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Summary: On many slopes in the Alps one can find small shallow eroded areas. In some areas an increase in such erosion
forms has been documented and related to changes in land use in recent decades. Possible effects of changes in climatic
conditions must also be taken into account in this context. The size of the eroded areas discussed in this paper ranges from
2 m? to 200 m? and their depth rarely exceeds a few decimetres. They also present clearly delineated scarps. The material
transfer occurs in the unconsolidated material and may reach into the bedrock in individual cases. The eroded areas can
occur as shallow landslides or as the result of erosion by snow movement. Key factors in these processes are the composi-
tion and layering of the unconsolidated material, the climatic framework, topography, land cover and land use. This paper
discusses shallow eroded areas in Tyrol (Austria). Initially the distribution pattern of affected areas within Tyrol was studied
on the basis of expert interviews and after analysing aerial photographs. Then 161 individual eroded areas in eight study ar-
eas were captured using a standardized documentation sheet and compared in terms of site and shape characteristics. From
this it transpired that by far the regions with most eroded areas are found in the northern, limestone dominated regions of
Tyrol. Moreover, the results indicate that the majority of all recorded shallow eroded areas seemed to be caused by snow
movement what can be deduced from certain location parameters (e.g. aspect, inclination), shape and shallow depth of ero-
sion. The comparison with results from other studies also suggests this conclusion. Nevertheless in individual cases there
are uncertainties in concluding on the forming processes based on the mentioned properties of the shallow eroded areas.

Zusammenfassung: Das Auftreten kleinflichiger und flachgriindiger Abtragserscheinungen kann an vielen Hingen der
Alpen beobachtet werden. Fiir einige Gebiete lsst sich eine Zunahme dieser Abtragsformen innerhalb der letzten Jahrzehn-
te nachweisen, was mit Landnutzungsinderungen in Zusammenhang gebracht wird. Auch mégliche Folgen sich dndernder
klimatischer Bedingungen miissen in diesem Zusammenhang beriicksichtigt werden. Die hier behandelten Abtragserschei-
nungen sind in der Regel durch FlichengroBen zwischen 2 m* und 200 m* sowie durch Michtigkeiten von wenigen Dezime-
tern gekennzeichnet. Aulerdem besitzen sie klar abgrenzbare Anrissbereiche. Der Materialversatz findet im Lockermaterial
statt und kann sich im Einzelfall bis zum anstehenden Gestein erstrecken. Die Abtragungen kénnen als flachgrindige Rut-
schungen oder in Folge von Schneeschurf entstehen. Mal3gebliche Faktoren dabei sind Zusammensetzung und Aufbau des
Lockermaterials, klimatische Rahmenbedingungen, Topographie sowie Vegetationsbedeckung und Landnutzung. Der vor-
liegende Beitrag beschiftigt sich mit dem Auftreten dieser flachgriindigen Abtragserscheinungen in Tirol (Osterreich). Zu-
nichst wird anhand von Expertenbefragungen und Luftbildauswertungen das Verteilungsmuster von betroffenen Gebieten
innerhalb Tirols untersucht. AnschlieBend werden aus acht Untersuchungsgebieten 161 Einzelformen unter Verwendung
eines standardisierten Verfahrens erfasst und hinsichtlich Lage- und Formeigenschaften miteinander verglichen. Dabei zeigt
sich u. a., dass die weitaus groiten Flichen in den nérdlichen, kalkdominierten Regionen Tirols vorkommen. Ferner deuten
die Ergebnisse daraufhin, dass der gréBte Teil aller erfassten flachgriindigen Abtragungen durch Schneeschurf entstanden
sein diirfte, was sich aus bestimmten Lageparametern (z. B. Exposition, Neigung), Form und Tiefe der Abtragungen ableiten
lisst. Der Vergleich mit anderen Studien bestitigt diesen Befund. Dennoch kann anhand der genannten Eigenschaften nicht
in jedem Fall eindeutig auf den formenden Prozess geschlossen werden.
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1 Introduction of small and shallow erosion forms in recent years

are also discussed. For some study areas there

Numerous studies testify to the substantial im-
pact of climate and land-use change on ecosystems
in the Alps (MacDoNALD et al. 2000; CHEMINI
and Rizzorr 2003; BenistoN 2006; TAPPEINER et
al. 2008). In this context the increased occurrence
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has been clear proof of the influence of changes
in land use (BLEcHscHMIDT 1990; Tasser et al.
2005; MEUSBURGER and ALEWELL 2008). While the
influence of climate change cannot be excluded
(SorLpaTtt et al. 2004; Crozier 2010), it is much
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harder to identify, all the more so as it is often con-
current with changes in land use.

Shallow eroded areas, also known in southern
Germany and Austria as Blaiken (WIEGAND and
GEITNER 2010), are phenomena where a loss of veg-
etation cover ot the top soil has exposed the uncon-
solidated material (KKARL 1961; ScHAUER 1975). With
a size of between 2 m? and 200 m?* and a depth of
between a few decimetres and 2 m (SCHAUER 1975;
StaHR 1997), these erosion forms are fairly small and
shallow in dimension. Compared to other erosion
processes in the Alps these eroded areas cause only
minimal loss of material per single area. However, as
a rule there are several, if not numerous, eroded ar-
eas in any one slope, which makes up for substantial
material transfer in total. Most affected is the deeper
range of the current soil formation with ensuing loss
of soil, a severely threatened resource in mountain
areas (VEIT 2002; GEITNER 2007). In addition to the
loss of vegetation cover and soil and the accompa-
nying destabilization of the slopes, another negative
consequence is the impaired attractiveness of the
landscape (GOBSTER et al. 2007), which plays a role
especially in tourist regions. However, these shal-
low eroded areas can have a positive effect on the
distribution of protected plant and animal species as
investigations in Salzburg and Bavaria demonstrate
(http://www.oekoteam.at/almakt.php; 10.09.2013).

