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Introduction

Land degradation is particularly severe in tropical regions, such as in Mexico [START_REF] Descroix | Gully and sheet erosion on subtropical mountain slopes: Their respective roles and the scale effect[END_REF], in southern China [START_REF] Barton | Effects of soil conservation measures on erosion rates and crop productivity on subtropical Ultisols in Yunnan Province, China. Agriculture[END_REF] or in eastern Africa [START_REF] Nyssen | Human impact on the environment in the Ethiopian and Eritrean highlands-a state of the art[END_REF].

In Mexico, overgrazing, deforestation, and the intensification of food crop cultivation have led to severe erosion and to a decline in soil fertility [START_REF] Roldán | No-tillage, crop residue additions, and legume cover cropping effects on soil quality characteristics under maize in Patzcuaro watershed (Mexico)[END_REF]. Furthermore, once it reaches the river, sediment leads to numerous problems in downstream areas [START_REF] Owens | Fine-grained sediment in river systems: Environmental significance and management issues[END_REF]. It causes for instance an increase in water turbidity and a rapid filling of reservoirs [START_REF] Syvitski | Impacts of humans on the flux of terrestrial sediments to the global coastal ocean[END_REF]. Sediment is also associated with numerous contaminants (e.g., metals, organic compounds, antibiotics, radionuclides; e.g., [START_REF] Tamtam | A 50-year record of quinolone and sulphonamide antimicrobial agents in Seine River sediments[END_REF][START_REF] Cloarec | Sedimentary record of metal contamination in the Seine River during the last century[END_REF]. Their integration into the food chain can lead to public health problems after the consumption of contaminated fish [START_REF] Sánchez-Chardi | Metals in liver and kidneys and the effects of chronic exposure to pyrite mine pollution in the shrew Crocidura russula inhabiting the protected wetland of Doñana[END_REF][START_REF] Urban | Assessment of human health risks posed by consumption of fish from the Lower Passaic River, New Jersey[END_REF]. Sediment also conveys nutrients, and soil erosion and deposition play therefore a significant role in global biogeochemical cycles [START_REF] Quinton | The impact of agricultural soil erosion on biogeochemical cycling[END_REF]. Furthermore, in mountainous environments, the problems associated with erosion and sedimentation are exacerbated by the large quantities of sediment produced within very short periods [START_REF] Meybeck | Global variability of daily total suspended solids and their fluxes in rivers[END_REF][START_REF] Mano | Assessment of suspended sediment transport in four Alpine watersheds (France): influence of the climatic regime[END_REF].

Sediment supply to the river needs to be controlled to prevent these problems. However, there is a preliminary need to determine the main erosion sources to implement appropriate and effective erosion mitigation measures. In tropical areas such as the highlands of central Mexico where hydrology is controlled by the succession of a dry and a rainy season, it is generally assumed that the increase in discharge at the beginning of the rainy season can lead to an important resuspension of sediment accumulated in the river channel (e.g. [START_REF] Susperregui | A preliminary hydrosedimentary view of the highly turbid, tropical, manmade lake: Cointzio Reservoir (Michoacan, Mexico)[END_REF]. [START_REF] Evrard | Sediment dynamics during the rainy season in tropical highland catchments of central Mexico using fallout radionuclides[END_REF] showed that the first storms of the year exported the bulk of the sediment stock accumulated in the river channel during the previous rainy season. However, this study also outlined that sediment can also be directly eroded from hillslopes and exported from small (3-12 km 2 ) catchments during individual heavy storms. Furthermore, the contribution of different sediment source areas (e.g., historical gullies vs. cropland) was

suspected, but it remained to be quantified in order to prioritise the implementation of erosion control measures.

We propose to use two different sediment fingerprinting techniques to outline the main sources of sediment within those catchments. The fingerprinting method consists in tracing conservative sediment properties or characteristics that can be identified in both catchment sources and sediment delivered downstream [START_REF] Walling | Tracing suspended sediment sources in catchments and river systems[END_REF]. So far, very few fingerprinting studies have been conducted in tropical regions (see for instance [START_REF] Collins | Suspended sediment source fingerprinting in a small tropical catchment and some management implications[END_REF], in a catchment of Zambia). Fingerprinting generally requires a multi-tracer approach. Besides 'conventional' fingerprinting based on the measurement of radionuclides and geochemical elements, alternative fingerprints have been recently used such as sediment colour properties (Martínez-Carreras et al., 2010a, b) and Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS; [START_REF] Poulenard | Infrared spectroscopy tracing of sediment sources in a small rural watershed (French Alps)[END_REF]Poulenard et al., in press) to trace the origin of suspended sediment transported by rivers.

