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s u m m a r y This paper presents a ﬁeld investigation on hydrogeomorphic adjustments of small streams in a 147 km2 periurban catchment, the Yzeron River catchment located in France. The rapid development of periurban areas in the world is now considered as one of the main factor impacting river systems. Urban disturbances are most of the time associated with irreversible alterations of the hydrological regime, the sediment yields, with major ecological impacts and additional socio-economical costs. Nineteen stream reaches have been considered in this study, with drainage areas ranging from 0.2 to 33.9 km2 and total impervious areas ranging from 1% to 52% of the basin surface. A regional analysis was led in order (i) to quantify the hydrogeomorphic adjustments of stream channels in this periurban context, i.e. the ratios between observed values and reference/rural values; and (ii) to identify the main anthropogenic controlling factors of these adjustments. Results show that urban river channels experience a global enlargement, with a mean bankfull discharge ratio of 1.8, bankfull width and depth ratios of 1.3 and a bankfull area ratio of 1.8. This study also outlines the global increase of hydrogeomorphic adjustments with the increase of the fraction of impervious area and the level of disturbance of the ﬂood regime. However, local anthropogenic factors seem to be much more relevant to explain the highest adjustment ratios at several river reaches (enlargement ratio up to 55). The vicinity of a river reach with road sewers and/or the urban areas is identiﬁed to be a very important factor that affects signiﬁcantly the smallest streams (drainage area less than 5 km2). On the contrary, at several reaches no signiﬁcant deepening or widening was observed although roads/urban sewers and urban areas were identiﬁed in their catchment. Several hypotheses are proposed, but additional works with new data (river monitoring) would be needed to propose management and/or restoration guidelines in periurban catchments. Ó 2012 Elsevier B.V. All rights reserved.



1. Introduction Periurban areas are characterized by a rapid urban sprawling – in size, density, spatial distribution – and a signiﬁcant ﬂow of day to day city-workers. These areas are rounding by sparse forest and agriculture with well-developed road networks. They are associated with impervious land cover (e.g., houses, car parks, roads, garden) connected to ditches and artiﬁcial drainage networks with direct connections of storm/polluted sewages into the stream network. The rapid development of periurban areas in the world is now considered as one of the main factor impacting alluvial river ⇑ Corresponding author. Address: Research Unit ‘‘Erosion Torrentielle Neige et Avalanches’’ (ETNA), Irstea, BP 76, 38402 Saint Martin d’Hères, France. Tel.: +33 4 78 23 81 61; fax: +33 04 76 51 38 03. E-mail address: [email protected] (O. Navratil).



systems (Chin, 2006). Urban disturbances are generally associated with irreversible alterations of the hydrological regime, with severe disturbances of the ﬂood and baseﬂow regimes and groundwater recharges. These disturbances have been widely documented in past studies (e.g. Leopold, 1968; Hollis and Luckett, 1976; Gregory, 2002). Urbanization generates rapid water runoff with an increase of ﬂash ﬂood frequency at the river basin outlet, i.e. ﬂoods with high magnitude and short concentration time (Poff et al., 2006). Such modiﬁcations were found much more signiﬁcant for frequent ﬂoods in small basins of some square kilometers (annual, bi-annual; Hollis, 1975). These ﬂoods are generally associated in the literature to the effective discharge, i.e. the river ﬂow which transports the largest part of sediments over long time-period and controls channel form (e.g. Wolman and Miller, 1960). These hydrological disturbances are thus associated to signiﬁcant changes with bed load dynamics and river morphology (e.g. river-bank instability, river channel widening and/or deepening;
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Hammer, 1972; Pizzuto et al., 2000; Nelson and Booth, 2002; Doll et al., 2002), suspended sediment yields (Wolman, 1967; Wasson et al., 1998; Bondarev and Gregory, 2002) and dynamics of associated pollutants originated from many diffuse sources (urban sewages, roads, industrial areas; e.g. Daniels et al., 2002). Finally, all these disturbances contribute to major aquatic ecosystem impairment (e.g., Miltner et al., 2004; Lafont et al., 2006). These negative environmental impacts generate additional economic costs, including ﬂood protection/mitigation, protection of urban infrastructures (e.g., bridges, roads, and water pumping areas), construction of erosion control structures and river preservation/restoration programs. For instance, ﬂood retention structures are generally used to limit water runoff. But watershed management practices also aim at evacuating ﬂash ﬂoods downstream by river cleaning, river calibration/embankments, artiﬁcial meander cut-offs, densiﬁcation of the artiﬁcial water channel network with an increase of the linear of the road drainage pavement and the density of storm water sewers. Most of the time, these practices show non-expected and negative feedbacks in downstream areas (e.g. Neller, 1988): the ﬂood risk can increase; the river bed erosion can menace infrastructures; the disconnection of the river ﬂow from its ﬂoodplain induces a greater vulnerability of the water resource and ecosystems; the self-puriﬁcation capacity of polluted rivers shows less efﬁciency and is associated to an accumulation of ﬁne sediment and pollutant that can lead to gravel bed clogging and euthrophication problems (e.g. Lafont et al., 2006; Schmitt et al., 2011). Only localized compensatory works (hydraulic weirs, river bank enrockment and bioengineering) are thus able to stabilize the river channel morphology, but water resource and habitats remain generally degraded. As already outlined by many studies since the half past century (see the literature reviews by Gregory, 2006 and Chin, 2006), quantifying the potential hydrogeomorphic adjustments of periurban and urban rivers is an essential step to understand and predict the potential environmental, societal and economic impacts in these river catchments. However, the natural hydrogeomorphic variability of rivers does not ease the inter-comparison between rural and urban catchments (e.g., Schmitt et al., 2004). Moreover, identifying the most relevant combination of anthropic factors that would explain hydrogeomorphic adjustments of a river remains challenging since a long time (Wolman, 1967). Indeed, periurban catchments generally experience complex combinations of perturbations that are effective at different spatio-temporal scales: from the river reach scale (e.g. storm sewer impacts) to the catchment scale (e.g. land use change); from the ﬂood event scale (e.g. local bank erosion) to the inter-annual scale (e.g. global deepening or widening of river channels, river bed slope adjustment, new equilibrium state). With the aim to identify and quantify the main urban runoff perturbations on stream channels, we led a multi-site analysis in a periurban river basin, the Yzeron catchment, a small tributary (147 km2) of the Rhône river, France. A regional analysis was led in order (i) to quantify the hydrogeomorphic adjustments of small periurban streams and (ii) to identify the main anthropogenic controlling factors.



