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Alpine glacial environments and their fluvial systems are among those landscapes most
comprehensively affected by climate change. Typically, studies on the consequences of
climate change in such environments, e.g., glacier retreat, cover a maximum of 70 years,
reflecting the availability of orthophotos or satellite images. This study addresses the long-
term transformation processes in a glaciated catchment and highlights the role of human
agency in a changing Alpine environment. In order to identify land cover changes between
1820 and 2015 in the Long-Term Ecosystem Research (LTER) site “Jamtal” (Tyrol, Austria)
we apply a “regressive-iterative GIS reconstruction method” combining both historical
maps and optical remote sensing data. Below 2,100m a.s.l. the Jamtal experienced a
massive 62% decline of unvegetated debris areas and bedrock outcrops (so-called
“wasteland”) that was mainly transformed to grassland and sparsely wooded areas.
Forests increased by an outstanding 323% and grassland was replaced by sparsely or
densely wooded areas. This primarily reflects the abandonment of agricultural uses at
unfavourable remote sites. In the higher (formerly) glaciated subbasin, ice-covered areas
declined by 55%, which was associated with a major (82%) growth of exposed wasteland.
Concurrently, Alpine grassland expanded by 196% and krumholz even by 304%.
Approximately half of the new fluvial system that evolved in deglaciated areas between
1870 and 1921 still existed in 2015. Unconsolidated debris buried almost one fifth of the
new channels, and almost one third was colonized by vegetation. Recent data show that
the deglaciation process is much faster than the colonization process by Alpine vegetation.
Accordingly, the extent of wasteland has expanded and potentially amplifies the sediment
supply to the fluvial system. Alterations in high Alpine hydrological and sediment/debris
regimes significantly affect human use in lower, more favourable areas of the Alpine region.
The long-term investigation of the Alpine landscape reveals that the transformation
processes have accelerated in recent decades.
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INTRODUCTION

Alpine environments are affected by climate change in multiple
ways. Compared to other terrestrial ecosystems they experienced
a more pronounced increase in air temperature in recent decades
(Auer et al., 2007; Gobiet et al., 2014). While the mean
temperature rise in Austria amounted to 2°C between 1970
and 2015, the overall increase in the Northern Hemisphere
was significantly lower (+1.5°C; Blöschl et al., 2018). Major
changes in precipitation patterns are also evident. In Austria,
between 1996 and 2014, the mean summer precipitation
increased by 14% in relation to the reference period
1976–1995. In contrast, winter precipitation decreased by 7%
at the same time. In high altitudes, such as in the Long-Term
Ecosystem Research (LTER) site Jamtal valley (Tyrol, Austria),
gridded precipitation data even show a winter-time decrease by
10–20% (Hiebl and Frei, 2016). Both the increasing air
temperatures and altered precipitation patterns are reflected by
the flow and flood regimes of Alpine rivers (Parajka et al., 2010;
Hofstätter et al., 2017; Lebiedzinski and Fürst, 2018). Blöschl et al.
(2017, 2018) report a more distinct increase of mean annual
floods in the period 1976–2014 in smaller (<500 km2) versus
larger catchments. Gauge data downstream of the Jamtal valley
indicate a (non-significant) trend of increasing mean annual
floods by 5–20% per decade (α � 0.05).

Glacier decline most impressively reflects the climatic and
hydrological changes (Oerlemans, 1994; Zemp et al., 2015;
Fischer et al., 2016a). Glaciers in Austria lost about 20% of
their volume in only 10 years between 2006 and 2016 (Helfricht
et al., 2019). Fischer et al. (2016b) report a mean annual mass loss
of the Jamtalferner, the major glacier in the Jamtal, by 1.0 m water
equivalent (w.e.) between 1988 and 2020. The melting glaciers
show increasing supraglacial debris on their surface and expose
larger areas of unconsolidated and unstable sediments in the
proglacial area (i.e., the formerly ice-covered part of the glacier
foreland). In such areas, meltwater streams extend their channel
system upvalley, following the receding glacier tongue. Newly
established fluvial systems fed by meltwater and precipitation
rework the freshly deposited glacial sediments in the proglacial
zone and partly transport the sediments further downstream
(Warburton, 1990; Marren and Toomath, 2014; Lane et al., 2017).

Both increasing temperatures and new exposed areas covered
with unconsolidated sediments provide the basis for upward
expansion of Alpine vegetation (Dullinger et al., 2003;
Dullinger et al., 2004; Fischer et al., 2019). Besides grasses and
herbaceous plants, also woody plants (i.e., krumholz) have been
colonizing high-altitude ranges since the early 20th century.
Leonelli et al. (2011) reported a treeline shift in the Italian
Alps by 115 m between 1900 and 2000. According to Walther
et al. (2005), within one century, several species of vascular plants
shifted upwards on average by 278 m in the Swiss Alps. Newly
emerged fluvial systems in proglacial areas are also affected by the
upward encroaching vegetation. The roots of these plants help
stabilize loose sediments and, thus, the boundaries of fluvial
channels (Gurnell et al., 2016). In recent years, several studies
have been published on the interaction between fluvial processes
and vegetation dynamics [e.g., “fluvial biogeomorphic succession

concept” by Corenblit et al. (2007, 2015)]. They primarily focus on
braided river stretches in glacially unaffected catchments or further
downstream of the glacier forelands (e.g., Gurnell et al., 2001; Egger
et al., 2019; Scorpio et al., 2020). Against this background the
present study focusses on two research questions involving long-
term changes of high Alpine glacial fluvial systems:

1) How has climate warming changed the “landscape template”
controlled by topography and declining glaciers?

The physical structure of a river basin (or parts thereof), the
“landscape template” or “physical template”, provides the basic
conditions for the evolution of fluvial systems (Roni and Beechie,
2013). In similar landscapes (defined by geology, tectonics and
climate), similar types of channel patterns will more likely occur.
Thus, the “landscape template” sets limits on the range of potential
fluvial forms and riverine habitats upon which ecological processes
occur (Brierley and Fryirs, 2005; Allen and Castillo, 2007). In
human time scales, most landscapes remain comparably stable.
Climate change, however, may significantly alter the physical
setting of glacial headwater basins and, accordingly, the
associated fluvial system (Comiti et al., 2019). Most apparent
are declining glaciers, the increase of unvegetated debris and
bedrock outcrops (“wasteland”) and the upward shift of the
Alpine vegetation belt. Historical glacier extensions have been
analysed by Fischer et al. (2018) for several Austrian glaciated
mountain ranges and, in particular based on historical maps, for
the glacier Jamtalferner in the Jamtal. Historical sources were also
used to estimate former glacier extensions in the Central Andes (Le
Quesne et al., 2009) and in northern Norway (Weber et al., 2020).
Similarly, climate-related shifts of Alpine vegetation have been
gaining considerable awareness in recent decades (see review in
Verrall and Pickering, 2020). Fischer et al. (2019) analysed the
upward shift and transformation of the Alpine vegetation in the
foreland of the Jamtalferner using the “Normalized Difference
Vegetation Index” (NDVI) calculated from 13 Landsat scenes
between 1985 and 2016. Since such studies are bound to
available accurate historical sources (orthophotos, maps) they
are usually restricted to timeframes of several decades. Owing to
the long tradition of military land surveys and cadastre maps in the
Habsburg Monarchy, a series of cartographic sources is available
for the analysis of the long-term transformation of Alpine land
cover. In applying the “regressive-iterative GIS reconstruction
method” described in Hohensinner et al. (2013a), we extend the
timeframe for the investigation of the land cover changes in the
Jamtal back to 1820 CE. The resulting dataset for the entire Jamtal
provides the basis for the second research question:

2) Which trajectory of biogeomorphic channel evolution is
identifiable over the long term in the proglacial zone?

