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1 | INTRODUCTION

Abstract

In recent decades, slope instability in high-mountain regions has often been linked to
increase in temperature and the associated permafrost degradation and/or the
increase in frequency/intensity of rainstorm events. In this context we analyzed the
spatiotemporal evolution and potential controlling mechanisms of small- to medium-
sized mass movements in a high-elevation catchment of the Italian Alps (Sulden/
Solda basin). We found that slope-failure events (mostly in the form of rockfalls) have
increased since the 2000s, whereas the occurrence of debris flows has increased
only since 2010. The current climate-warming trend registered in the study area
apparently increases the elevation of rockfall-detachment areas by approximately
300 m, mostly controlled by the combined effects of frost-cracking and permafrost
thawing. In contrast, the occurrence of debris flows does not exhibit such an altitudi-
nal shift, as it is primarily driven by extreme precipitation events exceeding the 75th
percentile of the intensity-duration rainfall distribution. Potential debris-flow events
in this environment may additionally be influenced by the accumulation of unconsoli-
dated debris over time, which is then released during extreme rainfall events. Overall,
there is evidence that the upper Sulden/Solda basin (above ca. 2500 m above sea
level [a.s.l.]), and especially the areas in the proximity of glaciers, have experienced a
significant decrease in slope stability since the 2000s, and that an increase in rock-
falls and debris flows during spring and summer can be inferred. Our study thus con-
firms that “forward-looking” hazard mapping should be undertaken in these
increasingly frequented, high-elevation areas of the Alps, as environmental change

has elevated the overall hazard level in these regions.
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cited therein). At the same time, the intensive touristic use of high-

elevation mountain areas that in recent decades has taken place on a

Since Europe’s hot summer of 2003, the awareness and interest of the
scientific community regarding the dynamic coupling between global
warming and mountain-slope instability has increased significantly
(Gruber et al, 2004a; Ravanel et al., 2010), stimulating a broad
spectrum of studies that has generally confirmed such a relationship
(e.g., Allen & Huggel, 2013; Coe, 2020; Haeberli, 1997, 2010;
Haeberli, 2013; Hock et al., 2019; Huggel et al., 2012, and references

global scale has led to an expansion of infrastructure, thereby increas-
ing the vulnerability of high-mountain areas to the impacts of natural
hazards such as rockfalls, earth flows, debris flows, and landslides
(Bommer et al, 2010; Coe, 2020; Hock et al, 2019; Ravanel
et al., 2013). Although the existence of a link between global warming
and rockfall occurrence has been ascertained in several regions
(Coe, 2020; IPCC, 2014; Hock et al., 2019), for other mass-movement
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phenomena, such as debris flows and complex landslides, this relation-
ship is not so certain (Huggel et al., 2012). In light of the predictions
regarding future climatic trends and their impact on high-elevation
regions (e.g., Gobiet et al., 2014; IPCC, 2014), a better understanding of
the relationships between recent climate change and slope stability is
thus of primary importance to properly anticipate future expansion of
hazardous areas and to mitigate any associated risks (e.g., Coe, 2020;
Haeberlietal., 1997; Hock et al., 2019, and references cited therein).

For the Alps in particular, permafrost degradation (e.g., Draebing
et al., 2017a; Haeberli, 2013; Huggel et al., 2012; Noetzli &
Gruber, 2009; Ravanel et al., 2013), ice segregation (e.g., Draebing &
Krautblatter, 2019; Fischer et al., 2012; Girard et al., 2013; Hasler
et al, 2011; Krautblatter et al., 2013; Murton et al., 2001), and a
higher frequency of extreme precipitation events (e.g., Hock
et al., 2019; Krautblatter & Moser, 2009; Paranunzio et al., 2019) have
been argued to be responsible for increased slope-failure events over
the last decades. Although extensive research into these topics has
been conducted, the complexity of the interactions between climatic
forcing and soil/bedrock parameters (i.e., ground temperature, snow
cover, surface topography, etc.) still challenges our understanding of
the mechanisms triggering slope failures, hence limiting our ability to
predict mountain-slope instability (Beniston et al., 2018; Damm &
Felderer, 2013; Fischer et al., 2012; Huggel et al., 2012). In this
respect, the main challenges we face can be summarized as follows:
(i) databases of natural extreme events are often incomplete
(e.g, Allen & Huggel, 2013; Marchi et al, 2019; Sass &
Oberlechner, 2012); (ii) a time lag may exist between the impact of cli-
matic forcing and the failure event (e.g., Crozier, 2010; Haeberli &
Beniston, 1998; Huggel et al, 2012; Noetzli & Gruber, 2009);
(iii) ground surface temperature and soil water content are often
unknown at regional scales (e.g., Gruber et al, 2004b; Gubler
et al., 2013; Luetschg & Haeberli, 2005); and (iv) the role of snow
cover/snow depth has not yet been clarified (e.g., Draebing
et al., 2014, 2017a, 2017b; Harris & Conte, 1992; Salzmann
et al., 2007; Staub & Delaloye, 2017; Zhang, 2005). Each of the these
aspects is briefly discussed later.

Firstly, while databases for large landslides and rock avalanches
tend to be more complete and cover longer time periods (Eisbacher &
Clague, 1984; Porter & Orombelli, 1981), the quality of the database
for small- to medium-scale events may depend on available recording
technologies, on when and where the event occurred (i.e., low/high
altitude; season during which witnesses were present or not), and on
whether damage to infrastructure or human losses were caused
(Allen & Huggel, 2013). Furthermore, the recent increase in awareness
of these natural events, in the application of new technologies, and in
the intensive use of high-elevation areas may cause these databases
to be inherently biased toward events that have taken place in recent
decades (Cavalli et al, 2017; Marchi et al, 2019, 2020; Sass &
Oberlechner, 2012).

Secondly, in terms of a time lag between the event and its trig-
ger mechanism, a direct connection between recent global warming
and slope instability in high mountains is generally difficult to assess,
because slope failures are often only indirectly linked to specific
climate-related trends (Crozier, 2010; Huggel et al, 2012;
IPCC, 2014). Slope failures related to permafrost degradation or to
extreme rainfall events may differ significantly in form and timing.

For example, an intense rainfall event or repeated episodes with

high rainfall can be more reliably linked to slope movements
because of the short time needed to increase pore pressure to the
critical level for failure (e.g., Krautblatter & Moser, 2009). In con-
trast, the direct link between increasing temperature and slope
instability in high-elevation permafrost areas may be masked by a
lag-time effect between the melting and the destabilization of fro-
zen ground (Haeberli & Beniston, 1998; Noetzli & Gruber, 2009).
Previous studies have reported that this phenomenon is particularly
true for large landslides and rock avalanches, with failure planes at
greater depths within bedrock, similarly to what has been observed
in the context of glacial debuttressing (e.g., Haeberli et al., 2013;
Huggel et al., 2012). The time needed to destabilize these slopes
may be on the order of decadal to millennial timescales (Haeberli &
Beniston, 1998; Hasler et al., 2012; Matsuoka et al., 1998; Noetzli &
Gruber, 2009; Wegmann et al., 1998). In contrast, small- to
medium-sized events, whose detachment surfaces are closer to the
surface, may reflect a more direct reaction to environmental
change and be more easily ascribed to climatic extremes (Allen &
Huggel, 2013; Crozier, 2010; Huggel et al, 2012; Matsuoka
et al,, 1998; Paranunzio et al., 2019).

