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Abstract: Aerial photographs of the European Alps usually only reach back to the middle of the
20th century, which limits the time span of corresponding studies that quantitatively analyse long-
term surface changes of proglacial areas using georeferenced orthophotos. To the end of the Little
Ice Age, this leads to a gap of about 100 years. Using digital monoplotting and several historical
terrestrial photographs, we show the quantification of surface changes of a Little Ice Age lateral
moraine section until the late second half of the 19th century, reaching a total study period of
130 years (1890–2020). The (initial) gully system expands (almost) continuously over the entire study
period from 1890 to 2020. Until 1953, the vegetation-covered areas also expanded (mainly scree
communities, alpine grasslands and dwarf shrub communities), before decreasing again, especially
between 1990 and 2003, due to large-scale erosion within the gully system. Furthermore, our results
show that the land-cover development was impacted by temperature and precipitation changes.
With the 130-year study period, we contribute to a substantial improvement in the understanding of
the processes in the proglacial by analysing the early phase and thus the immediate response of the
lateral moraine to the ice exposure.

Keywords: aerial photos; Central Eastern Alps; digital monoplotting; historical terrestrial oblique
photos; long-term mapping; paraglacial slope adjustment; proglacial area; upper Kauner Valley
(Ötztal Alps)

1. Introduction

Since the end of the Little Ice Age (LIA) around the middle of the 20th century, glacier
retreat in high alpine mountains, caused by global warming, has led to a continuous
expansion of the glacier forelands, the so-called proglacial areas [1,2]. Glacial environments
and corresponding proglacial areas are among the most rapidly changing areas on earth, as
they are strongly affected by climate change. After ice release, the exposed areas, especially
the steep and, to a high degree, unvegetated lateral moraines, are reworked by different
geomorphological processes, such as fluvial and nival erosion, debris flows, slope failures
and landslides, which can be associated with high erosion rates [3–6]. Generally, this phase
is described as the paraglacial slope adjustment process, which can last several decades to
centuries [7–9]. These processes have led to a high number of deeply incised lateral moraine
sections in which correspondingly strongly developed gully systems have formed [5,9–12].

The upcoming vegetation can in turn act as a consequence but also as a cause of
slope stabilisation on the lateral moraines [13–16]. Knoflach et al. [17] showed in the
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proglacial areas of the Fürkele-, Zufall- and Langenferner (Ortler-Cevedale Group/Eastern
Italian Alps), using in situ observations in combination with NDVI time series the increase
in vegetation-covered areas from 1986 to 2015 from 0.25 km2 (5.6%) to 0.9 km2 (11.2%),
whereby the mean annual rate of change shows a significant acceleration during the study
period. Hohensinner et al. [18] showed, by a long-term analysis from 1820 to 2015 of
land-cover change in a proglacial area of the Jamtalferner (Silvretta, Central Eastern Alps),
based on historical maps and orthophotos, mainly the development of alpine grassland
and krummholz on such areas, however wasteland predominates.

Thus, historical and current aerial photographs offer effective possibilities to docu-
ment the landscape evolution of proglacial areas, as several studies underlined [4,5,19,20].
However, historical aerial photographs of the European Alps mostly only go back to the
middle of the 20th century, which leads to a limitation of these studies and leaves a gap of
about 100 years until the end of the LIA (around 1850). In particular, the early phase of the
paraglacial slope adjustment process and thus the early response of the lateral moraines to
the ice loss remains unknown.

On the other hand, the advent of alpinism and the availability of cameras, historical
terrestrial oblique photographs from the late second half of the 19th century and the first
half of the 20th century are already available. Many of the photos are stored in public and
private archives, e.g., the archives of the German or Austrian Alpine Club (DAV/ÖAV) or
private archives of enthusiastic Alpine pioneers. The enormous relevance of these photos is
evident from the fact that these photographs are the only visual source of these landscapes
from this epoch. The photogrammetric method of digital monoplotting offers the effective
possibility to analyse also historical terrestrial oblique photos. After estimating the position
and orientation of the camera, the position of mapped image contents (e.g., forest areas,
glacial extents and rivers) can be exported as spatial referenced vector data sets into a
three-dimensional (3D) object space with global coordinates [21,22]. Finally, real lengths or
areas can be calculated. This enables quantitative measurements of object dimensions in
addition to qualitative image descriptions. The availability of the WSL monoplotting tool
from the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) [21,22]
has already led to several studies that have been able to quantify environmental long-
term changes in alpine areas using individual historical terrestrial oblique photographs.
Research has included land-cover/vegetation change [21–28], natural hazards [29,30], LIA
glacier extents [31] and rock glacier movement [32]. However, no studies have shown the
long-term mapping of surface changes of LIA lateral moraines until the second half of the
20th century using historical terrestrial photos.

Therefore, the aim of this study is to investigate the long-term evolution of a steep
LIA lateral moraine section in a proglacial area in high spatial and temporal resolution.
In particular, we aim to identify the unknown early response in terms of morphodynamics
and development of land-cover types. For this purpose, we map different surface types,
with a focus on morphodynamic areas and land-cover types, by processing different
historical terrestrial oblique photos (1890 to ~1940) with the newly developed monoplotting
tool “Mono3D” of the Department of Geodesy and Geoinformation (TU Wien, Austria).
This tool was developed as part of the research project SEHAG (“Sensitivity of High Alpine
Geosystems to Climate Change since 1850”) funded by the German Research Foundation
(DFG) and the Austrian Science Fund (FWF). Based on this, the mapping will be continued
using historical and current aerial photographs (respectively georeferenced orthophotos)
from 1953 to 2020 in order to quantify the surface changes over the entire period in high
temporal and spatial resolution (entire period of 130 years from 1890 to 2020). Additionally,
the long-term temperature development (1850 to 2020) and corresponding effects on the
proglacial area are shown using simulated climate data. Therefore, we focus on three
research questions:

• To what extent can spatial and temporal changes in morphodynamic areas and land-
cover types on a LIA lateral moraine section be quantified by digital monoplotting using
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historical terrestrial oblique photographs from the second half of the 19th and the first half
of the 20th century and subsequent orthophotos based on aerial photographs until 2020?

• How far can long-term mapping improve the knowledge about paraglacial slope
adjustment processes and what are besides morphodynamics the driving variables for
the land-cover change?

• Could the long time series provide new opportunities for a better understanding of
the relationships between climate, morphodynamics, and land-cover development?

2. Study Area

The survey was conducted on a LIA lateral moraine in the proglacial area of the
Gepatsch glacier (Gepatschferner) in the upper Kauner Valley (upper Kaunertal) in Tyrol,
Austria, located in the Ötztal Alps, which is situated in the central Eastern Alps (Figure 1).
Geologically, the Kauner Valley belongs to the Austroalpine crystalline complex, in which
mainly crystalline rocks such as ortho- and paragneisses predominate [33–35]. Climatically,
the valley is characterised by the Central Alpine dry region [36,37]. The valley is oriented
north-south and borders Italy and the main Alpine ridge to the south. The maximum glacier
extent at the end of the LIA was observed at the Gepatschferner in 1856 [38]. Apart from
two glacier advances in 1920/21 and between 1977 and 1988 [38,39] the Gepatschferner
has experienced continuous glacier retreat. Our Area of Interest (AoI, see Figure 1c,d,
Table 1) is located in the upper part of an approximately 150 m high lateral moraine and
is characterised by high morphodynamics and steep slope gradients. Typical moraine
material both vegetated and nearly vegetation-free areas can be found.Geosciences 2023, 13, x FOR PEER REVIEW 4 of 33 
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Figure 1. (a) Location of the study area in the upper Kauner Valley (Tyrol, Austria) with (b) the
location of the proglacial area of Gepatschferner. (c) AoI (red) in the proglacial area of Gepatschferner
in the upper Kauner Valley with glacier extents in different years and (d) course mapping of the
AoI in a photo (white dashed line) from 2021 (taken by Anton Brandl). Sources of glacier extents:
End of LIA: Groß and Patzelt [40], 1953 to 2003: Own mapping by change detection based on DoDs
published by Piermattei et al. [20] (mapping method also includes mapping of debris-covered glacier
parts), 2015: Buckel and Otto [41]. Large-scale elevation data (DSM, 25 m) (top left) are based on
SRTM and ASTER GDEM [42]. DEM 2017 (1 m) (bottom left) based on Airborne LiDAR data [4]. The
2020 orthophoto (right) is from the Province of Tyrol (see Appendix A, Table A1).
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Table 1. Characteristics of the Area of Interest (values were derived from 2017 DEM).

