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Pastoralism increased vulnerability of a subalpine catchment to flood hazard through changing soil properties
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Soil erosion is strongly linked to both precipitation patterns and land-use. We examine the effects of erosion and its drivers (i.e. human or/and climate) on soil evolution from the study of lacustrine archives in the northern French Alps. Multi-proxy analyses of the Lake Gers sediment sequence combined with the study of soils and rocks of its catchment allowed to reconstruct its evolution over the past 4.6 kyr. This included 14 C dating, short-lived radionuclides, geochemistry, loss on ignition, grain-size analyses, as well as plant and mammal DNA analyses. A total of 127 instantaneous deposits were identified among the continuous sedimentation in the lake and 93 were

Introduction

Erosion is a natural process, commonly occurring in mountain areas due to steep slopes and high precipitation [START_REF] Verheijen | Tolerable versus actual soil erosion rates in Europe[END_REF]. Torrential flooding transport mechanisms are often studied for flood hazards and for climatic impacts, which are exacerbated by snow melting in spring or intense stormy rainfall in summer and fall [START_REF] Noren | Millennial-scale storminess variability in the northeastern United States during the Holocene epoch[END_REF][START_REF] Wilhelm | 1400years of extreme precipitation patterns over the Mediterranean French Alps and possible forcing mechanisms[END_REF][START_REF] Sabatier | 6-kyr record of flood frequency and intensity in the western Mediterranean Alps -Interplay of solar and temperature forcing[END_REF][START_REF] Wilhelm | Recent advances in paleoflood hydrology: From new archives to data compilation and analysis[END_REF]. Few studies focus on the long term effects of flood-triggered erosion on soil evolution despite the fact that landscape, that are based on the soil cover, may be threatened by flood events. Soils provide numerous ecosystem services, including supporting, provisioning and regulating services, as food production, regulation of climate disruption by carbon storage and flood mitigation [START_REF] Daily | Ecosystem services supplied by soil. Nature's services: societal dependence on natural ecosystems[END_REF][START_REF] Mea | Ecosystems and human well-being: wetlands and water[END_REF][START_REF] Adhikari | Linking soils to ecosystem services -A global review[END_REF]. The loss of soil thickness is frequently associated to loss of soil properties like structure or organic matter content [START_REF] Stacy | Soil carbon and nitrogen erosion in forested catchments: implications for erosion-induced terrestrial carbon sequestration[END_REF][START_REF] Wang | Humaninduced erosion has offset one-third of carbon emissions from land cover change[END_REF]. This can decrease the potential of water infiltration and storage and favor surface runoff, through Horton overland flow, thus further increasing erosion [START_REF] Bailey | Floods and accelerated erosion in northern Utah[END_REF].

The loss of soils in upstream mountain catchments induces more direct and rapid concentration of waters and thus can have strong effect on valley flooding, where infrastructures and housing are concentrated. This displacement of soil and sediments can also result in deep hydrological changes in the catchment. The consequences of floods are thus doubled, with the potential mobilization of large amount of soil associated with ecological and economical losses, as well as the transfer of large amount of water downstream, threatening societies. If flooding are necessary triggered by precipitation, their effects on erosion can be increased according to the conditions of the catchment, especially in response to human-induced modifications [START_REF] Cosandey | The hydrological impact of the mediterranean forest: a review of French research[END_REF][START_REF] Giguet-Covex | Changes in erosion patterns during the Holocene in a currently treeless subalpine catchment inferred from lake sediment geochemistry (Lake Anterne, 2063 m a.s.l., NW French Alps): The role of climate and human activities[END_REF][START_REF] Brisset | The overlooked human influence in historic and prehistoric floods in the European Alps[END_REF]. Therefore, it is necessary to dissociate what is climate or human induced in flood related erosion, and take interest in land use modifications.

Both the number and intensity of extreme precipitations and thus, flood events, are expected to increase with the climate warming in several places in the world and especially in mountainous areas [START_REF] Giorgi | Enhanced summer convective rainfall at Alpine high elevations in response to climate warming[END_REF]. Consequences of the global warming will also affect lands and agriculture systems as highlighted recently by the IPCC Special Report on Climate Change and Land (IPCC, 2019).

In this context, it becomes essential to understand how soils can react and be disrupted by flood and land use change to adapt environmental practices and management in the upstream, thereby ensuring safe living accommodation and sustainability of the agro-pastoral practices. Upstream areas are usually neglected in risk prevention plans or adaptation to climate change because they are considered as natural areas and located usually far from human properties values.

Paleo-environmental reconstructions from lake sediments offer the opportunities to study at the same time soil evolution, flood-frequency and effect of human activities on long time-scale [START_REF] Giguet-Covex | Changes in erosion patterns during the Holocene in a currently treeless subalpine catchment inferred from lake sediment geochemistry (Lake Anterne, 2063 m a.s.l., NW French Alps): The role of climate and human activities[END_REF][START_REF] Wrb -Fao | World reference base for soil resources 2014 international soil classification system for naming soils and creating legends for soil maps[END_REF][START_REF] Arnaud | Erosion under climate and human pressures: An alpine lake sediment perspective[END_REF][START_REF] Brisset | The overlooked human influence in historic and prehistoric floods in the European Alps[END_REF]. Lake sediment archives are useful to reconstruct past flood events, especially in mountainous areas [START_REF] Noren | Millennial-scale storminess variability in the northeastern United States during the Holocene epoch[END_REF][START_REF] Moreno | Flood response to rainfall variability during the last 2000 years inferred from the Taravilla Lake record (Central Iberian Range, Spain)[END_REF][START_REF] Wilhelm | 1400years of extreme precipitation patterns over the Mediterranean French Alps and possible forcing mechanisms[END_REF][START_REF] Wirth | Holocene flood frequency across the Central Alps -solar forcing and evidence for variations in North Atlantic atmospheric circulation[END_REF][START_REF] Sabatier | 6-kyr record of flood frequency and intensity in the western Mediterranean Alps -Interplay of solar and temperature forcing[END_REF]Fouinat et al., 2017a;[START_REF] Wilhelm | Interpreting historical, botanical, and geological evidence to aid preparations for future floods[END_REF]. They also can be used to reconstruct past land use and agricultural activities from pollen and non-pollen palynomorph analyses [START_REF] Doyen | Ecological and human land-use indicator value of fungal spore morphotypes and assemblages[END_REF] and from plant and mammal DNA (e.g., animal husbandry) [START_REF] Giguet-Covex | Long livestock farming history and human landscape shaping revealed by lake sediment DNA[END_REF][START_REF] Parducci | Ancient plant DNA in lake sediments[END_REF][START_REF] Sabatier | 6-kyr record of flood frequency and intensity in the western Mediterranean Alps -Interplay of solar and temperature forcing[END_REF]Bajard et al., 2017b). Soil evolution is reconstructed from the comparison between the lake archives and the current soils [START_REF] Ewing | Holocene Soil Development on Till and Outwash Inferred from Lake-Sediment Geochemistry in Michigan and Wisconsin[END_REF][START_REF] Mourier | Distinguishing subalpine soil types using extractible Al and Fe fractions and REE geochemistry[END_REF][START_REF] Giguet-Covex | Changes in erosion patterns during the Holocene in a currently treeless subalpine catchment inferred from lake sediment geochemistry (Lake Anterne, 2063 m a.s.l., NW French Alps): The role of climate and human activities[END_REF]Bajard et al., 2017b).