2. Materials and methods 2.1. Methodological framework Hydraulic and geomorphic variables, which referred in this study to as the hydrogeomorphic variables (e.g., bankfull conditions, base ﬂow conditions, sediment size, stream power), were measured and calculated at 19 river reaches with drainage area ranging from 0.2 to 33.9 km2, and total impervious area (TIA)



ranging from 1% to 52% of the total basin area (Figs. 1 and 2). As possible, we selected river reaches with a channel morphology that was not directly modiﬁed by engineering works (e.g. weirs, artiﬁcial embankment) in order to focus only on river channel adjustments induced by periurban runoff perturbations. Flow time series monitor at ﬁve gauge stations were used to ﬁt a regional hydrological model. The impervious effect was further included in the model to predict the resulting 2-years return period ﬂood at the 19 ungauged sites. Regional hydrogeomorphic reference models were also built with the less impacted river reaches (also referred as the ‘reference’ or ‘rural’ sites) to identify the natural variability of the hydrogeomorphic patterns of these rivers. The ratio between the observed hydrogeomorphic values at urban sites and the rural/reference values estimated with the regional models was considered as the level of hydrogeomorphic disturbance of the stream reaches (Hammer, 1972; Hollis and Luckett, 1976). These hydrogeomorphic adjustments were ﬁnally interpreted regarding the anthropogenic factors estimated with in situ surveys, GIS data base, and qualitative information collected at each study catchment: e.g. the total imperviousness area, the distance to the nearest storm/road sewers, the number of storm sewers upstream the reach. In this paper, we do not cover temporal issues, as for instance the temporal variation of land use and the dynamics of adjustment of river network. 2.2. Study area The Yzeron River (147 km2; lat.: 04°450 3100 E, lon.: 45°440 3000 N) is a mid-sized tributary of the Rhône River in France, with altitude ranging between 162 and 720 m asl (Fig. 1). The catchment is dominated by the Yzeron River and several tributaries, among which the Charbonnières (60 km2) and the Ratier (25 km2). The climate of the region undergoes continental, oceanic and Mediterranean inﬂuences. Mean annual temperature ﬂuctuates between 6.8 and 15.8 °C and mean annual rainfall in the catchment is 800 mm (Météo France data; Gnouma, 2006). Rainfalls are characterized by important inter-annual and seasonal variations, with maximum in spring and autumn. The hydrological regime is pluvial and is much contrasted, with low ﬂows in summer and ﬂoods in autumn and spring seasons. Inter-annual mean discharge is 0.28 m3 s1 at the vicinity of the basin’s outlet (129 km2, Tafﬁgnon station surveyed by the French Environment Ministry, DREAL; Table 1). Small torrents are located at the upstream area of the basin with hillslope over 10%; a low sinuosity meander pattern is dominating in downstream area with well-marked ﬂoodplain. The geological bedrock is mainly magmatic and metamorphic (granite, gneiss, schist), with Quaternary ﬂuvio-glacial and glacial deposits downstream (i.e. deposits of the Rhône River and Saône River). Sand–silt soil type dominates in the catchment; sand–clay soil type is mainly located in the valley bottom. Agriculture (grassland and cropped areas), forest and urbanization cover respectively 50%, 23% and 27% of the basin area (Gnouma, 2006). A rapid growth of urban cover occurred during the last decades as impervious surfaces covered only 6% of the basin area at the beginning of the 70s’ (Breil et al., 2010). Similarly, the agriculture areas decreased, with a loss of more than 30% of cropped areas and grassland since the 70s’ (Gnouma, 2006), and forest areas increased, particularly in the upstream part of the Yzeron basin (Cottet, 2005). Now, the Yzeron catchment shows a land use gradient; from upstream rural, median part periurban, to downstream highly urbanized. Land use change is not limited to the replacement of rural by urban impervious areas. Cropped areas decrease to the beneﬁt of impervious areas, grassland and forest. This development can also modify the ﬂood regime as well as the sediment supply of the Yzeron basin (Preusser et al., 2011). In this context of periurban growth, both rural and urban inﬂuences are expected to modify the ﬂood regime and sediment
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Fig. 1. The Yzeron River basin, the gauge stations (GS) and the 19 study reaches.
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Fig. 2. Examples of (a) a reference site (Yzechau station [3]; UA = 1.1%; DA = 22 km2) and (b) an impacted site (Ratier station [10]; UA = 7%; DA = 17.4 km2).



