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Abstract: Since the end of the Little Ice Age (LIA), formerly glaciated areas have undergone
considerable changes in their morphodynamics due to external forces and system-internal dynamics.
Using multi-temporal high-resolution digital elevation models (DEMs) from different remote sensing
techniques such as historical digital aerial images and light detection and ranging (LiDAR), and the
resulting DEMs of difference (DoD), spatial erosion and accumulation patterns can be analyzed in
proglacial areas over several decades. In this study, several morphological sediment budgets of
different test sites on lateral moraines and different long-term periods were determined, covering a
total period of 49 years. The test sites show high ongoing morphodynamics, and therefore low
vegetation development. A decrease as well as an increase of the mean annual erosion volume could
be demonstrated at the different test sites. All test sites show a slope–channel coupling and a decrease
in the efficiency of sediment transport from slopes to channels. These developments are generally
subject to conditions of increasing temperature, decreasing short-term precipitation patterns and
increasing runoff from adjacent mountain streams. Finally, the study shows that sediment is still
available on the investigated test sites and the paraglacial adjustment process is still in progress even
after several decades of deglaciation (~133 years).
Keywords: geomorphic coupling; glacier retreat; historical aerial images; lateral moraines;
LiDAR; morphological sediment budget; photogrammetry; proglacial areas; sediment transfer;
surface change detection
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1. Introduction
Due to global warming and changes in precipitation pattern, high alpine geosystems have
undergone considerable changes since the end of the Little Ice Age (LIA) around 1850 [1,2]. This includes
rapid retreat of glaciers [3–6], permafrost-thawing [3,7], changes in alpine vegetation [8,9], and water
discharge [10–12].
As a result of this glacier loss, a large part of the formerly glaciated terrain has been exposed
during the recent decades. On these lateral moraines, intense morphodynamics have taken place
due to paraglacial reworking [1,2,13–18]. The high morphodynamics of these slopes and the
spatial proximity to the channel system can lead in turn to an increased sediment transfer from
the slopes to the channels [15,19–24], which can also lead to sediment input into reservoirs used
for hydropower [25,26]. The sediment regime of mountain slopes can be described by complex
sediment cascades [27–31], which include various geomorphic processes [26,32,33]. These processes
are in turn linked to external forces, e.g., precipitation events, and to system-internal dynamics.
The latter represent, e.g., process interactions such as geomorphic (de)coupling, describing sediment
transfer on a small spatial scale, and sediment connectivity, describing the integrated coupling state
of a system at the meso and macro scales [34,35]. In recent decades, geomorphological research
has focused on this in different concepts [36–41]. These coupling states determine the transport
from the slopes to the channels (lateral sediment transfer) [37–39,42–44], as well as the sediment
transport in the channels (longitudinal sediment transfer) [36,38,39,45–48] and are subject to changes
in different timescales [42,49]. In addition, a distinction is made between structural and functional
connectivity [50–52]. Structural connectivity describes the extent to which different landscape units are
adjacent or physically connected to each other [51], while functional connectivity describes the process
dynamics, e.g., geomorphological processes through which sediment or water is transferred between
different landscape elements [51].
Proglacial areas are affected by strong geomorphological changes [18], as these are vulnerable to
numerous geomorphic processes, like fluvial erosion, slope wash, mass movements, debris flows and
the sediment transport through ground avalanches due to the unconsolidated material, the missing
or sparse vegetation, the high slope gradients and the occurrence of ground ice [14,15,21,24,26,33,53].
Several studies showed a decrease in morphodynamics on LIA lateral moraines after a certain
time of deglaciation, while other studies showed an ongoing intense morphodynamic even after
several decades. Church and Ryder (1972) [13] indicated an increase in geomorphological activity by
fluvial erosion after deglaciation, which continues as long as sediment is available, while Ballantyne
(2002) [14] used a conceptual model (exhaustion model) to show that the reworking processes decrease
exponentially over time in a system that is considered sensitive and susceptible to disturbances,
which can cause delays. Curry et al. (2006) [15] classified the geomorphological activity (of mainly
debris flows) over time and demonstrated that the highest phase occurs after about 50 years and a
levelling by filling of the gullies occurs after 80–140 years. Furthermore, Carrivick et al. (2013) [54]
indicate that geomorphological activity (areal extent and intensity) decreases with increasing distance
from the glacier. This decrease in activity with increasing distance from the glacier is also described
by Dusik (2019) [23]. However, the latter also describes an ongoing intense morphodynamic and no
stabilisation of these areas after several decades of deglaciation. Betz et al. (2019) [55] showed in a
comparison of several test sites of different lateral moraines both a decrease and an ongoing high
morphodynamic after several decades, caused by thawing of dead ice, which can take decades [56],
high slope gradients and undercutting of the slopes by the adjacent rivers. In addition, Cossart and
Fort (2008) [17] also showed that the conceptual models, such as those of Ballantyne (2002) [14]
and Curry et al. (2006) [15], are not always applicable, since reaching the maximum sediment yield of
these slopes can be influenced by various parameters (e.g., the complexity of the depositional forms)
and the paraglacial adjustment process can thus be delayed over several decades. After ice release,
the developed vegetation can also lead to stabilisation [57], while heavy rainfall events can lead to
sediment transporting processes [58,59] and a higher slope channel coupling [21,23,24].
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The reconstruction of morphodynamic changes (surface change detection) in proglacial areas can
be analyzed in high spatial and temporal resolution by processing accurate and precise digital
elevation models (DEM) in different time intervals and deriving the height change from the
resulting DEM of differences (DoD). Thus, sediment budget studies can be determined quickly
and easily. The use of different remote sensing techniques for the acquisition of repeated topographic
data also allows this approach to be applied to a time interval of several decades by analysing
overlapping historical aerial images, using photogrammetry [16,55,60–62] and current LiDAR data
(light detection and ranging) from airborne or terrestrial platforms [63–66]. The sediment budget
approach, widely used in geomorphological research with different methods, allows to detect surface
changes of sediment sources and sinks, to interpret the geomorphic processes and to analyse and
quantify the amount of erosion, accumulation, re-mobilisation, and finally the sediment volume
balances of geomorphic systems, e.g., in rivers [67–72] or on mountain slopes [73–77]. In addition to
DoD analyses, geophysical measurement methods, such as ground-penetrating radar, can be used to
investigate accumulation areas and their different types of sedimentary structures [78,79]. There are
many short-term morphological (sediment) budget studies (several month or years) in proglacial
areas [21–24,26,80], but quantitative long-term studies over several decades, involving multiple
processes and different time periods on lateral moraines and the resulting sediment transfer from
slopes to mountain streams are rare due to the difficulty of access to the terrain and the lack of
long-term data [26]. Therefore, there is an increasing need for research in these areas, which includes
the monitoring of these systems through repetitive and high-resolution topographic data [53].
Thus, this study aims to analyse and quantify two long-term periods (1970/1971–2006; 2006–2019)
of sediment erosion and accumulation balances on three test sites on LIA lateral moraines in an
alpine catchment area (Upper Kauner Valley, Central Alps, Tyrol, Austria), using the morphological
sediment budgeting approach [81]. Moreover, the resulting sediment transfer from the slopes into the
proglacial river system was measured. The reconstruction of multitemporal digital elevation models
(DEMs) is based on photogrammetry with historical aerial photos, airborne laser scanning (ALS)
and terrestrial laser scanning (TLS) for the years 1970/1971, 2006, and 2019, respectively. The long-term
morphodynamic analysis of selected LIA lateral moraines takes into account the different characteristics
of the areas of interest (e.g., size, slope length, slope gradient, and elevation), the occurring vegetation
and the changing meteorological and hydrological conditions of this high alpine geosystem.
2. Study Area and Locations of the Measurements
The test sites are located in Upper Kauner Valley in the Ötztaler Alps, which is part of the Central
Austrian Alps (Tyrol/Austria) and belongs geologically to the Austroalpine crystalline complex [82,83].
The bedrock lithology is dominated by crystalline rocks, mainly ortho- and paragneisses [84]. The valley
is oriented in a north–south direction and borders the main Alpine divide and Italy in the southern
part. The elevations range from 1810 m (Gepatsch reservoir) to 3535 m a.s.l. (Hochvernagtspitze)
and 29.7% (2015) of the 62 km2 catchment area is glaciated [85]. The Gepatsch- and Weißsee glacier
reached their maximum extent at the end of the LIA around 1855, which was investigated, e.g., for the
Gepatsch glacier by Nicolussi and Patzelt (2001) [86] and shown by Sonklar (1861) [87]. In 1886
and 1887, the Gepatsch glacier and the adjacent areas were first measured trigonometrically by
Finsterwalder et al. (1888) [88]. This measurement was repeated in a survey in 1922, this time also
including the Weißsee glacier [89]. Since having reached the maximum extent, these glaciers have
continuously lost ice mass and length, with two exceptions between 1920/1921 and 1977 to 1988,
when minor re-advances occurred, as documented, e.g., for the Gepatschferner [86]. Since the end of
the LIA until 2015 the Gepatsch glacier has lost about 2.8 km and the Weißsee glacier about 1.8 km
of length. Due to the good data basis (e.g., maps, terrestrial, and aerial images/orthophotos) of these
glaciers since the end of LIA, the glacier extents could be continuously documented for the last decades
(Figure 1). The three test sites are located on the lateral moraines of the Gepatsch glacier (named G1
and G2), drained by the Fagge River, and the Weißsee glacier (named W1), drained by the Riffler River
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(a tributary to the Fagge River). The test sites are characterised by intense paraglacial morphodynamics
and low vegetation cover. The material of the slopes can be described as typical moraine material,
intense paraglacial morphodynamics and low vegetation cover. The material of the slopes can be
which is unsorted and contains grain sizes from silt to boulders. The valley belongs to the inner-alpine
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dry
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Table 1. Characteristics of the test sites. Values were derived from the 2019 DEM (Section 3.1).
Test Site

