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ABSTRACT: Erosion rates and processes define how mountainous 

landscapes evolve. This study determines the range of erosion rates in a 

semi-arid landscape over decadal time spans and defines the dominant 

processes controlling variability in erosion rates. The varying topography and 

climatic regimes of the Xiying Basin (Qilian Shan Mountains, China) enables 

us to examine the relative roles of sheet wash versus rainsplash and the 

influence vegetation on soil erosion and deposition. Soil erosion rates since 

1954 were determined using 137Cs along 21 transects at 4 sites with varying 

gradient, rainfall, and vegetation cover. The mean 137Cs derived soil erosion 

rate ~0.42 mm/a, consistent with the catchment level erosion rate derived 

from total sediment yield for a 44 year record. However, there is considerable 

variability in 137Cs erosion rates both between transects and along transects. 

Perhaps reflecting variation not only in the effectiveness of individual 

processes but also in their relative roles. We compare the 137Cs-derived 

erosion rates with 1-D models for sediment flux that incorporate sheet wash 

and rainsplash processes, testing them over a previously untested 60 year 

timescale. The variability in 137Cs erosion rates along transects is best 

replicated by sheet wash dominated simulations, suggesting that this is the 

dominant erosion process in this semi-arid landscape. The functional form of 

the sheetwash model can also explain our observations that 137Cs erosion 

rates decrease with upslope length (i.e. distance down slope) while its 
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variability increases. However, sparsely vegetated sites, located in slightly 

drier locations, have higher erosion rates, and are not as accurately modeled 

as densely vegetated sites, suggesting that patchiness of vegetation 

introduces fine scale variability in erosion rates on these slopes. 

KEYWORDS: erosion rate; 137Cs; sheet wash; rainsplash; Qilian Shan 

Mountains 

 

Introduction 

Many studies report basin scale erosion rates over timescales from years 

(Gabet et al., 2008; Pan et al., 2010) to millennia (DiBiase et al., 2010; Ouimet 

et al., 2009) and explain these erosion rates in terms of broad topographic, 

tectonic or climatic characteristics (Aalto et al., 2006). However, mountainous 

catchments generally comprise many processes including fluvial processes, 

soil creep, rainsplash and overland flow (Dietrich and Dunne, 1978), as well 

as some episodic processes (Hales and Roering, 2005; Larsen and 

Montgomery, 2012; Stock and Dietrich, 2006). The quantitative study of 

process rates is difficult since these rates are highly variable over short spatial 

and temporal-scales making short-term and/or basin averaged estimates 

problematic. An alternative approach is to investigate the spatial variability of 

erosion rates within a catchment and use these to infer the processes that are 

responsible for them. 
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Our focus is the mountainous and semi-arid Xiying Basin in the eastern Qilian 

Shan Mountains where mean local relief (mean slope) is known to be an 

important control on decadal-scale basin-wide erosion rates (Pan et al., 

2010). While the Xiying basin is subject to a suite of erosion processes we 

focus on soil mantled slopes with angles less than 40˚ (i.e. transport limited 

slopes not dominated by mass movement) since these make up ~90% of the 

basin by area (Geng, 2014). Abrahams et al. (1994) suggest that overland 

flow is one of the dominant processes governing the evolution of semi-arid 

landscapes, and observations in the Xiying Basin during storm events 

suggest that overland flow is common in many areas of the basin. The 

runoff-dominated annual variation in sediment flux from this and other 

neighboring basins (Pan et al., 2010) indicate that rainstorm related 

processes (rainsplash and overland flow) may be the dominant erosion 

processes. However, we do not know how much erosion can be attributed to 

these processes, or how this varies spatially within the basin. In this paper we 

aim to address these questions. 

In semi-arid landscapes like the Xiying basin, overland flow is generated 

when the rainfall intensity exceeds the infiltration capacity of the soil (Horton, 

1945). As water flows over the soil surface it exerts a shear stress on soil 

particles, and if this stress exceeds the critical shear stress of the particles 

they are mobilized and transported downslope. Vegetation provides additional 
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strength to the soil increasing the critical shear stress (Prosser et al., 1995). 

Shear stress is influenced by surface roughness, local gradient, and water 

discharge which in turn is a function of upslope contributing area, rainfall 

intensity and infiltration rate (Dunne and Dietrich, 1980; Prosser and Rustomji, 

2000). Under a set of simplifying assumptions (Howard, 1994), these 

relationships reduce to the stream power equation, which provides a simple 

way to express the sediment flux due to overland flow. The impact of the 

raindrops themselves also mobilise sediment and the particles travel further in 

a downslope than upslope direction resulting in a net downslope flux of 

material proportional to the local slope (Dunne, 1980). This rainsplash 

process can be shown both from theory (e.g. Furbish et al., 2009) and 

observation (e.g. Dunne et al., 2010) to be well approximated by linear 

diffusion. Both rainsplash and sheet wash act on the slope to transport 

sediment during a rainstorm but their contribution differs with location on the 

slope (Dunne and Aubry, 1986). Previous research has attempted to identify 

topographic fingerprints of these processes by comparing predictions from 

process models with observed topographic form, often assuming topographic 

steady state (Gilbert, 1909; Kirkby, 1971; Perron et al., 2009; Roering et al., 

2007). Booth and Roering (2011) also successfully incorporated earth flow 

flux with diffusive processes (soil creep) and overland flow to investigate the 

dominant transport processes in soil-mantled hillslopes. We take a similar 
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approach, using a model that can represent both rainsplash and sheet wash 

processes, we advance on previous work by comparing erosion predictions 

with observed soil erosion rates rather than topographic profiles since this 

approach allows us to relax the assumption of topographic steady state. 

To quantify the water-induced sediment flux requires long-term observations 

to integrate the effects of episodic storm events (Baffaut et al., 1996). 

Experimental plots can provide reliable hillslope sediment flux estimates at 

annual or even decadal scales (Gifford, 1973), but it is difficult to record 

sediment detachment and transport rates along hillslopes. Magnetic material 

(Parsons et al., 1993) and rare earth elements (Matisoff et al., 2001) have 

been successfully used as indicators to trace sediment transport along a 

hillslope during individual rainfall events. However, here our aim is to examine 

soil redistribution rates over decadal timescales. 

Fallout 137Cs provides a tracer that is particularly well suited to applications 

over these timescales and as a result has been widely used for studying 

decadal-scale soil erosion and sediment delivery without requiring long-term 

observation (Ritchie and McHenry, 1990; Walling et al., 1996). 137Cs is an 

anthropogenic  radionuclide generated as a product of nuclear weapons 

testing, primarily from the mid 1950s to the late 1960s (Walling and He, 1992). 

