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Abstract  13 

Snow processes might be one important dr iver of soi l  erosion in  Alpine grasslands 14 

and thus the unknown variable when eros ion model l ing is  attempted. The aim of 15 

this study is  to assess the importance of  snow gl iding as soi l  erosion agent for 16 

four di fferent land use/land cover types in a sub-alpine area in Switzer land. We 17 

used three dif ferent  approaches to est imate soi l  erosion rates: sediment yield 18 

measurements in snow gl ide deposit ions, the fal lout radionucl ide 1 3 7Cs, and 19 

model l ing with the Revised Universal  Soi l  Loss Equat ion (RUSLE). RUSLE permits the 20 

evaluat ion of soi l  loss by water erosion, the 1 3 7Cs method integrates soi l  loss due 21 

to al l  erosion agents involved, and the snow gl ide deposit ion sediment yield 22 

measurement can be di rect ly related to snow gl ide induced erosion. Further ,  23 

cumulat ive snow gl ide distance was measured for the s i tes in the winter 24 

2009/2010 and model led for the sur rounding area and long-term average winter 25 
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precipitat ion (1959-2010) with the Spat ia l  Snow Gl ide Model (SSGM). Measured 26 

snow gl ide distance confi rmed the presence of snow gl iding and ranged f rom 2 27 

to 189 cm, with lower values at  the north facing s lopes. We observed a 28 

reduct ion of snow gl ide distance with increasing surface roughness of the 29 

vegetat ion, which is  important informat ion with respect  to conservat ion 30 

planning and expected and ongoing land use changes in  the Alps.  Snow gl ide 31 

eros ion est imated from the snow gl ide deposit ions was highly var iable with 32 

values ranging from 0.03 to 22.9 t  ha- 1  yr - 1  in the winter 2012/2013. For s i tes 33 

affected by snow gl ide deposit ion, a mean erosion rate of  8.4 t  ha- 1 yr - 1  was 34 

found. The di fference in long-term erosion rates determined with RUSLE and 1 3 7Cs 35 

confi rm the constant inf luence of snow gl ide induced eros ion, s ince a large 36 

difference (lower proport ion of water erosion compared to total  net erosion)  37 

was observed for s i tes with high snow gl ide rates and vice versa. Moreover, the 38 

difference of RUSLE and 1 3 7Cs erosion rates was related to the measured snow 39 

gl ide distance (R2  = 0.64; p<0.005) and to the snow deposit ion sediment yields 40 

(R2  = 0.39; p = 0.13). The SSGM reproduced the relat ive dif ference of the 41 

measured snow gl ide values under di fferent land uses and land cover types. The 42 

result ing map highl ighted the relevance of snow gl iding for large parts of the 43 

invest igated area. Based on these results , we conclude that snow gl iding 44 

appears to be a crucial  and non-negl igible process impact ing soi l  erosion 45 

pattern and magnitude in sub-alpine areas with s imi lar  topographic and 46 

cl imat ic condit ions.  47 
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1  Introduction 51 

Whi le rainfal l  i s  a wel l -known agent of soi l  erosion, the erosive forces of snow 52 

movements are qual i tat ively recognized but quant i f icat ion has not been 53 

achieved yet (Leit inger et  al . ,  2008; Konz et  al . ,  2012). Part icular ly wet 54 

avalanches can yield enormous erosive forces that are responsible for major  soi l  55 

loss (Gardner, 1983; Ackroyd, 1987; Bel l  et  al . , 1990; Jomel l i  and Bert ran, 2001; 56 

Heckmann et al . , 2005; Fuchs and Kei ler ,  2008; Freppaz et  al . , 2010) al so in the 57 

avalanche release area (Ceagl io et  al . ,  2012). 58 

Besides avalanches another important process of snow movement affect ing the 59 

soi l  sur face is snow gl iding (In der Gand and Zupancic, 1966). Snow gl iding is the 60 

s low (mm to cm per day) downhi l l  mot ion of a snowpack over the ground 61 

sur face caused by the st ress of i t s  own weight (Parker ,  2002). Snow gl iding 62 

predominant ly occurs on south-east  to south-west  facing s lopes with s lope 63 

angles between 30-40° (In der Gand and Zupancic, 1966; Leit inger et  al . ,  2008).  64 

Two main factors that control  snow gl ide rates are ( i ) the wetness of the 65 

boundary layer between the snow and soi l  cover and (i i )  the ground surface 66 

roughness determined by the vegetat ion cover and rocks (McClung and Clarke, 67 

1987; Newesely et  al . ,  2000). So far ,  only few studies invest igated the effect of  68 

snow gl iding on soi l  erosion (Newesely et  al . ,  2000; Leit inger et  al . ,  2008). A 69 

major  reason for thi s shortcoming i s the dif f iculty to obtain soi l  erosion rates 70 

caused by snow processes. In steep sub-alpine areas soi l  erosion records (e.g. 71 

with sediment t raps) are rest r icted to the vegetat ion period because 72 

avalanches and snow gl iding can i r revers ibly damage the experimental  design 73 

(Konz et  al . ,  2012).  74 

Recent ly,  f i rst  physical ly based attempts to model the erosive force of wet 75 

avalanches were done (Confortola et  al . ,  2012). No s imi lar  model exi sts  for  snow 76 
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gl iding. However, the potent ial  maximum snow gl ide distance dur ing a targeted 77 

period can be model led with the empir ical  Spat ial  Snow Gl ide Model (SSGM) 78 

(Leit inger et  al . , 2008). The model l ing of  this process i s  crucial  to evaluate the 79 

impact of the snow gl ide process on soi l  eros ion at larger  scale. 80 

Soi l  erosion rates can be obtained by direct quant i f icat ion of  sediment t ransport  81 

in the f ield, by fal lout radionucl ides (FRN) based methods (e.g. Mabit  et  al . , 82 

1999; Benmansour et  al . , 2013; Meusburger et  al . ,  2013) and by soi l  erosion 83 

models (Nearing et al . , 1989; Merr i t t  et  al . , 2003). S ince the end of the 1970’s 84 

empir ical  soi l  erosion models such as the Universal  Soi l  Loss Equat ion (USLE; 85 

Wischmeier and Smith, 1965; Wischmeier and Smith, 1978), and i ts ref ined 86 

vers ions the Revised USLE (RUSLE; Renard et al . ,  1997) and the Modif ied USLE 87 

(MUSLE; Smith et  al . ,  1984), have been used worldwide to evaluate soi l  erosion 88 

magnitude under var ious condit ions (K innel l , 2010). These wel l -known models 89 

al low the assessment of sheet eros ion and r i l l / inter- r i l l  erosion under moderate 90 

topography. However, they do not integrate erosion processes associated with 91 

wind, mass movement, t i l lage, channel or gul ly erosion (Risse et  al . , 1993; Mabit  92 

et  al . ,  2002; Kinnel l , 2005) and also snow impact due to movement is  not 93 

considered (Konz et  al . , 2009). Several  models have been tested for steep alpine 94 

s i tes with the result  that RUSLE reproduced the magnitude of soi l  erosion, the 95 

relat ive pattern and the effect of the vegetat ion cover most  plausible (Konz et  96 

al . , 2010; Meusburger et  al . ,  2010b; Panagos et  al . , 2014). The erosion rate 97 

derived f rom RUSLE corresponds to water  eros ion induced by rainfal l  and surface 98 

runoff and hence in our s i te to the soi l  erosion processes dur ing the summer 99 

season without s igni f icant inf luence of snow processes. 100 

In contrast , the t rans locat ion of FRN ref lects al l  erosion processes by water , wind 101 

and snow during summer and winter season and thus, i s  an integrated est imate 102 

of the total  net soi l  redist r ibut ion rate s ince the t ime of the fal lout in the 1950s 103 
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(the start  of the global fal lout deposit ) and in  case of predominant Chernobyl  104 

