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Abstract1

A hydrology-sediment modelling framework based on the model Topkapi-ETH combined with2

basin geomorphic mapping is used to investigate the role of localized sediment sources in a mountain3

river basin (Kleine Emme, Switzerland). The periodic sediment mobilization from incised areas and4

landslides by hillslope runo↵ and river discharge is simulated in addition to overland flow erosion to5

quantify their contributions to suspended sediment fluxes. The framework simulates the suspended6

sediment load provenance at the outlet and its temporal dynamics, by routing fine sediment along7

topographically-driven pathways from the distinct sediment sources to the outlet. We show that8

accounting for localized sediment sources substantially improves the modelling of observed sediment9

concentrations and loads at the outlet compared to overland flow erosion alone. We demonstrate10

that the modelled river basin can shift between channel-process and hillslope-process dominant be-11

haviour depending on the model parameter describing gully competence on landslide surfaces. The12

simulations in which channel processes dominate were found to be more consistent with observations,13

and with two independent validations in the Kleine Emme, by topographic analysis of surface rough-14

ness and by sediment tracing with 10Be concentrations. This research shows that spatially explicit15

modelling can be used to infer the dominant sediment production process in a river basin, to inform16

and optimise sediment sampling strategies for denudation rate estimates, and in general to support17

sediment provenance studies.18

KEYWORDS: sediment sources; sediment provenance; mountain basin; cosmogenic radionuclides;19

suspended sediment transport modelling; mesoscale catchment20

1 Introduction21

Suspended sediment load is generated by several types of mobilization processes that act on hillslopes and22

in channels, such as landslides, debris flows, overland flow erosion, river bed and bank erosion, the signal of23

which is filtered by the transport processes in the river network [e.g. Jerolmack and Paola, 2010, Bracken24

et al., 2015]. Given the strong nonlinearity and stochasticity of the involved processes, the magnitude of25
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sediment load at a river basin outlet and its provenance, i.e. the origin of the sediment delivered to the26

outlet from di↵erent sources, are very di�cult to predict [e.g. Roering et al., 1999, Phillips, 2011]. At27

the same time, such information is of fundamental importance to identify the locations of strongest soil28

erosion and sediment production, and to determine the downstream e↵ects of the mobilized sediment.29

A widely used approach in sediment provenance studies are fingerprinting methods, which allow30

quantification of the relative contributions of sediment sources to the outlet sediment load, by means of31

measurable and conservative sediment properties [Haddadchi et al., 2013, Walling, 2005]. Fingerprinting32

methods have been used to demonstrate the blocking of parts of the catchment from sediment production33

[e.g. Stutenbecker et al., 2018, 2019], the role of valley gradient in the hillslope-channel geomorphic34

coupling [e.g. D’Haen et al., 2013] and the correlation between rainfall properties and sediment export35

[e.g. Navratil et al., 2012]. However, these methods only provide limited information about the actual36

sediment pathways from source to the outlet and the temporal dynamics of the sediment load composition.37

Information about sediment provenance is also essential for denudation rate studies based on cos-38

mogenic radionuclide (CRN) dating. CRN concentrations in river bed samples are used to estimate39

catchment-average long-term denudation rates, under the assumptions that a sediment sample taken at40

the river outlet is representative of the long-term erosion rates of the upstream part of the basin, and41

that the di↵erent areas of the basin are represented in the sample proportionally to their erosion rates42

[von Blanckenburg, 2005, Yanites et al., 2009]. These conditions are especially di�cult to be satisfied43

in mountainous environments, where soil erosion is highly episodic and localized, often dominated by44

mass movements, and where sediment production from small areas can temporarily dominate the basin45

sediment load [e.g. Korup et al., 2004, Evrard et al., 2011, Delunel et al., 2014, Cruz Nunes et al., 2015].46

Therefore, information about preferential sediment production areas and the hydrological conditions47

that activate them is key to correctly interpret CRN concentrations in river bed samples in mountainous48

environments.49

One way to quantify the activation of localized sediment sources by time-dependent overland and50

channel flow, and to track sediment from origin to outlet, is by physically-based spatially-distributed51

hydrological and sediment transport modelling [de Vente et al., 2006, Kim and Ivanov, 2014, Tsuruta52

et al., 2018, Battista et al., 2020]. Research has shown that widely used conceptual approaches to spatial53

erosion estimation, such as RUSLE [Renard et al., 1997] and WaTEM/SEDEM [Van Rompaey et al.,54

2001] fail in catchments where landslides, bank and gully erosion are expected to play an important role in55

sediment mobilization [Van Rompaey et al., 2005, Borrelli et al., 2014, 2018]. Some spatially-distributed56

models already include localized mass wasting processes, e.g. landslides, as a sediment source in addition57

to di↵use hillslope erosion processes [e.g. Bathurst and Burton, 1998, Doten et al., 2006, Coulthard et al.,58

2013]. However, they do not explicitly track the sediment produced by the di↵erent sediment sources in59

space and time and therefore cannot reconstruct the sediment provenance at the outlet.60
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The aim of this work is to provide an approach that combines spatially explicit hydrology-sediment61

modelling with detailed knowledge of localized sediment sources, in order to track sediment produced by62

them to the outlet. In particular, (1) we combine a recently developed distributed hydrology-sediment63

numerical model [Battista et al., 2020] with detailed basin geomorphic mapping of main sediment pro-64

duction areas in a pre-Alpine river basin, (2) we show with this model how the relative contributions65

of landslide, hillslope and channel production processes to the fine suspended sediment load at the out-66

let are a↵ected by parameter choices, (3) we use the model together with surface topographic analysis67

of landslide areas and measured CRN concentrations in the production zones as a tracer, to indepen-68

dently validate the sediment load composition in the study catchment, and (4) we discuss how the69

time-dependent modelling of sediment load composition can be used to guide the sampling of CRN for70

denudation rate estimates and complement fingerprinting approaches.71

The hydrology-sediment model is the two-dimensional high-resolution catchment hydrology model72

TOPKAPI-ETH [Paschalis et al., 2014, Fatichi et al., 2015] with a new suspended sediment module73

recently introduced by Battista et al. [2020]. The latter showed that high suspended sediment concen-74

trations in the same study catchment were di�cult to model by only accounting for di↵use overland75

flow erosion, and suggested the need to include mass wasting processes with a threshold behaviour. In76

this work we introduced sediment mobilization from landslides and channel inner gorges as additional77

erosion processes and fine sediment sources. We introduced a new parameter for sediment mobilization78

by overland flow on landslide surfaces, the so-called gully competence parameter, to regulate the relative79

contribution of landslides and incised areas to total sediment yield. We show how this parameter can80

potentially be estimated from surface roughness derived from a high resolution DEM or by measure-81

ments of a sediment source tracer such as the 10Be concentrations. We close the paper with a discussion82

of how this approach can guide optimal riverbed sediment sampling strategies of CRN for denudation83

rate estimates, and in combination with fingerprinting methods can increase our understanding of the84

sediment dynamics in a mountain environment.85

2 Data and Methods86

2.1 Catchment geomorphic mapping87

The case study basin is the Kleine Emme, a 477 km2 pre-Alpine basin located in central Switzerland.88