We hypothesize a two-step process. First, the meltwater
streams extend their courses upwards following the retreating
glacier and develop new channel patterns (“geomorphic phase”
sensu Corenblit et al., 2015). In the following “pioneer phase” and
the “biogeomorphic phase”, plant species gradually colonize and
stabilize the loose debris (Eichel, 2019).
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Methodologically, we combine the more accurate NDVI
approach using optical satellite images from the Landsat
satellite series for the period 1985–2016 (Fischer et al., 2019)
with the long-term, but less accurate “regressive-iterative
reconstruction method” based on historical maps (1820–2015;
Hohensinner et al., 2013a). The combined approach enables
drawing further conclusions compared to using solely one
method. It extends our current knowledge about the
biogeomorphic interactions in proglacial zones back to times
prior to the last major glacial advance of the Little Ice Age (LIA).

STUDY AREA JAMTAL VALLEY

The Jamtal represents a typical glacially shaped Alpine valley
(catchment) in the Silvretta mountain range in the SW of the
Austrian province Tyrol (Figure 1). It stretches across an area of
54.3 km2 and experiences an altitudinal range between 1,564m a.s.l.
at the valley mouth in the village Galtür and 3,397m a.s.l. at the
border to Switzerland. The geological basement consists of
metamorphic rocks, i.e. mostly different types of gneiss or
amphibolite. The foreland of the glaciers (the Jamtalferner being
the largest glacier) is covered by coarse-grained and blocky siliceous

glacial material (Fischer et al., 2019). After the glaciers in the Jamtal
had reached their LIA maximum in 1864, different types of
palaeosoils, such as syrosems and rankers, were exposed in
deglaciated areas. Since at least Medieval Times the Alpine
pastures in the Jamtal have been used for cattle husbandry during
the summermonths, but the history of human utilisation in that area
extends over severalmillennia (Reitmaier et al., 2013). Pollen analyses
and radiocarbon-datings of fossil trees found close to the Jamtal hut
document changes of the Alpine vegetation and altitudinal shifts of
the treeline caused by climate change and past human land use (see
Jamtalhütte in Figure 1; Dietre et al., 2014; Patzelt, 2019).

The Jambach river as the main stem is fed by meltwater of the
glacier Jamtalferner and of several smaller glaciers. Thus, the river
shows a torrential hydrological regime in summer as opposed to
comparably low and stable flow conditions in winter. Numerous
tributaries draining the hillslopes of the Jamtal join the Jambach.
The largest tributary called Futschölbach drains a smaller subbasin
in the SE valley (Figure 1). Due to the retreating glacier, the course
of the Jambach has been continuously extending upwards since
1864. In 2019, the total length between the Jamtalferner and the
outlet at the Trisanna river in Galtür was 12.98 km. The Jambach
features a braided channel in the sander (outwash plain) directly
below the terminus of the glacier tongue. Today, the upper third of

FIGURE 1 | Study area “Jamtal” valley south of the village Galtür with the glacier Jamtalferner at the border between Tyrol and Switzerland in 2015 (orange
boundary: detail study area “Jamtalferner subbasin”; basemaps: tiris maps, Tyrol; Wikimedia Commons, Tschubby 2018).
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its course is characterised by alternating flat bar-braided and steep
bedrock-confined sections. Further downstream, the Jambach is
mostly confined by the steep valley sides, and close to Galtür the
valley bottom slightly widens.

One of the largest glaciers in the Silvretta region, the Jamtalferner, is
located in the head of the valley. Relicts of several other smaller glaciers
are still present in higher areas.Monitoring of the glacier length started
already in 1892, and since 1988 the mass balance has been intensively
monitored in the framework of a long-term ecological research
(LTER) program (Fischer et al., 2016a; Fischer et al., 2018; Fischer
et al., 2019). Besides cattle husbandry, direct human interventions
include the establishment of the Alpine refuge Jamtalhütte at 2,165m
a.s.l. in 1882 and the construction of a weir in the middle of the valley
in 1950, where most of the discharge is deviated for hydro-energetic
purposes (Figure 1). Thus, the potential annual mean flow of 3.8m3/s
at the river mouth is considerably reduced (based on HAÖ, 2007).
Sediments that are deposited directly upstream of the weir are dredged
and then released to the river further downstream.While the riverbed
upstream of the weir is largely unaffected by embankments, the
downstream course has been repeatedly straightened and narrowed,
and longer bank sections are protected.

The present study analyses the reconstructed land cover datasets
for three different subregions (Table 1 and Figure 1). The largest
study area encompasses the entire Jamtal, for which land cover was
analysed in three altitudinal belts (<2,100/2,100–2,800/
>2,800m a.s.l.). Historically, areas below 2,100 m a.s.l. have been
potentially favourable for various types of human use such as cattle
husbandry, cultivation of crops and the exploitation of (krumholz)
wood for fuel or construction wood. The lowest elevation reached
by the Jamtalferner between 1820 and 2015 was 2,118 m a.s.l. and
maximum elevation of densely forested areas was 2,184 m a.s.l. in
2015 (in the 19th and early 20th century much lower; present
study). The area between 2,100 and 2,800 m a.s.l. is mainly formed

by wasteland, glaciers and Alpine grassland, which could be partly
used for cattle-raising. Until 2015, except for some dispersed smaller
patches, notable vegetated areas of any kind reached a maximum
elevation of 2,780 m a.s.l. Accordingly, the third altitudinal belt
refers to areas above 2,800 m a.s.l.

The second largest study area refers to the upper part of the
Jamtal valley, i.e., the subbasin of the Jamtalferner (Figure 1).
Besides the main glacier and adjacent smaller glaciers it also
includes lower-lying slopes and the valley floor. The third study
area is defined by the deglaciated area located between LIA
maximum extents in 1864 and the 2015 glacier margin.

MATERIALS AND METHODS

Data Sources
To reconstruct the land cover in the Jamtal at five points in time
(1820, 1870, 1921, 1970 and 2015) we georeferenced and vectorized
numerous historical maps (Table 2). Several orthophotos and a
digital elevation model (DEM) provided a profound data basis for
representing the land cover in 2015 and 1970. The GIS
reconstruction for the year 1921 is mainly based on three
historical maps and plans. For the situation in 1870 the “Third
Military Survey” from 1870 to 1872 (scale 1:25,000) was used. The
oldest sources, i.e., the “Second Military Survey” 1816–1821 (1:
28,800) and the “Franziscean Cadastre” 1855–1857 (1:2,880/5,760),
formed the basis for the land cover reconstruction in 1820. The
cadastre maps and the land surveys were created by military
surveyors for the entire Habsburg Monarchy and followed very
elaborate survey instructions that were defined in advance
(Fuhrmann, 2007). These maps were made for land taxation and
show the land cover/uses of each plot of land. In contrast, the
Military Surveys primarily focus on the geographical situation and

TABLE 1 | Areal extents and altitudes of the three study areas analysed in the present study (compare Figure 1).

