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Land uses affect flood risks in various ways. The comparative analysis of the historical and
current land cover/uses helps to better understand changing flood regimes. Based on
historical cadastre maps from 1826 to 1859, the land cover/uses in the Austrian
catchments of the rivers Rhine, Salzach and Drava were reconstructed to almost the
level of exact plots of land. Catchment-wide analysis reveals a six-fold expansion of
settlement areas, a decline of arable land by 69% and a shrinking of the formerly glaciated
areas by 73% until 2016. In the Alpine fluvial corridors, i.e. flood-prone areas at the valley
floors and valley sides at ca. 300-year floods, settlements even expanded 7.5-fold,
severely increasing the potential for flood damages. At the same time, the overall
channel area of running waters has been reduced by 40% and 95% the formerly large
wetlands have been lost. Overall, the fluvial corridors were truncated by 203 km? or 14%,
thereby reducing flood retention capacity. The concentration of intensive forms of human
land uses at lower altitudes, coupled with an upward shift of less intensively used, near-
natural forms of land cover, has led to a both spatial and vertical separation of Alpine
landscape features over the long term. Warmer temperatures due to climate change are
expected to promote the demonstrated upward shifts of Alpine vegetation.

Keywords: land cover change, land use, historical GIS, flood risk, Alpine rivers, altitudinal land use shift

INTRODUCTION

The composition of land cover within a catchment is a basic factor for the surface runoff and,
consequently, the flow, flood and sediment regimes of rivers (Overland and Kleeberg, 1991). Such
relationships between terrestrial and fluvial systems, i.e., the consequences of deforestation and
intensified land use on runoff and sediment supply, have been widely discussed since the late 18th
century (Andréassian, 2004; Green and Alila, 2012). In the 1790s, French engineers concluded that
deforestation and subsequent erosion were a major cause of a series of devastating floods in the
French Pyrenees in the 1760s and 1770s (Pfister and Bréindli, 1999). In respect of the Austrian Alps,
such relationships were debated since the early 19th century, when the phenomenon became widely
accepted (Wex, 1873). Beyond climate change, river channelization and the construction of flood
protection facilities, increasing awareness is being devoted to the role of land cover in respect of
amplified flood risks (Crooks and Davies, 2001; Bronstert et al., 2002; Brath et al., 2006; Haidvogl
et al,, 2018). Thus, the “UNESCO Division of Water Sciences” initiated a working group to analyze

Frontiers in Environmental Science | www.frontiersin.org 1

June 2021 | Volume 9 | Article 647247


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.647247&domain=pdf&date_stamp=2021-06-02
https://www.frontiersin.org/articles/10.3389/fenvs.2021.647247/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.647247/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.647247/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.647247/full
http://creativecommons.org/licenses/by/4.0/
mailto:severin.hohensinner@boku.ac.at
https://doi.org/10.3389/fenvs.2021.647247
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.647247

Hohensinner et al.

the relative role of climate change and land cover change on
floods and low flows (Bloschl et al., 2007). Generally, the impact
of land cover changes on flood regimes is difficult to estimate due
to the spatial heterogeneity of larger catchments and the
numerous associated—partially opposing-hydrological processes
(Rogger et al, 2017; Bloschl, 2020). Hydrological models,
ie, spatial rainfall-runoff models, enable simulating the
impacts of land cover changes on floods. Such models indicate
that land-cover-related influences generally show larger effects at
smaller floods than at extreme floods (Salazar et al., 2012; Bloschl
etal., 2018). Moreover, in smaller catchments (up to 100 km?) the
effects of land cover changes are more pronounced than in larger
catchments. In smaller catchments, floods are mostly generated
by highly intensive, short precipitation periods, so that soil
infiltration surplus is the dominant process. In larger
catchments, however, floods are mostly generated by longer
lasting precipitation of lower intensities, so that the
mechanism of saturation surplus dominates. Since land use
changes usually influence the infiltration capacity (reflecting
soil compaction), the effect on floods decreases with
catchment area size (Hall et al., 2014; Rogger et al., 2017).

Beyond soil infiltration processes, land cover additionally
plays an important role in flood conveyance areas adjacent to
running waters. Here, the “hydraulic roughness” of the diverse
types of land cover affects the potential for “flowing flood
retention” (Teschke and Pasche, 2004). Dense alluvial forests
generally show the highest hydraulic roughness, resulting in
amplified “flowing retention”. Thus, alluvial forests slow down
the flood wave propagation and reduce the flood peaks (Pasche
and Ploeger, 2004; Horn and Richards, 2006).

