment budget in a navigated river sytem: the Seine River (France)[END_REF] validated sediment transport downstream the WWTP, but not so far in the downstream area of the river system, due to the lack of geomorphological data. Uncertainties in the location of benthic river sediments may induce uncertainty in nitrification rates within fluid sediments at this station. However, all the stations upstream this location show good adjustments (similar to those observed at Poissy). Simulated NH + 4 and NO - 3 were also validated along the 220 km stretch (see Appendix Figs. A.1 and A.2).

  and NO - 3 concentrations calculated by the model were compared to the values measured at a monthly time step at the RCS sampling station located at Meulan (longitudinal abscisse = 100 km, Fig. A.3). The model provided accurate estimates of in-river NH + 4 , NO - 2 , and NO - 3 concentrations of monthly sampled waters. NH + 4 concentrations showed highfrequency variability which was not accounted for by monthly sampling. Low NO - 2 variations were observed upstream the SAV WWTP, but its variability increased downstream. The model reproduced well the observed concentrations at the sampling dates (with correlation coefficients at Meulan of 0.88 and 0.71 for NH + 4 and NO - 2 concentrations, respectively). Nevertheless the monthly measurement captured only few peaks during the study period, which had an effect on the deduced statistical criteria. The 90 % quantiles for NH + 4 and NO - 2 concentrations estimated with the ProSe model (dt = 10 min) were therefore greater than those estimated with the monthly sampling data. Nitrate showed very low short-term variability.
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 1 Figure 1: Study site and sampling stations.
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 23 Figure 2: Procedure to find optimal kinetic parameters (growth rate, half-saturation constant) and initial biomasses of AO and NO.
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 4 Figure 4: 6-year time-series of N O - 2 concentrations at 4 stations from Paris to 200 km downstream. Red lines = simulated concentrations with Seine river and WWTP nitrifier communities, gray lines = simulated with micro-filtration of the WWTP effluent.
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 7 Figure 7: Nitrogen budget in the Seine River, upstream and downstream the SAV WWTP, in low and high water conditions. Stocks are in TN and fluxes are in TN d -1 . Ammonia and nitrite oxidation fluxes are in red. Mineralization (miner.), phytoplankton uptake (uptake), denitrification (denit.) and benthic fluxes (arrows between water and sediment compartments) are in black.
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Table 1 :

 1 Variables and parameters used in C-rive. Fixed values, screened ranges and optimal values of parameters for river and WWTP samples are given.

	Unit	Fixed values or	Optimal values
		screened ranges	
			River WWTP

Table 2 :

 2 Synthesis of kinetic parameters and biomasses of ammonia oxidizers in environmental waters and bacterial cultures.µ max K M [BN ] Y nit Reference [h -1 ] [mgN L -1 ] [mgC L -1 ] [mgC mgN -1 ]

	0001-0.03]	0.0075	0.027

Table 3 :

 3 Synthesis of kinetic parameters and biomasses of nitrite oxidizers in environmental waters and bacterial cultures.

Table 4 :

 4 Statistical criteria (RMSE in mgN L -1 ) for 6-year N O - 2 time-series at the four monitoring stations shown in Fig.4. LW = low water conditions, HW = high water conditions.

	0.051-0.064	0.001-0.028	0.01-0.02	Cébron et al. (2005)
				Nitrobacter cultures
	0.04				Schmidt et al. (2003)
	0.058(28 • C)				Gould and Lees (1960)
	0.051-0.064	0.001-0.028	0.014-0.024	Brion and Billen (1998)
	0.045	0.000032	0.042	Wiesmann (1994)
	0.005-0.6	1.2-1.3			Blackburne et al. (2007)
	0.058(32 • C) 22.4			Boon and Laudelout (1962)
	0.04	0.5-19.2			Both et al. (1992)
	0.064	1.6-3.7			Helder and De Vries (1983)
		0.05-3			Jiménez et al. (2011)
		1.54-28			Park and Bae (2009)
		4.9-8.4			Henriksen and Kemp (1988)
				Nitrospira cultures
		0.9-1.1			Blackburne et al. (2007)
	Station	LW	HW 2007-2012
	Asnières	0.019 0.015	0.017
	Sartrouville 0.034 0.012	0.025
	Poissy	0.089 0.035	0.067
	Poses	0.184 0.057	0.141