1 3 7Cs input s ince 1986. Anthropogenic fal lout radionucl ides have been used 105 

worldwide s ince decades to assess the magnitude of  soi l  erosion and 106 

sedimentat ion processes (Mabit  and Bernard, 2007; Mabit  et  al . , 2008; Mat i soff 107 

and Whit ing, 2011). The most  wel l -known conservat ive and val idated 108 

anthropogenic radioi sotope used to invest igate soi l  redist r ibut ion and 109 

degradat ion is  1 3 7Cs (Mabit  et  al . ,  2013). 110 

For (sub-) alpine areas the dif ferent soi l  erosion processes captured by RUSLE 111 

and the 1 3 7Cs method result  in  di fferent erosion rates (Konz et  al . , 2009; Juretzko, 112 

2010; Alewel l  et  al . ,  2014; Stanchi  et  al . ,  2014, accepted). However, th i s 113 

difference might also be due to several  other reasons such as the er ror of both 114 

approaches, the non-suitabi l i ty of  the RUSLE model  for  this specif ic envi ronment 115 

and/or the erroneous est imat ion of  the in i t ial  fal lout of  1 3 7Cs. 116 

In this study, we aim to quant i fy snow gl ide induced erosion and invest igate, 117 

whether the observed discrepancy between erosion rates est imated with RUSLE 118 

and the ones provided by the 1 3 7Cs method can be at least  part ly att r ibuted to 119 

snow gl iding processes. S ince vegetat ion cover affects snow gl iding, four  120 

different sub-alpine land use/land cover types were invest igated. A further 121 

object ive of our research is to assess the relevance of snow gl iding processes at  122 

catchment scale using the Spat ial  Snow Gl ide Model  (SSGM).  123 

2  Materials and Methods 124 

2.1  Si te descr ipt ion 125 

The study s i te i s  located in Central  Switzer land (Canton Ur i ) in  the Ursern Val ley 126 

(F ig. 1). The elevat ion of the W–E extended alpine val ley ranges from 1400 up to 127 

2500 m a.s . l .  At  the val ley bottom (1442 m a.s . l .) , average annual ai r  128 

temperature for the years 1980–2012 is  around 4.1 ±  0.7 °C and the mean annual 129 
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precipitat ion i s  1457 ±  290 mm, with 30% fal l ing as snow (MeteoSwiss ,  2013). The 130 

val ley is  snow covered from November to Apri l  with a mean annual snow height 131 

of 67cm in the period 1980 to 2012. Drainage of the basin is  usual ly control led by 132 

snowmelt  f rom May to June. Important  contr ibut ion to the f low regime takes 133 

place dur ing early autumn f loods. The land use i s  character i sed by hayfie lds 134 

near the val ley bottom (f rom 1450 to approximately 1650 m a.s . l .)  and pastur ing 135 

further upslope. Si l iceous s lope debris and moraine mater ial  i s  dominant at  our  136 

s i tes,  and forms Cambisols (Anthr ic) and Podzols (Anthr ic) class i f ied after IUSS 137 

Working Group (2006).  138 

Of the 14 experimental  s i tes,  9 are located at the south-facing s lope and 5 at 139 

the north-facing s lope at alt i tudes between 1476 and 1670 m a.s . l .  Four dif ferent 140 

land use/cover types with 3-5 repl icates each were invest igated: hayf ields (h),  141 

pastures (p),  pastures with dwarf shrubs (pw), and abandoned grassland 142 

covered with Alnus vi r idi s (A). Vegetat ion of hayf ields i s  dominated by Tr i fol ium 143 

pratense ,  Festuca sp. ,  Thymus serpyl lum  and Agrost i s  capi l lar i s .  For the pastured 144 

grassland Globular ia cordi fol ia ,  Festuca sp.  and Thymus serpyl lum  dominate. 145 

Pastures with dwarf  shrubs are dominated by Calluna vul lgar i s ,  Vaccinium 146 

myrt i l lus ,  Festuca violacea ,  Agrost i s  capi l lar i s  and Thymus serpyl lum .  At  pasture 147 

s i tes of the south facing s lope, which are stocked from June to September, 148 

catt le t rai l s  t ransverse to the main s lope direct ion.  149 

2.2  Snow gl ide measurement 150 

We measured cumulat ive snow gl ide distances with snow gl ide shoes for the 151 

winter 2009/2010. The snow gl ide shoe equipment was s imi lar  to the set-up used 152 

by In der  Gand and Zupancic (1966), Newesely et  al .  (2000) and Leit inger et  al .  153 

(2008). The set-up consisted of a gl ide shoe and a bur ied weather-proof box 154 

with a wire drum. Displacement of the gl ide shoe causes the drum to unrol l  the 155 
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wire. The total  unrol led distance was measured in spr ing after snowmelt . To 156 

prevent entanglement with the vegetat ion, the steel  wire was protected by a 157 

f lexible plast ic tube. For each s i te, 3 to 5 snow gl ide shoes were instal led to 158 

obtain representat ive values. A total  of  60 devices were used. 159 

2.3  Assessment of  soi l  redist r ibut ion 160 

Snow gl ide distance was measured with snow gl ide shoes for  14 s i tes. For 12 of 161 

the 14 s i tes (exclusive of  the two Alnus vi r idi s  s i tes at  the north facing s lopes 162 

(AN)) ,  RUSLE and 1 3 7Cs based erosion rates were assessed. Seven of these s i tes 163 

were measured in 2007 (Konz et  al . , 2009). Dur ing a second f ield campaign 164 

performed in 2010, 5  addit ional s i tes were invest igated using the same methods 165 

for soi l  erosion assessment with 1 3 7Cs and RUSLE as in 2007 (Konz et  al . ,  2009). The 166 

1 3 7Cs measurements were decay corrected to 2007 for compar ison purpose. 167 

2.3.1  Snow and sediment sampl ing in  the snow gl ide deposit ion area 168 

Sediment concentrat ions were est imated by measur ing the amount of sediment 169 

in snow samples taken with a corer  f rom the snow gl ide deposit ions in spr ing 170 

2013 (F ig. 2). The corer al lowed for the sampl ing of the ent i re depth of the snow 171 

deposit ion and thus the integrat ion of  the sediment yield over the depth of  the 172 

deposit ion. For larger deposit ions, samples were col lected along two t ransects 173 

across each deposi t ion. For smal ler deposit ions, we took three samples. The 174 

samples were melted and f i l tered through a 0.11 μm  f i l ter .  The f i l tered mater ial  175 

was dr ied at 40°C and weighted to obtain the concentrat ion of sediment per 176 

sample (Ms) .  The mean sediment values (and for deposit ions with several  177 

samples the interpolated mean sediment  values) were used to est imate the total  178 

sediment load of  the snow-gl ide deposit ion (MA)  according to: 179 

𝑴𝑨 =  𝑨𝑨×𝑴𝑺
𝑨𝒄

 Equation 1 180 
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where Ac  i s  the area of the corer and AA  i s  the area of the snow-gl ide 181 

deposit ion. The latter was mapped in the f ield by GPS and measur ing tape. 182 

Sediment load was further converted to soi l  erosion rate (E) by: 183 

𝑬 = 𝑴𝑨
𝑨𝑺

  Equation 2 184 

where As  i s  the source area of the snow and sediment deposit ion. Each snow 185 

gl ide was photo documented and the respect ive source area was mapped with 186 

GPS and t ransferred to ArcGIS for sur face area est imat ion.  187 

2.3.2  Assessment of soi l  redist r ibut ion by water  eros ion using the RUSLE 188 

The USLE (Wischmeier and Smith, 1978) and i ts revi sed vers ion the RUSLE (Renard 189 

et  al . , 1997) i s  an empir ical  erosion model or iginal ly developed in  the United 190 