Study area Area (km²) Altitude (m a.s.l.)

Min Median Max

Jamtal (total study area) 54.3 1,564 2,531 3,397
Subbasin Jamtalferner 13.2 2,002 2,690 3,196
Deglaciated area of Jamtalferner 1864–2015 3.0 2,117 2,627 3,168

TABLE 2 | Main historical sources and contemporary datasets used for the reconstruction of the historical land cover in the Jamtal (*reconstructed time step; dates in
brackets: year of publication).

Time* Map Date Scale/resol.

1820 Second Military Survey 1816–1821 1:28,800
1820 Franziscean Cadastre 1855–1857 1:2,880/5,760
1870 Third Military Survey 1870–1872 1:25,000
1921 Umgebungskarte Jamtalhütte 1909 1:25,000
1921 Karte Unterer Teil Jamtalferner 1921 (1934) 1:10,000
1921 Spezialkarte Österreich 1925–1929 1:75,000
1970 Orthophotos (grey) 1970 —

2015 Orthophotos (colour, infrared) 2015 —

2015 Digital Elevation Model Tyrol 2015 5 m
1870–2015 GIS data of historical extents Jamtalferner (Fischer et al., 2019) 1864–2015 (2019) —
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landscape structures such as water courses and terrain topography.
Besides the maps shown in Table 2, additional historical sources in
between the five time steps were studied, but not georeferenced in
the GIS. The delimitation of the main glacier Jamtalferner between
1870 and 2015 is based on an already published and partly adapted
GIS dataset (Fischer et al., 2019).

Land Cover Classification and GIS
Reconstruction
In agreement with the information shown by the historical
sources, we defined 11 land cover classes (Table 3).
Settlements including roads and arable land were/are mostly
located close to the village Galtür at the valley mouth. The
largest areas in the Jamtal refer to grassland (mainly Alpine
pastures), sparsely wooded area (krumholz), wasteland
(unvegetated moraines, talus fans, exposed bedrock) and
former glaciers. Though the orthophotos would allow more
accurate classifications and analyses, we applied the same
method for all five reconstructed time steps. This helps to
guarantee the same level of detail in the resulting GIS datasets.

Each historical map was georeferenced with ESRI ArcGIS 10.6
based on current orthophotos and the DEM. Georeferencing was
conducted based on 150–300 reference points per sheet of map. In
order to apply topographical landmarks that most probably have
not changed in the last 200 years, mountain peaks and ridges that
enframe the whole Jamtal were selected. In addition, several smaller
ridges and peaks that dissect the valley into smaller subbasins also
functioned as reference points. Besides the Alpine refuge
Jamtalhütte (built in 1882), several bedrock-confined sections of
the Jambach and of the tributary Futschölbach also provided useful
landmarks for georeferencing the maps.

After georeferencing, the manual vectorization of the land
cover at the five selected time steps followed the “regressive-
iterative reconstruction method” described in Hohensinner et al.
(2013a). Starting from the best known state in 2015, those in
1970, 1921, 1870 and 1820 were reconstructed step-by-step
backwards in time to the least known situation in 1820. This
chronological approach enables a significantly more accurate
reconstruction of former landscape features compared to the
analysis of the state at a single point in time.When one of the time
steps was completed (e.g., 1921), the next older situation (1870)
was elaborated based on the completed one (1921). This means

that every structure (GIS feature) of the 1921-landscape was
checked to determine whether it either remained unchanged,
changed its appearance or vanished. If any change was detected,
the next question was whether it could derive from natural
processes, human interventions or points to incorrect mapping.
According to these considerations, the specific structure (GIS
feature) was modified for the situation in 1870. When the
reconstruction of the respective time step was completed, any
information on the geographical structures was reviewed to
determine the extent to which it affects the interpretation of the
structures in the more recent time steps. An important aspect here
was whether new conclusions on the states of the landscape in the
younger time steps can be drawn and corrections have to be made.
In most cases this involved revising not only the next younger
situation (1921), but also the proximate ones (�> 1970 �> 2015).
Finally, when the corrections in all relevant time steps were made,
the reconstruction of the next older step (here: 1820) was started.
This regressive-iterative approach calls for a permanent critical
revision of the already processed time steps and finally ends when
the whole time series is reconstructed.

Based on the GIS reconstructions, we analyse changes in
historical land cover for the entire Jamtal in three different
altitudinal belts (see Study Area Jamtal Valley) for 1820 and
2015. For the Upper Jamtal (subbasin of the Jamtalferner) we
analyse the changes in more detail between each of the five time
steps (Figure 1). The deglaciated area between the maximum
extent of the Jamtalferner in 1864 and in 2015 deserves a closer
look. Here, we investigate the biogeomorphic development of the
fluvial corridors. For that effort, we merge all running waters that
existed between 1820 and 2015, buffered laterally by 50 m, and
trace the transformation of the land cover. In addition, we
comparatively analyse the reconstructed land cover for the
period 1970–2015 with the “Normalized Difference Vegetation
Index” (NDVI) that was calculated based on remote-sensing data
between 1985 and 2016 (Fischer et al., 2019).

RESULTS

Altitudinal Land Cover Changes in the
Jamtal Valley
The catchment-wide comparison of the land cover in the entire
Jamtal between 1820 and 2015 provides the first input in

TABLE 3 | Land cover classes defined based on the historical and current basic data.

Land cover class Abbr. Description

Settlement SE Buildings with adjacent streets, squares, smaller (vegetable) gardens and roads outside settlements
Running water RW Rivers, smaller streams excluding unvegetated sediment bars
Fluvial sediment FS Unvegetated, (glacio-)fluvially shaped sediment areas
Stagnant water SW Lakes, ponds
Wetland WE Swamps, moors, reeds
Grassland GR Meadows, pastures, Alpine grass
Arable land AL Grain fields, vegetable fields
Sparsely wooded area SP Krumholz zone, pastures with scattered wood
Forest FO Densely wooded areas with higher trees
Wasteland WL Unvegetated moraines, talus fans, exposed bedrock
glacier GL permanent ice
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determining the large-scale alteration of the physical conditions.
That first view (Figure 2) illustrates the drastic decline of the
glaciated areas within almost 200 years and the significant
increase in unvegetated areas (wasteland). It also highlights
the upward shift of Alpine grassland. This is also reflected by
the transformation analysis in Figure 3 (top). It reveals a decline
of the glaciated areas by 73%. In contrast, wasteland increased
considerably (37%). The expansion of the latter would have been
even greater, but parts of the former unvegetated areas were
colonized by plants, leading to a 22% increase of Alpine
grassland.

More closely examining the three separately analysed
altitudinal zones yields further insights. The zone below
2,100 m a.s.l. that was favourable for various types of human
use (compare Study Area Jamtal Valley) experienced a massive
decline of wasteland by 62%. It mainly transformed to grassland,
sparsely wooded areas and to a minor extent to forests (Figure 3
bottom left). The latter increased by an outstanding 323%—
overtopped only by the expansion of settlement areas (+774%).
Grassland decreased markedly and was replaced by sparsely or
densely wooded areas (forests). Beyond the wasteland loss,
unvegetated fluvial sediment areas and running waters also
declined by 60 and 27%, respectively. Fluvial sediments of the
Jambach and—even more so—of several tributaries at the valley
slopes were consolidated partly by natural colonization processes
but also by torrent control measures and other human

interventions. The data reflect a general trend of amplified
human land reclamation on the one hand and the
abandonment of more intensive forms of land use at
unfavourable sites on the other.