Here we present a study based on a lake sediment sequence of the Northern French Alps with the objectives to i) identify flood deposits and establish a flood chronicle, ii) understand the soil evolution, applying a source-to-sink approach (i.e., combining catchment samples and lake sediment analyses) and to iii) link soil evolution and flood-frequency with external anthropic and/or climate forcing.

Materials and methods

Study site

Lake Gers (46°1'36"N, 6°43'45"E, 1540 m a.s.l.) is located in the Northern French Alps (Fig. 1a) on the municipality of Samoëns in the Giffre river Valley. The area of the lake is 0.05 km² and its maximum depth is 5.6 m [START_REF] Sesiano | Monographie physique des plans d'eau naturels du département de la Haute-Savoie[END_REF]. The lake level decreases of 2 m between spring and summer because of loss of water under the lake (Fig. 1b). The lake is fed by a temporary stream that mainly drains the west side of the catchment. The catchment covers an area of 5 km² and rises up to 2385 m a.s.l. (Fig. 1c). The lake is of glacial origin and is part of the Giffre river catchment.

According to the weather observation network of the alpine massif (ROMMA), the mean temperatures at Arâches-La Frasse, located at 8 km west from Lake Gers at 1120 m and corrected of an altitudinal gradient of -0.5°C/100 m for Lake Gers altitude, range from -1.2°C in winter to 13.0°C in summer (these values represent averages for 2011-2017). Precipitations are approximately 1500 mm per year. Snow covers the area from December to April, and the lake is ice-covered during winter.

Avalanches fall out every winter and early spring, especially from the west side of the lake, and can reach the lake.

The bedrock of the catchment is dominated by Taveyannaz sandstones of Eocene-Oligocene ages (Fig. 1c), which are composed by approximately 80 % of volcanic materials associated with a carbonated matrix [START_REF] Martini | Etude pétrographique des grés de Taveyanne entre Arve et Giffre ( Haute Savoie, France) . Alpes (Theses)[END_REF]. Within the sandstones, carbonated marly levels can outcrop in some points of the catchment (e.g., GERS3, GERS4).

Picea abies is the main tree species covering the east side of the lake (Fig. 1c and1d).

Pastured grasslands cover the south edge of the lake and the upstream of the catchment with punctual areas colonized by Ericaceae (Vaccinium myrtillus, Vaccinium uliginusum, Rhododendron ferrugineum). Alder (Alnus viridis) concentrates in the middle of the catchment and in avalanche areas (Figs 1c and1d).

[insert FIGURE 1]

Soil sampling

Eleven soil profiles (GERS1 to 11) were realized in Lake Gers catchment to characterize the major soil types. Soil profiles were described with color, texture, structure and HCl effervescence test. The FAO (Food and Agriculture Organization) soil classification (WRB -FAO, 2014) and the Guidelines for soil description (FAO, 2006) were used for horizon and soil denominations. At least one sample was collected per horizons and sieved to 2 mm for further laboratory analyses. When it was possible, samples for density estimation were taken with a cylinder. Parent materials from these soils were also collected for geochemical comparison. Soil pH (n=3) were measured for each horizon with a 1:5 soil-water ratio.

Lake sediment cores

Two coring campaigns were undertaken to retrieve sediments from the deepest part of Lake Gers in winter 2015 and winter 2016. Short gravity cores were taken in 2015 from the ice-covered surface to provide a well-preserved water-sediment interface. Two longer overlapping sections (GER16-I and GER16-II) that are approximately 6 m each in length were retrieved in 2016 (Fig. 1b) using an Uwitec piston coring device. The cores were split into two halves. Each half was described in detail, and pictures were taken with a 20-pixel.mm -1 resolution. The lithological description of the cores allowed the identification of different sedimentary units. A composite profile of 5.8 m (GER16) was built with lithological correlation from a short gravity core (GER15_P3) obtained in 2015 (IGSN code: IEFRA05HV; IGSN codes refer to an open international database, www.geosamples.org) and the two sedimentary sections obtained during the 2016 coring. One half of the core was used for nondestructive analysis (i.e., XRF core scanner) and the other half for sampling and performed destructive analysis.

Analysis performed on both catchment and lake sediment samples

Loss on ignition

Loss on ignition (LOI) analysis was performed on both the soil samples and sediments, every 2 cm all along the sediment sequence to estimate the organic matter (OM) and carbonate contents following the procedure described in [START_REF] Heiri | Loss on ignition as a method for estimating organic and carbonate content in sediments: reproducibility and comparability of results[END_REF]. A measure of density was also realized every 2 cm on the sediment core, by sampling and weighting known volume of sediment before the LOI measures.

P-XRF mineral geochemistry

A portable ED-XRF spectrometer (S1 TITAN Bruker) was used on soils, rocks and lake sediments to have a quantitative and comparative measurement of major elements, which were expressed as relative percentages of oxides. Analysis of gently crushed soil and sediment and crushed rocks samples was performed through a 4-μm-thick Ultralene film in a 32-mm-diameter plastic cup.

The samples were triplicated and analyzed over 60 s using the GeoChem Standard instrument's internal calibration mode [START_REF] Shand | Portable X-ray fluorescence analysis of mineral and organic soils and the influence of organic matter[END_REF]. The standard deviations of the replicates were lower than the instrument errors, which were thus conserved as measurement uncertainties. The total contents of Si, Fe Al and Mn were estimated from SiO2, Fe2O3, Al2O3 and MnO contents, respectively. Principal component analysis (PCA) was performed on the P-XRF geochemical data from rock and soil samples in order to identify similar rock samples and associated similar soil processes.

Analyses were performed using R 2.13.1 (R Development Core Team, 2011).

Analysis performed only on lake sediments

XRF Core Scanner

The relative contents of chemical elements were analyzed by X-ray fluorescence (XRF) at high resolution (2 mm sampling step) on the surface of the sediment core with an Avaatech core scanner (EDYTEM Laboratory, CNRS-Université Savoie Mont-Blanc). The core surface was first covered with a 4-µm-thick Ultralene film to avoid contamination and desiccation of the sediment. The element intensities were expressed in counts per second (cps). Geochemical data were obtained with different settings according to the elements analyzed. These settings were adjusted to 10 kV and 1.5 mA for 10 s to detect Si, Ca, Al, Fe, Ti, K, Mn, and S. For heavier elements (i.e. Sr, Rb, Zr, Br, and Pb), measurements were performed at 30 kV and 1.0 mA for 40 s.

Sedimentary environmental DNA (sedDNA)

To reconstruct the past vegetation dynamic and the nature of herds (i.e., cows, sheep and goats) by DNA analysis, we sampled 35 slices of 1 to 2-cm thickness covering the whole sediment core, following the strict laboratory precautions described in [START_REF] Giguet-Covex | Long livestock farming history and human landscape shaping revealed by lake sediment DNA[END_REF]. Extracellular DNA was extracted from the sediment, amplified within 8 PCR replicates and sequenced as described in supplementary materials. The sequence analyses were performed using the Obitools software (https://git.metabarcoding.org/obitools/obitools/wikis/home) [START_REF] Boyer | obitools: a unix-inspired software package for DNA metabarcoding[END_REF]. For mammals, we only kept sequences with a match >97 % with the sequences in the reference database and removed all the sequences assigned to hominideae. Results are given in number of positive PCR replicates. For plants, we only considered sequences with a match >95 % with the sequences in the reference database. Then, several filtering steps were applied to remove the potential contaminants (see supplementary materials for more details). The contribution of each taxon and then of vegetation types were obtained by doing the sum of the number of reads from each replicate and for each taxon. Then, we log-transformed these numbers (log (N reads+1)) to correct from the exponential increase of DNA sequences during the PCR amplification. We calculated the taxon contribution from these log-transformed read numbers.