In this context, we conduct two independent fingerprinting exercises (i.e., the conventional approach based on radionuclide and geochemical concentrations, and the alternative DRIFTS method) to quantify sediment sources in three small tropical catchments of the Mexican Central Highlands. Those three areas cover the range of land use, topographic gradients and soil conditions of the potential areas delivering sediment to a reservoir providing 25% of the water distributed in the region of Morelia city (ca. 1,000,000 inhabitants). The implications of the sediment fingerprinting results to control reservoir siltation will also be discussed. Factors controlling sediment fluxes exported from those catchments and sediment transfer times within those areas are discussed elsewhere (Duvert et al., 2010[START_REF] Duvert | Sub-daily variability of suspended sediment fluxes in small mountainous catchmentsimplications for communitybased river monitoring[END_REF][START_REF] Evrard | Sediment dynamics during the rainy season in tropical highland catchments of central Mexico using fallout radionuclides[END_REF].

Materials and methods

Study area

The Cointzio catchment covers an area of 630 km 2 located in the transverse volcanic belt of central Mexico (Fig. 1). The catchment bedrock consists of igneous rocks generated by Quaternary volcanic activities. Soils within the catchment are mainly Acrisols on the hillsides, Andisols in headwater areas and Luvisols in the plains [START_REF] Fao | World Reference Base for Soil Resources[END_REF]. The river network is dominated by the Grande de Morelia River. A dam is located at the outlet of the catchment, 13 km upstream of Morelia city (ca. 1,000,000 inhabitants). This dam was built in 1940 to supply water for domestic consumption as well as for industrial and agricultural activities.

The Cointzio reservoir (4 km 2 ; 65×10 6 m 3 ) undergoes significant sedimentation, which has led to a severe deterioration of environmental conditions in the lake [START_REF] Ramirez-Olvera | Planktonic crustacean assemblages in a system of three reservoirs in the Mexican Central Plateau: Seasonal and spatial patterns[END_REF] and to a 20% loss of its water storage capacity since its construction [START_REF] Susperregui | A preliminary hydrosedimentary view of the highly turbid, tropical, manmade lake: Cointzio Reservoir (Michoacan, Mexico)[END_REF].

Three subcatchments representative of the various land use, slope gradients and soil conditions found in the Cointzio catchment were monitored in the framework of this study:

Huertitas (3 km 2 ), La Cortina (9 km 2 ) and Potrerillos (12 km 2 ; Fig. 1). Their characteristics are described in Table 1. In addition, we monitored the river discharge and sediment fluxes in Santiago Undameo, at the outlet of the entire catchment, just upstream of Cointzio reservoir [START_REF] Gratiot | Increase in surface runoff in the central mountains of Mexico: lessons from the past and predictive scenario for the next century[END_REF][START_REF] Duvert | Sub-daily variability of suspended sediment fluxes in small mountainous catchmentsimplications for communitybased river monitoring[END_REF]. It is important to note that villages located within the catchment are not equipped with sanitation systems and that they directly discharge their wastewater into the river network.

Field measurements

Rainfall and discharge

Rain gauges and river monitoring stations were installed in the three subcatchments (Fig. 1). They provided continuous precipitation and water discharge data derived from continuous water level measurements (with a 5-min time step) obtained with a Thalimede OTT waterlevel gauge, and discharge calculated using stage-discharge rating curves (see [START_REF] Duvert | Drivers of erosion and suspended sediment transport in three contrasted headwater catchments of the Mexican Central Highlands[END_REF], for details on this method).

Measurement of SSC

At the outlet of each subcatchment, data on Suspended Sediment Concentration (SSC; g L -1 ) were obtained using an automatic water sampler (ISCO 3700) triggered by water level variations. During floods, water samples were collected after each 5-cm water level variation.

This sampling frequency was selected based on the mean characteristics (i.e., flood duration, shape of rising and falling limbs) of the floods recorded previously (i.e., between 2006-2008;Duvert and Gratiot, unpublished data) in the subcatchments to obtain a trade-off between a satisfactory flood coverage and a reasonable amount of samples to collect in the field (see [START_REF] Duvert | Drivers of erosion and suspended sediment transport in three contrasted headwater catchments of the Mexican Central Highlands[END_REF]Duvert et al., 2011 for details).

SSC (generally ≥ 2 g L -1 ) was estimated at the laboratory after drying the entire sample for 24 hours at 60°C. For each flood, a composite sample was prepared by mixing all the available individual samples. This provided a mean representative sample of each individual flood with a sufficient quantity of fine sediment (2-50 g) to conduct radionuclide and DRIFTS analyses. Details on the calculation of sediment fluxes at the outlet of the different subcatchments can be found in [START_REF] Duvert | Drivers of erosion and suspended sediment transport in three contrasted headwater catchments of the Mexican Central Highlands[END_REF]. In total, 40 events that occurred between May and November 2009 were sampled throughout the rainy season at the outlet of the three subcatchments.

Soil collection

Soil representative of the different land uses (i.e., gullies, cropland, woodland) observed in the three subcatchments was collected. Sampling was concentrated in potential sediment source areas (i.e., sites sensitive to erosion, and potentially connected to the river network). For each potential source (i.e., gullies, cropland, woodland), we collected five samples of surface material potentially submitted to erosion processes and connected to the river (top 0-5 cm; i.e. 0-2 cm at most locations and 0-5 cm where the erosion extent warranted a deeper sampling depth) and mixed them well to provide a homogeneous sample.

In total, 17 representative composite samples were collected in the field between June and November 2009 (Fig. 1). This number of sources samples is rather limited, mainly due to practical and logistical reasons, but stress was laid in the field on providing representative samples of each land use class. In ideal conditions, more samples could have been collected.

If we were aiming to discriminate the contribution of different lithological sources to suspended sediment, it would not have been enough to capture the within-source variability of fingerprint properties. However, this study aims to discriminate land use sources. We will therefore add a step to the conventional fingerprinting procedure by selecting the most relevant tracers from a physiochemical point of view to achieve this specific objective.

Furthermore, riverbed sediment was collected on exposed sites located along the main river channel network, using non-metallic trowels in order to avoid sample contamination.

Several subsamples (~ 10) were collected in January 2008 and in June 2009 at each of the 18 locations selected along the river network. They were used to prepare composite samples representative of the sediment deposited on the riverbed.

Soil and sediment analysis

Radionuclide measurements

All suspended sediment and soil samples were dried and sieved (< 250 µm) before analysis. To check that grain size of particles remained similar between soil and sediment samples, grain size distribution was determined with a Malvern® particle size analyzer after being submitted to a 10-min ultrasonic agitation.

Fallout and geogenic radionuclides were measured in all the collected samples (n=55 with Saclay, France). The subsamples underwent a flux of thermal neutrons of 2.13 10 13 n cm -2 s -1 during 30 minutes. After a 4-days cooling, four successive measurements of gamma activities were carried out using HPGe detectors. Two reference materials (i.e., IAEA SL-1 and Soil-7)

were systematically used to cross-check the results. Uncertainty on these measurements is ≤ 5%.

Carbon and Nitrogen content measurements

Soil and suspended sediment content in bulk Carbon (C) and Nitrogen (N) was measured by CHN analysis using a CN-analyzer FlashEA 1112 (Thermo Fisher Sci., MA, USA) at the Laboratoire d'Ecologie Alpine (LECA; Grenoble, France). About 20 mg of each sample were burnt at high temperature with a catalyser under helium flux, to transform total C into carbon dioxide and total N into N2. Obtained CO2 and N2 were separated using a gas chromatography column and analysed by thermal conductivity detector. Results are expressed in %C and %N.

Soil content in carbonates was analysed at the INRA soil analysis laboratory in Arras (France) using classical calcimetric method [START_REF] Robertson | Standard soil methods for longterm ecological research[END_REF] according to the normative procedure NF ISO 10693. Results are expressed in %C (CaCO3).

Isotopic analyses

Furthermore, δ 13 C measurements were conducted to outline potentially different contributions of avocado fields and maize fields, based on the difference in the stable carbon isotope signatures between C3 and C4 plants [START_REF] References Balesdent | Soil organic matter in long term field experiments as revealed by 13 C natural abundance[END_REF]. δ 13 C analyses were conducted on representative samples from (i) maize fields and (ii) avocado fields from La Cortina subcatchment to test the potential discrimination between both sources. Analyses were conducted at LSCE on an EA-IRMS devoted to organic samples (Thermo Fischer Delta+XP).