The shallow erosion forms investigated here
can be the result of various processes. Such areas
often result from shallow landslides which belong
to gravitative mass movements (TASSER et al. 2005;
MEUSBURGER and ALEWELL 2008), but erosion by
snow movements (esp. snow gliding) may also con-
tribute to the emergence of such shallow eroded ar-
eas (LaarscH and GROTTENTHALER 1972; CEAGLIO et
al. 2012). If the trigger is unknown, the eroded areas
cannot be clearly allocated to one or the other pro-
cess type as both types result in highly similar ero-
sion features. Once the unconsolidated material has
been exposed, the areas suffer from a secondary im-
pact of precipitation, wind and snow movement. The
key factors for the occurrence of shallow eroded ar-
eas are the topography, the climatic framework, the
type of unconsolidated material, soil composition, as
well as land use and/or changes therein (WIEGAND
and GEITNER 2010).

Most studies of this subject area concentrate on
individual study areas and one or the other of these
process types. SCHAUER (1975), BernuaurT (1980)
or TassER et al. (2005) describe the eroded ateas as
shallow translational landslides, which belong to
mass movements due to gravitative forces. ANDRECS

et al. (2002), Rickir et al. (2004), MARKART et al.
(2007) and TarorLl et al. (2011) have investigated
shallow landslides that they were able to attribute to
one triggering instance of heavy rain, which allows
a clear definition of the process. The erosion forms
studied by MossmeR (1985), AMMER et al. (1980),
DommERMUTH (1995) or Stanr (1997) fall into the
category of erosion by snow. NEWESELY et al. (2000),
LEITINGER et al. (2008), FreprAZ et al. (2010) and
CEAGLIO et al. (2012) also focused on the connection
between snow movements and shallow eroded areas.

As in many cases it seems hardly possible to dis-
tinguish between the two types of processes from
the appearance of the eroded atreas, we are consider-
ing areas from both process types for the study re-
ported here and we look at a larger total area. This
allows us to make broader comparisons to differ-
entiate the eroded areas better in spatial terms. In
a further step one could investigate the genesis of
these erosion forms. Our investigations are based
on three research questions: (i) What are the distri-
bution patterns of areas affected by shallow eroded
areas in Tyrol? (ii) How do the eroded areas differ
within the different study areas? (iii) Does the spatial
differentiation allow conclusions about the processes
involved and the dominant framework conditions
for their occurrence?

2 Material, methods and study areas

The present analysis is based on 161 eroded areas
in eight study areas within Tyrol (Fig. 1), captured
using a standardized method. For an initial over-
view of the areas with many shallow eroded areas
we interviewed 15 experts from several special units
of the federal state authorities of Tyrol (Department
of Agriculture, Department of Environmental
Protection, Department of Forest Organization,
Provincial Chamber of Agriculture, Nature Parks)
and scientists working on this theme. The regions
identified in this process were then explored in more
detail using available aerial photographs from differ-
ent years since the 1950s to obtain a clearer view of
the eroded areas. After inspections in situ we select-
ed eight typical slopes to study in further fieldwork.
Main selection criteria were the existence of shallow
eroded areas and a sufficient accessibility. To com-
pare study areas with different geological settings
and climatic properties, we choose four study areas
in northern and four study areas in the central part
of Tyrol (Fig. 1). The size of the investigated slopes
ranged around 18 to 260 hectares.
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Fig. 1: The elght study areas in Tyrol, Austria (c.f. Tab. 1)

A standardized documentation sheet was de-
veloped to capture the 161 individual eroded areas
on the test slopes (see Appendix). It is based on our
own mapping experience but also takes into account
existing survey standards developed by HUBL et al.
(2002) and PLANALP (20006) for natural hazards, by
ANDRECS et al. (2002) and RickL1 and BucHER (2003)
for documenting shallow landslides, or by KiENHOLZ
and GRAF (2000) for capturing various geomorpho-
logic phenomena. The survey scheme captures a
wealth of quantitative and qualitative features that
allow a differentiated identification of individual
arecas and their embeddedness in their surround-
ings as well as further calculations and comparisons
between individual erosion sites and between study
areas. We used GPS to locate the sites, inclinome-
ters to measure slope inclination and a compass to
determine aspect. Later we adjusted these measure-
ments against digital terrain models (DTMs) (1 m
resolution). We estimated the characteristics of the
soil (skeleton content, bulk density and root penetra-
tion) in situ following the German manual for soil
mapping (AD-HOC-ARBEITSGRUPPE BODEN
2005) at each shallow eroded area. Sketches and pho-
tographs were also added to the documentation of
every recorded eroded area. For a larger section of
the slope a soil profile was examined plus a rough
inventory of the vegetation.

For the ensuing analyses of the field data we in-
cluded the following secondary data: climate data
from the Austrian digital climate atlas (1971-2000)
(AUER et al. 2010), geological information from the
geological map of Tyrol 1:300,000 (BRANDNER 1985),
plus in some cases from geological maps 1:50,000 of
the Geological Survey of Austria in Vienna, topo-
graphic information from DTMs (1 m resolution)
(TIRIS 2010) and information about land cover from
recent orthophotos (TIRIS 2010).

Four of the eight study areas are located in the
northern part of Tyrol and four in the southern part
(Fig. 1). The study areas in the northern part receive
higher annual precipitation than those in the south-
ern part. The underlying material is mainly calcare-
ous, while the study areas in the southern part are
dominated by the silicate material of the “Tauern
window’ (BRANDNER 1985). All study areas are lo-
cated below or just above the climatic tree line and
have been kept free of trees for centuries through
human land use. Depending on current land use
intensity, the grassland may be mixed with dwarf
shrubs, shrubs or saplings. With the exception of
area S2 (Schmintal, Obern) and parts of area Kl
(Karwendel, Engalm), which are used as extensive
pastures, all slopes have been completely taken out
of agricultural use by now. Until a few decades ago,
however, they were used as hay meadows or as al-
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pine pastures and maintained accordingly. Other
characteristics of the study areas are put together
in table 1.