Table 1 Main characteristics of the long-term monitoring gauge stations (referred to as GS; Fig. 1). Id.



Station name



River



Drainage area (km2)



2-years ﬂoodpeak (m3 s1)



Reference period



GS1 GS2



Tafﬁgnon Chabrol bridge Old bridge of Barge La Léchère Bridge 314 m asl



Yzeron Yzeron



129 49



35.3 14.0



1997–2010 1997–2010



Chaudanne



2.62



1.63



1997–2010



Chaudanne Mercier



4.1 6.77



2.7 2.69



2005–2008 1997–2006



GS3 GS4 GS5



supply, leading to a more complex detection of hydrogeomorphic adjustments. Road and storm sewages are also important disturbances controlled by periurban growth. The most signiﬁcant road sewers on the Yzeron catchment are located along the D307 Road (Fig. 1). Storm sewages were built at the outlet of artiﬁcial hydraulic networks in the densest urban areas for ﬂood mitigation as they allow a rapid evacuation of the excess runoff water during high magnitude rainfall events. A simultaneous increase on several days in rainfall amount and urbanization areas was observed between the 70s’ and the 90s’ (Radojevic et al., 2010a), favouring more intense ﬂooding from both the rural and urban parts of the Yzeron basin. At its outlet the ratio of the 90s’ to the 70s’ ﬂood peak discharges for return
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periods from 0.3 to 10 years varied respectively from 4 to 1. This indicates that small return period ﬂood peaks (less than 1 year) were widely increased by the urban development when large ﬂood peaks, mainly due to the rural catchment part were not sensitively modiﬁed (Breil et al., 2010). This change in ﬂood-peak magnitude for frequent ﬂoods is conﬁrmed by ﬁeld observations (Radojevic et al., 2010b) and simulations led on other urban basins (Wong and Chen, 1993, 1999). 2.3. Study sites Nineteen river reaches were selected at the Yzeron catchment in order to integrate a large range of size of drainage area and types of land use (Figs. 1 and 2, Table 1). Reach selection included lack of direct major morphological modiﬁcation or hydraulic works, such as for instance bridges, weirs, dykes, enrockment works or artiﬁcial embankments. About the same number of sites was selected in each of the three sub-catchments (Yzeron, Ratier and Charbonnière rivers). Attention was also paid to identify at least one reference site in each of these three sub-catchments. Study reaches were self-formed single-thread channels with alluvial gravel/sand/silt beds and well-deﬁned ﬂoodplains along at least one side of the channel (e.g. Fig. 2). Riparian vegetation of a few reaches is frequently cleared for ﬂood mitigation. Sidebars and middle channel gravel bars covered by annual vegetation were generally found in the main channel. Vegetation patterns in the study reaches were similar: riparian vegetation was generally composed of trees such as poplars (Populus spp.), alders (Alnus glutinosa), ash trees (Fraxinus exclesior), willow trees (Salix spp.), beeches (Fagus silvatica) and shrubs (Rubus spp., Crataegus spp.), while the ﬂoodplains were dominated by short grass, cultivated or urban areas. Drainage area (referred to as DA), total impervious area (TIA), agriculture areas and forest areas (respectively AA and FA) were extracted from the Corine Land Cover database for each river basin of the studied stations (Arcview, ESRI). Local land use (LLU), adjacent to the river station was also deﬁned. Rivular vegetation type (VR) was deﬁned according two classes: grass land and trees/ shrubs. The soil type (ST) was estimated locally for each station with the SIRA database provided by the French Agriculture Ministry. The road network was also used to deﬁne the non-Euclidian distance (i.e. following the river network; referred to as DR) between the river stations and the nearest roads located upstream. Storm sewers were also identiﬁed using the Lyon city council urban database available for the third downstream part of the catchment (Gnouma, 2006). It allowed us to estimate with the GIS the number of storm sewers (NSS) located in each subcatchment. The nonEuclidian distance between the river station and the nearest upstream storm sewer were also deﬁned (DSS) and the distance from the nearest urbanized area (DUA) was estimated with the GIS. 2.4. Hydrological indicators at each study site Five gauge stations with a record length over 10 years (excepted for one) were available on the Yzeron basin (Table 1, Fig. 1). They spaned a range of area from 2.5 to 129 km2. The gauge station GS1 was located nearly the outlet of the Yzeron basin with a drainage area of 129 km2. Corresponding discharge data were both inﬂuenced by the densely urban drainage system located in the downstream part of the basin and the upper rural and periurban hydrologic response corresponding to 80% of the drainage area. Gauge station GS2 was located in the mid part of the Yzeron water course with a drainage area of 49 km2 and a dominant rural land use, but a periurban inﬂuence also existed. Gauge station GS3 monitored waters ﬂowing in the Chaudanne creek that dries about 3 months a year on summer time. The small Chaudanne basin at