G1
G2
W1

Location (Centre)
(ETRS89/UTM Zone 32N,
EPSG Code: 25832)
E 632864
N 5193652
E 633000
N 5193307
E 631170
N 5192139

Aspect

Range of Elevation
(Ellipsoidal Heights)
(m)

Size
(km2 )

Max. Slope
Length (m)

Mean (and Max.)
Slope Gradient (◦ )

W

2070–2280

0.081

330

33.95 (ca. 75)

W

2090–2360

0.066

370

35.07 (ca. 75)

W

2600–2730

0.033

170

33.40 (ca. 70)

Start of
Deglaciation
End of
LIA/~1855
End of
LIA/~1855
End of
LIA/~1855

Completely
Deglaciated between
(See Figure 1)
1953 and 1969
1953 and 1969
1953 and 1969
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3. Materials and Methods
3.1. Photogrammetric and LiDAR Data Collection, Processing, and DEM Generation
For the generation of the historical DEMs (1970 and 1971), digital historical aerial images
were used, which were provided by the Office of the Tyrolean Government, Department of
Geoinformation (Tyrol, Austria). The digitized images (scanning resolution: 12 µm) were provided in
TIFF format together with the corresponding calibration protocol of the camera [97,98]. The flights
on 29 September 1970 covered the northern part of the Upper Kauner Valley including the Gepatsch
glacier forefield (test sites G1/G2) and on 18 August 1971 covered the southern part of the Upper
Kauner Valley including the Weißsee glacier forefield (test site W1) (Figure 2/Table 2). The historical
images were processed in Agisoft Metashape Professional software package (https://www.agisoft.com/;
Water 2020,
12, x FOR1.5.5.9097),
PEER REVIEW
software
version:
which allows the use of fiducial marks for the camera orientation.7 of 31
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The following pre-processing steps were performed. Since the scanned images have a slightly
Table 2. Overview of the acquired historical images for the generation of the point clouds and the
different
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corresponding DEMs by photogrammetry/SfM [97,98,101,102].
Since the images from 1970 and 1971 were jointly oriented, but taken by different cameras with different
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Southern
of one
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resolution
by atPart
least
pixel.
In aValley
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step, the black border of each image with the camera metadata information was masked as it may
Forefield/Test Sites G1 and G2)
Forefield/Test Site W1)
interfere with the orientation of the camera [99]. Third, after entering the calibrated focal length for
Tyrolean state Surveying flight/Office of
Tyrolean state Surveying flight/Office of
bothPurpose/Source
cameras, the fiducial
marks were
automatically
detected
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Government
(Department
of by
thethe
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of the centres was required for few
fiducial marks. The definition of the of
camera
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Geoinformation)
Geoinformation)
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fiducials
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sign. After
Date of acquisition
September
1970
18 August
1971 defining the
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coordinate
system(m(ETRS89/UTM zoneca.
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with
ellipsoidal
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the processing
8665
ca. 5025
a.s.l)
steps consist of (i) the initial joint orientation of the 1970 and 1971 images, (ii) the selection of the
RC5/RC8
RC5/RC8
ground Camera
control points (GCP) in theWild
images
with their corresponding globalWild
coordinates,
(iii) the final
Number of images
26
31
camera orientation (bundle block adjustment) including scale definition, (iv) the dense point cloud
Focal length (mm)
210.43
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based on dense image matching, and (v) the generation of the orthophoto. The steps
Scanning
Resolution (µm)
Coverage area
(km2)
Point density
(points/m2)