With regard to the third point mentioned earlier, ground-surface
temperature and water content significantly influence slope stability
by affecting heat transfer and bedrock fracturing (Davies et al., 2001;
Draebing et al., 2014; Krautblatter et al., 2013; Murton et al., 2006;
Noetzli & Gruber, 2009; Rode et al., 2016). Surface temperatures can
differ substantially from air temperatures (Haeberli et al., 2010;
Gubler et al., 2013; Zhang, 2005) and are generally monitored at a
limited number of locations. Although remote sensing may provide
information on ground conditions (e.g., Bertoldi et al., 2010; Sanchez-
Aparicio et al., 2020; Sobrino et al., 2020), the spatial resolution of
satellite-derived estimates on temperature is insufficient, especially
for rugged, topographically high areas where surface temperatures
need to be known in greater detail (Beniston et al., 2018; Gruber
et al., 2004b). Alternatively, numerical models may be useful in esti-
mating ground-surface temperatures with a precision within a few
degrees Celsius (Gruber et al., 2004b; Gubler et al, 2013; Li
et al, 2019; Salzmann et al., 2007; Stocker-Mittaz et al., 2002).
However, these models require atmospheric input parameters
(e.g., solar irradiance, wind speed and direction, air and vapor pres-
sure) that have a large spatiotemporal variability and that may not be
available for every weather station in a specific region.

Finally, snow cover also exerts a strong effect on ground temper-
atures by increasing albedo, long-wave emissivity and absorptivity,
and by decreasing thermal conductivity (McColl & Draebing, 2019;
Zhang, 2005). The morphology and topography of steep mountainous
terrains cause snow depths to be extremely variable in terms of time
and space (Draebing et al, 2017a; Hasler et al, 2011; Staub &
Delaloye, 2017), which changes ground thermal conditions locally. In
general, when viewed at annual timescales, a thick snow cover
(e.g., snow thickness > 60-80 cm; Luetschg & Haeberli, 2005; Staub &
Delaloye, 2017) prevents the ground from cooling and protects the
soil layer from cold air temperatures during winter (Zhang, 2005), thus
causing mean annual ground-surface temperatures (MAGSTs) to be
several degrees higher than air temperatures. Conversely, thin snow
cover may decrease ground temperatures (Hasler et al., 2011) and
expose the ground surface to severe frost conditions (Zhang, 2005).
Importantly, both the duration and the beginning and end of the
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snow-cover season influence the interactions between air and ground

temperatures (Luetschg & Haeberli, 2005). If snow falls late in autumn,
for example, the protective effect of snow cover on ground
temperatures is reduced, whereas during those years with relatively
short-lived snow cover, ground temperatures may be lower than air
temperatures (Zhang, 2005).

In light of these forcing factors driving the destabilization of steep
mountain slopes, it is clear that temperature change and extreme rain-
fall events both play a pivotal role in the spatial and temporal distribu-
tion of high-elevation mass-movement events and sediment transfer.
Under the specter of recent climate change and the apparent
worldwide increase of mass movements in high mountains (Hock
et al., 2019), we therefore set out to analyze spatial and temporal pat-
terns of slope instability in a catchment of the Italian Alps, from where
climate-related mass movements have been reported (e.g., Fischer
et al., 2006, 2012; Huggel et al., 2012; Paranunzio et al., 2019;
Ravanel et al., 2013; Schlogel et al., 2020). By taking advantage of the
rich climate data, local mass-movement inventories, and high-
resolution topographic information available from the Autonomous
Province of Bozen/Bolzano, our analysis primarily focuses on
deciphering areas of landslide initiation (hereafter referred to as
detachment points). The detachment points are identifiable at differ-
ent scales in the field and on orthophotos, which are available for the
study site as of 1945.

Here, we restrict ourselves to small- to medium-sized detach-
ments (e.g., break-off scars of a few square meters) that generally initi-
ate small- to medium-sized rockfalls, slides, and debris flows. The type
of process generated after an initial detachment depends on several
factors that may include: (i) the slope of the detachment point; (i) the
possible entrainment of additional material once motion has started;
and (iii) the amount of water involved. The type of instability is there-
fore influenced by the location of the detachment point in relation to
its geomorphic domain. Consequently, rockfalls will occur on
rockwalls and slides on more gentle, soil-covered slopes, whereas
debris flows will be mainly generated within areas with steep channels
and unconsolidated sediment. The principal hypothesis that we set
out to test in this context is that climate warming reduces slope stabil-
ity and causes a shift in the location of the detachment points toward
higher elevations. Such a transition toward higher elevations would
mainly reflect the rise in temperature and its effects on the ground
thermal regime, with associated permafrost thaw, ice segregation, and
frost-cracking mechanisms. In contrast, intense rainfall events - which
are predicted to increase in magnitude and/or frequency as a conse-
quence of global warming (Ban et al., 2015; Jacob et al., 2018) - may
not reveal a similar altitudinal shift, since the mechanisms governing
slope instability are primarily linked to the duration and intensity of a
rainfall event (Berti et al., 2020). Therefore, in this study we analyzed
multi-decadal variations both in air temperature - with its related
effects of the ground thermal regime - and in precipitation. By
employing a thermal model we used the measured temperatures to
analyze the mechanisms that govern ice segregation and infer its pos-
sible role in fracturing bedrock. To address potential links between
precipitation, temperature, and mass movements, we used data from
two weather stations located within our study area and analyzed rain-
fall extreme events and temperature anomalies, as well as the possible

influence of snow cover on water availability and slope stability.

Finally, we investigated where most changes in slope stability
occurred.

2 | STUDY AREA

We analyzed the upper Sulden/Solda river basin (drainage area
76 km? upstream from the confluence with the Trafoi River, near
the village of Gomagoi, 1275 m above sea level [a.s.l]) located in
the eastern Italian Alps, in the western portion of the Vinschgau/Val
Venosta valley (South Tyrol, Figure 1). The basin comprises some of
the highest peaks of the region, including the Ortler/Ortles (3905
m as.l). The bedrock geology of the basin is dominated by the
Paleozoic low-grade metamorphic units of the Austroalpine domain
(Campo nappe, with the Zebru tectonic sliver separated by the Zebra
and the Madritsch thrust faults), which constitute the central and
eastern slopes of the catchment area (Figure 1a). These units are
mainly composed of quartz phyllites, mica schists, and paragneisses
and orthogneisses (ISPRA, 2012). Metamorphic rocks also crop out
in the northern sector of the catchment, where they belong to the
Permian orthogneisses of the Lasa unit (ISPRA, 2012). On the west-
ern side of the basin, and at higher altitudes, limestones and dolo-
mites of the Ortles nappe are exposed. The rocks exhibit different
degrees of metamorphism, folding, jointing, and fractures that are
mainly related to the Eo-Alpine phase of thrusting and subsequent
deformation (ISPRA, 2012).