Glacier shrinkage is most evident in the middle altitudinal belt,
whose upper boundary is defined by the vegetation limit
(Figure 3 centre. They lost 82% of their former extent in 1820
and were largely replaced by wasteland (+35%). The increase of
Alpine grassland by 47% reflects the colonization of former debris
areas and the upward shift of the vegetation limit. Starting from a
small coverage, sparsely wooded areas (krumholz) expanded by a
considerable 248%. A 57% glacier decline is also evident in the
highest elevation zone (Figure 3 right). In 2015, formerly
glaciated areas were represented by unvegetated debris. Alpine
grassland was restricted to smaller patches and showed a
comparably negligible contribution.

Chronological Land Cover Changes in the
Subbasin of the Jamtalferner
Tracing the development of the Jamtalferner subbasin for each
time period between the reconstructed time steps yields more
detailed insights into the evolution of this glacially shaped
landscape. Figure 4 illustrates the comprehensive changes in
land cover over 195 years. The reconstruction of the situation in
1820 enables tracing the last decades of glacier growth. Until

FIGURE 2 | Reconstructed land cover patterns in the Jamtal in 1820 and 2015 (width of running waters is magnified).
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1870, glacier coverage increased from 64 to 70 percent cover
(p.c.) related to the extent of the subbasin (Figure 5 bottom left).
Associated with the advancing glacier, unvegetated wasteland
diminished by 5 p.c. The data suggest that grassland had
remained stable at 4% of the study area. Glacier growth,
however, might have had wiped out some patches of Alpine
grassland, which is not reflected in the historical sources. The
reconstruction for 1870 is very close to the maximum extent of
the Jamtalferner in the LIA, which occurred in the Jamtal in
1864 (Fischer et al., 2019). Accordingly, after 1870 up to 1921,
glacier extents decreased by 14 p.c., while wasteland expanded
by only 7 p.c. (Figure 5 bottom). This is due to the colonization
by vegetation that led to a doubling of Alpine grassland from 4
to 8 p.c. Minor shares of formerly ice-covered areas were
replaced by fluvial sediments, i.e. sander and sediment bars
along the upwards extending meltwater streams. To a minor
extent, deglaciation and expansion of vegetation are also evident
for the period between 1921 and 1970. Up to 2015 these
processes accelerated. Though the period 1970–2015 spans
only 45 years, ice-covered areas decreased by 18 p.c.,
wasteland expanded by 14 p.c. and grassland by 4 p.c. In
2015, for the first time, krumholz reached a notable area in
the subbasin.

Over the long term, since 1820, glaciers declined by 55%,
which went hand in hand with an outstanding increase of
wasteland by +82% (Figure 5 top). Fluvially shaped sediment
areas enlarged by 126%, with even larger increases in Alpine
grassland (196%) and krumholz (304%).

Fluvial Corridors in the Proglacial Zone of
the Jamtalferner
The evolution of the fluvial corridors in the area that had been
exposed by the retreating glacier between the maximum glacier
extent in 1864 and 2015 (proglacial zone) merits a closer look.We
therefore analyse all the water courses present in that area
between 1820 and 2015, including a lateral buffer of 50 m.
Glacier advance after 1820 not only wiped out parts of the
main Jambach stream but also several unvegetated sediment
bars (compare 1820 and 1870 in Figures 4, 6 bottom left).
Wasteland, i.e., areas covered with glacial debris, almost
vanished. Until 1870, 97% of the fluvial corridors were
gradually covered with ice. This state can be interpreted as a
“reset” of the fluvial system in the analysed proglacial zone.

The drastic decline of the glaciers between 1870 and 1921 is
reflected by the enlargement of exposed debris and rock areas

FIGURE 3 | Land cover transformation in the entire Jamtal between 1820 and 2015 (top) and for different altitudinal belts in the same period (bottom). Percent
values at right margins: relative changes up to 2015 compared to initial situation in 1820. Example bottom left: At altitudes between 1,550 and 2,100 m a.s.l. a great
proportion of wasteland (WL) transformed to grassland (GR) and some smaller proportions to sparsely wooded areas (SP) and forests (FO). Only land cover types with a
significant proportion are labelled in the bottom plots (SE, settlement; RW, running water; FS, fluvial sediment; SW, stagnant water; WE, wetland; AL, arable land;
GL, glacier).
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(wasteland) to 23 p.c. of the overall fluvial corridor extent. Areas
covered by fluvial sediments, primarily outwash plains (sander),
significantly increased to 12 p.c. and running waters to ca. 1 p.c.
Vegetated areas, almost inexistent in 1870, within 51 years
already covered 4 p.c. of the corridors. Ongoing deglaciation
between 1921 and 1970 exposed new debris areas, which enlarged

to a total of 40 p.c. (Figure 6 bottom). Fluvial sediments expanded
only slightly, although some formerly glaciated areas transformed
to outwash plains. This is because other types of unconsolidated
debris (wasteland) replaced some older fluvially shaped areas.
One potential explanation is that the terrain becomes steeper as
the glacier retreats towards higher altitudes. Here, debris from the

FIGURE 4 |Reconstructed land cover patterns in the Upper Jamtal (Jamtalferner subbasin: Jamtalferner glacier and subjacent valley floor) between 1820 and 2015
(width of running waters is magnified).
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valley sides and lateral moraines may have buried older fluvial
landforms. Nevertheless, running waters approximately doubled
and vegetated sites expanded by 2 p.c. up to 1970.

Finally, until 2015 almost all of the formerly ice-covered sites
transformed to wasteland or fluvial sediment areas (outwash
plains). Wasteland then constituted the dominant type of land
cover (59 p.c.). Due to the upwards lengthening of the fluvial
system the running waters doubled once more. Alpine vegetation
significantly profited from the changing physical conditions and
expanded from 6 p.c. in 1970 to 20 p.c. in 2015.

Over the long term, the entire system of fluvial corridors
that had evolved between 1820 and 2015 from ice-covered
areas is characterized by a 491% expansion of running waters;
fluvially shaped areas grew by 605%. Moreover, vegetated
sites—originally almost inexistent—expanded by almost 12,000%
(Figure 6 top).

As noted above, terrain slope might play a role in the evolution
of the fluvial corridors. Figure 7 displays certain forms of land
cover transformation in relation to terrain slope after the
maximum glacier expansion between 1870 and 2015. It shows
that fluvial sediments such as outwash plains predominantly
replaced formerly glaciated areas in flatter terrain with a
median slope of only 11° (GL-FS in Figure 7). Alpine
grassland could develop at steeper, but not too steep formerly
ice-covered sites (GL-GR, median slope � 17°), and glaciers in
steeper terrain were replaced largely by unvegetated wasteland
(GL-WL).

Fluvially shaped areas remained stable over the long term in
very flat terrain (FS-FS, median slope � 4°). In steeper terrain with
a median slope of 13° such sites underwent colonization by
vegetation (FS-GR). In much steeper terrain, however, most
were soon covered by debris from lateral moraines or from
the valley sides or were washed out, exposing the bedrock (FS-
WL, median slope � 19°). In turn, wasteland that was colonized by
vegetation showed a median slope of 30° (WL-GR). Slightly
steeper wasteland often remained devoid of vegetation (WL-
WL). Because the latter two cases show very similar
distributions, vegetation coverage of former wasteland might
also be affected by factors other than those analysed in the
present study.