Location (Centre) (ETRS89/UTM Zone 32N, EPSG Code: 25832) 632987, 5193575

Elevation (ellipsoidal heights) [m] 2096–2346

Mean aspect [◦] 251.36 (West)

Size [ha] 12.1

Mean slope gradient (min./max.) [◦] 38.09 (1–82)

Min. ice-free since 1940 1/ 1953 2

Dead ice influence at the foot of the slope up to max. 1982 3

1 based on a historical terrestrial oblique image (monoplotting, see Sections 3.2 and 4), 2 based on the Euclidean
distance between two glacier extents (calculated following Betz-Nutz et al. [5] determined by change detection
using DEMs of Difference (DoD) published by Piermattei et al. [20]. The different annual data are thus mainly
due to the debris cover of the glacier, 3 based on DoD interpretations published by Piermattei et al. [20].

3. Material and Methods
3.1. Photo Material

To enable the long-term observation of the development of the lateral moraine sec-
tion, several terrestrial and aerial photographs were analysed. For the second half of the
19th century and the first half of the 20th century, historical terrestrial oblique photographs
(Figure 2, Appendix B, Table A2) and from the second half of the 20th century onwards,
aerial photographs were processed and analysed (Figure 2, Appendix A, Table A1).
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Figure 2. Overview of the temporal distribution of the analysed terrestrial and aerial photographs.

3.2. Methods of Image Processing and Mapping
3.2.1. Processing of the Terrestrial Photos

In order to map the extent of the different surface types, mainly the morphodynamic
area and land-cover types, within the AoI since 1890, a monoplotting tool was used [43].
With this tool the historical terrestrial photos from 1890, 1907, ~1930 and ~1940 (Figure 3;
Appendix B, Table A2, Figure A1) were analysed. Using monoplotting, for each pixel
of a photo the corresponding point in a (3D) global coordinate system is calculated by
intersecting rays from the projection centre (O in Figure 3a) through each image pixel of
the photo with a reference DTM (Figure 3a) [21,22,30].
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Figure 3. (a) GCPs (P1–P4) both in the image and object space can be used to estimate the unknown
camera parameters. Using the estimated camera parameters, the position of an image point (n1) can
be calculated in the object space (N1) by monoplotting. Figure adapted from Kraus [44]. (b) Selection
of ground control points on the 1890 photograph in the 3D Viewer and the following calculation of
the camera information.

Thus, each pixel of a photograph can be assigned a coordinate in a 3D object space [30].
Prior to monoplotting the interior (focal length f, coordinates of the principal point x0 and y0)
and exterior orientation (coordinates of the projection centre and three rotation angles) of the
camera have to be estimated as they are generally unknown for historical terrestrial photos [21].
For this purpose, approximately uniformly distributed ground control points (GCPs) were
identified in each historical terrestrial oblique image as well as on the 1970 orthophoto with
deposited 2017 DTM using a 3D viewer (Figure 3b; Appendix B, Tables A3 and A4).

Then, both the interior and exterior orientation of each image were estimated using
OrientAL [45]. Subsequently, the object coordinates of the image pixels corresponding to
the outlines of the different surface types, mainly the morphodynamic area and land-cover
types, were calculated by monoplotting using the estimated camera parameters and the
reference DTM (2017, 1 m). The results from the orientation are shown in Figure 4 and
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Table 2. The coordinates of the principal point x0 and y0 were fixed in the image centre and
only the remaining seven unknown camera parameters were estimated.

The calculated camera positions and orientations show that they were taken in the
north-west direction of the AoI (Figure 4). The shortest distance to the AoI is 971 m
(photo 1907), 1010 m (photo 1930), 1104 m (photo 1940) and 1242 m (photo 1890) metres
respectively. In addition, Figure 4 shows the georeferenced orthophotos of the individual
historical terrestrial photos.
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Figure 4. Determination of the position and field of view (yellow marking) of the individual historical
terrestrial oblique photographs computed with Mono3D: (a) 1890, (b) 1907, (c) ~1930 and (d) ~1940,
whereas the black line determines the glacier extent at the end of the LIA and the red polygon the AoI.
The historical orthophotos are projected on the hillshade of 2017 published by Piermattei et al. [20].
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Table 2. Calculated coordinates of the projection centre (east [E], north [N], height [H]) and the
corresponding height above ground [HGround], rotation angle of the camera (Alpha, Zeta, Kappa),
coordinates of the principal point (x0, y0) and focal length f. σ_0 represents the mean reprojection
error. The corresponding standard deviations are given in brackets. The coordinates refer to the
ETRS89/UTM Zone 32N coordinate system (EPSG code: 25832).

Estimation of Interior and
Exterior Orientation 1890 1907 ~1930 ~1940

σ_0 [px] 16.1 7.2 13.8 19.7

E [m] 631728.6 (±2.074) 631728.6 (±0.363) 631963.2 (±2.969) 631667.4 (±7.260)

N [m] 5194619.9 (±1.620) 5193858.1 (±0.266) 5194538.2 (±2.761) 5194236.8 (±6.239)

H [m] 2233.4 (±0.570) 2265.9 (±0.173) 2169.7 (±1.013) 2254.3 (±2.317)

HGround [m] 3.2 1.0 12.3 13.7

Alpha [◦] −48.146 (±0.056) −16.866 (±0.043) −51.964 (±0.055) −35.351 (±0.078)

Zeta [◦] 269.081 (±0.053) 271.069 (±0.045) 268.187 (±0.054) 266.540 (±0.087)

Kappa [◦] −88.929 (±0.203) −88.268 (±0.110) −89.364 (±0.107) −90.610 (±0.144)

x0 [px] 2302.5 2305.5 4606.5 4488.0

y0 [px] −1535.5 −1535.5 −3071.0 −3071.0

f [px] 5425.1 (±22.7) 3129.0 (±7.2) 101,14.8 (±38.6) 100,06.9 (±50.3)

3.2.2. Processing of the Aerial Photos

For quantitative mapping of the extent of different surface types, mainly the morpho-
dynamic area and land-cover types, the area-wide and overlapping historical and current
aerial photographs from the mid-20th century onwards (1953 to 2015) were processed into
georeferenced orthophotos using Agisoft Metashape Professional (Version 1.6.6; Agisoft LLC,
St. Petersburg, Russia) and Trimble Inpho (Version 9.2) for the 2003 aerial photo series. For a
detailed description of the processing of the orthophotos we refer to [4,20,46,47]

3.3. Mapping of Morphodynamic and Land-Cover Types

In order to identify temporal and spatial changes within the AoI, morphodynamic
and land-cover types were mapped using QGIS (version 3.16.7) [48] (Table 3). In morpho-
dynamics, a classification was made between the (initial) gully system and the sediment
accumulation at the glacier margin. In addition, geomorphological non-active areas (areas
outside the gullies, which can mostly be considered as more stable) and glacier areas were
mapped (lower part of the mapped glacier extent). Regarding the different land-cover
types (Table 3) we mapped different land-cover types, but also the bedrock, and the glacier
extent. The most abundant species for the land cover types scree slope, scree communities,
alpine grassland and dwarf shrubs are listed in Table 3, which are based on vegetation
surveys done in 2020. The mapping of the morphodynamic and land-cover types was
carried out at intervals of 7–23 years, depending on the availability of photos (see Figure 2).
If photo materials were temporally within 1–3 years, it was assumed that only very small
changes in land-cover have occurred. In contrast to this, all photos were used for mapping
the morphodynamics, as very short-term events can also occur. The analyses for showing
the development over time were carried out in R (version 4.2.2) [49]. For further processing,
all georeferenced shapefiles were converted into raster files with a resolution of 1 × 1 m.
The rate of change in land-cover types over time on the whole AoI as well as the 1890
initial glaciated area, area with the initial gully system, and the more stable area respec-
tively was displayed with alluvial diagrams using the packages tidyverse [50], raster [51],
and ggalluvial [52,53].
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Table 3. Categories used for the morphodynamic and land-cover types mapping with the most
abundant species per type based on vegetation surveys in 2020 in brackets.