The basin has been moderately geomorphically active and is characterized by several inner gorges and89

knickpoints, expressions of erosional waves generated by the lowering of the base level of the river network90

following the Last Glacial Maximum [Schlunegger and Schneider, 2005, Van den Berg and Schlunegger,91

2012, Dürst Stucki et al., 2012]. In the gorges, deep river incision in the valley floor generates steep92

river banks characterized by frequent debris flows and bank failures, delivering abundant regolith to93
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the river. The exposure of bedrock in these gorges indicates an e�cient and supply-limited sediment94

transport regime in the channels [Schwab et al., 2008]. On the hillslopes, several mass movements95

like earthflows and landslides are present. The sediment produced by these processes is stored on the96

hillslopes for potentially long time periods and is only delivered to the river network when short-lived97

and rare episodes of hillslope-channel coupling take place, consisting mostly of superimposed debris flows98

[Schwab et al., 2008, Clapuyt et al., 2019]. This mechanism indicates a transport-limited regime on the99

hillslopes.100

We identified the areal extent of the localized sediment sources by geomorphic mapping. Landslides101

and earth flows (LS) were identified in the Geological Atlas of Switzerland (GeoCover V2) and verified102

with a high resolution 2 m LIDAR DEM (SwissAlti3d). Slopes from the LIDAR DEM were used to103

manually map the extent of areas deeply incised by the river, referred to as incised areas (I) (see map in104

Fig. 1). The LS and I areas were considered as potential hotspots of fine sediment production as they105

have abundant clay, silt and fine sand available for transport, and are localized as they cover only 16%106

of the entire catchment area.107

[Figure 1 about here.]108

2.2 Modelling concept for localized sediment sources109

The hydrology module in Topkapi-ETH is physically based and fully distributed, i.e. raster-based, and it110

simulates runo↵ on hillslopes and in the channels, and subsurface flow in a multi-layered soil, from climatic111

inputs (precipitation, air temperature, cloud cover) and watershed surface and subsurface properties112

(DEM, soils, vegetation cover). It includes all relevant hydrological processes in alpine environments,113

such as infiltration and saturation excess runo↵ formation, soil moisture limited evapotranspiration,114

snow accumulation and melt, etc. For more model details see Fatichi et al. [2015]. The sediment module115

in Topkapi-ETH simulates erosion by overland flow on the hillslopes (OF process) and is based on a116

transport capacity approach, where at cell level the sediment production rate (erosion) adjusts to the117

local transport capacity Tc:118

Tc = ↵ · q1.4OF · S1.4, (1)

where Tc is the specific sediment transport capacity of overland flow per unit area [kg m�2 s�1], qOF is119

the specific overland flow [m2 s�1], S the local slope and ↵ [ks s0.4 m4.8] is a surface erodibility parameter.120

The spatial distribution of ↵ is given by the C (land cover and management) and K (soil erodibility)121

factors in the RUSLE equation [Renard et al., 1997], and its magnitude was calibrated with observed122

suspended sediment concentrations (SSCs) at the river basin outlet [Battista et al., 2020].123

In the present work, we introduced additional localized sediment sources, i.e. landslides and incised124

areas, as potential hotspots of fine sediment production. We assumed that mobilization takes place by125
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means of three new processes supported by these hotspots: sediment pickup from incised areas (I), from126

the toe of landslides by action of the river flow (LSR) and from the body of landslides by action of127

hillslope overland flow (LSHS) (Fig. 2).128

Sediment was assumed to be mobilized from the incised areas I by action of the discharge in the inner129

gorges, when it exceeds a critical value. Such threshold behaviour represents the activation of debris130

flows and bank failures that supply sediment from hillslopes to the channel. Sediment was considered to131

be always available, when the critical bed shear stress in the river is exceeded.132

The landslide processes (LSR and LSHS) were also assumed to have a threshold behaviour, in order133

to represent the episodic activation of the hillslope-channel coupling. In the light of the transport limited134

character of sediment flux on the hillslopes, we assumed that the sediment storage of landslides was also135

unlimited. We observe that in the basin there are landslides directly connected to the river network,136

which can be emptied by both LSR and LSHS , and landslides disconnected from the river network,137

which are only emptied by LSHS . The disconnected landslides deliver sediment to the channel only if138

the overland flow bed shear stress is su�ciently high along the flow path to the nearest channel cell, and139

therefore have a transient functional connectivity to the river network.140

The sediment input from landslides and incised areas takes place when applied shear stresses exceed141

a threshold, with the same sediment transport formula applied to all three processes (Fig. 2):142

qs = k · (✓ � ✓c)
µ (2)

where qs [m2/s] is the specific sediment flux, ✓ is the dimensionless bed shear stress, ✓c the dimensionless143

critical bed shear stress and k and µ are parameters that regulate the sediment flux. The parameters k and144

µ depend on grain size, sediment mass density and the magnitude and non-linearity of the morphological145

response following the triggering of debris flows, bank collapses, and the activation of hillslope-channel146

coupling, and must be calibrated. Following a sensitivity analysis we assumed ✓c=0.05 and constant in147

this study. The dimensionless bed shear stress ✓ is the key hydraulic factor that makes qs di↵erent on148

landslides, in channels and incised areas, despite the same parameters k and µ in Eq. 2 (see Section 2.3).149

[Figure 2 about here.]150

The routing of sediment on the hillslopes and in the channels takes place in parallel from all sources.151

