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Abstract. Soil erosion in Alpine areas is mainly related to winter processes. The RUSLE estimates and'fH€Es re-
extreme topographic and weather conditions. Although dif-distribution gave significantly different results. The resulting
ferent methods of assessing soil erosion exist, the knowledgeanges o evidenced relevant differences in the role of win-
of erosive forces of the snow cover needs more investigatiorier erosion in the considered subareas, and the application of
in order to allow soil erosion modeling in areas where thean avalanche simulation model corroborated these findings.
snow lays on the ground for several months. This study aimsThus, the higher rates obtained with tH€Cs method con-

to assess whether the RUSLE (Revised Universal Soil Los$irmed the relevant role of winter soil erosion. Despite the
Equation) empirical prediction model, which gives an esti- limited sample size (11 points), the inclusion ofiia fac-
mation of water erosion in thayt obtained from a combi- tor in RUSLE seems promising for the improvement of soil
nation of five factors (rainfall erosivity, soil erodibility, to- erosion estimates in Alpine environments affected by snow
pography, soil cover, protection practices) can be applied tanovements.

mountain areas by introducing a winter factdv, which
should account for the soil erosion occurring in winter time
by the snow cover. Th# factor is calculated from the ratio
of Ceasium-137'€7Cs) to RUSLE erosion rates. Ceasium- 1 Introduction

137 is another possible way of assessing soil erosion rates in

the field. In contrast to RUSLE, it not only provides water- Soil erosion hazard largely affects mountain areas worldwide
induced erosion but integrates all erosion agents involved(JRC, 2009), and particularly environments subject to natural
Thus, we hypothesize that in mountain areas the differencé&nd anthropogenic disturbance (Litschert et al., 2014).
between the two approaches is related to the soil erosion by While the causes and effects of erosion as a soil degra-
snow. In this study we comparéd’Cs-based measurement dation threat in the world are widely described and investi-
of soil redistribution and soil loss estimated with RUSLE in gated (Lal, 2001), soil loss estimation in sloping areas still
a mountain slope affected by avalanches, in order to assed¥S some uncertainties, as the methods commonly used are
the relative importance of winter erosion processes such ag80t specifically designed for mountain environments, where
snow gliding and full-depth avalanches. Three subareas werglimate and relief are extreme (Alewell et al., 2008; Garcia
considered: DS, avalanche defense structures, RA, relead@odriguez etal., 2012). Recently, the relevance of winter ero-

area, and TA, track area, characterized by different prevalen$ion processes, besides the ones taking place in the grow-
ing season, has been pointed out. For example, Ceaglio et
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al. (2012), and more recently Korup et al. (2014), provedto derive erosion rates from field measurements makes use
that snow movements are a significant agent of soil redisof fallout radionuclides like Caesium-13¥3(Cs). 13’Cs is
tribution at mountain sites. Within these snow movements,an anthropogenic isotope that originated from the testing of
wet avalanches are well known for their high sediment yieldsthermonuclear weapons and the Chernobyl accident. When
(Gardner, 1983; Ackroyd, 1987; Bell et al., 1990; Jomelli 13’Cs fallout reaches the soil surface, it is tightly adsorbed to
and Bertran, 2001; Heckmann et al., 2005); however, so fafine soil particles (Tamura, 1964; Tamura and Jacobs, 1960).
regionalization and parameterization of these processes arehus, its subsequent redistribution is associated with soil re-
missing. distribution (Ritchie and McHenry, 1990). Th&/Cs method