Morphodynamic Glacier 1

(Initial) Gully system

Sediment accumulation at the glacier margin

Geomorphological not active area

Land-cover types Glacier

Rock

Scree slope (<5%) (e.g., Atocion rupestre, Cardamine resedifolia, Linaria alpina)

Scree community (vegetation cover 5–60%) (e.g., Achillea moschata,
Tussilago farfara, Saxifraga bryoides)

Alpine grassland (e.g., Carex sempervirens, Nardus stricta, Festuca halleri,
Lotus corniculatus, Leontodon hispidus, Potentilla aurea)

Wetland

Dwarf shrub (e.g., Rhododendron ferrugineum, Empetrum hermaphroditum,
Salix helvetica)

Shrub

Trees, woodland
1 to complete the mapping within the AoI.

The mapping was done manually through digitising the relevant objects of interest in
the orthophotos, whether linear or areal and creating the corresponding spatially referenced
vector datasets (line and polygon shapefiles) in QGIS (version 3.16.7) [48], which could
then be exported. After that, the spatial and temporal extent of all surface types of the AoI
was calculated. We compiled ten historical states of the AoI step-by-step going backwards
in time to the first photograph. After one historical situation had been completed, we
evaluated its relevance for the temporally younger situations and whether corrections
would have to be made. Such a regressive-iterative approach allows for permanent critical
revision of the reconstructed time segments already processed.

3.4. Generating Meteorological Data of the Study Area

Using simulated climate data generated by a regional climate model (RCM), the long-
term air temperature (2 m above ground) as well as the precipitation of the AoI since the end
of the LIA was determined. For the corresponding dynamic downscaling of climate data
(from 1850 to 2015), the Advanced Research Version of the Weather Research and Forecast-
ing (ARW-WRF) model (version 4.3) was used [54]. Therefore, the 20th Century Reanalysis
version 3 (20CRv3) dataset was used as input [55–57]. To perform the simulations, the
physical and dynamic options proposed by Collier and Mölg [58] were used (Appendix C,
Table A5). In addition, the Noah land surface model, the Eta values of Collier et al. [59]
and the 24 land use categories of the United States Geological Survey (USGS) were applied.
Finally, simulated temperature data with a temporal and spatial resolution of one hour
and two km respectively could be generated. For the subsequent period from 2016 to 2020,
the ERA5 reanalysis dataset Hersbach et al. [60] was used, available with a temporal and
spatial resolution of one hour and 55 × 55 km. The corresponding temperature data was
extracted using the centre of the AoI (Figure 1). Additionally, an elevation correction of
the temperature data was applied. The five years running mean of the average annual
temperature and sum of summer (Mid-April to mid-October of each year) as well as winter
precipitation (Mid-October to mid-April of each year) were used for the statistical analysis
of the development of the land cover types.
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3.5. Statistical Analysis of Land Cover Changes

For getting an information if there are other variables than the morphodynamic
influencing the development of the land cover types on lateral moraines in the long-term,
we performed a beta-regression using the package betareg [61] which is the suitable method
for proportions. Therefore, the proportions have to be converted into values between zero
and one using the formula y∗(n−1)+0.5

n [62] where y is the proportion, and n the sample size.
We used the variables age (years to the end of the observation period), amount of glacier
per year (gla), the mean annual temperature (temp), the sum of summer (pre_sum) and
winter precipitation (pre_win), and the amount of the more stable areas within the AoI
(inact) for every year as independent variables. The equation for the different land cover
types was the same and is shown in the following equation:

g
(
E
[
ytype]) = β0 + β1 age + β2gla + β3temp + β4 pre_sum + β5 pre_win + β6inact + ε

where g (.) is the link function (logit link) and E [.] the expection; ytype the transformed
ratio of the land cover type following a beta distribution; β0 is the overall intercept, the βs
capture the effects, and ε is the remainder noise.

4. Results
4.1. Long-Term Morphodynamic Development

While the AoI was fully glaciated at the end of the LIA, the glacier melted completely,
over the years 1890, 1907, ~1930, by ~1940 (Figures 5 and 6); Appendix D, Table A6). From
1890 (5.1%) to 2020 (47.7%), there is an (almost) constant increase in the area of the (initial)
gully system (Figure 5 and 6; Appendix D, Table A6; Appendix E, Figures A3 and A4).
However, between 1970 and 1982, there is a decrease (from 43.61% to 42.23% of the total
AoI) in the extent of the mapped gully system (Appendix D, Table A6). Due to erosion
processes, debris cones were formed at the glacier margin, which were visible from 1907
onwards and disappeared from the AoI by 1953 (Proportion of accumulated debris in 1907:
18.4%, ~1930: 23.9%, ~1940: 35%). The area defined as geomorphologically not active
(more stable) is subject to greater variations. In the beginning (1890) with a high proportion
(of 53.7%), this area expanded (almost) continuously until 1983 (60%) before it decreased
again until 2020 (52.3%). In 2020, the gully system (47.7%) and the geomorphologically not
active area (52.3%) had approximately the same share of area.

The initial gully system, already visible in 1890, had formed on the area exposed
by the glacier until then (Figure 6). Between 1890 and 1953 the size of the (initial) gully
system increased subsequently. These areas previously not detected as impacted by erosion,
developed into gullies over time. Gullies were formed on previous area of the debris cone
(sediment accumulation at the glacier margin) which was transported downslope on the
melting glacier. Due to a strong headcut retreat, the size of the gully system increased
(almost) continuously from 1953 to 2020, so that formerly geomorphologically not active
areas became active. However, it is also evident that areas mapped as active gully system
can certainly become stable again (throughout the investigation period) (Figure 6).
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4.2. Long-Term Development of the Land-Cover Types

The entire AoI was covered by glaciers at the end of the LIA (Figures 7 and 8 and
Appendix D, Table A7). Until 1890 a small part was covered by bedrock (0.6%), the
largest part by scree slope (46.5%), and further small parts to scree community with a
low cover of vegetation (9.6%), alpine grassland (1.7%) and even dwarf shrubs (0.6%)
(Figures 7 and 8; Appendix D, Table A7). From ~1940 onwards, many of the scree slope
stabilised and primary succession took place. As a result, the proportion of areas at the
expense of scree slope communities, alpine grassland and dwarf shrubs increased to about
72.88% (Appendix E, Figures A5 and A6). This share remained largely stable until 1990,
but then there was another massive increase in scree slope. This indicates a renewed
dynamic in these areas (Figure 8; Appendix D, Figure A2, Tables A7 and A8). Mostly,
these were alpine grasslands and scree communities that underwent a transition back into
scree slopes. To a smaller extent, however, dwarf shrub communities were also affected
(Figure 8; Appendix D, Figure A2, Tables A7 and A8). The dispersal of wetlands, shrubs
and trees/woodland started in 1953 and reached together until 2020 a proportion of 0.9%
(Figure 8; Appendix D, Figure A2, Tables A7 and A8; Appendix E, Figures A5 and A6).
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4.3. Development of Land-Cover Types in Geomorphologically Active and Not Active Areas