The faults and fractures associated with the tectono-
stratigraphic units largely controls the morphology of the landscape,
defining the relief and the orientation of main valleys and ridges.
The pervasive system of joints is one of the responsible factors that
influence slope failures leading to unconsolidated talus on steep
slopes (ISPRA, 2012). In the Sulden basin this structural control is
reflected by steeper debris-flow tributaries with highest peaks
located to the west, and a more gentle morphology with larger trib-
utaries and lower peaks to the east. A detailed geomorphic map can
be found in Buter et al. (2020) (Figure 1b) and was used to
analyze the landforms of the areas that constitute the source of
instability. The upper portion of the basin contains several glaciers
(Figure 1c). Based on official glacier inventories (Province of Bozen/
Bolzano, 2012; Valentini, 1985), the glaciated area in 1982 covered
ca. 12% (11.6 km?) of the basin, whereas in 2006 it had decreased
to 9.4% (ca. 9km?). By 2017, based on orthophoto mapping,
satellite-based multispectral band analysis, and a multi-temporal
coherence mosaic obtained by Sentinel-1 time series (courtesy of
the Institute for Earth Observation of the EURAC research center,
Bozen; Barella et al., 2020), the glacier extent had further dimin-
ished to 7.5% (ca. 7.2 km2). Glaciers have also been reduced in vol-
ume (Carturan et al., 2013), thus exposing bedrock and steep
rockwalls at high elevations.

For the climatic reference period 1981-2010, mean annual air
temperature (MAAT) at the Sulden/Solda village (hereafter, Sulden
station at 1907 m a.s.l.) was 2.8°C, whereas mean annual precipita-
tion (MAP) averaged to 835 mm (3PClim database; http://www.
3pclim.eu/). Importantly, the basin hosts a second weather station
at an altitude of 2825 m a.s.l. (hereafter, Madritsch station), for

which climatic reference values (period 1981-2010) were —2.4°C
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FIGURE 1 Detailed maps of the study area: (a) geology (Autonomous Province of Bozen); (b) geomorphology (for details of the different
landforms and processes refer to Buter et al., 2020); (c) orthophoto taken in 2017 with glacier extent and hydrographic network; (d) natural-
hazard phenomena reported in the database of the Autonomous Province of Bozen and Schiona (1994). Dates refer to debris-flow and debris-
flood events. Green areas refer to regions prone to debris flows; pink areas indicate rotational slides [Color figure can be viewed at

wileyonlinelibrary.com]
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for the MAAT and 980 mm for the MAP, respectively (3PClim
database).

3 | MATERIALS AND METHODS

3.1 | Location of detachment points

Aerial photographs and orthophotos from various sources (i.e., Italian
Military Geographic Institute, Autonomous Province of Bozen, Free
University of Bozen) spanning from 1945 to 2019 have been used to
locate the different detachment points. More information on the pho-
tographs used can be found in Section S1 of the Supporting Informa-
tion. Deciphering the detachment points through orthophotos and
aerial photographs (hereafter referred to as orthophotos for simplicity)
partially solves the problem of not having a complete list of historical
mass-movement events, because the same approach can be used for
both recent and past landscape characteristics. Moreover, this method
has the advantage of being able to cover very remote areas, such as
rockwalls in the high-elevation sectors of the basin and the bound-
aries between bedrock and glaciers. In addition to studying the
orthophotos, we inspected detachment points during field campaigns
in 2019 and were able to add the locations of several slope failures
and initiation points of debris flows with respect to storm events in
1987 derived from the detailed map of Schiona (1994). Detachments
were defined based on age-dependent color differences in the bed-
rock, indicating exposure and removal of bedrock due to recent mass
wasting (e.g., Krautblatter et al., 2012; Stotter, 1994). In order to
assess any possible bias associated with the quality of the different
images, we performed an image-quality check based on two main
components: (i) the Natural Image Quality Evaluator (NIQE) algorithm
(Mittal et al., 2013), and (i) the percentage of shadows and fresh snow
cover that were present on each image. Based on the results of the
quality check, we combined the individual detachment points of the
2014 and 2016 images and those of the 2017 and 2018 orthophotos
(more details can be found in the Supporting Information, Section S1).
In most of the orthophotos, snow-cover extent is at its minimum
because the images were acquired at the end of the summer season.
As such, each time period analyzed includes the summer of the year in
which the image was collected, but not the ensuing autumn and win-
ter, which are included in the subsequent time series. Overall, we
were able to analyze the following time periods: 1945-1985; 1987,
1985-2003; 2003-2006; 2006-2008; 2008-2011; 2011-2016;
2016-2018; 2018-2019.

The low frequency of old orthophotos (Supporting Information
Table S1) may introduce a bias in the number of points detected in
the oldest time period (1945-1985), which alone covers a longer time
frame than all the other orthophotos combined (i.e., 1985-2019). For
the former time span, it is likely that older detachment scars were no
longer visible on the orthophotos, thus resulting in an underestimation
of the total points. The same problem could be relevant for the time
period between 1985 and 2003. However, for this time span, the
locations of older detachments were retrieved from the detailed map
of Schiona (1994); possible underestimations concerning detachment
locations are thus limited with respect to the numerous instabilities
associated with the 1987 summer events (Schiona, 1994). Also,
2018-2019 is the period for which orthophoto coverage was only

available for the upper portion of the basin (Figure 1c), which could

have resulted in an underestimation in the number of points. How-
ever, this underestimation is partially compensated by data retrieved
during field surveys conducted by us in the lower part of the basin in

summer 2019.

3.2 | Analysis of climate data

To analyze the climatic variability of the basin, we used the data from
the two weather stations located within the catchment, Sulden and
Madritsch (Figure 1a). The Sulden station has been recording data
with high resolution (i.e., 10 min for temperature, and 5 min for pre-
cipitation) since 1987, but low-resolution data (e.g., daily) can be
retrieved back to 1971 for temperature, and to 1926 for precipitation
(the oldest data is, however, often incomplete). The Madritsch station
has been registering temperature as well as snow depth (10 min) since
2000 and precipitation (5 min) at high resolution since 2009. In order
to homogenize the analysis of climatic trends and anomalies and
extend them back in time (i.e.,, to 1980 at daily resolution, and to
1955 with monthly resolution), we integrated interpolated tempera-
ture data provided by the Institute for Earth Observation of the
EURAC Research Center, Bozen (Crespi et al., 2020, 2021). More
information on this data set and its implementation can be found in
the Supporting Information (Section S2).