the gauge location (2.5 km2) was also an experimental site (OTHU, 2011) dedicated to the modelling of the urban development inﬂuence on the ﬂow regime. For this reason discharge data were also available at the outlet of the ﬁrst combined sewer overﬂow device to quantify the urban runoff that ﬂows directly to the creek during intense rainfall event. The combined sewer system drained 27 ha with an impervious coefﬁcient estimated to 33%. GS4 was located on the Chaudanne at 4.1 km2. Combined sewer discharges that operate during intense rainfall were removed from the total discharge at each station to keep the natural runoff only. The Chaudanne creek jointed the Yzeron stream in its mid course. GS5 took place on the Mercier creek which drains a dominated rural basin of 6.8 km2. GS1 and GS2 discharge time-series were provided by the regional state service in charge of environmental data monitoring (DREAL); all other data came from the OTHU experimental basins and were provided by Irstea (ex.Cemagref) Lyon. The ﬂood modelling method was inspired from the ﬂood-quantiles model developed by Galea and Prudhomme (1997) to address ﬂood quantiles estimation at ungauged sites. The model was ﬁtted using ﬂow time-series coming from 250 rural basins, located in France, spanning a range of areas from 10 to 2000 km2. Three sets of parameters were deﬁned to represent the whole observed ﬂood regimes in France. The selection of the most relevant set of parameters was based on available ﬂow time-series in the region of interest and the basin characteristics proximity with the area of interest (Galea and Prudhomme, 1993). For the purpose of this study the regional quantile-model was ﬁtted using the ﬁve available gauge stations with the hypothesis that it should represent nearly natural ﬂow quantiles. The ‘‘n’’ greatest independent values, meaning here ﬂood-peaks, were extracted from the ﬁve discharge time series using the peaks-overthreshold (POT) method (see for example Stedinger et al., 1992). After ranking in decreasing order they were attributed an experimental return period leading to paired values called quantiles. For each station, quantiles were compared to the three possible regional quantiles models to choose the best set of parameters. Model with the smallest mean deviation for the 2y_ﬂood at the ﬁve stations was retained (Fig. 3a). The deviations for the selected model varied from 2% to 26% with a mean of 12%, which was considered acceptable. To include the urban inﬂuence on the calculated ﬂood-quantiles we used an adapted version of the quantile model that was built to address the fast runoff response of small basins ranging from some hectares to some square kilometers and covered with arable lands like for vineyards or exhibiting steep slopes (Galea and Ramez, 1995). This version was later compared in the frame of technical studies to urban hydrological model predictions used to design sewer networks and storm detention/ retention tanks (Gilard et al., 1997; Breil and Poulard, 2002). Predictions were shown to be very similar between models indicating the capacity of the quantile model to predict urban runoff peak ﬂows and quantity. Moreover the ﬂood-quantiles model revealed to be simpler to implement and calibrate than urban hydrological models (Breil and Poulard, 2002). Finally, to test the possible urban drainage inﬂuence on the hydrology and then on hydrogeomorphic indicators, we used the ﬂood-quantiles model to calculate the 2years return period ﬂood (2y_ﬂood) at the 19 study sites. 2y_ﬂood was calculated using the regional model to predict the rural component and the rapid runoff version of the same model to calculate the impervious contribution to this ﬂood (Table 4; Fig. 3b). The two quantiles were summed making the hypothesis that corresponding ﬂood peaks should be concomitant for small catchments. Reference sites were logically located next to the reference model line when impacted sites could deviate from this line depending on their urban contribution. The Wilcoxon non-parametric test (Fig. 3c) conﬁrmed that deviations for reference and impacted sites did not overlap (p-value = 0.0002).
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Fig. 3. Hydrological analysis. (a) Two-years return period peak ﬂow (2y_ﬂood; m3 s1) estimated with the regional reference model (black plot) and the periurban model (circles). (b) Box-plot of residuals to regional model showing no overlap between distributions.