The development of the land-cover types within the gully systems as well as in the
geomorphologically inactive (more stable) areas showed clear differences. The active
gully systems were mainly characterised by scree slope (Figure 9a). However, due to the
expansion of different vegetation types, these declined until 1953 (100 to 23.7%). After
a strong decline from 1907 to 1940 (40.8 to 11.7%), mainly scree communities increased
until 1990 (11.7 to 38.6%) (Figure 9b). Alpine grasslands and dwarf shrubs spread from
1907 (8%/0.2%) until 1953 (23.6%/19%) before declining again until 1990 (11.2%/13%)
(Figure 9c,d). Between 1990 and 2003, a strong expansion of scree slope area (35.3% to
92.2%) is evident and a simultaneously strong decline of scree slope communities (38.6% to
3.5%), alpine grassland (11.2 to 1.3%) and dwarf shrubs (13 to 1.7%) (Figure 9c,d). Between
2003 and 2020, a slow increase in scree communities (3.5 to 10.6%) (Figure 9b) and alpine
grassland (1.3 to 2.6%) (Figure 9c) can be observed, accompanied by a decline in scree slope
areas (92.9 to 84.4%). Dwarf shrubs have remained at a similar level during this epoch
(1.7 to 1.4%) (Figure 9d).

The geomorphologically non-active area (more stable) had clearly higher proportions
of land-cover types, except scree slope (Figure 9a–d). Scree slope decreased strongly from
1890 (76.7%) to 1907 (5.9%) and, with some fluctuations, always remained below 20% until
2020 (Figure 9a). Scree communities increased clearly from 1890 to 1907 (18% to 54.6%)
before decreasing strongly with fluctuations until 2020 (9.2%) (Figure 9b). Alpine grasslands
also increased from 1890 to 1940 (from 3.2% to 52.6%) before also decreasing with variation
by 2020 (18.8%) (Figure 9c). Dwarf shrubs increased almost continuously from 1890 to 2020
(from 1.1% to 31.8%), with the largest area in 1990 (40.2%) (Figure 9d).
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Figure 9. Change in the proportion of the land-cover types within the gully systems (solid line)
and non-active areas (dashed line) (a) scree slope, (b) scree community, (c) alpine grassland and
(d) dwarf shrub.

4.4. Land-Cover Change in Context with Morphodynamic and Meteorological Data

Figure 10 shows the running mean of the annual air temperature (2 m above ground)
and the sums of the annual precipitation since 1850.

The analysis showed that the amount of glacier had only an impact on higher de-
veloped land-cover types. All analysed land-cover types except the dwarf shrubs were
influenced by temperature. Summer and winter precipitation influenced the less developed
land-cover types. The effect of age (years since observation) had a significant negative effect
on scree slope (p = 0.038) and the amount of glacier per year was only significant for the
land-cover types alpine grassland and dwarf shrub (p < 0.001 and p = 0.003, respectively)
(Table 4). Temperature had a significant positive effect on scree slope (p < 0.001) and a
significant negative effect on the land-cover types scree community (p = 0.002) alpine
grassland (p = 0.006 (Table 4). Land cover types were also affected by summer precipitation
with a significant negative effect on scree slope (p = 0.013) and a significant positive one on
scree community (p = 0.041), respectively. Winter precipitation influenced scree slope signif-
icantly positive (p = 0.004) and scree community negative (p = 0.005) (Table 4). Concerning
the morphodynamic more stable areas, we observed only a significant positive effect for
dwarf shrubs (Table 4). The other three land-cover types were not significantly affected by
the morphodynamic more stable areas. For the four analysed land-cover types the pseud
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R2 was high (0.718, 0.728, 0.872, and 0.912, respectively). Also, the precision parameter
(phi) was good for all four models (Table 4).
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Figure 10. Development of the five years running mean of the mean annual air temperature (red;
2 m above ground) and five years running mean of the sums of the annual precipitation (blue) of the
AoI between 1850 and 2020 with corresponding trend lines for the entire epoch (thick line). The 95%
confidence interval is included (grey).

Table 4. Effects of the years since observation (age), the glacier retreat (gla), the five years running
mean temperature (temp), of the five years running mean summer precipitation (pre_sum) and
the five years running mean winter precipitation (pre_win), and more stable areas within the AoI
(inact) on the main land-cover types. Estimates (est.), standard errors (se), and p-values (p) for the
independent variables, and phi are shown (p-values below 0.05 are in bold).

Scree Slope Scree Community Alpine Grassland Dwarf Shrub

est. se p est. se p est. se p est. se p

Intercept −9.940 4.255 0.019 7.614 3.908 0.051 2.466 3.326 0.458 0.082 2.962 0.978
age 0.014 0.007 0.038 −0.006 0.006 0.316 0.005 0.005 0.344 −0.007 0.005 0.147
gla −0.009 0.015 0.560 0.004 0.015 0.794 −0.071 0.013 <0.001 −0.047 0.016 0.003
temp 2.267 0.476 <0.001 −1.408 0.445 0.002 −1.034 0.375 0.006 −0.355 0.307 0.249
pre_sum −0.003 0.001 0.013 0.003 0.001 0.041 −0.005 0.003 0.139 0.001 0.001 0.222
pre_win 0.015 0.005 0.004 −0.012 0.004 0.005 0.000 0.001 0.900 −0.006 0.003 0.067
inact −0.026 0.017 0.123 −0.021 0.016 0.206 0.000 0.019 0.981 0.046 0.022 0.033

phi 38.100 16.090 0.018 63.090 26.840 0.019 98.580 42.070 0.019 158.690 68.130 0.020

R2 0.718 0.728 0.872 0.912
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5. Discussion
5.1. Assessment of Technical Uncertainties and Errors

The accuracy and precision of the digital monoplotting results are influenced by several
factors [21–26,28–32] including the distribution and number of the GCPs, the accuracy and
precision of the DTM, the accuracy of the estimated camera parameters (interior and
exterior orientation of the camera) and the angle of incidence between the image ray and
the DTM. Furthermore, the quality of the historical terrestrial photos is not comparable
to modern photos (e.g., lens distortion), further reduced by the way they were stored in
the archives (e.g., stains, scratches), influencing the potentially achievable accuracy. When
selecting the GCPs, we made sure to identify only terrain points in stable areas, further
avoiding the highly dynamic proglacial area as much as possible, except for example rocky
outcrops. Despite these restrictions, it was possible to identify more than 10 GCPs for each
camera, distributed over the entire image. The use of a current (3D) object space (in this
case the DTM 2017 (1 m)) and a historical terrestrial photo (from 1890 onwards) can also
lead to errors in the mapping, as the mapping was carried out on the historical terrestrial
photos, but the current surface might have changed considerably due to erosion processes
such as landslides and debris flows [28,29]. This could be remedied by DTMs that are much
closer in time to the historical terrestrial photos and thus possibly contain less changes
in the surface topography, however, no corresponding DTM exists from this early period.
Due to the strong surface changes on the AoI, especially due to the incision of the gullies,
throughout the study period, there is strong shadowing of the georeferenced orthophotos
based on the terrestrial photos, especially of the 1890 and ~1930 image (due to the low
angle of incidence), as can be seen in Figure 5.

