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Abstract. Changes in climate and land use pose a risk toand land use the potential risks of torrents, snow gliding,
stability of alpine soils, but the direction and magnitude of avalanches, soil erosion and landslides may increase. Soil
the impact is still discussed controversially with respect toand slope stability are a crucial precondition to preserve the
the various alpine regions. In this study, we explicitly con- functions of the mountain environment, for example water
sider the influence of dynamic human-induced changes orsupply, nutrient production, biodiversity, aesthetics, and cul-
the occurrence of landslides in addition to natural factors.tural heritage. Landslides endanger slope stability and the
Our hypothesis was that if changes in land use and climateesource soil in mountains areas all over the world (Glade,
have a significant influence on the occurrence of landslide2003; Ohlmacher and Davis, 2003; Shrestha et al., 2004; Ay-
we would see a trend in the incidence of landslides overalew et al., 2005), as one extreme event can constitute a great
time. We chose the Urseren Valley in the Central Swissproportion of total soil loss while recovery of soil character-
Alps as investigation site because the valley is dramaticallyistics is very slow (Sparling et al., 2003).
affected by landslides and the land use history is well docu- The effect of environmental catchment characteristics on
mented. Maps of several environmental factors were used ténhe probability of landslides is well understood and com-
analyse the spatial landslide pattern. In order to explain themonly used to predict landslide risk. Most of the investigated
causation of the temporal variation, time-series (45 years}riggering factors are quasi-static in time i.e. do not change
of precipitation characteristics, cattle stocking and pastureheir characteristics in the considered time-span (such as ge-
maps were compared to a series of seven landslide invesslogy, topography, etc.). Several studies showed the deci-
tigation maps between 1959 and 2004. We found that thesive impact of geology and slope as proxies for the physical
area affected by landslides increased by 92% from 195%arameters that describe soil strength properties and gravita-
to 2004. Even though catchment characteristics like geoltional forces (Carrara et al., 1991; Rickli et al., 2001; Dai and
ogy and slope largely explain the spatial variation in land-Lee, 2002; Zhou et al., 2002; Ohimacher and Davis, 2003;
slide susceptibility (68%), this cannot explain the temporal Santacana et al., 2003; Van Westen and Lulie Getahun, 2003;
trend in landslide activity. The increase in stocking numbersSuezen and Doyuran, 2004; Ayalew and Yamagishi, 2005;
and the increased intensity of torrential rain events had mosClerici et al., 2006; Komac, 2006). However, the effect of
likely an influence on landslide incidence. In addition, our triggering factors which are variable with time due to anthro-
data and interviews with farmers pointed to the importancepogenic influence such as land use and climate (here defined
of management practice. as “dynamic factors”) are only rarely considered.

Even tough there is no doubt that land use has a signifi-
cant effect on the probability of landslides (Schauer, 1975;
Bunza, 1984; Glade, 2003; Tasser et al., 2003; Petley et al.,

Topographic and climatic extreme conditions make the2007), its influence is still discussed controversially in liter-

mountain environment vulnerable to changes of climate andUre With respect to the variogs mountainous regions (Dou-_
land use (Cernusca et al., 1998). Due to changes of climatg!as et al., 1996; Andre, 1998; Tasser and Tappeiner, 2002;
Krohmer and Deil, 2003). Overall it is not clear yet, whether

we can expect a reduced erosion risk due to reforestation of

Correspondence td<. Meusburger mountain slopes or an increase due to abandonment and in-
BY

(katrin.meusburger@unibas.ch) tensification of remote sites in alpine regions.

1 Introduction
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use and climate change in the Alps have been evident for
decades. For example, the processes of abandonment, ex-
tensification and reforestation occur since the early 1960s
(Ritzmann-Blickenstorfer, 1996; BFS, 2001; Descroix and
Gautier, 2002; Ragay et al., 2004). The process of global
warming is most evident in the Alps by the melting glaciers
since 1850 (Frei et al., 2007).

The Urseren Valley (Central Swiss Alps) was chosen as in-
vestigation site for two reasons; (i) the valley is dramatically
affected by landslides and (i) land use history is well docu-
mented. The valley slopes are also affected by sheet erosion,
which is addressed and evaluated in other ongoing studies.
(Alewell et al., 2008; Brodbeck and Alewell, 2098 Here,
we explicitly focus on landslides in consequence of soil in-
stability.

2 Study area

The sub-alpine study area (30 knis located in the Urseren
Valley (Switzerland) and is discharged by the river Reuss
(Fig. 1). The wide glaciated valley is characterised by a U-
shaped profile and a rugged terrain. Elevation ranges from
1400 to 3200m a.s.l. The predominant slope angle is ap-
proximately 27.2.

The valley corresponds to a geological fault line that
separates the gneiss massif of the Gotthard system to the
Fig. 1. Map of Switzerland and the study area (Projection: CH1903 south from the granite massif and the pre-existing basement
LV03). (named by “Altkristallin” by Labhart, 1999), of the Aare
system in the north. Intermediate vertically dipping layers
along the fault line consist of Permocarbonic and Mesozoic

The assessment of the impact of the above-discusse@ediments (Labhart, 1999). During the Permocarbon sandy-
human-induced changes is a crucial requirement for lancFlay sediments deposited and during the Mesozoic, differ-
managers and policy makers in order to initiate preventioneént materials from the geological periods Trias (sandstone,
measures. Unfortunately, the impact of the human-inducedauhwacke and dolomite), Lias (dark clay-marl and marl) and
changes on landslide is difficult to quantify, due to the high Dogger (clays, marl and limestone) deposited. Throughout
natural variability and geomorphic feedback mechanismsthe mountain building the material was metamorphosed to
Only few studies exist that could relate actual impact of an-Schist (Kagi, 1973; Angehrn, 1996). Due to erosion of these
thropogenic changes with trends in landslide activity. Thesoft layers a depression developed 1973). The direc-
main method to study trends in landslide incidence is basedion of the strike of these sediments from SW to NE corre-
on the application of physically based slope stability mod-Sponds to the valley axis. Weathering of the calcareous ma-
els, which were applied to simulate former climate and landterial produced marls that are prone to landslides. Riverbeds
use conditions (Collison et al., 2000; Vanacker et al., 2003:are characterised by glaciofluvial deposits. On the valley
Schmidt and Dikau, 2004; Claessens et al., 2006). Anothefplopes, Quaternary moraines and talus fans are common and
possible method is to analyse landslide databases in rel&onsist mainly of siliceous loamy gravel material. The reader
tion to other human-induced trends in landscape and climatés referred to Wyss (1986) for a detailed description of the
change (Petley et al., 2007). We will pursuit the latter ap-tectonic and lithostratigrapical evolution of the region.
proach in our Study due to the lack of most of the physica| Dominant soil types in the CatChment, classified accord-

parameters related to the modelling of land use change.  ing to WRB (2006), are Podsols, Podzocambisols and Cam-

_ . . bisols. Above 2000m a.s.. and on steep valley slopes,
Our aim is to evaluate, if the above described land use- . :
. . . Leptosols are common (with rendzic Leptosols on the cal-
and climate changes cause a trend in landslide occurrence
. ! ._careous substrates). At the valley bottom and lower slopes,

and to determine possible causes for the temporal varia-

tion. Our hypothesis is that if anthropogenic changes have 1grodbeck, M. and Alewell, C.: Stable carbon isotopes as an in-
had an impact on landslide triggering it will be expresseddicator for soil degradation in an alpine environment (Urseren Val-
by a trend in landslide occurence, since changes of landey, Switzerland), Eur. J. Soil Sci., submitted, 2008.
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predominantly clayey gleyic Cambisols, Histosols, Fluvisols3 Materials and methods

and Gleysols developed.
A time-series of landslide inventory maps was generated

based on air photographs of seven different years starting
The valley is characterised by a high mountain climatein 1959. The occurence of landslides over time was then
with a mean air temperature of 3 (1901-1961). The tem-  tested for a significant trend with the Neumann trend test.
peratures of the last years (1961-2006) show a deviation ofhe landslide inventory maps were then superimposed with
1.5°C higher temperatures compared to the long term mearnvironmental factor maps and analysed with multiple logis-
(1901-1961) (Angehrn, 1996). Mean annual rainfall at thetic regression. In order to illustrate the relation between land-
climate station in Andermatt {85/46°38; 1442m a.s.l) slides and causative factors, bivariate statistic is applied for
of MeteoSwiss located at the outlet of the valley is aboutthe factors geology, slope, avalanche density, and land-cover.
1400mm. The valley is snow covered for 5 to 6 month Finally, the evolution of landslide occurrence over time was
(from November to April) with the maximum snow height compared to time-series of dynamic factors, such as climate
in March (Angehrn, 1996). The rainfall maximum occurs in (precipitation and avalanches) and land use characteristics
October, the minimum in February. Runoff is usually domi- (stocking numbers and management practice). The database
nated by snowmelt in May and June. Nevertheless, summegonstruction and spatial overlay of the data layers was ac-

and early autumn floods represent an important contributioncomplished with the geographic information system (GIS)
to the flow regime. The peak runoff period is in June (BAFU, software ArcGIS (ESRI) version 9.1.

http://lwww.hydrodaten.admin.ch/d//2087.hticcess date:
06.08.2007). 3.1 Mapping of landslides from air photographs

Landslides in the investigation area (30¥mvere mapped
Vegetation shows strong anthropogenic influences due tgy visually vectorising the affected area from air pho-
pasturing for centuries @&gi, 1973). Particularly on the less tographs (Swisstopo, 2006). The photographs had a scale of
productive north-facing slope an invasion of shrubs mainly at least 1:12000 and were available for seven different years:
by Alnus viridis Calluna vulgaris Salix appendiculataSor- 1959, 1975, 1980, 1986, 1993, 2000, and 2004.

bus aucuparia and Rhododendron ferrugineuns evident The photographs from 1959 to 1993 are black and white
(Kagi, 1973; Kittel, 1990b). Dwarf-shrub communities of images with no geometrical corrections. In order to allow
Rhododendron ferrugineurand Juniperus sibirica(Kagi,  for local comparison of individual landslides between differ-