In predominantly mineral soils 137Cs fallout is rapidly and strongly adsorbed by 

the soil particles at or near the ground surface (Tamura, 1964). Where this is 
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the case, subsequent redistribution of 137Cs is associated with movement of 

those soil particles, and since the 137Cs fallout is predominantly at the ground 

surface it is particularly susceptible to water-induced soil erosion (Ritchie et 

al., 1974). This strong connection to water-induced erosion and the timescale 

since initial fallout, which is long enough to integrate over the effects of 

individual storms, makes 137Cs particularly suitable as a tracer for soil erosion 

by surface runoff (Loughran et al., 1990). 

The 137Cs technique has also been used to validate the results of erosion 

models or calibrate model parameters (Alatorre et al., 2012), such as RUSLE 

(López-Vicente et al., 2008) and WATEM/SEDEM (Feng et al., 2010). 

However, while the 137Cs technique has been widely applied in agriculture 

landscapes across a broad climatic regime (Govers et al., 1996; Nagle et al., 

2000; Poręba and Bluszcz, 2007; Soto and Navas, 2008; Sutherland, 1992) it 

has rarely been applied to natural landscapes (with exceptions like Albers and 

Rackwitz, 1998; Kaste et al., 2006).These natural landscapes, which are our 

focus, have been represented in simple process based models that have been 

tested over long (>1ka; McKean et al., 1993) and short timescales (<1yr; 

Nearing et al., 1997). Fallout nuclides enable us to test them at an 

intermediate (~50 yr) timescale at which they have not previously been tested. 

Examining the model structure and parameters required to explain the 

137Cs-derived soil erosion rates then enables us to identify the dominant 
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rainstorm related processes in our landscape and how they are influenced by 

topography and climate. 

To achieve this aim our objectives are: 1) to estimate decadal scale erosion 

rates for semi-arid soil mantled hillslopes under a range of topographic 

conditions and across a climatic gradient; 2) to examine the relationship 

between erosion rates, topographic conditions and climate driven site 

properties (vegetation cover and rainfall); and 3) to compare the ability of 

rainsplash and overland flow to explain 137Cs-derived erosion patterns both 

within and between individual transects. To do this we will use the 137Cs 

technique to examine soil erosion rates in the Xiying Basin. Four study sites 

were chosen on soil-mantled slopes with varying gradients and spanning an 

elevation range of about 2000 m and several vegetation zones. We then use 

a simple 1-D model to predict soil erosion rates across the study transects to 

examine the influence of climatic regimes and topography on overland flow 

erosion. 

 

Geologic and geographic setting 

The Qilian Shan Mountains, located along the northeast margin of the Tibetan 

Plateau, have been experiencing intense tectonic deformation since the late 

Cenozoic (Tapponnier et al., 2001). Active uplift ~12 Ma B.P. resulted in a 

shift to more arid conditions (Dettman et al., 2003), which may have been 
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enhanced during the Quaternary (Wu et al., 2007). Contrary to the global 

trend these arid conditions have remained despite Holocene warming and 

deglaciation (Chen et al., 2001). Summer monsoon and westerlies both affect 

this area, leading to a semiarid climatic regime (Wang et al., 2010). The 

Xiying Basin is a small drainage basin in the eastern Qilian Shan Mountains 

(Figure 1). Observations in the Xiying Basin show that mean annual 

temperature decreases linearly and rainfall (Figure 1) generally increases 

linearly with elevation (Pan et al., 2010).  

There is strong vertical zonation to the vegetation in the basin due to its high 

relief (>3000 m) and steep climatic gradient. Arid/semi-arid grasslands occupy 

the area below about 2600 m and the tree line is about 3400 m. Alpine 

rhododendron shrubs and sub-alpine meadow vegetation grows above the 

tree line. The ground becomes largely barren above 3800 m, although alpine 

cushion vegetation can still inhabit above 4000 m. However, steppe and 

grassland are the dominant ecosystems, and supervised classification of 

NDVI (normalized difference vegetation index) using support vector machines 

indicates that alpine/sub-alpine steppe and arid/semi-arid grassland occupy 

around 60% of the study basin. More specifically in Figure 1, the study site AS 

(Alpine Steppe) is located at the transition elevation between the barren 

ground and alpine steppe, which are typically found at 3000 m – 3800 m. The 

MS (Mountain Steppe) is located above the arid/semi-arid grasslands and 
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below the tree line. The other two sites, MG (Mountain Desert Grassland) and 

DG (Desert Grassland), are arid/semi-arid grasslands found above 2000 m. 

All of our study sites have been subject to low density grazing by sheep and 

cattle for at least the last 100 years. 

 

Methods and materials 

The sampling strategy is established to capture the erosion distribution 

throughout the study area using the 137Cs technique. There has been 

extensive recent discussion of the assumptions associated with using 137Cs to 

measure soil redistribution rates (Mabit et al., 2013; Parsons and Foster, 

2011). The key assumptions associated with this approach are that: 1) 

atmospheric fallout is spatially uniform; 2) the subsequent transfer of this 

fallout to the soil is also spatially uniform; and 3) the fallout is rapidly and 

near-irreversibly adsorbed onto soil particles. Under these conditions it is 

reasonable to assume that the redistribution of fallout is due to movement of 

soil particles across the soil surface. 

We inventory fallout nuclides from a local reference site with 20 soil cores and 

adjust our observations to account for the local rainfall gradient in order to 

minimise the risk that the first assumption is violated. The extent to which the 

second and third assumptions are met introduces uncertainty into the 

estimated erosion rates, but this uncertainty is difficult to quantify. Given that 
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even very small amounts of mineral matter are capable of strongly sorbing 

137Cs (Shand et al., 1994), we think these assumptions are reasonable for our 

study area. The distribution of 137Cs fallout with depth through the soil profile 

is well captured by the diffusion and migration model described below. This 

model provides a rational explanation for the observed 137Cs distribution 

rather than a precise mechanistic representation. Although measurement 

error is well constrained, errors associated with model assumptions are less 

well constrained. Previous studies suggest that the error introduced by the 

137Cs technique is on the order of 5% - 10% (Basher, 2000; Kaste et al., 2006; 

Porto et al., 2011). 