To estimate the spatial error of the GCPs, the corresponding theoretical 3D error was
computed. This was calculated using the Euclidean distance between the user defined
GCPs and the GCPs calculated by monoplotting. The determined error values of the GCPs
show high variability. It ranges from minimum values of a few centimetres to maximum
values of several tens of metres, although in extreme cases several hundred metres, or no
value at all, could be reached, while the median of the GCPs of the four historical photos
ranged from 3.5 to 17.5 m (Tables 5, A3 and A4). The extreme cases occurred only at the top
of hills or mountains where the calculated point was computed on the opposite slope or
not at all (1890 photo: GCP numbers 2, 3 and 11 in Figure 3b and in Appendix B, Table A2
and ~1930 photo: GCP number 8 in Appendix B, Table A4).

Table 5. Minimum value, maximum value and median of the theoretical 3D error of the corresponding
photos: The complete values can be found in Appendix B, Tables A3 and A4.

Year Number of GCPs Minimum [m] Maximum [m]
Average (Median)

Monoplotting Accuracy
(RMSE) [m]

1890 13 1.1 877.7 17.5

1907 12 0.2 62.3 9.1

~1930 13 0.3 23.7 3.5

~1940 12 0.8 15.5 4.1

The height above ground of the determined camera locations shows heights of 1.0 or
3.2 m, but also up to 12.3 and 13.7 m (Table 3), whereby the steep slopes of the location
where the photos were taken play an important role, as a horizontal shift can quickly
add up to a few metres in height. In any case, the determined coordinates of the camera
locations mostly have an accuracy of a few decimetres to metres (up to a maximum of 7.3 m)
(Table 3), which means that we consider the calculated camera locations to be acceptable.
Bozzini et al. [21] show a theoretical 3D error of less than 10 m respectively less than 5 m
for the prototype version of the WSL tool, if all basic requirements like a high image quality,
a good distribution of control points, a DTM with high resolution and a good camera
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calibration are considered. Nevertheless, under optimal conditions, accuracies of less than
one metre to decimetres are possible [22]. Conedera et al. [29,30] and Scapozza et al. [32]
also report a possible spatial (3D) error of less than one metre (up to several metres) under
optimal conditions, although even within the same photo higher errors can occur in flatter
versus steeper areas due to the different angle of incidence.

Studies using photos from the Mountain Legacy Project [23,25] show clearly higher
error values, but these studies used photos that cover larger and wider areas in high moun-
tain regions (Rocky Mountains, Canada). Therefore, they are prone to higher error values
(similar to the photos from the SEHAG project used in this study), as the accuracy decreases
with increasing distance from the camera, due to the uncertainties in the orientation (angle).
Stockdale et al. [23] show that especially the angle of incidence is of high importance, but
that also the distance to the camera plays an important role, as it is difficult to set GCPs that
have a very long distance, such as mountain peaks several kilometres away. In addition, we
consider the angles of incidence in our study on the AoI to be high and therefore acceptable,
due to the elevated position of the photo locations on the opposite slope and the steep slope
of the lateral moraine itself. McCaffrey and Hopkinson [25] give a mean error vector length
(between test points) of 23.9 m (range from 2 to 63.8 m) and a landscape level displacement
of 7 m using seven photos. After removing two outliers, corresponding values of 16.5 m
and 5.9 m were obtained, which are comparable to the values of Stockdale et al. [23] with
14.4 m and 2.9 m, respectively.

5.2. Opportunities and Limitations

While aerial photographs show an area-wide coverage of the surface, for terrestrial
photographs, due to the oblique viewing geometry in combination with the complex
topography especially in high mountain regions, some areas within the field of view cannot
be observed due to occlusion [28]. We can confirm this, as the AoI is limited to a small area
in the upper part of the lateral moraine. In the south-eastern part, the AoI is limited due
to the curved topography of the lateral moraine, and in the north-western part, the AoI
ends because rock exposures occurred on the slope (mainly in ~1930 and ~1940) and the
mapping of the (initial) gully systems in several areas was not possible anymore due to
the shadowing effect. While the upper boundary of the AoI was defined by the maximum
glacier extent at the end of the LIA, the lower boundary was defined by the glacier extent in
~1940, so that a focus was placed on the erosion area in the upper part of the lateral moraine.
This shows that although it is possible to map different surface types in high mountain
regions using this approach, it can only be applied locally, and not over a wide area as with
aerial photographs. While larger areas could be analysed with a greater number of historical
terrestrial photos, these are usually available to a very limited extent and the identification
of potential photos in the archives is time consuming. With very steep rock faces, however,
aerial photos can reach their limits and the advantages of terrestrial photos can outweigh
them, as due to the oblique geometry the angle of incidence is correspondingly higher [28].
Nevertheless, and most importantly, due to their temporal coverage into the 19th century,
these photos provide a unique source for quantifying the change of different surface types
in proglacial areas.

However, manual mapping is challenging and therefore prone to error. To minimise
interpretation errors, only photos of good quality (e.g., photographic glass plates) and
taken from a short distance from the AoI were selected, meaning that some photos that
would have been available were not included in the analysis. Concerning the mapping of
land-cover types, there exists a limitation by the quality of the photos and difficulties in
mapping on black-white photos. Therefore, small errors of the mapping of the different land
cover types may also be due to quality and difficulties in differentiation of the black-white
photos and also by interpretation of the areas with shadow. By using a regressive-iterative
approach the number of errors can be reduced as an unlikely sequence can be better
detected. Due to the remote sensing data used (terrestrial photos and aerial photographs),
it was not possible for us to identify individual species and to reconstruct them accordingly
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over the entire period. Nevertheless, based on field data collected in 2020, we can specialize
the scree slope, scree community, alpine grassland, and dwarf shrub in more detail (Table 3).

5.3. Development of the Morphodynamic and Land-Cover Changes

The use of individual historical oblique photos by monoplotting has shown that it
is possible to determine the changing extents of different surface types between the end
of the LIA and the mid-20th century, thus quantifying to a certain point the approxi-
mately 100-year unknown initial response of surfaces to glacier retreat of proglacial areas,
demonstrating the immense value of these photographs. By continuing the mapping using
georeferenced orthophotos from the middle of the 20th century onwards and ensuring
the compatibility of both mapping approaches, it was possible to continue this until 2020,
covering a total period of 130 years. The results of the mapping of the upper lateral moraine
section show a correspondingly high dynamic in recent decades. Also, for land-cover maps
the development in the AoI was highly dynamic.

5.3.1. Morphodynamic Area

The mapping shows a continuous melting of the glacier from the end of LIA until
~1940. Although the visible glacier extents were mapped (and the lower surface determined
as glacier), it must be assumed that the debris deposits on the glacier cover some parts of the
glacier margin and thus the actual glacier extent is underestimated. However, this problem
occurs in all terrestrial photographs (but mainly from 1907 to ~1940). This is evident in
Figure 1, where the ~1940 (lower border of the AoI) and 1953 glacier extent overlap at two
points, but the 1953 glacier extent is based on a DoD mapping (DEMs from 1970 and 1953)
where volume changes were used to determine the full glacier extent even under debris
deposits. Also, several studies show the occurrence of dead ice in this slope [4,5,20], at least
until 1983 [20], which influenced the development of the erosion area for decades.

Although, an (almost) continuous increase in the area of the gully system within the AoI
was observed from the end of LIA until 2020, several studies show a clear decrease in the
corresponding erosion rate (based on quantitative volume data derived by DoDs) on the same
slope, such as Altmann et al. [4] from the 1970s or Betz-Nutz et al. [5], Piermattei et al. [20]
and Altmann et al. [6] from the 1950s onwards to present. However, between 1970 and 1982,
there is a decrease in the extent of the gully system (Appendix D, Table A6), due to a
part of an erosion area, previously (1971) mapped as geomorphologically active, which in
turn were mapped in 1982 as bare rock and thus not geomorphologically active anymore
(Appendix D, Table A6). Since several rocks were exposed over the entire period, this
phenomenon occurs several times, but only predominates in the example mentioned. The
geomorphologically inactive area was separated as well as possible from the (initial) gully
system, although it cannot be excluded that some material was mobilised in the inactive
area. Nevertheless, the (initial) gully system is well visible and was mapped due to its
linear erosion form.