1973; Kuttel, 1990b) and diverse herbs and grass speciegnt years the photographs were georeferenced and orthorec-
dominate on the fertile south-facing slope. The four maintified. The geometrical corrections were done with the help
land cover types are: 63% alpine grasslands including dwarfof ground control points, the DEM (25 m grid) and the cam-
shrubs (mainly consisting o€alluna vulgaris Rhododen-  era calibration protocols (Swisstopo, 2006). For the years
dron ferrugineumJuniperus sibiricg, 16% debris (grassland 2000 and 2004 the orthorectified RGB “Swissimages” (air
with more than 70% boulders), 11% bare rock at higher el-photographs with geometrical corrections) with a pixel reso-
evations, and 8% shrubs (mainly consistingArius viridis  |ution of 0.5 m could be directly used without pre-correction.
andSorbus aucuparipapproximately one third of itinvaded  Field verification in 2005 was performed to check the inven-
since 1959 and will be termed “new shrub” in the following. tory map of 2004. During the field excursions, the maximal
Urban and forest areas each represent less then 1% of totglidth and length of ten landslides was measured and com-
area. Today's forests were cultivated for avalanche protecpared to corresponding distances digitised by the photo inter-
tion above the villages. Deforestation of the valley startedpretation mapping method. The resulting deviation between

in 1100 with the first settlement due to agricultural activities the two methods was approximately 10% which we took as
and scarcity of timber. Associated with the deforestation arethe assumed error of the areal mapping method.

frequently occurring avalanchesifiel, 1990a).
3.2 Mapping of environmental factors

The cultural landscape of the valley is dominated by pas-3.2.1 Quasi-static factors

turing. Private owners and Korporation Urseren own the

land. The alp areas of the Korporation Urseren are tradition-The topographical parameter slope was calculated from the
ally used as summer pastures. The private land serves as h&@EM with a three-pixel kernel. A geological map at a scale
meadows to feed the cattle during the winter month. Mead-of 1:200 000 (Labhart, 1999) formed the basis for a revised
ows are treated with organic fertilizer and mown once orgeological map, that was supplemented by field mapping
twice a year. The relevance of farming gradually decreasednd air photograph interpretation. This revised geological
during the last decades. In addition, the number of full timemap, constructed as digital polygons, was then converted to
farmers and farms decreasedad{ (1973) already observed raster format. ArcGIS density functions were used to ob-
that, “the traditional principles of land use are dissolving”. tain a raster map of avalanche. The avalanches that occurred
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since 1695, recorded by the Swiss Federal Institute for Snovease the comparability between landslide densities of differ-
and Avalanche Research Davos, were averaged for each pixeht classes a normalisation with the sum of landslide densi-
with 500 m moving window to generate the avalanche den-ties for all classes was done. ArcGIS 9.1 provides the ready
sity map. applicable tool “zonal statistic” to simplify the calculation
of the ratio between the areas occupied by landslide pixels
3.2.2 Time-series of land use, land-cover and climate datawithin each class of a certain factor map. This procedure is

_ _repeated for all factor maps.
The present and past land use was determined by a series

of pasture maps of the years 1955, 1975, 1990, and 2006 3.2 Time-series of climate data and land use
(Russi, 2006) that were digitised and georeferenced. We con-
ducted semi-structured interviews with two farmers concern-The mean precipitation data and torrential rainfall events
ing changes of land use within the last decades to supplewere tested for a trend with the Mann-Kendall's Tau test
ment the pasture map information (FAQtp://www.fao.org/  (Helsel et al., 2006). To assess the influence of dynamic
docrep/x5307e/x5307e08.htmAccess date: 06.08.2007). factors, the development of the number of landslides was
One of them was acting as a farmer elected to oversee coneompared and correlated (Spearman’s rank correlation) to
mon lands for 16 years. Quantitative information on stockingthe maximum precipitation event (yearly maximum 1 day-
on the pastures was obtained from the archive of the Korpoevents, —3 day-events and -5 day-events; yearly mean pre-
ration Urseren (Russi, 2006). The stocking numbers togethegipitation), that occurred in the corresponding period, stock-
with the pasture maps were used to calculate stocking dening properties (cumulative stocking and increase of stocking
sities (area per animal) for four different years. In the fol- within the years, absolute stocking numbers), and avalanche
lowing we will address the stocking densities (animal/area)frequency. In order to avoid pseudo-replication only the
as land use intensity. Information on the land-cover wasnumber of new landslides (not the increased area of existing
available from the Vector25 dataset (Swisstopo, 2006). Theslides) between each mapped year was used for the correla-
dataset was last actualised in 1993, thus, it was updated wittion. Thus, increase in landslides means that newly affected
the air photograph of 2004 to display the present-day situaareas are spatially separated from older ones.
tion. The land-cover was additionally mapped for the year
1959 (based on air photograph interpretation) to assess po-
tential changes of land-cover with a spatial overlay. 4 Results and discussion

Climate data with daily rainfall was supplied by Me-
teoSwiss for the Andermatt station from 1971 to 2006. The4-1 Relation of landslides to natural quasi-static factors
avalanches that occurred in the valley were summarized for

each year to generate a time-series of avalanche frequency.!n 2004 a total of 383 shallow landslides25 n?) with a to-
tal area of 9.42 ha, an average size of 2%0and an average

3.3 Analysis of environmental factors slope of the landslide area of 33.%ere mapped with air
photograph interpretation. The areal extent of the largest de-
3.3.1 Quasi-static factors tected landslide is about 700¢m