Spectroscopic measurements

A ThermoNicolet 380 spectrometer equipped with a liquid-nitrogen cooled MCT (Mercury -Cadmium -Telluride) detector was used to perform the Fourier Transform Infrared (FT-IR) analysis of soil and suspended sediment. Spectra were obtained using the diffuse reflectance (DRIFTS) measurement technique. The spectra scan range was 4000 -650

cm -1 at a resolution of 2 cm -1 with 32 co-added scans per spectrum. Results were then compiled using the OMNIC© (version 7.3) software provided by the spectrometer manufacturer (ThermoNicolet, USA). This software facilitated measurement of the peak areas that were relevant to determine the DRIFTS signatures.

Statistical analyses and sediment tracing

Conventional mixing model

The different sediment source types were characterised by their mean concentration and by the standard deviation of each of the 29 radionuclide and geochemical properties measured in the samples. The ability of the 29 potential fingerprinting properties to discriminate between the potential sediment sources was investigated by conducting a Kruskal-Wallis H-test as initially proposed by [START_REF] Collins | Selecting fingerprint properties for discriminating potential suspended sediment sources in river basins[END_REF]. Based on the set of discriminating properties retained, an optimum 'composite fingerprint' was identified by performing a stepwise selection procedure. This procedure consisted in minimising Wilk's lambda, as suggested by [START_REF] Collins | Selecting fingerprint properties for discriminating potential suspended sediment sources in river basins[END_REF]. Then, we constructed a Monte Carlo mixing model to quantify the range of contribution of each sediment source to the sediment samples collected at the different stations. Details on this model can be found in [START_REF] Evrard | Combining suspended sediment monitoring and fingerprinting to trace the spatial origin of fine sediment in a mountainous river catchment[END_REF].

DRIFTS-PLS model for source determination

In each subcatchment, two main types of potential sediment sources were considered (see the land use classes mentioned in Table 2). Two to six soil samples of each source were mixed in equal proportions to constitute a unique reference sample for the corresponding source type. In subsequent steps, those reference samples were mixed in various weight proportions. A DRIFTS spectrum was obtained for each mixture. The number of mixtures prepared in each case varied between 20 and 30. This choice was dictated by (i) the previous experiments showing that the chemometric models can be built based on the analyses of 20 to 30 mixtures [START_REF] Poulenard | Infrared spectroscopy tracing of sediment sources in a small rural watershed (French Alps)[END_REF]Poulenard et al., in press) and (ii) the willingness not to over complicate the procedure when applying the DRIFTS-PLS method to several subcatchments. Relationships between DRIFTS spectra ('x' variate) and the corresponding weight contribution of the sediment source datasets ('y' variate) were analysed using Partial Least Square (PLS) analyses. Approximately 75% of samples were used to develop the calibration models, whereas the remaining 25% were used for validation. In order to get rid of the small differences due to uncontrolled sources of variation, data pre-processing methods were applied to the spectra, such as baseline correction, Savitzky-Golay smoothing, mean centering, variable scaling, multiplicative signal correction (MSC) and standard normal variate (SNV). The procedure followed by [START_REF] Poulenard | Infrared spectroscopy tracing of sediment sources in a small rural watershed (French Alps)[END_REF]in press) was used to determine the number of components providing the best compromise between the description of the calibration set and the model predictive power, i.e. the lowest predictive standard error (PRESS).

The predictive performance of the models was evaluated by calculating several standard indicators such as the root-mean-square error of calibration (RMSEC), the rootmean-square error of cross-validation (RMSECV), the root-mean-square error of prediction (RMSEP), and coefficient of determination R 2 of predicted values against reference data.

Model validation was performed by both cross-validation and validation. RMSECV and RMSEP values provided the average uncertainty that can be expected for predictions of future samples. This uncertainty is only associated with the use of PLS models. Additional uncertainty associated with the application of this model to suspended sediment could not be taken into account.

Two independent PLS models were constructed to estimate the proportion of sediment originating from the main potential sources in each subcatchment. DRIFTS spectra of suspended sediment were then introduced into these PLS models to estimate the contribution of each sediment source and the associated uncertainty (Poulenard et al., in press).