Chronology

The chronology of the sediment sequence is based on ten 14 C measurements performed on terrestrial plant macroremains, as well as on short-lived radionuclide measurements ( 210 Pb and 137 Cs). AMS (accelerator mass spectrometer) radiocarbon dates were performed by the Poznan Radiocarbon Laboratory and the Laboratoire de Mesure 14C (LMC14) ARTEMIS at the CEA (Atomic Energy Commission) Institute of Saclay. The 14 C ages were calibrated using the IntCal13 calibration curve [START_REF] Reimer | IntCal13 and Marine13 radiocarbon age calibration curves 0-50[END_REF]. Short-lived radionuclides were used to date the most recent sediments. They were measured on the upper 24 cm of GER15_P3 gravity core at the Modane Underground Laboratory (LSM). Measurements were performed by gamma spectrometry, using high-efficiency, very low-background, well-type Ge detectors [START_REF] Reyss | Large, low background well-type detectors for measurements of environmental radioactivity[END_REF]. 137 Cs was first introduced in the environment at the end of the 1950s as by-product of atmospheric nuclear weapons tests (maximum peak at AD 1963 in the Northern Hemisphere). The Chernobyl accident in 1986 also dispersed 137 Cs into the Northern Hemisphere [START_REF] Appleby | 241Am dating of lake sediments[END_REF]. 210 Pb excess activities ( 210 Pbex) are calculated in the sediment as the difference between total 210 Pb (mixing of erosion and atmospheric deposits) and 226 Ra activities at each levels [START_REF] Goldberg | Geochronology with 210Pb[END_REF]. Then, we used the Constant Flux/Constant Sedimentation (CFCS) model and the decay of 210 Pbex to calculate the mean sedimentation rates. The uncertainty of sedimentation rates obtained with this method is derived from the standard error of the linear regression of the CFCS model. The age-depth model for the entire sequence associating short-lived radionuclides and 14 C was then generated using R software and the R code package 'Clam' version 2.2 [START_REF] Blaauw | Methods and code for 'classical' age-modelling of radiocarbon sequences[END_REF].

Estimating erosion

The erosion was estimated from the lake filling considering the volume of each layer of sediment in the lake, their dry densities, their corresponding sedimentation rate and the surface of the catchment (5 km²), following the method described in Bajard et al. (2017). We estimated the volume from the surface corresponding to the current higher lake level of the lake (0.05 km²) and the depths in the core, assuming the sediment is equally distributed on the entire surface area of the lake [START_REF] Enters | Historical soil erosion and land-use change during the last two millennia recorded in lake sediments of Frickenhauser See, northern Bavaria, central Germany[END_REF]. The approximations made on the calculation of the volume are expected to overestimate the accumulated mass of sediment, because of the higher accumulation in the deepest part of the lake, where the core was taken. However, the progradation of the delta should cause the opposite effect and reduce the overestimation. The mass of sediment was then calculated for each sampled depth, using the dry density. Only the non-carbonate terrigenous mass of the sediments was considered, using the Non-Carbonate Ignition Residue (NCIR) of the LOI. The terrigenous masses of each depth were then integrated according to the time, using the age-depth model, and divided by the surface of the catchment to estimate the erosion rate per unit area.

Results

Identification and formation of soils of the catchment

Three main types of pedogenetic processes, i.e., andosolization, podzolization and colluviation were identified in the catchment of lake Gers (Fig. 2 and Table 1). A complete description of the soils is presented in supplement material.

Cambisols (GERS1, GERS2, GERS11 and GERS5) present mainly a succession of different brown horizons. They are characterized by low pH increasing with depth and decreasing OM content (Fig. 2 and Table 1). Andosols as GERS8 present a darker color due to high OM content throughout the profile and their pH is low (Fig. 2). They develop on Taveyannaz sandstones which are made of 80 % of volcanic materials [START_REF] Martini | Etude pétrographique des grés de Taveyanne entre Arve et Giffre ( Haute Savoie, France) . Alpes (Theses)[END_REF]) that make possible the andosolization in this area. They also displays the lowest K2O/TiO2 ratio (Table1). Podzols as GERS6, GERS7, GERS9 and GERS10 are characterized by low pH and decreasing OM content in the profile. Colluviation is characterized by lots of coarse elements, higher pH and low OM contents (GERS3, GERS4 and GERS11 in Fig. 2). These soils also display the highest K2O/TiO2 ratios (Table1). The PCA performed on the geochemistry of both the rocks and soils samples allowed to better understand the soil formation and identify different geochemical sediment sources (Fig. 3).

[insert FIGURE 2] [insert

Dimensions 1 and 2 (denoted as Dim 1 and Dim 2) of the PCA from the geochemical data of the parent materials represent 75.6 % of the total variability (Fig. 3a). Three end members were identified on the correlation circle. The first one includes TiO2 as well as Fe2O3 and SiO2 and is positively correlated with the first dimension of the PCA. It concerns rocks from GERS1, GERS2 and GERS8 (Fig. 3a). Al2O3 forms a single end member, positively correlated with the second component of the PCA. This second end member contains the parent materials of GERS5, GERS6 and GERS9. The third one is negatively correlated with both components and give positive loading between K2O and CaO. This third end member contains the rocks sample of GERS3 and GERS4. Parent materials of GERS11 is located between these three end-members (Fig. 3a).

The PCA performed with soil samples includes the same geochemical elements than the rock sample PCA (SiO2, Al2O3, TiO2, Fe2O3, CaO) and the OM content (Fig. 3b). Dimensions 1 and 2 represent 78 % of the total variability of this dataset. Dimension 1 gives positive loading to Fe2O3 and negative loadings to K2O. TiO2 and the OM content are correlated to both dimensions. Dimension 2 (Dim 2) gives negative loading to Al2O3 and CaO but CaO is poorly representative in the soil dataset (Fig. 3b). SiO2 is positively correlated to Dim 2 and negatively to Dim 1. Surface horizons are associated with OM direction and conversely, the deepest horizons are anticorrelated to OM.

Samples from GERS9, GERS6 and GERS5 are mainly associated with Dim 2 and form a "Podzolic" endmember. GERS4 and GERS11 are anticorrelated to Dim 1 and closely associated to K2O (Fig. 3b).

They form an end-member of low weathered soils, with the deepest horizons of other soils. GERS1, GERS2 and GERS8 appear to be mainly associated to Fe2O3 and Al2O3 and form an "Andic" endmember. GERS7 is in the center of the PCA.

[insert FIGURE 3]

Core description and lithology

The continuous sedimentation of the 5.8 m of the sequence consists mainly of dark medium silts, with a higher variability between 3 and 1.25 m. The organic matter content is 11 % in average and the carbonate content is 3 % in average.

The sedimentary sequence is interrupted by 127 individual layers that are interpreted as short-term depositional events according to [START_REF] Sturm | Turbidites and varves in Lake Brienz (Switzerland): deposition of clastic detritus by density currents[END_REF] and [START_REF] Arnaud | Flood and earthquake disturbance of 210Pb geochronology (Lake Anterne, NW Alps)[END_REF]. 93 of these deposits are darker graded beds with a coarse and no erosive base and present thicknesses ranging from the millimeter to the dozens of centimeters. The thickest deposits occur at 5.20 m (12 cm), 3.90 m (9.5 cm), 3.02 m, (13.5 cm), 1.73 m (6.5 cm) and 1.31 m (11 cm). Between 1.80 and 2.00 m, deposits are thinner and more numerous (approximately 30 between 2 and 8 mm of thickness).