 

Sampling 

To examine the influence of climatic regimes or topographic characteristics on 

overland flow erosion, we selected one reference site and four erosion sites 

characterized by varied land cover. Each site contained five or six transects of 

different gradients and each transect extended from the ridge to a break in 

slope. An Eijkelkamp split tube sampler with a soft PVC sample liner 

(diameter 50 mm) was used to collect soil samples. Undisturbed bulk or 

sectioned samples can be drilled easily by an impact absorb hammer and be 

held in the sample liner. 
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Reference site 

The reference inventory should represent the local fallout input under the 

assumption of spatially uniform fallout and no soil erosion (Owens and 

Walling, 1996). Such locations are rare in a landscape of dissected terrain, 

where even the interfluves are sharp ridge crests. However, there is an 

undissected surface located at the interfluve between the Xiying Basin, and 

the western neighboring basin (Pan et al., 2007). MGZ (Figure 1 and S1) is an 

undisturbed spot at the undissected surface with minimal slope and no 

evidence of erosion or deposition, making it an ideal reference site in the 

study area. At this site we collected 20-sectioned cores to the depth of ca. 400 

mm within a 15m × 15m square area (inset photo in Figure S1). All the cores 

were sectioned at 10 mm intervals, and the sub-samples at the same depth in 

each core were amalgamated into a single composite sample to capture the 

vertical distribution of 137Cs. 

 

Erosion sites 

We chose 4 sites (Figure 1, Table 1) to sample a range of land cover types 

across the vertically zoned vegetation distribution in the Xiying Basin: AS 

(Alpine Steppe), MS (Mountain Steppe), MG (Mountain Desert Grassland), 

DG (Desert Grassland). At each site we chose 5 or 6 transects with similar 

aspects that had a continuous soil mantle, but had different gradients to 
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capture the topographic influence (Table 1, Figure 2). Plan curvature close to 

zero ensures that each sampling point along the transect receives flow from 

only those points immediately upslope, while profile curvature close to zero 

(mean curvature varied from -0.0038 – 0.002 m-1) ensures a constant slope 

gradient along the profile (Figure S2 - 5). We calculated Normalised 

Difference Vegetation Index (NDVI; Kriegler et al., 1969) to distinguish the 

difference in vegetation cover between these transects and rescale the range 

from 0 to 1 (Table 1). NDVI was calculated using Landsat TM5 (09/08/2010) 

based on the equation: NDVI = (Band 4 - Band 3) / (Band 4 + Band 3) (Rouse 

et al., 1974). 

On each transect, bulk samples of the top 200 mm of soil were collected at 5 

m intervals along a single line from the ridge in a downslope direction. The 

topographic gradients of each transect were surveyed on-site at the same 

interval (5 m). At three of these sites (AS, MG, DG), the slope length is 50 m 

(measured parallel to the soil surface) after which curvature begins to change. 

At the MS site, however, we varied the slope length (60 m - 110 m) to 

investigate its influence on erosion rate. We convert all slope lengths into 

planimetric coordinates for our analysis (transect length, Table 1). All the 

samples were collected during the later rain season from middle September 

to early October in 2010. 
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Laboratory analysis 

The bulk and sectioned samples were pre-treated using the standard 

procedures to air-dry, disaggregate (crush the soil) and sieve through a 2 mm 

mesh (Walling et al., 2003). The measurements of 137Cs concentration were 

undertaken on 200g soil samples of grain size < 2 mm at the School of 

Nuclear Science and Technology at Lanzhou University, using a 

high-resolution, low background N-type HPGe coaxial detector (ORTEC, 

GMX-30P). For the gamma spectrometry measurements, each sample was 

counted ca. 12 h to detect the gamma ray peak at 662 keV for 137Cs. The net 

count rates were calculated as the ratio of the total net counts covering 15 

channels around the channel located at 662 keV to the count time, providing 

an averaged analytical precision of ±4% at the 95% significance level. The 

137Cs concentration (mBq/cm3) of each sample was calculated using the net 

count rate, mass and density for the sample and the detector efficiency and 

net count rate of the standard 137Cs sample. The 137Cs inventories (Bq/m2) 

were the product of 137Cs concentration and sampling depth. 

 

Conversion model  

Quantitative estimates of soil erosion using 137Cs require a model to convert 

the bulk 137Cs inventory in the soil to an erosion or deposition rate (Walling 

and He, 1999). Simple empirical (often exponential) functions can be obtained 
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from observed relationships between soil erosion and 137Cs loss from 

experimental plots (Ritchie et al., 1974; Rogowski and Tamura, 1965). They 

are easy to apply but rely on experimental research, which is hard to 

extrapolate to natural slopes (Walling and He, 1999). 

For undisturbed natural slopes with long-term water-induced soil erosion, the 

diffusion and migration model is a more realistic approach, which can account 

for the time-dependent 137Cs fallout (Walling et al., 2003; Walling and He, 

1999). A partial differential equation is used to describe the effective 

advective-diffusive process and represent 137Cs variation with both time and 

soil depth. 

        

  
   

         

   
   

        

  
                      （1） 

Where Cu(z,t) is the 137Cs concentration (mBq/cm3), z is the depth (mm), t is 

the time (year), λ is the 137Cs decay constant (0.023/a), D (mm2/a) is the 

diffusion coefficient and V (mm/a) is the downward advection rate. The model 

application requires the decomposition for the linear one dimensional time 

dependent partial differential equation. To do this we solved the diffusion and 

migration model partial differential equation numerically, using a forward finite 

difference scheme with a spatial resolution of 1 mm over a 500 mm domain 

and a no flux condition on the upper and lower boundaries (He and Walling, 

1997). The 137Cs input from fallout was assumed to begin in 1954, end in 

1983 and follow the temporal distribution of monitoring station records from 
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the northern hemisphere (Cambray et al., 1989). The annual 137Cs flux I(t) 

(Bq/m2) was assumed to have the same relative annual variation of the 

monitoring stations records and was generated from the measured inventory 

at the reference site using the decay equation of 137Cs (Walling et al., 2011). 

This initial input of annual flux was distributed within the relaxation depth H, 

the top 5 mm of the soil profile (He and Walling, 1997). 

 

Results 

The diffusion and migration model was employed to calculate the erosion 

rates at the study transects. The water-induced soil erosion or deposition rate 

at a point is calculated by comparing its depth integrated 137Cs inventory with 

that of a reference point (Walling and Quine, 1990): excess inventory 

indicates deposition of 137Cs rich surface soil, while a reduction indicates its 

removal by erosion. 