DISCUSSION

Inaccuracies of the Basic Data and
Potential Misinterpretations
Historical data sources, i.e., maps and plans, display the physical
environment in a generalized manner using discrete symbology
classes for different types of landforms. They therefore differ
fundamentally from present datasets such as optical satellite or
orthophotos that render the complex nature in radiometric
measurements at several discrete spectral bands. Beyond
potential inaccuracies in the qualitative information shown by
historical data, errors in geographical position are also main

FIGURE 5 | Land cover transformation in the Jamtalferner subbasin between 1820 and 2015 (top) and for separate time periods (bottom). Top: percent values on
right margin refer to relative changes from 1820 to 2015. Bottom: percent values refer to percent cover (p.c.) of the Jamtalferner subbasin. Example bottom right: In
1970, 40% of the subbasin featured wasteland (WL, black/grey). Thereof, until 2015 a marked proportion transformed to grassland (GR, green), while large formerly
glaciated areas (GL, blue) developed to wasteland (WL). Finally, in 2015, wasteland encompassed 54% of the entire subbasin. Only land cover types with a
significant proportion are labelled (RW, running water; FS, fluvial sediment; SP, sparsely wooded).
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sources of potential misinterpretations. This applies in particular
to the historical maps prior to 1900 CE. The map series of the
“Franciscean Cadastre” and the “Military Land Surveys” were
produced by military cartographers working with very elaborate
survey instructions (Fuhrmann, 2007). Nevertheless, more
intensively human-used areas in the valleys were mapped very
accurately, whereas those in higher altitudes at the transition to
the wasteland or glaciers lack such accuracy. According to
Ulbrich (1961), in the cadastre the mapped distances of 100 m
showed average errors in length of 1.3 and 4.9 m at distances
around 2,000 m. The assumption is that the “Military Land
Surveys” show significantly greater errors of geographical
position. The “regressive-iterative reconstruction method”
applied in the present study partly helps to adjust potential
errors in location (Hohensinner et al., 2013a). In addition, the
use of 150–300 reference points (mountain peaks, ridges, refuge
hut etc.) per sheet of map also helps to mitigate potential
inaccuracies. For example, the extents of the glacier shown by
the “Third Military Survey” 1870–1872 matches well with the
terminal and lateral moraines of the LIA maximum in 1864 that
are still visible in current orthophotos and in the DEM. This
justified resorting to an already published GIS dataset (Fischer
et al., 2019) in reconstructing the extents of the main glacier
Jamtalferner between 1870 and 2015.

Undoubtedly, the reconstruction of the land cover in 1820
based on the “Second Military Survey” 1816–1821 entails the
greatest inaccuracies. In the lower section of the Jamtal the
cadastre maps helped to rectify potential imprecisions. In
higher terrain, however, the cadastre partially also lacks
information. Moreover, the glacier advance until 1864 wiped
out older landscape features such as moraines. Unfortunately, no
other accurately surveyed map is available to more profoundly
validate the quality of the maps from around 1820. A sensitivity
analysis performed by applying varying reference points in the
georeferencing process indicates a potential position error of the
glacier terminus of ±70 m. Accordingly, the Jamtalferner would
have had advanced by ca. 440 ± 70 m between 1820 and 1870.
Historical surveys of the Danube River in Vienna that were
discovered after termination of the GIS reconstructions
enabled an unintentional validation of the compiled dataset. It
showed that the “regressive-iterative” approach yielded robust
results: certain details of the landscape reconstruction had to be
revised but did not significantly change the overall result
(Hohensinner et al., 2013b).

Alpine grassland or shrubs tend to fade out as the terrain gets
higher, which is reflected by the orthophotos from 1970 to 2015.
Smaller vegetation patches in higher terrain, however, are usually
not accurately displayed by historical maps. In order to obtain

FIGURE 6 | Land cover transformation of the fluvial corridors 1820–2015 in the proglacial area that deglaciated between the maximum extents of the glaciers in
1864 and in 2015 (compare Figure 1). Fluvial corridors refer to all running waters that existed in that area between 1820 and 2015 including lateral buffers of 50 m. Top:
percent values on right margin refer to relative changes from 1820 to 2015. Bottom: percent values refer to percent cover (p.c.) of the fluvial corridors. Example bottom
middle: In 1921, 12% of the fluvial corridors featured fluvial sediments (FS, orange). Thereof, until 1970 a marked proportion transformed to wasteland (WL, black/
grey). In turn, smaller proportions of former glaciers (GL, blue) and wasteland (WL) developed to fluvial sediment areas (FS). In 1970, fluvial sedimentsmade up 14%of the
analysed fluvial corridors. Only land cover types with a significant proportion are labelled (RW, running water; GR, grassland; SP, sparsely wooded).
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comparable data for all analysed time steps, we generally omitted
such smaller patches in the reconstructions based on
orthophotos. Thus, vascular plants may have reached higher
altitudes than suggested by the data of the present study
(Lamprecht et al., 2018; Rogora et al., 2018). Another point of
interest is the differentiation between wasteland (moraines, talus
fans, rocks etc.) and fluvial sediments. Fortunately, larger patches
of the latter are commonly separately depicted in the
historical maps.

How Has Climate Warming Changed the
“Landscape Template” Controlled by
Topography and Declining Glaciers?
Climate change affects the physical framework conditions of
Alpine environments in manifold and complex ways. Beyond
glacier decline it alters the erosion processes, the sediment supply
and the flow/flood regime of running waters along with the spatial
distribution of plant species (Bronstert et al., 2002; Leonelli et al.,
2011; Blöschl et al., 2017; Blöschl et al., 2018; Comiti et al., 2019).
In lower Alpine areas that are more favourable for agricultural
uses, humans modify the Alpine environment even more
intensively (Bätzing, 2003; Andric et al., 2010). In many cases
it is not possible to clearly distinguish between the consequences
of human agency and of climate change (Cannone et al., 2007).
For example, humans have significantly modified Alpine
vegetation by lowering the treeline due to livestock farming
and wood extraction over millennia (Ellenberg, 1996; Dietre
et al., 2014). In the 20th century, farmland was abandoned in
many unfavourable sites that are too steep, too high or too remote
to cultivate economically (Tappeiner et al., 2006; Tasser et al.,

2009; Mayer and Erschbamer, 2017). After such abandonment
the Alpine vegetation has the potential to recover and a gradual
upward shift of the treeline is expected (Carnelli et al., 2004;
Gehrig-Fasel et al., 2007; Remy, 2012). Although global warming
may boost the upward shift of the vegetation belt, in lower
altitudes such vegetation dynamics might primarily reflect
human interferences rather than climate change (Leibundgut
and Kohn, 2014).