States. Several  adapted vers ions for other regions as wel l  as for di fferent 191 

temporal  resolut ions have been developed and appl ied with more or  less 192 

success (Kinnel l ,  2010). Despite i t s  wel l -known l imitat ion (highl ighted in  our 193 

int roduct ion), we selected RUSLE because of the lack of s imple soi l  erosion 194 

models speci f ic for  mountain areas and moreover because of i t s  better  195 

performance when compared to the other exist ing models (Konz et  al . , 2010; 196 

Meusburger et  al . ,  2010b). The RUSLE can be calculated using the fol lowing 197 

equat ion: 198 

 199 

𝑨 = 𝑹 × 𝑲 × 𝑳𝑺 × 𝑪 × 𝑷 Equation 3 200 

 201 

where A  i s  the predicted average annual soi l  loss (t  ha- 1  yr - 1) .  R  i s  the rainfal l -  202 

runoff-erosiv i ty factor (N h- 1 ) that quant i f ies the effect of raindrop impact and 203 

ref lects the rate of runoff l ikely to be associated with the rain (Renard et al . , 204 

1997). The soi l  erodibi l i ty factor K  (N h kg m– 2) ref lects  the ease of soi l  205 
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detachment by splash or surface f low. The parameter  LS  (d imensionless)  206 

accounts for the effect of s lope length (L) and s lope gradient (S) on soi l  loss . The 207 

C- factor i s  the cover factor ,  which represents the effects  of al l  inter related 208 

cover and management var iables (Renard et al . ,  1997). 209 

For comparabi l i ty between the RUSLE est imates of Konz et  al . (2009) and the 210 

ones assessed in this  study we used the same R- factor approximat ion of Rogler  211 

and Schwertmann (1981) adapted by Schuepp (1975). According to the USLE 212 

procedure, snowmelt  can be integrated in erosiv i ty calculat ion by mult iplying 213 

snow precipitat ion by 1.5 and then adding the product to the k inet ic energy 214 

t imes the maximum 30-min intensity.  However, the latter procedure does not 215 

account for redist r ibut ion of snow by dr i ft ing, subl imat ion, and reduced 216 

sediment concentrat ions in snowmelt  (Renard et al . ,  1997). Therefore, as 217 

suggested by Renard (1997) this  adapt ion of the R- factor was not considered in  218 

this study. The K-factor was calculated with the K nomograph after Wischmeier 219 

and Smith (1978) using grain-s i ze analyses and carbon contents of the upper 15 220 

cm of the soi l  prof i les .  Total  C content of soi l s  was measured with a Leco CHN 221 

analyzer  1000, and grain s i ze-analyses were performed with s ieves for  grain s izes 222 

between 32 and 1000 µm and with a Sedigraph 5100 (Micromerit ics) for grain 223 

s izes between 1 and 32 µm. L and S were calculated after Renard et al .  (1997). 224 

The support  and pract ice factor P (dimensionless) was set  to 0.9 for some of the 225 

pasture s i tes because alpine pastures with catt le t rai l s  resemble smal l  terrace 226 

st ructures, which are suggested to be considered in P (Foster and Highfi l l ,  1983). 227 

For al l  other s i tes, P value was set  to 1.  The cover-and-management factor C 228 

was assessed for s i tes with and without dwarf shrubs separately using measured 229 

fract ional  vegetat ion cover (FVC) in the f ield.  230 

For invest igated s i tes without dwarf shrubs (US Department of Agriculture, 231 

1977)the C-factor can be est imated with: 232 
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 233 

𝑪 = 𝟎.𝟒𝟓 × 𝒆−𝟎.𝟎𝟒𝟓𝟔×𝑭𝑽𝑪 Equation 4 234 

 235 

and for s i tes with dwarf  shrubs the fol lowing equat ion was used: 236 

 237 

𝑪 = 𝟎.𝟒𝟓 × 𝒆−𝟎.𝟎𝟑𝟐𝟒×𝑭𝑽𝑪 Equation 5 238 

 239 

The FVC  was determined in Apri l  and September using a gr id of 1 m2 with a mesh 240 

width of 0.1 m2. The visual  est imate of each mesh was averaged for the ent i re 241 

square meter . Thi s procedure was repeated four t imes for each plot . The 242 

maximum standard deviat ion was approx. 5%. For  the Alnus vi r idi s  s i tes we used 243 

the value provided by the US Department of Agriculture (1977) i .e. 0 .003. Thi s 244 

value assumes a fal l  height of 0 .5 m and a ground cover of 95-100%. 245 

The uncertainty assessment of the RUSLE est imates i s  based on the measurement  246 

error of the plot  steepness (±  2%), which was determined by repeated 247 

measurements and s lope length (±  12.5 m). An error of  ±  2% was assumed for  the 248 

grain s i ze analyses as wel l  as for the organic carbon determinat ion. These errors 249 

were propagated through the K- factor calculat ion. An error of ±  20% based on 250 

the observed variabi l i ty between spr ing and autumn of  FVC on the plots , was 251 

used for  the determinat ion of the C- factor .  For the R- factor an er ror of ±  5 N h- 1 ,  252 

which corresponds to the observed variabi l i ty between the s i tes was assumed. 253 

Final ly error propagat ion for the mult ipl icat ion of the s ingle RUSLE factors was 254 

done. 255 

2.3.3  1 3 7Cs to assess total  net soi l  redist r ibut ion 256 

A 2 x 2 inch NaI-scint i l lat ion detector (Sarad, Dresden, Germany) was used to 257 

measure the in-s i tu 1 3 7Cs act iv i ty.  The detector was mounted perpendicular to 258 
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the ground at a height of  25 cm to reduce the radius of the invest igated area to 259 

1 meter . Measurement t ime was set  at  3600 seconds and each s i te was 260 

measured three t imes. 261 

The detector was successful ly (R2 = 0.86) cal ibrated against  gamma 262 

spectroscopy laboratory measurements with a 20% relat ive eff ic iency Li -dr i fted 263 

Ge detector (GeLi ; Pr inceton Gamma-Tech, Pr inceton, NJ, USA) at the 264 

Department for Physics and Astronomy, Univers i ty of Basel . For  the GeLi  detector  265 

the result ing measurement uncertainty on 1 3 7Cs peak area (at 662 keV) was 266 

lower than 8% (er ror of the measurement at 1-s igma) (Schaub et al . ,  267 

2010).Gamma spectrometry cal ibrat ion and qual i ty control  of  the analysi s were 268 

performed fol lowing the protocol proposed by Shakhashiro and Mabit  (2009).  269 