3 Results and discussion

3.1 Spatial distribution of shallow eroded areas
in Tyrol

What emerged from the expert interviews was
that there are certain distribution patterns in Tyrol
of regions with high appearance and regions with
low appearance of shallow erosion forms. The main
reasons mentioned were the geologic material, the
distribution of precipitation and land use. Experts
saw those parts of the northern Tyrolean Limestone
Alps as particularly prone to this kind of erosion in
which substrates with a higher clay content domi-
nate, as is the case for instance in the Allgdu, Raibl or
Reichenhall formations. There deep and fine-grained
soils form, whose water retention capacity encour-
ages gravitative processes. BLECHSCHMIDT (1990) has
verified this for study areas in the Karwendel on
the basis of the fact that shallow eroded areas were
largely confined to clay-marly substrates. In contrast,
DommeErMUTH (1995) and Stanr (1997) identified
shallow eroded areas in Berchtesgaden National
Park mainly in shallow, skeleton-rich Leptosols, but
this may suggest that erosion by snow movements
dominates in that area.

Apart from the geologic material the experts
mentioned the relatively high precipitation on the
northern rim of the Alps as a contributory factor
to the increased shallow erosion there. As an ad-
ditional factor the experts pointed to the relatively
carly abandonment of these slopes from 1950s in the
course of a structural change in agriculture.

The northern district of Reutte is often cited
as example of a highly affected area. Aerial photo-
graphs and our field work in the municipalities of
Pfafflar, Hiselgehr, Kaisers and in the valley of the
river Lech confirmed these statements. Slopes there
are dotted with shallow eroded areas.

Other areas greatly affected by shallow erosion
forms are situated in the Tauern window, whete easily
eroded (Bindner) shist abut. They are usually badly
disintegrated and rather unstable. Also in the region
around Innsbruck (Nordkette) and the Stubai Valley
(Kalkkogel) one can find strongly affected slopes.
In an older work, GaLL (1947) also mentions the
Greywacke zone (esp. in the district of Kitzbiihel) as a
part of Tyrol affected by shallow erosion. The expert

interviews and our own fieldwork did not confirm this
assumption. Some substrate units of the Greywacke
are indeed prone to shallow erosion, but many slopes
which had been free of trees in the middle of the last
century and had suffered repeated erosion events were
abandoned and today are covered by forest, which
makes them unlikely to suffer any more such erosion
forms (own field survey).

Tyrolean districts dominated by erosion-resistant
substrates such as granite or gneiss were considered
less vulnerable to shallow erosion, which was con-
firmed by statements of the interviewed experts and
our own fieldwork. As expected the distribution of
highly and less affected areas within Tyrol is largely
dominated by the geologic material, even if the con-
crete influence of the material is not completely clear
in all cases. This may in part be due to the fact that
the erosion occurs in the unconsolidated material
while the geologic maps concentrate on the bedrock.
We can assume that the grain size composition of the
unconsolidated material exerts a stronger influence on
shallow erosion than the mineral composition. There
is no simple relationship between the distribution of
precipitation and the occurrence of shallow erosion in
Tyrol. Northern parts with high annual precipitation
are just as much affected as southern areas with lower
precipitation. Definitely more important is the occur-
rence of erosion trigger events such as enduring rain-
fall or a quick melt of large quantities of snow, both of
which result in oversaturation with water in the slope
material (MARKART et al. 2007; BovoLo and BATHURST
2011). Land use is another factor that influences the
occurrence of shallow eroded areas. Across large parts
of Tyrol, at higher elevation, the abandonment of hay
meadows and pastures has increased the occurrence
of shallow eroded areas (TAssER et al. 2003). However,
an intensification of agricultural use may also increase
erosion, as MEUSBURGER and ALEWELL (2008) proved
for a study area in Switzerland. But these shallow ero-
sions are often difficult to detect because the affected
slope sites are redeveloped quickly after the occur-
rence (ANDRECS and HaGeN 2011).

3.2 Analyses on selected site and erosion charac-
teristics

Below we compare the eightinvestigated slopesin
terms of certain characteristics to determine regional
differences and to discover pointers to the genesis of
the eroded areas. Please note that not all eroded areas
were captured on all eight slopes. In some study ar-
eas (except Z1 and Z2, Zillertal, Kolmhaus 1 and 2)
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Tab.1: Characteristics of the eight study areas in Tyrol
Study Region  Elevation Mean Mean T P Geological Soils  Vegetation Current Sample
area [mas.l] slope aspect [°C] [mm] setting cover land areas
[°1 [°1 use
Ammergau,
Grassland
K del SE Allga > Fall
K1 ATWERAEL 13501760 34 39 1880 o Leptosol  dwarf- OV g
Engalm (130) Formation: meadow
. shrubs
limestone, marl
Reichenhall Grassland,
Karwendel W Formation: dwarf- Fallow
K2 > 1680-1860 31 3.0 2020 Leptosol 16
Ladizalm (260) dolomite, cptoso shrubs, pasture
graywacke shrubs
1
Lechtaler B Allgauer dGrassfand, Fall
of
L1 Alpen; 16301880 36 39 1640 Formation:  Leptosol - OV
. (90) . shrubs, meadow
Hiselgehr dolomite
shrubs
Raibl
Lechtaler aib cr. Grassland,
Al S Formation: Regosol, dwarf Fall
rf-
L2 pen, 1830-2100 38 21 1770 dolomite, calc. wa aow 19
Hahntenn- (160) . . shrubs, pasture
. argillaceous Cambisol
joch shrubs
shale
Schmirntal, Grassland,
st olem g0 070 38 P 24 1200 BindnerShist  Cambisol VT Fallow )
(Tuxer (110) shrubs, meadow
Alpen) shrubs
Schmirntal, Grassland,
Ob B Shallow dwarf Sh
s2 e 2000-2260 35 1.3 1270 Biindner Shist Cambisol, © oo b 24
(Tuxer (100) Resosol shrubs, pasture
Alpen) Fgose shrubs
Zillertaler Biindner Shist:
Al SW limest Grassland, )
z1 Pee, 1740-1890 32 27 1510 eOne Cambisol  dwarf- POV gy
Brandberg (260) (Hochstegen- hrub meadow
shrubs
Kolmhaus 1 kalk), phyllite “
Zillertaler Bundner Shist: Grassland,
Al li dwarf- Fall
72 pen, 1800-1960 28 S (190) 3.2 1480 o nestone Cambisol % aow 14
Brandberg (Hochstegen- shrubs, meadow
Kolmhaus 2 kalk), phyllite shrubs