12

12

21.7

25.4

8.59

8.98
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(iv) and (v) were performed separately for the 1970 and 1971 datasets. Based on aerial images provided
by the Austrian Federal Office of Surveying and Metrology (BEV), orthophotos of 1953 (for glacier
extent mapping, Section 2) and 2015 (for vegetation mapping, Sections 3.3.1 and 4.2.1), were created
using the same workflow.
The approach used required a high number of ground control points (GCPs) covering the entire
Upper Kauner Valley with high accuracy. Since this includes hardly accessible high alpine terrain,
the coordinates of the GCPs were extracted from an ALS data set. The selection of these 101 GCPs was
done on well recognizable structures and stable areas, such as rock formations, which could be identified
in the aerial photographs as well as in the ALS point cloud, as shown in Figure 2. For this purpose,
the most recent available ALS data set was taken, which was obtained in 2017 as part of the PROSA
project (“High-resolution measurements of morphodynamics in rapidly changing PROglacial Systems
of the Alps”). The data was taken from a helicopter and a mounted VP1 (VuxSys LR) mobile laser
scanner from Riegl (Riegl.com). This flight mission was performed by the Chair of Physical Geography
at the Catholic University of Eichstätt-Ingolstadt at an average flight altitude of 150 m above ground
and a laser impulse measuring frequency of 200 kHz, with a resulting point density of 5.8 points/m2 .
This data set was available in ellipsoidal heights. The generated point cloud was pre-processed by an
automatic strip adjustment and georeferencing [100].
Table 2. Overview of the acquired historical images for the generation of the point clouds and the
corresponding DEMs by photogrammetry/SfM [97,98,101,102].

Purpose/Source
Date of acquisition
Flying altitude (m a.s.l)
Camera
Number of images
Focal length (mm)
Scanning Resolution (µm)
Coverage area (km2 )
Point density (points/m2 )
Ground resolution (cm/pix)
RMS reprojection error (pix)

Northern Part of Upper Kauner Valley
(Including Gepatsch Glacier
Forefield/Test Sites G1 and G2)

Southern Part of Upper Kauner Valley
(Including Weißsee Glacier
Forefield/Test Site W1)

Tyrolean state Surveying flight/Office of
the Tyrolean Government (Department of
Geoinformation)
29 September 1970
ca. 8665
Wild RC5/RC8
26
210.43
12
21.7
8.59
19
0.863

Tyrolean state Surveying flight/Office of
the Tyrolean Government (Department of
Geoinformation)
18 August 1971
ca. 5025
Wild RC5/RC8
31
209.48
12
25.4
8.98
17
0.438

Furthermore, the ALS data set acquired in 2006 was used (data acquisition: 5 September 2006,
average point density: 4.6 pts/m2 , coordinate system: ETRS89/UTM Zone 32N, EPSG code: 25832),
which was provided by the Tyrolean Hydropower AG (TIWAG, Austria, Innsbruck) for this study as
part of the SEHAG project (“Sensitivity of High Alpine Geosystems to Climate Change since 1850”)
of the Chair of Physical Geography at the Catholic University of Eichstätt-Ingolstadt and covers the
entire Upper Kauner Valley. This dataset was also pre-processed by an automatic strip adjustment and
georeferencing [100].
The data of 2019 were collected with a TLS VZ-4000/Riegl (Figure 3). The test sites on the Gepatsch
moraine were scanned on 25 June 2019 (6 scan positions) and those on the Weißsee moraine on
26 August 2019 (4 scan positions (Figure 1). The scans were performed with a laser pulse repetition
rate of 30 kHz, which corresponds to an effective measurement rate of 23,000 pulses per second [103].
The single scans were acquired in the local coordinate system of the TLS. The technical specifications
of this panoramic TLS are shown in Table 3.

The data of 2019 were collected with a TLS VZ-4000/Riegl (Figure 3). The test sites on the
Gepatsch moraine were scanned on 25 June 2019 (6 scan positions) and those on the Weißsee moraine
on 26 August 2019 (4 scan positions (Figure 1). The scans were performed with a laser pulse repetition
rate of 30 kHz, which corresponds to an effective measurement rate of 23,000 pulses per second [103].
Watersingle
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Table 3. Technical
specifications
the TLS VZ-4000
from
[103].
Laser
Laser
Laserscanner
Laserscanner
Wavelength
Wavelength
Riegl
Riegl
VZVZ-4000
4000

Near
Near
infrared

infrared

Max.
Max.
Range
Range
(m)

Beam
Beam
Divergence
Divergence
(mrad)

Accuracy
Accuracy
(mm)
(mm)

Precision
Precision
(mm)
(mm)

Max.
Max.Data
Data
Acquisition
Acquisition(meas./s)
(meas./s)

4000
4000

0.15
0.15

15
15

1010

222,000
222,000

(m)

(mrad)