Table 2 Main characteristics of the study sites for the regional analysis (location at Fig. 1). Reference sites are in bold italic. Id. station



Site



River



Drainage area DA (km2)



Surveyed discharge (l s1)



Number of crosssections



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19



Charmont Merrev Yzechau Chaugrez Yzechaz Merrapau Ribhau Ratsab Befbef Ratpier Poircomb Ratmart Ratpont Chaucorn Verver Prepin Drovau Sanbru Ratgra



Charbonnière Ratier Yzeron Yzeron Yzeron Ratier Ratier Ratier Charbonnière Ratier Charbonnière Ratier Ratier Yzeron Charbonnière Charbonnière Yzeron Charbonnière Ratier



27.3 7.8 22.0 2.2 33.9 8.8 8.8 20.7 2.0 17.4 7.2 3.4 19.7 3.8 1.3 1.1 6.2 0.2 4.0



10 1.14–107 33 0.14 24 1–124 5 1.5 4.4 3.2–196 0.6–106 1 0.9–316 0.1 3.5–16 0.2 28 0.2 0.1



12 20 14 21 15 19 19 10 20 17 17 20 15 20 15 14 15 12 13



ﬂow width (WLF), mean bankfull water depth (DBF) and mean baseﬂow depth (DLF), mean bankfull section (ABF), width/depth ratio (W/D) at bankfull. Base ﬂow indictors (WLF, DLF) were estimated with the hydraulic data collected during the summer baseﬂow period in 2005. Bankull discharge (QBF) was calculated with the formulation proposed by Rickenmann and Recking (2011):



 1=6 VBF RBF pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ 6:5  D84 g  RBF  S



with RBF=D84 > 1:4



VBF and RBF are the mean ﬂow velocity and the hydraulic radius at bankfull discharge. All variables were in the range of applicability of this model. The bankfull shear stress (TBF) vs. critical (TCR) shear stress ratio was inspired from the relative bed stability index introduced by Olsen et al. (1997).



TCR ¼ hcr 











qs  g  D50 q



ð2Þ



with hcr, the shields parameter (hcr = 0.04 for gravel bed rivers); qs and q, respectively the sediment and water density (with qs = 2.62 kg L1), and:



TBF ¼ q  g  DBF  S 2.5. Hydrogeomorphic indicators Topographic, water level and discharge measurements were conducted at the 19 river reaches during two ﬁeld campaigns, in July and August 2005. On average, 16 cross-sections (Table 2) were surveyed at each river reach in order to describe the main morphological features. Reach lengths varied from 10 up to 21 bankfull widths in order to include at least three pool–rifﬂe sequences (Navratil et al., 2006, 2010). At this scale, there were no tributaries, and no backwater effect. Each cross-section was described by about ten points to detect the main morphological breaks in the channel and the ﬂoodplain. The bankfull elevation was deﬁned as the bank inﬂection (Fig. 2) which corresponds to the main change in bank slope, i.e. the end of the abrupt part of the bank (Navratil et al., 2006). It indicates the lower limit of the transition zone between the river channel and its ﬂoodplain. We also surveyed the water surface proﬁle at different ﬂow discharges; discharge measurements were led with salt-NaCl dilution method (Table 2). Median sediment size (D50) was measured on rifﬂes using Wolman’s (1954) pebble count technique. Average channel slope (S) and average bankfull hydraulic geometry were calculated from topographic surveys (Navratil and Albert, 2010): mean bankfull channel width (WBF) and mean base-



ð1Þ



ð3Þ



Speciﬁc stream power (w) can be expressed as:



w¼



q  g  QBF  S



ð4Þ



LBF



The mean pool depth (PD) was calculated using the methods proposed by Carling and Orr (2000) based on the longitudinal proﬁle of the bottom of the bed. 2.6. Statistical analysis Regional reference models (e.g., Hollis and Luckett, 1976; Gob et al., 2010) were built with the 11 log-transformed hydrogeomorphic variables as a function of the logarithm of the basin area: QBF, WBF, DBF, ABF, W/D, PD, WLF, DLF, TBF/TCR, D50 and w. To build these reference models, we only used the data of the ‘low-impacted’ or ‘near rural’ stations. They were deﬁned by (1) a TIA equal or less than 5% and (2) no storm sewer, road sewer or urbanized areas located at their vicinity. The TIA threshold was chosen according to literature studies (e.g. Hollis and Luckett, 1976; Morisawa and Laﬂure, 1979). The residuals between the observed values and the predicted values by the reference models can be expressed as:



R LogðX i Þ ¼ LogðX i



obs Þ



 LogðX i



model Þ



ð5Þ
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Xi_obs and Xi_model correspond respectively to the observed and reference values. The adjustment ratio, i.e. the ratio between the observed and the expected channel form in absence of urbanization (Hammer, 1972) can be expressed as 10R LogðX i Þ. The eight natural factors and human disturbance indicators estimated at local and catchment scales were used to analyze the river channel adjustments. Statistical analyzes were led in the R environment. A Factorial Analysis for Mixed Data (FAMD; Escouﬁer, 1979; Pagès, 2004) developed in the R environment by Lê et al. (2008) through the FactomineR package, was used. It is indeed an analysis easy to perform that enables to extend the ﬁeld of a Multiple Factor Analysis to mixed sets of variables (Pagès, 2004).