T = mean annual temperature, P = annual precipitation

we only explored a subset of eroded area for that site,
due to the large number of eroded areas, we could
not capture entirely. The selected eroded areas were
chosen by random sampling. Neither a representa-
tive selection of eroded areas for whole Tyrol, yet a
full coverage of all eroded areas within the test sites
were intended. Nevertheless, this selection is a first
overview on properties and frequency of occurrence
of these shallow eroded areas.

3.2.1 Elevation and slope position

Elevation is a significant factor as the verti-
cal distribution of temperature and precipitation
affects the occurrence and spatial distribution of
erosion triggers like heavy and prolonged rain,
snow gliding and snow melt. However, elevation
as a factor is significantly modified by inclination
and aspect of the slope and must be considered
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in combination with these other factors (MOSSMER
1985; ANDRECS et al. 2002).

The slopes analysed in figure 2 range across alti-
tudes from 1220 m to 2440 m a.s.l, i.e. in the mon-
tane, subalpine and alpine altitudinal zones (VELIT
2002). The eroded atreas occur at between 1440 m
und 2140 m a.s.l. Eroded areas investigated in other
studies are found at similar elevations, which results
from the mountain contours (relief) and the land
use. The climate also plays a certain role. MOSSMER
(1985) stresses that only above a certain altitude a
sufficient amount of snow accumulates which conse-
quently can cause erosion by snow movements. This

is why the author only found shallow eroded areas
above 1200 m a.s.l. Landslides are also more likely at
higher clevations because of increased precipitation
and less evaporation (RickL et al. 2002).

As a rule the eroded areas we captured are situ-
ated above wooded areas within grasslands inter-
spersed more or less with dwarf shrubs, shrubs or
tree saplings (Fig. 2). The analyses indicate that the
bulk of shallow eroded areas occur in the middle
part of the slope but do spread to the higher sec-
tions. Here we must add that in most cases there are
occasional eroded areas above the altitudinal range
of our study, which we did not include (c.f. Sec. 3.2).
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Fig. 2: Altitudinal distribution of shallow eroded areas within the slope profile (n = number of captured eroded areas). The
study areas are listed by occurrence from West to East. The stated surface coverages describe the habitat types that exist
along the slope profiles. Boxplot: shows the median, the 25% and 75% quartile, the smallest and largest distribution values
(spread), plus outliers (0) (values that lie 1.5 and 3 box lengths outside the box) and extremes (*) (values that lie more than
3 box lengths outside the box). The presentation is the same for all box plots
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The distribution of eroded areas across the
slope is determined by various slope properties.
Using the example of a slope profile from the study
area .2 (Lechtaler Alpen, Hahntennjoch) the con-
nection between the location of shallow eroded ar-
eas and slope properties can be demonstrated (Fig.
3). Especially the course of the slope inclination,
the vegetation cover and the presence of uncon-
solidated material are crucial factors determining
the location of shallow eroded areas. On shallower
slope sections (Fig. 3, slope section: I —III) as well
as on slope sections with stabilising vegetation
cover (Fig. 3, slope section: II, TV, IX) no eroded
areas occur. On slope sections where bedrock abut
no eroded areas exist either (Fig. 3, slope section
VI, VIII). In the study area S2 (Schmirntal, Obern)
we found eroded areas clustered at or directly
above segments of a different, flatter dip. LaATsCH
(1974) also described this phenomenon and as-
sumed that erosion by snow movements finds a
particularly effective starting point where the flat-
ter slope staunches the snow.

3.2.2 Inclination

Slope inclination is one of the most significant
factors triggering shallow erosion on Alpine slopes.
In all study areas the captured eroded areas had
mean inclinations of around 30°, the only exception
being study area Z2 (Zillertal, Kolmhaus 2), where
the eroded areas had a mean inclination of only 25°
(Fig. 4a), even though the mean inclination of the
studied slope was 28° (Tab. 1). Distribution across
inclination classes reveals that the bulk (ca. 71%)
of eroded areas occurs at inclinations between 30°
and 40° (Fig. 4b). This matches studies from other
parts of the Alps, both for shallow landslides (e.g.
TAssER et al. 2003; 2005; D’Amato AvaNzl et al.
2004; RickLl et al. 2004) and for erosion by snow
movement (e.g. BLECHSCHMIDT 1990; DOMMERMUTH
1995; StAHR 1997). The significant reduction in erod-
ed areas at inclinations of less than 25° can be ex-
plained by the fact that it needs a minimum gradient
for any mass movement, be it snow or slope mate-
rial. The reduction at inclinations above 45° is due
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IV (1850 m - 1880 m): Mountain pine with grassland, no erosion due to vegetation cover