The single terrestrial scans were processed with the software RiScanPro (Riegl.com). To
To reduce
the number of acquired points to the necessary ones, all redundant and flying points were removed
manually in
inaafirst
first
pre-processing
step.
a further
the were
scansco-registered
were co-registered
the
pre-processing
step.
In aIn
further
step, step,
the scans
using theusing
software
software
features
coarse registration
via(GCPs)
pointand
pairs
andMulti
the subsequent
Multi Station
features coarse
registration
via point pairs
the (GCPs)
subsequent
Station Adjustment
(MSA),
Adjustment
(MSA),
whichclouds
adjuststotwo
point
clouds
to each
other in by
several
iterations
by aalgorithm
software
which adjusts
two point
each
other
in several
iterations
a software
intern
intern
algorithm (fine
this
purpose,
stable
areasadjacent
(mostlyto
bedrock
to the
(fine registration).
For registration).
this purpose, For
stable
areas
(mostly
bedrock
the testadjacent
sites) were
cut test
out
sites)
cut out
ofset.
the Afterwards,
2017 ALS data
Afterwards,
thewas
coarse
registration
was performed
of thewere
2017 ALS
data
theset.
coarse
registration
performed
via point
pairs from via
the
point
pairsdataset
from the
ALS TLS
dataset
and using
the 2019
dataset
scanand
(scan
no.no.
4 at2
2017 ALS
and2017
the 2019
dataset
theTLS
master
scanusing
(scan the
no. master
4 at G1/G2
scan
G1/G2
no. 2 at W1)
andscans.
the depending
every single
minimumofof11
9
at W1) and
and scan
the depending
slave
For every slave
singlescans.
scan, For
a minimum
of 9 scan,
and aamaximum
and
maximum
11 point
pairswhich
(GCPs)
were
selected,
which over
werethe
evenly
distributed
the
pointa pairs
(GCPs)ofwere
selected,
were
evenly
distributed
respective
scans. over
A mean
respective
scans. A of
mean
standard
deviation
of 0.21
mclouds
was achieved
for the test
point
clouds
of the
standard deviation
0.21 m
was achieved
for the
point
of the Gepatsch
sites
and 0.34
m
Gepatsch
test sites
0.34
m for
the
Weißsee
test site. After
coarse registration,
a finealgorithm
registration
for the Weißsee
testand
site.
After
this
coarse
registration,
a finethis
registration
using the MSA
in
using
the
MSA
algorithm
in
RiScanPro
was
performed.
The
iterative
adjustment
results
in
a
mean
RiScanPro was performed. The iterative adjustment results in a mean standard deviation of 0.0194 m
standard
of 0.0194
m atm
theattest
G1/G2
0.0164
m atglacier
the testforefield.
site W1 of the Weißsee
at the testdeviation
sites G1/G2
and 0.0164
the sites
test site
W1 and
of the
Weißsee
glacier
Allforefield.
point clouds were then prepared for the conversion into digital elevation models (DEMs).
All
point clouds
were
then prepared
for the
conversion
digital elevation
models (DEMs).
These
preparatory
steps
included
the removal
of outliers
and into
the generation
of homogeneous
point
These
steps included
thedensity
removal
outliers
the
generation
homogeneous
point
cloudspreparatory
by block thinning,
since the
ofof
the
point and
could
influence
theofaccuracy
of the DEM.
Additionally, the vegetation in the 2019 TLS point cloud was removed by ground classification.
The point clouds were then converted to DEMs with a cell size of 1 m. These steps were performed in
SAGA LIS (Laser Information System; Laserdata.at).
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3.2. DEM of Difference (DoD) Analysis
3.2.1. Derivation of Test Sites and Morphological (Sediment) Budgets Analysis
For the exact investigated test sites (AoI), polygons were created, which were selected under the
following conditions. While the upper boundary of the test sites was fixed defined by the maximum
LIA glacier extent, the lateral boundaries of the test sites varied between the periods, as these are
based on a hydrological flow routing algorithm (D8) [104] on the corresponding DEMs, which may
change slightly due to hydrological and geomorphological processes on the slopes between the time
steps or due to the quality of the individual DEMs. Therefore, it cannot be excluded that sediment
has reached the test sites from outside. For example, while the upper boundary of test site G2 is a
morphologically shaped watershed (LIA/~1855 glacier extent, see Section 2/Figure 1), small parts of
G1 and W1 are physically connected to rock areas further up, which are located outside the mapped
lateral moraine and thus outside of the defined areas of interest. However, this influence is considered
as minor. Moreover, the underlying streams play an important role in the development of the slope
test sites, as the slope–channel contact line changed, e.g., due to undercutting by the main channel,
sediment input from slopes or alluvial deposits. Therefore, the lower vertical boundaries of the test
sites were also subject to variations. For these reasons, the extent of the test sites varies slightly between
the different periods.
To generate the DoD, the individual DEMs were subtracted from each other so that the height
changes (positive or negative) of each cell could be determined (Equation (1)):
DoD2019/2006 = DEM2019 − DEM2006 and DoD2006/1970,1971 = DEM2006 − DEM1970,1971

(1)

Then the (i) negative and (ii) positive subsets of each DoD were separately added up to calculate
the volume of erosion or deposition (Equation (2)) for each test site and period (1970/1971 to 2006 and
2006 to 2019). The sum of (i) and (ii) gives the net volumetric sediment balance.
V = Σ DoD × L2

(2)

where Σ DoD is the sum of the corresponding DoD subset and L is the raster cell size (1 m). For the
exact volume computation, the first polygon was used, e.g., for the DoD2019_2006 the polygon from
2006.
3.2.2. Uncertainty Assessment of Sediment Balancing
The presence of uncertainty in the individual DEMs and the resulting DoD leads to uncertainty
in the morphological sediment volume computations [22,105,106]. Furthermore, DEMs of different
survey techniques were used, which leads to different types of errors in the individual DEMs [107–110].
For the computation of errors and uncertainties in DEMs or DoD, reference data sets or direct
repeat measurements can be used [111]. As none of these were available due to the study design,
the uncertainty of all DoDs was estimated directly at stable areas, which were assumed that no changes
occurred there during the whole investigation period (Figures 4 and 5). The areas used for the error
estimation were randomly selected within the identified areas and were about 1% of the size of the
corresponding test sites. However, for reasons of comparability, equally large stable areas of the test
sites were selected in both periods. Their locations are shown in Figure 5 (red rectangles), which are
either directly on the test sites or very close to them. To determine and exclude error values and
uncertainty from DoD, several studies apply a minimum Level of Detection (min LoD) [105,112,113].
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In August 2020, 16 soil pits were excavated in moraine material at exposed eroded areas (6 soil
of the error propagation of the volume calculation is based on the assumption of independence.
pits), as well as in deposited moraine material (10 soil pits) on the test sites of both glacier forefields
Using variogram analyses in R, both spatially correlated and uncorrelated random errors were
(Figure 1). The locations were chosen on the basis of their significance (erosion or deposition areas)
identified.
The variogram
analyses
show
that area
the stable
of the DoDs
based
the DEMs
and accessibility
in the terrain.
Since the
erosion
of W1 areas
was difficult
to access
due on
to very
steep
1970/1971
and 2006erosion
(ALS) area
haveclose-by
a spatially
randomTo
error
due to the
the
terrain, an(photogrammetry)
additional and comparable
wascorrelated
analyzed instead.
determine
nugget
effect
(stable
areas
1
and
3:
0.02,
stable
areas
5:
0.01),
while
the
DoDs
based
on
the
DEMs
2006
input from the slopes into the channels, wet bulk density was determined at a depth of 0–10 cm in
(ALS)
and
(TLS) have
andefined
uncorrelated
error due
thesite.
pure
nugget
effect.
general,
3 per
the field
by2019
excavating
a total
volumerandom
of 7000–12,000
cmto
The
material
wasInsieved
to
DoDs
based
onmm,
ALSand
and2 TLS
are fine
less material
prone to <2
errors
uncertainties
than DoDs
comprise
2000 mm,
630
mm.DEMs
From the
mm,and
particle
size distribution
wasthat
determined
using laser diffraction (Malvern Mastersizer 3000).