Soi l  moisture inf luences the measured 1 3 7Cs act iv i ty. Thus, soi l  moisture 270 

measurements with an EC-5 sensor  (DecagonDevices) were used to correct the 271 

in-s i tu measurements. The NaI  detector  has the advantage of providing an 272 

integrated measurement over an area of 1 m2. The commonly observed int r ins ic 273 

smal l  scale var iabi l i ty (~30 %) for 1 3 7Cs (Suther land, 1996; Ki rchner, 2013) i s  thus, 274 

smoothed. Nonetheless , around 10% of the uncertainty of the 1 3 7Cs-based soi l  275 

eros ion values can be att r ibuted to the var iabi l i ty of repl icated measurements 276 

on each s ingle plot .  The main error of the in-s i tu measurement results f rom the 277 

peak area evaluat ion and was determined at 17 % (Schaub et al . ,  2010).  278 

With the 1 3 7Cs method soi l  redist r ibut ion rates are calculated by comparing the 279 

isotope inventory for an eroding point  with a local reference inventory where 280 

neither  erosion nor soi l  accumulat ion i s  expected. In the Urseren Val ley, the 281 

in i t ial  reference 1 3 7Cs fal lout or iginated f rom thermonuclear weapon tests in the 282 

1950s-1960s and the nuclear power plant accident of  Chernobyl  in 1986.  283 

For the convers ion of the 1 3 7Cs inventor ies to soi l  erosion rates knowledge about 284 

the proport ion of Chernobyl  1 3 7Cs fal lout i s  a key parameter for the est imat ion of 285 
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eros ion rates, however, only l i t t le data i s  avai lable. Pre-Chernobyl  (1986) 1 3 7Cs 286 

act iv i t ies  of  the top soi l  layers (0 – 5 cm) between 2 and 58 Bq kg- 1 (one out l ier 287 

of 188 Bq kg- 1 in T icino) were recorded for 12 s i tes di st r ibuted over Switzer land 288 

(Riesen et al . ,  1999). After radioact ive decay, in 2007 only 1 – 35 Bq kg- 1 are left . 289 

The 1 3 7Cs act iv i ty for the f lat  reference s i tes near the val ley bottom (1469-1616 m 290 

a.s . l ) was est imated as 146 ±  20 Bq kg- 1 (Schaub et al . , 2010). The invest igated 291 

s i tes are located in  close vicinity to the reference s i tes and at comparable 292 

alt i tude (1476-1670 m a.s . l ) . Consequent ly, the maximum contr ibut ion of pre-293 

Chernobyl  1 3 7Cs might represent 20% at reference s i tes.  294 

Addit ional ly, vert ical  migrat ion must  be considered. In l i terature migrat ion 295 

values between 0.03 and 1.30 cm yr - 1  are reported (Schimmack et al . , 1989; 296 

Arapis and Karandinos, 2004; Schul ler et  al . , 2004; Schimmack and Schultz , 2006;  297 

Ajayi  et  al . ,  2007). In the Urseren Val ley, 1 3 7Cs act iv i ty (Bq kg- 1) decl ines 298 

exponent ial ly with soi l  depth. Therefore, for the convers ion of 1 3 7Cs 299 

measurements to soi l  erosion rates, the wel l -known prof i le dist r ibut ion model 300 

(Wal l ing et  al . ,  2011) was adapted for the di rect use with 1 3 7Cs act iv i ty prof i le 301 

(Konz et  al . , 2009; Konz et  al . , 2012). We set the part icle s ize factor to 1, 302 

because no preferent ial  t ransport  of  the f iner soi l  part icles was observed for  our 303 

s i tes (Konz et  al . , 2012). In contrast , no preferent ial  t ransport  or preferent ial  304 

t ransport  of coarse mater ial  occurred, most  l ikely due to snow and animal 305 

induced part icle t ransport  (see Konz et  al . , 2012). The calculat ion of the erosion 306 

rates refers  to the period 1986-2007 because pre-Chernobyl  1 3 7Cs i s  negl igible. 307 

For uncult ivated s i tes the Dif fusion and Migrat ion model i s  an alternat ive to the 308 

prof i le dist r ibut ion model . However, the 1 3 7Cs depth prof i le at  our reference s i tes 309 

did not fol low a polynomial  dist r ibut ion and thus did not al low for a successful  f i t  310 

of  the dif fusion and migrat ion coeff ic ient. Due to the integrat ive and repeated 311 

measurement with the NaI  detector , the errors associated with measurement 312 
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precis ion are assumed to be largely cancel led out . However the error  313 

associated with the spat ial  var iabi l i ty of  the reference inventory (±  20 Bq kg- 1) 314 

were propagated through the convers ion model in order to receive an upper 315 

and lower confidence interval  for the result ing erosion est imates. 316 

2.4  Spat ial  model l ing of  snow gl ide distances 317 

We used the Spat ial  Snow Gl ide Model (SSGM, Leit inger et  a l .  2008) to predict  318 

potent ial  snow gl ide distances for an area of  approximately 30 km2 surrounding 319 

our study s i tes. The SSGM is an experimental  model , which includes the 320 

parameters :  the forest  stand, the s lope angle, the winter precipitat ion, the s lope 321 

and the stat ic fr ict ion coeff icient µs  (- ) . S lope angle and s lope aspect were 322 

derived from the digital  elevat ion models DHM25 and below 2000 m a.s . l .  the 323 

DOM. The DOM is a high precis ion digita l  surface model with 2 m resolut ion and 324 

an accuracy of  ±  0.5 m at 1σ in  open terrain and ±  1 .5 m at 1σ in terrain with 325 

vegetat ion. The DHM25 has a resolut ion of 25 m with an average error  of 1 .5 m 326 

for the Central  Plateau and the Jura, 2 m for the Pre-Alps and the Ticino and 3 327 

to 8 m for  the Alps (Swisstopo). Winter precipitat ion was derived from the 328 

MeteoSwiss stat ion located in Andermatt . We used the resul t  f rom a QuickBi rd 329 

land cover class i f icat ion with a resolut ion of 2.4 m (subsequent ly resampled to 5 330 

m) as land cover input (Meusburger et  al . , 2010a). Combining this land cover 331 

map with a land use map (Meusburger and Alewel l , 2009),  i t  was possible to 332 

derive the parameter forest  stand. To each of the 4 invest igated land cover 333 

types a uni form stat ic f r ict ion coeff icient (µs) was ass igned. 334 

The stat ic f r ict ion coeff icient can be derived by: 335 

n

r
s F

F
=µ  Equation 6 336 

where Fn (g m s− 2 ) i s  the normal force that can be calculated with 337 



14 

 

αcos××= gmFn  Equation 7 338 

where g  i s  the standard gravity (9.81 m s− 2 ) ,α  i s  the s lope angle (°) and m  the 339 

weight of the snow gl ide shoe (in  our study 202 g). 340 

The in i t ial  force (Fr;  with the  unit  g m s− 2 ) , which i s  needed to get the gl ide shoe 341 

moving on the vegetat ion surface, was measured with a spr ing balance (Pesola® 342 