Overland flow (OF ) erosion and sediment transport takes place on all hillslope cells provided the hy-152

drological forcing qOF > 0. Sediment is routed along the hillslope flow paths, it can be deposited if153

the transport capacity in Eq. 1 is exceeded, and is input into the river network once a channel cell is154

reached. Extra sediment is mobilized on the hillslopes on landslide surfaces (LSHS) when the overland155

flow shear stress exceeds the critical value ✓c (Eq. 2) and this sediment is input into the river network if156

transport capacity allows it. Rivers receive extra sediment input when they cross incised areas (I) or the157
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toes of landslides directly connected to the river network (process LSR) and the streamflow bed shear158

stress exceeds ✓c (Eq. 2).159

In the channels, fine sediment produced from all four sediment sources (OF , LSHS , LSR, I) is160

routed as suspended load using an advection solution, neglecting di↵usion and the possibility of sediment161

deposition. The sediment flux at any point in the river network consists of the sum of the four sediment162

fluxes at any given time step. The hypothesis of pure sediment advection neglects the recycling and163

mixing processes within the river network and is motivated by the e�cient and supply-limited transport164

in the river network of the study basin (see Sect. 2.1). On the contrary, the possibility of deposition and165

re-mobilization of the eroded sediment on the hillslopes implies that the delivery of hillslope sediment166

by overland flow into the channels can be instantaneous during large rainfall events, or spread over long167

time periods when sediment undergoes many erosion-deposition cycles [see Battista et al., 2020].168

Finally, we note that, because of the moderate geomorphic activity of the basin and the decadal-scale169

simulation horizon, we assumed that landslides and incised areas are fixed features in the basin and170

we did not consider the generation of new landslides or inner gorge sources at the timescales of our171

simulations.172

2.3 Gully competence parameter173

To compute the bed shear stress for hillslope and river cells, it is necessary to know the width of the flow174

confinement. In our study basin, the width for river cells was known from cross-section measurements175

provided by the Swiss Federal O�ce for the Environment (FOEN) along the river network. For hillslope176

cells, OF erosion by surface runo↵ with rate Tc takes place over the entire width of the cells (�x).177

However, landslide bodies can be heavily gullied, changing the active flow width of hillslope cells located178

on landslides. Therefore, a new parameter was needed to define the active cell width where erosion action179

and sediment transport take place.180

We described the e↵ect of overland flow channelization on the landslide body by assuming that the181

gullying of a landslide cell is represented by an equivalent width wLS of a gully that is always deep182

enough to contain all the overland flow on the cell (wLS  �x). We introduced a parameter for gully183

competence �, which represents this flow concentration:184

� =
�x

wLS
. (3)

Low values of � (wLS ⇡ �x) mean that gullies on the landslide surface are wide and shallow, and185

therefore have a low competence for sediment transport, because flow is not concentrated and shear186

stress is low – this is a poorly gullied landslide (PGL). High values of � (wLS << �x) represent a surface187

with narrow, deep and competent gullies, where the flow is concentrated and shear stress is large – this188
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is a strongly gullied landslide (SGL).189

It is expected that � has an e↵ect on the partitioning of the sediment flux between landslides and190

incised areas. In our simulations we tested two end-member values � = 1 (wLS = �x) and � = 100191

(wLS = 1 m, �x = 100 m) as scenarios, and we present a possible way to estimate � from the statistical192

distribution of the surface roughness of landslide surfaces. To this end, we computed the standard193

deviation �z of elevations from a high resolution 2 m LIDAR DEM in areas of 6⇥6 m over the extent194

of each landslide. Given that the surface roughness on gully banks is higher than on the other parts of195

the landslide surface, high values of �z in the frequency distribution indicate the presence of gullies on196

the surface. We selected an example of a poorly gullied landslide and a strongly gullied landslide in the197

Kleine Emme and we assumed their �z frequency distributions to be representative of a � = 1 situation,198

and a � = 100 situation, respectively. To infer the � end-member value that better represents the gully199

development across the whole basin, we compared the �z frequency distributions of the PGL and SGL200

to that of all landslide surfaces in the basin and chose the end-member that better matches the two201

distributions.202

2.4 Model calibration and simulations203

The hydrology-sediment model was set up for the period 2004–2016 with a spatial resolution of �x=100204

m and a time step of �t=1 hour. The hydrological component was calibrated on streamflow measured205

at three stations in the basin for the same period, using as inputs hourly measurements of sunshine206

duration, air temperature, and precipitation measured at rain gauges and combined with the spatially207

distributed daily RhiresD dataset (MeteoSwiss). Overall, the model performed well in reproducing the208

hourly streamflow, e.g. reaching a correlation coe�cient r=0.84 and model e�ciency ME=0.69 at the209

outlet [Battista et al., 2020].210

The ↵ parameter of the overland flow component in Eq. 1 was calibrated by considering only the OF211

process and fitting the modelled and observed SSC-Q clouds of point and the frequency distribution of212

SSCs up to the 85th quantile, i.e. ignoring the extremes. SSCs measurements are available at the outlet213

for the simulated period with a measurement frequency of two samples a week from the Swiss Federal214

O�ce for the Environment (FOEN). See Battista et al. [2020] for more details on the calibration of the215

OF process.216

In this work, we kept the ↵ parameter unchanged and calibrated the k and µ parameters (Fig. 2217

and Eq. 2) by maximizing the coe�cient of determination R2 and the model e�ciency ME in predicting218

all observed hourly suspended sediment loads, without any limitation on the quantiles. Given the two219

end-members for �, calibration of k and µ was performed twice: for � = 1 in SIM A (poorly gullied220

landslides), and for � = 100 in SIM B (strongly gullied landslides).221

The simulated annual suspended sediment load was compared with two estimates of sediment load222
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derived from observations, based on two di↵erent methods to extrapolate an annual load from the low223

temporal resolution SSC measurements available. The first (lower) estimate is based on yearly SSC-224

Q rating curves fitted to each year of hourly observations, and used to infer the missing hourly SSCs225

(QsOBS
MIN=7.41 104 t/y), while the second (higher) estimate is based on an estimate of daily load from226

the observed SSCs only and gives more weight to the single SSC-Q observation pairs (QsOBS
MAX=2.83 105227

t/y, Hinderer et al. [2013], see BAFU [2016] for details).228

Given the e↵ect of � in regulating the sediment input from LSHS processes, SIM A and SIM B are229

expected to show di↵erent provenance of the sediment load at the outlet. Therefore, we performed a230

sensitivity analysis of �, k and µ parameters to compare the e↵ect of each parameter on the sediment231

load provenance at the outlet. Taking SIM A as a reference, we varied � within the range [1,100], and k232

and µ within the ranges provided by their calibrated values for SIM A and SIM B.233

2.5

10
Be concentration data234

To corroborate the estimate of � obtained in Sect. 2.3, we applied sediment tracing in the model by235

using measurements of 10Be concentrations available across the basin in di↵erent morphologies and at236

the outlet.237

Because 10Be concentrations on the surface are inversely proportional to the long-term erosion rates,238

they are expected to label the sediments mobilized by di↵erent processes with a di↵erent concentration.239

From data of in-situ produced CRN rates available from the literature in the basin [Clapuyt et al.,240