3. Results Hydrogeomorphic indicators at each study reach were estimated (Table 3). Table 4 provides the physiographic characteristics, land use data and hydrological descriptors for each site and study catchment. Reference models built with the less urbanized catchments (n = 6) are shown at Table 4 (sites [2], [3], [5], [6], [11], [12]). Only six hydrogeomorphic variables – Log(QBF), Log(WBF), Log(DBF), Log(WLF), Log(DLF), Log(ABF) – exhibit significant linear relations with the logarithm of the drainage area (Fig. 4, Table 5; p-value < 0.05). Residuals were estimated for each of the six previous variables (Fig. 5). Their variability cannot be explained by other natural factors, i.e. geology, soil type, rivular vegetation, and land use adjacent to the river reach (sites signiﬁcantly different at p-value >0.05 with a Mann–Whitney rank sum test). We also veriﬁed that the residual variability was not statistically different between the sub-catchments considered, i.e. the Charbonnière River, the Ratier River and the Yzeron River. Mann–Whitney rank sum test shows p-value P0.05 for every geomorphic variables, except for WLF (p-value = 0.03). Only for ﬁve variables, residuals for urban sites are on mean higher than residuals for the reference/rural sites (p-value 0.05. Variables Bankfull discharge Bankfull width Bankfull depth Bankfull area Width-to-depth ratio Pool depth Baseﬂow width Baseﬂow depth Bankfull vs. critical shear stress Median sediment diameter Unit stream power



QBF WBF DBF ABF W/D PD WLF DLF TBF/TCR D50 w



Coefﬁcient



Intercept



R2



p-value



1.157 0.664 0.448 1.112 0.216 0.532 0.687 0.746 0.213 0.422 0.239



0.434 0.064 0.715 0.778 0.651 1.021 0.550 1.980 0.672 1.038 1.886



0.94 0.95 0.83 0.94 0.49 0.24 0.97 0.69 0.07 0.47 0.13



0.002 0.001 0.012 0.001 0.139 0.327 0.000 0.041 0.564 0.135 0.489
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Fig. 5. Residuals distributions for the reference and impacted sites. (⁄) indicates a signiﬁcant difference between these two groups at a p-value P < 0.05 with the nonparametric Wilcoxon–Mann–Whitney test.



Table 6 Adjustment ratios. Reference/rural sites are in bold italic. Station Id.



QBF ratio



WBF ratio



DBF ratio



ABF ratio



WLF ratio



1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19



1.2 1.2 0.6 1.0 1.3 0.9 1.2 1.3 1.6 1.8 0.9 0.8 2.1 2.4 2.5 1.5 2.9 167.0 12.5



1.2 0.9 1.0 1.2 0.9 1.1 1.3 1.0 1.3 1.1 1.2 0.9 1.5 1.5 2.4 2.5 1.2 5.6 2.1



1.1 1.1 0.8 1.0 1.1 1.0 1.0 1.2 1.3 1.4 1.2 0.9 1.3 1.4 1.3 1.3 1.5 10.0 3.2



1.4 1.0 0.8 1.2 1.1 1.1 1.4 1.2 1.8 1.6 1.4 0.8 1.8 2.2 3.1 3.3 1.7 55.5 6.6



1.4 0.7 0.9 1.2 1.0 0.9 1.3 0.4 1.9 0.7 0.8 0.9 1.1 0.8 2.3 1.5 1.3 3.1 1.3



Fig. 6. River channel adjustment (deepening vs. widening) at the Yzeron basin.
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will focus herein on the disturbances that could be associated to these local adjustments. We considered three local factors summarized at Table 4: the distance of the reach from storm (DSS) or road sewers (DR) and the proximity of urban areas (DUA), i.e. a surrogate of urban sewers. We found that the vicinity of a study reach with a road sewer located upstream is an important factor that mainly affects the hydrogeomorphic variables of small streams (Table 4; Figs. 7b and 8). For instance river stations [16] and [18] show larger bankfull values and baseﬂow widths, in comparison with the reference/ rural conditions. Site [16] has a very low TIA (1%); so human disturbance for this reach can be attributed to the D307 road sewer located 300 m upstream (Table 2). Indeed, the drainage area and the TIA fraction are artiﬁcially increased by this road sewer, so that the channel has to adjust to well greater inputs of stormwaters. For the other reaches that have storm sewers in their basin, such impact was not observed (Fig. 7b). A reason could be that these storm sewers are mainly located in the median and downstream parts of their respective catchment (Figs. 1 and 10) so that their morphological impact may be mitigated by some natural channel conditions (e.g. alluvial ﬂoodplain, rivular vegetation). Further data would be necessary to study the adjustment of small stream reaches located downstream storm sewers. The effect of urban proximity is evidenced at sites [17], [18] and [19] (respectively 50, 250 and 50 m from the reaches, Figs. 7b and 8). For instance, at site [19], the large channel could speciﬁcally be attributed to regressive incision from downstream perturbations (urban sewage) and local geomorphic patterns as high channel slope and deep sandy soils and deposits (Preusser et al., 2011).