The 34 other deposits are very fine sand layers from less than 1 mm to 5 mm, located only in the bottom part of the core, between 4.8 and 5.8 m.

A more complete description of the sediment analyses according to depth is presented in the supplementary materials.

Age-depth model and instantaneous deposits

Short-lived radionuclides

The measurement of short-lived radionuclides allowed the dating of the uppermost 16 cm of the core. A logarithmic plot of 210 Pbex activity (Fig. 4a) shows a downward decrease from the surface.

The three deepest points measured were rejected because of their distance from the main logarithmic trend (reach the secular equilibrium). In the same way, the 210 Pbex measures realized in the 9.6-12.5 cm and 12.5-15.5 cm deposits present lower activities and were excluded from the construction of an event-free sedimentary record because they were considered as instantaneous deposits [START_REF] Arnaud | Flood and earthquake disturbance of 210Pb geochronology (Lake Anterne, NW Alps)[END_REF]. The depth-corrected plot of 210 Pbex activities (i.e. depth without instantaneous events) shows two logarithmic relationships providing two mean sedimentation rates: 2.9±0.5 mm.yr -1 above 5 cm and 1.3±0.2 mm.yr -1 below. Ages were then calculated using the 'constant flux, constant sedimentation rate' (CFCS) model [START_REF] Goldberg | Geochronology with 210Pb[END_REF][START_REF] Krishnaswamy | Geochronology of lake sediments[END_REF] applied to the original sediment depth to provide a continuous age-depth relationship.

The 137 Cs activity profile (Fig. 4a) has a peak beginning at a depth of 16.5 ± 0.25 cm and reaches a maximum at 13. 5 ± 0.25 cm, interpreted respectively as the beginning of atmospheric production of 137 Cs, in AD 1955 due to nuclear weapon test in the Northern Hemisphere and its maximum fallout in AD 1963 [START_REF] Robbins | Determination of recent sedimentation rates in Lake Michigan using Pb-210 and Cs-137[END_REF]. The good agreement between the ages of the beginning and maximum artificial radionuclide fallout inferred from the 210 Pbex-CFCS model (1952 and 1965) and their known ages (1955 and 1963) supports the validity and the accuracy of our age-depth model in the upper 16 cm of the sediment sequence.

Radiocarbon dating

A total of 10 radiocarbon analyses were performed on selected macrofossils collected from the 5.8-m length of the sediment core (Table 2). These data and those from the short-lived radionuclides measurements were incorporated into Clam to generate the age-depth model of the whole core (Fig. 4b). SacA42472 sample appear too old. It was taken only a few millimeters from an instantaneous deposit. Macrofossils had thus probably been reworked, explaining the age obtained.

In consequence, this radiocarbon date was not considered for age-depth modeling. Nevertheless, its high uncertainty, due to its young age, stays in the smooth model computed (Fig. 4b). Bold samples correspond to excluded dates from age-depth modeling.

[insert TABLE 2]

The 127 deposits interpreted as instantaneous events represent a total of 163 cm that were removed from the main continuous sedimentation. The remaining 4.2 m of sediment were used to build an event-free sedimentary record [START_REF] Bøe | Holocene river floods in the upper Glomma catchment, southern Norway: a high-resolution multiproxy record from lacustrine sediments[END_REF][START_REF] Wilhelm | 1400years of extreme precipitation patterns over the Mediterranean French Alps and possible forcing mechanisms[END_REF]. We then calculated an age-depth relationship by a smooth spline interpolation (Fig. 4c). This age-depth model was used to date all instantaneous deposits.

[insert FIGURE 4 -Age model]

The 5.8 m of sedimentary sequence cover the last 4.6 kyr. The sedimentation varies from 0.5 to 2 mm.yr -1 with maxima between 4.6 and 4.3 cal kyr BP (1.2 mm.yr -1 ), 2.5 and 1.9 cal kyr BP (1 mm.yr -1 ), 900 and 500 cal yr BP (1.7 mm.yr -1 ) and over the last century (2 mm.yr -1 ).

Sedimentary DNA

DNA analysis were performed only in the continuous sedimentation to avoid possible taphonomic biases especially due to grain-size effects that might occurred in instantaneous deposits.

Extracellular DNA is expected to be more concentrated in the clayey part than in the sandy/coarse silts part of the flood deposit [START_REF] Giguet-Covex | New insights on lake sediment DNA from the catchment: importance of taphonomic and analytical issues on the record quality[END_REF].

The DNA of six mammalian taxa was detected in the sediments of Lake Gers, specifically Bos Bos sp. was detected in two samples at 2000 and 1750 cal yr BP, but in only one replicate over eight.

It was then recorded in all samples younger than 850 cal yr BP, except in the youngest sample. The highest number of positive PCR replicates was measured at 850, 700 and 400 cal yr BP (3, 6 and 4 positive PCR replicates over 8, respectively, Figure 5a). Ovis DNA was detected in the two samples between 850 and 800 cal yr BP (4 and 5 positive replicates over 8) and in the two samples between 700 and 550 cal yr BP (2 and 1 replicates). Capra DNA was detected in two samples between 850 and 750 cal yr BP in 1 or 2 PCR replicates and in the two samples between 400 and 200 cal yr BP in 1 PCR replicates each (Fig. 5a).

For the plants, after the filtering steps, 99 taxa (MOTU) were obtained and classified according to the vegetation stratification and types (i.e., tree layer, shrub layer, herbaceous layer, moss and ferns). We only present in Figure 5b the tree layer which includes Prunus, Maleae, Aquifoliaceae, Betulaceae, Populus, Picea, Pinaceae, Ulmacea, Alnus and Acer. The sample at 4.2 cal kyr BP was removed from our analysis because it contained only 2 taxa detected in 1 or 2 replicates (Apioideaea and Polytrichaceae) any tree sequence, whereas all the other samples older than 1.9 cal kyr BP contain between 15 and 56 % of tree DNA sequences (32 % in average).

From 4.6 to 1.9 cal kyr BP, the DNA of trees represents 31,5% in average, and 13,5% from 1.9

to the present day (Fig. 5b). During this last period we identified a period of higher tree DNA between 1300 and 900 cal yr BP with 25% in average. The complete sedDNA study combined with pollen analysis of the Lake Gers sediment sequence has been presented by Blanchet et al. (2019) and is subject of a publication in preparation.

[insert FIGURE 5 -Evolution of landscape]
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Discussion

Source-to-sink dynamics

Pedological origin

PCA for geochemical data from the parent materials (Fig. 3a) highlighted heterogeneity in the geochemistry of Taveyannaz sandstones, especially between the real sandstones characterized by a weathering carbonated aureole found in GERS1, GERS2 and GERS8 and the alternating layer of thick sand and marly levels (GERS3, GERS4). Marly levels were found at lower altitudes than the Taveyannaz sandstones of GERS1, GERS2 and GERS8 (Fig. 1). Considering its colluvial position, GERS11 can be feed by both facies (Fig. 1 and2). The third main parent material can be associated to glacial deposits in the center (GERS5 and GERS6) and upper part (GERS9) of the catchment (Fig. 1 and 2). PCA from the soil samples defined the same groups as the rock sample PCA, with a distinction for surface and deep horizons. This scheme reflects a strong relation between parent material and soil evolution processes in this catchment. GERS1, GERS2 and GERS8 are affected by andic properties, GERS9, GERS5 GERS6, GERS7 by podzolization and GERS3, GERS4 and GERS11 are low developed and affected by erosion and colluviation. The development of Andosols is rare in the Alps and no Andosols has been described in the French Alps to our knowledge. Their development is possible here from the weathering of Taveyannaz Sandstones which formed from sedimentary deposition of old eroded volcanic complex.