A collinearity diagnosis of the quasi-static factors identi-
In order to identify the most relevant environmental factors afied several cross-correlations. As was shown by Meusburger
multi-collinearity analysis followed by multiple-logistic re- and Alewell (20083. Geology, slope and avalanche density
gression with forward selection method was used. were distinguished as independent factors with variance in-
To illustrate the causative relationship of selected quasiflation factors (VIF)<2. The subsequent multiple-logistic-
static factors and landslide occurrence, we used bivariateegression identified the geology as the most dominant factor
analysis to produce landslide density histograms (landslidgollowed by slope (for both R0.0001). Avalanche density
occurrences within each factor map and within each factordid also significantly £=0.002) improve the explained spa-
map’s classes). For bivariate analyses, a categorisation of thga| variance.
continuous factor maps is necessary. The landslide densities [andslide density histograms illustrate the spatial depen-
are calculated according to equation: dence between the mapped landslide pattern and environ-
" mental factors (Fig. 2). Regarding geology (Fig. 2a), land-
D; = SXi % 100 Z Xi=k (1) slide density was highest in the Mesozoic formation and the
X; =1 SXi=k Altkristallin (47.1% and 36.4%, respectively). Calcareous
rock of the Mesozoic formation, weathered to clay, form-
ing soils with stagnic properties, which are particularly prone

in which D;=landslide density for a variable class,
SX;=number of pixels with landslides within a variable
class, X;=number of pixels within variable class and  2meusburger, K. and Alewell, C.: The influence of land use
n=number of variable classes. The divisiors&f by X elim-  change on the validity of landslide susceptibility maps, Earth Surf.
inates the effect of different areal extends of the classes. T@roc. Land, under revision, 2008.
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Fig. 2. The landslide density histogram as dependenfA)ngeology (for the permocarbonic- (P) and mesozoic-sediments (M), Granite of
the Aare massif (Gr), Gneiss of the Gotthard massif (Gn) and “Altkristallin” (Ak) by Labhart, 1@3Pavalanche density, an) slope.

to landslides due to their layered and water ponding charac-
ter. The Altkristallin, adjacent to the Tavetscher fault line,
is a highly deformed and instable clay schist. Both bedrock
units of this class occur only along the lower south exposed &
slope. Even though the Permocarbon is also a sediment layef#
it shows lowest susceptibly to landslides due to is location at |
the flat valley floor. Our results seem to confirm the widely
recognised view that geology greatly influences the occur- j&%
rence of landslides as it determines the strength and perme =&
ability of rock as well as the resultant cohesion of the soil F&
layer (Carrara et al., 1991; Guzzetti et al., 1999; Dai and
Lee, 2002).

Gravitational forces are decisive beside material proper-
ties. We observe that the probability of landslides increases
with slope angle ar_Id peaks at gradients ranging bet}Ne?-en 3‘E’Fig. 3. Sub-images of air photographs showing the stages of land-
to 40° (Fig. 2b). This slope angle corresponds well with liter- e hazard for the years 1959, 1980, 2000, and 2004.
ature values for other alpine grasslands (Dommermuth, 1995;

Rickli et al., 2001; Tasser et al., 2003). For steeper slopes the

landslide susceptibility decreases again most likely becausgeology and slope to be the most decisive quasi-static catch-
soil cover becomes thinner through continuous sheet erosiofent characteristics (Ohlmacher and Davis, 2003; Suezen
A thinner soil cover is less susceptible to landslides becausgnd Doyuran, 2004; Ayalew and Yamagishi, 2005). How-

less gravitational forces occur. In general, landslide suscepeyer, beside the static environmental catchment conditions,
tibility increases with increasing slope angle and soil depththe relevance of dynamic anthropogenic changes on the tem-

(Carson, 1971). poral evolution of landslide incidence is crucial to know.
Avalanche density (since 1695) is a further parameter

which might influence landslide distribution. Landslide den- 4.2 Evolution of landslide incidence compared to human-
sity increases with increasing avalanche density in the Urs- induced changes
eren Valley (Fig. 2c). The exception is the class with the
highest avalanche density (24—30) that is located in elevatedhe area affected by landslides increased dramatically since
and steep terrain where soil cover is scarce and rock and det959. Figure 3 gives a visual impression of the destabili-
bris are dominating land-covers. Interference with geologysation of a lower south-exposed slope over the years. The
may be the reason for the increased value of the class witlmapping of the stages of landslide incidence revealed that,
6 to 12 avalanches. A spatial relationship is evident everonce the slope is degraded by trails and landslides, it might
though the causal relation is questionable because stabilitiake decades to recolonise the bare spots with vegetation.
of snow cover depends on similar topographical conditions The Neumann-test shows a significant increasing trend
as the stability of soil cover. The latter will be discussed in (P<0.01) for landslide numbers and landslide area. While
more detail in connection with the time-series data in the fol-the number of landslides continuously increased with time,
lowing chapter. the increase of eroded area happened in two phases: from
Itis very likely, that the pattern of the mapped landslides is 1959 to 1980 by 45% and from 2000 to 2004 by 32% (Fig. 4).
not only showing a statistical correlation but also a causativeFrom 1980 to 2000, new landslides occurred but the total af-
relationship to the quasi-static, environmental factors geolfected area did not increase due to partial regeneration of
ogy and slope. Other risk assessment studies also identifiedlder landslides. In total, the eroded area nearly doubled
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4.2.1 Climate factors: avalanche frequency and precipita-
tion

+++0-++ number of landslides
450 1 ...@-- eroded area (ha) L 9.0

‘Te

400 1 The analysis of time-series data showed that several dynamic
' 80 factors change simultaneously in the Urseren Valley. This
impedes the determination of a definite causation of the land-
slide trend. Moreover, the temporal resolution of the air pho-
Lo tographs to analyse the landslides is too low and too irregular,
250 1 e to deduce significant correlations. Nonetheless, in the fol-

lowing correlation coefficients are presented to supplement
the graphical illustrations.