4. Discussion



Axe 1 (32.66%) Fig. 7. AFDM analysis led with R_Log(QBF): (a) the correlation circle and (b) the individual factor map. Results are similar for other hydrogeomorphic residuals. DUA, i.e. the distance with the nearest urban area, was kept as a quantitative variable (in meter). Fig. a indicates a negative correlation between R_logQBF and DA/DUA, but a positive correlation with TIA. Individual sites are plotted with small black lozenges (ﬁg. b); factors are plotted with black squares (SS, Road). DR was classiﬁed in two groups: Road (presence of a road upstream) and NoRoad. DSS was also classiﬁed in two groups: SS (presence of storm sewer(s)) or NoSS. For instance, the presence of a road seems to have a larger inﬂuence on R_logQBF than the presence of storm sewers.



found for river basins less than 5 km2 than for others (Fig. 7a, 10). This scaling property is much more obvious for ABF and WBF. Several explanations could explain these results. The ﬁrst one is based on the geomorphic characteristics of valley bottoms in the Yzeron basin. Headwater valley bottoms are composed of a relatively deep sandy soils and deposits whereas coarser materials and bedrock outcrops are present in steep-sided valley bottoms downstream (Schmitt et al., 2004; Preusser et al., 2011). This is reﬂected by a greater erosion sensitivity of headwater stream channels (Grosprêtre and Schmitt, 2010). Secondly, downstream hydraulic geometry relationships may not reliably represent reference/rural values for ABF, WBF and other metrics for the smallest streams. Actually, only one reference site has a drainage area lower than 5 km2. Drainage area is used as a surrogate of runoff discharge and it is well known that numerous geological factors could lead to major changes in the slope of the relationships (Whitlow and Gregory, 1989; Gregory et al., 1992). Thirdly, local factors could also explain the greater adjustment observed at speciﬁc river reaches (Figs. 8 and 9). We



Regional analysis is found relevant to analyze and quantify hydrogeomorphic adjustments of river channels in periurban areas. Although the number of reference sites is low (n = 6), the reference models seems relevant to evidence the global trends between the geomorphic variables and the drainage area for the near-rural sites. Thus it allows normalizing the geomorphic variables (i.e. removing the scale effect) to lead an inter-sites comparison. The bankfull area ratios found in this study are in the range of those estimated in the literature studies (Fig. 11; Hammer, 1972; Hollis and Luckett, 1976; Morisawa and Laﬂure, 1979). But they are signiﬁcantly higher for the smallest river basins in this study (speciﬁcally at sites [16], [18], [19]), with a maximum value observed at site [18] (bankfull area ratio of about 55). We consider that these extreme adjustments could be mostly attributed to local impacts as roads crossings, road sewers or urban areas and storm sewers located at a short distance from these reaches. These observations corroborate with earlier investigations led or reported by Gregory and Brooks (1983), Neller (1988), Chin and Gregory (2005), Croke and Mockler (2001). At 4 impacted study sites (sites [1], [4], [7], [8]; Figs. 8 and 10), adjustment ratios are lower than at the other impacted sites. At these sites, the maximum adjustment ratios are even systematically lower or equal to the maximum ratio estimated at the reference sites (maximum ratio of 1.4 at the ‘‘reference’’ site [11]), whereas the catchments are signiﬁcantly impervious (TIA > 13%). At site [1], the lower adjustment ratio may be attributed to a ‘‘dilution effect’’ of the hydrological urban disturbance of the reaches. Sites [4], [7] and [8] also show lower residuals than other impacted sites (Table 6), whereas they show a high TIA (respectively 13%, 23% and 17%) and storm sewers located upstream (respectively 2 and 4 storm sewers). A ﬁrst hypothesis would be that the urban runoff disturbance is too recent, so that the river morphology adjustments have not started or were not signiﬁcant at the time of the survey.
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Fig. 8. Adjustment ratio for the bankfull width (WBF), area (ABF), depth (DBF) and bankfull discharge (QBF) in relation with the percentage of total imperviousness area (TIA; %). The sites are classiﬁed according to road/storm sewages or urban areas at their vicinity.



Fig. 9. Relation between the hydrogeomorphic and hydrological variables with the example of the bankfull discharge. (a) Relation between the bankfull discharge and the 2years return period and (b) their residuals (R_log(QBF) and R_log(2y_ﬂood)).