The less weathered soils of Gers catchment, and the deepest soil horizons present high K2O/TiO2 ratios (Table 1). In the sediments, increases in K2O/TiO2 ratios will represent less weathered source inputs (young materials, from regular erosion area), or increasingly deep horizons inputs.

Values of K2O/TiO2 in the sediments are in the higher range, and beyond what is observed in soils (Fig. 7d and Table 1). In summary, the main sources of sediment are low weathered soils such as GERS11 and GERS4.

Several phases present high contents of OM when K2O/TiO2 ratios, erosion and flood deposit frequency are the lowest (Fig. 5). These phases can be interpreted or by slight erosion of soil surface, either as the expression of lacustrine OM that is less diluted than during the periods of higher terrigenous inputs. Between 900 and 800 cal yr BP, the increase in OM may be also link to grazing on the delta of the lake, which could have bring lots of organic matter from dungs.

Flood chronicle

Normally graded deposits are common features in lake sediments. There are commonly associated to turbidity currents triggered by mass movements or by flood events. To verify this hypothesis, we compared our record with the historical flood calendar of the downstream Giffre river established by [START_REF] Mougin | Les torrents de la Savoie[END_REF] and completed by local archives and internet database of RTM (ONF-RTM database, http://rtm-onf.ifn.fr). The comparison allows to associate the thickest deposits to historical floods from CE 1298 to today (Table 3). The proposed dates fitted within 20 years in average, throughout the last 650 years. Only three deposits dated at 513 cal yr BP could not be identified in the historical archives, possibly due to both their low thicknesses and their old age (Table 3). This good correspondence supports both the assumption of the torrential origin of these deposits and the chronology of the sequence for this period. The frequency of the instantaneous deposits was estimated for a period of 101 years (Fig. 5i) (Fig. 5e). Sandy levels are presented in a different color as they can have a different origin from the other events and are only present from 4.6 to 3.8 cal yr BP (Fig. 5e). Sandy levels occur from 2 to 10 deposits per 101 years on this period, with three higher frequency periods around 4.4, 4.15 and 3.9 cal kyr BP. The frequency of the other deposits ranges from 0 to 33 events (Fig. 5e). The centennial frequency ranges from 0 to 4 between 4.6 and 2.7 cal kyr BP, with up to 4 events from 4.6 to 4.15, 3.7 to 3.5, 3.3 to 3.1 and 2.95 to 2.85 cal kyr BP. The frequency reaches 8 events per 101 years between 2.7 and 2.5 cal kyr BP before a period where no events were recorded between 2.5 and 1.95 cal kyr BP. The frequency reaches up to 4 events again from 1.95 to 1.65 cal kyr BP and up to 2 events between 1.5 and 1.23 cal kyr BP. The maximum frequency occurs from 900 to 670 cal yr BP with up to 33 events between 900 and 800 cal yr BP (Fig. 5e). The frequency stays between 2 and 4 events per 101 yrs until 460 cal yr BP, then between 0 and 2 until the last century.

[insert TABLE 3]

The origin of sandy deposits between 4.6 and 3.8 cal kyr BP is not solved. As two of them are associated to a graded layer, a flood deposit is possible, but can also be due to chance, i.e., a sand deposit followed by a flood deposit. No other proxies analyzed in the sediment core provide information about the disappearance of these deposits after 3.8 cal kyr BP. They correspond to another source which is no longer mobilized or which does not reach the lake since 3.8 kyr. They happen while very low flood-frequency and erosion are recorded at Lake Anterne (Fig. 5g). 3.8 kyr is also considered as a major paleohydrological transition toward wetter regional conditions as evidenced by different studies in the Alps [START_REF] Nicolussi | Holocene tree-line variability in the Kauner Valley, Central Eastern Alps, indicated by dendrochronological analysis of living trees and subfossil logs[END_REF][START_REF] Magny | Orbital imprint on Holocene palaeohydrological variations in west-central Europe as reflected by lake-level changes at Cerin (Jura Mountains, eastern France)[END_REF][START_REF] Arnaud | Lake Bourget regional erosion patterns reconstruction reveals Holocene NW European Alps soil evolution and paleohydrology[END_REF][START_REF] Roy | Calendar-dated glacier variations in the western European Alps during the Neoglacial: the Mer de Glace record, Mont Blanc massif[END_REF][START_REF] Arnaud | Erosion under climate and human pressures: An alpine lake sediment perspective[END_REF][START_REF] Rapuc | Holocene-long record of flood frequency in the Southern Alps (Lake Iseo, Italy) under human and climate forcing[END_REF]. This change in the sedimentary dynamic could be a consequence of the 4.2 kyr event recognized in different types of archives at many global locations. The avalanches that arrive on the lake can also bring sands when ice is melting, especially from the Taveyannaz sandstones cliff above (Fig. 1c). However, they appear to have a constant gran-size, while avalanches bring very different grain-size materials (weak sorting), and usually even coarse (e.g., gravels, pebbles) with dropstones in lake sediments (Fouinat et al., 2017b).

Long-term erosion

Erosion was first calculated without the instantaneous deposits (Fig. 5f, dotted line), and then including each instantaneous deposit (Fig. 5f). Erosion is approximately 10 t.km -².yr -1 between 4.6 and 4.1 cal kyr BP, with three highest peaks at 30, 50 and 200 t.km².an -1 during the years of instantaneous deposits. Erosion decrease at approximately 4-5 to 3 t.km -².yr -1 from 4.1 to 2.6 cal kyr BP, with punctual event induced-erosion peaks until 20 t.km².an -1 . Erosion increases at 9 t.km -².yr -1 between 2.6 and 1.7 cal kyr BP, with two highest periods from 2.6 to 2.5 and 1.9 to 1.7 cal yr BP.

Erosion is lower from 1700 to 950 cal yr BP except during the higher event frequency period from 1.4 to 1.3 cal kyr BP (Fig. 5ef). Erosion increases up to 15 t.km -².yr -1 outside flood deposits and up to 100 t.km -².yr -1 with flood deposits between 950 and 600 cal yr BP, and slightly decreases from 600 to 0 cal yr BP. The last 65 yrs are characterized by an increase erosion trend.

The calculation of erosion is very simplified and absolute values are to be carefully used.

Nevertheless, they are in the order of magnitude of erosion modeled and recorded in Europe [START_REF] Enters | Historical soil erosion and land-use change during the last two millennia recorded in lake sediments of Frickenhauser See, northern Bavaria, central Germany[END_REF][START_REF] Cerdan | Rates and spatial variations of soil erosion in Europe: A study based on erosion plot data[END_REF][START_REF] Egli | Soil formation rates on silicate parent material in alpine environments: Different approaches-different results?[END_REF][START_REF] Vanmaercke | Quantifying human impacts on catchment sediment yield: A continental approach[END_REF]. Furthermore, Bajard et al. (2017) showed that the uncertainty of the volume of sediment weakly influenced the amount of erosion. Otherwise, with instantaneous inputs from floods, the erosion triggered at each of these deposits is very depending of the deposit time of the considered "sample depth" below. Without considered the flood inputs, erosion is still higher during higher flood-frequency periods, suggesting an impact of these events on the continuous sedimentation. For example, a part of the material mobilized during an extreme event can be stocked in the catchment before being remobilized with later rainfall. This assumption is strongly supported by the variation of K2O/TiO2 that displays always higher values during high flood-frequency periods (Fig. 5de).