2019, Van den Berg and Schlunegger, 2012, Norton et al., 2008, Casagrande, 2014], we selected samples241

on landslide surfaces, in headwater channels, and in a subbasin including incised areas, to derive a242

concentration representative of each sediment production process simulated in the model. The details of243

the computation of the representative concentrations are reported in the Supporting Information. The244

location of the samples is shown in Fig. 1 and the resulting 10Be concentrations associated with the245

production processes are reported in Table 1. By assigning these concentrations to the corresponding246

modelled sediment fluxes at the outlet, we were able to derive a time series of 10Be concentration at the247

outlet for SIM A and SIM B.248

[Table 1 about here.]249

We analysed the frequency distributions of simulated 10Be concentrations in the suspended sediment250

under SIM A and SIM B to highlight how di↵erences in sediment production sources and their activation251

will impact the time-dependent mixing of sediment at the outlet. We compared these distributions with252

a single river bed 10Be sediment sample taken close to the outlet by Wittmann et al. [2007], to assess253

which of the two simulations better represents erosion processes in the study basin.254

Finally, we discuss the implications of the modelled temporal fluctuations of 10Be concentration for255
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the sampling of river sediment that is representative of long term denudation rates. To this end, we256

also used the model results to investigate how the sampling location in the cross section might a↵ect257

the representative value of the sediment transported in the river at that location. In particular, we258

computed the variability of the modelled 10Be concentration expected in river bed samples taken at259

di↵erent elevations on the river bed. To do so, we first identified the water depth that fully covers the260

mobile part of the bed based on the outlet cross section profile provided by FOEN (the banks of the261

channel are protected and fixed). Second, from this water depth we derived the range of discharges262

during which sampling is possible, given the water level h-Q relationship at the outlet cross section (also263

provided by FOEN), and we computed the water depths corresponding to the 5th , 25th, 50th and 75th264

percentiles of this range of discharge. Finally, we filtered the modelled 10Be concentration distribution265

with the modelled discharges that reach or exceed these water depths. These are the concentrations266

potentially deposited by the flow on the river bed above the corresponding water levels (h5, h25, h50267

and h75). The described approach assumed that deposition is independent of the grain-size and flow268

conditions.269

3 Results270

3.1 Sediment sources and simulated SSCs271

The results of the two calibrated simulations SIM A (� = 1) and SIM B (� = 100) are presented in272

Fig. 3 in terms of modelled SSCs against discharge. In Fig. 3 we associated a color to each of the273

sediment production processes and then filled each Q-SSC dot by mixing these colors proportionally274

to the relative contribution of each source. Therefore, the color coding indicates the process, or the275

combination of processes, generating each hourly SSC. The overland flow process OF is the dominant276

sediment production process at lower discharges, generating the lower modelled SSCs (red markers).277

At higher flows, the threshold processes I and LSHS (blue and green markers) become the dominant278

sediment production processes. The highest SSCs are generated in SIM A by sediment pickup from incised279

areas (I), and in SIM B from the body of landslides (LSHS), and this is reflected in the composition280

of the yearly load reported in Table 2, where I contributes 81% of the total sediment mass in SIM A281

and LSHS contributes 98% of the total sediment mass in SIM B. This result indicates that the di↵erent282

parameterization of SIM A and B has the e↵ect to redistribute the sediment provenance between these283

two dominant sources. The calibrated parameters of the hydrology-sediment model for both simulations284

and the modelled annual sediment loads are listed in Table 2.285

The model performance is presented in Table 3 by evaluating the fit of observed and modelled hourly286

sediment flux Qs, SSC variability, and annual sediment yield. It is interesting to note that the two287

calibrated simulations produced almost equally good values of the goodness-of-fit metrics. In both288

9



simulations, the coe�cient of determination R2 and the model e�ciency ME of the hourly loads Qs are289

rather low in terms of their absolute values [Moriasi et al., 2007], however, considering the simplified290

representation of the suspended sediment transport in the channels and that similar models show R2 of291

about 0.7 and ME between 0.5 and 0.9 for daily or monthly temporal resolutions [Francipane et al., 2012,292

Betrie et al., 2011, Tsuruta et al., 2018], the results can be considered relatively good in the framework293

of this type of models. The percentage of SSCs falling within the [5,95]th and [25,75]th percentiles of294

observations quantifies the fit between the modelled and observed SSC-Q relation and its scatter, and295

indicates that both simulations almost perfectly captured the observed variability. The comparison of the296

modelled mean annual sediment loads with the higher estimate Qs
OBS
MAX from observations [Hinderer et al.,297

2013] gives very good results, with slight underestimation (-22%) by SIM A and slight overestimation298

(+33%) by SIM B.299

The almost equal performance of the two simulations suggests that a good fit with the observations300

may be achieved by very di↵erent combinations of sediment source activation and that it may not be301

possible to identify the dominant sediment sources based on the sediment dynamics properties only.302

This limitation could be in part related to the low temporal resolution of the SSC observations in the303

study basin, which does not allow to fully characterize the SSC-Q relation, and therefore to discriminate304

between the two solutions. However, this quality of SSC data is typical in many monitored catchments305

and as a consequence the physical meaningfulness of the parameters, especially �, needs to be validated306

with an independent analysis.307

[Figure 3 about here.]308

[Table 2 about here.]309

[Table 3 about here.]310

3.2 Sensitivity analysis311

The results of the previous section indicate how the di↵erent parameterisations of SIM A and B redis-312

tribute the provenance of the outlet sediments among the di↵erent sources. In this section we investigate313

the role of each parameter �, µ and k in determining the distribution of sediment provenance. To do so,314

we carried out a sensitivity analysis of SIM A to these parameters in the ranges defined by the calibrated315

values of SIM A and B (see Table 2).316

The fraction of the mean yearly suspended sediment load generated by each sediment mobilization317

process as a function of the studied parameters is shown in Fig. 4. On the left side of the x-axis of the318

plots, �, µ and k have the values of calibrated SIM A, and on the right side the values of calibrated SIM319
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B. The lines are the fractions of yearly load in a simulation that has the same parameters as SIM A,320

except for the parameter on the x-axis, and the symbols (square, triangle and diamonds) indicate the321

partitioning of sediment load in SIM B.322

Fig. 4 shows that µ and k mainly a↵ect the ratio between threshold (I, LSR and LSHS) and323

continuous (OF ) processes, while � strongly a↵ects the hillslope (LSHS and OF ) to channel (I and324

LSR) process ratio, by increasing the LSHS contribution as it grows. We observe that SIM A with325

�=100 closely captures the SIM B yearly load partitioning (square, triangle and diamonds) even if the µ326

and k parameters have not been changed (Fig. 4a). On the contrary, the composition achieved by SIM327