It would outline the need to improve our knowledge about the urbanization history of the catchment (Hammer, 1972; Hollis and Luckett, 1976). Our second hypothesis is based on the observation of a large and active ﬂoodplain adjacent to the main river channel (forested patches and large public gardens) between impervious areas and the study reaches. The ﬂoodplain is active and is covered by dense vegetation that could mitigate the frequent ﬂood peaks and contribute to reduce channel erosion (Simon et al., 2004; Booth et al., 2004). Furthermore, the free lateral mobility of these streams could have contributed to maintain a low channel slope (i.e. 0.011). This could in turn reduce the transport capacity and thus the magnitude of channel size adjustments (Booth, 1990). The long distance between the road/urban sewers and the surveyed reaches (from 500 m to 3300 m) could also contribute to reduce these adjustments but only long term discharge recordings at these sites could help to explain these lower adjustments.



The methodology used in this study allowed overcoming difﬁculties associated with the comparison of rural/urban streams by providing a regional reference model. It could be very useful for river basin management and restoration programs. However several limitations can be pointed out and are discussed herein. A ﬁrst limitation concerns the difﬁculty to assess the anthropogenic impacts in its all complexity. For instance, delimitation of drainage basin and urban areas is difﬁcult and can remain ambiguous when the urban hydraulic network is well developed (Chin and Gregory, 2005; dense road network, storm/road sewages). Furthermore, it is often difﬁcult to obtain information, sometime conﬁdential, about human interventions on stream morphology (e.g. cleaning/training works location and timing, river deviation or straightening). The history of the river catchment is also important as long term land use changes can occur, such as a conversion of cropped areas to permanent vegetation areas (grassland and forest areas; Preusser
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Fig. 10. Adjustment ratio for the bankfull width (WBF), area (ABF), depth (DBF) and discharge (QBF) in relation with the drainage area (km2).



Fig. 11. Literature review of the relations between the bankfull area ratio and the total imperviousness area (TIA, %): Hammer (1972), Hollis and Luckett (1976), Morisawa and Laﬂure (1979), MacRae and DeAndrea (1999), Center for watershed protection (2001).



et al., 2011). The age and type of urban areas (impervious percentage, sewer drainage density, and combined or sanitary sewer systems) are also important factors for hydrological dynamics and river morphology equilibrium (Leopold, 1968; Hammer, 1972). In this study, an important hypothesis was that the rural sites are in equilibrium; ﬁeld observations justify this hypothesis as these river reaches do not show recent incision. For the other sites, this hypothesis is no more valid as recent channel deepening and/or widening can be observed. Therefore, we have to point out that our results provide a quantitative description of the channel dis-



turbances that is relevant only for the current period. These adjustments can of course vary in a close future. The data collected and the methodology developed in this study could provide a good basis for future analysis; as for instance, diachronic comparisons would allow a better understanding of long-term channel adjustments in relation with land use changes in small periurban river catchment, as it has been done in the past by Preusser et al. (2011) and Grosprêtre, 2011. The regional approach used is also limited by the choice of independent river reaches in the river basin. Indeed, most of the downstream river reaches do cumulate upstream human perturbations. We stress that such difﬁculty is inherent of the regional/basin scale’s approach. Ideally, we should have considered another similar catchment. But in this particular study case (as it could be in many other regions), it was difﬁcult to ﬁnd an independent near-rural basins located in the vicinity of the Yzeron catchment within a similar physiographic and climatic context (e.g. geology, hydrological regime). Finally, the deﬁnition of the ‘‘reference’’ sites can be sometime hazardous in periurban catchment. Our regional analysis is based on the postulate that near-rural sites or very low impacted sites can be used to build regional hydrogeomorphic reference models. Even if this approach was found relevant in homogeneous and large river basins with no major human inﬂuence (e.g. Navratil et al., 2006), the choice of these sites could remain difﬁcult in periurban catchments. Moreover, it was difﬁcult to deﬁne reference sites with the same criteria in small (33 km2), because of the higher density of urban areas in the downstream part of the Yzeron basin. This limitation of the regional sampling could also explain partially the difference of river adjustments between small and large river basins.
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5. Conclusion The effect of urban runoff on hydrogeomorphic patterns of stream channels were evaluated on the Yzeron River basin. Urban river channels show a global enlargement, with a mean bankfull discharge ratio of 1.8, a bankfull width and depth ratio of 1.3, bankfull area ratio of 1.8, and a base ﬂow widening of 1.5. However, none of these variables can discriminate by itself the periurban stations from the reference stations. This study also outlines the global increase of channel adjustments with the increase of the fraction of total impervious area (TIA) that ﬁts well with other literature studies. However, local factors can help identifying the major sources of impacts at speciﬁc river reach (enlargement ratio up to 55). The vicinity of a river reach with upstream road sewers or urban areas are found to be very important factors in smallest streams ( 
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