Assessing the role of human land cover modifications for
today’s Alpine flood risks requires large-scale analyses based on
historical maps from the 19th century. Numerous comparative
studies on the historical and current land cover/use have been
published in recent decades from the perspective of agriculture,
ecology, socio-economy and spatial planning (e.g., Krausmann,
2008; Tasser et al., 2009, 2011; Arnold et al., 2020). Many studies
focus on shorter time frames of several decades up to 70 years
depending on the availability of remote sensing data, which allow
for automatized analysis (Feranec et al., 2000; Brath et al., 2006).
Studies extending over longer periods (e.g., 200 years) have been
conducted mostly for smaller sample areas due to the lengthy
processing time and high costs of using historical cartographical
sources (Zimmermann et al., 2010; Skalos et al., 2011). In Central
Europe, such research is often based on the “Franziscean
cadastre”, a spatially accurate land register that was compiled
for the entire Habsburg Monarchy between 1817 and 1861
(Fuhrmann, 2007; Andric et al, 2010; Harvey et al., 2014).
Studies on the historical land cover changes in larger regions
often apply less accurate small-scale historical maps or
conceptual/numerical models that rely on the changes of
socio-economic variables such as population density or the
progress of industrialization (Pongratz et al., 2008; Rutherford
et al., 2008; Kaplan et al., 2009; Klein Goldewick et al., 2017).

To date, no detailed reconstruction of the historical land
cover/use across larger Alpine areas that enables an in-depth
comparative analysis of the current situation-both two and
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three-dimensionally-is available. The present study aims to
partially fill this gap in knowledge as part of the interdisciplinary
research project “Integrated Flood Risk Management in Mountain
Areas: Assessing Sectoral Interdependencies, Conflicts and Options
for Policy Coordination” (POCO-FLOOD). In that framework, the
historical land cover changes in 23% of entire Austria were analyzed
almost to the plot level using the “Franziscean cadastre”. The
resulting data set will be used to model changes in flood risks
due to human modifications of the Alpine land cover. In the present
study, as a first step, we comparatively analyze the historical land
cover/use between 1826-1859 and the changes until today, with a
special focus on the Alpine fluvial corridors. In particular,
the resulting GIS dataset helps answer the following research
questions:

(1) How did the land cover change in the Austrian catchments of
the Alpine rivers Rhine, Salzach and Drava?

As agrarian society declined, the agriculturally most
productive areas became concentrated, whereas unfavorable
sites were extensified or abandoned (Bitzing, 2003). New
forms of use, such as settlement expansion and urbanization,
along with increased leisure use and energy generation, began to
establish in the second half of the 20th century. In the Austrian
and Italian Alps the areas used for agriculture decreased
considerably by 6-67% depending on the region (Tappeiner
et al., 2006). Abandoned areas-many of them former upland
Alpine pastures-have undergone natural regeneration of forests
or have been afforested. In addition, arable land significantly
decreased since the mid-20th century and was replaced by
grassland and settlement areas. Similar developments have
been reported by Rutherford et al. (2008) for the Swiss Alps
or for other mountain regions in Europe (MacDonald et al., 2000;
Zimmermann et al., 2010).

(2) Did the Alpine fluvial corridors follow a distinct, different
development trajectory compared to the catchment-wide
changes?

Historically, land use management and river engineering
practices have varied regionally (Haidvogl et al., 2019). River
corridors in the Alpine countries today therefore reflect different
forms and intensities of human pressure. Generally, the most
productive areas are located in the flat valley bottoms, which are
characterized by an intensification of human uses (Schinegger
et al., 2012; Muhar et al., 2019). This includes the urbanization of
arable land or grassland. In the Alps, however, not all areas are
equally affected by these dynamics. For example, in Carnia (NE.
Italy) more than 50% of the former agricultural land in the valley
bottoms have been taken out of use and are forested today
(Tappeiner et al., 2006).

(3) How did the altitudinal distribution of the individual land
cover/use types change over time?