Climate change affects soil stability directly via modifi-
cation of precipitation characteristics and via temperature ef-
fects on soils (e.g. melting of permafrost). Indirect effects in-
Fig. 4. P_rogression of the number of Iz'indslides and eroded are:%/\llltjad::vtahliz;gzr?gf?rg;:Jlggi;ag?gv?l;ﬁ::sgg schiﬂgcae;iiz
by landslides for the entire catchment since 1959. The error of the . .
mapped landslide area is approximately 10%. important proxy for chaqges in snow Qynamlcs. Avalanches

are regarded as potential landslide risk factors because of
the additional friction forces that may trigger tension fis-
sures. The time-series of avalanches show a slightly increas-
ing trend of the linear regression. However, the latter is only
between 1959 and 2004 (increase of 92%). The averaggue to the high number of avalanches in the winter of 1999
depth of 10 measured landslides was 1.5 m. Given the erode(Fig. 5 left). Apart from that extreme event no trend over time
area and assuming a bulk density of 1.2t3ywe estimated a  is distinguishable. A direct comparison between the time-
mean sediment rate of 0.6 thiyr—1 due to landslides only.  series of the number of avalanches and number of landslides
According to sheet erosion rates for agricultural low lands,for single years in the valley did not result in a clear relation-
this value is classified as low soil loss. However, due to theship ¢s,=—0.43, P=0.38). Although there is a connection
higher vulnerability of alpine regions the areal damage is dra-between spatial pattern of avalanches and landslides (Fig. 2b,
matic. see discussion above), no temporal correlation was found,
e.g. the winter of 1999 with 30 avalanches did not cause a

In order to explain the increasing trend, the evolution of noticeable rise of the eroded area in 2000. Avalanches might
landslide incidence is compared to other causative factorsrigger landslide events in subsequent years due to a general
that changed over time and have a geophysical association testabilisation of slopes. However, the absence of tension
landslide triggering, as described below. Trends in landsliddissures in the field and the time-series data lead to the con-
activity might also be caused by geomorphologic feedbackclusion that avalanches do not directly triggered landslides
mechanisms i.e. older landslides can undercut and steepenad our site but rather occur in the same places, because the
slope and trigger new landslides. However, the induced feedstability of snow cover and stability of soils are controlled
back mechanisms are not exclusively positive. Claessens dty similar environmental conditions. To conclude, we could
al. (2007) showed that landslides also stabilise some partgot identify avalanches as a causative factor for the landslide
of the slope due to the canalisation of the runoff in the trend.
eroded area. A quantification of the balance between sta- Generally, landslides and precipitation are related by a
bilising and destabilising feedback effects could not be ac-threshold function (Guzzetti et al., 1999; Zhou et al., 2002)
complished for the scale considered in our study. Thus, aras soil strength properties are a function of soil water content.
effect of positive feedback mechanisms might be involved inHowever, the Spearman correlation coefficients between pre-
the observed trend in landslide activity. Moreover, new land-cipitation characteristics (yearly maximum 1 day-events, —
slides occurred mostly sideways to older ones or at sites, tha? day-events and -5 day-events; yearly mean precipitation)
were formerly free of landslides (note that triggering interac- and landslides were not significant. The Mann-Kendall's Tau
tions show a upslope/downslope shifting pattern (Claessentest was not significant for mean precipitation data of the An-
et al., 2007). We thus assume that legacy effects are oflermatt station, too. However, for torrential events50 mm
minor importance. The use of hydropower and accompa-3d~! a significant (R0.05) increase of 1.32 mm 34 per
nying changes of slope humidity can be excluded as possiyear is evident (Fig. 5 right). Thus exceedance of the land-
ble explanation for the landslide increase, because the hyslide triggering threshold became more likely.
dropower station in Realp was already commissioned in 1913 Farmers confirmed that prolonged rainfall of 2—3 days trig-
(EWU, http://www.ew-ursern.ch/docs/wasserkraft.cfAc- gers landslides. The maximum event in the observed period
cess date: 06.08.2007). occurred in November 2002 (270 mm in three days), which