According to Reitmaier et al. (2013) the Silvretta mountain
range, in which the Jamtal is located, was also subject to human
land uses over millennia. The land cover changes identified for
the Jamtal below 2,100 m a.s.l. should therefore be interpreted in
this context. In 1774, Alpine forests covered significantly larger
areas around Galtür compared to themid-19th century (Fromme,
1957, based on “Wälderausschätzungsprotokoll” of the saltworks
in Hall; Provincial Archive Tyrol, Cod. 3693). According to the
map “Atlas Tyrolensis” created by Peter Anich also in 1774,
Fromme (1957) argued that forested areas probably reached
altitudes up to the Jambach tributary “Futschölbach” at
approximately 2,200 m a.s.l. (see Figure 1). However, given the
accuracy of the “Atlas Tyrolensis”, this finding must be critically
assessed. Our reconstruction of the land cover in 1820 does not
reflect the occurrence of larger wooded areas in such a high
altitude (Figure 2). Besides potential inaccuracies in the 1774
atlas and also in our reconstruction, two processes—natural and
socio-economic—probably resulted in a significant decline of
wooded areas until the mid-19th century. Between 1810 and
1820, climate models indicate the lowest mean annual
temperatures for the study area within the overall time period
1780–2013 (Chimani et al., 2013). In the following decades until
1864, the Jamtalferner glacier significantly expanded down

FIGURE 7 | Terrain slope versus land cover transformation of the fluvial corridors 1870–2015 in the proglacial area that deglaciated between 1864 and 2015 (for
abbreviations see Table 3; compare Figure 1; n � number of 5 m raster cells).
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toward the valley (Figure 2). Harsher climatic conditions and
glacier growth probably physiologically weakened the woody
vegetation at higher altitudes.

Beyond the changes of the physical environment, the socio-
economic framework conditions have also changed. Population
growth and the associated divided inheritance of land gradually
diminished peasant land property (Böhm, 1970). Consequently,
in the valleys around Galtür, land uses such as woodland pasture,
extraction of leaf fodder and cattle husbandry in Alpine pastures
had been intensified and led to large-scale devastation of Alpine
forests and pastures. According to Böhm (1970), the all-
embracing exploitation of the Alpine resources culminated in
the mid-19th century, going hand in hand with amplified soil
denudation, frequent debris flows and avalanches. Then,
mountain farmers were forced to change their land use
practices, to abandon subsistence economy or to migrate and
search for other forms of livelihood. Lorenz (1945-1974) reported
that the cultivation of hay in the mountains had significantly
declined and had been substituted by meadows closer to the
village since 1850. Summerly cattle husbandry in the Jamtal also
dropped by 69% and some Alpine pastures had been abandoned
by 1952 (Fromme, 1957).

The reconstructions of the land cover in 1820 and 1870 reflect
the reported state of overexploitation in times of adverse climate
and glacier growth (Figures 2, 4). The extraordinary increase of
forests by 323% (mostly former grassland and krumholz) between
1820 and 2015 points to at least partially planned afforestation
after some areas had been taken out of operation (Figure 3
bottom left). Afforestation plans, amongst others for the Jamtal,
were already published by Fromme (1957) in order to reduce
damage by avalanches and torrents. Rockslides and debris flows
repeatedly buried meadows and pastures (Vogt, 1993). Maps
from the 19th century show large alluvial fans (fluvial sediments)
along several tributaries in the valley sides that largely vanished
and were replaced by grassland or krumholz by the late 20th
century. This points to efforts to stabilize the alluvial fans. Böhm
(1970) reported afforestation measures for the valley sides around
Galtür. According to the municipality of Galtür, historically
peasants have meliorated such areas by applying humus and
manure. Moreover, the lower section of the Jambach has been
significantly human modified by repeated channel straightening
and narrowing, partial bank stabilization and water abstraction.

Despite the numerous forms of human interventions, climate
change probably also played a role in altitudes up to 2,100 m a.s.l.
because larger proportions of wasteland have transformed to
grassland or krumholz (Figure 3 bottom left). Such colonization
processes are even more evident in altitudes up to 2,800 m a.s.l.
Nevertheless, above 2,100 m a.s.l., the predominating process was
the transition from formerly glaciated areas to wasteland. The
closer analysis shows an annual 0.11 p.c. glacier growth related to
the area of the Jamtalferner subbasin between 1820 and 1870
(roughly corresponding to the LIA maximum in 1864; Figure 5).
This corresponds to the final decades of a long period of glacier
growth that had already started in late Medieval Times (Böhm,
1970). Until the early 18th century, the Jamtalferner could still be
crossed with horses. After 1870, the annual rate of areal glacier
losses was 0.26 p.c. related to the subbasin area, followed by a

phase of minor losses of 0.19 p.c. between 1921 and 1970. In
contrast, the final period (1970–2015) featured extraordinary 0.40
p.c. annual losses. These results reflect the general trend of
accelerating warming in the recent decades, but do not
necessarily correlate with measured or gridded mean annual/
summer/winter temperatures and precipitation sums before 1970
(Chimani et al., 2011; Chimani et al., 2013) due to glacier
response times and adjustments in glacier dynamics
(Jóhannesson et al., 1989; Zekollari et al., 2020).

Besides glacier retreat, the most obvious process of land cover
change is the expansion of Alpine grassland and sparsely wooded
areas (krumholz) into wasteland in higher altitudes. After the LIA
maximum, the extent of grassland doubled from 4 to 8 p.c. of the
Jamtalferner subbasin until 1921 (Figure 5 bottom). In 2015, that
extent already reached 13 p.c., and the value of sparsely wooded
areas reached 1 p.c. Within 145 years, this expansion was
accompanied by a significant upward shift of the uppermost
vegetated site by 460 m from 2,320 m a.s.l. in 1870 to 2,780 m a.s.l.
in 2015 (excluding some smaller high-altitude vegetation patches
in 2015 that probably would not have been mapped in historical
surveys). For comparison, in the Italian Alps the treeline shifted
by 115 m between 1900 and 2000 (Leonelli et al., 2011). In the
Swiss Alps, vascular plants expanded upwards on average by
278 m within one century (Walther et al., 2005). These values
seem to be rather low compared to 460 m close to the
Jamtalferner. For the Swiss Alps, however, the proportion of
actually upward-shifting woody vegetation is greater in higher
altitudes, while forest ingrowth in (abandoned) grassland prevails
in lower altitudes (Gehrig-Fasel et al., 2007). Within only 12 years
a median upward shift by 28 m was recorded below 2,350 m a.s.l.,
and a few vegetation patches in higher terrain shifted by a median
of 50 m. Indeed, the reconstructions for the entire Jamtal in 1820
and 2015 yield a smaller upward shift of the uppermost vegetation
limit compared to the formerly largely glaciated subbasin of the
Jamtalferner. In the entire valley it amounted to only 243 m
(maximum 307 m when taking smaller high-altitude vegetation
patches into account in 2015).

Fischer et al. (2019) calculated the density of ground cover
using the “Normalized Difference Vegetation Index” (NDVI;
Rouse et al., 1974). In the proglacial zone of the Jamtalferner,
the overall NDVI increased with the time of exposure from a
mean of 0.11 in 1985 to 0.27 in 2016. Combining the
reconstructed dataset for 1970–2015 with the NDVI
1985–2016 shows that almost all the areas that had remained
grassland between 1970 and 2015 feature an increasing NDVI
(see GR-GR in Figure 8 bottom). This means that the ground
cover in such areas had increased (� vegetation ingrowth).
Interestingly, sites that had developed from unvegetated fluvial
sediments or wasteland to grassland (FS-GR andWL-GR) started
with a higher NDVI in 1985 than unvegetated sites that had
remained devoid of vegetation (FS-FS and WL-WL, Figure 8
top). This suggests that the transformation to grassland must
have already started prior to 1985. Moreover, ground cover in
such newly colonized areas increased more than at sites that
remained grassland between 1970 and 2015 (Figure 8 bottom).
Areas that were identified as fluvial sediments in both 1970 and
2015 did not exhibit any significant increase in ground cover
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(Fs-FS, bottom). Persistent wasteland, however, shows a slight
increase (WL-WL, bottom). Finally, glaciated sites that had
developed to fluvially shaped areas between 1970 and 2015
(GL-FS) show a stronger increase in ground cover than those
that had turned to wasteland (GL-WL, bottom).

The analyses of the historical land cover changes both in the
entire Jamtal and in the subbasin of the Jamtalferner reveal that
the “physical” factors that control channel-forming processes
have markedly changed within almost 200 years. In the lower
section of the valley, primarily direct and indirect forms of human
interventions (water deviation, partial channel straightening,
stabilization of unconsolidated debris/sediments by vegetation)
modified the basic conditions for channel evolution (reduced
fluvio-dynamics and bedload supply). The increasing human
pressure on the lower sections of Alpine rivers has been
recently addressed for the entire Alpine region by
Hohensinner et al. (2021). In higher altitudes, however,
climate change has led (and still leads) to the modification of
the “landscape template” in which certain types of running waters
may evolve (compare Introduction; Roni and Beechie, 2013). The
“landscape template” (or “physical template”) defined by geology,
tectonics and climate constrains the potential range of channel
evolution and riverine habitats and, consequently, the thereof
dependent ecological processes (Brierley and Fryirs, 2005; Allen

and Castillo, 2007). Commonly, the physical framework
conditions only change over the very long-term. Extreme
floods in alluvial landscapes or volcanic eruptions, for
example, may alter “landscape templates” abruptly. Likewise,
climate change alters the ice coverage and terrain topography
of glacial headwater basins also over the short term. Glacier
decline has extended Alpine river systems upwards and has
exposed large areas covered by unconsolidated debris. Thus,
the physical structure and basic conditions of the upper
Jambach basin have comprehensively changed in respect of
catchment configuration, topography, river length and
sediment supply. In such locations, new fluvial systems arise
almost from “scratch”, adopting the newly available space along
with its glacio-fluvial processes as a “template” for channel
evolution.

Which Trajectory of Biogeomorphic
Channel Evolution is Identifiable Over the
Long Term in the Proglacial Zone?
For fluvial systems, the most obvious consequence of climate
change, i.e., of glacier decline, is the gradual lengthening of the
river courses. After the maximum extent of the Jamtalferner in
1864, the meltwater stream rapidly extended its course upwards

FIGURE 8 | “Normalized Difference Vegetation Index” (NDVI) calculated for the proglacial zone of the Jamtalferner in 1985 and 2016 based on Fischer et al. (2019).
Bottom graph: changes (difference) of the NDVI between 1985 and 2016. X-axes: raster cell transformations from land cover type in 1970 to type in 2015 (for
abbreviations see Table 3; compare study area in Figure 1; n � number of 5 m raster cells).
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between 1870 and 1921 by ca. 26 m per year (measured along the
main arm to the terminus of the glacier tongue; Figure 4). Until
1970 the annual lengthening was only 12.5 m, followed by a phase
of slightly accelerating lengthening by 16 m per year until 2015. In
the recent years until 2019, annual rates once more increased to
22.5 m. In total, since 1870, the main arm has extended upwards
by approximately 2,740 m (ca. 19 m/year), traversing an altitude
of 370 m. Between 1921 and 1970 the glacier receded to a higher
terrain level and the new water course had to traverse an
escarpment of exposed bedrock. That might help explain the
slower lengthening rates between 1921 and 1970. The recent
accelerated channel lengthening is well reflected by surveys of the
annual geodetic mass loss of the glaciers in the Silvretta mountain
range, where the study site is located. Between 1969 and 2002 the
glaciers annually lost 0.2 ± 0.1 m water equivalent (w.e.). The
value peaked between 2002 and 2004/06 at 1.5 ± 0.7 m w.e./year.
Since then until 2017/18, the mean mass loss amounted to 0.8 ±
0.1 m w.e./year (Fischer et al., submitted). The Jamtalferner in
particular lost on average 0.6 m w.e./year between 1988/89 and
2001/02. Up to 2020 this has accelerated to 1.3 m w.e./year
(Fischer et al., 2016b).

Today, the fluvial system in the Jambachferner subbasin
features three alluvial braided sections. Longitudinally, these
are separated by two sections that are confined by bedrock or
by lateral moraines. The upper braided section flows through the
current sander (outwash-plain) directly below the glacier
terminus. Further glacier disintegration can be expected at
Jamtalferner because the main glacier stream is already fed by
two branches in the glacier foreland. The harsh physical
conditions at such high altitudes, with high meltwater
discharges and extreme precipitation events in summer, are
reflected by a highly dynamic evolution of the new channel
system (Lane et al., 2017; Carrivick and Heckmann, 2017).
The dominant geomorphic processes include sudden increases
in sediment transport rates, debris flows from lateral moraines or
valley sides on the one hand, and large volumes of debris
deposited in proglacial areas on the other hand (Baewert and
Morche, 2014; Comiti et al., 2019). Applying the “fluvial
biogeomorphic succession concept” according to Corenblit
et al. (2007, 2015), the newly emerged meltwater streams of
the Jambach river system have largely remained in the
“geomorphic phase” in which flow and sediment fluxes are the
dominant channel controls. Despite the extraordinary, dynamic
nature of such environments, our data show that Alpine plants
gradually colonized glacial debris or (glacio-)fluvial sediments.
We traced the active channels (water surfaces and unvegetated
fluvial sediments) in the fluvial corridors that had evolved in
former glaciated areas between 1870 and 1921. This revealed that
Alpine vegetation (grassland or krumholz) played only a very
minor role in the first 49–100 years (depending on the point in
time when the respective part of the active channel originated
between 1870 and 1921; Figure 9 left). Until 1970, only 1% of the
newly emerged active channel area had undergone
terrestrialization and developed to grassland. The largest
proportion (76%) remained an active channel, while 23% re-
transformed to wasteland, possibly due to debris flows from
adjacent higher terrain. Gully erosion in steep lateral moraines

and re-deposition of the mobilized material at slope foots are
typical paraglacial processes in former glaciated areas (Eichel
et al., 2018). Thus, fluvial channels and sediment bars are prone to
be buried by re-deposited debris. Forty-five years later, by 2015,
approximately half of the original active channel area still
remained and 7% were covered by debris (wasteland). Over
time, colonization by vegetation accelerated, and, between
1970 and 2015, 21% of the active channel had already become
grassland. This reflects the “pioneer phase” according to
Corenblit et al. (2015) in which larger parts of the former
channel are already vegetated, but the plants cannot yet
significantly influence the channel-forming processes or the
channel pattern. Finally, after 145 years, 30% of the original
active channel were covered by grass or herbaceous plants and
only 1% featured some kind of woody vegetation. This represents
the onset of the “biogeomorphic phase” in which woody
vegetation can significantly influence bank resistance, and,
consequently, channel geometry.

Channel dynamics and colonization by plants may vary
substantially spatially and temporally. Of the active channels
that emerged later, i.e., between 1921 and 1970, more than the
half re-transformed to wasteland by 2015 (Figure 9 right). Only
0.3% of such channels were colonized by grass or herbs
(compared to 1% in the section that arose already between
1870 and 1921; Figure 9 left). The channel section that
emerged between 1921 and 1970 is located in higher terrain
than in the first 50 years after the glacier began to recede. Here,
the physical conditions, the “landscape template”, differs from
that earlier developed section. The terrain topography is generally
steeper due to nearby exposed bedrock and lateral moraines. This
probably explains the high proportion of former active channel
areas that transformed to wasteland between 1970 and 2015
(56.7% in Figure 9). Figure 7 shows that fluvial areas in
steeper terrain (median slope: 19°) were prone to be buried by
unconsolidated debris (see FS-WL). In comparison, Eichel et al.
(2018), who analyzed paraglacial processes at lateral moraines,
reported lower geomorphic activity and initial colonization by
“Alpine ecosystem engineering species” already at slope gradients
of 19°. Our data on the slope-dependent land cover
transformation, however, refer to the fluvial corridors,
i.e., active channels and directly adjacent landforms (see Land
Cover Classification and GIS Reconstruction). Here, both fluvial
and paraglacial processes interfere and potentially amplify
morphodynamic disturbances. In contrast, 50% of the
unvegetated areas (wasteland) untouched by fluvial dynamics
transformed to grassland even at slope gradients up to 30°

(Figure 7, WL-GR). According to Eichel et al. (2018), gullying
processes and landforms require gradients above 30°, which
conforms well with the present findings.

Recent optical remote sensing data from 2019 covering a part
of the proglacial zone reveal that the deglaciation process is much
faster than the colonization process by Alpine vegetation.
Accelerating glacier decline is reflected by increasing
proportions of wasteland compared to other forms of land
cover (see Figures 5, 6 bottom right). Consequently, growing
areas of unconsolidated debris increasingly characterize the
headwater sections of (formerly) glaciated basins. The results
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show that climate change, i.e., glacier retreat, not only affects the
hydrological regime of Alpine fluvial systems, but also boosts the
sediment supply and bedload transport (Blöschl et al., 2007;
Baewert and Morche, 2014; Marren and Toomath, 2014). Such
glacio-fluvial and paraglacial transformation processes of the
physical environment can be expected so far for most glaciers
in the European Alps and other glaciated mountain regions on
earth under recent climate scenarios (Curry et al., 2006; Hock
et al., 2019; Zekollari et al., 2019; Zekollari et al., 2020).

CONCLUSION

The combination of high-resolution remote sensing data such as
orthophotos and optical satellite images (1970–2016) and less
detailed historical maps (1820–1921) enabled the analysis of a
longer time series on land cover changes in the past. It also yielded
new interpretations of the “Normalized Difference Vegetation
Index” (NDVI) based on optical remote sensing data (Figure 8).
The reconstruction of the long-term land cover changes in the
Tyrolean Jamtal valley (main glacier Jamtalferner) reveals the
“hybrid” nature of the Alpine environment, governed by both
direct and indirect human modifications as well as natural
processes. The main findings of the compiled datasets, with a
special focus on the primarily glacially controlled fluvial system in
the Jamtal between 1820 and 2015/19, are:

1) Below an altitude of 2,100 m a.s.l. the Jamtal experienced a
massive decline of wasteland (unvegetated debris and
outcropping rocks) that had mainly transformed to grassland
and sparsely wooded areas. Forests significantly expanded, while
grassland decreased markedly, becoming sparsely or densely
wooded areas (forests). Running waters and fluvial sediment
areas experienced major areal losses due to channel
straightening and land reclamation. Although climate change

also affects the vegetation in the lower section of the valley, the
data primarily reflect the long-term practices and legacy effects of
human land uses in Alpine environments. After the
overexploitation in the Jamtal had peaked in the mid-19th
century, the mountain farmers were forced to abandon their
practices. Since then a general trend of amplified land reclamation
in favourable areas closer to settlements on the one hand and the
abandonment of more intensive forms of land uses in
unfavourable, remote sites on the other hand is evident. In
this respect, the Jamtal represents a prototype of a “socio-
ecological system” as conceptualized in Long-Term Socio-
Ecological Research (LTSER). Such systems operate on short
and long time scales and are shaped by a multiplicity of
legacies—social, ecological and institutional (Haberl et al.,
2006; Singh et al., 2012).

In the higher subbasin of the Jamtalferner, climate change
more directly influences the land cover changes. Between 1820
and 2015, glaciated areas declined by 55%, associated with a
tremendous growth of exposed wasteland (Figure 5 top).
Fluvially shaped sediment areas enlarged by 126%. In parallel,
Alpine grassland expanded by 196% and krumholz by even 304%.
A detailed analysis of the fluvial corridors in the proglacial zone
(area that deglaciated after the LIA maximum in 1864) reveals
that the physical structure of the subbasin, the “landscape
template” that defines the basic conditions for the evolution of
certain types of channel patterns, has undergone an all-embracing
alteration. New fluvial systems have emerged that extend
upwards, thereby following the receding glacier tongue.

2) Since themaximum extent of the glacier in 1864/70, up until
2019 the main stream of the river system has extended upwards
by approximately 2,740 m (ca. 19 m/year), traversing an altitude
of 370 m. Today, the newly emerged river section shows three
bar-braided sections in outwash plains (sander) separated by
laterally confined river sections. High meltwater discharges and

FIGURE 9 | Biogeomorphic trajectories of the fluvial corridors in the proglacial area (deglaciated area between 1864 and 2015): glaciated areas and wasteland that
developed into active channels between 1870 and 2015 (left) and those that started later in/after 1921 (right). Area proportions (percent cover) < 0.1% are not labelled
(act. channel � active channel (water surface + unvegetated fluvial sediments), sparsely w. � sparsely wooded (krumholz); blue arrows: changes as part of the
geomorphic phase of channel evolution; green arrows: pioneer/biogeomorphic phase; grey arrows: terrestrial processes).
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extreme precipitation events in summer as well as sufficient
sediment supply in the foreland of the glacier (proglacial area)
primarily control the new, highly dynamic channel system.
Approximately half of the new channel system that evolved in
formerly glaciated areas between 1870 and 1921 still existed in
2015. Unconsolidated debris buried almost one fifth of the new
channels and almost one third was colonized by vegetation.

Recent data show that the deglaciation process proceeds much
faster than the colonization process by Alpine vegetation.
Accordingly, the extent of wasteland (unvegetated debris,
rocks) is expanding and potentially amplifying the sediment
supply of the fluvial system. Climate change boosts the
transformation of the Alpine glacier landscape along with its
fluvial systems, both hydrologically and in respect of sediment
delivery. New fluvial systems arise in former glaciated areas,
which also affects human use in lower, more favourable
regions of the Alpine landscape. The long-term investigation
of such landscapes reveals that the transformation processes have
accelerated in recent decades. Moreover, it highlights the
fundamental geomorphological and ecological transformation
processes proceeding in higher glaciated catchments under
recent climate change scenarios globally.

The historical evolution of the high Alpine terrain topography,
i.e. slopes of deglaciated moraines and of the valley bottom, is crucial
for understanding potential fluvial sediment supply, debris flow
and colonization processes of vegetation. Thus, 3D reconstruction
of past topographical conditions based on historical photos and
orthophotos by digital mono-photogrammetry would significantly
improve long-term research in Alpine environments.
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