Water 2020, 12, 3375

11 of 30

a photogrammetry derived DEM (Figure 4). For the spatially correlated random errors of the stable
regions (DoD2006_1970/1971 ), the theoretical variogram was adjusted to the point sample of the DoDs.
The following equations were used to determine the total volumetric error [114]:
In case of spatially correlated random error (Equation (3)) [114]:
√
σv, sc = 0.79ai nLσsc

(3)

where ai is the circular area over which errors are correlated (a = semivariogram range, spherical model,
no nugget), n is the number of cells being aggregated, L is the cell size (m2 ), and σsc the spatial
correlated DoD uncertainty (m).
In case of uncorrelated random error (Equation (4) [114]):
σv, re =

√
nL2σrms

(4)

where n is the number of cells being aggregated, L the cell size (m), and σrms the RMSE.
Nevertheless, for cartographic representations (Figure 5), the min LoD was calculated [105,112,113],
using the same stable areas. This approach assumes that random uncertainty has an expected value of
0 and is normally distributed with a standard deviation equivalent to the standard deviation of error
δDoD measured at stable areas. Under this assumption, a critical t value tcrit can be selected from
Student’s t distribution to set up a confidence interval 0 ± t * δDoD containing, at a given confidence
level, DoD values measured when in fact no change has occurred on a raster cell. The min LoD was
determined with a confidence level of 95% (tcrit = 1.96; Equation (5)).
min LoD

= tcrit × δDoD

(5)

Therefore, the cells with |DoD|<min LoD in the DoD maps were masked (Figure 5).
3.3. Collection and Analysis of Field Data
3.3.1. Type of Vegetation and Soil Analysis
The plant communities of the test sites were analyzed in ArcGIS (version 10.6.1), based on the
generated orthophoto of 2015 (Section 3.1). Polygons of the different landcover types were drawn
manually and the percentage of each type was calculated. To validate the landcover types and to
investigate the role of vegetation on the morphodynamics at the test sites, vegetation surveys were
performed in July 2020. On 18 plots (2 × 5 m), total cover of the vegetation was estimated, and plant
communities were defined (Figure 1). Two plots were located at test site W1 in the accumulation
zone. All other plots (16) were located at test site G2, seven in the accumulation zone, some of them
with ongoing erosion processes. Six of the plots were in the lower erosion zone and three above the
erosion area.
In August 2020, 16 soil pits were excavated in moraine material at exposed eroded areas (6 soil pits),
as well as in deposited moraine material (10 soil pits) on the test sites of both glacier forefields (Figure 1).
The locations were chosen on the basis of their significance (erosion or deposition areas) and accessibility
in the terrain. Since the erosion area of W1 was difficult to access due to very steep terrain, an additional
and comparable erosion area close-by was analyzed instead. To determine the input from the slopes
into the channels, wet bulk density was determined at a depth of 0–10 cm in the field by excavating
a total defined volume of 7000–12,000 cm3 per site. The material was sieved to 2000 mm, 630 mm,
and 2 mm. From the fine material <2 mm, particle size distribution was determined using laser
diffraction (Malvern Mastersizer 3000).
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3.3.2. Meteorological and Hydrological Data
To investigate the influence of changing external factors, such as precipitation on the
morphodynamics of the test sites, data from three meteorological stations, which were maintained
and provided by the TIWAG, were analyzed. These include the stations “Dammfuss (DF)”,
“Gepatschalm (GA)” and “Weißsee (WS)”. The three weather stations collect temperature and
precipitation data in 15-min intervals. Table 4 and Figure 1 show the location, elevation, and the
distance of the stations to the individual test sites. The comparison of the distance shows that the
weather stations GA and WS have the shortest distance to the test sites but the recording time of
these stations only covers the period from 2006 to 2019. The DF station, on the other hand, has been
measuring precipitation and temperature data since 1988, but is located about 6 km north of the entry
of the Fagge River into the Gepatsch reservoir below the dam and thus furthest away from the test
sites and at a considerably lower elevation than the other weather stations.
The resulting 18-year gap of 1988 (start of DF recording) and 1970 (start of morphodynamic
analysis) is partly covered by the GA gauging station, which has been measuring runoff in Upper
Kauner Valley since 1971 and allows to conclude on higher rainfall events. Due to numerous gaps in
the first half of the 1970s, this time series was not analyzed until 1977, leaving a gap of 7 years until the
beginning of the morphodynamic analysis in 1970. The station is located behind the confluence of
the Fagge and the Riffler rivers, and thus includes the discharge of both glacier forefields and all test
sites. Other available weather stations with a longer recording period were not included in this study,
since they are located in neighbour valleys or at much lower elevations and record only at hourly or
daily intervals, leading to uncertainties too large for the analysis of the morphodynamics in this study.
To analyse the data of the weather stations, mean annual temperature, mean annual precipitation
sum, and annual and total trends based on these, were calculated. These calculations only include fully
available years (1st of January to 31st of December), so 2009 for GA and 2006 for WS were not included
in these calculations, as the measurement started in the current year. For the analysis of the individual
precipitation events, different classes, which are defined by the amount of precipitation, were calculated.
In addition to the short-term 15-min precipitation events, also 1-h events were analyzed (using a
moving window of the 15-min intervals). The 15-min events were divided accordingly into classes
with 2.5 mm intervals (0–2.5; 2.5–5; ...) and the one-hour events in 5-mm intervals (0–5; 5–10; ...).
In addition, the daily sums of precipitation were analyzed to investigate the change of long-term
precipitation events.
A trend analysis based on the Mann–Kendall test was also carried out for the time series of the
gauging station GA, based on the maximum hourly values. In addition, the data of the gauging
station were examined for discharge peaks in the different periods. Moreover, all events (mean hourly
discharge) in the respective months were plotted in order to classify them seasonally.
Where possible, the respective time series of the weather stations (DF: 1988–2019) and the gauging
station (GA: 1977–2019) were divided on 5 September 2006, the date of generation of the 2006 ALS
point cloud and thus the separation of the defined periods in this study. All analyses were performed
in R.
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Table 4. Overview of the data recorded from the weather and gauging stations and their locations.
Weather and Runoff Station

Period of Available Data

Elevation (m a.s.l.)

Location (ETRS89/UTM Zone 32N,
EPSG Code: 25832)

Weather station

Linear distance to the test sites

Dammfuss (DF)

1 January 1988–31 December 2019

1770

Gepatsch Alm (GA)

1 August 2009–31 December 2019

1900

Weißsee (WS)

1 December 2006–31 December 2019

2540

E 632260,
N 5202225
E 632251,
N 5195058
E 630648,
N 5192468

Gauging station
Gepatsch Alm (GA)

Linear and Flow Distance to the
Test Sites (km)

8.7 to G1, 8.9 to G2 and 10.2 to W1
1.5 to G1, 1.9 to G2 and 3.1 to W1
2.5 to G1, 2.5 to G2 and 0.6 to W1
Flow distance to the test sites