5.3.2. Land-Cover Types

The massive increase in scree slope between 1907 and 1930 was mainly caused by the
release of new areas by the glacier (Appendix D Figure A2a). In 1953 we observed small
flat areas within the gullies with alpine grassland or dwarf shrubs which eroded in the
following periods. This can explain the high amount of dwarf shrubs and alpine grassland
in 1953. The small flat areas with vegetation might be due to gliding down of whole
areas with vegetation and erosion between vegetated areas. The detected large increase
in alpine grassland, especially in the accumulation area might also be due to the glide
down of larger parts in its entirety. The small flatter areas with denser vegetation eroded
within the next periods. The clear decrease in higher developed land-cover types (mainly
alpine grassland, and dwarf shrubs) as well as scree community and the accompanied
increase in scree slope between 1990 and 2003 can be explained by the impact of geomorphic
processes on the emergent and developing vegetation. For example the large-scale (wide
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area) erosion processes within the gully systems, as seen in a DoD of our AoI published
by Piermattei et al. [20] between 1997 and 2003, have covered the upcoming vegetation.
From 2003 (until 2020), a very slow increase in these land-cover types (scree community,
alpine grassland and dwarf shrubs) can be observed again. The AoI experiences clearly less
geomorphic activity during these epochs [20]. In the period 2010 to 2020 we could observe
further stabilisation with mainly an evolvement from the scree slope to scree community
and less changes for the other land-cover types.

There was nearly no comparable mapping for land-cover types found in literature,
except the one by Hohensinner et al. [18]. However, in contrast to this study, they used
historical maps for the long-term mapping rather than historical terrestrial photos, which,
however, achieves a much lower spatial resolution. Using historical maps can cause
problems in high elevations, especially above the timberline due to lower resolution and is
therefore not appropriate for analysis on a small scale as these maps are often drawn at a
coarser scale. The problems concerning scale, projection system, and reference points for
elevation calculation as well as the precision during the field surveys and the accuracy are
shown by Stäuble et al. [63].

Although morphodynamic activity highly influences land-cover development, the
increase in alpine grassland and dwarf shrub might be due to the increasing temperature
since the 1980s and faster change since 2011 as shown by Knoflach et al. [17], but it
seems that the morphodynamic processes influence vegetation development more than the
increasing temperature due to climate change. In contrast to Eichel et al. [14] we could only
observe slope stabilisation when the morphodynamic activity already decreased.

6. Conclusions

To analyse quantitative landscape changes in the European Alps, mapping of different
surface types, for example, can be carried out using georeferenced orthophotos based
on aerial photos. However, the corresponding aerial photo series only extends up to
about half of the 20th century, which limits the research design of many studies in time.
Using digital monoplotting, it is possible to extend the time frame of mapping studies
analysing landscape changes in high alpine geosystems using single terrestrial oblique
photos by several decades into the late 19th and first half of the 20th century. By linking a
single image to a 3D object space, quantitative analysis is possible by enabling real surface
measurements of different image contents. Using several historical terrestrial oblique
photographs from 1890 onwards (to ~1940) and georeferenced orthophotos based on aerial
photos from 1953 to 2020, we show by mapping the quantitative changes of different surface
types of a LIA lateral moraine section. The main conclusions of this study are listed below:

• Using the monoplotting approach, it was possible to extend the temporal scope of a
quantitative mapping study based on historical terrestrial oblique photographs within
a proglacial area into the second half of the 19th century (1890), covering a total study
period of over 130 years (1890–2020). This shows that the different orthophotos (based
on terrestrial photos and aerial photographs) can be combined in a productive manner.

• The (initial) gully systems expanded (almost) continuously since 1890 (respectively since
the end of the LIA). However, several studies show that the erosion volume (mean annual
erosion rate), between the 1950s/1970s and today, on the same slope is decreasing.

• The vegetation covered areas show a clear increase within the AoI from 1890 (respec-
tively since the end of the LIA) to 1953, as mainly scree communities (vegetation
cover 5–60%), alpine grassland and dwarf shrubs expand. From 1953 to 2020, veg-
etation covered areas are clearly reduced as the scree expand again due to erosion
processes. Especially in this epoch, rocks within the lateral moraine were also exposed.
Land-cover types are clearly less developed in the active gully system than in the geo-
morphologically non-active areas, as erosion processes deplace or cover corresponding
vegetated areas. The development of land-cover types is also significantly influenced
by temperature and precipitation changes.
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• The approach of this study allows a better analysis of the paraglacial adjustment
process, as in particular the early phase of the lateral moraine’s response to the ice loss
can be determined and thus the initial gully formation as well as the development of
the land-cover types can be detected, which previously remained unclear.

However, the digital monoplotting approach is highly dependent on the availability,
number and quality of the corresponding historical oblique photos, and shadowing effects
in high alpine regions can quickly lead to corresponding limits. Nevertheless, the study
shows the enormous potential of these photos. Therefore, we encourage scientists to
conduct further long-term studies using digital monoplotting with terrestrial historical
oblique photos to better reconstruct corresponding climate change consequences in high
alpine geosystems.
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Appendix A

Table A1. Attributes of historical and current aerial photos.

Year of Recording
Source/

Purpose and
Designation

Photos 1 Camera Model,
Band

Focal Length
[mm]

Flying Altitude
[m a.s.l.]

Type/Scanning
Resolution [µm] Result Resolution

Orthophoto [m]

5 June/31 August and
8 September 1953 2

BEV/Forest condition
estimation, C 124 Wild RC5, BW 210.1 ca. 3330 film/15 Orthophoto 0.23

7 October 1969 BEV/Austrian Glacier
Overall Survey 23 Wild RC5/RC8, BW 152.0 ca. 3450 film/15 Orthophoto 0.5

29 September 1970 Land Tirol/Overall
flight Tyrol 26 Wild RC5/RC8 210.4 ca. 8665 film/12 Orthophoto 0.2

18 August 1971 Land Tirol/Overall
flight Tyrol 91 Wild RC5/RC8, BW 209.5 ca. 3080 film/12 Orthophoto 0.2

14 September 1982 BEV/High Flight
Tyrol/80 34 Wild RC10, BW 152.6 ca. 6090 film/15 Orthophoto 0.5

24 September 1983 BEV/Kaunertal 7 Wild RC10, BW 152.6 ca. 4840 film/15 Orthophoto 0.4

10 October 1990 BEV/KF 171–173 35 Wild RC10, BW 152.6 ca. 5850 film/15 Orthophoto 0.53

11 September 1997 BEV/KF 173 25 Wild RC10, BW 152.7 ca. 6010 film/15 Orthophoto 0.55

5 September 2003 BEV/Ötztaler
Alpen/Oberinntal

59 N/A, RGB 305.1 ca. 4800 film/15 Orthophoto 0.35

31 July 2010 Land
Tirol/Reutte-Sölden 413 N/A, RGBN — ca. 2870 digital Orthophoto 0.2

5 October 2015 Land Tirol/Landeck 94 UltraCamX, RGBN — ca. 3250 digital Orthophoto 0.4

8 September 2020 3 Land Tirol/ Landeck N/A N/A, N/A — N/A digital Orthophoto 0.2
1 Photos were used to process the entire catchment of the upper Kaunertal, 2 Data set were processed into one orthophoto, 3 the Province of Tyrol (Office of the Provincial Government of
Tyrol/Department of Geoinformation) provided the orthophoto as download (https://www.tirol.gv.at/sicherheit/geoinformation/geodaten/orthophotos/, accessed on 2 May 2022).

https://www.tirol.gv.at/sicherheit/geoinformation/geodaten/orthophotos/
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Appendix B

Table A2. Attributes of historical terrestrial oblique photos.