The vertical distribution of certain forms of land cover
primarily depends on the climatic conditions of the respective
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FIGURE 1 | Study areas (red) in the Austrian Alps including the catchments of the rivers Rhine, Salzach and Drava. The “Jamtal” valley in the province Tyrol was
analyzed in detail to validate the historical land cover reconstruction (yellow rectangle: see detail in Figure 3; basemap: Wikimedia Commons, Tschubby 2018).

altitudinal zone (McVicar and Korner, 2013). While the foothills
of the Alps and the Montane zone were largely wooded prior to
human interventions, the Subalpine zone was characterized by
the transition to Alpine shrubland. The Alpine zone was (or still
is) dominated by grassland and wasteland. In the highest zone,
the Nival or Glacial zone, wasteland and glaciers prevail (Kilian
et al., 1994). Pre-industrial agriculture was based on principles of
subsistence, and land use types were adapted to the varying
environmental characteristics that are closely interrelated with
the altitudinal zones. In contrast, industrialized agriculture,
which developed in the Alps from the 1950s onwards in
parallel to the construction of transport networks, is
characterized by trading with agricultural products and by a
concentration of land use in favorable areas along with
abandonment in less productive land (Krausmann, 2016;
Haidvogl et al, 2019). We assume that the retreat of
agricultural uses in unfavorable locations and concentration in
the valley bottoms is reflected by altered altitudinal distributions
of settlement areas, arable land, grassland and forests. Climate
change has also played a role in modified vertical land cover
patterns. The historical reference (1826-1859) refers to the end of
the “Little Ice Age”. Since then, increasing temperatures led to the
encroachment of Alpine vegetation (grass, shrubs) into higher
ranges (Dullinger et al., 2003, 2004; Walther et al., 2005; Fischer
et al., 2019).

The present study provides a solid basis for further
investigations such as land-cover-dependant effects on
Alpine hydrology, flood risks and areal denudation
processes. The large-area reconstruction of historical land
cover/uses nearly to the exact plot of land facilitates new
analyses at almost the same level of precision as current
datasets. It also contributes to our current understanding
of the role of human land use practices in Alpine
catchments and fluvial corridors.

STUDY AREA

The study includes the Austrian parts of the catchments of the
Rhine River in the province Vorarlberg, the Salzach River
(Salzburg) and the Drava River (Eastern Tyrol and Carinthia)
within the area defined by the Alpine Convention (Figure 1). In
total it stretches across an area of 19,307 km? referring to 23% of
entire Austria. Beyond parts of the main Alpine complex, the
study area also includes some smaller areas of the Alpine foreland
at its fringes. Limestone Alps and the Central Alps comprising
crystalline and Palaeozic rocks cover the largest share of the study
area. Sedimentary rocks, i.e., Flysch, form smaller areas of the
northern foothills (based on the “International Geological Map of
Europe”; Asch, 2003). In vertical dimension, the study area ranges
between 338 and 3,798 m a. sl., covering vegetation zones between
Submontane and Glacial levels (Kilian et al., 1994).

In the Austrian Alps, humans became a major
geomorphological agent during the Middle Ages, when land
reclamation, deforestation as well as salt and ore mining were
significantly promoted also north of the Alpine crest (Haidvogl
et al, 2019). Smaller streams were rerouted or water was
abstracted from larger rivers to mills for energy extraction.
Alpine pastures in high altitudes go back to the early Iron Age
and for the most part to the Middle Ages, thereby wiping out
woody vegetation and lowering the treeline (Ellenberg, 1996).
Systematic channelization of Alpine rivers and associated
transformation of valley floors started in the early to mid-19th
century (Hohensinner et al., 2021). The main purposes for the
ambitious hydraulic projects were flood protection, land
reclamation and the improvement of running waters for log
driving and rafting (Haidvogl et al., 2019; Hauer et al., 2019).
Further river straightening programs and the construction of
dams and reservoirs for hydropower production during the 20th
century additionally transformed Austria’s Alpine landscape.
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MATERIALS AND METHODS