1 January 1971–31 December 2019

1895.01

E 632330,
N 5194957

1.6 to G1, 2.1 to G2 and 4.1 to W1
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4. Results
4.1. Surface Change Detection Analysis and Morphological Sediment Budgets
Figures 5 and 6 show the computed morphological sediment budgets for all test sites in the
respective periods. In the following, the period between 1970/1971 and 2006 is defined as the first and
the period
from 2006 to 2019 as the second period. A distinction is made between sediment
sources
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to the fact that 61% in the first period and 27% in the second period of the gross erosion were exported
from this test site. This leads to a change of the total sediment budget from −7857 m3 (+/−136 m3) to
−2837 m3 (+/−10 m3). In summary, the net balance is entirely negative for all time periods and test sites
and is clearly lower in the second period compared to the first on the test sites G1 and G2. In contrast,
the mean annual erosion volumes and the mean annual deposition volumes at W1 have increased,
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which leads to a net balance remaining at a similar level (Figures 5 and 6).
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Based on the DoDs, geomorphological processes can be separated and analyzed (Figure 5). The test
4.2. Field Data
sites G1 and G2 are characterised in the upper parts by a clear headcut retreat and gully incisions in
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which continues
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In the lower third of the test site, erosion processes led to the formation of alluvial fans and debris
cones. Especially in the second period, lateral erosion occurs due to the process of undercutting by the
main rivers, which led to a reduction of the slope length over the entire test sites (G1 total erosion:
2165 m3 /total deposition: 16 m3 ; G2 total erosion: 3072 m3 /total deposition: 1289 m3 ). In the first
period, changes of the alluvial fans and debris cones can be detected (slope expansions and reductions)
(G1 total erosion: 3 m3 /total deposition: 3937 m3 ; G2: 19 m3 /total deposition: 778 m3 ). In addition,
the presence of dead ice in the first period of G2 was detected (maximum height change: −12.4 m),
due to a rounded lowering of the terrain and no corresponding accumulation changes, and thus could
not be classified as a geomorphological process. Finally, the values of the volume changes at the foot
of the slopes (undercutting by the main rivers) as well as those of the dead ice were excluded from
the morphological sediment budget, which therefore only include those of the morphodynamics on
the slopes.
In contrast to the test sites on the lateral moraine of the Gepatsch glacier, W1 shows clearly less
morphodynamics. In the first and second period, W1 was mainly affected by fluvial erosion and debris
flows, resulting in different accumulation areas on the upper and lower parts of the slope. W1 was
affected by considerable dead ice thawing during the first period, which caused negative terrain
changes down to −10.2 m and again no corresponding accumulation zones. This is the maximum
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height change on this test site during the investigated period. During the first period, also lateral
erosion along the entire foot of the slope occurred, as well as the deposition of alluvial material (W1
total erosion: 510 m3 /total deposition: 1374 m3 ). In the second period, a landslide (maximum −6.5 m)
was triggered upslope the thawing dead ice area of the first period, which formed a clearly visible
debris cone (maximum +5.1 m). A direct connection between the thawing of the dead ice and the
landslide on test site W1 can be assumed, as the dead ice zone subsided by more than 10 m in the first
period and therefore became steeper, which probably led to an instability of this part of the lateral
moraine. In addition, the test site above the landslide is physically connected to rock areas above
the max. LIA glacier extent and thus could have been caused by a rainfall event, due to the large
hydrological catchment area. The landslide has an immense influence on the mean annual erosion and
accumulation volumes of the second period, compared to the first, as this single process led to a clear
increase in the mean annual erosion and accumulation volumes of the whole period. The formation of
a huge accumulation zone led to a lengthening of the slope and a shift of the channel, while at the same
time lateral erosion by the main river reduced the length of the slope directly next to the formation
of the debris cone (Figure 5; W1 total erosion: 387 m3 /total deposition: 2 m3 ). Dead ice areas on the
slopes and lateral erosion (undercutting), as well as alluvial deposits on the lower part of the slopes,
were as well excluded from all sediment computations.
Test site G1 shows a 75% decrease in the mean annual erosion and a 71% decrease in the mean
annual deposition volumes in the second period compared to the first period. The total sediment
budget changed from −50,134 m3 (+/−640 m3 ) to −2700 m3 (+/−17 m3 ). This leads to an 85% reduction
of the mean annual net balance from −1393 m3 to −207 m3 and to the fact that 31% in the first period
and 19% in the second period of gross erosion were exported from this test site. Similar to G1, G2 also
shows a clear decrease from the first to the second period of erosion and deposition. There is a 49%
decrease in mean annual erosion and a 22% decrease in deposition, resulting in a 65% reduction in
mean annual net balance from −1719 m3 to −610 m3 . Of this test site, 65% of gross erosion was exported
from the test site in the first period and 46% in the second period. The total sediment budget changed
from −61,876 m3 (+/−455 m3 ) to −7937 m3 (+/−34 m3 ). In contrast to G1 and G2, W1 shows a 54%
increase in the mean annual erosion and 76% in the mean annual deposition in the second period
compared to the first. This leads to a 3% reduction of the mean annual net balance from −224 m3 to
−218 m3 and to the fact that 61% in the first period and 27% in the second period of the gross erosion
were exported from this test site. This leads to a change of the total sediment budget from −7857 m3
(+/−136 m3 ) to −2837 m3 (+/−10 m3 ). In summary, the net balance is entirely negative for all time
periods and test sites and is clearly lower in the second period compared to the first on the test sites G1
and G2. In contrast, the mean annual erosion volumes and the mean annual deposition volumes at W1
have increased, which leads to a net balance remaining at a similar level (Figures 5 and 6).
4.2. Field Data
4.2.1. Type of Vegetation and Soil Analysis
The test sites are mainly characterised by scree (72–93%), which is forming the erosion and
deposition areas (Table 5/Figure 7). Small parts are covered by bedrock (Paragneiss/Orthogneiss, 4–6%).
The upper part of the erosion areas of G1 and G2 are completely free of vegetation or have a low cover
(1–6%). Above the erosion areas, a dwarf shrub rich grassland and dwarf shrub communities occur.
The deposition areas of G1 and G2 are characterised by different colonisation stages. According to
erosion/deposition events in different years, a variety of scree communities with low and high vegetation
cover prevails. However, on the stable parts, shrubs dominate. At G2, some of these parts are enriched
by trees (Larix decidua, Betula pendula, and Populus tremula). The test site W1 is dominated by scree
communities, mainly with 1-6% cover. Only on the edges of the test site, alpine grassland occurs.
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corresponding periods (Figures 5 and 6). A comparison of the periods shows a general decrease in
sediment input between the two periods, a clear decrease for G1 (>85%) and G2 (>65%) and a small
decrease for W1 (<3%), although this can also be described as a similar level (Figure 8).
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Table 6. Particle size distribution of moraine material from erosion and deposition area.
Moraine Material