Results

Quantifying the contribution of sources delivering sediment to the river

Overall, soils of the catchment are characterized by very low concentrations in geochemical elements and carbonates (< 0.01 %) (Table 2). These low levels reflect the strongly weathered character of soils in this highland volcanic region of central Mexico. This strong alteration is confirmed by the low content of soils in elements such as K, C and N in degraded soils and gullies (Table 2) as already reported by [START_REF] Bravo-Espinoza | Runoff, soil loss and nutrient depletion Ander traditional and alternative cropping systems in the Transmexican volcanic belt, Central Mexico[END_REF].

Furthermore, the bulk of C content in soils is mainly under organic form as previously observed in the same study area [START_REF] Cavoleda | Land-use effects on the distribution of soil organic carbon within particle-size fractions of volcanic soils in the Transmexican Volcanic Belt (Mexico)[END_REF]. In this context and to provide a strong physiochemical basis to our conventional fingerprinting exercise, we decided to restrict our fingerprint property selection to the fallout radionuclides and the biogenic elements. Fallout radionuclides such as 137 Cs and 210 Pbxs can indeed provide a powerful tracer to discriminate between surface and subsurface (i.e., gully) sources [START_REF] Wallbrink | Use of fallout radionuclides as indicators of erosion processes[END_REF]. Biogenic elements (e.g., C, N) can also provide this information, provided they are used to quantify the sources of suspended sediment to ensure that the conservation of those properties is achieved during the rapid transfer of particles to and within the river [START_REF] Collins | Selecting fingerprint properties for discriminating potential suspended sediment sources in river basins[END_REF].

Conservation of particle grain size during their transfer between the sources and the river constitutes another prerequisite of the fingerprinting method to verify. Particle size was constant in 2009 at the outlet of each subcatchment, as demonstrated by the median particle size (d50) of sediment collected in Huertitas (10±1 µm), Potrerillos (12±4 µm) and La Cortina (26±6 µm). Furthermore, those values are very close to the median sizes of particles measured in the soil samples (Tables 2 and3).

Conventional fingerprint properties retained to discriminate sediment sources in the three subcatchments are provided in Table 4. Performance of predictive models used for the DRIFTS approach are given in Table 5. The PLS model, based on soil mixture analyses, was robust despite the limited number of samples analysed (Table 5). The correlations between actual and predicted proportions are excellent with R² close to 1 for all the models. The RMSEP (average difference between prediction and actual value on the set of calibrationi.e., not used to build the model) remains close to 10%. This is acceptable given that our study only aimed at obtaining an order of magnitude of the contribution of different sources delivering sediment to the river.

Huertitas

This subcatchment exported large quantities of sediment (900 -1500 t km -2 y -1 ; [START_REF] Duvert | Drivers of erosion and suspended sediment transport in three contrasted headwater catchments of the Mexican Central Highlands[END_REF]. Active gully networks provided a constant source of sediment. Our fingerprinting analyses showed that sediment collected at the outlet during the 2009 rainy season was mostly supplied by the extended gully network of this subcatchment. This contribution varied between 72±10% and 100±12% according to the model based on spectroscopic properties, and between 88-98% according to the conventional mixing model (Figure 2). The low content in %C (about 1%) and in %N (about 0.08%) of sediment during floods illustrates that most of the sediment originated from gully soils poor in C and N.

Sediment supply by cropland slightly decreased throughout the rainy season, which probably reflects the effect of vegetation growth that protected the soil against rainfall splash effect and erosion. During the most erosive storms (e.g., on 3 September), sediment was almost only supplied by gullies. Results provided by both spectroscopic and "conventional" fingerprinting techniques are consistent.

La Cortina

This subcatchment exported low quantities of sediment (ca. 30 t km -2 y -1 ; [START_REF] Duvert | Drivers of erosion and suspended sediment transport in three contrasted headwater catchments of the Mexican Central Highlands[END_REF]). An attempt was made to differentiate the contribution of different vegetation types based on their stable carbon isotopic signature but we could not outline any different contribution of maize and avocado fields. However, test analyses showed that δ 13 C value in river sediment (-22.22±0.15‰) was close to cropland value (between -22.31±0.10‰ and 21.86±0.10‰) and significantly different from the woodland value (-26.60±0.10‰). DRIFT-PLS model showed that 70 to 80±20% of the suspended sediment was provided by cropland without significant differences all throughout the season (Figure 3). The mixing model based on conventional fingerprinting properties similarly showed that 50-85% of sediment was supplied from cropland area. This result is consistent with the mean content in carbon (6.5 %)

and nitrogen (0.4 %) of sediment during flood that is very close to the mean content measured in soils (%C = 6.31 and %N = 0.43) (Table 2). Sediment export was higher during the first months of the rainy season because vegetation growth has progressively protected the soil against erosion and because the first storm of the rainy season flushed the sediment stock accumulated on the riverbed as demonstrated by [START_REF] Evrard | Sediment dynamics during the rainy season in tropical highland catchments of central Mexico using fallout radionuclides[END_REF].