350 - )
RS ®......... .u~“ L70
300 -+ ’

number of landslides
eroded area (ha)

b.e

200 1
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triggered at least 17 landslides (Berger, August 2005; Swis4.3 Land use factors: Intensity, management practices and
sphoto; personal communication) and mainly contributed to land-cover
the affected area we observe in 2004. Extreme events from
August 1987 (226 mm in three days) and November 19914.3.1 Land use intensity
(242mm in three days) also triggered several landslides.
However, no triggering event could be observed betweerBesides the climatic factors the triggering of landslides is de-
1993 and 2000. pendent on intensity and type of land use (Schauer, 1975;
The observed increased frequency and intensity of torBunza, 1984; Tasser et al., 2003). Land use was mainly in-
rential rainfall events is in correspondence with the gener-tensified in the valley during the last decades, which is shown
ally described climate change effects (IPCC, 2007). More-by the decreasing pasture area per animal (Fig. 6 left). Since
over, precipitation is expected to increase more in the winterl 955, the pasture space per cow steadily decreased for two
(Beniston, 2006) when vegetation is sparse. The most severf€asons (i) an increase in cow numbers from 785 to 1482 and
events were observed in November in the Urseren Valley(ii) @ reduction of cow pasture area. Pasture area per sheep
On lower altitudes, precipitation will less often fall as snow also decreased until 1992 due to an increase of sheep from
while for higher altitudes a thicker snow pack in spring is pre- 1193 in 1955 to 7875 in 2006. The sheep pastures were en-
dicted that results in more intense snowmelt events (Benislarged in 2006. Goats are of minor importance in the valley
ton, 2006). Thus, landslide hazard can be expected to in@nd decreased from approximately 550 goats in 1976 to 280
crease through the described effects (Frei et al., 2007). Oui 2005.

analysis of extreme 3-day precipitation events seem to con- Except between 2000 and 2004, a good correspondence
firm this statement. between increase of stocking number and landslides could

be observed (Fig. 6 right). However, correlations between the
increase of stocking numbers (shegp=0.10, P=0.87, cat-
tle r;,=0.35, P=0.56) and new landslides of corresponding
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is situated at the valley floor and adjacent slopes. Different
forms of pastures (goat, cattle, and sheep) can be found on
the slopes. Comparing the two maps, the following develop-
ments are noticeable between 1959 and 2006:

a) Goat pastures disappeared in 2006.

b) The traditional land use type called “Freiberg” almost
disappeared. “Freiberg” areas are pastures, which are used
in spring because of the vicinity to the farms and the more
advanced vegetation state at this altitudinal level. The 14th

Land use types 1955

164I000

Legend

ISZIOO 0

River

Forest [273] June is the appointed date to bring the cattle to the higher
5 Freiberg pastures. For the rest of the summer the Freiberg is kept as

e : ! 7 GP"’H‘d a reservoir in case of an early onset of the winter and is left
gl - Catte pasture 17 to regenerate during the main growing season (note that the

A om0 ‘ Cattie alp “Freiberg” were situated in the geological sensitive area of

678000 680000 682000 684000 686000 the Mesozoic |ayer)_
_ c) Remote and less productive areas were abandoned.
Land use types 2006 é d) Alpine cattle alps, which are high mountain pastures

exclusively used during summer, disappeared completely to
give way for sheep pastures.

Interviews with two farmers were conducted to complete
the information of the pasture maps. The farmers were asked
which kind of land use changes happened and where changes

164000
1

) ” Legend in land use intensity occurred since 1955. The observations
River and experiences of the farmers can be summarised in two
F:g‘% general developments: (i) an intensification of the areas close

Sheep/Goats —] to the valley (point 1 to 6, see below) and (ii) an extensifica-

o SheeplCatte [} tion of remote areas (point 7 to 9, see below). The develop-
M ments are ascribed to the following agricultural changes that
Ao o — Aoanconed [ agree with developments described for other alpine regions
78000 a0 000 o0 000 (Tasser and Tappeiner, 2002; Troxler et al., 2004; Mottet et

al., 2006; Tappeiner et al., 2006; Baur et al., 2007):

Fig. 7. Pasture maps for the year 1955 and 2006. (1) Permanent herding was replaced by uncontrolled graz-

ing within fenced pastures, where animals concentrate on

single locations, e.g. at the watering place. (2) Steep ar-
years was not significant. One reason is that the interactioRas that are difficult to access and that have formerly been
with the triggering rainfall event and even the timing of mown by hand (wild haying) were converted to pastures. (3)
the event needs to be considered. A multiple regressiorrhe number of external pasture animals delivered from the
with stocking increase and yearly maximum 3 day-eventsjow lands outside of the valley increased. The animals are
could improve the explained varianc8<0.4) of the land-  delivered to an appointed date independent of the actual veg-
slide development but was still not significant. Both predic- etation status in the area. (4) Compulsory labour that was
tors showed similar significance in the multiple regressionspent for the maintenance of the pastures was abolished. (5)
(stocking number of sheep and catfte=0.52, yearly max-  The land use type “Freiberg” was largely abolished. The ar-
imum 3 day-events®=0.58). A reason for the low signifi- eas are now pastured throughout the entire season. (6) The
cance of the predictors is the usually non-linear relationshipprivate land is nowadays more frequently mown with ma-
between landslides and its triggering factors. Rainfall eventschines and intensely fertilized with organic manure. (7) The
for example, need to exceed a certain threshold to initialisestocking on the alps with dairy cows was reduced because of
landslides. Moreover, significant correlations might be ob-increased mother cow husbandry. The latter is mainly pro-
scured by the low temporal resolution of the air photographsceeded at the valley floor due to difficulties in herding and