Year of Recording Photographer Source Image Medium Type Colour Width and Height
[pixel, cm] Resolution [dpi] Image Depth

[BIT]

1890 N/A Archive of the ÖAV
(Innsbruck, Austria)

Negative glass plate Digitised B&W 4607 × 307, 19.5 × 13 600 24

1907 N/A Archive of the ÖAV
(Innsbruck, Austria)

Negative glass plate Digitised B&W 4607 × 307, 19.5 × 13 600 24

~1930 (estimated) N/A
Martin Frey (Local

archivist of the
Kaunertal)

N/A Digitised B&W 9213 × 614, 19.5 × 13 1200 8

~1940 (estimated) N/A
Martin Frey (Local

archivist of the
Kaunertal)

N/A Digitised B&W 8976 × 614, 19.5 × 13 1200 8

Table A3. Monoplotting accuracy of 1890 and 1907 photos: Coordinates of the user defined GCPs (East, North and Height), by monoplotting calculated GCPs (East
monoplotting, North monoplotting and Height monoplotting) and corresponding Euclidean distance as error value (Delta 3D). In two cases, no coordinates could be
determined using monoplotting. Used coordinate system: ETRS89/UTM Zone 32N coordinate system (EPSG code: 25832).

Historical
Terrestrial Image GCP Number East [m] North [m] Height [m] East

Monoplotting [m]
North

Monoplotting [m]
Height

Monoplotting [m] Delta 3D [m]

1890 1 632,685.9 5,194,046.4 2153.5 632,683.9 5,194,044.5 2154.1 2.8

2 633,755.7 5,191,665.6 3034.7 - - - -

3 633,620.1 5,191,552.4 2981.4 - - - -

4 633,228.3 5,193,382.3 2312.4 633,167.3 5,193,441.0 2303.8 85.1

5 634,099.5 5,192,196.0 2682.9 634,097.6 5,192,210.5 2673.2 17.5

6 632,267.2 5,193,552.0 2160.9 632,266.8 5,193,555.0 2159.9 3.1

7 632,554.6 5,194,113.3 2096.5 632,567.4 5,194,101.5 2097.8 17.5

8 633,537.9 5,191,990.8 2606.3 633,541.6 5,191,992.0 2607.1 4.0
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Table A3. Cont.

Historical
Terrestrial Image GCP Number East [m] North [m] Height [m] East

Monoplotting [m]
North

Monoplotting [m]
Height

Monoplotting [m] Delta 3D [m]

9 632,583.6 5,194,081.1 2104.3 632,588.8 5,194,077.0 2106.9 7.1

10 631,871.4 5,194,377.8 2176.2 631,870.9 5,194,378.5 2175.4 1.1

11 631,771.5 5,194,586.7 2221.7 632,450.3 5,194,062.0 2036.3 877.7

12 633,316.5 5,193,349.7 2371.0 633,286.8 5,193,380.5 2362.6 43.7

13 635,653.5 5,191,577.7 3079.1 635,650.3 5,191,598.5 3062.5 26.8

1907 1 633,903.8 5,191,802.8 3001.5 633,898.3 5,191,800.5 2996.7 7.7

2 633,788.7 5,191,703.1 3038.4 633,782.3 5,191,696.0 3033.9 10.6

3 635,966.8 5,192,804.1 3319.8 635,962.1 5,192,808.0 3308.6 12.8

4 636,185.9 5,192,836.2 3513.2 636,171.9 5,192,847.5 3495.6 25.1

5 632,880.3 5,193,919.6 2285.5 632,878.6 5,193,920.0 2283.3 2.8

6 633,178.7 5,193,634.4 2351.9 633,176.8 5,193,635.5 2350.6 2.6

7 632,468.7 5,193,780.7 2075.9 632,471.6 5,193,780.0 2078.3 3.8

8 635,078.2 5,192,954.0 2797.6 635,078.6 5,192,958.5 2795.6 5.0

9 633,600.1 5,192,238.7 2516.7 633,610.6 5,192,234.0 2524.3 13.8

10 634,146.5 5,192,466.7 2554.4 634,156.1 5,192,466.0 2559.9 11.1

11 631,784.8 5,193,797.0 2252.2 631,785.0 5,193,797.0 2252.2 0.2

12 633,152.3 5,193,425.2 2309.2 633,212.1 5,193,408.5 2314.2 62.3
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Table A4. Monoplotting accuracy of ~1930 and ~1940 photos: Coordinates of the user defined GCPs (East, North and Height), by monoplotting calculated GCPs
(East monoplotting, North monoplotting and Height monoplotting) and corresponding Euclidean distance as error value (Delta 3D). In two cases, no coordinates
could be determined using monoplotting. Used coordinate system: ETRS89/UTM Zone 32N coordinate system (EPSG code: 25832).

Historical Terrestrial Image GCP Number East [m] North [m] Height [m] East Monoplotting [m] North Monoplotting [m] Height Monoplotting [m] Delta 3D [m]

~1930 1 632,555.5 5,194,112.2 2096.4 632,552.9 5,194,114.5 2095.2 3.8

2 632,594.4 5,194,061.4 2108.8 632,594.6 5,194,061.0 2108.8 0.5

3 633,263.0 5,193,341.0 2327.6 633,252.7 5,193,351.0 2323.6 14.9

4 632,279.4 5,193,591.3 2136.4 632,279.9 5,193,590.0 2136.4 1.4

5 633,775.0 5,191,663.0 3040.9 633,772.8 5,191,664.5 3039.1 3.2

6 632,502.6 5,193,815.5 2074.7 632,501.0 5,193,815.5 2073.4 2.1

7 632,460.0 5,194,170.6 2072.8 632,460.6 5,194,170.5 2072.6 0.7

8 636,614.9 5,190,978.5 3546.9 - - - -

9 632,432.6 5,193,770.2 2050.1 632,432.6 5,193,770.0 2050.3 0.3

10 633,259.8 5,192,088.3 2412.6 633,251.1 5,192,106.0 2399.5 23.7

11 633,628.1 5,191,548.1 2986.9 633,625.8 5,191,557.5 2979.1 12.4

12 633,272.8 5,193,521.1 2400.0 633,272.2 5,193,516.5 2402.6 5.3

13 633,820.9 5,192,338.5 2502.0 633,804.7 5,192,349.0 2491.6 22.0

~1940 1 632,544.0 5,193,660.3 2126.0 632,542.9 5,193,664.5 2125.4 4.4

2 633,207.9 5,193,569.0 2363.0 633,207.6 5,193,567.5 2362.8 1.6

3 636,190.2 5,192,839.9 3516.1 636,189.6 5,192,840.0 3516.8 0.9

4 633,563.4 5,191,691.1 2790.6 633,563.2 5,191,678.5 2799.6 15.5

5 632,299.4 5,193,577.7 2142.1 632,298.3 5,193,576.0 2142.4 2.1

6 633,535.3 5,191,986.0 2607.7 633,533.6 5,191,999.0 2600.8 14.8

7 633,665.8 5,193,738.3 2565.9 633,663.6 5,193,733.5 2567.9 5.6

8 633,151.3 5,193,427.7 2309.2 633,147.5 5,193,432.5 2307.7 6.3

9 633,327.3 5,193,333.1 2382.1 633,325.4 5,193,341.0 2378.7 8.8

10 632,325.2 5,193,633.5 2105.9 632,325.8 5,193,633.0 2106.0 0.8

11 633,904.9 5,191,943.1 2873.0 633,907.3 5,191,941.0 2875.3 3.9

12 632,456.5 5,193,736.9 2073.9 632,456.7 5,193,735.0 2074.4 2.0
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Appendix C

Table A5. Summary of the WRF configuration.

