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a b s t r a c t Numerous studies have shown that riparian wetlands are able to reduce nitrate concentration both by plant uptake and by denitriﬁcation. Although this function of nitrate removal by riparian wetlands is well established, it remains difﬁcult to quantify, especially at the catchment scale. This paper discusses the nitrate budget approach used to estimate nitrate retention in the riparian zones and related streams. The method is applied in sub-catchments of the Seine basin using data sets available at this scale. As a result, retention rates were computed in 174 embedded catchments, each catchment being deﬁned downstream by a well monitored measurement station of riverine nitrate concentration. Catchments receiving more than the equivalent of 20 hab/km2 in point source pollution were excluded. The mean of retention rates computed over these 174 catchments is equal to 35%, a value that is in the range of retention rates previously estimated in the Seine river basin. Interpolations of nitrate ﬂuxes are an important source of retention rate estimate uncertainty. To assess the signiﬁcance level of our results, we changed the input parameters by ±10%. These 10% variations result in an uncertainty range of ±18% of the original rate. The statistical analysis conducted on retention rate conﬁrmed the importance of land cover of the river corridor in the denitriﬁcation process, which is favoured by the presence of water and forest. The spatial distribution of retention rates shows a reduction of the retention variability in the most downstream catchments, which is likely linked to the nesting of the catchments. This calls for the separation of nested catchments into independent zones, which should also increase the signal to noise ratio in the variability of the retention rates estimates. Ó 2009 Elsevier Ltd. All rights reserved.



1. Introduction Riparian wetlands, located at the interface between the catchment and the rivers, can play an important role in the control of water quality by reducing diffuse pollution coming from a watershed (Burt and Pinay, 2005; Hill, 1996). In these buffer environments, nitrate concentrations are signiﬁcantly reduced not only by plant uptake but also by denitriﬁcation (Haycock et al., 1993). The water saturation of the soil pore space causes an oxygen depletion that, combined with organic matter, allows the development of the denitriﬁcation process that converts nitrate into nitrogen gas. This process represents the only permanent removal of nitrogen. In contrast, the nitrogen taken up by plants for their growth is returned to the soil by means of litter mineralization. Although there is a consensus regarding the existence of nitrate retention in riparian zones, nitrate retention amounts are difﬁcult to quantify at all scales from local sites to regional watersheds (Hattermann et al., 2006; Montreuil and Mérot, 2006).



* Corresponding author. E-mail address: ﬂ[email protected] (F. Curie).



Our overall objective is to identify and rank the factors controlling the spatial–temporal variability of riparian retention in the Seine basin. To this end, we need accurate estimates of retention rates that sample the heterogeneity of the basin as best as possible. In this paper, we describe a method to compute nitrate retention rates by means of nitrate budgets in the river corridors of catchments that are deﬁned by a downstream station where riverine nitrate concentration measurements are available. The method of mass balance we use to quantify the nitrogen loss by denitriﬁcation is not new, but the scale of investigation is generally limited to a small watershed or stream section (Hill, 1979, 1983, 1988; Sjodin et al., 1997). These studies require a regular survey of the groundwater and river concentrations and are only conducted over short periods of time on a limited number of sites. As a consequence, they do not allow for complete investigation of the spatial distribution of nitrogen retention or an assessment of the factors that control retention at the scale of a watershed. The method described in this paper is based on the estimation of nitrate ﬂuxes from data available at the scale of the entire Seine watershed. A special emphasis is put on the underlying assumptions and interpolations used in our method because they are an important source of uncertainty in the resulting retention rates.
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Statistical analysis was performed on the resulting retention rates to identify factors that control the spatial variability of denitriﬁcation in riparian zones and related streams. The spatial variability of the retention can be governed by numerous factors. In this paper, we tested the inﬂuence of the position of the catchments within the Seine river basin, the land cover in corridors and the tile drainage of the catchments. We attempted to determine if the main control on denitriﬁcation is the extent of wetlands or rather the length of their interface with the watershed. This would help us determine whether denitriﬁcation develops over very short distances at the interface between wetlands and the contributing watershed or not. 2. Materials and methods 2.1. Study area The study was conducted in the Seine river basin (76,560 km2) in the northern part of France (Fig. 1). It is embedded in the sedimentary basin of Paris, which contains numerous aquifers of various size and structure of which ten are relevant to water resources. The altitude ranges from 0 to 856 m above the sea level but 90% of the basin is below 300 m, leading to gentle slopes in most of the basin. The climate is oceanic with a mean annual effective rainfall varying from 430 mm in the middle of the basin to 990 mm in the Morvan massif. Rainfall is very uniformly distributed during the year, and snow inﬂuence is negligible. The hydrological regime of the Seine river (780 km) and its tributaries is a pluvial oceanic re-