Potrerillos

Sediment source contributions varied strongly throughout the rainy season. This subcatchment was characterized by large sediment exports (600 -800 t km -2 y -1 ; [START_REF] Duvert | Drivers of erosion and suspended sediment transport in three contrasted headwater catchments of the Mexican Central Highlands[END_REF]. A rapid succession of several storms was observed in this catchment in 2009 that was characterized by a strong reactivity and a "sawtooth behaviour". Sediment was delivered by both gullies and rangeland, in variable proportions (Figure 4).

Results provided by both fingerprinting techniques differ, mainly for 3 to 4 events (Figure 4). Conventional fingerprinting showed a strongly variable supply of sediment by gullies (5-86%) and rangeland (14-95%) all throughout the season. A very variable sediment supply by gullies (36-97%) was also outlined by the DRIFTS approach. This bias is partially explained by the relationships observed between the contribution of the topsoils in rangeland determined by DRIFTS-PLS model and the organic carbon content of suspended sediment (Figure 5). The mid-infrared signature and thereby the results of DRIFTS-PLS were clearly influenced by the organic carbon content originating from the topsoil horizons. The DRIFTS-PLS model provided in this case discrimination between the relative contribution of topsoils (relatively rich in organic matter; Table 2) and the deep horizons of gullies depleted in organic matter. During the first flood of the season, river sediment sample was characterized by a very high C content (2% vs. 0.3-0.8% during the rest of the season; Fig. 5). This is probably due to the export of cow dung stored on the soil surface by the first heavy storm of the season. This

indicates that, at the beginning of the rainy season, an important stock of sediment and organic matter can be easily mobilized. This stock is probably accumulated during the dry season due to the combined effect of cattle grazing and trampling of the soil.

Origin of sediment along the river network

Overall, concentrations in geochemical elements and activities in radionuclides are very low in all the riverbed sediment collected along the river network of the entire catchment (data not shown). Various ratios between geochemical elements and radionuclides were calculated but they did not provide a way to outline specific sediment contributions within the catchment. However, farming practices such as application of fertilizers and pesticides can affect the composition of agricultural soils and sediment [START_REF] Bravo-Espinoza | Runoff, soil loss and nutrient depletion Ander traditional and alternative cropping systems in the Transmexican volcanic belt, Central Mexico[END_REF].

Phosphate fertilizers contain indeed 10 -200 times more U than soils, whereas they have a lower Th content than soils [START_REF] Takeda | Analysis of 57 elements in Japanese soils, with special reference to soil group and agricultural use[END_REF]. The U/Th ratio can therefore provide a way to outline the supply of sediment by agricultural soils along the river network. Figure 6 illustrates that U/Th ratio gradually increased from headwaters to the Cointzio reservoir. We hypothesize that this observation reflects the increase in sediment supply by agricultural areas along the river network. This hypothesis is consistent with the more detailed fingerprinting results available for the three subcatchments (Fig. 6): (i) U/Th ratio is high in sediment collected at the outlet of La Cortina where the bulk of material was supplied by cropland; (ii) U/Th ratio was lower at the outlet of Potrerillos where a mixed contribution of gullies and rangeland was outlined and (iii) U/Th ratio was the lowest at the outlet of Huertitas where sediment was almost exclusively provided by the gully network.

Origin of sediment at the catchment outlet

Based on the previous work conducted in the subcatchments, we wanted to outline the origin of suspended sediment collected at the river station draining the entire catchment and located just upstream of Cointzio reservoir. We chose to discriminate the sediment delivered by Acrisols (i.e., dominant type in Huertitas and Potrerillos) from sediment supplied by Andisols (i.e., dominant type in La Cortina). Reference Acrisols were taken from Huertitas gullies, whereas reference Andisols consisted of cropland soil (i.e., corn and avocado fields) from La Cortina. Infrared spectrum of Acrisols was characterized by the dominance of kaolinite in the clay fraction with three classical bands in the 3600-3700 cm -1 area. In contrast, Andisol spectrum was associated with gibbsite characteristic bands (Figure 7).

When compared to those source spectra, the infrared spectra of suspended sediment collected at Santiago Undameo station were very similar to the Acrisol spectra. The PLS-DRIFTS model confirmed the dominance of the contribution of Acrisols delivering more than 70% of the suspended sediment conveyed by the river at that location. This proportion can even reach 90% during most of the rainy season during which 99% of sediment are exported to the lake (Figure 8). In contrast, during the dry season, the PLS-DRIFT model indicates that the sediment delivery from cultivated Andisols is higher and can reach up to 30% of total sediment, but this sediment corresponds to only 1% of the annual export from the entire catchment, which is negligible. Furthermore, those low water periods also coincide with the highest organic carbon concentrations measured in river sediment (Figure 8). This carbon is likely to originate from local villages that are not equipped with sanitation systems. In contrast, during high flow periods, river sediment is characterised by very low carbon contents, which is consistent with a dominant sediment supply by Huertitas or Potrerillos-like gully soils (Table 2). Apparent increase of sediment supply by cultivated Andisols to the river could then reflect a bias of the DRIFT-PLS approach induced by this strong increase in the organic carbon content of sediment during the dry season.

Discussion

Sediment tracing methods

The low concentrations in geochemical elements made it difficult to outline significant composition differences between different types of sources (e.g., soil types). In contrast, low activities in fallout radionuclides provided an efficient way to discriminate between different types of sources (typically gullies vs. cropland surface sheet erosion) when low-background and efficient gamma spectrometry detectors are available to conduct measurements. The results obtained in this study confirmed the preliminary observations made by [START_REF] Evrard | Sediment dynamics during the rainy season in tropical highland catchments of central Mexico using fallout radionuclides[END_REF] on potential sediment sources based on the Cs-137 activities in soils and sediment.

The DRIFT-PLS method provided results that are very consistent with the conventional geochemical approach in the context where minerals provide a dominant signal to the soil. In these contexts, with very distinct mineralogy, a simple qualitative comparison of infrared spectra provided a fast way to identify the dominant sediment sources. The dependence of the infrared method to the soil content in organic matter has facilitated sediment source apportionment in Potrerillos catchment, where it outlined the relative important contribution of surface (cropland) and depth (gullies) material, which was consistent with the carbon content of exported sediment. However, during the low stage period, the introduction of one source of soluble organic matter delivered by anthropogenic activities that is likely to have sorbed onto suspended sediment led to an overestimation of the contribution of surface soil to river sediment, given that they were the only sources included into the model and containing a large organic carbon content.

Soil conservation in highland tropical catchments of central Mexico

Our results have clear and significant management implications to control erosion and reservoir siltation in this Mexican catchment. It is important to highlight that high turbidity levels are observed at a regional scale in lakes and reservoirs of the Mexican central plateau (Merino-Ibarra et al., 2007;[START_REF] Bravo-Inclan | Long term eutrophication diagnosis of a high altitude body of water, Zimapan reservoir, Mexico[END_REF][START_REF] Severo | Spatial and temporal variation patterns of a waterfowl community reservoir system of the Central Plateau, Mexico[END_REF]. However, none of them attenuates light penetration to such a degree as in Cointzio reservoir, where Secchi disk depths rarely exceed 0.2m [START_REF] Susperregui | A preliminary hydrosedimentary view of the highly turbid, tropical, manmade lake: Cointzio Reservoir (Michoacan, Mexico)[END_REF]. Our results showed that gullies developed in Acrisols provide the bulk of fine particles to the reservoir, even if they occupy less than 0.5% of the catchment area [START_REF] Mendoza | Caracterización físico-geográfica de la subcuenca de Cointzio, Michoacán: Información básica para el manejo integrado de cuencas[END_REF]. In this context, it is clear that mitigation efforts concentrated in areas sensitive to soil erosion could lead to a rapid improvement of water quality in the catchment and, more importantly, in the Cointzio reservoir.