 

Vertical 137Cs profile at the reference site 

At the reference site (MGZ, Figure 1), 137Cs fallout is found in the upper 180 

mm of the soil profile with a total inventory of 5230 Bq/m2, and its 

concentration shows a quasi-exponential decline with depth below the 

maximum value at 30 mm depth (Figure 3). The peaks (top 20 - 55 mm) are 

broad, with a half-height width of ca. 70 mm. The 137Cs profile is typical of 
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those at undisturbed sites (He and Walling, 1997). The high spatial resolution 

of the observed 137Cs profile (10 mm) allowed us to determine the advection 

of 137Cs from the surface into the soil profile at a rate V = 0.79 ± 0.05 mm/a, 

and diffusion over time at a rate D = 20.8 ± 2.1 mm2/a, both with a 

significance level of 95%. Although the model does not perfectly match the 

maximum 137Cs value at 30 mm depth, it doesn’t under or overestimate the 

inventories, provides a good representation of the penetration depth and 

captures the general form of the observed profile (Figure 3). 

Total fallout is expected to increase slightly with mean annual rainfall due to 

wet deposition (Davis, 1963). The mean annual rainfall in Xiying Basin ranges 

from 235 mm/a to 565 mm/a across the sample sites (Figure 1, Table 1), 

which results in an estimated 28% decrease in reference inventory from AS 

to DG based on the model of Walling et al. (2011). Since it was not possible 

to find suitable reference sites for all four erosion sites due to the dissected 

topography, we extrapolated these inventories from the MGZ inventory 

(Table 1) using Walling et al.’s model (Walling et al., 2011). This model 

predicts fallout on the basis of latitude, longitude and average annual rainfall 

from 92 global observations, with an R2 of 0.83 (Walling and He, 2000). We 

calculate the site specific reference inventories using Walling’s model scaled 

to the MGZ reference inventory. 
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Soil erosion conversion 

In order to compare bulk inventories along the transects with the reference 

inventory we must assume uniform values of the diffusion coefficient D and 

advection rate V across the basin. While we expect some variability in these 

coefficients between sites, we expect limited variability within a site and thus 

the associated error should be small relative to other uncertainties discussed 

below. Where 137Cs is removed by erosion from the soil surface, the inventory 

loss at that point can be calculated by integrating the product of erosion rate R 

(mm/a) and surface 137Cs concentration over time t according to Eq. 2 

(Walling and He, 1999): 

       
         

     
 

 
                          (2) 

where Cu(t′) (mBq/cm3) is the 137Cs concentration in the surface soil at time t′, 

P is the particle size correction factor which is defined as the ratio of the 137Cs 

concentration of mobilized sediment to that of the original soil, and Au,ls(t) 

(Bq/m2) is the difference between the 137Cs inventory at the reference site Aref 

(Bq/m2) and the inventory Au (Bq/m2) at that point. 

Eq. 2 can be used to estimate the soil erosion rates at a point by comparing 

its bulk 137Cs inventory with the reference inventory. Removal of surface soil 

will alter the upper boundary condition; erosion will result in upward 

movement of the profile especially for the peak 137Cs concentration. This 

effect may be negligible where erosion rates are low but important where they 
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are high. We addressed this by defining a relationship between 137Cs 

inventory and erosion rate that accounts for the removal of surface soil. We 

simulated the remaining 137Cs inventory of soil within the diffusion and 

migration model by removing soil from the upper boundary. We employ this 

erosion-dependent surface soil concentration model to simulate the vertical 

profiles under a range of erosion rates. After 56 years of simulation 

(1954-2010), we integrated the concentrations by depth and obtained a 

series of remaining 137Cs inventories with their corresponding erosion rates. 

This defines an exponential relationship between the remaining 137Cs 

inventory and soil erosion rate (Figure 4). The exponential relationship is 

similar to the relationship generated by empirical models (Walling and Quine, 

1990), but differs from the linear relationship predicted when the upper 

boundary condition does not account for soil erosion (Kaste et al., 2006; 

Walling and He, 1999). 

Deposition rates can be determined from the 137Cs inventory if the inventory of 

upslope locations is also known though there is no simple universal 

relationship between inventory and deposition rate. Since any excess 137Cs in 

the inventory at an observation point Au,ex(t) (Au – Aref, Bq/m2), is a function 

of the soil deposition rate (R′, mm/a) and the concentration of 137Cs in the soil 

being deposited (Cd(t′), mBq/cm3) (Walling and He, 1999) we must calculate 

their deposition rates using: 
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                           (3) 

We use erosion-dependent 137Cs concentrations in the surface soil upslope of 

the observation point to calculate the 137Cs concentration in the deposited 

sediment (Cd(t′), mBq/cm3). The concentration of 137Cs in the soil being 

deposited at the observation point is the erosion-weighted mean of the 137Cs 

concentration of surface soil in the upslope contributing area for the current 

observation point. As a result while 137Cs inventory will generally increase with 

deposition rate, this relationship is not universal but instead dependent on the 

concentration of the deposited soil and therefore the pattern of erosion 

upslope. 

 

137Cs erosion and controlling factors 

The mean inventories for the 21 transects in Xiying Basin, including their 

ranges, are listed in Table 1. The varied reference inventories at four study 

sites (Table 1) were used to calculate the 137Cs loss at each sampling point. 

Mean soil erosion rates (Table 1, Figure S6 - S10) for the 21 transects were 

calculated adopting the parameters at the reference site (MGZ). The majority 

of transects experienced some deposition (with one exception: AS32, Figure 

S6). In addition, we calculated another two sets of rates (Table 1) using the 

parameters for the upper/lower confidence bounds for the reference site. The 

results show a mean soil erosion rate of 0.42 mm/a for the 21 transects 
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throughout Xiying Basin. For the four sites, AS, MS, MG, DG, the mean soil 

erosion rates are 0.40 mm/a, 0.34 mm/a, 0.51 mm/a and 0.44 mm/a, 

respectively. 

The spatial variation in 137Cs erosion rates allows us to examine the controls 

on this variation between transects and within transects. Gradient and 

upslope length are two important topographic attributes that influence 

overland flow erosion (Horton, 1945; Howard, 1994). Figure 5A shows that for 

individual sample points there is considerable variability in erosion/deposition 

rates, even between points with the same gradient. This might be expected 

given both measurement uncertainty and the influence of local factors such as 

vegetation cover or micro-topography. However, once binned by gradient (0.1 

m/m bins) the average erosion rates show a strong positive correlation with 

gradient (Figure 5A), which is supported by a similar relationship for transect 

averaged erosion rates and gradient (Figure 5B). 