A with µ and k of SIM B is very di↵erent from SIM B composition. This result indicates that among the328

three main model parameters, � has a dominant role in determining the sediment load composition at329

the basin outlet. In other words, it is the key parameter that redistributes sediment provenance towards330

incision areas, in the poorly gullied case (SIM A), and landslide surfaces, in the strongly gullied case331

(SIM B).332

[Figure 4 about here.]333

3.3 Landslide surface roughness to quantify gully competence334

The first independent validation of the two end-member simulations SIM A and SIM B is by estimating335

the gully competence parameter � directly from topographic analysis of landslide surfaces. The surface336

roughness of two selected landslide surfaces measured by the local standard deviation of the topographic337

height �z is shown in Fig. 5. The spatial maps clearly show that the poorly gullied landslide (PGL, top)338

has less rill and gully formation and a much lower roughness measured by lower mean �z, variance and339

more skewed distribution, while the strongly gullied landslide (SGL, bottom) has very significant and340

deep gullies distributed over the surface and a much higher roughness measured by higher �z, variance,341

and a less skewed distribution.342

To assess if the entire basin of the Kleine Emme is more like PGL or SGL, we computed the frequency343

distribution of �z and its basic statistics over all landslide surfaces in the catchment based on the 2 m344

resolution Lidar DEM. Our hypothesis is that if a better overlap exists for PGL, the simulation SIM345

A (� = 1) would be a more accurate description of the sediment processes in the basin, while if a346

better overlap exists for SGL, then simulation SIM B (� = 100) would the better choice. The frequency347

distribution of �z for all landslides is shown in Fig. 5g, and it is clearly more similar to the PGL �z348

distribution (D Kolmogorov-Smirnov(PGL)=0.22, D Kolmogorov-Smirnov(SGL)=0.58). We conclude349

that landslide surfaces in the Kleine Emme have weakly developed gullies and SIM A is a better end-350

member parameterisation, giving more weight to the role of incised rivers in inner gorges as a sediment351

source.352
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We note that the surface roughness is, however, high in other steep regions too, like the landslide scarp.353

This adds spuriously high �z in the frequency distribution of the PGL and of the global distribution,354

while the SGL does not present such features. Removing the spurious �z would reduce the mean �z and355

the skewness of the PGL and of the global �z distribution, thus di↵erentiating them even more from the356

SGL, and is therefore not expected to change the results of this comparison.357

[Figure 5 about here.]358

3.4

10
Be as a sediment tracer359

The second independent validation of the two end-member simulations SIM A and SIM B is by using360

10Be concentrations as a sediment tracer. Time series of modelled 10Be concentrations in the suspended361

sediment in transport have been derived by associating the representative concentration of each sediment362

production process to the corresponding sediment flux at the outlet and computing an average 10Be363

concentration. They are presented in Fig. 6a for SIM A and 6c for SIM B for one representative year.364

As it is expected for basins dominated by mass movements, the 10Be tracer shows strong temporal365

fluctuations driven by the flow rate. Higher flow rates activate the threshold processes in LSR, LSHS366

and I, generating pulses of lower 10Be concentrations. The amplitude of the fluctuations is greater in SIM367

A because of the lower 10Be concentration in the incised areas compared to landslides. The frequency368

distribution of 10Be concentrations in the entire simulation period (Fig. 6b and 6d) is bimodal in SIM369

A, with a peak at the highest concentrations representing the overland flow erosion process, and at the370

lowest concentrations, generated by the sediment mobilized from the incised areas and the landslide371

toes. The clustering of concentrations around two frequency peaks in SIM A, compared to the single372

peak distribution of SIM B, suggests that the hydrologic conditions that mobilize the sediments from373

incised areas and from the toes of the landslides are more similar to each other than those that mobilize374

sediments from the body of landslides. This can be explained by more variable hydrologic (surface runo↵)375

conditions on the hillslopes than in the channel.376

In Fig. 6b and 6d the modelled 10Be concentrations in suspended sediment are compared to a single377

river bed sample concentration by Wittmann et al. [2007]. The observed 10Be concentration at the378

outlet from Wittmann et al. [2007] falls at the low concentration end of SIM A frequency distribution,379

but outside of the range of SIM B simulated frequency distribution. This supports the hypothesis that380

SIM A is more likely to be compatible with the 10Be observation, and therefore indicates low values of �,381

in the vicinity of 1, as a more representative parameterization of the sediment production and transport382

processes. The simulated distribution of 10Be concentrations compared to the observation would suggest383

that the sample by Wittmann et al. [2007] is representative of extreme flow conditions. However, we will384

discuss in Sect. 4.2 the di�culties associated with such a comparison and its interpretation.385
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[Figure 6 about here.]386

[Figure 7 about here.]387

Finally, we explore how well a sediment sample taken on the river bed represents the sediment388

transported in the river at that location, depending on the sampling location in the cross section. We389

show in Fig. 7 that if the suspended sediment was partially deposited on the river bed as a function390

of the inundation frequency, there would be a gradient in river bed sediment 10Be concentration with391

increasing height above the thalweg. Both in SIM A and SIM B, the mean concentration on the river392

bed decreases with the height, as higher parts of the river bed and bank are only inundated by larger393

discharges, which are likely to carry high sediment loads from incision areas and landslides with lower394

10Be concentrations. The variability of concentrations in sediment deposited on the bed decreases with395

river bed height in SIM A, while it increases in SIM B. This is indicative of the fact that a wider range396

of discharges is responsible for sediment mobilization from the localized sources in SIM B, compared to397

SIM A.398

4 Discussion399

4.1 Importance of localized production processes in mountain basins400

The implementation of sediment mobilization from localized high sediment production areas with a401

threshold activation and a strongly non-linear transport rate in a hydrology-sediment model allowed us402

to reproduce the full range of observed SSCs, the variability in the observed SSC-Q relation, and the403

annual sediment load at the outlet of the Kleine Emme catchment (Fig. 3 and Table 3). This represents404

a substantial improvement in the model performance compared to only including di↵use overland flow405

erosion in Battista et al. [2020], which resulted in an underestimation of the high sediment concentration406

pulses and the total sediment yield. This raises the possibility that many other distributed physically-407

based erosion and sediment transport models based on overland flow alone are probably not suitable408

for applications in mountain areas, where mass wasting and localized sources dominate the sediment409

production.410

Some evidence for this can be found in the literature. WATEM/SEDEM and RUSLE are based on411

overland flow erosion and have been found to perform poorly in mountain catchments [Van Rompaey412

et al., 2005, Borrelli et al., 2014, 2018]. Already in the early work of Benda and Dunne [1997], stochastic413

sediment input from landslides and debris flows was proposed to be an important part of the sedi-414

ment budget in river network models. de Vente et al. [2006] applied a suspended sediment yield semi-415

quantitative model to 40 catchments including mountainous environments, and found that the model416

performance substantially increased when the presence of landslides was accounted for. Several authors417
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have indeed proposed modelling frameworks to simulate the dynamics of such localized sources in moun-418

tain environments with di↵erent approaches and degrees of complexity [e.g. Wichmann et al., 2009,419