V (1880 m - 1930 m): Grassland with recorded shallow eroded areas
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Fig. 3: Location of shallow eroded areas in the slope profile in study area L2 (Lechtaler Alpen, Hahntennjoch). (a) Subdivi-
sion of the slope profile and location of shallow eroded areas; (b) location of the slope profile within the study area. Vertical

exaggeration: 0.52
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Fig. 4: Inclination of shallow eroded areas. (a) Distribution of the mean inclination of the eroded areas within the study
areas and (b) subdivision of mean slope inclination of shallow eroded areas in inclination classes

to the reduced availability of unconsolidated material
on such steep slopes (BLEcHscHMIDT 1990; Tasser et
al. 2005). Based on comprehensive measurements
of snow gliding, LEITINGER et al. (2008) modeled
smaller snow gliding distances on slopes >45° on the
assumption that in such steep areas only thin snow
cover can form.

The low median inclinations for the eroded are-
as in study area Z2 (Zillertal, Kolmhaus 2) may point
to erosion by snow movement, which would match
observations from other studies of erosion by snow
movements at inclinations below 26° (MOSSMER
1985; ZwEckL and SPANDAU 1987). Field observations
in study area Z2 also support such an assumption:
in this slope we found smaller transposed soil clods
with occasional shrubs (see Fig. 9d). Lesser inclina-
tions might thus point to snow movement as the
dominant erosion trigger, but do not exclude mate-
rial movement in form of shallow landslides.

3.2.3 Aspect

The aspect of the slopes has an impact on du-
ration, temperature and snow melt as well as soil
humidity in relation to evaporation. This makes it
highly relevant for both snow movements and the

hydrologic balance of the unconsolidated material
(MoSER 1980; TAssER et al. 2005). The spread across
the subdivision into 16 classes is partly due to the
fact that the selected slopes are mainly E, S and W
exposed (Tab. 1). Moreover, in Tyrol many NW to
NE exposed slopes are covered in forest or similar
wooded stands and were excluded from our survey.
Therefore only 16% of eroded areas are found on
slopes with a northerly aspect (Fig. 5).

Figure 5 shows E, S and W as the dominant as-
pects. BLEcHscHMIDT (1990) found a similar distri-
bution for the Karwendel, and LaatscH and Baum
(1976) for the Bavarian Alps. All of them describe a
clustering of shallow eroded areas on E and SE as-
pect and relate it to snow accumulation in the lee of
dominant winds from W and N. The results of our
study largely match these findings, but in addition
nearly 15% of eroded areas are exposed to the west
(Fig. 5). The concentration of erosion in E, S and W
exposed slopes might also be connected to erosion by
snow movements, which is more common there due
to the radiation angle and sunshine hours in these as-
pect. Studies by ZwECKL and SPANDAU (1987), TASSER
etal. (2005) and LEITINGER et al. (2008) confirm this.
Even though 83% of the areas captured by us are po-
tentially within the sphere of impact of snow gliding,
in single cases we cannot exclude landslides.
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Fig. 5: Distribution of all shallow eroded areas by aspect
(values in percent)

Studies of the aspect of shallow landslides re-
turn a rather inhomogeneous picture. ANDRECS et
al. (2002) found increased occurrence of shallow
landslides in northern aspect and related it to the
prolonged humidity of the unconsolidated material
in shady locations. Other studies found clusters of
shallow landslides in S to SW exposed slopes and
related that to the intensified snow melt (MOSER
1980).

3.2.4 Lengths and widths of the eroded areas

The mean maximal length of all eroded areas is
7 m, with individual areas up to 20 m long. The ma-
jority of areas (84%) only reaches maximal lengths
of less than 10 m. Mean maximal width is 6 m, with
a few areas more than 20 m wide. Here too, the vast
majority of areas does not exceed 10 m in width.
Overall the areas thus tend to be fairly small and
a little longer in the direction of the slope than
wide Significantly larger areas are mainly found
in the northern study areas .1 and 1.2 (Lechtaler
Alpen, Hiselgehr and Hahntennjoch), occasionally
in K1 and K2 (Karwendel, Engalm and Ladizalm)
(Fig. 6). These are also the areas with the most no-
ticeable deviations from the usual compact form,
with elongated forms both along and against the
slope. One reason for this might be that erosion
processes there are so advanced that smaller eroded
areas have grown together to form larger ones.

Maximum length [m]

0 5 10 15 20 25 30 35
Maximum width [m]

Fig. 6: Ration of maximum lengths and widths of shallow
eroded areas by study area

3.2.5 Depth of eroded areas

Most of all measured depths were between
0.20 m and 0.40 m, with a few exceptional cases of
1 m depth (Fig. 7). Maximum depths were usually
found near the centre of the eroded areas, in any
case some distance from the scarp. The depths of the
scarps (up to 0.4 m, mean 0.21 m) are much closer
together than the maximum depths. In the study ar-
eas K1, K2 (Karwendel, Engalm and Ladizalm) and
L1 (Lechtaler Alpen, Hiselgehr) scarp depths differ
more from the maximum depth than in the other
study areas. This could be an indication of stronger
secondary erosion, possibly related to the age of the
forms, but certainly connected with the dense, marly
substrate, which encourages surface flow and sec-
ondary erosion.