There is also considerable scatter in the relationship between upslope length 

and erosion rate. However, the mean erosion rates binned by upslope length 

(5 m bins) are negatively correlated with upslope length over the first 35 m, 

where data is available from all sites (Figure 5C). Larger upslope lengths are 

more difficult to interpret since the number of samples decreases with upslope 

length, introducing potential bias. This reduction in erosion rate with upslope 

length is unintuitive and is not the result of co-variance between gradient and 
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upslope length (Figure S11). However, it is possible under transport limited 

conditions if the divergence of the sediment flux decreases downslope, and 

we will discuss the conditions that might lead to this in the model simulation 

section. In terms of climatic factors, rainfall intensity and land cover (which is 

climate dependent) will strongly influence the overland flow generation and 

flow resistance (Prosser et al., 1995). Our results show a negative 

relationship between mean annual rainfall and erosion rates when comparing 

the four sites (Figure 5D), which is consistent with other observations in 

semi-arid areas (Langbein and Schumm, 1958). Our results also show a slight 

negative correlation between site-averaged erosion rates and NDVI (Figure 

5E). The NDVI represents the amount of above ground biomass and could be 

influenced by annual rainfall. A larger NDVI, implies more vegetative cover, 

which will enhance the ground’s capacity to resist erosion (Liu and Singh, 

2004; Prosser et al., 1995). 

 

Modeling the sheet wash and rainsplash erosion 

processes 

The strong dependence of 137Cs erosion on transect gradient could be 

explained by either wash erosion by water flowing over the surface or 

rainsplash. To establish which of these processes dominates, we developed 
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models for overland flow and rainsplash erosion, and compared their 

predictions with our observations. 

 

Model setup 

The stream power equation has usually been used to directly represent the 

rate of bedrock incision by fluvial processes assuming detachment limited 

conditions (Howard and Kerby, 1983; Whipple and Tucker, 1999). However, it 

can also be derived as a sediment transport law for alluvial rivers or overland 

flow on hillslopes assuming transport limited conditions (Dietrich et al., 2003). 

In the hillslope case, by assuming that rainfall and infiltration rate are uniform 

along each transect, sediment flux qsw (m2/a) due to overland flow should be a 

function of the upslope length from the hilltop x (m) and local gradient S (m/m), 

following the stream power equation (Kirkby, 1971): 

                                  (4) 

in which k, m and n are fitted parameters. Under the same assumptions, 

sediment flux qsr (m
2/a) due to rainsplash should be a linear function of local 

gradient S (m/m): 

                                   (5) 

where d is the rainsplash diffusion coefficient (m2/a). If the assumption that 

the system is transport limited is valid over decadal time-scales (56 years for 
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137Cs technique), the surface lowering rate (∂z/∂t) is given by the divergence 

of the sediment transport flux, qs (Howard, 1994); 

                                   (6) 

Note that this transport limited derivation differs from the detachment limited 

derivation because here the lowering rate is given by the divergence of the 

sediment flux rather than the flux itself.  

We will test three versions of the model: 1) sheet wash only (qs = qsw); 2) 

rainsplash only (qs = qsr); and 3) the combined flux (qs = qsw + qsr). In the 

model, no flow and sediment flux is assumed at the upper boundary (the 

hilltop) and no profile curvature change is assumed at the lower boundary: 

                                    (7) 

                                              (8) 

in which Lh (m) is the transect length and dx (m) is the simulation interval, 

which is the horizontal distance between neighboring points. 

 

Model simulation at individual transects 

We run the model to predict water-induced erosion for the 56 years between 

initial 137Cs fallout and our sample collection. The initial topography 56 years 

ago is back calculated from the current topography using the 137Cs erosion 

rates. The same simulations were performed using the current topography as 

an initial condition but the difference between these sets of simulations was 
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negligible. We calibrate the parameters (k, m, n and d) with a nonlinear 

least-squares procedure (Coleman and Li, 1996) using MATLAB’s lsqnonlin 

function, which minimizes the residuals between the estimated 137Cs erosion 

rates and those simulated over 56 years for each transect. We used Monte 

Carlo simulation to account for the uncertainty in the 137Cs-derived erosion 

rates and the transect topography. We ran the model 500 times for each 

transect randomly sampling slope values with +/- 0.5˚ from the observed 

slope. During each simulation, we randomly sampled the 137Cs inventory for 

each point on the transect from a uniform distribution with a ±10% error to 

calculate the erosion rates. We expect that this is a worst case scenario for 

the error associated with 137Cs technique and slope measurement error. 

The mean simulated overland flow erosion rates match the mean 137Cs 

erosion rates fairly well for individual transects with their optimal parameters 

(Figure 6A). However, the two topographic exponents (m and n), vary widely 

between transects. To reduce the free parameters and examine the 

parameter behavior across the basin we assigned m and n their average 

values from Monte Carlo simulation of all transects (0.8 and 1.1, respectively). 

The standard error of the mean parameter values accounting for 137Cs 

technique and slope measurement uncertainty is 0.005 and 0.009 for m and n 

respectively, suggesting that these mean values are fairly robust to this 

measurement uncertainty. The two mean values are close to those that have 
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been associated with sheet wash processes (m = 1, n = 1) described by 

Kirkby (1971) and consistent with our field observation that the sampled 

transects are subjected to surface wash without gullying. 

This stream power model with the upslope length exponent m less than 1 can 

explain both the observed decrease in 137Cs erosion rate and the increase in 

its variability with increasing upslope length. The surface lowering rate (∂z/∂t) 

is equal to the divergence of the sediment transport flux (qsw in Eq.6) and thus 

considering sheet wash alone the divergence of the stream power (Eq.4). 

When n ≈ 1 and m = 0.8, the Eq. 6 becomes (see the derivation of Eq. 9 in 

supplementary materials): 

  

  
  

   

  
         

  

  
               

   

             (9) 

For planar slopes the second term in Eq. 9 goes to zero and erosion rate 

increases with gradient and decreases with upslope length (x -0.2). This is 

consistent with the observed decrease in 137Cs erosion rate with increasing 

upslope length (Figure 5C). However, even a small amount of curvature, 

which fluctuates around zero, will introduce scatter into the predicted 

relationship between upslope length and erosion rate. The model predicts that 

this scatter in erosion rate should increase with upslope length (x -0.8) 

consistent with the increasing variability in observed 137Cs erosion rate with 

increasing upslope length for lengths < 40 m (Figure S12). While the scatter 
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continues to increase for longer upslope lengths this may be due to a 

reduction in the number of longer transects.  