Soil erosion can be estimated on different spatial and temhas the major advantage of reflecting all erosion processes by
poral scales using different models. An exhaustive review iswater, snow and wind, and is thus an integrated estimate of
provided by De Vente and Poesen (2005), who underlinedhe total net soil redistribution rate since the 1950s (the start
the fact that the existing approaches consider a variety obf the global fallout deposit) and since 1986 (in areas where
parameters, but none of them fulfills all modeling objec- the major fallout originated from the Chernobyl accident).
tives. One of the most commonly applied methods for soil Fallout radionuclides are therefore largely used to assess the
erosion estimation is the Revised Universal Soil Loss Equabudget of soil erosion and sedimentation processes (Mabit
tion (RUSLE) derived from USLE (Wischmeier and Smith, et al., 2008; Mabit and Bernard, 2007; Matisoff and Whit-
1978), which has received considerable improvements afteing, 2011; Mabit et al., 2013). Ceaglio et al. (2012) used
the introduction of geographic information systems and hashis method to compare field-measured d@déCs-derived
been then applied to a large variety of environments (Desmesoil redistribution rates, highlighting the predominance of the
and Govers, 1996; Prasannakumar et al., 2012; Prasuhn show-related phenomena in the total soil erosion for a moun-
al., 2013; Zhang et al., 2013). The RUSLE model providestain basin in the northwestern Italian Alps.
an estimate of long-term average water soil erosion rate in Because of the different soil erosion processes and
thayr1, which is obtained by multiplying five factorsR( timescales consideretf’Cs soil erosion estimates are often
rainfall erosivity; K, soil erodibility, LS, topography¢, veg- not directly comparable with RUSLE estimates. In mountain
etation coverp, soil protection practices). However, the ero- areas the deviations between RUSLE and available measure-
sion rate derived from RUSLE corresponds to water erosiorments have been commonly attributed to an intrinsic unsuit-
and cannot consider snow-induced erosion, which may in-ability of the model for steep and complex topography, but
deed be a relevant part of the total soil loss in mountainthey might also depend on the presence of relevant snow-
areas. According to the USLE procedure, snowmelt mightdriven erosion phenomena that are not included in the rainfall
theoretically be included in the rainfall erosivity factor com- erosivity factor R) of RUSLE (Konz et al., 2009).
putation, considering the snow-water equivalent data. How- The potential phenomena that could generate soil erosion
ever, as the spatial and temporal heterogeneity of the snown a snow-covered slope are avalanches and snow gliding.
cover is considerable (Lopez Moreno et al., 2013) and theFlowing avalanches can produce considerable soil removal
snowmelt processes may show significant time pulsations, iand sediment transport both in the release and track zones
is difficult to obtain a satisfactory conversion of snowfall into (Confortola et al., 2012), altering the soil morphology on the
liquid precipitation equivalents. Therefore, the USLE model local scale, transporting a significant amount of soil across
offers only an insufficient parameterization of the snow ef- the runout zone (Sass et al., 2010). If full-depth avalanches
fect. A first try at considering the winter erosion processespredominate, and the avalanche flows interact directly with
in the USLE is the work by Konz et al. (2009), who sug- the soil surface, the soils can be stripped off in the track zone
gested the development of an “Alpine USLE” that includes and can be fragmented and/or highly degraded (Freppaz et
an Alpine factorWW implemented for slopes that are prone to al., 2006, 2010). Complex soil profile morphologies may oc-
avalanches and snow gliding processes. They found that sodur along an avalanche path with both buried and truncated
loss estimates for mountain areas often show significant devisoil horizons. Snow gliding phenomena can contribute sig-
ations from field-measured data obtained during the growingnificantly to soil erosion at the snow—soil interface as shown
season on snow-free soil (Konz et al., 2009). by Meusburger et al. (2014), who identified snow gliding as a

This finding suggests that more complex phenomena areelevant driver for winter soil erosion in the Swiss Alps. De-
driving soil erosion in mountain environments and that ero-spite the first try by Konz et al. (2009) at including a winter
sion in areas seasonally snow covered might be affected corfactor in the RUSLE, the incidence of snow-induced erosion
siderably by other agents of soil erosion. For example, Con-on large scales (e.g., catchment or avalanche areas) cannot be
fortola et al. (2012) observed that snow avalanches, charaevaluated with a well-defined standard procedure.
terized by high velocity, and snow gliding processes, i.e., the The general aim of the present research is to compare
slow downhill movement of the snow cover on smooth and/or'3’Cs-based soil redistribution rates and soil loss estimated
wet ground, are relevant erosion agents in the Alps. Besidewith the RUSLE model in a mountain slope affected by
soil erosion modeling, soil erosion rates can be obtained fronsnow gliding and glide-snow avalanches. We will investigate
sediment collection in the field. A method based on field datasites where we expect different intensities of snow-induced
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erosion: the release area (RA), where avalanche release amgralanche site and dynamics, as well as the sampling strategy

slow snow cover movements take place; the track area (TA)n the area, is provided by Ceaglio et al. (2012).

directly affected by the avalanche run; and a third area, pro-

tected by avalanche defense structures (DS) that are design@d?  Soil properties

to reduce snow cover movements, where avalanche release is

excluded but slow snow cover movements can still occur. Thdn general, soils in the study area are shallow and scarcely

specific objectives are (1) to apply the GIS-based RUSLE adeveloped.

a mountain site affected by recurrent glide-snow avalanches, The upper soil horizons had a sand content ranging from