gime, modulated by evapotranspirational seasonal variations. This leads to high ﬂows in winter and low ﬂows in summer that are sustained by base ﬂow from the aquifer system and by the hydraulic management of the main tributaries. Land use is dominated by agriculture, with arable land, grassland and woodland covering 51%, 18% and 25%, respectively, of the watershed (Corine Land Cover; IFEN, 1994). The Seine watershed gathers about 15 million inhabitants, but the population density is very heterogeneous. Most urban areas are concentrated along the main tributaries and the estuary, and the Parisian region (2500 km2) concentrates 10 million inhabitants. To protect Paris and the Parisian region from disastrous ﬂoods like those experienced in 1910 or 1955 and to sustain low ﬂows in summer, three reservoirs have been constructed upstream from Paris on the Aube, the Marne and the Seine rivers since the 1960s. These reservoirs signiﬁcantly contribute to the regulation of the river stage (Bendjoudi et al., 2002), together with the numerous locks in the navigable part of the Seine and its tributaries. Despite human inﬂuence, the Seine river basin still includes numerous riparian wetlands. A recent study, based on the computation of a topographic index taking into account the local slope and the upslope drainage area, estimated that potential wetlands cover 11% of the Seine basin (Curie et al., 2007). River corridors (depicted in grey in Fig. 1), characterized by Gaillard et al. (2001) as the recent alluvial deposits from 1:50,000 geological maps (Bureau de Recherche Géologique et Minière) and 1:25,000 topographic maps (Institut Géographique National), cover 8% of the watershed (Curie et al., 2007). In a complementary study, local surveys and re-



Fig. 1. Nitrate retention rates computed in the Seine river basin by means of nitrate budget in the 174 selected nested catchments. The map also displays the river corridors (in dark grey), the excluded zones (in light grey), the headwater catchments, that are delineated in black, and the stream gauging stations (stars) used in this study.
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mote sensing data were used in the mask deﬁned by the intersection of the above-river corridors and potential wetlands. This study characterized effective wetlands based on vegetation criteria, and suggested that they cover approximately 6% of the Seine basin (AESN, 2006). 2.2. Quantiﬁcation of nitrate retention by means of nitrate budgets In this study, nitrate retention was characterized based on the nitrate budgets of the river corridors, for catchments having measurements of both river ﬂow and nitrate concentration at the outlet. The retention by the river corridors is given by the difference between the nitrate ﬂux exported by the river at the outlet of the catchment (FOUT) and the nitrate ﬂux incoming from the watershed to the riparian zones (FIN). The latter is mainly related to agricultural practices and land use. This retention is normalized by the incoming ﬂux FIN to give the retention rate R: R = 1  (FOUT/FIN). These rates R deﬁne the retention that occurs between the upstream limit of the riparian zones and the most downstream point of the embedded river, so that they integrate both riparian and instream retention. The riparian contribution dominates nitrate retention, at least in the upstream catchments (Seitzinger et al., 2002) and we will refer to them as ‘‘riparian” retention rates for simplicity. In these budgets, we choose to neglect the local sources of nitrate from the riparian zones such as may result in some rare cases from the mineralization of fossil organic matter as peat. We performed these nitrate budgets over a 10-year period, 1991–2000, which is long enough to assume that the long term balance between nitrate uptake by plants at springtime and nitrate input from litter decomposition in autumn is realized. Domestic point sources are not explicitly taken into account in these rates, but the catchments that receive more than an equivalent from 20 inhabitants/km2 are excluded so as to not underestimate the retention rate in these zones. On the basis of a speciﬁc loading of 10 gN/ inhabitants/day, which is close to physiological excretion rates



Table 1 Values of nitrate concentrations assigned to the main types of land use in the Seine watershed according to the Corine Land Cover database (IFEN, 1994). Land use



Fraction of the Seine watershed (%)



Nitrate concentration (mg NO 3 =l)



Crops Forest Grassland Urban areas



51 25 18 5



84 2 13 70



(Billen et al., 1999), and of a mean speciﬁc ﬂow rate of 7.4 l/km2/ s as deduced from the mean discharge at Poses (480 m3/s), domestic point sources in the remaining zones are less than 6% of the mean river nitrate concentration in the Seine watershed (23 mg NO 3 =l). Thus, only the permanent losses of nitrate by denitriﬁcation in the riparian zones or the related streams are taken into account in these budgets. The resulting denitriﬁcation rates R vary from 1 when the retention is total to 0 when there is no retention. The rates can even be negative if river corridors export nitrate. Negative rates can also mean that the ‘‘corridor” zones receive extra nitrate input in addition to the diffuse sources transported by runoff from the upstream catchment as mentioned above in the case of domestic point sources. 2.3. Nitrate ﬂux exported by the river FOUT is calculated as the product of discharge-weighted mean concentration and mean discharge:



PNs CiQ i F OUT ¼ K Pi¼1 Qr Ns i¼1 Q i



ð1Þ



where K is a conversion factor to take into account the period of record, Ci and Qi are the instantaneous values of river nitrate concentration and discharge at the day of sampling, Ns is the number of samples and Q r is the mean discharge for the period of record, evaluated from daily discharge data. This method (M18) is one of the 22 procedures tested by (Phillips et al., 1999) for estimating the suspended sediment loads in rivers. It was also tested for other riverine ﬂuxes of pollutants and was shown to yield satisfactory results when estimating nitrate ﬂuxes in the Seine river basin (Moatar and Meybeck, 2007). These authors show that bias and imprecision can be predicted from a single indicator, the percentage of riverine long-term ﬂux transported during 2% of a time period (M2). On an annual basis, this indicator, M2, is the percent of the annual ﬂux that is transported in 7 days. A monograph allows us to link imprecisions (degree of dispersion) and biases (systematic error) to M2 for a given sampling frequency. For nitrate, using method M18 and a monthly survey the bias on annual ﬂuxes is shown to be negligible and the imprecision is shown to be small (±5%). In the present study, nitrate concentrations in rivers (Ci) are given by measurements at the RNB (Réseau National de Bassins) stations. At these stations, numerous others parameters are monitored such as water temperature or dissolved oxygen concentration. This network was set up in 1971 but has only stabilised since 1997. The Seine river basin contains more than 1600 RNB sta-



Table 2 Mean annual nitrate concentration of water below the root zone for forest, crops and grassland in the Seine river basin (modiﬁed from Billen and Garnier, 2000). The regions are located in Fig. 2. Land use



Region



Method



Nitrate concentration measured mg NO 3 =l



Authors



Crops



Brie Beauce Champagne Picardie Beauce Lorraine Brie Brie



Drain Lysimeter Lysimeter Analyses in soil proﬁl Drain Porous candles Drain Drain



115.1–132.9 23.5–101.9 47–162.1 48.7 51.8 32–126 47.4 141.7



Billy et al. (2009) Boniface et al. (1996) Ballif et al. (1996) Beaudoin et al. (2005) Mariotti (1982) Benoit et al. (1995) Belamie (1980) Muxart (1997)



Forest



Brie Lorraine



Drain Porous candles



3.5 2



Billy et al. (2009) Benoit et al. (1995)



Grassland



Champagne Lorraine Lorraine



Lysimeter Porous candles Porous candles



4.4 25.7 19–31



Ballif et al. (1996) Gaury (1992) Benoit et al. (1995)
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tions that are well distributed in the basin but whose sampling frequency varies between 0 and 24 measures per year depending on the year and the station. Retention rates were computed in the catchments with at least six measurements of river nitrate concentration per year in the 10-year period of 1991–2000. To estimate Q r in Eq. (1), we used river ﬂow measurements gathered in the Banque Hydro that includes about 230 stations in the Seine river basin. The river ﬂows are recorded on a daily basis in this database. The stations of this network almost never coincide with the RNB stations, and they are much less numerous (Fig. 1). We reconstructed river ﬂows at each RNB station by interpolating the stream ﬂows of the nearest Banque HYDRO stations with respect to the watersheds area. 2.4. Nitrate ﬂux incoming from the watershed We assumed that the nitrate ﬂux FIN incoming to the riparian zones comes along with two distinct water ﬂuxes: the groundwater ﬂow QG and a surface ﬂow QS. The surface ﬂow integrates the overland ﬂow that occurs when the rate of rainfall exceeds inﬁltration rate, and the interﬂow that corresponds to lateral movement of water in the vadose zone. The sum of the surface and groundwater ﬂuxes deﬁnes the river ﬂow at the outlet of the catchment, and FIN = CG  QG + CS  QS, where CG and CS are the nitrate concentrations related to the groundwater and surface ﬂow, respectively. They are both assumed to be constant over time in each catchment because there is a lack of sufﬁcient data to document their seasonal variations. The groundwater and surface ﬂows (QS and QB) were deduced from the partitioning of the total ﬂow, given by the reconstituted stream ﬂow at the outlet of the catchment (Qr). To this end, we



used an empirical formula describing base ﬂow QB at a 10-day resolution as a function of geology and characteristic ﬂows (Bacq and Billen, 2003; Curie, 2006): QB = QMIN + (QMOY  QMIN)  f, where QMIN is the 10-day minimum of QOUT during the year, QMOY is the mean of QOUT over the current and previous two 10-day periods. The factor f is empirical and increases with the permeability of bedrock. It equals 0.2 for shales and marls, 0.4 for sandstones and limestones except for the Cretaceous chalk where f is assigned a value of 0.6. This simple method gives results that are qualitatively satisfactory, as the most severe low ﬂows are completely sustained by base ﬂow and the contribution of base ﬂow to total ﬂow decreases when the latter increases. On average over the working catchments, the contribution of base ﬂow to total ﬂow drops to 53% during high ﬂows, reaches 75% in summer and equals 58% on average over the 1991–2000 decade. This is in reasonable agreement with comparable estimates using sophisticated hydrogeological models. For instance, Rousset et al. (2004) show that the underground contributions to river discharge at Poses are about 40% on interannual average, reach 80% in summer and are about 25% in winter. In each catchment, the nitrate concentration related to surface ﬂow (QS) was estimated from land use. Following Billen and Garnier (2000) and Billen et al. (2007), we assigned a value of nitrate concentration to the main types of land use (Table 1). For crops, forest and grassland, we took a mid-range value from mean annual nitrate concentration in water collected below the root zone by use of lysimeters, porous candles or agricultural drains (Table 2 and Fig. 2). The nitrate concentrations in surface runoff from urban areas, corresponding to rainfall runoff that is not collected in wastewater treatment plants, exhibit a much wider variability. Somehow arbitrarily, we chose a mean concentration of 70 mg



Fig. 2. Estimated nitrate concentration of the sub-surface runoff (mg NO 3 =l) from the land use of Corine Land cover 1990 (IFEN, 1994).
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NO 3 =l for this type of water. Since urban area represents only 5% of the Seine watershed, mostly near Paris, the strong uncertainty on this value will have a very limited inﬂuence on the ﬁnal nitrate budgets. The required land use data were obtained from the map Corine Land Cover version 1990 (IFEN, 1994), which resulted from a visual analysis of Landsat and Spot satellite images from 1987 to 1994. The surface concentration was computed for each catchment as the weighted mean of these nitrate concentrations in proportion to the area covered by the various land uses. These values of nitrate concentrations cannot be used at a lower time step that those of a year because they are deduced from mean annual concentrations. Groundwater nitrate concentrations are measured in France during sampling surveys and recorded in the RNDE (Réseau National des Données sur l’Eau) database. The number of measurements for each sampling point is highly variable and is summarized in the database by the mean, maximum and minimum values, and the months of the maximum and the minimum values. In this study, we used the mean concentrations from the 1997–1998 survey but these means may correspond to only one sampling. Moreover, the area located in the northern part of the Seine river basin (Oise watershed) shows a complete lack of sampling points so we excluded this area from our analyses. The 398 mean values of groundwater nitrate concentrations were spatially interpolated to 100 m resolution using the Inverse Distance Weighted method (Fig. 3). Then, the groundwater concentration was obtained for each catchment as the spatial mean of the interpolated values. Note that the nitrate concentration related to subsurface runoff is higher than the groundwater nitrate concentration, so that FIN is larger in winter than in summer.



5



3. Results and discussion 3.1. Retention rates The corridors’ denitriﬁcation rates were computed in 174 catchments (Fig. 1), covering 56,870 km2, which comprises 74% of the Seine river basin. The resulting values range from 79% to 8% (Fig. 4). Such negative values can either be related to errors in the input data, or reveal that the river corridors in the catchment are a source of nitrate. Only three among the 174 selected catchments exhibit negative retention rates and all negative values are small, which supports that the above two sources of uncertainties are small with respect to the mean retention rate. The latter is 35%, which indicates that, in the Seine river basin, denitriﬁcation reduces the nitrate ﬂux that ﬂows though the riparian zones and related streams by as much as a third. This mean value is comparable to the ones estimated by a similar nitrate budget approach by Billen and Garnier (2000) for the years 1990 and 1995 in sub-catchments of Seine basin with rates ranging from 28% (for the Eure basin) to 55% (in the upsteam part of Seine basin). Our study also agrees with riparian denitriﬁcation rates that are measured to be as large as 50% using isotopic methods in some upstream catchments of the Seine river (Sebilo et al., 2003). The variability of these denitriﬁcation rates is spatially organised in the Seine watershed (Fig. 4). The variability is very large in the upstream part of the basin, including the minimum and maximum values, which is consistent with the fact that denitriﬁcation rates exhibit a very high spatial variability at small scales (Fustec and Thibert, 1996; Greiner, 1997; Pinay et al., 2000). In contrast, the values estimated at the outlet of the most down-



Fig. 3. Interpolated nitrate groundwater concentration (mg NO 3 =l) from the sampling points of the 1997/1998 RNDE survey.
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stream catchments have retention rates that are much less variable. This organisation of retention rate variability reﬂects the fact that we have considered nested catchments. Among the selected catchments 39% are head water catchments, 16% contain one upstream catchment and 21% contain more than seven upstream



embedded catchments (Fig. 4). As a result of this structure, the downstream catchments correspond to a very large surface where the averaging of the nitrate concentrations related to groundwater and overland ﬂow induces a reduction of the retention rate variability. Fig. 1, however, does not reveal any obvious pattern of



Fig. 4. (a) Box plots of the retention rate for each group of catchments: the bottom and the top of the box correspond, respectively, to the ﬁrst and the third quartile, the mean is represented by the solid line (value given at the right hand side), the median by the dotted line, and the minimum and maximum are represented by a line at the outside of the box connected to the ﬁrst and the third quartile. (b) Occurrence frequency and mean area of the catchments as a function of the number of nested catchments.



Table 3 Results of sensitivity tests performed on the four input variables of nitrate budget: the part of surface ﬂows (QS/QOUT), the surface concentrations (CS), the groundwater concentrations (CG) and the river concentrations (CRIV). Bold fonts are used to highlight the original values and the extrema in each column. CRIV (mg NO 3 =l)



Cb (mg NO 3 =l)



Cs (mg NO 3 =l)



Qs/Qtot (m3/s)



Mean



Std dev



Min



Max



Nb neg



CRIV + 10%



Cb + 10%



Cs + 10%



Qs/Qtot + 10% Qs/Qtot  10% Qs/Qtot + 10% Qs/Qtot  10% Qs/Qtot + 10% Qs/Qtot  10% Qs/Qtot + 10% Qs/Qtot  10%



0.36 0.35 0.30 0.30 0.29 0.27 0.22 0.20



0.17 0.18 0.18 0.19 0.20 0.21 0.21 0.22



0.06 0.10 0.19 0.21 0.15 0.21 0.29 0.34



0.79 0.79 0.77 0.78 0.76 0.76 0.74 0.74



3 3 4 5 17 22 29 39



Cs  10% Cb  10%



Cs + 10% Cs  10%



R ()



CRIV original



Cb original



Cs original



Qs/Qtot original



0.35



0.17



0.08



0.79



3



CRIV  10%



Cb + 10%



Cs + 10%



Qs/Qtot + 10% Qs/Qtot  10% Qs/Qtot + 10% Qs/Qtot  10% Qs/Qtot + 10% Qs/Qtot  10% Qs/Qtot + 10% Qs/Qtot  10%



0.47 0.47 0.42 0.42 0.42 0.40 0.36 0.35



0.14 0.15 0.15 0.16 0.16 0.17 0.17 0.18



0.14 0.10 0.03 0.01 0.06 0.01 0.06 0.10



0.83 0.83 0.81 0.82 0.80 0.80 0.79 0.79



0 0 0 0 0 0 3 3



Cs  10% Cb  10%



Cs + 10% Cs  10%
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the retention rates in the Seine watershed, even among the 39% of upstream catchments (delineated in black on the Fig. 1) where the variability is not attenuated by the nested structure. 3.2. Accuracy analysis Imprecision in the measurement of river nitrate ﬂuxes has been estimated to ±5% (Moatar and Meybeck, 2007), but the errors in the other input parameters remain very difﬁcult to determine. To assess the signiﬁcance level of our results, we changed the fours input variables (QS/QOUT, CS, CG and CRIV) by ±10% (Table 3). The maximum values are weakly affected by the changes contrary to the minimum values, which vary from 34% to 14%. The 10% variations on the four input variables result in variations of the corridor retention rate between 20% and 47% of the incoming nitrate ﬂux FIN, which correspond to an uncertainty range of ±18% on the original rate. In all the cases, the mean of retention rates stays positive with a minimum value of 20%, conﬁrming the existence of signiﬁcant retention. This analysis indicates that the in-stream nitrate concentration is a major uncertainty factor. It can fortunately be estimated with a satisfactory precision (±5% cf. Section 3.3). The concentration related to surface ﬂow (Cs), which is certainly the variable that has the poorest characterisation, has a smaller inﬂuence on the estimated rates (see Table 4).



tershed. Note that it does not add up to the Corine fractions, but that it is a complementary attribute. These wetlands include croplands, grassland, forests, urban areas and water bodies. Conversely, a river corridor element is characterized with a given land cover according to Corine and can either include wetlands or not. The last possible driving factor we considered is the stream density in the contributing catchments that is deﬁned as the total stream length in a catchment divided by the area of this catchment. This analysis stems from local experiments (Clément, 2001; Moneron, 1999;



Table 4 Summary of sensitivity tests for the four input variables of nitrate budget (QS/QOUT, CS, CG and CRIV): mean of retention rates for an increase of 10% (+10%), mean of retention rates for a decrease of 10% (10%), difference between these two cases and related uncertainty with respect to the original rate (0.35). The related uncertainty is deﬁned by: (difference/2)/original rate. Variables



+10% (–)



10% (–)



Difference (–)



Related uncertainty (%)



Qs/Qtot Cs Cb CRIV



0.355 0.37875 0.38625 0.28625



0.345 0.32125 0.31375 0.41375



0.005 0.02875 0.03625 0.06375



1.4 8.2 10.4 18.2



3.3. Identiﬁcation of important driving factors Many characteristics of the riparian zones can explain the variability of denitriﬁcation rates in the riparian zones and related streams. For example, land cover and land use, hydro-meteorology, soil properties, geomorphology or geology can all affect the denitriﬁcation process. Useful tools to identify the main factors that control the spatial variability of the retention rate are statistical analyses, such as principal component analysis (PCA). PCA is particularly useful for application in the case that many possible driving factors that are not independent of one another (Lebart et al., 1995). We cannot perform statistical analysis on the population of nested watersheds because the variables are dependant upon each other. As a result, we restricted our analysis to the 67 upstream catchments in our sample and performed PCA and correlation analysis to quantify the relationships between the retention rates and several factors that are often cited as possible driving factors of denitriﬁcation. The ﬁrst one is land use inside the riparian zones (Montreuil and Mérot, 2006; Ullah and Faulkner, 2006). We used the mask of river corridors, which cover 8% of the Seine river basin (Fig. 1), as a surrogate for riparian zones, and we characterized land use in this mask from the Corine land cover data base (IFEN, 1994). Land cover is speciﬁc in the river corridors (Table 2) where more water bodies, less cropland and more grassland exist than in the entire Seine watershed. This is consistent with a higher fraction of waterlogged soils present in these areas. River corridors also include more urban areas, which reﬂects the concentration of the population along the main rivers. Another possible driving factor is tile drainage (Billen et al., 2007), which short-circuits riparian wetlands and prevents them from being wet. Thus they are less prone to denitriﬁcation and nitrates are prevented from travelling through riparian zones. The density of tile drainage was characterized using the data base of the national agricultural census (Agreste, 2000), which gives a mean density of 7.3% in the entire Seine watershed. In our analysis, we used the density of tile drainage in the 67 contributing catchments. Another driving factor that we examined was the presence of wetlands (Brinson et al., 1995), characterized here by the fraction of effective wetlands (AESN, 2006) inside the catchment. As mentioned in Section 3.1, this fraction is 6% in the entire Seine wa-



Fig. 5. Projection of the denitriﬁcation rate (DENIT) and its possible driving factors (% of forest, grassland, cropland, urban areas and Water bodies in the river corridors; density of stream length and % of wetlands and tile drained areas in the catchments) on the ﬁrst two PCA factorial plans F1 and F2 axes for the 67 upstream catchments.



Table 5 Percentages of the main land cover types described in the Corine Land Cover, in the river corridors and the watersheds of the 67 selected catchments.



Crops Forest Grassland Urban area Waterbodies



Fraction in the river corridors (%)



Fraction in the watershed (%)



37 20 35 5 3



55 30 13 2 0.3
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Table 6 Matrix of Pearson correlation coefﬁcients between the denitriﬁcation rate (DENIT) and its possible driving factors (% of forest, grassland, cropland, urban areas and water bodies in the river corridors; density of stream length and % of wetlands and tile drained areas in the catchments) for the 67 upstream catchments. A statistical signiﬁcance at the level of 5% is indicated in bold.