Moraine material (mass-%)
Coarse gravel/cobbles
Medium gravel
Fine gravel
Fine soil
Fine soil texture (vol-%)
Sand
Silt
Clay
Bulk density (t m−3 )
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The different classes of precipitation events, categorized into precipitation amounts (Table 8;
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amounts
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However, approximately 18 years are compared with approximately 13 years (Table 8). For this reason,
number of events in the second period compared to the first period. Thus, the comparison of the 15each class
also indicates the probability of a specific event occurring and the change in the mean annual
number of events in the second period compared to the first period. Thus, the comparison of the
15-min precipitation events shows that in the first period there was an increase in the probability of
0–2.5 mm event, while the probability of all other classes decreased clearly.
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Table 8. Short- and long-term precipitation events of the (if available) first and the full second period
of the weather station DF.
Precipitation Interval
15 min (mm)

0–2.5
2.5–5
5–7.5
7.5–10
10–12.5
12.5–15
15–17.5
17.5–20
20–22.5
22.5–25
25–27.5

1 January 1988–5
September 2006

5 September 2006–31
December 2019

Change (%) (Based on the Mean
Annual Number of Events)

No.
Events

No. Events
%

No.
Events

No. Events
%

49,095
216
47
9
14
3
2
2
0
1
1

7.56
0.033
0.0072
0.0014
0.0022
0.0005
0.0003
0.0003
0
0.0002
0.0002

36035
122
16
4
2
1
0
0
0
0
0

7.7313
0.0262
0.0034
0.0009
0.0004
0.0002
0
0
0
0
0

+1.6
−21.8
−52.9
−38.5
−80.2
−53.8
−100
−100
0
−100
−100

82,605
975
104
33
18
4
2
3

12.6131
0.1489
0.0159
0.005
0.0027
0.0006
0.0003
0.0005

53304
614
47
3
2
0
0
0

11.5733
0.1333
0.0102
0.0007
0.0004
0
0
0

−10.7
−12.8
−37.4
−87.4
−84.6
−100
−100
−100

3063
339
81
21
3
2
3
0
3

44.8989
4.9692
1.1873
0.3078
0.044
0.0293
0.044
0
0.044

1937
258
72
18
3
2
0
0
0

40.0703
5.3372
1.4895
0.3724
0.0621
0.0414
0
0
0

−12.4
5.4
23.1
18.7
38.5
38.5
−100
0
−100

Precipitation interval
1 h (mm)
0–5
5–10
10–15
15–20
20–25
25–30
30–35
35–40
Precipitation interval
24 h (mm)
0–10
10–20
20–30
30–40
40–50
50–60
60–70
70–80
80–90