Snow-cover extent, which is available at daily resolution since
2002, was extracted from MODIS data (EURAC Research Center,
Bozen; Matiu et al.,, 2019; Notarnicola et al., 2011, 2013a, 2013b).
Solar irradiance is available from the authorities of the Autonomous
Province of Bozen (https://www.tirol.gv.at/statistik-budget/tiris/tiris-
anwendungen/solar-tirol/) and is retrieved from satellite data over the
period between 2004 and 2013 (Miiller et al., 2012). Information on
the potential distribution of permafrost in the Sulden basin (Figure 1d)
is based on Boeckli et al. (2012) and Kofler et al. (2020) and is
supported by field evidence collected during the summer months of
2019 and 2020. Our observations include the occurrence of frozen
soil at landslide scars and along talus slopes, as well as measurements
of water temperature and electric conductivity at springs.

To analyze temperature extremes and the impact of anomalously
hot periods, we used the approach proposed by Paranunzio
et al. (2019), which defines periods of temperature extremes as when
the daily mean values pass the 95th percentile of the reference daily
temperature. The latter is defined annually based on the average of
each single day of all available years (e.g., the reference temperature
for January 1 is calculated by averaging the temperatures for each
January 1 between 1980 and 2019, as this is the period with data at
daily resolution). As for the rainfall events that may have triggered
debris flows, we used an intensity-duration (I-D) approach (Berti
et al, 2020; Caine, 1980; CNR-IRPI, 2010; Guzzetti et al., 2007,
2008). More details on rainfall-event extraction and on the I-D rela-
tionships in the Sulden Basin can be found in the Supporting Informa-
tion (Section S3).

3.3 | Database of events related to natural hazards

The systematic recording of natural hazards in South Tyrol started in

1998 and has been maintained by the Autonomous Province of Bozen
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(see also Marchi et al., 2019; Schlogel et al, 2020; Scorpio
et al., 2020). The available data indicates that the most common pro-
cesses in the Sulden catchment are debris flows and debris floods,
together with different types of small- to medium-sized landslides
(Figure 1d). Debris flows are rather frequent and generally widely dis-
tributed. Specifically, major events affecting large portions of the
basin occurred on: May 21, 1983; July 19 and August 24, 1987;
August 25, 2012; August 13, 2014; and August 21, 2019. We used
the data reported in the database of the Bozen Province to evaluate
the climatic conditions (i.e., temperature and precipitation) that may

have influenced the occurrence of debris flows.

3.4 | Snow-cover effects on slope instability

Draebing et al. (2014) and McColl and Draebing (2019) explained how
the combination of bedrock fractures, snow, ice, and water availability
may control the thermal gradient in the ground and cause failure
through the propagation of fractures in bedrock. In particular, liquid
water percolating into fractures may increase the heat transfer
through advective processes and lead to ice erosion within the joints
(Davies et al., 2001; Draebing et al., 2014; Hasler et al., 2011). As
such, meltwater flows on snow-free surfaces can heat the under-
ground by advective transport, contributing to the melting of ice. If
water is trapped in bedrock (for example because it is sealed by sur-
rounding frozen ground), it fills the fractures and increases hydrostatic
pressure, and eventually (through refreezing during winter) cryostatic
pressure (Deline et al., 2015; Draebing et al., 2014). These authors
identified two periods of enhanced rock-fall activity, one in early sum-
mer and one in autumn (also corresponding to the periods of intense
frost wedging observed by Matsuoka, 2001). By using the meteoro-
logical data on snow height measured at the Madritsch station, and
accounting for the insulating properties of snow (e.g., Zhang, 2005),
we used the same approach to find the most probable “instability

window” for the Sulden basin.

3.5 | Frost-cracking model

To evaluate the frost-cracking intensity (FCI), we used the model pro-
posed by Hales and Roering (2007), but with modifications by
Anderson et al. (2013) and Scherler (2014) to account for the free
movement of liquid water, either percolating downward from the sur-
face or migrating upward from depth along the thermal gradient. This
is essential as liquid water moving through bedrock fractures is an
important means of heat exchange and fundamental for ice-
segregation mechanisms (Deline et al., 2015; Draebing et al., 2014;
Girard et al., 2013; Krautblatter et al., 2013; Murton et al., 2006; Rode
et al, 2016). More details on the model can be found in the
Supporting Information (Section S4).

The approach of Hales and Roering (2007) was developed for the
calculation of the FCI for a single column of rock and starting from its
value of MAAT. Acknowledging the large difference that may exist
between air and rock temperature, the authors cautioned that their
model calculated frost-cracking intensities in environments dominated
by shade. We modified the model to work on the basis of a gridded

raster of temperature, thus calculating the FCl for each pixel.
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Additionally, as an input parameter we provided a raster representing
the MAGST of each time period analyzed (see Figure S5 in the
Supporting Information). The MAGST was calculated using a simple
approach based on the fact that - for surfaces with little snow cover
- ground temperatures are mainly controlled by air temperature and
short-wave radiation (Gruber et al., 2004b; Haeberli et al., 2010). As
such, we modeled MAGST on a pixel-based approach that combines
the relative value of the MAAT raster plus a normalized index
obtained by the raster of solar irradiance. More details on our
approach and on validation tests can be found in the Supporting Infor-

mation (Section S5).

4 | RESULTS
4.1 | Detachment-point location
411 | Geomorphological characteristics

In Figure 2 we show each of the individual detachment points (1017
in total), color-coded according to the different time periods analyzed.
The map demonstrates that the oldest detachment points
mainly occupy the lower portion of the catchment (e.g., below
ca. 2500-2600 m a.s.l), whereas younger detachments occur at
increasingly higher elevations (Figure 3a) with an overall shift of
ca. 300 m (see also Section S6 of the Supporting Information). This
trend is associated with an increase in the area affected by perma-
frost, as higher elevations tend to have a more extensive cover of fro-
zen ground (Figure 3b). Similarly, the locations of detachments in
terms of slope and relief exhibit a trend toward steeper terrains
including areas with near-vertical rockwalls, which are prominent in
the upper portion of the basin (Figure S14 in the Supporting Informa-
tion). For the four analyzed variables (elevation, permafrost, slope, and
relief), exceptions exist for the year 1987 and the period between
2011 and 2016, which on average exhibit lower values than other
periods (Supporting Information, Section S6).