67 upstream catchments



DENIT Forest Grass Crops Urban Water Length Wetlands Tile



DENIT



Forest



Grass



Crops



Urban



Water



Length



Wetlands



Tile



1 0.391 0.062 0.283 0.106 0.256 0.157 0.156 0.072



1 0.552 0.200 0.020 0.003 0.220 0.042 0.119



1 0.610 0.279 0.007 0.429 0.278 0.396



1 0.070 0.151 0.284 0.336 0.380



1 0.195 0.246 0.242 0.067



1 0.289 0.302 0.148



1 0.494 0.267



1 0.017



1



Pinay et al., 2000) suggesting that denitriﬁcation develops over very short distances at the interface between wetlands and the contributing watershed. Thus, denitriﬁcation rates would not be controlled by the extent of wetlands but rather by the length of their interface with the watershed. In projections onto the factorial plane deﬁned by two factorial axes (such as the main two axes in Fig. 5, which explain 48% of the total variability), the variables are better represented if they are closer to the outer circle and the angle between the projections of the variables on the factorial plane reveals the correlation between these projections. If this angle is close to 0° then the factors are correlated whereas if they are close to 180° then they are anticorrelated. Those factors close to 90° are not correlated. The Pearson matrix (Table 6) gives the correlation coefﬁcients between all the couples of variables. Among the correlation coefﬁcients with the retention rates, only three are statistically signiﬁcant at the level of 5% (Table 5): the fraction of forest (abbreviated as ‘‘Forest” in Table 6), the fraction of crops (‘‘Crops”) and the fraction of water bodies (‘‘Water”) in the river corridors. Riparian forests are shown to enhance denitriﬁcation, which is consistent with the important organic matter production in these ecosystems. In contrast, agriculture can reduce denitriﬁcation rates because it is related to an export of organic matter as well as to tile drainage (‘‘Tile”), especially in riparian zones. The third factor, the fraction of water bodies in river corridors, is correlated to the denitriﬁcation rate and two other factors: the fraction of effective riparian wetlands (‘‘Wetlands”) and the stream density (‘‘Length”). We believe that these three factors are different indicators of potential anoxic conditions, such as permitted by waterlogged soils or benthic sediment, that are necessary for denitriﬁcation to occur. By means of cross-correlation, the retention rate is correlated to both stream density and the fraction of effective riparian wetlands, but the correlation coefﬁcients are not signiﬁcant. They are also almost equal, which calls for a further investigation to determine if denitriﬁcation is rather controlled by the extent of wetlands or by the length of their interface with the watershed. Fig. 5 and Table 6 also show that urban zones (‘‘Urban”) and the related sewage systems limit the potential for denitriﬁcation, as expected. The small inﬂuence of urban areas on the retention rate can be explained by the weak fraction of this type of land use in river corridors (Table 5). The lack of inﬂuence of some factors could also be explained by complex trade-offs. This is probably the case for the fraction of grassland in river corridors (‘‘Grass”), which is negatively correlated to the presence of both crops and forest that have an opposite inﬂuence on the retention rate. The above results concerning the vegetation and the presence of water are consistent with the actual knowledge but they need to be conﬁrmed with a larger sample of watersheds. This could be achieved by the separation of the nested catchments into independent zones to increase the size of our sample.



4. Conclusion and perspectives In this study, the nitrate budget approach was tested to estimate nitrate retention in riparian zones and related streams. The method was applied in nested sub-catchments of the Seine basin using data sets available at this scale, each catchment being deﬁned downstream by a well monitored measurement station of riverine nitrate concentration. Catchments receiving more than the equivalent of 20 hab/km2 in point sources pollution were excluded. This nitrate budget method proved efﬁcient for obtaining denitriﬁcation rates at the scale of sub-catchments in large regional watershed such as the one of the Seine river. The mean of retention rates computed over the 174 embedded catchments selected in this study is equal to 35%. There is retention by riparian zones and related streams in the Seine river basin and this retention is comparable to the ones estimated by other methods. The input parameters, and notably the surface concentrations, present uncertainties that are difﬁcult to estimate. To assess the signiﬁcance level of our results, we changed the four input variables (QS/QOUT, CS, CG and CRIV) by ±10%. These changes induced a ±18% uncertainty on the original retention rate. The statistical analyses between retention rates and possible controlling factors have been conducted only on the upstream catchments that present independent characteristics. These results conﬁrm the importance of water and forest to enhance denitriﬁcation and the negative inﬂuence of crops and urban areas on the denitriﬁcation process. The variability of these denitriﬁcation rates undergoes a marked decrease from headwater catchments to the most downstream ones. This is likely linked to fact that the nitrate budgets were performed on nested catchments. Our results call for the separation of these nested catchments into independent zones. This should enhance the independence of the different denitriﬁcation rates and allow us to conduct a more rigorous statistical analysis on a larger sample including watersheds in the downstream part of the Seine basin. It will also increase the signal to noise ratio in the variability of the retention rates and foster a better identiﬁcation of the external factors that control nitrate retention by means of statistical analyses. Acknowledgments The ﬁrst author is supported by the PIREN-Seine research programme. The authors are grateful to the Agence de l’Eau Seine Normandie for providing the AESN database of riparian wetlands.
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