For the 1-h events (using a moving window of 15-min intervals), a decrease in the probability of
occurrence of all classified events and a decreasing change in the mean annual number of all events with
increasing impact on higher values can be observed. For the daily precipitation sums, an increasing
change in the mean annual number of events between 10 and 60 mm/24 h is observed, while small
events (0–10 mm/24 h) and the highest events (70–90/24 h) show a decrease compared to the first period
(Table 8). Thus, in the years 2007–2019, the average annual precipitation is higher than between 1988
and 2006 (Figure 9a).
The analysis of the gauging station shows an increasing annual trend of 0.35 m3 /s yr−1 and,
over the entire period of 43 years (1 January 1977–31 December 2019), a total increase of 15.05 m3 /s of the
maximum hourly runoff (Figure 10a). The result of the Mann–Kendell trend test for maximum hourly
runoff shows a statistically significant trend with a two-sided p-value of <0.01. An increase can also be
observed regarding the frequency of higher events. For example, runoff events including all events
higher than 30 m3 /s (max. hourly runoff) increased by 22.6% from the first period (23 events in ~30 years
(1 January 1977–5 September 2006) to 13 events in the second period (~13 years). This increasing
trend of the discharge of the Fagge River (Figure 10a) can be explained mainly by the increase in
meltwater due to the retreat of the Gepatsch and Weißsee glaciers. In the first period, e.g., in the
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Figure 10. Time series analysis of gauging station GA: (a) Maximum hourly runoff (m3 /s) of each year
Figure 10. Time series analysis of gauging station GA: (a) Maximum hourly runoff (m3/s) of each year
and trend analysis (1977–2019) and (b) mean hourly runoff events of the respective months (1977–2019).
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G1 and G2 are larger, have longer slope lengths and have higher mean and maximum slope gradients,
in contrast to W1, which probably leads to higher morphodynamics due to the higher relief energy.
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G1 and G2 are larger, have longer slope lengths and have higher mean and maximum slope gradients,
in contrast to W1, which probably leads to higher morphodynamics due to the higher relief energy.
In addition, the higher elevation of W1 (~500 m height differences) and the associated shorter spring
and summer periods, as well as the resulting longer snow cover, can reduce the vulnerability to trigger
geomorphological processes, for example by precipitation events [32]. There are no differences in
the deglaciation of the test sites (start of deglaciation ~1855/End of LIA and completely deglaciated
between 1953 and 1969). Nevertheless, Dusik (2019) [23] identified a decrease of the morphodynamics
on the lateral moraine of the Gepatsch glacier with increasing distance from the glacier by using more
test sites.
Dead ice areas could be identified in the first period due to the spacious lowering of the terrain
without detectable geomorphological processes. However, it cannot be guaranteed that the dead ice
has been fully mapped and completely excluded from the volume calculations. For example, the “real”
deposition areas may be slightly higher than shown in the DoDs, as the thawing of the dead ice
may have slightly lowered the terrain. No dead ice areas were detected in the DoDs of the second
period. However, the analysis of the origin of the springs which emerges from the lateral moraines of
the Gepatsch glacier (including the test sites G1 and G2 of this study), by relative age dating (I129 ),
shows that this water originates to a certain part from dead ice remaining in the lateral moraine [56].
However, during the field work in 2019 and 2020 no exposed ice was seen on the test sites.
The mean annual erosion and accumulation volumes of these two determined long-term periods
were strongly influenced by individual fluvial processes or gravitational mass movements, such as
landslides. The described landslides at G1 in the first period and at W1 in the second period must
be highlighted here. Due to the long periods that were compared, it is difficult to clearly define
individual processes, except those which cause major surface changes like for example large landslides.
Nevertheless, clear changes in the total morphodynamics and the corresponding slope channel coupling
of the different test sites and in the different periods can be seen.
While at the steep test sites almost no vegetation occurred due to ongoing erosion processes,
late successional vegetation was found in areas, which are more stable and have slightly lower slope
gradients. This indicates that, in contrast to findings by Eichel et al. (2018) [57], slope stabilization
by vegetation and related soil formation is hindered when the morphodynamic processes are
too strong, and that later successional stages only start to occur at steep slopes with fewer
morphodynamic processes.
Extreme rainfall events in summer play a major role in the morphodynamics, and therefore
represent the most active time of sediment transport processes in alpine catchment areas [23,24,58,59].
The study by Haas et al. (2012) [21], which was also conducted on the slopes of this study (similar area
of interest as G1 and G2), shows that 71% (2526.8 m3 ) of the material transported by debris flows
between August 2010 and September 2011, which were mainly triggered by one heavy rainfall event,
accumulated at the foot of the slope, whereas 29% (1033.5 m3 ) was transported into the Fagge River.
The work of Dusik (2019) [23] shows the triggering of sediment transport processes by precipitation
events on the lateral moraines of the Gepatsch- and Weißsee glaciers, with a higher temporal resolution
(several years as well as seasonally), and found that heavy rainfall events lead to sediment transport
processes and thus to a higher slope channel coupling. Moreover, the analysis of Dusik (2019) [23]
revealed that even rainfall events of 10 mm/h are sufficient to trigger the transport of sediment on
slopes and the transfer to the adjacent Fagge river. Sediment transport is highly dependent on moisture
conditions, sediment availability and precipitation intensities. In addition, the spring months can create
important preparatory conditions for sediment transport processes due to snowmelt on the slopes
and the associated moisture [24]. A positive correlation between the number of mass movements and
the number of threshold exceedances of extreme daily precipitation sums and the number of extreme
precipitation intensities was detected [23]. By comparing the morphodynamics of this study within
the two long-term periods with the precipitation events and with the runoff, it can be observed that
the periods differ clearly regarding the morphodynamics and the meteorological and hydrological
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conditions. It can be assumed that there is a direct connection between the higher morphodynamics
and the higher precipitation and the high runoff events especially in 1987 and 1988 and the high
morphodynamics in the first period and the lower precipitation events and lower morphodynamics in
the second period. Although the daily total precipitation (between 10 and 60 mm/d) of the weather
station DF are increasing, the 15-min and 1-h events in particular are clearly decreasing.
Based on the results of the negative net balances on all test sites in all periods, a strong slope–channel
coupling can be stated, but with a clear decrease from the first to the second period. For the test site
G1, the export from the gross erosion decreased from 31% to 19%, for G2 from 65% to 46% and for W1
from 61% to 27%. This is consistent with the observations, e.g., of Harvey (2001) [42], that coupling
states can change over longer and also shorter time spans after extreme events [21]. This shows that
these coupling states can vary greatly in space and time [39,49]. Thus, the existence of functional
connectivity, controlled by gravity and water [40] between two sediment cascades [30], the hillslope
and the adjacent mountain streams is demonstrated.
Due to the higher runoff of the adjacent proglacial rivers and in combination with heavy
precipitation events, the alluvial fans and debris cones were regularly and clearly undercut, especially in
the second period. Thus, the formation of terraces and buffering floodplains is strongly influenced,
as these are constantly being reworked. [22,47,48]. It can be assumed, that the undercutting of the slope
could have an impact on the morphodynamics of the slopes in the sense of a process response system
by, e.g., preventing the filling of the gullies and thus levelling or flattening the hillslope channel and
slope profiles, as sediments are transferred to the main river. This is in good agreement with the work
of Haas (2008) [31], who separated slope and adjacent river in a sediment cascade system, where both
systems (slope and river) can influence each other and thus form a process response system.
The headcut of G1 and G2 still shows ongoing high morphodynamics on areas that have been
deglaciated at least since 1886/1887 (~132/133 years ago, Figure 1). This ongoing dynamic probably as
a consequence of the undercutting of the slopes by the main river stays in contrast to the test sites of,
e.g., Curry et al. (2006) [15], where is showed a decreasing dynamic with time and a levelling of the
slopes after about 80–140 years. The results of this study show that this seems only to be true for slopes,
which are not affected by “external” processes like undercutting by rivers. For the test sites G1 and G2,
it can be concluded that the paraglacial adjustment process is still in progress and sediment is still
available to the Fagge river, but the dynamics seem to be decreasing. In contrast to G1 and G2, the test
site W1 shows a clear increase in morphodynamics. If this is the consequence of the height difference
between the G1/2 and W1 test sites (~500 m height difference) or the effect of the large landslide in the
second period cannot be clearly stated and must be investigated in future work with a larger sample of
test sites.
However, the study also shows that it is difficult to elucidate the nature of the occurring
geomorphological processes only by DoD analyses, especially if longer investigation periods are used.
To further clarify the nature of the dominant morphogenetic processes, additional investigations are
necessary, such as using geophysics (e.g., ground-penetrating radar) to identify different types of
sedimentary structures [78,79].
6. Conclusions
The aim of this study was to investigate the morphodynamics on lateral moraines over several
decades in proglacial areas and to determine the resulting sediment input from the slopes into the
adjacent mountain streams. It can be shown, that the approach of the combination of different remote
sensing techniques for the detection of surface changes (historical digital aerial images/photogrammetry
and LiDAR) is well suited to cover an investigation period of several decades. Due to the chosen
approach of uncertainty assessment for the total sediment budgets as well as the accurately and
precisely generated DEMs and the resulting DoDs, the total morphological sediment budgets could
be determined very well. Furthermore, the results show that geomorphological processes also
can be identified and interpreted using the pattern of the DoD over longer periods. The analyses
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lead to the following conclusions. The morphodynamics of the hillslopes, as well as the resulting
sediment input into the adjacent mountain streams, depend mainly on the characteristics of the
slopes (e.g., size, slope length, slope gradient, and elevation) and the resulting higher relief energy
on steeper and longer slopes. Individual and rare geomorphological processes of higher magnitudes
(e.g., landslides) show a high influence on the mean annual erosion and accumulation volumes by
increasing them strongly. Due to the high morphodynamics in the erosion and accumulation areas,
vegetation cover is sparse developed and was found mainly in undisturbed areas of the slopes.
The three test sites show differences in their morphodynamics. The two test sites on the lateral moraine
of the Gepatsch glacier show a decreasing but ongoing high morphodynamics in the upper parts of
the slopes. The results show very clear that sediment is still available and the paraglacial adjustment
process is still in progress after ~132/133 years since deglaciation. In contrast, the test site on the lateral
moraine of the Weißsee glacier shows an increase in morphodynamics. If this is the consequence of
differences in height or a consequence of an internal disturbance of the system by the big landslide
stays unclear, but it seems that dead ice plays a major role in this case. The test sites are generally
subject to changes in external forces, such as an increasing trend in temperature and a decrease in
short-term precipitation events (15-min/1 h) but an increase in daily precipitation sum. In particular,
with the decreasing trend of precipitation, a correlation with the decrease of morphodynamics can be
assumed. Furthermore, the increase in temperature leads to an increase in the runoff of the mountain
streams directly adjacent to the slopes due to the higher proportion of meltwater, which in turn has
led to a strong undercutting of the slopes in the recent years. In general, there is a strong geomorphic
coupling of the investigated test sites, but also a decrease in the efficiency of sediment transport on
the slopes into the channels. Thus, the investigated test sites are subject to strong changes of external
forces as well as system-internal dynamics.
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