Environmental dynamics and agro-pastoral activities in the late Holocene

In the Northwestern Alps, first important developments of pastures happened after 3600 to 3000 cal yr BP. In the Anterne mountain (Fig. 1e), palynological studies from Survilly and Ecuelles peat bogs show an expansion of Alnus around 3600 and 3000 cal yr BP respectively, and were associated to clear-cutting and grazing activities (David, 2010a(David, , 2010b)). Archaeological evidences found close to Lake Anterne confirms, with sedDNA from the lake, the long livestock farming history of this area [START_REF] Rey | Premières occupations de la montagne sur les versants du col d'Anterne (2 257 m)[END_REF][START_REF] Rey | Passy-Servoz. Les premières occupations humaines des versants du col d'Anterne[END_REF][START_REF] Giguet-Covex | Long livestock farming history and human landscape shaping revealed by lake sediment DNA[END_REF]. Similar observations were made in the Swiss Alps from Lake Sägitalsee at 1935 m a.s.l. [START_REF] Wick | Holocene vegetation development in the catchment of Sägistalsee (1935 m asl), a small lake in the Swiss Alps[END_REF]. It is also during this same period that first human clearing and grazing activities were identified in the area of the Petit Saint Bernard pass (2188 m a.s.l, French-Italian border), by independent palynological, DNA, pedoanthracological and archaeological studies [START_REF] Talon | Analyses anthracologiques au col du Petit St-Bernard. Archéoanthracologie et pédoanthracologie[END_REF][START_REF] Rey | Approche archéologique et environnementale des premiers peuplements alpins autour du col du Petit Saint-Bernard (Savoie, Vallée d'Aoste): un bilan d'étape[END_REF]Bajard et al., 2017b).

At lake Gers, the period between 4600 and 2700 cal yr BP is characterized by no or low variations of the geochemistry with four periods of low flood-frequency, reflecting constant inputs and slight evolution in the landscape. The catchment was rather forested. No pasture activity was recorded by DNA. At 2700 cal yr BP, the peak in tree DNA (Fig. 5b) is mainly due to Alnus (data not shown). This occurrence of Alnus, could reflect first development of grazing in lake Gers catchment.

After 2700 cal yr BP, both OM contents and K2O/TiO2 ratio present higher variations, mainly anticorrelated. The four phases of higher K2O/TiO2 ratio (noted P1 to P4, Fig. 5), reflecting the contribution of less weathered materials are associated to higher flood-frequency periods. They appear as ruptures in the evolution of the landscape. Floods had to disrupt the catchment bringing less weathered materials from rejuvenated soils through erosion and colluviation movements, while outside periods of higher flood-frequency, the continuous sedimentation reflected the low erosion of surface soils, with higher OM contents and higher weathered materials.

The Roman period is marked a slight decrease of DNA of trees and the first occurrence of cow DNA in the sediments between 2000 and 1700 cal yr BP, suggesting deforestation and development of cattle grazing in the catchment. The rejuvenation of soils between 1900 and 1750 cal yr BP (P2 phase) is associated with this development of grazing activities. On the other hand, cow and bos DNA were detected earlier in the sediments of lake Anterne (Fig. 1e), between 2400 and 1900 cal yr BP [START_REF] Giguet-Covex | Long livestock farming history and human landscape shaping revealed by lake sediment DNA[END_REF]. This difference could reflect a development of pastoral areas by the areas at higher altitudes.

Between 1300 and 900 cal yr BP, a recovery in the forest restored surface soil inputs. No flood deposit was recorded during this period. A similar recolonization of the vegetation was recorded at Lake Verney (2088 m) in the Petit Saint Bernard pass area (French-Italian border), approximately at the same period with evidence of a slight recovery in the podzolic processes in the catchment (Bajard et al., 2017b). The origins of this decrease in pastoral activities could therefore be more global (e.g., climate forcing).

After 950 cal yr BP, cattle grazing activities seems to be continuous. Sheep and goat were present especially until 800 cal yr BP. The Gers valley is known to be one of the main route to bring animals to the Sales Vallon (Fig. 1e), which is another pasture located a few kilometers away [START_REF] Guffond | Une institution collective dans l'histoire : l'alpage de Sales (Sixt-Fer-à-Cheval, Haute-Savoie, fin XIVe-fin XIXe siècles)[END_REF]. At Sales, 84 archaeological structures and remains of building were identified [START_REF] Guffond | Sixt-Fer-à-Cheval (Haute-Savoie)[END_REF]. Two animal bones, buried in the buildings, were dated 865 and 675 yr BP.

They independently confirm the medieval implantation of these mountains. Moreover, the intensification of agricultural activities in this part of the Alps in the medieval period was also reflected by the expansion and opening of new grazing areas like at Bénit, a pasture located 18 km west of Gers [START_REF] Bajard | Legacy of early anthropogenic effects on recent lake eutrophication (Lake Bénit, northern French Alps)[END_REF].

This diversification of the pastoral activities was associated with the expansion of pastoral areas, as suggested by the decrease in the DNA of trees and increase in erosion of OM-rich and highly weathered soils associated with the high frequency of thin flood deposits. They suggest a progressive erosion of soils, from weathered and organic surface horizons to deep, less weathered horizons (P4 phase), leading to a more important development of Cambisols, instead of Podzols and Andosols.

From 700 cal yr BP to the present, few changes were recorded except the relative decrease in floodfrequency, suggesting a stabilization of the landscape. Historical documents from 1418 CE (532 yr cal BP) attests that animals and heifers were bring to Sales Vallon [START_REF] Guffond | Une institution collective dans l'histoire : l'alpage de Sales (Sixt-Fer-à-Cheval, Haute-Savoie, fin XIVe-fin XIXe siècles)[END_REF]. In 1847, 300 cows were grazing below Pointe Pelouse.

Impact of climate and human in the subalpine area

Erosion and climate patterns at the local scale

For both the Roman and medieval periods (P2 and P4 phases, Figure 5), the increases in erosion, flood-frequency and K2O/TiO2 ratio appear to be mostly due to human activities. For the two other periods (P1 and P3 phases), the impact of human activities could be under-recorded, especially at the early beginning of the deforestation process. Changes in vegetation may be partly masked in the first hundred years after landscape modifications, as DNA may be stored in soils, and will only be transferred to the lake with erosion [START_REF] Parducci | Ancient plant DNA in lake sediments[END_REF][START_REF] Giguet-Covex | New insights on lake sediment DNA from the catchment: importance of taphonomic and analytical issues on the record quality[END_REF]. The extreme values of K2O/TiO2 ratio and the highest flood-frequency recorded in the same way than during P2

and P4 phases constitute one more argument in the assumption of human induced flood-frequency increase in P1 and P3 phases, considering that roman and medieval periods were the main periods of pastoral activities in the Alps.