The simulated erosion rates still match the 137Cs erosion rates well using 

mean values for the exponents m and n, and the optimal k values for 

individual transects (Figure 6B). The parameter k represents any 

non-topographic properties influencing the rate of sediment transport, such as 

rainfall intensity, soil erodibility, infiltration rate, surface roughness and 

vegetation cover (Prosser and Rustomji, 2000). Next we examine the 

influence of these non-topographic properties by constraining k to be spatially 

constant and using least-squares calibration to find a single optimal k for all 

transects. The mean simulated rates still capture the tendency of the mean 

137Cs rates using the constant parameters: k = 0.002, m = 0.8 and n = 1.1, for 

all transects (Figure 6C). However, the simulated rates span a narrower range 

and have more scatter. There is a considerable cost to assigning a uniform 

rather than transect varying k in terms of the model’s ability to reproduce 

transect averaged erosion rates. This may reflect the importance of 

non-topographic local conditions in defining erosion rates for a particular 

transect and the risk of seeking parameter uniformity at all costs. However, 

while we have good reason to expect that k might vary between transects we 

can learn relatively little by simply allowing it to be calibrated as a free 

parameter. Instead we aim to find an explanation for its variability. 
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Rainfall and vegetation cover are highly variable over the study area and 

there is a good physical basis to expect them to influence erosion rates. The 

averaged erosion rates at the four sites show a negative correlation either 

with mean annual rainfall (Figure 5D) or NDVI (Figure 5E). Therefore, the 

climatic condition might explain a considerable amount of the remaining 

between site variation in soil erosion and therefore the coefficient k. The NDVI 

is more spatially distributed and easy to obtain for future application, rather 

than the rainfall distribution in a mountainous area. Given the higher NDVI site 

with denser vegetation cover and the higher mean erosion rates at sparsely 

vegetated than densely vegetated sites, we test the vegetation cover 

influence by replacing k with a new parameter kb and introducing the site 

mean NDVI (NIc) as a surrogate for vegetation cover (i.e. k=kb/NIc). We adopt 

constant parameters (kb, m, n) for all the transects and apply the sediment 

flux function in the form: 

             
                       (10) 

where NIc is the site mean NDVI , which is 0.668, 0.585, 0.459, 0.457 for AS, 

MS, MG, DG, respectively. 

Least-squares calibration of kb, m and n as constants in Eq. 10 based on 

transect average 137Cs erosion rates resulted in parameter values of: 0.001, 

0.8 and 1.1 respectively. The mean simulated erosion accounting for land 

cover (Figure 6D) has a wider rate distribution than when k, m and n are held 
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constant (Figure 6C), but does not improve the correlation between predicted 

erosion rates and 137Cs-derived rates. This is surprising given the negative 

correlation between site averaged erosion rate and NDVI. However, it 

suggests that the high mean rates at MG and DG may be due to their higher 

mean gradients (Figure 5F) rather than their lower vegetation cover. 

Accordingly, we attempted to explain whether it was influenced by another 

process. Rainsplash (Ellison, 1944) may be an important erosive process on 

these transects, particularly at short upslope lengths where overland flow will 

not be generated during every rainfall event (Onda et al., 2007). To test this, 

we run the model to predict rainsplash-induced erosion for the same 56 year 

period, with back calculated initial topography. We calibrate the diffusivity 

parameter (d) for each transect with the nonlinear least-squares procedure 

minimizing the residuals between simulated and 137Cs-derived erosion rates 

for each transect. 

Although rainsplash sediment flux depends linearly on gradient (Eq. 5), 

rainsplash erosion rate depends on the diversion of the flux (Eq. 6), and 

therefore on curvature. The simulated and 137Cs-derived transect averaged 

erosion rates show very little agreement even with calibrated d (Figure 6E). 

137Cs-derived erosion rates are consistently higher than those predicted due 

to rainsplash and are not correlated with them, suggesting that rainsplash 

alone is a poor explanation for 137Cs-derived erosion rates on our transects. 
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This is because erosion is only possible across the full transect if gradient 

increases downslope increasing transport capacity and allowing transport of 

both new sediment and that generated upslope. Without this convex 

curvature erosion will decrease and sediment may even be deposited 

downslope. 

Finally, we include both rainsplash and sheet wash in our sediment transport 

equation and express the sediment transport rate qs (m
2/a) as: 

                                 (11) 

We keep the topographic exponents (m = 0.8 and n = 1.1) and apply the 

model (Eq. 11) to find the constant d and k for all transects. However, the 

simulation results show that k is still about 0.002 and the diffusion coefficient d 

is about 0.006. Under these conditions, rainsplash flux exceeds sheet wash 

flux only for upslope lengths < 5m and is < 5% of the flux for upslope lengths 

exceeding 200 m. Accordingly transect averaged erosion rates are altered by 

< 5% by the inclusion of rainsplash in our model. This suggests that sheet 

wash rather than rainsplash is the dominant process on the study transects. 

 

Model simulation at individual sampling points 

Having examined the relationship between transect-averaged erosion, 

topography and land cover, we now consider the ability of the model to predict 

variability in erosion rates along individual transects. In this case, we also 
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predicted the 137Cs inventory at each point. Figure 7 shows model results at 

MS36, which is the longest transect in our dataset. 

Under the two different initial conditions, the simulated sheet wash erosion 

rates are the same (0.31 mm/a) and the simulated mean 137Cs inventories are 

close to each other (Figure 7), which is reasonable given the short time span. 

There is large variability in the measured 137Cs erosion and deposition rates 

over short length scales at MS36 (and many other transects see Figures S6 - 

10). The sheet wash model does a reasonable job of reproducing the general 

pattern of erosion/deposition rates along MS36 and the mean erosion rate. 

However, the model is less able to explain the erosion rates at short upslope 

lengths and does not predict the extreme erosion and deposition rates. We 

have shown above that rainsplash should exert most influence on erosion 

rates at short upslope lengths. However, Figure 7A shows that it is no more 

able than the sheet wash model to predict the 137Cs-derived erosion rates at 

short upslope lengths. The rainsplash model predicts a similar pattern of 

erosion with distance along transect to the sheet wash model, but with 

reduced variability and a consistent bias towards low erosion rates. 

The variability in the measured 137Cs erosion and deposition rates over short 

length scales cannot be captured by sheetwash or rainsplash models, which 

account only for topographic controls on erosion rate. We suggest that the 

misfit (Figure 8A) at extreme erosion or deposition rates might be due to the 
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patchy vegetation cover in these semi-arid environments. To investigate the 

land cover influence, we divide the 21 transects into two groups, dense 

vegetation sites (AS and MS) and sparse vegetation sites (MG and DG). The 

root-mean-square deviation (RMSD) at dense vegetation sites (Figure 8B) is 

considerably lower than that at sparse vegetation sites (Figure 8C). 