Domain Configuration

Horizontal grid spacing 18-, 6-, 2-km (D1, D2 and D3)

Grid dimensions 190 × 190, 151 × 142, 121 × 139

Lateral boundary condition variable (20CRv3 at 1◦ × 1◦, 3-h)

Time step 90, 30, 10 s

Vertical levels 50

Model top pressure 10 hPa

Model physics

Microphysics Morrison [64]

Cumulus Kain-Fritsch (none in D3) [65]

Radiation RRTMG [66]

Planetary boundary layer Yonsei State University [67]

Atmospheric surface layer Monin Obukhov [68]

Land surface Noah [69]

Dynamics

Top boundary conditions Rayleigh damping

Diffusion Calculated in physical space

Appendix D

Table A6. Changes of surface types/morphodynamic area from End of LIA to 2020 with the proportion
[%].

Surface Type/Morphodynamic Area End of LIA 1890 1907 ~1930 ~1940 1953 1969 1970

(Initial) Gully system 0 5.13 22.71 23.82 26.82 43.34 43.49 43.61

Geomorphological not active area 0 53.71 28.30 39.12 38.21 56.66 56.51 56.39

Sediment accumulation at the glacier margin 0 0 18.40 23.85 34.97 0 0 0

Glacier 100 41.16 30.59 13.21 0 0 0 0

Surface Type/Morphodynamic Area 1982 1983 1990 1997 2003 2010 2015 2020

(Initial) Gully system 42.23 44.05 44.62 45.24 45.77 47.04 47.43 47.70

Geomorphological not active area 57.77 59.95 55.38 54.76 54.23 52.96 52.57 52.30

Sediment accumulation at the glacier margin 0 0 0 0 0 0 0 0

Glacier 0 0 0 0 0 0 0 0
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Table A7. Changes of land cover types from End of LIA to 2020 with the proportion of each land-cover
type in the area of interest (AoI).

Land-Cover Type 1850 1890 1907 ~1930 ~1940 1953 1970 1983 1990 2003 2010 2020

Glacier 100.0 40.98 31.10 14.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rock 0.00 0.56 1.42 2.23 4.57 8.98 10.21 11.50 9.62 14.57 12.97 12.74

Scree slope 0.00 46.52 27.79 41.76 55.09 12.19 14.88 22.54 17.46 50.95 51.15 48.14

Scree community 0.00 9.63 26.34 29.45 9.27 26.61 21.79 25.53 21.28 7.42 7.01 9.87

Alpine grassland 0.00 1.70 11.25 7.36 24.45 30.50 30.05 22.30 23.49 10.19 10.64 11.07

Wetland 0.00 0.00 0.20 0.12 0.00 0.42 0.45 0.12 0.00 0.77 0.27 0.27

Dwarf shrub 0.00 0.60 1.91 5.06 6.62 21.16 22.51 17.90 28.11 15.81 17.35 17.31

Shrub 0.00 0.00 0.00 0.00 0.00 0.08 0.07 0.00 0.01 0.25 0.53 0.53

Trees, woodland 0.00 0.00 0.00 0.00 0.00 0.06 0.05 0.11 0.04 0.04 0.08 0.08

Table A8. Changes of land-cover types from End of LIA to 2020 with the proportion [%], on the 1890
initially glaciered area (upper part), on the 1890 initially morphodynamic active area (initial gully
system) (middle part), and on the initially more stable (not active) area (lower part).

1890 initially glaciered area

Land-Cover Type 1890 1907 ~1930 ~1940 1953 1970 1983 1990 2003 2010 2020

Glacier 100.0 75.89 34.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rock 0.00 1.35 4.05 7.72 17.80 20.49 24.51 21.26 26.26 24.07 24.03

Scree slope 0.00 20.27 60.34 82.70 14.66 15.93 23.05 19.11 57.55 56.60 50.55

Scree community 0.00 1.63 1.39 2.01 27.38 27.99 31.19 30.95 8.74 5.76 11.49

Alpine grassland 0.00 0.86 0.00 7.57 23.59 18.22 11.13 17.37 3.44 5.92 6.36

Wetland 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Dwarf shrub 0.00 0.00 0.00 0.00 16.57 17.37 10.04 11.31 4.00 7.51 7.44

Shrub 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.08 0.08

Trees, woodland 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.01 0.06 0.06

1890 initially morphodynamic active area (initial gully system)

Land-Cover Type 1890 1907 ~1930 ~1940 1953 1970 1983 1990 2003 2010 2020

Glacier 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rock 0.00 0.34 0.48 0.65 0.53 1.98 10.63 3.26 16.94 12.84 12.64

Scree slope 100.0 58.84 63.42 59.37 10.62 19.24 48.83 35.21 60.54 62.35 57.19

Scree community 0.00 32.06 21.04 5.80 23.85 13.52 8.69 20.34 2.57 5.18 10.11

Alpine grassland 0.00 3.85 11.89 32.41 39.23 31.98 13.89 17.33 7.39 5.98 6.57

Wetland 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Dwarf shrub 0.00 4.91 3.18 1.78 25.50 33.12 22.95 23.86 11.65 12.91 12.75

Shrub 0.00 0.00 0.00 0.00 0.22 0.15 0.00 0.00 0.91 0.74 0.74

Trees, woodland 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00
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Table A8. Cont.

1890 initially more stable (not active) area

Land-Cover Type 1890 1907 ~1930 ~1940 1953 1970 1983 1990 2003 2010 2020

Glacier 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Rock 1.05 1.58 1.02 2.57 3.10 3.20 1.65 1.39 5.42 4.49 4.10

Scree slope 76.70 30.36 25.35 33.54 10.48 13.67 20.02 14.42 45.01 45.96 45.47

Scree community 17.95 44.72 51.75 15.17 26.27 17.86 22.84 13.97 6.90 8.16 8.61

Alpine grassland 3.18 19.92 12.54 36.56 34.95 38.89 31.81 28.85 15.57 14.71 15.13

Wetland 0.00 0.37 0.22 0.00 0.79 0.85 0.22 0.00 1.42 0.49 0.49

Dwarf shrub 1.12 3.04 9.12 12.16 24.20 25.34 23.31 41.28 25.23 25.23 25.23

Shrub 0.00 0.00 0.00 0.00 0.12 0.12 0.00 0.02 0.37 0.86 0.86

Trees, woodland 0.00 0.00 0.00 0.00 0.10 0.08 0.15 0.07 0.07 0.11 0.11Geosciences 2023, 13, x FOR PEER REVIEW 26 of 33 
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Figure A2. Changes of the land-cover types on in 1890 (a) initial glaciated area, (b) the initial active
area (initial gully system), and (c) the initial more stable (not active) area; the different colours indicate
the different land-cover types.
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Figure A3. Continued mapping of the different surface types (morphodynamic mapping) using 

georeferenced orthophotos based on overlapping area-wide aerial photographs from 1953 to 1990 

(a–f). The red line indicates the area of interest. 

Figure A3. Continued mapping of the different surface types (morphodynamic mapping) using georef-
erenced orthophotos based on overlapping area-wide aerial photographs from 1953 to 1990 (a–f). The
red line indicates the area of interest.
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enced orthophotos based on overlapping area-wide aerial photographs from 1953 to 1983 (a–c). The
red line indicates area of interest (AoI).
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Figure A6. Continued mapping of the different surface types (land-cover mapping) using 

georeferenced orthophotos based on overlapping area-wide aerial photographs from 1990 to 2020 

(a–d). The red line indicates the area of interest. 
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