Bennett et al., 2014, Taccone et al., 2018].420

The approach presented here allows, furthermore, to track the sediment produced by the di↵erent421

sources in space and time, and therefore to understand when and why certain sources dominate in the422

model. For example, the dominant sediment production from incised areas in SIM A is the result of a423

channel-process dominated system, while SIM B represents a hillslope-process dominated system because424

most of the sediment load is sourced from the landslide bodies. While the sediment mobilization Eq.425

2 in our model is the same for all three localized sediment production processes, the gully competence426

parameter � on landslides allows to di↵erentiate between the frequency of activation of hillslope and427

channel processes. In SIM A and SIM B we have considered the two extreme values of � and, coherently,428

we obtained respectively very low and very high ratios of hillslope to channel process contributions. We429

conclude that a more realistic � for the study basin would probably be an intermediate value between430

the two end members, and with our analysis we can estimate whether this value should lie close to �=1431

or �=100.432

Poor gully development on landslide bodies and the comparison of modelled time series of 10Be433

concentrations with measurements, suggest that SIM A is more representative of the Kleine Emme basin434

than SIM B (see Fig. 5 and Fig. 6). Therefore, low values of � are more suitable to parameterize the435

study catchment, suggesting that channel processes of sediment production are possibly more important436

than hillslope processes in this catchment. This result is consistent with field observations by Schwab437

et al. [2008], who proposed that in the Kleine Emme the connectivity between landslides on the hillslopes438

and the river network only takes place occasionally by activation of debris and earth flows. Clapuyt et al.439

[2019] also argued that this coupling is switched on only rarely and for short periods of time and therefore440

the contribution of hillslope-generated sediments to the annual sediment load is negligible most of the441

time. The hypothesis of dominant channel sediment production processes in the Kleine Emme basin is442

supported by qualitative geomorphological observations, such as the presence of river cut terraces and443

the lack of significant main river adjustment at the confluence of small tributaries. Finally, the presence444

of multiple gorges with upstream migrating knickpoints also suggests that they act as a significant source445

of sediment [Schwab et al., 2008, Schlunegger and Schneider, 2005, Van den Berg and Schlunegger, 2012,446

Dürst Stucki et al., 2012].447

4.2 Implications for the use of CRN data and for provenance studies448

The parallel routing of mobilized sediment from di↵erent sources to the outlet allows us to produce a449

transient mixing of sediment that is driven by the space-time variable hydrological regime, i.e. surface450

runo↵. We used 10Be as a sediment tracer in this regards to simulate time series of 10Be concentration451
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at the outlet (Fig. 6). 10Be concentrations can be used to derive denudation rates. However, we caution452

against the use of such modelled concentrations to derive catchment-wide denudation rates for three453

main reasons: (1) CRN-derived denudation rates are inferred from riverbed sediment samples, while454

we do not simulate a river bed sediment storage and only simulate the concentration of fine sediment455

in transport. This also implies that fluvial mixing is not simulated, while this has been demonstrated456

to be an important factor to smooth out temporal fluctuations of CRN concentrations [Yanites et al.,457

2009]. (2) Our model is suitable for decadal time scales only, and does not account for the formation of458

new landslides, activation and extension of new inner gorges, knickpoint migration, etc., on longer time459

scales. On the contrary, denudation rates derived from CRN concentrations integrate time scales of 100-460

105 years and therefore also include these processes. (3) Representative 10Be concentrations attributed461

to the sediment production processes in our model (see Table 1) as a tracer are imperfect, as they are462

derived from a limited number of samples non-uniformly distributed in space (Fig. 1). Moreover, in463

the interpolation of the sample concentrations we neglected the dependence of 10Be concentration on464

elevation and grain size [Lukens et al., 2016, Van Dongen et al., 2019] (see Supplementary Information).465

These limitations introduce an uncertainty in the modelled 10Be concentrations at the outlet.466

Nevertheless, compared to models specifically developed for CRN dynamics at 105–106 years temporal467

scales [Niemi et al., 2005, Yanites et al., 2009], our model includes explicit spatial dependencies along468

flowpaths and is characterized by a high temporal resolution (hourly). This can provide insights into the469

short term dynamics of CRNs and help to guide the collection of samples representative of long-term470

catchment-average denudation rates in mass-movement dominated basins.471

In the first place, results like those in Fig. 6 can be used to identify the most suitable hydrological472

conditions for sampling. They allow one to discriminate between hydrological conditions leading to a473

suspended sediment load dominated by one single process, and those producing instead a mix of sediment474

sources. Samples for CRN concentration measurements are usually taken from river bed sediment,475

however in some conditions the provenance of the suspended sediment load can be taken as a proxy476

for the variability in the fine fraction of riverbed sediments. This is the case for example in the Kleine477

Emme, where the sediment storage capacity of the river bed is estimated to be small and the residence478

time of the fine sediment in the basin to be short. Here, we expect the actual smearing e↵ect [Yanites479

et al., 2009] of hillslope inputs by fluvial mixing to be rather small and, in the period following a large480

flood, the streambed sediment to be composed mostly of localized source sediment. A sample of such481

sediment is neither representative of long-term erosion rates, as it is influenced by an exceptional event,482

nor of catchment-averaged erosion rates, as some regions of the basin are over-represented. Therefore,483

the two main assumptions at the basis of denudation rate estimates from CRN concentration fail [von484

Blanckenburg, 2005].485

Additional useful information for CRN sampling is provided by the correlation between suspended486
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sediment 10Be concentrations and river bed sampling height above the thalweg. Fig. 7 suggests that487

samples taken higher up on the river bank are likely to be over-representative of localized sediment488

sources activated by higher flows, therefore it is important to sample closer to the low flow channel to489

get a more integrated sediment source signal. At the same time, Fig. 7 also indicates that the location490

of sampling matters especially in basins where localized sources of sediments produce a clearly distinct491

signal for a given range of discharges (SIM A). In these basins, because the variability of potentially492

deposited concentration decreases with sampling elevation, the probability of observing concentrations493

that are over-representative of localized sediment sources at the higher locations, is higher compared to494

SIM B.495

To summarize, two practical suggestions can be drawn to guide the sampling of 10Be concentrations496

representative of long-term catchment-average denudation rates in mass-movement dominated basins:497