Medio 1000 g) and mult ipl ied with the standard gravity. To obtain representat ive 343 

values of Fr  the measurement was repl icated 10 t imes per sample s i te and 344 

subsequent ly averaged. The parameter est imates the surface roughness, which 345 

integrates the effect of di fferent vegetat ion types and land uses on snow 346 

gl iding. A detai led descr ipt ion of the model  and i ts parameters  has been 347 

provided by Leit inger et  al . (2008).  348 

Supplemented by snow gl ide measurements f rom this study, the SSGM (i .e. OLS 349 

regression equat ion) was ref ined to be val id also for north exposed s i tes and 350 

s i tes with Alnus vi r idi s .  Consequent ly, the revi sed SSGM is given by the equat ion:  351 

ln( )=-0.337–0.925x1+0.095x2+0.01x3+1.006x4+0.839x5+0.076x6-0.075x7²  Equation 8 352 

where  i s  the est imated snow-gl iding distance (mm), x1 i s  the forest  stand (0;1),  353 

x2 i s  s lope angle (°) ,  x3 i s  winter precipitat ion (mm), x4 i s  s lope aspect East  (0;1),  354 

x5 i s  s lope aspect South (0;1), x6 i s  s lope aspect W (0;1) and x7 i s  the stat ic 355 

fr ict ion coeff icient . The revi sed SSGM was highly s igni f icant (p < 0.001) with a 356 

determinat ion coeff icient of  0 .581 (adjusted R²).  357 

The model was then appl ied for the winter per iod 2009/2010 (285 mm winter 358 

precipitat ion) and for the long-term average winter precipitat ion (430 mm 359 

winter precipitat ion, years 1959 to 2010). 360 

ŷ

ŷ
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3  Results  and Discussion 361 

3.1  Snow gl ide measurements 2009/2010 362 

For each s i te the stat ic fr ict ion coeff icient as a measure for surface roughness 363 

was determined in  autumn pr ior to the instal lat ion of the snow gl ide shoes. 364 

Lowest  sur face roughness was observed for the hayfields, fol lowed by soi l  365 

sur face at s i tes covered with Alnus vi r idi s  on the north facing s lope (Table 1). For 366 

the pastures without dwarf- shrubs, the two mean monitored values dif fered (µs =  367 

0.37 and 0.68) but were s imi lar to that of  pastures with dwarf-shrubs (µs  = 0.66 to 368 

0.69).  S l ight ly higher values were observed for  the dense undergrowth of  Alnus 369 

vi r idi s  s i tes on the south facing s lope (µs = 0.70 and 0.84).  These stat ic fr ict ion 370 

coeff icients are within the range of 0.22-1.18 reported by Leit inger et  al . (2008). 371 

The snow gl ide measurements confi rmed the presence and the potent ial  impact 372 

of thi s process in our invest igated s i tes. The mean measured snow gl ide 373 

distances (sgd) of the dif ferent s i tes var ied from 2 to 189 cm (see Table 1). A 374 

main proport ion of this var iabi l i ty can be explained by the s lope aspect and the 375 

sur face roughness (see Fig. 3). With increasing surface roughness (expressed as 376 

the stat ic fr ict ion coeff icient ;  µ s ) the snow gl ide distance decl ines. Thi s  decrease 377 

is  more pronounced for the south facing s lope (sgd = -1547.2µs +  172.93; R²  = 378 

0.50; p = 0.036). For  the north facing s lope the snow gl ide distances and the 379 

var iabi l i ty are lower.  Approximately 80% of the observed variabi l i ty on the north 380 

facing s lope can be explained by the sur face roughness (sgd = -622.17µs  +  43.09; 381 

R² = 0.82; p = 0.033). The ident i f icat ion of  s lope aspect and sur face roughness as 382 

main causal  factors for snow gl iding, corresponds to the f indings of other studies 383 

(In der Gand and Zupancic, 1966; Newesely et  al . ,  2000; Hoel ler et  al . ,  2009). 384 

According to several  studies on the seasonal snow – soi l  inter face condit ions (In 385 

der  Gand and Zupancic, 1966; McClung and Clarke, 1987; Lei t inger et  al . ,  2008), 386 
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snow gl iding on south-facing s i tes i s  preferent ial  in spr ing, when high solar 387 

radiat ion leads to a high port ion of  melt ing water at  the soi l /snow interface. 388 

However, in autumn snow gl iding pr imari ly occurs when a huge amount of snow 389 

fal l s  on the warm soi l .  In this  case, north-facing s i tes may be confronted with 390 

high snow gl iding act iv i ty as wel l .  391 

Our measured snow gl ide distances are comparable to those recorded by other  392 

researchers.  For example Höl ler et  al .  (2009) monitored dur ing a seven-year 393 

period in the Aust r ian Alps a snow gl ide distance of 10 cm within the forest , 170 394 

cm in cleared forest  s i tes and up to 320 cm for open f ields.  Margreth (2007) 395 

found total  gl ide distances of 19 to 102 cm for an eleven-year observat ion 396 

period in the Swiss East  Alps (south-east  facing s lope at 1540 m a.s . l . ) .  397 

3.2  Soi l  erosion est imates 398 

Snow gl ide deposit ions were observed for seven s i tes, for one s i te a wet 399 

avalanche deposit ion (pN) and for 4  s i tes no snow gl ide deposit ions were 400 

observed (Table 3).  The 4 s i tes without snow gl ide deposit ions were al l  located 401 

at the north facing s lope. The erosion rates est imated f rom the sediment yields 402 

of the snow gl ide deposit ion ranged f rom 0.03 to 22.9 t  ha- 1  yr - 1 . The maximum 403 

value was determined for the s i te h1 which is in agreement with the 1 3 7Cs  404 

method. For s i tes with snow gl ide deposit ions, a mean value of 8.4 t  ha- 1 yr - 1  was 405 

measured. The somewhat high erosion rates are documented in a photo f rom 406 

the spr ing (F ig. 4).  The winter 2012/2013 precipitat ion of 407 mm was quite 407 

representat ive of the long-term average (i .e. 430 mm).  On average, the 408 

pastured s i tes without dwarf shrubs produced the highest  measured sediment 409 

yields, fol lowed by the hayfields and considerably lower values were observed 410 

for the pastures with dwarf shrub s i tes.  Whether the observed dif ference i s due 411 

to the dif ferent vegetat ion cover or due to s i te specif ic topography cannot be 412 
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solved conclusively with the present dataset . A wet avalanche was observed for 413 

the s i te pN. Interest ingly, the est imated erosion rate of the wet avalanche 414 

deposit ion was smal ler than most  of the snow gl iding re lated erosion rates, at  415 

1.97 t  ha- 1 yr - 1 . However, high erosion rates of 3 .7 and 20.8 t  ha− 1  per winter due 416 

to wet avalanches have been reported in a study s i te located in the Aosta 417 

Val ley, I taly (Ceagl io et  al . , 2012). In this study s i te where the major soi l  loss i s  418 

t r iggered by wet avalanches, the snow-related soi l  erosion est imated from the 419 

deposit ion area was comparable to the yearly total  erosion rates assessed with 420 

the 1 3 7Cs method (13 .4 and 8.8 t  ha− 1  yr− 1 ,  Ceagl io et  al . ,  2012).  421 

On the north facing s lope an average RUSLE est imate of 1.8 t  ha- 1 yr - 1  with a 422 

maximum value of 3.8 t  ha- 1  yr - 1  was establ ished (Table 2).  The on average lower 423 

values as compared to the south- facing s lope (6.7 t  ha- 1 yr - 1 ) are due to lower 424 

s lope angles (thus lower LS-factor values) and C-factors  (due to a higher 425 

fract ional  vegetat ion cover).  This  effect was not compensated by the on 426 

average higher K- factor of 0 .40 kg h N- 1 m– 2 on the north facing s lopes. The 427 

higher K-factor i s  caused by a 6 % higher proport ion of very f ine sand. The mean 428 

RUSLE based soi l  eros ion rate for  al l  s i tes was 4.6 t  ha- 1 yr - 1 .  429 