By analyzing the lithology and geomorphology of the source
locations we found that detachment points are equally distributed
between metamorphic and sedimentary rocks (192 vs. 200 points
respectively, with an overall point density of 21 pts/km?), amounting
to 38.5% of all instabilities (although divided between rockwalls
[steepness > 45°] and bedrock outcrops [steepness < 45°], following
the classification of Buter et al., 2020), whereas the majority of
the detachments occur in unconsolidated Quaternary deposits
(625 points, equal to 61.5%, with a point density of 11 pts/km?).
Considering that sedimentary rocks cover a smaller area of the
basin, an analysis based on point density (i.e., the number of detach-
ment points per unit area) indicated that sedimentary units contrib-
ute at least 35% more to the overall instability than metamorphic
units (with a point density of 27 pts/km? compared to 17 pts/km?
of the metamorphic rocks). A closer look at the morphological
analysis reveals that rockwalls and bedrock outcrops constitute by
far - in absolute terms - the most important sources for instability,
followed by areas of diffuse erosion and shallow soils, unconsoli-
dated sediment, and debris-flow channels (Figure 4a). This is
generally true for all periods analyzed, except for 1987 and the
period between 2011 and 2016 (Figure 4b). The situation changes
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FIGURE 2 Location of the

identified detachment points,
color-coded by year, permafrost-
probability distribution (Boeckli
et al., 2012), and extent of
glaciated areas in 2006
(Autonomous Province of

Bozen, 2012) [Color figure can be
viewed at wileyonlinelibrary.com]
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slightly when considering the areal extent of the different geomor-
phic domains, with areas of diffuse erosion, rockwalls, and bedrock
characterized by a point density of 43 pts/km? versus 21 pts/km?,
and debris-flow channels by a point density of 16 pts/km?2 Uncon-
solidated material and shallow soils follow with a point density of
4 and 2 pts/km?,
60.6% of the detachments (616 points, with a density of 14 pts/km?)
are located in areas with possible permafrost (i.e.,

respectively. Additional analyses indicate that

permafrost
probability > 0); 27.8% (283 points) are in areas that were already
unstable (this category includes several geomorphic domains and a
point density could not be retrieved); and 13.6% (136 points,
density of 118 pts/km?) are within areas that were recently exposed

by ice retreat (i.e., had previously been covered by glaciers as

documented on the orthophotos of the earlier time frame). Only
4.3% of the detachment points (44 points, density of less than
1 pts/km?) were subsequently stabilized by forest (see Figure S15 in
the Supporting Information). It is interesting to note that most
detachment points coincide with locations along channels and ava-
lanche tracks (see Figure S16 in the Supporting Information) or are
located at the upper boundary between bedrock and glacial ice (the
point density in such newly exposed areas is three times higher
compared to diffusive erosion areas, which is the second most
active geomorphic domain). The processes at these locations appear
to be strongly controlled by snow accumulation and ice melts, which
influence the thermal properties of bedrock (see Sections 5.1 and
5.2), but glacial debuttressing may be an additional factor.
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4.1.2 | Frequency of events

The total number of detachments detected for the time period
1945-1985 amounts to 404 events (i.e., an average of about 10 per
year), compared to the 613 (18 per year) found in the period
between 1985 and 2019, which suggests that instabilities and
resulting failures have increased recently. However, the detach-
ments identified in the period between 1945 and 1985 were likely
underestimated. In fact, when wusing only the most recent
orthophotos, thereby limiting the analysis to after 1985, no clear

trend can be established (Table 1).

4.2 | Climatic analysis

421 | Trends, anomalies and extremes

Since 1955, the MAAT has been rising at both stations and for all sea-
sons (Figure 5a; Supporting Information Figure S8 and Section S7).
Warming has been more pronounced at higher elevations (i.e., at the
Madritsch station) and during summer and spring. The analysis of the
MAAT from 2010 to 2019 indicates for both stations a thermal anom-
aly of +1°C when compared to the period 1981-2010, and of +1.7°C
and +2.6°C (for Sulden and Madritsch, respectively) when compared
to the reference period 1961-1990

Table S10). Differences can also be observed in seasonal anomalies

(Supporting Information
(Figure 5a) with warm winters increasing in frequency starting in the
late 1980s, and the other seasons showing a general warming phase
starting from the early 2000s or later (Figures S11 and S12 and
Section S7 of the Supporting Information).

Temperature extremes record a clear increase that can be
observed at both stations and for all seasons (Figure 6; Supporting
Information Figure S11 and Table S12). Overall, the year 2015 is the
hottest year (with a MAAT =4.9°C at Sulden and -0.5°C at
Madritsch) and has had by far the highest number of extremely high
daily temperatures (i.e., 72 days compared to an average of 18 d/yr;

Table S11 in the Supporting Information). Important differences exist

at the seasonal scale (Table S12) and for different years. For example,
while 2015 was associated with the highest number of hot days in
summer, autumn, and particularly winter, the greater number of days
with high temperatures in spring was registered in 2007. Also, sum-
mer and autumn months show a larger number of days with high tem-
peratures at high altitudes (Madritsch station) compared to low
elevations (Sulden station), but seasonal (Table S11) and annual differ-
ences do exist (Figure 6).

In contrast, the MAP showed no clear trends, although the period
between 1996 and 2009 seems to have been drier than on average
(Figure 5b; Supporting Information Table S8). When looking at sea-
sonal trends, we observe that since 1987 (first year of measurement),
precipitation has increased in all seasons except summer, which shows
a slight decrease in monthly mean values (Figure 5b; Supporting
Information Figure S9 and Table S8). Moreover, we have noticed
generally drier periods from 1996/1997 to 2007/2008 for winter and
spring, and from 2001/2002 to 2009/2010 for summer and autumn
(Figure S11). At higher altitudes (e.g., Madritsch station), seasonal
values show a positive trend in spring and summer, and negative

trends in autumn and winter (Table S8).

4.2.2 | Rainfall events and debris-flow triggers

The analysis of all rainfall events in the Sulden basin since 1987 (see
Section S3 of the Supporting Information) revealed that debris flows
were triggered during rainstorms exceeding the 75th percentile of the
entire distribution in terms of intensity and duration (CNR-IRPI, 2010;
Nikolopoulos et al., 2015; Berti et al., 2020; Gregoretti & Dalla
Fontana, 2007; see Figure S4 of the Supporting Information).
Although a general clustering of high-intensity events during summer
and long-duration events in autumn is seen (not shown here), most of
the rainfall events strong enough to trigger debris flows generally
occur in summer (July and August, Figure 7a). Their temporal evolu-
tion shows no particular trend, but highlights that the drier period
between 1995 and 2009 was also characterized by a low number of

intense rainfall events (Figures 7b).
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FIGURE 4 Number of detachments in each landform type (based on the geomorphic map of Buter et al., 2020): (a) all detachment points;
(b) detachment points sorted by time period (only landforms with more than 5% of detachments are shown) [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Number of detachments, rainfall events that triggered a debris flow, and debris flows, together with the detachment (Det.) and

debris-flow (D-F) rates calculated annually

D-F rate (number/yr)

0.8

Det. rate (number/yr)

8.8
19.3

Rainfall Debris flows

Detachments

Time periods
1985-2003
2003-2006
2006-2008
2008-2011

14

158

0.7

58
132

66.0

30.7

92
43

24
0.5

8.6
24.5

12

2011-2016
2016-2018
2018-2019

49

3.0

81.0

81
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FIGURE 5 (a) Mean annual air temperature for Sulden and Madritsch stations (upper panel) with seasonal linear trends obtained by the “fit”

Matlab algorithm (lower panel). In the upper panel, dotted lines represent the climatic reference MAAT (1981-2010; 3PClim database). In the
lower panel, dotted lines represent measurements at Madritsch station, whereas continuous lines show measurements at Sulden. (b) Cumulative
annual precipitation for the two stations (upper panel), with seasonal linear trends valid for the Sulden station only (lower panel). Colors follow
the same scheme as in (a) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Number of hot days per season, that is, days with a mean temperature > 95th percentile of the reference daily temperatures for
the time period 1980-2019 (e.g., time series with daily resolution) at both stations (colors follow the scheme as in Figure 5). Continuous lines
represent linear trends [Color figure can be viewed at wileyonlinelibrary.com]

When cross-checking the data on rainfall, temperature, snow
height, and snow cover (during the precipitation event and for 5 days
prior to it, not shown here), we observed that in addition to rainfall
intensity and duration, debris flows occurred only when the rainfall
event was characterized by a constant warm air temperature. This
promoted liquid precipitation also at high elevation, enhancing rain-

on-snow effects and the melting of glacial ice (as already reported by

Schiona [1994] for events in 1987). Moreover, during these debris-
flow triggering events, rainfall continued almost uninterruptedly with
sustained high intensity, likely promoting rapid ground saturation. In
addition, snow-cover extent was generally at its minimum (ca. 25% of
the basin area), suggesting that fresh snow existed only on glaciers
and in perennial snow patches. In contrast, other rainfall events with

similar intensity and duration that did not trigger a debris flow were
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FIGURE 7 Analysis of rainfall events above the 75th percentile of the I-D distribution. (a) Monthly distribution of the events for the Sulden
(left) and Madritsch (right) stations; (b) temporal evolution of rainfall events [Color figure can be viewed at wileyonlinelibrary.com]

characterized by: (i) a sudden drop in temperature at the beginning of
the rainfall event, likely associated with cold fronts typical of advec-
tive storms, and (i) irregular rainfall rates, which may have reduced
the accumulation of surficial runoff (Berti et al., 2020) and the degree
of ground saturation.

43 | Snow-cover effects on slope instability and
results of frost-cracking modeling

Data on snow height, used to evaluate changes in snow-cover dura-
tion and snow-water equivalent (calculated based on the algorithm of
Hill et al., 2019), showed no significant temporal trends for either of
the two variables (Table S9 and Figure S10 in the Supporting
Information). Implementing the approach of Draebing et al. (2014), we
determined the most probable instability window for the Sulden basin
based on snow-height measurements (Figure 8). With average snow
conditions (i.e., averaged daily snow height for the measured period),
at an elevation of ca. 2800 m (i.e., altitude of the Madritsch weather
station), the ground can be considered snow-insulated from late
November to early June (Figure 8a). Considering the combined effect
of the different heat-transport modes (Figure 8b), the most probable
instability window for the Sulden basin was found to occur in late
spring (i.e., during snowmelt). Despite the absence of a temporal trend

in snow-cover length, the yearly differences in snow height and

snow-cover duration have a large impact on the instability window,
which can vary significantly from year to year. As an example,
Figure 8c portrays the wide instability window of 2007 that resulted
from the limited snow cover and extremely high temperatures charac-
terizing the spring season in that year. Therefore, the high number of
detachments observed in the period 2006-2008 may be ascribed to
such an anomaly in 2007 (Table 1).

Figure S17 in the Supporting Information illustrates the intensity
of frost cracking in the bedrock portions of the Sulden basin, based on
the model described in Section 3.4. The outcome of the modeling indi-
cates that cracking intensities at the location of the detachment
points did not significantly vary through time (see Section S6 of the
Supporting Information), and that at these locations the most intense
frost cracking (defined as the mean FCl value > 90th percentile)
occurred within 1 m depth. An exception is the 2008-2011 period,
which shows intense FCl in average at greater depths (Figure 9).

5 | DISCUSSION

5.1 | Altitudinal and morphological distribution of
detachment points

The spatiotemporal distribution of the detachment points in the
Sulden basin mapped for the period 1945-2019 reveals how slope
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instability has shifted toward higher elevations over time (Figures 2
and 3; Section Sé in the Supporting Information), matching observa-
tions made in other studies in the Alps (e.g., Fischer et al., 2012;
Ravanel et al., 2010; Ravanel & Deline, 2011). Also, in agreement with
Hartmeyer et al. (2020), most detachments at high elevations
(e.g., above 2500-2600 m a.s.l.) occurred along channels and ava-
lanche tracks as well as in areas where glacial ice had recently vanished.
Here, the recently exposed bedrock is suddenly subjected to daily and
seasonal temperature variations (Fischer et al., 2006, 2012; Huggel
et al., 2012; Wegmann et al., 1998) and thus to higher thermal stresses
that may increase its susceptibility to rock breakdown. In channels and
chutes, snow tends to accumulate providing abundant liquid water dur-
ing snowmelt. In turn, this favors deep water percolation that enhances
frost cracking and hydrothermal stresses, which may lead to bedrock
failure (Deline et al., 2015; Draebing et al., 2014; Girard et al., 2013;
Hartmeyer et al., 2020; Hasler et al., 2012). Unfortunately, the role of

glacial debuttressing is difficult to evaluate in our study area. Deep-

seated landslides that may be related to this phenomenon have not
been officially reported, but a partial influence of lateral stress varia-
tions on slope failure due to deglaciation is likely in the freshly-exposed
bedrock areas (e.g., Johnston et al., 1998).

The analysis of landforms associated with slope instability high-
lights the predominant occurrence of bedrock failures for all time
periods, except for the year 1987 and the period between 2011 and
2016 (Figure 4). It should be noted that these years were character-
ized by high amounts of precipitation (Figure 5b), with several rainfall
events (Figure 7b) that triggered diffuse instability in several parts of
the basin (Figure 1d).

Our results suggest that, whereas temperature-related processes
such as frost cracking and the build-up of hydrothermal stress may be
crucial prerequisites for rock failures, especially in sedimentary rocks,
which are more susceptible to thermal variations and ice-segregation
processes (Akagawa & Fukuda, 1991; Draebing et al., 2014; Hasler
et al.,, 2012; Matsuoka, 2001; Murton et al., 2001), extreme rainfall
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events are responsible for a more diffusely distributed instability along
rockwalls, areas of diffusive erosion, and debris-flow channels (see
also Kofler et al., 2021). This may explain why during wetter periods,
the elevation range, the potential occurrence of permafrost, slope,
and relief of the detachment points were lower compared to other
times (Figures 3 and S14).

Permafrost thawing is thought to be an important factor in caus-
ing not only rock failures but also shallow landslides on debris-
covered areas (see also Kofler et al., 2021), as supported by our field
observations of ice in landslide scars. Other researchers have noted
that, in areas that were already unstable, instability may evolve inde-
2010;
et al.,, 2012; Huggel et al., 2012), and detachments may be triggered

pendently from climatic conditions (Crozier, Fischer

by less intense rainfall events (Crozier, 2010; Stoffel & Huggel, 2012;
Stoffel et al., 2011). This appears to be the case with two small debris
flows generated in the area of the tributary hosting the End of the
World glacier during 2015 and 2016 (Figure 1c,d), which followed the
destabilization of a rock-glacier front in 2014 (Kofler et al., 2021).

5.2 | Effects of temperatures and snow cover on
frost-cracking processes and slope stability

Among other influencing factors, frost cracking is controlled by the
MAGST and the daily temperature amplitude. For the Sulden basin,
frost cracking occurs only when ground-surface temperatures are
between +4°C and —7°C (Supporting Information Table S3). For tem-
peratures above 4°C, the below-surface temperature is always posi-
tive, preventing water from freezing; for temperatures below —7°C,
the below-surface temperature is always negative, preventing ice
from melting. By observing the depth at which frost cracking is likely
to occur, we noted that there is a sudden shift to deeper layers when
the temperature passes from —1.5°C to —2°C (Table S3). Above this
temperature, the average depth at which the most intense frost crack-
ing occurs is 10 cm, whereas below this temperature it is 2.55 m.
Interestingly, this temperature range also marks a change in stability
of ice-filled bedrock joints (Davies et al., 2001), and it is just below
that of the freezing point for water in bedrock, which may promote
important changes in hydraulic permeability and fluid pressures that
act on small fractures in bedrock (Deline et al., 2015; Draebing &
Krautblatter, 2019; Girard et al, 2013; Haeberli et al., 2010;
Krautblatter, 2009; Krautblatter et al., 2013; Murton et al., 2001). As
we have analyzed only small- to medium-sized events, this observa-
tion is important, because it reveals the temperature range that influ-
ences slope stability with respect to shallow failures, namely between
+4°C and —2°C. Conditions promoting frost cracking close to the sur-
face have not changed over time, but rising temperatures have shifted
upward the altitudinal range where superficial frost cracking (i.e., at
depths < 1 m) is most efficient.

An additional confirmation of the importance of temperature in
the destabilization of rockwalls and bedrock outcrops is provided by
the close correspondence between the number of detachments regis-
tered during the 2006-2008 period (Table 1) and the high number of
days with extremely high temperatures registered in spring 2007
(Figure 6). The combination of various factors, including the effects of
snow cover and snow melt on the thermal properties of the ground,
was responsible for an extended period of instability that likely trig-
gered the high number of detachments (Figure 8c; Hasler et al., 2012;
Kofler et al., 2021; Matsuoka, 2001).

Besides providing water during snow melt, snow cover may affect
permafrost thaw and the intensity of frost cracking by changing gro-
und thermal conditions (Anderson et al., 2013; Girard et al., 2013;
Draebing & Krautblatter, 2019; Harris & Conte, 1992). When snow
cover has a thickness > 60 cm, it may insulate the ground from ther-
mal variations (Luetschg & Haeberli, 2005; Noetzli & Gruber, 2009;
Staub & Delaloye, 2017; Zhang, 2005), maintaining it at a constant
temperature around 0°C (Anderson et al., 2013; Zhang, 2005). As
such, a thick, extensive, and patchy snow cover may increase the
thickness of the permafrost active layer (Draebing et al., 2017a;
Huggel et al., 2012; Ravanel et al., 2013) by extending the duration at
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which the ground is subject to melting conditions (Kofler et al., 2021).
This may facilitate ground saturation during prolonged or intense rain-
fall events, thus preparing the slope for possible failure (Kofler
et al,, 2021). In contrast on surfaces with thick snow cover, frost
cracking is reduced, if not eliminated, in the presence of a positive
thermal gradient that limits cryosuction from depth (Draebing
et al.,, 2017a; Supporting Information Figure S18). Slope stability is
thus affected in two ways: Firstly, frost-cracking is limited to areas
with thin (e.g., <60 cm) or no snow cover (e.g., low altitudes or steep
rockwalls; Figure 10), whereas permafrost thaw may increase in areas
with thick and prolonged snow accumulation. Secondly, snow cover
may greatly contribute to future changes in slope stability depending
on the evolution of temperatures and precipitation, which ultimately
controls the amount of snowfall and duration of snow cover
(Figure S18).

5.3 | Effects of recent climate warming

Intra-annual variations in either the development of detachment

points or the generation of debris-flow events are difficult to assess

31+40 [ ]01+10

I WILEY] 3¢

(Table 1). Nevertheless, with a synoptic view of the changes that have
occurred on a decadal timescale, some relevant observations can be
made (Table 2). Particularly striking are the recent changes in temper-
ature, with a significant increase in both mean annual values and in
the number of days with extremely high temperatures. This latter
parameter suggests that higher elevations have been subjected to an
intense phase of warming, which had already started in the year 2000.
Indeed, the number of days with high temperatures registered at the
Madritsch station during the period between 2000 and 2009 is more
than double than those during the previous decade. A similar increase
was registered at Sulden one decade later (i.e., 2010-2019 compared
to 2010-2009). Along with the rise in temperature during the 2000s,
we observed a pronounced increase in the number of detachments.
This correspondence in timing corroborates our finding that, in the
context of warming, rock failures are a very important phenomena at
high elevations, supporting the hypothesis that temperature-
dominated processes (i.e., frost cracking, the build-up of hydrothermal
stress, and permafrost thaw) are the main factors responsible for caus-
ing instability.