(1) preferring sampling during low flow conditions, while avoiding it during and immediately after high-498

flow events; (2) avoiding sampling from high-flow deposits by sampling as close as possible to the low499

flow channel.500

Our modelling results predicted a wide distribution of possible 10Be concentrations at the catchment501

outlet, in which the observation made by Wittmann et al. [2007] are exceptionally low. This would502

intuitively suggest that their sample is representative of an extreme flow event and that the actual503

catchment integrated erosion rate is much lower. However, there are several issues involved with such a504

comparison. The first issue is the uncertainty in the modelled 10Be concentrations at the outlet, due to505

the imperfect estimate of the representative 10Be concentration in the sediment sources (Table 1). The506

second is that Wittmann et al. [2007] sampled on the river bed and we are comparing their data with507

suspended sediments in transport. This implies that the observed grain size is likely to be coarser than508

the simulated one, and this might introduce a bias towards lower concentrations in the measurements.509

Finally, we argue that the approach presented here is useful in combination with fingerprinting meth-510

ods to complement sediment provenance studies, thus increasing the understanding of the sediment511

dynamics in river basins. On the one hand, observations of sediment provenance estimated by finger-512

printing methods are needed to calibrate the model, as we have proposed by comparing the simulation513

results with a single measurement of 10Be concentration. Time series of observations of tracers that514

label the di↵erent sediment sources, such as those derived by Navratil et al. [2012], Cooper et al. [2015],515

Uber et al. [2019], would substantially improve the accuracy of such calibration. On the other hand,516

the modelling concept can be used to generalize the observations of fingerprinting studies, which allow517

to reconstruct the sediment provenance only at a limited number of locations and for a limited period518

of time determined by the availability of field observations. The combination of such datasets with the519

application of our model would allow to investigate the climatic forcings that produce specific sediment520

load compositions, as well as to extrapolate the information about sediment provenance to other hy-521
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drological conditions and locations across the basin, besides the observed ones. At the same time, the522

transient routing produced by the model may also provide a physically-based concept to support the523

choice of statistical mixing models used in fingerprinting methods [e.g Evrard et al., 2011, Blake et al.,524

2018].525

4.3 Limitations and further developments526

We discuss in the following three main limitations of the model.527

The first limitation is the confined model structure. High accuracy was used for the hydrological phys-528

ical process representation, leading to space-time dependent surface runo↵ generation, and in identifying529

possible sediment sources by geomorphological mapping. On the contrary, simplified representations530

were chosen for overland flow erosion and threshold sediment mobilization from landslides and incised531

areas. The latter have as few parameters as possible while remaining physically meaningful, to avoid532

model over-parameterisation with only a single station with SSC observations to compare with. We533

recognise that other erosion models may use much more complex formulations for erosion and sediment534

transport, and these could be included in the future, especially for applications where more data are535

available. Additionally, we focus on bulk fine sediment produced in the catchment and transported in536

suspension only, because this is the main mode of sediment transport contribution to total yield in many537

alpine environments [Turowski et al., 2010]. Including multiple grain sizes, processes of grain size fining538

during transport and the interaction between bedload and suspended load would provide a significant539

improvement and expand the application possibilities.540

Model calibration is a second limitation. We performed a manual calibration of the few parameters541

that needed to be defined, e.g. ↵, ✓, k and µ, by varying a single parameter at a time. We did not vary542

them simultaneously with an automatic calibration procedure because of computational limitations. In543

our end-member based analysis, such calibration would allow a better tuning of the parameters and544

therefore of the contribution of the di↵erent processes to the outlet sediment load. However, it is not545

expected to significantly alter the results of our analysis, as we have shown that OF is only responsible546

for low SSCs and � has a dominant role on the sediment contribution compared to µ and k. The547

added value of an automatic calibration would be to easily identify the intermediate values of � and548

corresponding combinations of parameters that equally match the observed SSCs, i.e. several sediment549

load compositions that represent plausible balances among the sediment production processes in the550

study basin. To solve this non-uniqueness problem, additional sediment-specific tracing data from the551

sources of sediments in a basin would be needed, such as additional measurements of tracers at the552

outlet repeated in time. For example, meteoric 10Be has also been showed to be an e↵ective tracer of553

sediment production processes within a catchment, with the advantage of being quicker and cheaper554

than cosmogenic 10Be [Reusser and Bierman, 2010]. In order to further constrain the problem, process-555
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labeling tracers like cosmogenic and meteoric 10Be could be associated with tracers adding information556

on the soil depth of sediment provenance (e.g. 137Cs) and the travel time of sediments from the source557

to the outlet (e.g. 7Be/210Pbxs) [Evrard et al., 2016]. In this respect, the modelling framework also558

o↵ers a possibility to propagate uncertainty, i.e. to simulate sediment fluxes with many realisations of559

a stochastic climate and parameter values from pre-defined probability distributions, thereby explicitly560

quantifying the uncertainty in the SSC predictions and partitioning it to climatic, model parameter, and561

tracer sources.562

Finally, in further work, the role of the spatial distribution of � and its variability in time could be563

explored. In this work we chose to use a constant value, to explore its role in basin scale modelling.564

However, Clapuyt et al. [2019] showed that episodic hillslope-channel coupling in specific landslide areas565

in the Kleine Emme basin are key in determining the seasonal sediment load contributions, even if566

often negligible at the annual scale. This suggests that a better representation of the hillslope-channel567

balance in the Kleine Emme could be obtained by using a temporally variable �. At the same time,568

� can be expected to also be spatially variable because landslide surfaces have di↵ferent gradients,569

morphologies, soils, etc. This is also indicated by the variance of the distribution of surface roughness570

across all landslides in the study area of this work. An example is the di↵erence between the northwestern571

region of the basin (Fontanne subcatchment) characterized by narrow and deeply incised valleys and the572

southeastern region (Entle subcatchment), dominated by wide valley and major instabilities disconnected573

from the river network [Van den Berg and Schlunegger, 2012, Norton et al., 2008, Schlunegger and574

Schneider, 2005]. In a further development of the model, the gully competence parameter on landslides575

should be adapted to represent a higher complexity and thus simulate more general relations between576

the size and morphologies of landslide bodies, and the di↵erent degrees of hillslope-channel connectivity.577