(2) to compare the soil erosion estimates of the RUSLE with32 to 60%, and a clay content ranging from 6 to 20 %

the3’Cs-based erosion rates estimated from a previous fieldCeaglio et al., 2012). The soil bulk density ranged between

survey carried out by Ceaglio et al. (2012), (3) to test a winter0.66 Mgn13 (SB) and 1.07 Mgm?® (RA), and the skele-

correction factor (winter facto#) calculated from the ratio ton content from 5 to 44 9% (Ceaglio et al., 2012). The or-

of Ceasium-137¢"Cs) to RUSLE erosion rates, referringto ganic carbon content (data not shown) was higher in DS

winter soil erosion contribution, and (4) to discuss and in- (4.9 %) and lower in RA (3.3%) and TA (3.8 %), suggest-

terpret the results also considering a 2-D avalanche dynamiig an enrichment of organic matter after the development of

model proposed by Christen et al. (2010). seedlings and dwarf shrubs in the DS area. Soil properties in
the study area are reported in detail by Ceaglio et al. (2012).
As visible in Fig. 2, several erosion features were observed,
such as sheet erosion and removal of vegetation cover in the

2 Materials and methods avalanche release and track areas.

2.1 Study area 2.3 Caesium-137 derived soil redistribution

The study area is an avalanche site named Mont de la Sax@ Li-drifted Ge detector with a 20% relative efficiency
located in the northwestern part of the Valle d’Aosta region (GeLi; Princeton Gamma-Tech, Princeton, NJ, USA) was
(northwestern Italy, Fig. 1a), very close to the southern side!sed for gamma spectroscopy. The resulting measurement
of the Mont Blanc massif (4810 ma.s.l.). The avalanche siteincertainty in the!3’Cs peak area (at 662 keV) was lower
(24.6 ha, Fig. 1b) ranges from 2115m to 1250 ma.s.l. Thredhan 8% (error of the measurement at 1-sigma). Gamma
subareas were considered (RA, release area; TA, track arePectrometry calibration and quality control were performed
DS, avalanche defense structure area), where 11 sampling!lowing the protocol proposed by Shakhashiro and Mabit
points were chosen. While choosing sample points for this(2009). The methods and instruments used are detailed in
study, areas affected by complete topsoil removal were exCeaglio et al. (2012). Soil samples were collected during the
cluded. summer season of 2010, using a 72 mm diameter soil core
The geology is characterized by black argillic schists, cal-sampler (Giddings Machine Company, Windsor, CO, USA).
careous sandstones and a limited portion of porphyritic granCaesium-137 activity was measured at eleven points in the
ites, very similar to that of the Mont Blanc area. The site is three subareas: (a) the avalanche defense structures (DS), the
affected by glide-snow avalanches occurring in Springtimeavalanche release area (RA), and the avalanche track area
or late autumn, and is prone to snow gliding and subsequeritT) (Fig. 1). For the reference inventories eleven points lo-
glide crack formation. Soil erosion is very pronounced andcated very close to the study area in a flat and undisturbed
clearly related to snow—soil interface dynamics (Ceaglio etPosition (2000 ma.s.I.) were sampled. The depth distribution
al., 2012), as soil is frequently removed by avalanches and@f *>'Cs was determined in 5cm depth increments. To con-
large soil deposits can be observed in the avalanche runolertinventories into soil redistribution rates, the profile distri-
area. In the last four years, glide-snow avalanches have bedption model, which is the most commonly used conversion
documented almost yearly. Most of the area is Alpine pas-nodel for undisturbed soils, was used (Walling and Quine,
ture, with patches of dwarf shrubs. The avalanche releasé990). In undisturbed soils th¢’Cs distribution shows an
area (RA) is an abandoned pasture located at 2100 m a.s §xponential decrease with depth, which is described by the
(steepness 30-3F Avalanche defense structures (DS) are following function (Walling and Quine, 1990; Zhang et al.,
present close to this area, on similar slopes, and the protectet?90):
surface is colonized by dwarf shrubs and larch seedlings. The
avalanche track area (TA) ranges from 2000 to 1350 ma.s.lA’(x) = Aref(1— "/ "), (1)
and is characterized by the presence of different channels,
with grass cover or bare soil and rock outcrops in the steepwhereA’(x) =amount of'3’Cs above the depth(Bqm~2);
est sections. The runout area starts at 1200 ma.s.l., ends on=depth from soil surface expressed as mass between top
an avalanche shed protecting the road and is characterized and actual depth (kgnf); Ayt =13'Cs reference inventory
decreasing slope steepness. An exhaustive description of thi@®qm~2); and &, = profile shape factor (kgmf). It is a
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Figure 1. Study area(A) site location within Italy and the Valle d’Aosta regiofi3) avalanche area and sampling points &yisampling
points in detail. DS: defense structures area; TA: track area; RA: release area.

coefficient describing the rate of exponential decrease in inthat quantifies the effects of raindrop impact and reflects
ventory with depth, for soil profiles at sites. the rate of runoff likely to be associated with the rain
If itis assumed that the tot4#’Cs fallout occurred in 1986  (Wischmeier and Smith, 1978 = soil erodibility factor
and that the depth distribution of th&’Cs in the soil profile  (thahMJ1halmm™1) that reflects the ease with which
is independent of time, the erosion r&téor an eroding point  the soil is detached by the impact of a splash or surface flow;
(total 1¥7Cs inventoryA, (Bqm~2) less than the local refer- LS accounts for the effect of slope length)@nd slope gra-
ence inventoryA ef (Bqm~2)) can be expressed as (Walling dient (S) on soil erosion (dimensionless): = cover factor

and Quine, 1990; Zhang et al., 1990) (dimensionless), which represents the effects of all interre-
. _ . lated cover and management variables (Renard et al., 1997);

Y =10/( — 1986 x In(1— X/100 x /o, ) and P = (dimensionless) is the support practice factor.

whereY = soil erosion rate (thal yr—1); r =year of sam- The R, K, and LS factors basically determine the erosion

pling; 1986 because in the Valle d’Aosta region the contri- volume, while theC and P factors are reduction factors rang-
bution of Chernobyl wet deposition constituted the majoring between 0 and 1.

part of the global inventory (84 % according to Facchinelli RUSLE was applied for the eleven sites (Fig. 1), where
et al., 2002); X = % reduction of'37Cs total inventory 13’Cs estimates were also available. Théactor was taken
with respect to the locat®’Cs reference value (defined as from Bazzoffi (2007), indicating an average of 1238 MJ mm

(Aref— Au)/Aref x 100). ha~! h~1yr~1 for the municipality of Courmayeur, where the
study area is located. The adopted value is consistent with the
2.4 RUSLE-derived soil erosion and winter factor ones reported by Meusburger et al. (2012) for the Swiss Alps
calculation and the seasonal values of rainfall erosivity produced by JRC

for Italy (Grimm et al., 2000).

TheK factor (thahMJ!ha !t mm~1) was calculated ac-
cording to Wischmeier and Smith (1978) using the following
A=RxK xLSxCxP, 3) equation adopted also by Bazzoffi (2007) for Italy:

The Revised Universal Soil Loss Equation (RUSLE) model
is formulated as follows:

where A = predicted average annual soil loss (thgr—1);
R = rainfall-runoff-erosivity factor (MJ mm ha h—1yr—1)
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Figure 2. Evidence of erosion features in the avalanche release @pgaiew of the avalanche release area just after the snowmelt (RA);

(B) a shallow landslide that occurred in winter time, under snow cover, probably as a consequence of snow glide mq@ments;on

soil erosion and shallow landslides in R@) view of eroded surface in the summer seagé);soil “roll” including vegetation residuals,

visible after snowmelt, probably due to snow glidiiiig) soil layer included in the snow bottom layer during spring time (photos: E. Ceaglio).

Soil can undergo liquefaction processes when the soil water content increases. This may result in the layer found at the bottom of the snow
pack observed ifF).

angles and limited soil profile development, and soil perme-
ability was estimated in the field as moderate.
K =0.0013175x ((2.1m™*4107%) (12— a) The LS factor (dimensionless) was calculated from the
+3.25(b — 2) + 2.5(c — 3)), 4) digital elevation model (10 m grid) of the study area accord-
ing to the procedure described in Desmet and Govers (1996).
wherem = ((silt (%) + very fine sand (%) (100 — clay We adopted the equation
(%)), a = organic matter (%)p = structure code, (1) very 04 . 13
fine granular, (2) fine granular, (3) medium or coarse granularl‘S = (Fx /221377 x (sin§/0.0896 ™", )
and (4) massive, and= profile permeability code, (1) rapid, where F is the flow accumulation factor (Mitasova et al.,
(2) moderate to rapid, (3) moderate, (4) moderate to slow2002),C is the grid size, and is the slope angleF was
(5) slow and (6) very slow. For the determination of tke  calculated with the Hydrology tool of ArcGIS 9.3.
factor the values of the upper 10 cm of the soil were used. LS is the factor showing a wide range of variability in
Soil samples were oven-dried at 40, passed through a mountain areas and is highly influenced by the DEM accu-
2mm sieve and homogenized. The fine material fnm) racy. A general warning on LS computation is about the cell
was used for all further analysis. Total organic and inor- size resampling, which may affect deeply the curvature of the
ganic carbon concentration (%) was measured by the RC61PEM (Buehler et al., 2011) and should therefore be avoided.
Multiphase Carbon and Hydrogen/Moisture Analyzer (LecoIn this case, the available DEM resolution was 10 m; no re-
company, Ml, USA). Organic matter was calculated from or- sampling was done.
ganic carbon content by using a conversion factor of 1.72. The C factor was derived from tabular data proposed by
Grain size analysis for the parameterwas done with the  Bazzoffi (2007) for grass and pasture vegetation cover. The
Malvern Mastersizer 2000 (Malvern Instruments Ltd). Here P factor was not applicable in the area and was therefore set
we adopted equal to 2 and equal to 3, as soil structure was equal to 1. In order to estimate the contribution of winter ero-
slightly developed at all the sampling points, due to slopesion, we calculated & factor (as done by Konz et al., 2009
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for the Alpine factor) to be added to the RUSLE formula, as3 Results and discussion
the ratio betweeh3’Cs and RUSLE-based soil erosion rates

(both in thalyr—1 and therefore dimensionless): 3.1 RUSLE-based average long-term erosion rates

W =1"Cy/A. (6)  The RUSLE model for water erosion prediction was chosen,
) as it allows one to account for the topographic variability

2.5 Avalanche modeling typical of mountain environments. Moreover, the high het-

erogeneity of soil properties can be taken into account in

The avalanche module of the RApid Mass Movementsterms of theK factor (soil erodibility). The RUSLE factors

(RAMMS) dynamical model (Christen et al., 2010), devel- ) . .
; . at the sampled points are listed in Tablekl factor values
oped by the SLF of Davos (CH), was used in order to sim- N o . -
. . (Table 1), indicating the intrinsic soil susceptibility to wa-
ulate the avalanche flow and in particular to calculate the : i
L . ter erosion, ranged from 0.005 (sample DS-T1P5, with the
friction at the flow bottom. RAMMS numerically solves a . 1
. : : . highest clay content) to 0.030thahMha I mm~ (sam-
system of partial differential equations, governing the depth- .
le DS-T1P1, lowest organic matter content). The observed
averaged balance laws for mass, momentum and random Kki- . :
. L - range is comparable with the mapped values reported for the
netic energy using first- and second-order finite volume tech-

niques. More details on the model are given in Christen etAOSta Valley by Grimm et al. (2000). The highest erodibility

: ) was observed in the upper part of the transect of DS and RA
al. (20.10)' In this work, the VoeIImy—SaIm a}pproac.h IS u.sed'(Fig. 3). TheC factor (Table 1) was assigned as 0.02 in the
Following this approach the total basal frictior{Pa) is split . ;

. o . DS area with dwarf shrub and seedling cover, and as 0.005
into a velocity-independent dry Coulomb term that is pro- in RA and TA. The LS factor at sampling points (Table 1)
portional to the normal stress(Pa) at the flow bottom (fric- '

. o : - ranged from 3 to 37 (both in TA). High LS values are largel
tion coefficieny.) and a velocity-dependent turbulent friction doc%mented in the (Iiterature f)or ngon-agricultural envigrlon>i
(friction coefficients (ms2)) (Salm, 1993):

ments. For example, Meusburger et al. (2010) reported LS
p g U? values in the range 0-57.5 for a study site in the Swiss Alps

T=uo+ (7) with an average slope of 24.6The slope angle interval (Ta-
§ ble 1) confirms that the area is potentially prone to both snow

whereo = p g H cos¢ with p [kgm~—3] the snow mass gliding (Leitinger et al., 2008) and glide-snow avalanches

density,¢ the standard gravity (nT€), H (m) the avalanche ((_Zonfo.rtol_a. et al., 2012). RUSLE factoks and LS did not .
flow height andp (°) the local slope angle, ard (ms1) is differ significantly among subareas (ANOVA). RUSLE soil
the flow velocity. erosion rates at the sampled sites (Fig. 4) ranged from close

Z1
Soil erosion can occur if the shear stress exerted by thd® 0 (TA-T14 and TA-T21) to 17th*a1yr_ (DS-T1P1).
avalanche flow is larger than the critical shear for soil re_Such values refer to the first three erosion risk classes re-

moval = [Pa] calculated as in Clark and Wynn (2007) and Ported by Bazzoffi (2097)' NG negligible<(L tha " yr=),
later reported by Confortola et al. (2012): limited (1< A <5tha~yr™), and moderate soil erosion
(5< A <20thalyr-1). Average RUSLE estimates (Fig. 4)

Tc pe = 0.49 x 1¢°0182% (8)  were 10.9thalyr—1 for DS (SD 7.3), 1.9tha! yr—! for TA
(SD 1.9), and 2.2tha yr~1 for RA (SD 1.4). The RUSLE
whereP; is the clay content (%). estimates were significantly higher in DS than in the rest of

We simulated an avalanche that is considered typical forthe area (ANOVAp < 0.01).
the study site: a frequent avalanche (short return period) with
arelease zone between 2050 and 2100 ma.s.l., release heigh2 Comparison of RUSLE estimates to Ceasium-137
of 1 m, release volume of 7800%mand friction parameters based soil erosion rates
u andé chosen according to Gruber and Bartelt (2007) all
along the path (at the location of the sampling points they areThe range of 13’Cs estimates (Fig. 4) was-0.1 to
w =0.26 andt =2000ms?). 32thalyr—!, where the negative value observed in DS-
We underline here that the aim of the avalanche model-T1P5 indicates a net deposition rate. AveragtCs values
ing is not to simulate the real events, but to estimate the erowere 13.2thalyr—1 for DS (SD 15.4), 11.6tha yr—1 for
sive power of what can be considered the most representativeA (SD 11.8), and 9.1 tha yr—1 for RA (SD 4.8). High spa-
avalanche for the path. Therefore, the results of the simulatial heterogeneity was observed for th€Cs erosion rates,
tion should be interpreted in a relative way for the different particularly in TA and DS (Fig. 4), and this made the ob-
sampling points. served differences among estimates statistically insignificant.
In TA, the high variability in13’Cs estimates probably de-
pended on the high variability of soil characteristics, as also
visible from the K values and the channeled topography
(Fig. 3). The variability of thé3’Cs erosion rates in the DS

Nat. Hazards Earth Syst. Sci., 14, 1761771, 2014 www.nat-hazards-earth-syst-sci.net/14/1761/2014/
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Table 1.Input data for the calculation of RUSLE factors, and RUSLE factors at sampled points. Textural classes and SOM content were used
as input data foK calculation. DS: defense structures area; TA: track area; RA: release area. The considered soil depth was 10 cm.

Sample Finesand Silt Clay SOMK R LS factor Slope C factor
(thahmJ1  (MImmhal

ID (%) @) (%) (%) mnmthal)  hlyel) =) ) )
DS-T1P1 5.35 48.7 12.7 49 0.030 1238 22.56 36 0.02
DS-T1IP3 7.4 450 130 5.6 0.026 1238 20.48 32 0.02
DS-T1P5 6.5 46.9 16.6 12.0 0.005 1238 22.76 37 0.02
TA-T12 7.06 39.7 8.8 7.2 0.018 1238 11.92 46 0.005
TA-T14 6.4 479 126 8.7 0.014 1238 3.55 37 0.005
TA-T21 9.3 473 122 94 0.012 1238 3.79 29 0.005
TA-T23 8.0 446 109 6.7 0.022 1238 17.01 37 0.005
TA-T25 7.3 499 139 7.1 0.022 1238 37.00 37 0.005
RA-T31 6.9 416 101 5.1 0.027 1238 9.03 37 0.005
RA-T33 5.9 46.0 129 7.9 0.017 1238 36.42 36 0.005
RA T34 4.9 452 152 94 0.010 1238 21.11 29 0.005

K {t ha hhUt hat mm™)
- 00005
« (0.008-0011
0.012-0018
e 0019-0022
@ 0.023-0030

LS (-)

[ Jo2
s
B 510
| ERED
B 250
- =50

Figure 3. RUSLE LS factor map plotted on a:10 000 topographic map. The sampling point size is proportional to the RUSLE soll
erodibility factor (K). The blue-colored grid represents the LS factor. DS: defense structures area; TA: track area; RA: release area.

area may rather be attributed to the simultaneous presence ofites @, Fig. 4) showed a decreasing trend downslope in
erosion and deposition dynamics. DS, but in this case the reduction was smoother and fol-
In fact, the 13’Cs erosion rates confirmed the impor- lowed the decrease in erodibility values visible from Fig. 3:
tance of soil erosion in the upper portion of the DS area0.030thahM3*hatmm~1 (SB-T1P1, 4.9 % organic mat-
(Fig. 4) with 30thalyr—! (SB-T1P1), while a sharp re- ter) to 0.026thahM3*halmm~! (SB-T1P3, 5.6% or-
duction in the net erosion rates was visible downwards,ganic matter), and finally 0.005 tha h Mha—t mm~1 (SB-
along the defense structures. At point DS-T1IP3 s  T1P5, 12 % organic matter). It has to be noticed that in the
erosion rate dropped to 10thhayr—1 , and deposition was DS area LS was almost constant. Therefore, a direct effect
finally observed at point DS-T1P5 (Fig. 4), indicating a of the topographic factor on the deposition processes can be
net input of topsoil that was also associated with an in-excluded. The protection of the avalanche defense structures
crease in soil organic matter downwards. This can be interagainst soil erosion, slowing down the snow movements in
preted as the result of the wooden avalanche defense strugvinter, allowed over time the colonization by shrubs and
tures mitigating slow snow movements, thus reducing drastifarch seedlings that can locally reduce soil erosion in the
cally winter erosion rates. Also, RUSLE-based soil erosionvegetative season. A feedback effect can be hypothesized:
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area Table 2. CalculatedW (winter factor). Negative values correspond
7 oS to sedimentation rates. DS: defense structures area; TA: track area;
ora RA: release area.
DS-T1P1
¢ Sample Altitude W
" DS-T1P3 ID (mas.l) ()
T . DS-TIP1 2085 1.79
g DS-TIP3 2078 0.75
= ¢ 10 DS-T1P5 2060 —-0.11
‘Ef TA-T12 1977 1.81
E TA-T14 2001 23.76
é TA-T21 1956 38.54
3 TAT25 TA-T23 1989 2.36
s RAT33 ) TA-T25 2016 6.32
DSTLES 1r 193 RA-T31 2099 9.21
" RA-T34 RAT31 RA-T33 2084 1.12
TATI2 ® ° ° RAT34 2070 7.25
o7 TATIA | TAT2L

T T T T
o 10 20 30

137¢s estimate [t hal y?)

that the erosion rates determined by avalanche runs can be

Figure 4. Scatterplot of measured and modeled erosion rates in théSignificant and non-selective, i.e., act independently of soil
study area. DS: defense structures area; TA: track area; RA: releaddoperties and size classes, but are rather controlled by the
area. depth and velocity of the snow mass (Confortola et al., 2012).

This would be applicable to the track area. In RA show glid-
ing and incipient avalanche movements can be hypothesized,

physical barriers induce a reduction in snow gliding, i.e., lesstoo, and have been documented by Ceaglio et al. (2014), who
soil erosion; natural regeneration is favored, and enhancesbserved snow glide rates in the order of magnitudes of sev-
the protection against erosion; soil organic matter increasesral meters. The DS area, despite a rather homogeneous LS
soil erodibility decreases; soil erosion is again reduced. factor (range 20-23), showed sharp differences in erodibility

In general,13’Cs estimates gave higher erosion ratesand a reduction trend along slope that was visible for both
at the sample points than the erosion estimates obtaineRUSLE and'3’Cs erosion rates; for the latter a deposition at
with RUSLE (Fig. 4). The discrepancies betwdéfCs and  the bottom of the area was even estimated (Fig. 4). The box
RUSLE erosion rates obtained in our study are consistenplot of Fig. 5a depicts the difference obtained by subtracting
with the ones shown in Konz et al. (2009), who found that A from 137Cs estimates. This difference represents the rela-
137Cs erosion rates ranged between 5 and 37tgerl,  tive importance of winter erosion (avalanchessnow glid-
while USLE estimates did not exceed 15thgr—1. When  ing+ snowmelt) with respect to the total average annual ero-
the data set is studied as a whole, no significant correlation ision budget (estimated wiif’Cs). The median (black hori-
visible between the two variables £ 0.49, ns), and an out- zontal line) is similar for TA and RA, while it drops consid-
lier represented by point TA-T25 is clearly evident (Fig. 4). erably in DS, suggesting different prevailing snow-induced
The extreme behavior of point TA-T25 can be easily ex- processes in the DS area, such as the protection effect car-
plained by its LS value (37), the highest in the study area,ried out by defense structures against snow gliding. The dis-
which can be considered extreme with respect to the remainerepancy in RA and TA is much less evident, except for one
ing points. The differences between estimates do not appeautlier (TA-T25), characterized by an extreme LS value (Ta-
to be related to the variation of a single RUSLE factor suchble 1).
as topography or erodibility. The proposedV values (dimensionless) are presented for

We observed that most points characterized by limited wa-the sampling points in Table 2/ varied from—0.11 (minus
ter erosion potential (X A <5thalyr—1) because of low sign indicates deposition at DS-T1P5) to approximately 39
K and/or LS factors (DS-T1P5, TA-T12, TA-T14, TA-T21, (at TA-T21), with considerable spatial variability. The range
TA-T23, TA-T25, whole RA) showed3’Cs erosion rates of W values for the three considered subareas fell in the range
more than twice as high comparedAdonly exception, RA-  found by Konz et al. (2009), which varied from 0.4 to 17.5
T33 whered and3’Cs estimates were closer). Our hypoth- for a mountain environment in Switzerland, where the main
esis is that despite the intrinsic soil properties and/or topo-snow-induced disturbance was snow gliding.
graphic conditions, in these sampling sites the contribution The box plot in Fig. 5b shows th# distribution in the
of winter erosion (i.e., avalanche erosion and/or snow glid-three subareas. It is clearly visible that the DS area has a me-
ing) is particularly severe. In fact, literature findings showed dian W value less than 1. On the contrary, TA and RA show
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Figure 5. Box plots of(A) the difference betweel?’Cs and RUSLE estimate$3'Cs-A; tha~1 yr—1) and(B) winter factor (¥, dimension-
less) for the three different subareas (RA: release area; DS: defense structures; TA: track area).

similar median values in the range of 5-10, with extremeTable 3. Output of the RAMMS avalanche model at the sample

cases WherdV exceeds 20, and denote some role of win- points (H =flow height,U = velocity,c =normal stress; = basal

ter erosion processes. In TA the Variabi"ty of thevalues shear stresd = critical soil shear stress; TA: track area; RA: re-

was higher, and likely related to the high terrain variability 'ease area).

and complex morphology.
We are conscious of the limited number of areas studied, SamplelD H(m) U(ms™ o (Pa) t(Pa) Tc(Pa)

but the pattern observed in theé factor distribution suggests TA-T12 0.16 10.9 401.10 2789 1.42
that the differences between erosion estimates can be linked TA-T14 0.24 14.9 563.51 4729 1.66
to the prevailing winter dynamics, i.e., the DS area, RA, TA TA-T21 1.02 204 25459 1273.7  1.63
have different behavior because the acting forces vary. TA-T23 103 207 2396.1 12528 1.55

TA-T25 1.23 19.8 2987.3 1353.0 1.76

We finally addressed the problem of RUSLE accuracy
based on the data reported by Yoder et al. (2001) and Baz-

zoffi (2007). As a rough consideration, according to Yo- . .
der et al. (2001) the accuracy of the RUSLE estimate ( where avalanche bottom shear stresses increased consider-

tha-lyr1) is expected to vary depending on the magnitudeably' The shear stress exerted by the avalanche increased with
of A, i.e., lower calculated values will have more uncertainty € @valanche velocity and height. The critical shear stress
T¢ calculated for soil according to the formula proposed by

(up to £50 %), while higher estimates will have lower un- lark ith val ¢
certainty (up tot25 %). Considering this range of variation C ark and Wynn (2007) was, with values of 1.42t0 1.76 Pa,

for the A computed values (reported in Fig. 4), we still ob- in the range of values reported by Confortola et al. (2012) and
served a higher value fd#7Cs estimates, and thréé ranges at least two orders of magnitude lower than the stress exerted

for the three subareas. This is an encouraging result from thBY the avalanche wit values of 279 to 1353 Pa (Table 3).
practical application of the method proposed. Therefore, the model generally confirmed that the avalanche

action actually produces erosive effects on the soil surface.
3.3 Erosive force estimated with the RAMMS avalanche ~ However, no clear relationship betweéh and avalanche
model modeled parameters could be observed (Spearmaf.5).
This could depend on (a) the small number of points (only
In order to reinforce this interpretation, the RAMMS 5) that could be considered in the comparison betwdéen
avalanche model was applied. The results, extracted for thand the avalanche modeled parameters, and (b) the impossi-
sampling points considered fo¥ estimation, are presented bility of assessing the relative weight of snow gliding and
in Table 3. Points in the release area are not presented be&valanche erosion rates with the available data. The latter
cause the model performance is not optimal at the very bestatement is particularly true for points TA-T12 and TA-T14,
ginning of the avalanche track. The DS area is obviously ex-close to the boundary, where different winter processes, char-
cluded as it is not affected by avalanches. acterized by different intensities, can coexist.
Points TA-T12 and TA-T14 (Table 3) show the lowest val-  The findings of the present research in term3tobrder
ues of normal ¢) and shearr) stress as they are located at of magnitude, ranges and patterns seem promising; however,
the side of the avalanche track, where the flow height (  further validation with a larger data set and with punctual
and velocity (/) are lower than in the middle of the track, measurement of snow cover parameters will be needed to
while the remaining points (TA-T21, TA-T23, and TA-T25) establish the appropriate basis for an adaption of RUSLE to
are along a transect in the middle of the avalanche pathAlpine environments.
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4 Conclusions Bell, I., Gardner, J., and Descally, F.: An estimate of snow avalanche
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erosion (i.e., erosion taking place on snow-free soil). Suc lated processes in a mountainous area (Valle d’Aosta, NW ltaly),

discrepancies suggested a non-negligible effect of winter ero- yyqro1. Earth Syst. Sci., 16, 517-528, ddl:5194/hess-16-517-
sion on the total annual soil loss. While the avalanche defense 2012 2012.
structures acted as an effective physical barrier, and reducegdhristen, M., Kowalski, J., and Bartelt, P.. RAMMS: numerical sim-
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