 

Discussion  

In this semi-arid mountainous basin, 137Cs derived soil erosion rates range 

from 0.17 mm/a to 0.80 mm/a with a mean value of 0.42 mm/a. Much of the 

within and between transect variations can be explained by expected 

relationships with topography, while the mean erosion rate is similar to other 

measured erosion rates in the study area. In order to compare these erosion 

rates, we convert our soil erosion rates to bedrock erosion rates assuming a 

rock density of 2650 kg/m3 and using the soil density of each individual 

sample (Table S1, mean = 870 kg/m3). Under these assumptions, the 

equivalent mean bedrock erosion rates are about 0.12 mm/a, 0.11 mm/a, 0.16 

mm/a, and 0.16 mm/a for AS, MS, MG and DG, respectively. The mean 

equivalent bedrock erosion rate of AS and MS (0.11 mm/a) is of similar 

magnitude to the catchment level erosion rate derived from total sediment 

yield for a 44 year record (0.09mm/a, Pan et al., 2010), both assuming the 

rock density is 2650 kg/m3. The mean bedrock erosion rate also matches the 
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exhumation rate derived from the apatite fission-track (AFT) dating (0.11 

mm/a) at MS since the Late Cenozoic (Pan et al., 2013). 

In our study area many of the hillslopes are planar suggesting that sheet wash 

dominates over much of the slope. Our 137Cs-derived erosion rates on these 

planar hillslopes indicate that rainsplash should indeed dominate only over 

the first 5 m of these slopes beyond which sheet wash becomes dominant 

(accounting for 95% of erosion). Previous studies found that diffusive 

processes are active from the ridge until the gully formation or landsliding 

(Booth and Roering, 2011; Dietrich et al., 1992; Fernandes and Dietrich, 1997; 

Roering et al., 2001). Accordingly, it seems surprising that the zone in which 

diffusive processes dominate is so short for our study transects without 

evidence of gullies or landslides. This may suggest that: the diffusive process 

is not linearly dependent on slope(Roering et al., 1999), though there is good 

theoretical basis for linear slope dependent rainsplash; or that rainsplash is 

not very efficient on vegetated slopes. An alternative interpretation might be 

that: 1) the system is not purely transport limited but depends on the 

production of mobilizable sediment (e.g. by rainsplash or biotic processes) 

over longer timescales; or 2) the slow but continuous diffusive processes are 

under represented relative to sheet wash over the short observation period 

provided by the 137Cs technique. 
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Secondly, it is surprising that the study slopes have an overland flow 

signature for considerable lengths but no indication of gully development until 

further down slope. This may be the result of biotic processes that alter the 

surface either through sediment redistribution (e.g. by beetles) or vegetation 

re-growth (Moreno-de las Heras et al., 2011). These processes will act to 

counter the incision, smoothing perturbations in the surface (e.g. rills) or 

introducing perturbations (blockages) that promote deposition rather than 

erosion (Dunne and Aubry, 1986). 

There is some evidence for such perturbations in the 137Cs-derived erosion 

rates along individual transects. Although the model was able to predict net 

transect trends there remained considerable variability in erosion rates 

between points (Figure 7), especially for sparsely vegetated transects 

(Figures S6-10). As a result, the agreement between predicted and 

137Cs-derived erosion rates for densely vegetated transects is better than for 

the sparsely vegetated transects (Figure 8). These large mismatches at the 

sparsely vegetated transects, where the sheet wash model fluctuates 

between over and under predicting the 137Cs erosion, could be attributed to 

patchiness in the vegetation cover. In semi-arid environments, bare ground 

may be easily erodible while that beneath vegetation patches is more 

resistant due to root reinforcement (Gyssels et al., 2005). Vegetation can also 

reduce the erosive energy of both rainspash and overland flow: reducing the 
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impact of raindrops (Hoffman et al., 2013), reducing the amount of overland 

flow due to increased infiltration and slowing its velocity due to the roughness 

imposed by vegetation (Saco and Heras, 2013). 

 

Conclusion 

We used the environmental radionuclide 137Cs with a vertical diffusion and 

migration model to measure soil erosion rates along downslope transects at 

four sites across the Xiying Basin over 56-year period. The results suggest a 

mean soil erosion rate of 0.42 mm/a for the 21 transects and assuming a rock 

density of 2650 kg/m3 this implies an equivalent bedrock erosion rate of about 

0.14 mm/a. This rate is a similar magnitude to the catchment level erosion 

rate (sediment yield) and exhumation rate (AFT dating) in this area. In order 

to investigate the dominant sediment transport processes, we used a simple 

soil erosion model to simulate the sediment flux for each transect. Under 

spatially constant parameters (k = 0.002, m = 0.8 and n = 1.1), the mean 

simulated sheet wash erosion rates match the mean 137Cs erosion rates well 

for 21 transects. 

The sheet wash model consistently out-performed the rainsplash model, 

resulting in reduced misfit between predicted and 137Cs-derived erosion rates. 

In the combined sheet wash and rainsplash model, rainsplash dominated 

only within 5 m of the ridge and altered transect averaged erosion rates by < 
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5%, suggesting that the study slopes are strongly influenced by sheet wash. 

The model performed better for densely vegetated transects than sparsely 

vegetated transects, where mismatches between predicted and 137Cs-derived 

erosion rates might be attributed to the patchiness of vegetation. 

Our results suggest that overland flow is one of the dominant processes of 

erosion on the soil-mantled slopes of the Xiying Basin, that topography is a 

first order control on erosion rate but that variability in vegetation cover 

introduces fine scale variability in erosion rates along the slopes. 
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Table 1 Study transects information and erosion rates 

Site 

- 

Transect 
3
 

- 

Elevation 

(m) 

Gradient 

(m/m) 

Lh 
4 

(m) 

NDVI 

- 

Mean Inventory 
5
  

(Bq/m
2
) 

Mean Erosion 
6
  

(mm/a) 

AS 

(565) 
1
 

(5684) 
2
 

AS24 3865 0.24 49 0.633 4136(1281 - 8403) 0.35(0.37 - 0.34) 

AS32 3701 0.32 48 0.649 3191(1493 - 5009) 0.57(0.59 - 0.54) 

AS36 3809 0.36 47 0.617 4357(1470 - 9681) 0.31(0.33 - 0.29) 

AS37 3640 0.37 47 0.741 4091(1297 - 6684) 0.37(0.39 - 0.35) 

AS53 3662 0.53 44 0.702 3894(1810 - 6516) 0.40(0.42 - 0.38) 

MS 

(394) 

(4955) 