5 Conclusions578

We presented a hydrology-sediment modelling framework based on the model Topkapi-ETH combined579

with geomorphic mapping that accounts for localized processes of suspended sediment mobilization, in580

an application to the pre-Alpine Kleine Emme basin in Switzerland. We introduced sediment mobi-581

lization from landsliding areas and incised river gorges, by activation of threshold processes such as582

erosion of banks and landslide toes, in addition to overland flow erosion. Fine sediment is routed along583

topographically-driven pathways in parallel from all sources to the outlet. This allows us to reproduce584

the suspended sediment load composition and its temporal dynamics, including 10Be concentrations as585

a sediment tracer. The main outcomes of the work are as follows:586

(1) The modelling framework with additional concentrated sediment sources from landslides and587

incised areas allowed us to improve the simulation of observed suspended sediment concentrations and588
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annual sediment load at the outlet, compared to modelling overland flow erosion alone. Such localized589

sources activated only episodically by surface runo↵ on hillslopes or high discharge in rivers are very590

important in the sediment budget of the studied basin.591

(2) We quantified two end-members of modelled sediment provenance that could explain the observed592

SSCs at the outlet of the basin: channel-dominant processes from incised areas, and hillslope-dominant593

processes from landslide surfaces. In our model, the competition between these two processes is a function594

of the parameter of gully competence, which adjusts the hillslope sediment production rate on landslide595

surfaces.596

(3) By independent validation of the model with topographic analysis of surface roughness and597

sediment tracing with 10Be concentrations, it was possible to infer the dominant sediment production598

processes in the basin. In the study case, we found that the end-member assuming poor landslide surface599

gullying and giving more weight to channel processes is more consistent with observations.600

(4) The modelled temporal dynamics of sediment load composition provides useful information for601

guiding sediment sampling for CRN basin denudation rate estimates. Such information can be summa-602

rized into the following suggestions: (a) preferring sampling during low flow conditions, while avoiding it603

during and immediately after high-flow events; (b) avoiding sampling from high-flow deposits by sampling604

as close as possible to the low flow channel.605

This research shows that inputs of localized rich sediment sources activated episodically by hydrolog-606

ical processes can be very important for sediment budgets in mountain basins and should be taken into607

account when modelling their sediment dynamics. It also shows that transient mixing of sediment from608

these sources by hydrologically driven runo↵ generation is to some degree predictable with numerical609

models. Finally, the proposed framework can be used to generalize the information of sediment appor-610

tionment derived by fingerprinting measurements, by linking it to climatic variables and hydrological611

conditions.612
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Figure 1: Map of the landslides and incised areas in the Kleine Emme river basin. The dots indicate
the location of the 10Be samples that were used to derive a representative concentration for sediments
mobilized by overland flow erosion (OF ), sediment pickup from landslides (LSR and LSHS) and incised
areas (I) (see section 2.5). In yellow are indicated the location of the 10Be sample at the outlet (dot)
and the basin outlet hydrometric station (star).
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Figure 2: Schematic description of the model. Sediment mobilization is possible through 4 processes:
di↵use overland flow erosion (OF ), sediment pickup from the body of landslides by hillslope overland
flow (LSHS), from the toe of landslides by river flow (LSR) and from incised areas (I). LSHS , LSR and
I are activated when applied bed shear stress exceeds a threshold. On landslide surfaces the applied bed
shear stress is a function of the gully width (wLS).
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Figure 3: Calibrated simulations. Modelled hourly SSCs at the outlet (colored dots) for SIM A (�=1)
and SIM B (�=100) are compared with the median (continuous line), the interquartile range (shaded
area) and the 5th and 95th percentiles (dotted lines) of the observation. The color of the modelled
SSCs represents the sediment mobilization process, or the combination of processes, producing each
concentration.
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Figure 4: Sediment load composition in the sensitivity analysis simulations. The percentage of yearly
load generated by each sediment production process is plotted as a function of the studied parameter.
On the left side of the x-axis, �, µ and k have the values of calibrated SIM A, and on the right side the
values of calibrated SIM B. The lines are the fractions of yearly load in a simulation that has the same
parameters as SIM A, except for the parameter on the x-axis. Note the reversed axis in (c). The blue
square, black triangle, filled and empty red diamond indicate the fractions of yearly load of SIM B.
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Figure 5: Quantification of gully development on landslides surfaces. (a, b) Hillshade of the 2 m resolution
Lidar DEM (SwissAlti3D), (c, d) surface roughness �z computed as the standard deviation of elevations
in the Lidar DEM and (e, f) frequency distribution of �z, its mean µ and skewness � for a poorly gullied
landslide (top row), and for a strongly gullied landslide (bottom row) in the study basin. (g) shows the
�z frequency distribution of all landslide surfaces in the basin.
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Figure 6: Modelled and observed 10Be concentration at the outlet. (a, c) Time series of daily flow and
10Be concentration with its uncertainty derived from the modelled sediment load composition for one
representative year. (b, d) Frequency distribution of the hourly 10Be concentrations for the simulation
period 2004–2016 compared with a single observation of concentration at the outlet by Wittmann et al.
[2007].
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Figure 7: Distribution of 10Be concentration in potentially deposited sediment in a cross section. (a, b)
Mean (square) and interquartile (wiskers) range of the modelled 10Be suspended sediment concentration
transported when the water level exceeds h5, h25, h50 and h75 (corresponding to the 5th, 25th, 50th and
75th percentiles of the flow distribution). (c) Elevation profile of the outlet cross section with the water
depths in blue. The continuous lines indicate a fixed protected bed, the dotted line the mobile bed.
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Mobilization process 10Be Concentration
[104 at/gQuartz]

OF 6.16 ± 1.72
LSHS , LSR 1.60 ± 0.75

I 0.69 ± 0.58

Table 1: Estimated representative 10Be concentrations of sediments mobilized by the four sediment
production processes. LSHS and LSR have the same concentration because they mobilize sediments
from the same source. The reader is referred to the Supplementary Information for details about the
derivation.
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Calibrated parameters Yearly load Composition of yearly load

� k µ Qs Qs(OF ) Qs(LSR) Qs(LSHS) Qs(I)
[-] [kg m�1 s�1] [-] [105 t/y] [%] [%] [%] [%]

SIM A 1 0.023 2.5 2.21 7.73 11.27 0 81
SIM B 100 9.17e-6 6 3.76 4.54 0 95.45 0.01

Table 2: Values of the calibration parameters k and µ, modelled yearly load Qs, and percentages of its
composition for simulations SIM A and SIM B.
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Hourly Qs Scatter fit [%] Yearly load error [%]

R2 ME 5-95th 25-75th Qs - Qs
OBS
MIN Qs - Qs

OBS
MAX

SIM A 0.47 0.32 89 49 198 -22
SIM B 0.48 0.40 93 51 407 33

Table 3: Model performance. R2 and model e�ciency (ME) of the simulated hourly sediment load,
percentage of simulated SSCs that fall within the [5,95]th and [25,75]th percentile of the observations and
relative error of the modelled annual sediment yield compared with two estimates of annual load from
observations (see text for explanations).
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