The mean 1 3 7Cs based soi l  erosion rates of 17.8 t  ha- 1 yr - 1  are approximately four  430 

t imes as high as the average RUSLE est imates. Congruent with RUSLE the 1 3 7Cs-431 

based average soi l  eros ion rate on the north facing s lopes i s  lower than on the 432 

south facing s lopes (by 8.7 t  ha- 1 yr - 1 ) . The highest  1 3 7Cs-based soi l  erosion 433 

est imates are found at two hayfield s i tes (h1 and h3) and the pasture s i tes at  the 434 

south facing s lope (p1 and p2). The higher RUSLE and 1 3 7Cs est imates on the 435 

more intensely used, steeper and more snow gl ide affected south facing s lope 436 

are reasonable. However, the high 1 3 7Cs-based erosion rates (16.6 t  ha- 1 yr - 1  for 437 

A1N and 13.7 t  ha- 1 yr - 1  for A2N)) at  Alnus vi r idi s  s i tes are unexpected and wi l l  be 438 

discussed below. 439 
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3.3  Relat ion between soi l  redist r ibut ion and snow gl iding 440 

Sediment yield measurements in snow gl ide deposit ions showed the importance 441 

of  this process in the winter 2012/2013. However, even though the winter was 442 

quite representat ive for the average winter condit ions ( in terms of winter 443 

precipitat ion) the measured rates are l ikely to vary between dif ferent years .  To 444 

assess the relevance of this  process for  a longer t ime scale, a second approach 445 

using RUSLE and 1 3 7Cs was fol lowed. 446 

Our hypothesi s was that the difference of the water soi l  erosion rate model led 447 

with RUSLE and the total  net erosion measured with the 1 3 7Cs method correlates 448 

to a “winter soi l  erosion rate”. Thi s winter soi l  erosion rate compri ses long-term 449 

soi l  removal by snow gl iding and occasional ly wet avalanches as wel l  as snow 450 

melt . These “winter eros ion rates” (d if ference of 1 3 7Cs and RUSLE) ranged from 451 

rates of -7 .3 t  ha- 1 yr - 1  for a pasture with dwarf shrubs to rates of 31 t  ha- 1 yr - 1  for  452 

the hayfield s i te h1. A negat ive di fference of 1 3 7Cs and RUSLE indicates, 453 

according to our hypothesi s , a sedimentat ion (because RUSLE s imulates the 454 

potent ial  water soi l  eros ion rates) and a posit ive value erosion due to processes 455 

not implemented in the RUSLE. The most  l i kely processes would be snow induced 456 

processes. Two observat ions underpin our hypothesi s : f i rst ,  even though the 457 

sediment yield measurements in the snow gl ide deposit ion compri se only one 458 

winter , a relat ion (p = 0.13) between the snow gl ide erosion and the di fference 459 

of 1 3 7Cs and RUSLE could be observed (R 2 = 0.39; F ig. 5). The largest  di fference 460 

between 1 3 7Cs and RUSLE based erosion could be observed for s i tes with high 461 

snow gl ide related sediment yield (except for the s i te h3).  The result ing intercept 462 

might be either to a deviat ion of the weather condit ions in the winter 2012/2013 463 

from the long-term average condit ion captured by the other methods or due to 464 

the impact of occasional wet avalanches and/or snow melt . For instance, 465 
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fol lowing the USLE snow melt  adaptat ion for R- factor would result  in an on 466 

average 2.1 t  ha- 1  yr - 1  h igher model led erosion rate for al l  s i tes.  467 

A further indicat ion for the importance of snow gl iding as soi l  erosion agent is  468 

given by the s ignif icant posit ive correlat ion between measured snow gl ide 469 

distance and the dif ference of 1 3 7Cs and RUSLE, which we interpret as winter soi l  470 

eros ion rate (F ig. 6).  The measured snow gl ide distance explained 64 % of the 471 

var iabi l i ty of the winter soi l  erosion rate (p<0.005). However, th is relat ion does 472 

not comprise the Alnus vi r idi s  s i tes that  showed a large di fference between 473 

RUSLE and 1 3 7Cs based rates but a low snow gl ide distance. For the Alnus vi r idi s 474 

s i tes,  we have to expect that either  one of the two approaches to determine soi l  475 

eros ion rates i s  erroneous and/or that we have another  predominant erosion 476 

process not considered/or not correct ly parameter ised in  the RUSLE yet .  A 477 

possible error related to the 1 3 7Cs approach might be that 1 3 7Cs was intercepted 478 

by leaf and l i t ter  mater ial  of Alnus vi r idi s .  Thus, a reference s i te with Alnus vi r idis 479 

stocking would be necessary which i s  di f f icult  to f ind in our s i te because no f lat  480 

areas exi st  with Alnus vi r idi s  stocking. The observat ion of increasing soi l  erosion 481 

with increasing snow gl ide rates i s  congruent with the f indings of Leit inger et  al .  482 

(2008), who observed that the severi ty of  erosion att r ibuted to snow gl iding (e.g. 483 

torn out t rees, extensive areas of bare soi l  due to snow abrasion, landsl ides in 484 

topsoi l )  was high in areas with high snow gl ide distance and vice versa.  485 

General ly, for these sub-alpine s i tes the magnitude of the RUSLE based water  486 

eros ion rates need to be considered with caut ion not only with respect to the 487 

involved uncertaint ies but also conceptual ly s ince several  of the factors lay 488 

outs ide the empir ical  RUSLE framework. Also the magnitude of the 1 3 7Cs based 489 

eros ion rate needs to be considered careful ly . The prof i le dist r ibut ion model  490 

tends to overest imate soi l  erosion rates s ince i t  assumes that the 1 3 7Cs depth 491 

dist r ibut ion does not change with t ime. However, in the very f i rst  years after the 492 
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fal lout , 1 3 7Cs was concentrated more in the sur face soi l  layer (Schimmack and 493 

Schult z , 2006). Thus, in the years after  the fal lout smal l  losses of soi l  would have 494 

resulted in a relat ively high 1 3 7Cs loss which might result  in an overest imat ion of 495 

soi l  erosion rates.  496 

The latter uncertaint ies do not include snow melt  eros ion and temporal  497 

var iabi l i ty,  both potent ial  reasons for the intercept observed between the 498 

magnitude of winter  erosion est imated f rom RUSLE/1 3 7Cs and from snow gl ide 499 

deposit ions. Nonetheless ,  the almost  1:1 relat ion is  a clear indicat ion that the 500 

observed discrepancies between the RUSLE and 1 3 7Cs based soi l  erosion rates 501 

are related to snow gl iding. Congruent  with our  results  Stanchi et  al .  (2014, 502 

accepted) found a relat ion between the intensity of snow erosion affected 503 

areas and the dif ference of  RUSLE and 1 3 7Cs est imates. 504 

Further , i t  can be deduced that low surface roughness i s  corre lated to high snow 505 

gl ide distances and these are again posit ively correlated to large observed 506 

differences between RUSLE and 1 3 7Cs based soi l  erosion rates that we interpret 507 

as high winter soi l  erosion rates. Erosion est imates from sediment yield 508 

measurements of the snow gl ide deposit ion could confi rm the part ial ly high 509 

winter erosion rates. However, the presented relat ions might be highly var iable,  510 

depending on soi l  temperature (whether the soi l  i s  f rozen or not) dur ing snow in, 511 

the occurrence of  a water  f i lm that al lows a t ransit ion of  dry to wet gl iding 512 