(and thus low resolutions of landslide increase). a more frequent need for veterinarian assistance. (8) The
shrub cover increased due to cessation of wild haying, fire-
4.3.2 Land use management practice wood collection, and reduced stocking of the alps with cattle

and goats. Especially goat grazing hampers the invasion of
Land use management practice is a further dynamic factorshrubs (Luginbuhl et al., 2000). (9) The number of farmers
The change of management practice is apparent from thdeclined (e.g., in the Urseren Valley from 77 in 1970 to 31 in
pasture maps of 1955 and 2006 (Fig. 7). The private land2006). Simultaneously, there are less full-time farmers.
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Land use types 2006 Table 1. Landslic_ie densities for unchanged land-cover types and
areas, that were invaded by shrubs since 1959 (new shrub).
Legend
R\verg
Eroded . .
s % Esgeﬁ land-cover landslide density (%)
\~:~§§§§§§§§‘ b 1080 ) fore;t 0.0
S 1o88[__| debris 7.5
= o — new shrub 2.9
31 zggj= shrub 33.2
Land use type grassland/dwarf-shrub  56.4
Forest
Freiberg
§_ Goat pasture
503 Private land ‘
N eters KKK Cattle pasture i .
e . Catve ap EEET is 33.2% for the community of old shrubs, but only 2.9% for
78000 o000 sezono sadon soctn0 the new shrubs. The older shrub cover mainly occurs in typ-

ical places forAlnus viridisi.e. on sites with wet conditions,
Fig. 8. Progression of landslide affected area on different traditional ;.o tributary channels on the north-facing slope. Especially
land use types of 1955. these wet and steep areas close to channels are susceptible
. - landslides. The new shr ver, however rred in
Most of the changes took place in the beginning of theto a .ds des € new st 'up cover, nowever, occu ed
! . " ntypical places foAlnus viridison the plains between the
1970s as local agriculture became mechanised and tradltlonédh .
annels and on the south exposed slope. These recently in-

. . C
farming practices were abandoned. To show the effect of the . ; o
above described developments on soil stability, the Iandslidevaded areas show low susceptibility to landslides. The high

. . e gst landslide densities could be observed for vegetation com-
areas for single years are displayed for each traditional lan unities (defined in chapter 2) of dwarf-shrub and grassland
use type of 1955 (Fig. 8). The remote and extensively use P 9

0 A 0 . .

pastures were already slightly affected by landslides in 1959 56'4@' De_bf's Is with .7'5/0 relatively Iess_ susceptible to

; . . -~ ~landslide activity, as the inhomogeneous mixture of materi-

but no increase in landslides could be observed over time, o o :

Today these areas are almost exclusively used as sheep p:’;‘;;}sl§ and grain sizes stab|l|ses. the soils. The small fprested
area (0.7% of the catchment) is not affected by landslides.

tures. The latter might indicate that sheep are not the main o T ]
cause of the increase of landslide frequency. However, the Extensive investigations have shown that vegetation cover,

data basis does not allow deducing recommendations for §SPecially woody shrub type (such Abwus viridis Sorbus

specific pasture animal because the sheep and cattle pasturddcuparia Acer pseudoplatanys’inaceaeand Fagaceag

differ too much in catchment characteristics. Additionally, N€lP to improve stability of the slopes (Schauer, 1975; Newe-

cattle pastures are temporarily used as sheep pastures; esﬁ@-ly etal., 2000). Generally, vegetation has three effects on

cially in spring when soils are most sensitive. The intensifiedS/oPe Stability: (i) the mechanical anchoring of the soil, (ii)
areas closer to the valley floor (the former “Freiberg” and fegulation of the soil water budget (i), and the mechani-
private land) have clearly destabilised. The “Freiberg” zoneC@l resistance to snow or snow gliding. Snow gliding can
was already the most affected zone in 1959 due to its vul-Cause fissures in the soil cover that are potential tear-off lines

nerable geology, whereas the private land at that time wa0r landslides (Schauer, 1975; Newesely et al., 208@jus
almost undisturbed. viridis constitutes the major species within the shrub cate-