In contrast, wetter conditions during the past decade have had a

more variable impact. Neither extreme rainfall events (i.e., above the

1.1+20 I-1.9+-1.0

FIGURE 10

(a) Distribution of ground-surface temperatures ranging between +4°C and —2°C with superposed location of the detachment

points (white circles; black line represents bedrock outcrops). (b) Enlarged view of the top of Beltovo: Note the lack of detachments in the
bedrock areas with MAGST < —2°C (shown with no color along the ridges), where temperatures are too low to promote frost cracking at shallow
depths. (c) Relief map: Note the lack of detachments where rock slopes are gentler (e.g., slope to the southwest of the Beltovo top) and snow can
accumulate in thicker layers [Color figure can be viewed at wileyonlinelibrary.com]
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75th percentile of the I-D distribution) nor rainfall events that trig-
gered debris flows show any particular trends (Table 2). Nonetheless,
during the last 10 years of our data set (2010-2019) the number of
extreme rainfall events that have triggered debris flows has been
higher than that of the previous three decades (i.e., seven vs. six
events). Because the number of intense rainfall events has not

significantly changed (Table 2), the increase in debris flows registered
in the last 10 years may be related to the lack of events in the previ-
ous two decades (possibly associated with the drier 1995-2009
period), which led to an increased accumulation of unconsolidated
debris at the potential initiation areas. Overall, this suggests that
downstream sediment transport by debris-flow activity in the Sulden

TABLE 2 Decadal variations in temperature, precipitation, detachments, and debris-flow (D-F) events

Temperature Precipitation Events
MAAT? Tmean > Events > X
“C) 95th (days) MAP? (mm) 75th Number of Number of rainfall events Number of
detachment points triggering D-F D-F
S M S M S M S M
1980-1989 24 -3 107 59 94 4 12
1990-1999 28 -23 123 87 800.5 103 88 0
2000-2009 3 -21 178 222 606.1 45 151 2
2010-2019 38 -13 312 332 8918 10162 123 112 175 7 16

@For comparison we report the values of the climatic reference time period 1981-2010. For Sulden (S): mean annual air temperature (MAAT) = 2.8°C,
mean annual precipitation (MAP) = 835 mm; for Madritsch (M): MAAT = —2.4°C, MAP = 980 mm.

Jg-,,“ =

—J 1-5 1 15.1-20.0  30.1-50.0 [ <100 [ <29.9-0.0 [] >65.1-100.0

] 5.1-10.0 [ 20.1-25.0 m >50.1 [ <99.9-65.0 1 >0.1-30.0 = >100.1-200.0

] 10.1-15.0 m 25.1-30.0 [] <64.9-30.0 ] >30.1-65.0 B >200.1
FIGURE 11 (a) Distribution of slope instability based on point density (e.g., number of detachments per square kilometer) and showed for

single tributaries (for the whole time period analyzed: 1945-2019). (b) Percentage of change in point density between the time intervals
1985-2003 and 2003-2019, which span similar time intervals (i.e., 18 vs. 16 years). Olive-colored areas showed a reduction in instability (marked
with the symbol < before the percentage class), whereas violet-colored zones exhibit an increase (marked with the symbol > before the
percentage class). Rockfall trajectories are superposed on both images (thin lines in dark gray; Zischg, 2008; Zischg et al., 2012) with detachments
starting in areas subjected to permafrost, and the areas at risk for debris flows (light blue; source: Autonomous Province of Bozen, 2011), which
may indicate areas affected by possible cascading events [Color figure can be viewed at wileyonlinelibrary.com]
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basin is limited to some extent by sediment availability and/or geo-
morphic connectivity, as observed in several other Alpine mountain
catchments (Buter, 2021; Marchi et al., 2019; Micheletti et al., 2015).

5.4 | Spatiotemporal variations in slope stability
and consequences for management plans in Alpine
regions

Using the point density as a metric for establishing the most unstable
areas, we observed that major instabilities exist at the debris-flow
tributaries on the north-western side of the basin (Figure 11a). Tem-
poral variations of the detachment points (established by comparing
the point density of the different areas between 1985-2003 and
2003-2019) indicate how instability has changed in the different trib-
utaries, thus highlighting those events that have decreased or
increased slope stability (Figure 11b). Increased instability has
impacted the debris-flow tributaries to the northwest of the catch-
ment as well as in the upper portion of the basin where rockwalls are
most influenced by frost cracking, permafrost thaw, and receding gla-
ciers. However, whereas debris-flow tributaries have also been active
in the past, the upper portion of the basin has transitioned from a
state of relative stability to one of relatively high instability
(Figure 11).

Based on our findings, risk mitigation strategies in the Alps will
need to focus in greater detail on the upper sectors of mountain
basins, as events triggered at high elevations may promote hazardous
cascading effects able to reach lower elevations (Beniston et al., 2018;
Coe, 2020; Deline et al., 2015; Hock et al., 2019). To this end, it is
essential to consider the degree of connectivity among the different
geomorphic domains, as this parameter controls the amount of sedi-
ments that can be transported to the valley bottom during changing
meteorological conditions (Buter, 2021; Micheletti et al., 2015) and
thus will influence the magnitude of future events. At the same time,
the identification and mapping of possible rockfall and debris-flow
runout areas (Autonomous Province of Bozen, 2011; Zischg, 2008;
Zischg et al., 2012) expected along slopes in high-elevation sectors of
mountain basins, will allow land managers to establish a sound,

forward-looking hazard mapping (Figure 11).

6 | CONCLUSIONS
Our study clearly reveals a close relationship between current climatic
warming and slope instability in a high-elevation catchment of the
eastern Italian Alps. More specifically, we found that rockwalls and
bedrock outcrops are the main source of instability, followed by areas
of diffuse erosion and areas with debris-flow channels. At high eleva-
tions, recently exposed rockwalls due to glacial retreat as well as
channels and avalanche chutes where snow melt may have promoted
severe frost cracking and hydrothermal stresses are particularly unsta-
ble. These unstable sites may be further destabilized by low-intensity
triggers, whereas slopes at lower elevation may be stabilized over
time by the effect of colonizing vegetation.

Furthermore, temperature extremes are important for the genera-
tion of detachments and, especially in late spring, contribute to rapid

snowmelt and an increase in thickness of the active permafrost layer.
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This, in turn, generates an “instability window,” where failures can
more easily occur due to the presence of liquid water percolating into
rock fractures or saturating the ground. The rise in temperature
affects the depth at which frost-cracking processes are most effec-
tive; this causes shallow detachments in bedrock (depths < 1 m) to
always occur at higher elevations where rockfalls are facilitated by
precarious, steep rockwalls with weakened bedrock. In our study site,
the location of detachment points has moved toward higher eleva-
tions by ca. 300 m, and small- to medium-sized detachment events
have increased in number since the beginning of the century, although
with significant inter-annual variations.

Finally, rainfall events triggering debris flows have increased since
2010, most likely due to warmer and wetter summers. Although we
did not observe a change in the frequency of extreme events, the
sustained warm air temperatures typical of convective storms may
have promoted rainfall not only in the lower portions of the basin, but
also at high elevations, thus increasing runoff and ground saturation.
In addition, the volume of weathered material produced during the
previous two decades (1990-2009) has likely contributed to an
increase in sediment availability and to its easier mobilization during
subsequent wetter years, at least in those areas where sediment
sources are directly connected to debris-flow channels.

In summary, the dynamic relationships between warming trends,
permafrost degradation, changes in extreme rainfall events, and the
occurrence of hazardous slope failures will be increasingly relevant for
the higher sectors of Alpine catchments, if temperature levels remain
elevated or increase further. Given the increased use of high-
mountain areas for touristic purposes, future land management plans
aimed at risk reduction must consider such effects of global warming
that may cause significant changes in slope stability and potential cas-

cading events.
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