3.2.6 Size and volume of eroded areas

The distribution of mean area size and volume,
calculated from the length, width and depth of the
captured areas again reveals that the northern, cal-
careous study areas (L1, L2, K1, K2) show a greater
range of values than the southern, siliceous ones (S1,
S2,71,72) (Fig. 8). The means for area size and vol-
ume are significantly higher for the northern study
arcas. Area size falls largely into the range listed by
ScHAUER (1975) of 2 m?* to 200 m?. Any significantly
larger areas were only found in northern study ar-
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Fig. 8: Mean sizes and volumes of shallow eroded areas. (a) Distribution of area size and (b) mean volumes of shallow
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eas, particularly in L1 und L2 (Lechtaler Alpen,
Hiselgehr and Hahntennjoch).

The values for lengths, widths (c.f. Sec. 3.2.4) and
depths (c.f. Sec. 3.2.5) determined by us, as well as
the areas and volumes are significantly lower than
the values described by e.g. RickLi and Grar (2009)
for shallow landslides from different study areas
in Switzerland. Here are the mean lengths between
14.3 m and 27.9 m, the mean widths between 11.8 m
and 17.3 m and the mean depths between 0.8 m and
1.4 m (Rickri and Grar 2009, 36). The investigations
of MARKART et al. (2007) to shallow landslides due to
extreme rainfall events from different communities in
Vorarlberg (Austria) also show significantly larger val-
ues. The most frequent classes describe mean lengths
of > 10 m and < 25 m, mean widths of > 5 m and
< 15 m, and mean depths of > 0.5 m to < 1.5 m. The
resulting volumes are thus also significantly larger,
the most frequent classes show volumes between
50 m® and < 1000 m® (MARKART et al. 2007, 25-27).

Investigations on shallow erosion by snow
movements describe the superficial erosion of the
uppermost decimetres resulting in small depths and
volumes (Bunza 1976, cited by ZwECKL and STANDAU

1987; StaHr 1997). From these comparisons, the
conclusion can be drawn that most of our exam-
ined shallow eroded areas are likely caused by snow
movement.

Compared to larger mass movements single shal-
low eroded ateas only cause low volumes of displaced
slope material. Thus a single eroded area generally
provoke no risks for underlying slope areas. Affected
slopes, however, usually show several eroded areas (e.g.
> 30 eroded areas per ha in S2, Schmirntal, Obern),
with considerable overall displacement of slope mate-
rial. This causes loss of soil material and reduction of
capability of slope water retention.

3.3 Vegetation and land use

We found that land cover clearly influences shal-
low erosion processes connected with snow gliding.
Long-leaved, flattened grasses (e.g. Deschanmpsia caespi-
tose, Molinia arundinaceae, Carex sempervirens) encourage
snow gliding by lessening the surface roughness of
the slope (LAATSCH and GROTTENTHALER 1972; EWALD
1996) (Fig. 9a). The question remains how the forces

/A A N
L SRR

A\

C. Wiedand, 2040

W\ C. Wiegand, 2010

5 C Geitner, 2012

C. Wiegand 2010

Fig. 9: Interrelation of vegetation on snow gliding and shallow erosion. (a) flattened grass in study area Z1 (Zillertal, Kolm-
haus 1) offers little resistance to snow; (b) clod transfer with larch (Larix) in study area S2 (Schmirntal, Obern); (c) tension
fissure in study area Z1; (d) material transfer by snow movement on green alder (Alnus viridis) and mountain pine (Pinus

mugo subsp. mugo) in study area Z2 (Zillertal, Kolmhaus 2)
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of the moving snow are transferred to the ground
beneath the vegetation. This happens for instance
in places where single young trees and shrubs have
sprung up, which are then pushed away, often with the
topsoil (Fig. 9b). We observed such phenomena in the
study areas Z1, Z2 (Zillertal, Kolmhaus 1 and 2), S1
and S2 (Schmirntal, Toldern and Obern).

The impact of land use started in the studied
slopes with the forest clearance, often several hundred
years ago. It can be assumed that first shallow eroded
arcas developed with deforestation (VErr 2002). In
recent decades most of the studied areas were aban-
doned, which led to a gradual change in land cover
(GRABHERR 1997; Tasser and TApPEINER 2002). Here
we must also mention the abandonment of high
mountain pasture maintenance. Detailed studies by
Frock (2012) on the area-explicit history of land use
for the study areas K1 and K2 (Karwendel, Engalm
and Ladizalm) revealed that abandonment results in
increased shallow erosion on some abandoned areas,
other abandoned ateas experience no increase of shal-
low erosion. Thus, abandonment can lead to an in-
crease of shallow erosion. But if other slope properties
determine stable conditions shallow erosion can also
be absent.

3.4 Discontinuities in the substrate near the sur-
face

For the majority of studied areas we found a
connection between scarp depth (Sec. 3.2.5) and
a change in soil-physical characteristics. In all ar-
eas skeleton content (particularly coarse gravel and
stones) increased significantly as did the grain size
of the fine soil from topsoil to substrate (Fig. 10),
which points to a multi-layered composition of the
slope sediments. Bulk density also increased sharply
at the relevant depth. In about 85% of the areas we
found significantly reduced root penetration around
the scarp depth. In most cases the change in the
listed parameters goes hand in hand with a change
in soil horizon. For the shallow Leptosols in the
northern study areas and the Regosols in the south-
ern study areas this change in horizon is found at
the transition from the loose A horizon, very well
penetrated by roots, to the denser C horizon with
weak root penetration (Fig. 11). With the more deep-
ly developed Cambisols of the southern study areas,
the change is usually found at the transition from B
to C horizons. These observations largely match the
results of DoMMERMUTH (1995) and Stanr (1997)
for erosion by snow movement, with eroded areas

50|

Proportion [%]

404

30

20

L1 L2 K1 K2 S1 82 z1 z2

Proportion [%]