MS16 2758 0.16 59 0.550 4161(2300 - 8940) 0.20(0.21 - 0.19) 

MS22 2929 0.22 93 0.612 4277(2334 - 7798) 0.17(0.18 - 0.16) 

MS36 2948 0.36 104 0.648 4017(695 - 8630) 0.25(0.26 - 0.23) 

MS44 2901 0.44 78 0.569 2816(1141 - 6606) 0.58(0.61 - 0.55) 

MS58 2987 0.58 61 0.546 3371(391 - 8454) 0.48(0.51 - 0.46) 

MG 

(250) 

(4190) 

MG25 2194 0.25 48 0.468 2901(1090 - 6234) 0.42(0.44 - 0.40) 

MG35 2194 0.35 47 0.471 2689(1476 - 4743) 0.46(0.48 - 0.43) 

MG43 2208 0.43 46 0.457 1819(820 - 4713) 0.80(0.84 - 0.76) 

MG54 2194 0.54 44 0.485 2740(517 - 5905) 0.52(0.55 - 0.49) 

MG68 2224 0.68 41 0.416 3372(274 - 6570) 0.35(0.36 - 0.33) 

DG 

(235) 

(4098) 

DG18 2114 0.18 49 0.458 3185(791 - 5479) 0.30(0.32 - 0.29) 

DG27 2124 0.27 48 0.455 3002(237 - 5077) 0.42(0.44 - 0.40) 

DG39 2131 0.39 47 0.464 3355(315 - 6914) 0.29(0.30 - 0.27) 

DG49 2121 0.49 45 0.452 3103(630 - 7382) 0.37(0.39 - 0.35) 

DG57 2140 0.57 43 0.451 2907(270 - 11175) 0.46(0.48 - 0.44) 

DG67 2165 0.67 42 0.460 1961(154 - 4244) 0.79(0.83 - 0.75) 

 

1 predicted mean annual rainfall (mm/a) 

2 corresponding reference inventory (Bq/m2) 
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3 transect names are sites with a subscript of their gradient 

4 transect length (Lh) is the planimetric coordinate of slope length measured 

parallel to the soil surface 

5 Note that the values in the brackets are the minimum inventory and the 

maximum inventory in each transect 

6 Note that the erosion rates in the brackets are calculated using the 

parameters for the upper/lower confidence bounds, left side values are 

calculated by the upper bound parameters, while right side values are 

calculated by the lower bound parameters 
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Figure 1. Shaded-relief map of Xiying Basin (Area ~1700 km2) with locations 

of five weather stations (black solid stars, YK, SCG, BSG, JTL, XYR) and five 

137Cs sample sites (black solid triangles, MGZ, AS, MS, MG, DG). Note that 

MGZ is the reference site. Inset figure in southeast corner shows the plots of 

station elevations versus the recorded rainfall. 
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Figure 2. Topographic profiles of the 21 transects for the 4 study sites. 

Elevation (y-axis) is in metres above the base of the transect, upslope length 

(x-axis) is in metres from the ridge, transects always follow the path of 

steepest descent. 
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Figure 3. Observed vertical 137Cs profile at reference site (points) with model 

simulated 137Cs profile (solid line). Dashed lines show profile predictions 

using the upper (light gray) and lower (dark gray) 5% confidence bounds for 

the parameters D and V. The Root-Mean-Square Deviation (RMSD) 

represents the standard deviation of the differences between observed 137Cs 

concentrations and the model predicted values. 
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Figure 4. The relationship between soil erosion rates and the 137Cs remaining 

in the inventory accounting for changing boundary conditions due to soil 

erosion (black solid line). The upper confidence bound (light gray dashed 

line) and lower confidence bound (dark gray dashed line) relationships are 

also shown in this figure. Note the plots were obtained with the reference 

inventory of 5230 Bq/m2. 

  



This article is protected by copyright. All rights reserved. 

 
 

Figure 5. Scatter plots of 137Cs erosion rates against potential controlling 

factors. A) shows the local gradient for all sample points (open symbols) with 

solid pentagrams showing average erosion rates for binned gradients (0.1 

m/m bins). B) shows the relationship between transect-averaged erosion 

rates and gradients. C) shows the upslope length for all sample points (open 

symbols) with solid pentagrams showing average erosion rates for binned 

upslope lengths (5 m bins). D – F show the relationship between 

site-averaged erosion rates and rainfall (D), NDVI (E) and gradient (F), 

respectively. Markers styles label the data points from different study sites. 

Error bars in A, C, D, E and F are 1 standard error of the mean (SEM). In A 

and C, the erosion and deposition are both in positive values and separated 

by a light gray dashed line. 
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Figure 6. Simulated mean erosion against 137Cs-derived mean erosion rates 

for the 21 transects. Plot A – D represent the results of overland flow 

simulation: (A) with optimal parameters (k, m, n) for each transect; (B) with 

constant exponents (m = 0.8 and n = 1.1) for all transects but optimal k for 

each transect; (C) with constant parameters (k = 0.002, m = 0.8, n = 1.1) for 

all transects using Eq. 4; (D) with constant parameters (kb = 0.001, m = 0.8, n 

= 1.1) using Eq. 10. Plot E represents the simulated rainsplash erosion 

against 137Cs-derived erosion. The light gray dots show individual results 

from 500 Monte Carlo simulation runs for each transect. Note that in plot E, 

erosion and deposition are both in positive values and separated by light gray 

dashed lines. 
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Figure 7. Topographic profile, erosion rates and 137Cs inventory at transect 

MS36. (A) 137Cs-derived erosion rates (solid points) and simulated erosion 

rates for rainsplash (dashed line) and sheet wash (lines with points). Note 

that erosion and deposition are both in positive values (right vertical axis), 

and separated by a light gray dashed line. (B) Observed 137Cs inventories 

(solid points) and simulated inventories under sheet wash (lines with points). 

The parameter values used in this simulation are: k = 0.002, m = 0.8, n = 1.1, 

and d = 0.032 m2/a. For the results from the other 20 transects see Figures 

S6-10 in supplementary information. 
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Figure 8. 137Cs-derived erosion rates compared with simulated erosion rates 

at individual sample points. Simulated erosion is with constant parameters (k 

= 0.002, m = 0.8, n = 1.1) for all transects. Different marker styles indicate the 

data points from different study sites. (A) All sample points (21 transects); (B) 

sample points from the 10 transects under dense vegetation (AS and MS); 

(C) sample points from the 11 transects under sparse vegetation (MG and 

DG). Note that erosion and deposition are both in positive values and from 

zero up on y-axis and right on x-axis refers to deposition. 