In order to verify this hypothesis, we compared the Lake Gers record with regional glacier records (Fig. 5h). [START_REF] Holzhauser | Glacier and lake-level variations in west-central Europe over the last 3500 years[END_REF] and Le [START_REF] Roy | Calendar-dated glacier variations in the western European Alps during the Neoglacial: the Mer de Glace record, Mont Blanc massif[END_REF] provide reconstitutions of the dynamics of the Great Aletsch Glacier (100 km northeast of Lake Gers) and of the Mer de Glace (20 km southeast of Lake Gers), respectively, throughout the last 3500 yrs. Both P1 and P3 phases are synchronous with glacier advances of both glaciers, suggesting mainly a climate cooling to explain the higher flood-frequency periods and the associated erosion increases. Around the Alps, Arnaud et al.

(2016) pointed out that colder periods generally favour higher flood frequency. Indeed, a climate cooling could affect vegetation by reducing its development. But vegetation protects soils from erosion, and soils also absorb precipitation, limiting run off and flooding. So, a cooling of the climate could increase flood events.

The P4 phase but also all the last millennia of Lake Gers sedimentary record is also largely associated to glacier fluctuations. The P4 phase could thus be associated to both climate and human forcings. Both effects of substantial land-use and precipitation patterns changes could be responsible for the higher flood-frequency recorded at the beginning of the last millennia.

In order to draw the regional pattern of erosion we compared the Lake Gers record with Lake Anterne sedimentary record (7 km southward). At Anterne, both the flood-frequency and sedimentation rate, which present the same variations, were used as proxies of erosion [START_REF] Giguet-Covex | Changes in erosion patterns during the Holocene in a currently treeless subalpine catchment inferred from lake sediment geochemistry (Lake Anterne, 2063 m a.s.l., NW French Alps): The role of climate and human activities[END_REF], 2012), as observed in Lake Gers sequence. Higher flood-frequency was recorded at Lake Anterne (max 24/101 yrs, 7 /101 yrs on average) than at Lake Gers (max 33/101 yrs, 2/101 yrs in average). The catchment of Lake Anterne is possibly more susceptible to flood because of both its higher altitude (e.g., difference in vegetation, precipitations and snow melting) and the highest erodibility of the schists, which mainly cover its catchment. Pastoral activities at Anterne were recorded mainly from 2400 to 1900 cal yr BP (cow and sheep) and from 1000 to 200 cal yr BP (mainly cow) [START_REF] Giguet-Covex | Long livestock farming history and human landscape shaping revealed by lake sediment DNA[END_REF]. The effects of human activities seem to be more marked at Anterne during the late Iron age and the beginning of roman period, with both cow and sheep grazing, associated with maximum of erosion, while this period is much more weakly marked by human activities at Lake Gers (Fig. 5).

The erosion recorded in both lakes display similar variations, especially between 3200 and 1000 cal yr BP. After 1000 cal yr BP, both erosion patterns seem more different. At Lake Anterne, erosion increases slightly, and more after 500 cal yr BP in relation with wetter and colder climate conditions of the Little Ice Age [START_REF] Giguet-Covex | Frequency and intensity of high-altitude floods over the last 3.5ka in northwestern French Alps (Lake Anterne)[END_REF]. At Lake Gers, erosion was very important after 950 cal yr BP, in relation with human activities, triggering a high destabilization of soils and an increase of flood deposits. Erosion trajectories of soils in both catchments are similar while human impact is moderated, as noticed in the Roman period, and then differ when human pressure strengthens in the Middle Age. This comparison suggests that from the medieval period, human activities overwhelm the impact of climate on erosion in Lake Gers catchment. A similar observation was realized from Lake La Thuile sediment sequence for the same period [START_REF] Bajard | Erosion record in Lake La Thuile sediments (Prealps, France): Evidence of montane landscape dynamics throughout the Holocene[END_REF]. Both erosion and soil disruption were triggered first by climate forcing (i.e., heavy precipitations, snow cover duration) and strongly increase according to the intensity of human activities that disrupt soils and make them more easily erodible. However, changes in hydrological patterns could be more associated to bare soils than change in vegetation [START_REF] Cosandey | The hydrological impact of the mediterranean forest: a review of French research[END_REF]. Such an increase in the erodibility of a catchment with anthropic activities was also recorded in the southern Alps and represent a major threat for the future [START_REF] Brisset | The overlooked human influence in historic and prehistoric floods in the European Alps[END_REF].

Consequences of land use modifications on the vulnerability to climate changes

Long-term changes in land use has led to an increase in transport capacity of water in the catchment (e.g. increased of Hortonian flow due to vegetation changes or compaction) and increase in the sediment supply through the erosion initiated by grazing activities and deforestation. These consequences triggers an input of water and sediments more important to downstream areas where human activities take place. In interaction with climate changes and multiplication of extreme events, these consequences increase the vulnerability of population to flood hazards. Therefore, upstream areas should be more taken into account in the adaptation to climate change and risk prevention plans.

Effect of floods, favored by human-induced land-use changes increases losses of soils and their associated ecosystem services. Anthropogenic land-use changes are known to be an important way to lose organic carbon [START_REF] Carcaillet | Holocene biomass burning and global dynamics of the carbon cycle[END_REF][START_REF] Kaplan | Holocene carbon emissions as a result of anthropogenic land cover change[END_REF]. However, human activities induced-erosion is not well considered in the assessment of organic C losses and in the global C budget [START_REF] Lal | Soil erosion and the global carbon budget[END_REF]. Erosion could yet accelerate organic C losses in the atmosphere, by mineralization to CO2, and strengthen climate warming [START_REF] Alewell | A method to detect soil carbon degradation during soil erosion[END_REF][START_REF] Wang | Humaninduced erosion has offset one-third of carbon emissions from land cover change[END_REF]. The less important OM content in the sediment of Lake Gers (10 % in average) than in soils of the catchment (30 % in average, Table 1) suggests a loss of organic carbon with erosion. However, our data do not allow to assess the location of mineralization, during transport or within the lake. As a result, a larger consideration and management of upstream areas would reduce the vulnerability of population downstream to flood events and participate to carbon storage to limit the global warming.

Conclusions

The sediment sequence of Lake Gers (1540 m a.s.l.) in the Northern French Alps provides a continuous record of environmental changes throughout the last 4.6 kyr. The sequence is punctuated by 127 instantaneous deposits, including 93 graded deposits identified as flood deposits. The other deposits are sand layers occurring only from 4.6 to 3.8 cal kyr BP, whose origin was not determined.

Multiproxy analyses of the continuous sedimentation, including geochemistry, loss on ignition and DNA analyses, was compared to flood-frequency and to current soils of the catchment. Erosion was acquired thanks to the CNRS-INSU ARTEMIS national radiocarbon AMS measurement program at Laboratoire de Mesure du 14C (LMC14) in the CEA Institute at Saclay (French Atomic Energy Commission). The authors thank also the Laboratoire Souterrain de Modane (LSM) facilities for the gamma spectrometry measurements. DNA analyses were supported by AGIR-PAGE Euromont 2016 project. We thank Morgan T. Jones for correcting the English of the artcile and the two anonymous reviewers for advice in improving our manuscript.