L1 L2 K1 K2 S1 S2 z1 z2
Study areas

(a) Skeleton content topsoil
B Soil<2mm
. Coarse gravel >20-63 mm

(b) Skeleton content subsoil

¥ Fine and medium gravel 2-20 mm
B stones >63mm

Fig. 10: Distribution of skeleton content in topsoil and sub-
strate per study area. Skeleton content was estimated in the
field

always linked to a change in substrate below that
also determines horizons and root penetration. Such
changes have also been found for shallow landslides
(Mostr and HOHENSINN 1983; D’AMATO AVANZI
2004; RickLl et al. 2004) and reflect a reduced re-
sistance against shearing towards the topsoil. This
proves for both types of processes that the regularly
occurring changes of substrate near the surface have
a significant impact on erosion events. WIEGAND et
al. (2013a) were able to identify such an impact of
discontinuities in the composition of the unconsoli-
dated material on shallow landslides even for a site
at a lower elevation in the study area Schmirntal.
Thus the vertical structure of a soil can explain
why the erosion takes place in such low depths. But
as the whole test sites are covered by soil with simi-
lar structures, this information cannot explain the
distribution patterns within the test sites.
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Fig. 11: Schematic presentation of a discontinuity for a sequence of A to C soil horizon, showing changes in skeleton con-

tent, bulk density and root penetration with increasing depth

3.5 Process types of shallow eroded areas

Our investigations revealed that in some cases
neither observation in the field nor statistical com-
parisons of erosion forms (c.f. Sec. 3.2) yield clear
indications for one or the other of the two process
types. But compared to other investigations on shal-
low landslides and snow gliding, we can assume that
the majority (> 90%) of our investigated eroded areas
are caused by snow movements. Shallow landslides
investigated in other studies show significantly larger
amounts of displaced slope material (c.f. Sec. 3.2.0).
Even where it was possible to observe current sliding
processes in the transfer of smaller, compact clods of
material (Fig. 12a), these only belong to a secondary
further development of the scarp.

Most study areas present signs of erosion by snow
movements (c.f. Sec. 3.3). After snow melt one can
occasionally see considerable transfers of material in
existing and new erosion areas (Fig. 12b). Other clear
instances of erosion by snow movements ate cases
where shrubs or young trees have been moved by
several metres or even tens of metres, often including
the root-penetrated topsoil (Fig. 9b). Tension fissures,
a few decimetres in width and up to several metres
in length, also denote the impact of snow movement
(Scuauer 1975; BErnuavrT 1980) (Fig. 9¢).

In addition, some location parameters may
help to distinguish between the two process types.
Eroded areas that regularly start at changes in the

slope to flatter dips often clearly indicate the impact
of erosion by snow movement. Eroded areas in flat-
ter parts of the slope, particularly in E to W aspect
may point to erosion by snow movements.

In individual cases both processes can interact.
Where snow movement has created tension fissures
in the surface of a slope, surface water can enter the
subsoil in a concentrated manner and thus encourage

landslides (ScHAUER 1975, TASSER et al. 2005).

4 Synthesis and outlook

Even if our available data do not always allow a
definitive differentiation of the two process types the
comparison with other studies show that the majority
of the investigated shallow eroded areas are caused
by snow movements. Furthermore the collected data
provide an overview of the distribution and diversity
of forms for shallow eroded areas in eight study ar-
eas in Tyrol. These data can also be used to estimate
the total loss of soil arising from these processes.
The results present a rough distribution pattern for
Tyrol which is determined on a smaller spatial scale
by the geological substrate and the occurrence of ero-
sion triggering precipitation, and on a larger scale by
the conditions for snow gliding and by historic and
current land use. The presented results can also be
relevant for other parts of the Alps as shallow eroded
areas also occur. Looking at all 161 shallow eroded
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C. Geitner, 2012

=4

Fig. 12: Different forms of shallow eroded areas. (a) Gravi-
tatively transferred material clod (study area L2, Hahnten-
njoch) and (b) shallow erosion by snow movement (study
area S2, Obern, Schmirntal)

areas from eight Tyrolean study areas, we can see that
the studied areas mostly occur above a closed for-
est belt and in slopes of ca. 25+° of inclination. The
eroded areas are mainly exposed towards E, S and W.
As a rule the shallow eroded areas develop compact
forms of a size between 2 m? and 200 m?, with cer-
tain dominance in length downslope. In the northern
study areas larger and sometimes deeper eroded areas
occur and this is why we also find the largest material
transfers here. Secondary deeper erosion of already
exposed areas may play a part in this. We found dis-
continuities within the upper layers of the substrate
near the scarp for nearly all eroded areas. They are
characterized by increases in skeleton content and
bulk density as well as reduced root penetration. Land
use has changed in recent decades and many areas
have been abandoned or are only used extensively as
pastures any more. A differentiated assessment of the
impact of this change in land use would necessitate
the multi-temporal reconstruction of land use history
with exact mapping to individual plots.

In terms of differentiating between the two
main process types, some questions remain. Even
if the locational characteristics (e.g. inclination and

aspect) and the comparison with other studies from
the Alps point to erosion by snow movement, in
most cases we cannot completely exclude landslides.
Field work in situ can provide clear proof of snow
impact, as has been shown for some concrete exam-
ples. Taken together, these indications suggest that
erosion by snow movement is the dominant process
in the study areas.

Despite numerous local studies more research
is needed not just for identifying the process types
but also for assessing the relevant impact factors and
their critical combination. Multi-temporal studies as
proposed by WIEGAND et al. (2013b) could help dif-
ferentiate processes and impact factors further. If
the eroded areas are captured before and after the
winter period, changes in size of the eroded area can
be attributed more clearly to one or the other pro-
cess type. Better data on the snow situation on the
studied slopes would be helpful, not least to model
snow gliding rates. Morphometric studies of the
slopes would further help to discover the impact of
certain terrain features, e.g. the changes in dip. Case
studies with detailed plot-specific reconstructions of
land use, as carried out by FLock (2012) for one of
our study areas, ate needed to fully understand the
impact of land-use change. FLOCK’s investigation re-
vealed that areas with apparently very similar char-
acteristics may react to the same land-use changes in
a variety of ways when it comes to shallow erosion. It
takes such time-consuming, multi-temporal surveys
to pose new questions (FLOCK et al. 2013).