gory and is known to facilitate snow gliding (Newesely et
4.3.3 Land-cover: shrub encroachment al., 2000). Nevertheless, this category was less affected by
landslides than the grassland/dwarf-shrub category that con-
Parallel and partly due to the above described changes isists mainly of pastures with high proportionsRifiododen-
grassland management we determined an alteration of landdron ferrugineunthat were found to stabilise the snow cover.
cover, which manifests in an encroachment of shrubs. LandWe thus conclude that the effect of the land-cover on the
cover was not an independent parameter. Nor did it signiflandslide probability via the process of snow gliding is most
icantly improve the explained variance of the spatial land-likely of minor importance at our site. The cause for the low
slide distribution in the multiple logistic regression model. landslide susceptibility of the new shrub category can prob-
Nonetheless, to evaluate the effect of land-cover change oably be explained by the two other functions of vegetation.
the landslide trend, landslide densities are presented for thAlnus viridisis often used in bioengineering to mechanically
unchanged land-cover types and the areas that changed sinstabilise slopes with its roots (Graf et al., 2003). In addition,
1959 separately (Table 1). the high evapotranspiration rates of Alnus species (Herbst
The shrub-cover was the only land-cover category, whichet al., 1999) and the affinity to wet conditions is effective
showed considerable change over time. The area covered lig regulating the soil water budget (Wiedmer and Senn-Irlet,
shrubs increased since 1959 by 30.0%. The landslide densit006). However, we can not directly deduce a stabilising
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effect of Alnus viridisfrom our data and can not exclude that 5 Conclusions
Alnus viridisinvaded preferably the more stable regions for
some unknown reasons. We found a natural susceptibility of the catchment to land-
To summarise, we can see a clear impact of the changeglides that has been proved by multivariate analysis. Geology
management practice in the Urseren Valley: The accessibleand slope were identified as plausible factors to explain the
more intensely used areas destabilised whereas areas of exPatial variation of landslides. However, quasi-static envi-
tensification to the point of abandonment did not destabilisefonmental factors like geology, and morphology cannot ex-
The effect of abandonment and the Subsequent Successi(jﬂain the temporal trend in landslide activity. The increase
states on slope stability has been discussed in literature iff the landslide area of 92% within 45 years confirms our
detail (Schauer, 1975; Karl, 1977; Bunza, 1984; Neweselyhypothesis that dynamic factors like climate and land use de-
et al., 2000; Tasser et al., 2003). The fact that a reduction ofisively influence the landslide pattern that we observe to-
the agricultural use enhances landslides risk is ascribed to inday. The analysis of the time-series of avalanches revealed
creased snow-gliding on these areas (Schauer, 1975), to tHgat avalanches seem to be of minor importance in trigger-
higher vulnerability of the succession states and less maining landslides. The increase of extreme rainfall events and
tenance (Tasser et al., 2003). For the Urseren Valley, thighe increased stocking of the pastures are likely to have en-
effect could not be observed. One possible explanation i$1anced the landslide hazard. In order to quantify the propor-
that an increase of landslides on abandoned land mainly odion of climate change and to separate its impact form land
curs on areas with a slope above 5clination (Karl etal.,  Uuse the application of a deterministic landslide model seems
1985; Mossmer, 1985; Btzing, 1996), where we could not @ promising future task (Collison et al., 2000; Schmidt and
observe landslides in the Urseren Valley. Furthermore, areaBikau, 2004). In addition to stocking numbers, the change in
recently (since 1959) colonised Wjnus viridisshow low ~ Management practices is decisive. Extensively used or aban-
landslide density. Mainly species such/dsus viridis Sor- ~ doned areas with recently emerging shrub vegetation show
bus aucuparieandRhododendron ferrugineuinvade in the  low landslide densities in the Urseren Valley and were not
Urseren Valley, which are believed to increase soil stability. responsible for the landslide trend.
This is crucial information because the invasion of shrubs, is Land use affected the spatial distribution of landslides and
observed for the whole sub-alpine belt of the Swiss Alps. Ancreated new landslide risk areas. In this context, it was shown
increase of almost 11.8% was assessed\fous viridisbe- that not abandonment itself but the accompanying intensifi-
tween 1983/85 and 1993/1995 (Brassel anariiti, 1999). cation of accessible regions poses a major threat to soil sta-
We found that the consequence of abandonment of thé)l'lty in the vaIIey. Although we cannot infer quantitative
remote pastures which is the accompanying intensificatiorfélationships between landslide hazard and anthropogenic
through concentration of animals on smaller areas in combiimpacts, our data indicate an increase of landslide hazard
nation with increasing stocking numbers is a greater threathat duplicated the affected area by landslides. The case
to soil stability than the abandonment itself. Although lessstudy in the Urseren Valley clearly highlights the relevance
pronounced than in the Urseren Valley, this is a general agriof dynamic anthropogenic driven impacts on landslide haz-
cultural development in the Swiss Alps (Baur et al., 2007;ard. Many of the described developments are representative
Troxler et al., 2004). The area of summer pastures steadiljor other alpine regions, however, it remains to be shown if
decreases (from 612619 ha in 1954 to 465519 ha in 200%he impact on landslides is as significant.
BFS, 2005) due to abandonment and subsequent emergenceEven though estimated soil loss due to landslides might
of shrubs and reforestation but simultaneously the stocking?€ low compared to arable areas (0.6thgr—! compared
numbers increase. For example the summered sheep if0 2—thalyr~! as a limit value in the Swiss soil protection
creased from 200 000 to 420 000 in the last 40 years (Troxleguideline BAFU, 2001), the areal damage is critical. Thus,
et al., 2004) and the livestock unit from 401921 in 1954 to there is a strong need, that soil loss through landslides is con-
416566 in 1992 (Baur et al., 2007). sidered in erosion risk models and for guidelines and limit
The change in management practice is driven by the devalues adapted to mountain ecosystems.
crease of farm numbers and farmers, which resulted in less
maintenance and the abandoning of time-consuming tradi-
tional farming practices and non-profitable farmland since
the early 1960s. In general, this leads on the one hand to
abandonment and on the other hand to an intensification of
the most profitable and accessible areas in the Swiss Alps
and other mountainous regions (Tasser and Tappeiner, 2002;
Mottet et al., 2006 ). These two extreme states of land use
intensity are believed to be most vulnerable to landslides
(Tasser and Tappeiner, 2002) and will most likely increase
in the future.
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