  sp. (cattle), Canis sp. (dog/wolf), Capra sp. (goat), Felis sp. (cat), Ovis sp. (sheep) and Sus sp. (pig). We only focus on the three taxa associated with grazing activities: Bos sp. Ovis sp. and Capra sp. (Fig. 5a).
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		Sample	Top depth (cm)	Bottom depth (cm)	Horizon	pHwater	Bulk density	OM % (LOI 550°C)	Al2O3 %	SiO2 %	K2O %	CaO %	TiO2 %	MnO %	Fe2O3 %	Zr %	Total %	K2O/TiO2
		GERS1															
	GERS 1-1	1-1	0	17	A	4.0	0.5	57.0	7.62	23.85 1.07 0.62 1.03	0.08	7.75	0.03	99.1	1.0
	GERS 1-2	1-2	17	45	B	4.2	-	26.2	18.31	38.39 1.79 1.18 1.49	0.15	11.29	0.04	98.9	1.2
	GERS 1-3	1-3	45	65+	C	5.0	-	7.8	19.65	57.04 2.28 2.31 1.12	0.10	9.10	0.04	99.5	2.0
		GERS2															
	GERS 2-1	2-1	0	17	A	4.4	-	43.3	10.71	32.34 1.31 0.80 1.10	0.17	9.44	0.04	99.2	1.2
	GERS 2-2	2-2	17	35	B	4.6	-	25.1	16.51	41.95 1.65 1.20 1.36	0.22	11.15	0.04	99.2	1.2
	GERS 2-3	2-3	35	50	B	4.6	-	25.8	20.44	38.27 1.71 1.86 1.18	0.13	9.77	0.05	99.2	1.5
	GERS 2-4	2-4	50	60+	C	4.3	-	13.0	22.03	48.87 2.26 3.00 1.08	0.10	9.19	0.04	99.6	2.1
		GERS4					-										
	GERS 4-1	4-1	0	20	A/C	6.1	-	17.1	15.54	50.99 3.12 2.58 0.84	0.18	8.01	0.03	98.4	3.7
	GERS 4-2	4-2	0	10	A/C	6.7	-	11.9	16.57	53.78 3.44 2.57 0.88	0.20	8.45	0.04	97.8	3.9
		GERS5															
	GERS 5-1	5-1	0	15	A	4.1	0.8	28.0	13.55	45.46 2.42 0.55 1.01	0.09	8.11	0.04	99.3	2.4
	GERS 5-2	5-2	15	45+	B/C	4.5	-	13.8	18.15	52.02 2.93 0.72 1.14	0.12	9.00	0.04	98.0	2.6
		GERS6					-										
	GERS 6-1	6-1	0	8	A	3.3	-	55.7	5.99	29.17 1.21 0.60 0.90	0.03	5.64	0.05	99.3	1.3
	GERS 6-2	6-2	8	18	B	3.9	-	18.5	15.19	51.45 2.34 0.19 1.37	0.14	10.32	0.06	99.6	1.7
	GERS 6-3	6-3	18	40	B/C	4.4	-	16.0	15.19	51.48 3.15 0.13 1.67	0.24	11.76	0.09	99.8	1.9
	GERS 6-4	6-4	40	70+	C	4.7	-	9.5	21.86	53.26 3.15 0.66 1.06	0.14	8.63	0.04	98.3	3.0
		GERS7					-										
	GERS 7-1	7-1	0	5	OH	3.3	-	87.2	0.00	7.60	0.18 2.48 0.38	0.00	1.87	0.02	99.7	0.5
	GERS 7-2	7-2	5	10	A	3.5	-	25.8	12.03	46.73 1.76 0.85 1.27	0.07	11.13	0.04	99.6	1.4
	GERS 7-3	7-3	10	25	B	3.8	-	18.8	17.54	46.53 2.00 0.97 1.35	0.13	10.35	0.05	97.7	1.5
	GERS 7-4	7-4	25	50+	C	4.3	-	15.3	18.17	51.31 2.11 1.05 1.23	0.15	10.06	0.04	99.5	1.7
		GERS8															
	GERS 8-1	8-1	3	10	A	3.5	0.3	62.5	4.91	21.73 0.76 0.80 1.28	0.02	7.43	0.04	99.5	0.6
	GERS 8-2	8-2	10	30	Alu	4.4	-	60.1	10.23	13.82 0.57 0.72 1.03	0.10	12.56	0.03	99.2	0.6
	GERS 8-3	8-3	30	55+	Alu/C	4.9	0.4	52.5	13.57	18.34 0.66 1.10 0.98	0.18	11.64	0.03	99.0	0.7
		GERS9															
	GERS 9-1	9-1	4	9	A	3.5	-	72.2	3.40	18.91 0.89 0.38 0.51	0.02	2.78	0.04	99.1	1.7
	GERS 9-2	9-2	9	17	E	3.4	0.6	28.5	10.22	50.51 2.19 0.07 1.27	0.02	5.60	0.07	98.5	1.7
	GERS 9-3	9-3	17	31	Bs	3.6	0.7	16.0	16.47	51.66 2.99 0.13 1.04	0.06	8.89	0.03	97.3	2.9
	GERS 11	GERS11	0	50+	A	6.2	-	19.7	12.65	51.42 3.01 4.39 0.86	0.13	7.38	0.04	99.6	3.5

Table 2 .

 2 Radiocarbon ages for Lake Gers sediment sequence

	Sample	Depth			Min. age	Max. age
		Lab. Code	Sample type	Age (yr BP)	
	name	(mm)			(cal yr BP)	(cal yr BP)
	GER1	SacA42472 465 Herbs, seeds	315 ± 30	303	463
	GER2	SacA42473 1155 Herbs	620 ± 30	552	657
	GER3	SacA42474 2180 Bark, herbs	1125 ± 30	960	1172

Table 3 . Comparison of flood deposits recorded in Lake Gers sediments with historical floods of the Giffre River for the last 650 yrs. CE= Common Era.
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	Flood	Age	Age				Age	
				min	max	Historical		
	thicknes	cal.	cal.				difference	Reference	Historical document
				CE	CE	flood		
	s (cm)	BP	CE				(yrs)	
	3	-14	1964	1971	1956	1968	4	RTM archives
	1	-6	1956	1964	1947	1944	12	Municipal archives (Sixt-Fer à Cheval)
	1	-6	1959	1964	1947	1944	12	Municipal archives (Sixt-Fer à Cheval)

Data availability

Datasets related to this article can be found at https://data.mendeley.com/datasets/j9x7yhcvd4/draft?a=1fbbfa5b-b76e-4d5b-b428-adc496d7c2d4, (doi:10.17632/j9x7yhcvd4.1) an open-source online data repository hosted at Mendeley Data ([CITATION TO DATASET]).

quantified from the lake filling, including flood events and compared to regional climate and erosion records.

Three potential geochemical sources were identified in the catchment, corresponding to variations in geological formations over which different pedogenetic processes were associated, i.e., Podzolization, Andosolization and colluviation. Colluviation and low weathered material seem to be responsible for the main inputs in the lake. Podzols and Andosols features were not identified in the sediment with our analyses.

Four phases of decrease in the weathering of sedimentary inputs were associated to higher flood-frequency periods, suggesting the progressive erosion of soils and their periodic destabilization and rejuvenation. Two of the four weathering decrease phases (i.e. increase in K2O/TiO2 ratio) were associated with climate cooling in the 2650-2500 and 1450-1300 cal yr BP periods. The two other phases were associated with human activities, i.e. deforestation and pastoralism, during the late Roman period and in the Middle Age, mainly with cow grazing. In the last millennia, agricultural activities are diversified with sheep and goats, and combined to climate forcing. Both effect, agriculture and climate, triggered an even higher flood-frequency deposit and higher erosion. This last anthropic phase evidenced higher modifications operated by agro-pastoral activities in the catchment (e.g., vegetation) and a higher sensibility to climate events.
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