Further research and a broader data basis is
needed to account for the fact that the northern
study areas presented significantly larger and dif-
ferently shaped eroded areas than other study areas.
Systematic multi-temporal analyses of aerial photo-
graphs are needed to find out whether certain char-
acteristics of shape are connected with the age of the
eroded areas. At the same time it would be possible
to differentiate the extent of natural vegetation re-
growth. To answer some of the questions it would be
vital to analyse the unconsolidated substrate in more
detail over a larger area. This would also be helpful
in differentiating between erosion by snow move-
ment or shallow landslides. A larger dataset would
also serve to assess the loss of soil quantitatively in
terms of erosion rates for different parts of Tyrol.

We need to understand the processes at work
more fully if we want to assess potential chang-
es in these processes under conditions of climate
change. We would welcome any attempt at system-
atic monitoring in addition to the suggested detailed
investigations.
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Appendix

Documentation of shallow eroded areas

Event No.: :l Date::

Bedrock:

(reference in km)

O intrusive rock

O extrusive rock

O metamorphice rock
O sedimentary rock
O not specified

Description of regolith:

Person: |:| Location: |

Map sheet:l
Macro relief: Meso relief: Micro relief: Total slope:
(reference 500 m) (reference 50 m) (reference 5 m) 1
O terrace O plain O smooth
O depression O slope steepening O gullies
O trench O slope flattening O scree landscape
O slope O crest O fissures
O crest O slope toe O rippled
O alluvial fan O depression O humpy
O debris cone O not specified O not specified

O others

Distance to point
of culmination:

Land use (3):

-

O upper

slope edge (1)
O upper slope (2)
O middle slope (3)
O lower slope (4)
O slope toe (5)

Remarks to the slope:

mean inclination:

Pasture (3):

Surface cover (3):

Vegetation (3):

£ O grassland [ fallow S :'\one ) O deciduous forest
§ O pasture O ski runway ow . sealing % O coniferous forest
Oforest [ field g se;ilum vegetation % I mixed forest
3 '8 moss % O larch meadow
Strength of curvature (3): weed % Offorest edge
T00m O none O none shrubs % O mountain pine
_ % O green elder
Slope curvature (3): O very low — Overylow trees N
P 3) E Olow S Olow vegetation free [ % O clear cutting, windfall
i Q} ' > TR % O medium 2 O medium bedrock % g meadow
N - ture
g g g = Ointense ¢ DOintense boulders and stones % has
o > -
. @ @ @ < DOveryintense O very intense open soil % g :)V\éi::zr::;ris vegetation
& i @ L O not specified O not specified 8
Hydrological Degree of Hydrol. local characteris- Signs of older events (3):
Conditions (3): humidity (3): tics (indicator species) (2):
I:Idra?n>?nﬂow O very dry O wet
Eldra!n=!nﬂow Odry O fresh/moist
m] ldraln <inflow m] moderate.drv O dry Initial forms (3):
O influence of groundwater O well supplied .
O backwater: dry O moderate moist Compaction (3):
O backwater: moist O moist actual endangering
O backwater: wet O wet O non Olow
O influence of slope water O periodically wet O medium O medium
Ohigh O high Land use (3):
Vegetation (species):
coverage & distribution of dominant species
Suitable as monitoring location: O no O yes: | |
Distinctive points: Ono O vyes: | |
Arrangements: O non O repaired others: | |
Soil record:

Ono DOyes recordno.: I:l Soil type: |

Photographs No.: |

Protection work:

Damage to protection work:

Process:

O translational slide
O rotational slide

O debris flow

O depression

O river bank damage
O denudation by snow
O others:

Ono Oyes Onotrecorded Type of protection work:l

Persumed trigger:

O slope water
O lateral erosion
O vertical erosion
O livestock trampling
O anthropogen

(road works, etc.)
O others:

O linear (channels)

Ono Ovyes Onotrecorded Technical arrangements: [ paths/embankment

O others: |
Rooting (10x10 cm):
0-10 cm: 11-20cm:  21-30cm:  31-40cm:  41-50 cm:
O non O non O non O non O non
Olow O low O low O low O low
O medium O medium O medium O medium O medium
Ointense O intense O intense O intense O intense
Overyintense [ veryintense [ very intense O very intense I very intense
O root felt Orootfelt ~ DOrootfelt  Orootfelt O root felt
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. . N Measurement m
Coord scarp | E error (GPS):
Altitude a.s.l.: Aspect: | °l D. max: | m| Discontinuity ~ Oyes
noticeable Ono
Inclination max: I:l Width scarp: | m| W. max: | m| O unclear
Remarks to discontinuity:
Inclination @: |:| Depth scarp: | m| L max: | m|
9 ; ; .
» Accumulation area noticeable: yesO noO L: max. length
Inclination: I:l W. max : | m| L. max :| m| W: max. width
D: max. depth
S: scar
Skeleton content Bulk density P
topsoil: subsoil: topsoil: subsoil: Date of event:
stones (<63 mm) % stones (<63 mm) % O very low O very low (yyyy-mm-dd)
gravel (>20-63 mm) % gravel (>20-63 mm) % Olow : Olow ) Inf Hon:
gravel (2-20 mm) % gravel (2-20 mm) % ] 'TfEdlum [m] nrfedlum nrormation:
soil (<2 mm) % soil (<2 mm) % O high Ohigh
O very high O very high
sketches:

longitudinal profil:

cross profile:

additional remarks:




