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ABSTRACT

Heavy storm events in November 2019 led to numerous landslides and hillslope debris flows affecting vast areas of the eastern Alps, includ-
ing the region of the Gastein Valley (Salzburg, Austria). This study aims to document and quantify critical parameters which increase the
susceptibility of hillslopes towards such mass movements. We used a combined approach of remote sensing and field mapping. During field
mapping, detailed information on the type of mass movement, size and location of release areas, sliding plane characteristics, and human
activities were gathered. Our study identified the most important natural factors influencing slope stability and found a notable influence
of human activities, particularly because of artificially excavated slopes and concentration of surface runoff due to forest roads and hiking
trails. These results highlight the need of sustainable construction and maintenance of forest roads to mitigate the risk of landslides in this

environment.

INTRODUCTION

Mass movements, such as landslides and debris flows, represent common erosion processes in mountain landscapes. These phenomena
are typically triggered by heavy rainfall events (Guzzetti et al., 2008), with snowmelt also playing a significant role (Mostbauer et al., 2018).
The susceptibility of landslides is influenced by a combination of topographic, geological, and land-use factors (Reichenbach et al., 2018).
Additionally, the hydrological history of the watershed/hillslope, including soil moisture conditions preceding the rainfall event, plays a

crucial role in determining the likelihood of such events (Bogaard and Greco, 2018).

In the course of climate change, temperature increases and precipitation patterns are expected to change (Gobiet et al., 2014), which will
impact landslide activity in mountain regions (Gariano and Guzzetti, 2016). In recent years, anomalies in weather patterns during fall and
winter have become increasingly apparent, often resulting in floods and landslides (Stoffel and Corona, 2018).

The study aims to systematically document and analyse the extraordinary landslide events that occurred between November 12th and No-
vember 17th in the Gastein valley, Austria. Besides reconstruction of the meteorological conditions that led to the disaster, special focus is

given to the impact of anthropogenic structures, especially forest roads and hiking trails for the release of mass movements.

METHODS
The study site is the Gastein Valley (~ 330 km?), which is situated in the western part of Austria in the province of Salzburg. The total
investigation area relevant for landslide mapping was 173m3. The valley floor lies at around 800m a.s.l. in Dorfgastein and reaches peaks

exceeding 3000 m a.s.l. in the upper catchment.

For the event documentation we aimed to gather landslide data as complete as possible. The data from independent documentation of
the local authorities from the Forest Service for Torrent and Avalanche Control (WLV), the province of Salzburg and the Austrian Railways
(OBB) were completed and detailed with own remote sensing data (UAV-flights immediately after the event) and field documentation. Field
trips were conducted from May 4th to 8th, 2020, and on June 10th and 11th, 2020, during which detailed information was gathered on the
locations, including width and depth of the release areas, types of materials, and inclinations of the sliding planes. To analyze the anthro-
pogenic impact on release areas, the land-use and road network in the Gastein valley were analyzed. For classification the six major classes
used for land-use from LISA (Land Information System Austria) served as basis, including residential areas, traffic/road System, agricultural
areas, forests, and water bodies. Meteorological data was analysed from the meteo-station Bad Gastein operated by the Geosphere Austria
(www.geosphere.at).

In this study, 102 landslide events were documented, including 66 events with detailed information based on field mapping. 87 events can

be categorized as landslides, and 14 as debris flows.

RESULTS AND DISCUSSION
The slope failures were triggered by heavy precipitation in a 5-day period preceding the events (Figure 1). On November 12th, 2019, a
daily precipitation of 52.5 mm was registered. Due to temperatures close to zero in the valley (station Bad Gastein 1029 m a.s.l.), most of

the precipitation fell as snow. On November 15th, the second heavy precipitation event followed with 71.9 mm. Again, temperatures were
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around zero. On November 16th and 17th, the temperature increased to 7°C, and 37.5 and 74.7 mm of rain were measured at the automatic
weather station in the valley bottom. Based on a lapse rate of 1°C/100m, we assume that the snow line increased to about 1400-1700 m a.s.1.
on November 16th and November 17th, when landslides mainly occurred. Over the period from November 11th to November 17th, a total

precipitation of 253.7 mm was recorded.

Mass movements
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Figure 1: Precipitation and temperature measured at the automatic weather station Bad Gastein from October 26 to November 26, 2019.

About 84% of the events were classified as hillslope processes (Iandslide and hillslope debris flows). The remaining events could be assigned
to torrent processes (intensive sediment transport and debris flows). The majority of landslides occurred at the western valley slopes at ele-
vations between 1000 and 1200 m a.s.l. (Figure 2). Only five landslides occurred above 1400 m a.s.1., reflecting the importance of snow-melt

and rain-on-snow situations for landslide triggering.
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Figure 2: Spatial distribution of the 2019 landslide events in the Gastein valley, Austria.
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The quantitative analysis of the distribution of landslides shows clear peaks at slope inclinations between 25° and 40°, similar to observations
on shallow landslides in Switzerland (Rickli et al., 2020). The landslides triggered within this range of slope inclination account for 79% of
the total. The analysis of the sliding plane shows that for 72% of cases, the failure occurred within the loose material. 22% of the landslides
and debris flows happened directly on a bedrock layer. For 6%, the sliding plane could not be assigned to one of the two classes distinc-
tively. Most of the landslides have a scarp length of 5 to 15m, and only very few have a length of more than 35m.

We find that 73% of the landslides occurred within residential and agricultural areas. Regarding the release areas, 57% are directly linked to
the road and hiking network. Figure 3 exemplarily gives an impression of the land-use and landslide distribution close to Bad Hofgastein.
Our observation is that road/trail networks have a negative impact on slope stability due to local steeping of the hillslope and concentration

of surface and sub-surface runoff.
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Figure 3: Land-use including forest roads and foot paths (Quickmap) and landslide distribution in the Gastein valley, exemplarily shown for the region close to Bad Hofgastein.

CONCLUSIONS

Due to due to the extreme weather conditions between November 12th and 17th, 2019, including snow fall followed by an increase of tem-
perature together with rainfall > 100 mm within 2 days, landslides and debris flows occurred as a combination of snow melt and rainfall in
the Gastein valley, Austria. The analyses of 102 documented landslides shows that that besides topographic and geomorphological param-
eters, anthropogenic factors like road cuts had a strong influence on the occurrence of landslides. This prompts the need for an improved

management of road networks in mountain landscapes prone to landslides.
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