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Fingerprinting sediment sources in the outlet reservoir of a hilly cultivated catchment in Tunisia
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Introduction 75

Soil erosion is a major environmental problem that threatens agricultural sustainability and 76 productivity (EEA 2000;[START_REF] Pimentel | Environmental and economic costs of soil erosion 748 and conservation benefits[END_REF]. This process disturbs downstream ecosystems 77 by transferring contaminants and nutrients associated with fine-grained sediment from 78 croplands to rivers [START_REF] Owens | Fine-738 grained sediment in river systems: environmental significance and management issues[END_REF]. Mediterranean countries are commonly reported to be 79 severely affected by soil erosion due to their climatic instability, poor soil properties, and the 80 occasional use of inappropriate farming practices (e.g., [START_REF] Cantón | A review of runoff generation and soil erosion across scales in 653 semiarid south-eastern Spain[END_REF]Lesschen et al. 81 2008;[START_REF] Mougou | La valorisation agricole de l'eau des lacs 720 collinaires: cas du lac collinaire Kamech (Tunisie)[END_REF]. Moreover, climate change projections outline an increase in 82 rainfall intensities, leading to an increased vulnerability of Mediterranean ecosystems. In 83 North African countries, and Tunisia in particular, numerous reservoirs have been constructed 84 in hilly environments in recent decades to provide water for agriculture through surface water 85 mobilisation [START_REF] Albergel | 634 The sediment budgets of hill reservoirs in small catchments in North Africa and the 635 middle East. Sediment Budgets 1[END_REF]. However, the siltation of these artificial reservoirs due to 86 soil erosion is a major problem, and several existing reservoirs in Tunisia have been 87

completely filled with sediment in less than 10 years [START_REF] Hentati | Evaluation of sedimentation 703 vulnerability at small hillside reservoirs in the semi-arid region of Tunisia using the Self-704 Organizing Map[END_REF]. Numerous studies 88 have been conducted to quantify erosion rates in Tunisian agricultural regions. Several 89 investigations have used models, such as the Universal Soil Loss Equation (Albergel et al. 90 1998;[START_REF] Cheikha | Le basin versant de Jannet (Tunisie): évaluation des 646 risques d'érosion hydrique[END_REF] or the Water Erosion Prediction Project erosion 91 model [START_REF] Raclot | Runoff and water erosion modelling using WEPP on a 754 Mediterranean cultivated catchment[END_REF], to estimate or predict the volume of accumulated sediment in 92 catchment reservoirs over several decades. Other studies have focused on the quantification of 93 the gully erosion process using aerial and satellite imagery [START_REF] Bouchnak | Slope and rainfall effects on the 649 volume of sediment yield by gully erosion in the Souar lithologic (Tunisia)[END_REF]Desprats et 94 al. 2012) or topographic surveys of individual gullies [START_REF] Collinet | Analyse du ravinement de bassins versants à retenues collinaires 658 sur sols à fortes dynamiques structurales (Tunisie). Géomorphologie 1: relief, processus[END_REF]. The majority 95 of these studies implicated gully erosion as the main source of sediment in the Mediterranean 96 region (e.g., [START_REF] De Vente | Predicting catchment 673 sediment yield in Mediterranean environments: the importance of sediment sources and 674 connectivity in Italien drainage basins[END_REF][START_REF] De Vente | Spatially distributed 676 modelling of soil erosion and sediment yield at regional scales in Spain[END_REF][START_REF] Poesen | Gully erosion and environmental 752 change: importance and research needs[END_REF][START_REF] Roose | Ravinement en Algérie, facteurs de contrôle, 760 quantification et réhabilitation[END_REF]Vanmaercke et 97 al. 2012a). Only one recent study, conducted in 28 catchments of Tunisia suggested the 98 dominance of surface (rill/interrill) erosion [START_REF] Jebari | Spatial soil loss risk and reservoir 706 siltation in semi-arid Tunisia[END_REF]. This result was obtained 99 through an analysis of correspondence between rainfall intensities and dominant erosion 100 processes. However, additional knowledge regarding the sources of sediment (i.e., subsoil 101 exported by gully and channel bank erosion vs. the superficial part of the soil exported by 102 surface erosion) is necessary prior to defining appropriate management strategies to limit 103 erosion at the catchment scale and to increase the reservoir lifetime [START_REF] Haregeweyn | 693 Reservoir sedimentation and its mitigating strategies: a case study of Angered reservoir 694 (NW Ethiopia)[END_REF]104 Vanmaercke et al. 2012b). 105

During the last few decades, fingerprinting techniques have been successfully applied to 106 outline the sources of suspended sediments in rivers or the origin of riverbed, floodplain, and 107 reservoir deposits in several regions of the world (e.g., [START_REF] Collins | Apportioning catchment scale sediment 665 sources using a modified composite fingerprinting technique incorporating property 666 weightings and prior information[END_REF][START_REF] Evrard | Combining suspended sediment monitoring and fingerprinting to 688 determine the spatial origin of fine sediment in a mountainous river catchment[END_REF]108 Walling 2005;[START_REF] Wasson | Sediment 796 sources and channel dynamics, Daly River, Northern Australia[END_REF]). This technique is often used to identify the contribution of 109 different land use types [START_REF] Nicholls | The source and behaviour of fine sediment deposits in the River Torridge 728 Devon and their implications for salmon spawning[END_REF], lithologies [START_REF] Russell | Suspended sediment sources in two small 763 lowland agricultural catchments in the UK[END_REF] or subcatchments 110 [START_REF] Walling | Tracing suspended sediment sources in catchments and river systems[END_REF] to the sediment supply at the catchment scale. An overview of the diversity of 111 potential tracing capabilities of various fields of applications with respect to the timescale, 112 spatial scale and grain size is provided by D' Haen et al. (2012). The use of fingerprinting 113 techniques based on radionuclides ( 137 Cs in particular) alone or in combination with other 114 tracers has proven to be effective in discriminating between subsoil and topsoil sources (e.g., 115 [START_REF] Juracek | Estimation of sediment sources using selected chemical Lal R (2006) Influence of soil erosion on carbon dynamics in the World[END_REF][START_REF] Owens | Use of floodplain sediment cores to investigate 734 recent historical changes in overbank sedimentation rates and sediment sources in the 735 catchment of the River Ouse, Yorkshire, UK[END_REF][START_REF] Smith | 779 Quantifying sources of fine sediment supplied to post-fire debris flows using fallout 780 radionuclide tracers[END_REF]. For example, Zhang and Walling 116 (2005) showed that the magnitude of the 137 Cs activity detected within the upper section of a 117 sediment core collected in a lake or a reservoir can provide information on the relative 118 contribution of surface and subsurface sources. Due to the lack of 137 Cs fallout during the 119 post-Chernobyl period, 137 Cs is an appropriate tracer for investigating the origin of sediment 120 accumulated in a reservoir after 1986. 121 This discrimination between surface and subsurface sources provides important quantitative 122 information on the contribution of various processes that deliver sediment within a catchment. 123 Surface sources can be associated with interrill or rill erosion, whereas subsurface sources are 124 mobilised by gully or channel erosion processes. 125

The presence of fallout radionuclides in significant and measurable quantities in the soils of 126 this region (e.g., [START_REF] Baggoura | Level of natural and artificial radioactivity in 644 Algeria[END_REF] enables the use of the fingerprinting technique to 127 quantify the contribution of dominant erosion processes to reservoir deposits and their 128 evolution since the reservoir installation. Organic constituents (e.g., organic carbon) can also 129 be evaluated as potential fingerprints. For example, [START_REF] Albergel | Organic carbon in the 637 sediments of hill dams in a semiarid Mediterranean area[END_REF] demonstrated that 130 the majority of the organic matter found at two Tunisian dams (El Gouazine and Fidh Ali) 131 originated from upstream soil sources, and this organic matter was not transformed in the 132 recently accumulated sediment (approximately 10 years old in their studies). 133

In addition, although cores collected from natural lakes or artificial reservoirs have been 134

previously analysed using fingerprinting techniques to identify sediment sources (i.e., Foster 135 et al. 2007;He et al. 1996;[START_REF] Zhang | Use of reservoir deposits and caesium-137 804 measurements to investigate the erosional response of a small drainge basin in the rolling 805 loess plateau region of China[END_REF], the influence of the number and location of 136 cores collected within this type of deposition area remains to be further investigated. 137

The objectives of this study are as follows: i) to apply the fingerprinting technique to 138 determine the origin of the sediment and assess the contribution of various erosion processes 139 at the scale of a cultivated catchment in Northern Tunisia, and ii) to provide guidelines that 140 define the number and location of cores to be collected within small reservoirs by exploring 141 the vertical and spatial variability of sediment deposits within an artificial reservoir. 5 143

Materials and methods 144

Study site 145

The Kamech catchment (2.63 km 2 ) is located in a hilly agricultural region of the Northern 146 Cape Bon, Tunisia (36.88° N, 10.88° E, Fig. 1). A small reservoir with an initial capacity of 147 140,000 m 3 was built at the catchment outlet in 1993 and has been in operation since 1994. 148 Kamech is an experimental catchment and lacks any erosion mitigation measures. The 149 Kamech catchment is a part of the OMERE long-term hydro-meteorological observation 150 programme (http://www.umr-lisah.fr/omere). 151

The mean interannual precipitation in the catchment is 650 mm, and the mean interannual 152 evapotranspiration ranges up to 1400 mm. Annually ploughed croplands occupy 70% of the 153 catchment area and mainly occur on slopes of < 15%. Cereals (wheat, barley, and oats) are the 154 dominant crops and are cultivated in rotation with leguminous crops (chickpeas and beans). 155

The remaining 30% of the catchment area consists of dwellings, gully and channels features, 156 and Mediterranean scrublands. Two main areas of scrubland are present in the catchment. The 157 first area corresponds to outcrops of sandstone bars locally covered by very shallow soils. Soil 158 export from this area can therefore be neglected. The second scrubland area corresponds to 159 non-cultivated steep slopes located in the vicinity of gullies or channels. It covers 160 approximately 10% of the catchment area and may be prone to soil export because of 161 occasional overgrazing. Therefore, only this second scrubland area was considered as a 162 potential sediment source and was sampled in the framework of this study. 163

The mean field size is relatively small (0.5 ha), with 40% of the fields having a surface area 164 between 0.2 and 0.3 ha. According to the FAO classification (2006), the soil types observed 165 within the catchment are Calcic Cambisols (63.5%), Regosols (25.5%), Eutric Regosols 166 (9.6%) and Chromic Vertisols (1.4%). Cropland predominantly covers Calcil Cambisols 167 whereas gully and channel features predominantly cover Regosols. The majority of these soils 168 are characterised by a high clay content (between 25 and 45% when using laser analysis and 169 between 30 and 70% when using the pipette sampling method) and a low stoniness (less than 170 10%). The bedrock mainly consists of marls and sandstone bars oriented in a southwest to 171 northeast direction. The morphology and soil type in the catchment are the result of the 172 geological setting such that the soils predominantly vary in a direction perpendicular to the 173 sandstone bar outcrops (i.e., the SE-NW direction). Detailed maps showing the topography

The outlet reservoir has an elongated shape with a single major water supply that drains more 176 than 90% of the catchment area. A scour valve for sediment flushing from the reservoir was 177 not constructed, and because overflows are negligible, almost all of the sediment originating 178 from the catchment is trapped within the reservoir. The drainage network has intermittent 179 flow discharge and water in the lake is clear during inter-storm periods. 180

During the period 1994-2008, the estimated mean annual sediment yield based on several lake 181 sedimentation surveys was approximately 15 t.ha -1 .year -1 ; and 11 significant runoff events 182 (runoff > 1 mm) occurred each year on average, among which only two events exceeded 10 183 in the bottom or the banks (when the features were deeper than 40 cm). The sampling depth 196 was 0-10 cm in croplands and 0-2 cm in scrubland environments. In total, 17 samples 197 representative of the two source types were collected, i.e., between 3 and 4 samples km -2 for 198 each source. This sampling density is greater than in the majority fingerprinting studies (e.g., 199 [START_REF] Collins | Selecting fingerprint properties for discriminating potential 661 suspended sediment sources in river basins[END_REF][START_REF] Collins | Apportioning catchment scale sediment 665 sources using a modified composite fingerprinting technique incorporating property 666 weightings and prior information[END_REF][START_REF] Juracek | Estimation of sediment sources using selected chemical Lal R (2006) Influence of soil erosion on carbon dynamics in the World[END_REF]Owens and Walling 200 2002;[START_REF] Wasson | Sediment 796 sources and channel dynamics, Daly River, Northern Australia[END_REF] and was considered to be sufficient within the context of highly 201 homogeneous soils. In addition, 2 reference samples were collected in areas without soil 202 erosion or deposition, i.e., in flat scrubland areas enclosed within stone walls prior to 1990. 203 Care was taken to ensure that the spatial coverage of all potential sources along the SE-NW 204 direction was representative of the entire range of morphological and pedological conditions 205 observed in the catchment (Fig. 1). At the end, 6 gully/channel samples came from Regosols 206 and 3 from Calcic Cambisols. For the field surface samples, 5 came from cropland on Calcil 207 Cambisols, 1 from cropland on Eutric Regosols and 2 from scrubland on Regosols. 208 Furthermore, 17 sediment cores were collected from a boat during the same period (2009-209 2010) within the reservoir (Fig. 2a). Each core corresponded to the entire layer of lake 210 sediment at the sampling locations. This completeness was confirmed by the presence of a 211 more compact soil layer at the base of the core; in addition the core depths were consistent 212 with data provided by topographical surveys conducted immediately after the reservoir 213 construction. 13 of these cores (C1 to C13) were located along a downstream-to-upstream 214 transect to capture the influence of the longitudinal core location within the sediment 215 deposition area. Four additional cores were collected to verify that the transversal variability 216 of the sediment core texture and composition was negligible compared to the longitudinal 217 variability. This core sampling strategy was defined based on the concept that reservoir 218 deposits are generally organised according to a longitudinal pattern resulting from both runoff 219 inflow and density current effects [START_REF] Remini | La sédimentation dans les barrages de l'Afrique du nord[END_REF]. 220 A single composite sample was prepared for each core to verify whether it could provide 221 reliable and global information regarding the origin of the entire sediment sequence. The 222 composite sample was prepared by extracting the central part of the core along its entire 223 length. Subsamples corresponding to the sediment deposit sequences of the entire core were 224 also prepared for cores C2 and C9. These cores were first divided into couplets using a 225 complete stratigraphic description as reported by [START_REF] Ambers | Using the sediment record of western Oregon flood-control reservoir to 641 assess the influence of storm history and logging on sediment yield[END_REF]. The couplets corresponded 226 to single flood events, and the texture and thickness varied depending on the magnitude and 227 the duration of the floods [START_REF] Ambers | Using the sediment record of western Oregon flood-control reservoir to 641 assess the influence of storm history and logging on sediment yield[END_REF]. The thicker couplets corresponding to single large 228 flood event were readily identified and individually sampled. In contrast, the thinnest couplets 229 composed of fairly homogeneous fine sediment corresponding to successive low flood events 230 were difficult to isolate and thus regrouped before sampling. As a result, cores C2 andC9 231 were respectively divided into 20 and 11 continuous subsamples that were representative of a 232 large range of flood conditions. 233 234

Representativeness of the cores in terms of sediment volume 235

The volume of sediment accumulated in a reservoir that can be associated with each core can 236 be highly variable as a consequence of the variations in both the sediment thickness and core 237 location patterns within a reservoir. 238

To determine the extent to which each core was representative of the sediment deposits, we 239 employed both initial (1994) and recent (2009) bathymetric surveys using a GIS database. 240 Thiessen polygons were constructed to interpolate between the cores (Fig. 2a). The 241 representativeness of each core in terms of the sediment volume was then derived by calculating the difference between both bathymetric surfaces within each Thiessen polygon 243 and dividing these volumes by the total deposit volume in the Kamech reservoir (Tab. 1). 244 Figure 2b illustrates that sediment accumulation depth is thicker close to the dam than in the 245 upstream part of the reservoir. 246 247

Choice of the fingerprinting properties 248

Two types of fingerprint properties that are commonly considered to be the best tracers to 249 differentiate surface from subsurface soil sources (e.g., [START_REF] Walling | Tracing suspended sediment sources in catchments and river systems[END_REF] were analysed: (i) 250 radionuclides and (ii) organic constituents. 251

The fallout radionuclide 137 Cs is particularly appropriate because it can be considered 252 spatially homogeneous within small catchments, and it is typically characterised by a 253 maximum concentration at the soil surface and a rapid decrease with depth (Wallbrink et al. 254 1999). Consequently, the 137 Cs activity in gully or channel-bank material tends to be 255 substantially lower than in surface soils. Moreover, 137 Cs has been shown to behave 256 conservatively throughout the sediment generation process [START_REF] Motha | Tracer properties of eroded 723 sediment and source material[END_REF]. In the context of 257 sediments trapped in reservoirs built after 1990, 137 Cs is likely to be the most reliable fallout 258 radionuclide tracer because caesium fallout has been virtually null in North African countries 259 since the Chernobyl accident in 1986. The burial process has no specific effect on caesium 260 activity, and the direct comparison of its activity between sediment in the reservoir and 261 material sources in the catchment area is feasible. 262 Organic constituents are also often used as tracers although their conservativeness during 263 erosion and sediment delivery processes is less clear than for 137 Cs [START_REF] Collins | Source type ascription for fluvial suspended 663 sediment based on a quantitative composite fingerprinting technique[END_REF]Motha 264 et al. 2002;[START_REF] Walling | Tracing suspended sediment sources in catchments and river systems[END_REF]. The magnitude of oxidation of eroded material during transport 265 and after deposition may depend on the composition of particulate organic material (Lal 266 2006), as degradation rates ranging from 0 % [START_REF] Smith | Budgets of soil erosion and 776 deposition for sediments and sedimentary organic carbon across the conterminous United 777 States[END_REF] to 100% (Schlesinger 1995 267 in Lal 2006) have been reported. An analysis of recently accumulated sediments 268 (approximately 10 years old) in two small reservoirs in Tunisia indicated that organic matter 269 was not transformed during this period [START_REF] Albergel | Organic carbon in the 637 sediments of hill dams in a semiarid Mediterranean area[END_REF]. This finding justifies the use of 270 organic carbon as a potential tracer in this region. 271 272

Soil and sediment analysis 273

All soil and sediment samples were first described and then air-dried, hand-disaggregated and 274 sieved through a 2-mm mesh. 275

For the radionuclide measurements of each sample, a small quantity of soil (~80 g) was 276 placed in a counting box. The radionuclide concentrations ( 210 Pb-xs, 210 Pb, 234 Th, 226 Ra, 228 Ra, 277 228 Th, 40 K and 137 Cs) were determined by gamma-spectrometry using low-background coaxial 278 N-and P-type GeHP detectors (Canberra / Ortec) at the Laboratoire des Sciences du Climat et 279 de l'Environnement (Gif-sur-Yvette, France). The efficiencies and background levels of the 280 detectors were periodically controlled using internal and International Atomic Energy Agency 281 (IAEA) soil and sediment standards [START_REF] Evrard | Sediment dynamics during the rainy season in tropical highland 685 catchments of central Mexico using fallout radionuclides[END_REF]. All results were decay-corrected to 282 the day of sampling. The uncertainty associated with radionuclide measurements was less 283 than 5%. 284

The total nitrogen (TN) and total organic carbon (TOC) contents of the soil and sediment 285 were determined at the Laboratoire Bioemco (Paris, France) using the HCl-fumigation 286 method and an ANCA-GSL CN analyser (PDZ Europa Ltd., Sandbach, UK) according to the 287 method described by [START_REF] Harris | Acid fumigation of soils to remove carbonates 696 prior to total organic carbon or carbon-13 isotopic analysis[END_REF]. The analytical uncertainty of these measurements 288 was less than 0.006% (Wilson and Fisher 2011). Stable isotope values of bulk carbon ( 13 C) 289 were also determined using the ANCA-GSL CN analyser coupled to an isotope ratio mass 290 spectrometer (VG Sira 10). 291

The phosphorous contents (P 2 O 5 ) were measured at the Laboratoire d'Analyses des Sols 292 d'Arras (Arras, France). For the P 2 O 5 analyses, samples were dissolved using fluorhydric and 293 perchloric acids (HF -HClO 4 ) and analysed according to the method described by Ciesielski 294 et al. (1997). Samples of approximately 0.250 g of soil sieved to 250 µm were dosed by 295 plasma emissions in photonic mode (ICP-Atomic Emission Spectroscopy). 296

After the preliminary destruction of organic matter and dispersion of soil particles, the grain-297 size distribution was determined based on the principle of laser diffraction using a Beckman 298

Coulter LS 13320 particle size analyser at the Laboratoire Géosciences Montpellier 299 (Montpellier, France). This device is equipped with an agitator and adjustable ultrasonicator 300 to maintain uniform suspensions, which enables the analysis of particles with diameters 301 between 0.375 and 2000 µm. Typical grain-size fractions (clay < 2 µm, 2 µm < silt < 50 µm 302 and 50 µm < sand < 2 mm) and the specific surface area (SSA, m²/m 3 ) were derived from the 303 obtained laser diffraction data. 304 Rock-Eval analyses were performed on six sediment samples corresponding to different depth 305 layers of core C2 at the Département de Géologie of the Faculty of Sciences of Tunis 306 (Tunisia). Rock-Eval analyses allow for the detection of the type, thus the origin, of organic 307 carbon (terrestrial source vs. reservoir source). Approximately 100 mg of the sediment core 308 sample was placed in a Rock-Eval 6 analyser, and the results were interpreted based on a 309

Van-Krevelen-type diagram [START_REF] Espitalié | La pyrolyse Rock-Eval et ses applications[END_REF]. 310 311 2.6 Sediment fingerprinting using a mixing model 312 Differences in the particle size compositions between sediment core and source material were 313 corrected to avoid potential variations that could have affected the fingerprint properties 314 during sediment delivery due to the grain-size selectivity of sediment mobilisation, transport 315 and deposition processes [START_REF] Collins | Source type ascription for fluvial suspended 663 sediment based on a quantitative composite fingerprinting technique[END_REF]. He and Walling (1996) tested the particle size 316 effects on the adsorption of 137 Cs on soils and sediments and showed that 137 Cs content can be 317 closely represented by a power function of the specific surface areas of the samples with 318 exponent values varying between 0.6 and 0.8. In our study, the correction was performed 319 using this power function with an exponent value of 0.7. Each soil source (i.e., surface topsoil 320 and gully/channel bank) was subsequently characterised by its mean concentration/activity 321 and the standard deviation of each of its fingerprint properties. 322

The ability of each potential fingerprinting property to discriminate between the potential soil 323 sources was investigated by conducting a non-parametric Kruskal-Wallis H-test. The null 324 hypothesis stating that measurements of fingerprint properties exhibit no significant 325 differences between source categories was rejected as soon as the H-test statistics reached the 326 fixed critical threshold (typically 0.05). 327

A selection procedure using a stepwise discriminant function analysis (SDFA) was performed 328 to identify the optimal combination of fingerprint properties based on the set of discriminating 329 properties that successfully passed the Kruskal-Wallis H-test. As suggested by Collins and 330 Walling (2002), the minimisation of Wilks' lambda was used as a stepwise selection 331 algorithm to identify the set of parameters that, once combined, were able to correctly and 332 optimally distinguish 100% of the source samples. Wilks' lambda is equal to one when all of 333 the group means are equal. Fingerprinting properties providing a good discrimination of 334 different sources are associated with low lambda values. 335

All tracer properties suspected of non-conservativeness during the erosion process or after 336 deposition were removed from further analysis. 210 Pb-xs was also removed because the 210 Pb-337 xs activity in the lake sediments could not be associated with the 210 Pb-xs content of the 338 source material alone because the direct fallout to the lake surface with rainfall is continuous. 339

A multivariate Monte Carlo mixing model was then used to account for the actual variability 340 of the fingerprinting properties measured in each source. By assuming a normal distribution 341 for each fingerprinting property and source, a series of 10,000 random positive numbers was generated from these distributions and used to estimate the relative contribution of the 343 potential sources in the sediment samples. Such a procedure allowed for the calculation of 344 95% confidence intervals. A detailed description of this procedure is provided by Evrard et al. 345 (2011). 346 Because the conservativeness of organic constituents is not absolutely certain, we chose to 347 derive source apportionment based on radionuclides only and used organic constituents as 348 complementary tracers in a second step to test whether the addition of those tracers confirmed 349 the results of the first step. 350 351 3 Results 352

Grain-size distribution of the Kamech sources and reservoir deposits 353

Textural information for both the source material and reservoir deposit samples is provided in 354 Table 1. The grain-size fraction shows very small differences between the two potential 355 sources as well as within each source. This result confirms that soils are highly homogeneous 356 within the studied catchment. 357

In contrast, the textural analysis of all cores revealed a grain-size distribution gradient in the 358 reservoir with an increasing proportion of finer sediment fractions in the cores with 359 decreasing distance to the dam (Tab. 1). Sand particles were only found in the reservoir 360 deposits near the stream outlet, whereas the cores collected in the vicinity of the dam were 361 exclusively composed of clay and silt particles. This deposition pattern was consistent with 362 the fact that sediment tends to become finer grained when being deposited further 363 downstream in a reservoir [START_REF] Morris | Reservoir Sedimentation Handbook[END_REF]. 364 Two deposition areas were delineated within the reservoir based on the textural analysis. The 365 first deposition area corresponds to the downstream region of the reservoir (e.g., close to the 366 dam) and includes cores C1 to C5. This area is characterised by a homogeneous textural 367 composition comprising very fine particles and a negligible sand fraction. This area contains 368 approximately 75% of the total volume of sediment deposits in the reservoir as deduced from 369 the estimated representativeness of the individual cores (C1 to C5, see Tab. 1). The second 370 deposition area corresponds to the upstream region of the reservoir and includes cores C6 to 371 C13. The contribution of the sand fraction in this region varies from 5 to 35% and increases 372 with increasing distance to the dam. This less homogeneous area contains 25% of the total 373 volume of the sediment deposits. 374 375

Fingerprinting properties of potential soil sources and sediment core samples 376

The profile variations of the specific surface area and main fingerprint properties (prior to 377 grain-size correction) were determined for cores C2 and C9 as shown in Figure 3. A similar 378 trend in the concentrations of the different fingerprint properties was observed in each core. 379

Overall, the fingerprint properties were less variable in core C2 than in core C9, in which the 380 concentrations of both 137 Cs and TOC were observed to decrease with depth. The diminution 381 of this property decrease for C9 will not be mitigated by a grain-size correction because the 382 specific surface area did not show a decreasing trend. 383 Scrubland (restricted to areas showing evidence of erosion) and cropland topsoil samples 384 were considered to be one distinct source of surface sediment because they showed similar 385 fingerprinting properties values. The qualitative analysis of the fingerprinting properties 386 measured in the different soil sources and in the composite sediment core samples collected in 387 the reservoir deposits (Tab. 1) provided general insight into the origin of the sediment at the 388 outlet of the Kamech catchment. 389

As expected, 137 Cs provided a good level of discrimination between the surface topsoil 390 material (with activities systematically greater than 2.2 Bq.kg -1 ) and the deep soil material 391 originating from gullies and channel banks (< 0.8 Bq.kg -1 ). In the core samples, the 137 Cs 392 concentrations ranged between 0.9 and 3.9 Bq.kg -1 (Tab. 1). A simple analysis using the raw 393 data showed that the bulk of the core sediment was supplied by soil surface erosion in the 394 cores located near the dam, whereas the contribution of topsoil and subsoil sources was more 395 balanced for the upstream cores. TOC analyses corroborated these findings. 396 397

The optimal combination of fingerprinting properties and uncertainty assessment 398

Although five radionuclides passed the Kruskal-Wallis test (Tab. 2), four of them were 399 rejected due to evidence of non-conservative behaviour, i.e., their concentrations were higher 400 in sediment than in both sources. Finally, only 137 Cs was retained as a tracer. TOC was also 401 identified as a potentially discriminant property, and therefore, its use was tested in 402 association with 137 Cs in the mixing model (Tab. 3) in a second phase of the analysis. 403

The outputs of the Monte Carlo mixing model based on 10,000 simulations consistently 404 showed a standard deviation of ± 2%. therefore, we present only the mean values provided by 405 this model in the remaining sections. 406 407

Fingerprinting sediment sources in cores C2 and C9 408

The sediment sources were derived for both composite core samples, and a sequence of 409 subsamples collected at small vertical intervals within cores C2 and C9. These subsamples 410 corresponded to the succession of one or more storm events since the creation of the artificial 411 reservoir. The mixing models using 137 Cs only or 137 Cs in association with TOC showed very 412 similar results (Fig. 4). Differences in the sediment source apportionment were not significant 413 and were consistently less than 2% for all subsamples, i.e., on the same order of magnitude as 414 the precision of the mean value calculated by the Monte-Carlo procedure. 415

The results showed that the origin of the sediment estimated from the composite sample was 416 consistent with the origin estimated for the entire sequence of subsamples. Therefore, the 417 composite sample was shown to provide reliable information, which remains valid for the 418 entire core, on the origin of sediment and associated erosion processes. 419

The subsample analysis of the sequence of sediment deposits within the cores (e.g., 20 420 sequences for 15 years in core C2) showed that the temporal variability in the sediment 421 sources was low in each core. These results confirm the relevance of analysing a single 422 composite sample for each core to obtain global information regarding the dominant erosion 423 sources and processes that occurred within the catchment over several decades. The mixing 424 model results showed a clear predominance of the surface topsoil source for core C2 (> 80%), 425 whereas sediment in core C9 was supplied by a more even combination of surface and 426 subsurface/bank sources. 427 428 3.5 Fingerprinting sediment sources in the 13 composite core samples 429 Source sediment apportionments for the 13 composite core samples taken along the AA' 430 transect were also evaluated using either 137 Cs only or 137 Cs in association with TOC as 431 fingerprint properties. The differences between both types of results were again < 2% for all 432 composite core samples with the exception of C13, in which difference was 6% (Fig. 5). 433

These results demonstrate the major effect of the location of the core sampling site within the 434 reservoir deposit area. Similar results were obtained for cores C1 to C5 with a clear 435 predominance of the surface topsoil contribution (between 80 and 100%). For cores C6 to 436 C13, which were more distant from the dam, the mixing model shows that a larger proportion 437 of sediment was supplied by the gully-channel bank source (between 30 and 75%). The 438 variability of sediment sources is thus higher in the upstream area of the reservoir deposits 439 than in the area closer to the dam, with a trend towards a higher gully-channel bank 440 contribution with increasing distance from the dam.

A global fingerprinting result for all the sediment deposits was established by calculating a 442 weighted average of the source contribution derived from the 13 composite core samples with 443 the representative sediment volume of each core as weighted value (see Tab 1). Based on this 444 calculation, we obtained a global picture of the sources delivering sediment to the reservoir at 445 the outlet of the Kamech catchment. This global value for the reservoir clearly demonstrated 446 that the surface topsoil is the dominant source of sediment within the Kamech catchment and 447 supplied 80% of the sediment to the outlet reservoir. 448 449 4 Discussion 450

Spatial variability and core sampling optimisation 451

The spatial variability of the sediment texture within the reservoir trends in an upstream-452 downstream direction (Tab. 1). This result is in agreement with transport sedimentation 453 selection processes, i.e., the sedimentation of suspended fine particles occurs by vertical 454 silting in the quiescent downstream region of the reservoir. In contrast, the upstream part of 455 the reservoir is characterised by a higher velocity, and the runoff inflow and deposition 456 mainly affects the coarser grain-size particles by both vertical silting and bedload processes. 457

The 137 Cs and TOC contents were also affected by the contrasting sedimentation processes in 458 these two sedimentation areas (Tab. 1). This result is consistent with a study conducted on 459 sediments of the Yesa reservoir in the Spanish Pyrenees showing that the distribution of 460 radionuclides along a transect of bottom reservoir sediments from the delta to the dam was 461 influenced by the sediment dynamics and flood events (Navas et al. 2011 ). 462 More surprisingly, the results of the mixing model (Figure 5) for the different cores proved to 463 be dependent on their location in the reservoir . However, it is unlikely that the source of the 464 deposited sediment changes across the reservoir, as both potential sources are not 465 characterised by clearly distinct particle size distributions. The most convincing explanation is 466 that the standard particle size correction factor based on the SSA derived from laser 467 measurements failed to fully address this problem. Preliminary investigations on the effect of 468 the exponent value on the grain-size correction function were conducted by testing values in 469 the range [0.5; 1]. The global fingerprinting result for the entire reservoir was only slightly 470 impacted by the exponent value, as the contribution of the surface source varied only from 471 78.9 to 83.9%. Similarly, Figure 6 shows that the fingerprinting results for the cores located in 472 the downstream part of the reservoir were not significantly affected. In contrast, cores 473 collected in the upstream part of the reservoir were significantly affected. An exponent value 474 of 1 provided slightly less pronounced differences between the downstream and upstream areas, although these differences remained excessively high for the correction to be consider 476 satisfactory. The choice of the exponent value was clearly not the main reason for this failure, 477 and the function itself should be questioned. SSA may fail because the assumption of 478 spherical particles is clearly not systematically valid, and adsorption behaviour may be highly 479 dependent on the nature of the mineralsespecially in the finer fractionand not only on 480 their grain size. Additional research on the grain-size correction factor is required to improve 481 the reliability of the fingerprinting technique using this type of tracers. 482 Zonation induced by transport sedimentation processes finally proved to be a key element for 483 the interpretation of mixing model results and for establishing a core sampling strategy when 484 using the standard particle size correction factor. 485

A comparison of the mixing model estimation derived from a weighted average of the 13 486 composite cores (reference value) and the results obtained for each core provides a 487 mechanism for evaluating the relevance of the reservoir coring strategy and deriving 488 important guidelines (location and number) for future core sampling optimisation. We 489 calculated the absolute errors in the source apportionment for the following three core 490 sampling strategies (Tab. 4): sampling of a single core in the downstream reservoir area, 491 sampling of a single core in the upstream reservoir area, and sampling of two cores (one in 492 each area). 493

This calculation shows that the sampling of a single core in the downstream reservoir area 494 will lead to a mean absolute error of approximately 7.5% (in this case, generating an 495 overestimation of the surface topsoil contribution), whereas the sampling of a single core in 496 the upstream reservoir area will lead to a larger error of approximately 25% (i.e., an 497 underestimation of the surface contribution) (see Tab. 4). For the core sampling strategy 498 based on two coresone in the downstream reservoir area and the other in the upstream 499 reservoir areawe applied a weight equal to 75% for the core collected in the downstream 500 area and a weight of 25% for the core collected in the upstream area to account for the 501 volumetric representation of both deposition areas. This strategy provided a means of 502 decreasing the absolute mean error to less than 4% and the maximum error to less than 10% 503 in the studied catchment. 504

Based on this assessment, an optimised core sampling strategy for the Kamech reservoir 505 deposits can be based on the collection of a single core in the downstream reservoir deposit 506 area if a maximal source estimation error of 15% can be accepted. Otherwise, a maximal 507 source estimation error of 10% can be obtained if we conduct a dual-core sampling strategy. 508

We believe that such a result may be generalised to other small reservoirs in Tunisia even if 509 the 75%-25% apportionment between fine sediment in the downstream part of the reservoir 510 and coarse deposits in the upstream part of the reservoir found in Kamech remains to be 511 verified in other reservoirs characterised by a different shape, for example. We also believe 512 that a core sampling scheme that combines the collection of cores in both upstream and 513 downstream parts of the deposits will provide small errors in the results, independent of the 514 number of potential sediment sources. In the case of reservoirs characterised by multiple 515 tributaries, we suggest that the analysis of a core in the downstream part of the reservoir be 516 combined with that of one core for each upstream area influenced by each tributary. 517

Finally, we also determined the relevance of analysing a single composite sample for each 518 core to obtain synthetic information on the main erosion sources and processes that occurred 519 within the catchment over several decades. This result has important practical and financial 520 implications for the future application of this method in a similar context (e.g., sediment 521 deposits in small-catchment reservoirs built during the 1990s in Maghreb) because it 522 simplifies the core sampling process due to a lower diameter requirement and permits cost-523 savings, as only one sample must to be analysed for each core. 524 525

On the ability to use TOC as tracer in recent North African reservoirs 526

The use of multiple tracers in a mixing model allows for more reliable source apportionment 527 than the use of only one tracer [START_REF] Martinez-Carreras | Uncertainty 715 assessment in suspended sediment fingerprinting based on tracer mixing models: a case 716 study from Luxembourg[END_REF]Small et al. 2001;Walling et al. 528 1993). In this study, TOC was tested as a tracer in addition to fallout radionuclides. The 529 combined use of 137 Cs and TOC provided results similar to those obtained using 137 Cs alone. 530 This ability of TOC to be used as an additional tracer in this study can be explained by the 531 specific context of recently built North African reservoirs (less than 20 years old). First, the 532 autochthonous source of organic constituents was found to be negligible in a series of more 533 than 20 modern reservoirs where very low values of dissolved P and N have been measured 534 [START_REF] Rahaingomanana | Caractérisation géochimique des lacs collinaires de la Tunisie 756 semi-aride et régulation géochimique du phosphore[END_REF]. Recent complementary analyses confirmed that the Kamech 535 reservoir is characterised by low levels of dissolved N and P. The terrestrial origin of TOC 536 was also verified for the Kamech reservoir using Rock-Eval analysis conducted on upper, 537 middle and bottom subsamples of core C2 (Fig. 7). This result was also corroborated by  13 C 538 measurements conducted for all the C2 and C9 subsamples and the surface topsoil samples, as 539 all of the values of  13 C ranged from -27 to -26‰ which is indicative of the contribution of C 3 540 photosynthetic pathway plants (i.e., wheat crop residues in this case). 541 Moreover, terrestrial organic residues probably did not experience major changes via bacterial 542 alteration during their settling and incorporation into the sediment because terrestrial higher 543 plant debris had already been submitted to strong biotic as well as abiotic degradation under 544 oxic conditions in soils [START_REF] Vandenbroucke | Kerogen origin, evolution and structure[END_REF]. In our study area, degradation 545 during mobilisation and transport is also limited due to the very short sediment transport 546 distances within the 2.63 km² Kamech catchment. 547 Degradation during the sediment storage period was also proved to be limited as no clear 548 downcore decrease in the evolution of TOC was observed within the C2 core. This result is 549 consistent with other observations from oligotrophic lacustrine environments such as the Lac 550 du Bouchet (France), for which [START_REF] Patience | Organic fluxes and 741 early diagenesis in the lacustrine environment: the superficial sediments of the Lac du 742 Bouchet (Haute Loire, France)[END_REF] reported a first-order kinetics of TOC 551 degradation of 2.2 10 -3 y -1 . A similar degradation rate within a 15-years-old reservoir such as 552 Kamech would generate a relative decrease in the TOC concentration of less than 2.5%. This 553 low degradation rate is likely not valid for upstream deposits because C9 core showed a 554 downcore trend of decreasing TOC values. 555 556

Erosion processes and sediment source hierarchy at the catchment scale 557

The determination of the sediment sources in the core samples collected in the Kamech 558 catchment reservoir (Cape Bon, Tunisia) using a fingerprinting method showed that the 559 surface topsoil delivered approximately 80% of the sediment to the Kamech catchment outlet 560 over a period of 15 years. This result implies that surface erosion processes, including rill and 561 interrill erosion, are the dominant processes at the catchment scale. This result is consistent 562 with the rather low annual gully length progression observed in the catchment. It is also in 563 agreement with the results obtained by [START_REF] Jebari | Spatial soil loss risk and reservoir 706 siltation in semi-arid Tunisia[END_REF], who calculated that interrill 564 processes produced 83% of the erosion within the Kamech catchment based on a rainfall 565 erosivity analysis. However, the results present here differ from the conclusions of several 566 other erosion studies conducted in the Mediterranean region that indicate a predominance of 567 gully erosion. One explanation for this difference may be that the low rates of sheet and rill 568 erosion and the relatively large importance of gully erosion in the Mediterranean region have 569 often been attributed to the high extent of stoniness and shallow depth of many Mediterranean 570 soils (e.g. [START_REF] Poesen | Erosion, flooding and channel management in Mediterranean 750 environments of southern Europe[END_REF], which is not the case in the studied catchment. 571

The potential surface sediment sources in Kamech catchment include both cropland and 572 scrubland except in the sandstone bar outcrops. However, there are several indications that 573 topsoil in the cropland area is by far the most important sediment source. First, the scrubland 574 area covers only 10% of the catchment surface, whereas the cropland area represents 70% of 575 the catchment area. Second, all of the cropland areas are likely to provide sediment, whereas 576 only very limited scrubland areas suffering from over-grazing must be considered as sediment 577 sources. Finally, the continuous multi-scale monitoring of erosion over a 4-year period 578 showed that the sediment yield measured at the outlet of a 0.16 km 2 subcatchment in Kamech 579 reached 22 t.ha -1 .year -1 , 75% of this material was supplied by cropland and 25% by gully 580 banks and bottoms, and the contribution of scrubland source remained negligible (Sauvadet et 581 al., 2012). These measurements strongly supported the results derived in this study from the 582 mixing models. 583

We also observed a low variability in 137 Cs and TOC in the different couplets of core C2 and 584 C9, although those couplets could be related to a large range of flood event conditions. This 585 result suggests that flood conditions over the 15-year existence of the reservoir did not 586 strongly affect the sediment origin in the Kamech catchment. I.e., no exceptional flood event 587 during which gully/channel erosion processes would have become a predominant source 588 could be identified in the Kamech catchment. 589 590

Conclusions 591

This study demonstrated the viability of the fingerprinting method for tracing sediment 592 sources in recent (i.e. post-Chernobyl) small artificial reservoir deposits using both 137 Cs and 593 TOC. Therefore, this method can be used to quantify the relative importance of hillslope 594 surfaces versus gully-channel bank erosion processes in North African environments. Several 595 other radionuclides or nutrients were also tested as potential tracers of sediment sources but 596 they did not deliver good results. The explanation is either their non conservativeness during 597 the transport and deposition processes or their poor efficiency in discriminating between 598 subsoil and topsoil sources. The determination of the sediment origin in the core samples 599 collected in the Kamech catchment reservoir (Cape Bon, Tunisia) revealed surface soil 600 erosion as the dominant source of deposited material. These results differ from the 601 conclusions of most erosion studies conducted in the Mediterranean region that show a 602 predominance of gully erosion. This finding has important management implications because 603 the implementation of conservation farming practices would be more efficient than gully 604 treatment for erosion mitigation in agricultural catchments similar to the Kamech study site. 605

The predominance of one source of erosion in a catchment may, however, depend on specific 606 conditions that are not yet fully understood. The strategy applied here of collecting a series of 607 sediment cores along a longitudinal transect within the outlet reservoir provided a means of 608 investigating the potential representativeness of a single sediment core collected within the 609 reservoir. Practical guidelines for conducting core sampling in small reservoirs were derived 610 as follows: i) a composite core sample provides a good representation of the entire core length 611 according to the homogeneity observed in the two sediment cores that were analysed in 612 greater detail; ii) a two-core sampling strategy allows for the evaluation of source 613 contributions with an error of less than 10% for the studied catchment. We also suggest 614 adjusting the number of cores as a function of the number of main tributaries that supply 615 material to the studied reservoir. This strategy developed and tested in the Kamech catchment 616 can now be applied to the numerous existing reservoirs located in the Tunisian Ridge and 617 Cape Bon areas. This region is affected by severe erosion, and it is crucial to determine the 618 relative contributions of surface erosion and gully erosion in various contrasting catchments 619 to address the controversial issue of outlining the dominant erosion process that deliver the 620 
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Table 1

 1 Average and standard deviation concentrations/activities of textural and potential fingerprinting properties measured in the soil sources and sediment core samples 837 collected in the Kamech catchment and in its reservoir. Representativeness of each core in terms of sediment deposit volume in Kamech reservoir is also mentioned.

	838																	
	839																	
	Fingerprint Properties	Number of samples	Clay [0-2 µm]	silt [2-50 µm]	sand [50-2000 µm]	210 Pb-xs (Bq/Kg)	210 Pb (Bq/Kg)	234 Th (Bq/Kg)	226 Ra (Bq/Kg)	228 Ra (Bq/Kg)	228 Th (Bq/Kg)	K (%)	137 Cs (Bq/Kg)	TOC (%)	TN (%)	P_P 2 O 5 (%)	Core distance to the dam (m)	Core representa-tiveness (%)
	References	2	30.2 67.7	2.1	44.3	59.9	18.9	15.7	22.9	22	1	7.1	1.6	0.16	0.07	
				±	±	±	±	±	±	±	±	±	±	±	±	±	±	
				1.2 1.4	2.6	37.1	44.9	10.5	7.8	12.3	11	0.3	0.4	0.6	0	0	
	Sources	Surface topsoil	8	36.3 62.8	0.9	6.1	29.3	28.1	23.3	39.8	38.5	1.4	3.7	1.1	0.15	0.15	
				±	±	±	±	±	±	±	±	±	±	±	±	±	±	
				6	5.9	0.6	6.1	4.1	7.1	5.8	10.6	10.2	0.3	1.5	0.1	0	0	
		Gully or																
		channel	9	27.4 71.8	0.8	0.3	26.9	32.6	29.1	47.1	46.5	1.7	0.2	0.5	0.11	0.16	
		bank																
				±	±	±	±	±	±	±	±	±	±	±	±	±	±	
				2.3 3.2	1	0.9	2.4	2.2	2.3	3.8	3.6	0.2	0.4	0.1	0	0	
	Cores	C1	1*	34.3 65.5	0.2	24	51.3	37.6	27.5	52.2	53.6	1.9	3.4	0.89	0.16	0.17	63	30
		C2	1*	33.3 64.8	2	10.7	40	36.6	29.4	47.6	48.4	1.7	3	0.99	0.14	0.15	100	15.6
		C3	1*	30.3 68.2	1.4	10.9	37.3	35.4	26.5	49.1	49.9	1.7	3	1.1	0.16	0.16	137	10.7
		C4	1*	35.1 64.5	0.5	17.2	45.2	34	28.1	50.5	48.7	1.8	3.9	0.94	0.18	0.17	180	11.5
		C5	1*	29.6 69.2	1.2	9.8	37.2	35.8	27.5	47.8	47.8	1.7	2.9	1.21	0.16	0.15	220	8.3
		C6	1*	17.6 71.9	10.5	7.4	33.8	37.6	26.5	46.4	45.3	1.7	1.9	0.58	0.1	0.16	255	6.5
		C7	1*	18.6 66.9	14.5	7.6	35.5	32.7	28	45.6	44.4	1.5	1.6	0.84	0.12	0.14	275	4.1
		C8	1*	18.6 62.5	18.9	0	28.2	30.5	28.6	43.1	42.6	1.5	1.8	0.85	0.12	0.13	293	1.6
		C9	1*	18.2 74.4	7.4	3.3	26.2	26.6	22.9	39.9	39.6	1.4	1.2	0.61	0.1	0.15	304	4
		C10	1*	21 70.4	8.6	0	28.6	32.3	27.5	41	41.3	1.5	1.1	0.56	0.09	0.14	312	2.6
		C11	1*	17.4 71.8	10.9	3.7	28.5	34.1	24.9	42.5	42.6	1.5	0.9	0.52	0.09	0.16	332	1.4
		C12	1*	15.5 69.1	15.4	0	29.8	30.7	28.2	42.2	42	1.5	1.2	0.8	0.11	0.15	385	1
		C13	1*	10.8 55.8	33.4	0	31.2	33.9	29.8	45.2	46.1	1.6	1.1	1.1	0.14	0.16	449	2.7

* composite sediment sample

Table 4

 4 Basic statistics on the absolute errors in the source contribution evaluation for the three core sampling 856 strategies. The absolute error is evaluated relative to the source apportionment for the entire reservoir as derived 857 from the combined 13 cores with a weighting proportional to their representativeness in terms of sediment 858 volume. The absolute error is calculated for each core as the absolute difference between surface contribution 859 derived from the core and the one derived from the combined 13 cores.

	860				
	861				
	Core sampling strategy		Absolute error (%)	
		Mean	Standard deviation	Minimum	Maximum
	One core in downstream reservoir area (N = 5)	7.3	4.8	2.7	15.3
	One core in upstream reservoir area (N = 8)	26.1	16.1	6.8	47.9
	Two cores: one in downstream reservoir area				
	with a 75% weighting and one in upstream	4.1	3.1	0.2	9.9
	reservoir area with a 25% weighting (N = 40)				

and soil types in Kamech are shown in[START_REF] Raclot | Runoff and water erosion modelling using WEPP on a 754 Mediterranean cultivated catchment[END_REF].

tracers in the Perry lake basin, Kansas, USA. Int J Sediment Res 24(1):108-125