(Haefel i ,  1948) and on the weather condit ions of a speci f ic winter . In addit ion, 513 

some of the invest igated s i tes might al so be affected by avalanches in other 514 

years .  515 

3.4  Model led snow gl ide distances 516 

The model led snow gl ide rates f rom the SSGM compared reasonably wel l  with 517 

the snow gl ide measurements (Fig. 7).  In agreement with the measured values 518 
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al l  s i tes facing to the north revealed lower model led snow gl ide distances. 519 

Largest  discrepancies between the mean model led and measured values of 520 

each s i te occur for  the pastures on the south facing s lopes (p and pw). The 521 

model overest imates the snow gl ide rates for these s i tes, which might be due to 522 

the effect of micro-rel ief in form of catt le t rai l s at  these s i tes. Thi s smal l  ter races 523 

(0.5 m in width) most  l ikely reduce snow gl iding but are not captured by the 524 

digital  elevat ion model that i s  used for  the SSGM. In general , model led snow 525 

gl ide distances show smal ler ranges than measured snow gl ide distances, due to 526 

the 5 m resolut ion of  the model input data (Fig. 7). Interest ingly, the occurrence 527 

of dwarf shrubs seems to reduce snow gl iding to a larger extend as predicted by 528 

the model .  529 

The model led snow gl ide distance map (Fig. 8) i s  based on the long-term 530 

average of winter precipitat ion, which i s  with 430 mm clear ly higher than the 531 

winter precipitat ion in 2009/2010 with 285 mm (F ig. 7).  The highest  snow gl ide 532 

values were s imulated on the steep, south facing s lopes with predominate 533 

grassland and dwarf-shrub cover. Very h igh rates are also found on the lower 534 

parts  of the south facing s lopes that are used as pastures and hayfields. The 535 

smal lest  snow gl ide rates are located on the north facing s lopes. The map 536 

clearly reproduces the effect of topography and aspect . Moreover, snow gl ide 537 

distances summarized for  predominant land-use types a lso reproduce the 538 

impact of vegetat ion cover (Fig. 9). The highest  potent ial  snow gl ide distances 539 

were s imulated by the SSGM for the south-facing hayfield and pasture s i tes whi le 540 

the Alnus vi r idi s  has on average decis ively smal ler snow gl ide distances. In 541 

contrast , on the north facing s lopes there is  no dif ference observed between 542 

the Alnus vi r idi s  -  and the hayfield category. Here the pasture s i tes show the 543 

highest  average snow gl ide rate. The interpretat ion of the di fferences between 544 
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land use types i s , however, rest r icted s ince systematical ly di f ferent topographic 545 

condit ions are involved. 546 

The topographic and cl imat ic condit ions in our val ley resemble the envi ronment 547 

under which the SSGM was in i t ial ly developed; nonetheless further regular yearly 548 

measurement would be needed to improve the performance of the model in this 549 

area. In conclusion,  the appl icat ion of the SSGM highl ighted the relevance of  550 

the snow gl iding process and the potent ial ly related soi l  erosion for (sub-) alpine 551 

areas.  552 

4  Conclusions 553 

The presented absolute magnitude of the snow gl ide related soi l  erosion rate i s  554 

subject to high inter-annual var iabi l i ty.  However, snow gl ide erosion measured 555 

from the snow gl ide deposit ions (0.03 to 22.9 t  ha- 1 yr - 1  in the winter 2012/2013) 556 

highl ights the need to consider the process of snow gl iding as a soi l  erosion 557 

agent in  steep, scarcely vegetated alpine areas. 558 

RUSLE and 1 3 7Cs both yie ld average long-term soi l  erosion rates for water and 559 

total  net erosion, respect ively.  Despite the associated uncertaint ies,  the total  560 

net erosion rate i s  s ignif icant ly higher than the gross water erosion rate provided 561 

by RUSLE. We interpret the dif ference as “winter” soi l  erosion rate which was 562 

s igni f icant ly correlated to snow gl ide rates and showed an almost  1:1 relat ion to 563 

sediment yield measurements in snow gl ide deposit ions. The appl icat ion of RUSLE 564 

and 1 3 7Cs showed i)  the relevance of the snow gl ide process for a longer t ime 565 

scale (as compared to the snow gl ide deposit ion measurements of one winter) 566 

and i i )  that for an accurate soi l  erosion predict ion in high mountain areas i t  i s  567 

crucial  to assess and quant i fy the erosiv i ty of snow movements.  568 

The Spat ial  Snow Gl ide Model might serve as a tool  to evaluate the spat ial  569 

relevance of snow gl iding for larger areas. However, i t  would be recommended 570 
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to addit ional ly est imate the k inet ic energy that acts  upon the soi l  dur ing the 571 

snow movement . Thi s would al low for a di rect compari son of  rainfal l  erosiv i ty 572 

and snow movement erosiv i ty,  and moreover i t s  insert ion into soi l  erosion r i sk  573 

models . The impact  of snow movement  on soi l  removal should moreover, be 574 

evaluated in context  of predicted changes in snow cover e.g. an increase of  575 

snow amount for  elevated (>2000 m a.s . l .)  areas (Beniston, 2006).  576 

Further ,  we demonst rated that surface roughness,  which i s  determined by the 577 

vegetat ion type and the land use, reduces snow gl ide rates part icular ly on the 578 

in general  more intensely used south facing s lopes. In turn snow gl ide rates are 579 

posit ively re lated to increasing soi l  loss for grassland s i tes. This i s  an important  580 

result  with respect to soi l  conservat ion st rategy s ince sur face roughness can be 581 

modif ied and adapted through an effect ive land use management . 582 

  583 
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5  Tables  780 

Table 1: Parameters related to measured snow gl ide distance (sgd, SD = 781 

standard deviat ion based on 3-5 repl icate measurements) for the invest igat ion 782 

s i tes in the Ursern Val ley, Switzer land. N indicates the s i tes on the north facing 783 

s lope.  784 

site vegetation 
slope   
(°) 

initial force Fr      
(g m s-2) 

static friction 
coefficient  µs (-) 

measured 
sgd (cm) 

SD sgd 
(cm) 

h1 hayfield 39 569 0.37 189 117 
h2 hayfield 38 510 0.33 50 40 
h3 hayfield 35 392 0.24 126 49 

pw1 
pasture with dwarf-
shrubs 38 1030 0.66 34 19 

pw2 
pasture with dwarf-
shrubs 35 1118 0.69 28 15 

p1 pasture 38 579 0.37 89 37 
p2 pasture 35 1109 0.68 64 40 
h1N hayfield 28 343 0.20 30 14 
h2N hayfield 30 608 0.35 8 1 
pN pasture 18 628 0.33 17 23 
A1N Alnus viridis 25 1050 0.58 2 1 
A2N Alnus viridis 30 451 0.26 28 9 
A1 Alnus viridis 22 1550 0.84 14 18 
A2 Alnus viridis 31 1197 0.70 60 46 
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 787 

Table 2: Measured s i te character ist ics (SOC=soi l  organic carbon; vfs= very f ine sand fract ion), result ing RUSLE factors  788 

and soi l  eros ion rates and 1 3 7Cs based erosion rates for the invest igat ion s i tes in the Ursern Val ley, Switzer land. 789 

* indicated the s i tes f rom Konz et  al .  (2009).  790 

site 
slope 
(°) 

SOC 
(%) 

vfs 
(%) 

silt 
(%) 

clay 
(%) 

K-factor      
(kg h N-1 m–2) 

P-factor   
(-) 

LS-
factor 
(-) 

R-
factor 
(N h-1) 

C-
factor (-
) 

RUSLE       
(t ha-1 yr-

1) 

137Cs        
(t ha-1 yr-

1) 
h1 39 7.7 12.9 47.3 12.5 0.280 1.00 22.2 97.2 0.010 6.0 37.0 
h2 38 7.2 9.7 58.8 17.3 0.290 1.00 8.8 94.5 0.006 1.5 11.0 
h3 35 7.4 12.3 43.8 16.9 0.230 1.00 20.7 93.6 0.010 4.5 33.0 
pw1 38 6.9 6.3 63.5 10.8 0.320 0.90 12.6 91.7 0.040 13.3 6.0 
pw2 35 7.1 11.2 40.9 14.2 0.230 0.90 11.8 94.8 0.040 9.3 13.0 
p1 38 7.6 11.2 50.5 11.6 0.270 0.90 11.8 97.6 0.020 5.6 20.0 
p2 35 7.2 12.4 45.6 15.0 0.250 0.90 15.3 96.4 0.020 6.6 30.0 
h1N 28 4.8 18.5 41.0 5.8 0.416 1.00 7.0 93.6 0.012 3.2 18.3 
h2N 30 4.3 13.7 48.0 8.5 0.419 1.00 8.4 91.7 0.012 3.8 7.5 
pN 18 6.2 17.5 38.7 10.2 0.369 1.00 1.1 97.2 0.012 0.5 7.2 
A1N 25 3.8 16.1 43.8 9.7 0.399 1.00 5.3 93.6 0.003 0.6 16.6 
A2N 30 6.8 18.7 39.7 9.6 0.389 1.00 8.4 91.7 0.003 0.9 13.7 
Mean of 
N-facing 
sites 37 7.3 10.9 50.1 14.0 0.267 0.94 14.7 95.1 0.021 6.7 21.4 
Mean of S-
facing 
sites 26 5.2 16.9 42.2 8.8 0.398 1.00 6.0 93.6 0.008 1.8 12.7 
mean of 
all sites 32.4 6.4 13.4 46.8 11.8 0.3 1.0 11.1 94.5 0.0 4.6 17.8 
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 793 

Table 3: Snow movement re lated soi l  erosion derived from the dif ference of 1 3 7Cs-based and RUSLE-based erosion 794 

rates (Di ff .) and f rom f ield measured sediment in snow gl ide deposit s (sg erosion). For each snow gl ide deposit , the 795 

mean sediment yield est imate i s based on several  samples (n).  SD = is  the standard deviat ion for  the result ing 796 

eros ion rates based on the individual sediment yield samples and * indicates the sediment yield of a wet avalanche. 797 

Uncertainty Dif f . provides the uncertainty of Dif f . result ing from both the 1 3 7Cs and RUSLE method. 798 

 
 
site 

RUSLE       
(t ha-1 yr-

1) 

137Cs        
(t ha-1 yr-

1) 

Diff. 
137Cs - 
RUSLE      
(t ha-1 yr-

1) 

Uncertainty 
Diff.  (t ha-1 
yr-1) 

sg erosion         
(t ha-1 yr-1) 

SD sg 
erosion    
(t ha-1 yr-

1) n 
h1 6.0 37.0 31.0 8.5 22.9 81.5 16 
h2 1.5 11.0 9.5 7.7 3.2 1.9 3 
h3 4.5 33.0 28.5 8.2 1.1 1.9 10 
pw1 13.3 6.0 -7.3 10.9 0.8 0.5 3 
pw2 9.3 13.0 3.7 9.8 0.0 0.1 7 
p1 5.6 20.0 14.4 8.5 16.7 6.8 11 
p2 6.6 30.0 23.4 8.6 14.0 44.9 13 

h1N 3.2 18.3 15.1 7.6 
no snow 

glide - - 

h2N 3.8 7.5 3.7 8.4 
no snow 

glide - - 
pN 0.5 7.2 6.7 8.0 1.97* 3.8 18 

A1N 0.6 16.6 16.0 7.2 
no snow 

glide - - 

A2N 0.9 13.7 12.8 7.6 
no snow 

glide - - 
 799 
  800 
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6  Figure capt ions 801 

 802 

Fig. 1 The Ursern Val ley in the Central  Swiss Alps and the locat ion of the 14 803 

invest igated s i tes (hayf ields (h), pastures (p),  pastures with dwarf shrubs (pw), 804 

and abandoned grassland covered with Alnus vi r idi s (A), north facing s lope (N)).  805 



36 

 

 806 

Fig.2 I l lust rat ion of  the procedure for snow gl ide related erosion rate assessment . 807 
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 808 

Fig. 3  Snow gl ide distance against  the stat ic fr ict ion coeff ic ient for  the south- 809 

(squares) and north (dots) facing s lope s i tes. Y-error bars  represent the standard 810 

deviat ion of repl icate measurements at  one s i te. For  the stat ic f r ict ion 811 

coeff icient , an er ror of ±  0.1 (corresponding to the scale accuracy of the spr ing 812 

balance) was assumed. 813 
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F ig. 4 Example of snow gl ide deposits  for  the s i te p1.815 

 816 

Fig. 5 Snow gl ide erosion est imated from the snow gl ide deposit  sediment yield 817 

against  the difference of the 1 3 7Cs and RUSLE soi l  erosion rate (t  ha- 1 yr - 1 ) .Y-error  818 

bars represent the uncertainty of both the 1 3 7Cs and RUSLE est imates. X-error 819 

bars represent the standard deviat ion of  erosion rates result ing from several  820 

sediment measurements within one snow gl ide deposit . The sol id l ine represents 821 

the obtained l inear regression and the dotted l ines the 95% confidence interval .  822 
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 823 

Fig. 6 Correlat ion of the cumulat ive snow gl ide distances (cm) measured for the 824 

winter 2009/2010 versus the di fference of  the 1 3 7Cs and RUSLE soi l  erosion rate (t  825 

ha- 1 yr - 1 ) for the grassland s i tes (dots ,  n=10) and the Alnus vi r idi s  s i tes A1N, A2N 826 

(squares, n=2). Y-error bars represent the error of both the 1 3 7Cs and RUSLE 827 

est imates. X-er ror bars represent the standard deviat ion of repl icate snow gl ide 828 

measurements at  one s i te. Sol id l ine represents  a l inear regression and the 829 

dotted l ines the 95% confidence interval .  830 

 831 

 832 



41 

 

 833 

Fig. 7  Boxplot  of  measured snow gl ide distances and corresponding model l ing 834 

results for di fferent land use/cover types (hayf ields (h),  pastures (p),  pastures 835 

with dwarf shrubs (pw), and abandoned grassland covered with Alnus vi r idi s (A)) 836 

for the winter  per iod 2009/2010. N indicates the s i tes on the north facing s lope. 837 
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 838 

Fig. 8 Map of the potent ial  snow gl ide distance (m) model led by SSGM. 839 

 840 
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 841 

Fig. 9 Model led potent ial  snow gl ide distances (us ing long-term average winter  842 

precipitat ion)) as mean for the whole catchment grouped by predominant land-843 

use/cover types (hayf ields (h),  pastures (p), pastures with dwarf  shrubs (pw), 844 

Alnus vi r idi s s i tes (A)). N indicates the s i tes on the north facing s lope. E rror bars 845 

indicate the standard error  of  the mean. 846 

 847 
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