In future, the expected decrease in rain and the increase in temperature should result in an increase in aridity and in surface runoff [START_REF] Gratiot | Increase in surface runoff in the central mountains of Mexico: lessons from the past and predictive scenario for the next century[END_REF], which will certainly complicate the implementation of soil conservation measures already tested in the area such as the introduction of a crop rotation and the use of a crop residue cover on the soil [START_REF] Bravo-Espinoza | Runoff, soil loss and nutrient depletion Ander traditional and alternative cropping systems in the Transmexican volcanic belt, Central Mexico[END_REF]. In this context, it is urgent to test some complementary mitigating strategies to stabilize specific gullies and to evaluate their effectiveness, before generalizing their installation across the entire Cointzio catchment (Martinez-Palacios et al., 2011).

Conclusions

Land degradation is intense in tropical regions, such as in volcanic highlands of central Tables Table 1 Altitude 

  Mexico. Two fingerprinting approaches were conducted to outline the main sources delivering sediment leading to the siltation of Cointzio reservoir draining a 630-km² catchment. This study was conducted in three subcatchments (3 -12 km 2 ) representative of the different environments observed in this area. Both fingerprinting methods provided similar results in Huertitas catchment, covered with Acrisols, where sediment was almost exclusively delivered by gullies. In La Cortina, characterized by Andisols, sediment was supplied by cropland. However, results provided by both methods in Potrerillos, covered with a mix of Andisols and Acrisols, strongly differed. Furthermore, massive export of sediment rich in organic matter produced by cattle activity and trampling during the dry season by the first heavy storm of the year is suspected in this subcatchment. This study thereby outlined several difficulties encountered when conducting fingerprinting studies in this type of volcanic catchments. First, soils are very altered in this region, complicating the choice of relevant geochemical fingerprint properties. Second, the DRIFTS-PLS method proved to be very sensitive to the soil content in organic matter. Nevertheless, in a second step, our study could demonstrate the dominant contribution of Acrisols to the sediment delivered from the entire 630-km 2 catchment to the Cointzio reservoir. Soil conservation measures should therefore focus on stabilizing gully networks as the ones observed in Huertitas catchment as well as on implementing alternative farming practices in Potrerillos-like areas. In the future, both fingerprinting methods could usefully be applied to trace sediment in different environments, and solutions to decrease the potential DRIFTS-PLS method sensitivity to soil organic matter content should be investigated. Santiago Undameo station within the Cointzio catchment in the tropical highlands of central Mexico. Areas characterized by different soil types are also delineated, and locations where composite soil samples were collected are indicated. This study focused on the samples collected within the boundaries of the monitored subcatchments.
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 2 Figure 2. Sediment sources in Huertitas catchment as defined by conventional and alternative fingerprinting techniques. Please note that, because of logistical problems to conduct the sample irradiations, results derived from the conventional mixing model are only available for the five first composite river sediment samples of the season.
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 3 Figure 3. Sediment sources in La Cortina catchment as defined by conventional and alternative fingerprinting techniques.
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 4 Figure 4. Sediment sources in Potrerillos catchment as defined by conventional and alternative fingerprinting techniques.

Figure 6 .

 6 Figure 6. Values of U/Th ratio measured in riverbed sediment samples collected along the river network within the entire catchment (U corresponds to activities in Ra-226, and Th to activities in Ra-228).
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 7 Figure 7. Typical spectra of Andisols, Acrisols and suspended sediment collected at Santiago Undameo station.

Figure 8 .

 8 Figure 8. Contribution of Acrisols to sediment monitored at Santiago Undameo station. Discharge values correspond to mean discharges measured during the sediment collection period by the trap.
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Table 5

 5 Derived from the analysis of aerial photographs. Predictive performance of the PLS (Partial Least Squares) models in the different Mexican subcatchments : coefficient of determination; RMSEC: Root-Mean-Square Error of Calibration; RMSEP: Root-Mean-Square Error of Prediction; RMSECV: Root-Mean-Square Error of Cross-Validation.

	, soil, slope, and erosion characteristics of the study sites	
	___________________________________________________________________________________________________________________
	Subcatchment Area (km 2 ) Altitude range (m)	Soil types a	Severely eroded areas b
					(% of the catchment surface)
	___________________________________________________________________________________________________________________
	Huertitas	3	2150 -2450	Acrisols (100%)	6
	La Cortina	9	2250 -2700	Andisols (100%)	0
	Potrerillos	12	2200 -2700	Acrisols (60%)	1
				Andisols (40%)	
	Undameo	630	2000 -3440	Andisols (37%)	
				Luvisols	0.5
				Acrisols (33%)	
	___________________________________________________________________________________________________________________
	a According to FAO (2006).			
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