Data Sources

The “Franziscean cadastre” that was produced in the scales 1:
2,880 or 1:5,760 (1: 1,440 in urban areas) for the entire Habsburg
Monarchy between 1817 and 1861 is the main historical source
used for the present study (kk. Landesregierung im
Erzherzogtum Osterreich unter der Enns, 1824; Fuhrmann,
2007;  compare  www.mapire.eu/en/map/cadastral/).  The
cadastre maps were created by military surveyors to calculate
land taxes and show the land cover/uses of each plot of land. For
the headwater region of the Drava River in Eastern Tyrol,
however, the original cadaster maps were not available for GIS
reconstruction (Figure 1). Here we had to rely on the so-called
“Kulturen-Skelett-Karte” from the Provincial Archive Tyrol. This
series of maps from around 1875 is a reproduction of the original
cadastre maps in the larger scale of 1:36,000. Thus, it lacks details
on small parcels and individual buildings. Because the cadastre is
less accurate in high Alpine ranges, i.e., wasteland and glaciers
above approximately 3,000 m a. sl., we additionally used the
“Second Military Survey” (“Franziscean land survey”)
produced by the later “kk. Militdrgeographische Institut”
between 1807 and 1836 with a scale of 1:28,800 (www.mapire.
eu/en/browse/country/secondsurvey/). It was dedicated for
military use and therefore primarily focuses on the
geographical situation and landscape structures such as water
courses and terrain topography. Both map series optimally
complement each other. Smaller wasteland areas that are not
depicted in the historical sources, such as rock faces or minor
talus fans, were introduced from the current land cover dataset to
the extent that they could be assumed to have already existed in
the early 19th century.

Surprisingly, it was almost easier to compile the data sources
for the historical land cover than for the current state. A Sentinel-
2 based land cover map with a resolution of 10 m created in the
framework of the “Land information System Austria” (LISA)
provides the main source for the dataset we compiled for the
current situation (GeoVille Information Systems, 2017).
However, arable land and grassland cannot be clearly
differentiated in the LISA dataset. The differentiation depends
on whether a field was just ploughed or on the planted crop. We
therefore combined it with the INVEKOS dataset (“Integriertes
Verwaltung-und Kontrollsystem”) from the Federal Ministry of
Agriculture, Regions and Tourism (BMLFUW and BAB, 2017).
This dataset comprises almost all parcels in Austria that are used
for various agricultural purposes. In particular, we added areas
used as meadows and pastures (grassland), arable land, vineyards
and fruit plantations to the LISA dataset. Current extents of
glaciers were derived from Buckel and Otto (2018). The surface
area of mid-sized rivers and that of smaller ponds was added from
OpenStreetMap as GIS shapefiles (Ramm, 2019). Finally, smaller
rivers and streams were integrated from a dataset of the project
“Strategic Planning for Alpine River Ecosystems” (Muhar et al.,
2018). The resulting dataset approximates the land cover in 2016.

Several flood hazard datasets were used to delineate the extents
of the fluvial corridors. A GIS dataset comprising the flood-prone
areas at extreme 300-year floods was provided by the
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above-mentioned federal ministry. It includes the flood danger
zones along larger rivers (from Bundeswasserbauverwaltung),
smaller torrents and gullies in valley sides (from Wildbach-u.
Lawinenverbauung). Because these data were missing for
individual rivers, we combined the GIS dataset with the
“Austrian Flood Hazard Map” (HORA) for 200-year floods
(BMLFUW, 2014). Artificial gaps between the different spatial
datasets were manually adjusted. Finally, the 3D-analyses were
conducted based on a digital elevation model (DEM) with a
resolution of 10 m (data.gv.at-Open Data Austria). Most of the
resulting dataset refers to (former) floodplains in broader valley
floors, but also integrates very narrow fluvial corridors of steep
torrents and narrow to wide flood-prone areas at the valley sides.

Land Cover/use Classification

In the study area, the “Franziscean cadastre”
approximately 30 types of land uses and land cover that are
supplemented by approximately 70 cartographic symbols (k.k.
Landesregierung im Erzherzogtum Osterreich unter der Enns,
1824; Fuhrmann, 2007). The dataset compiled for the current
situation distinguishes between 23 classes of land cover/uses. In
agreement with the requirements for later rainfall-runoff
modeling, the historical and current classes were aggregated to
11 classes (Table 1).

reveals

GIS and Data Analyses

The georeferenced historical cadastre maps were manually
vectorized using ESRI ArcGIS 10.6. Almost all parcels were
drawn as shapefile polygons with the respective land cover/use
class added as attribute values (Berger, in prep; Bozzetta, in prep.;
Hoberth, in prep.; Kofler, 2021; Rapottnig, 2021; Sterle, in prep.).
In order to keep the data preparation within reasonable time
limits, parcels with mean widths <10 m between larger parcels
referring to other classes were not separately delineated. Similarly,
small streams with channel widths of less than 5m (including
sediment bars) were not vectorized. The resulting channel
network includes all running waters with catchments >10 km>.
In addition, streams in smaller catchments were also considered if
their historical channel width exceeded 5 m. In order to enable a
methodologically sound comparative analysis with the current
state, the dataset for 2016 includes only those water courses that
are shown by the historical dataset. To validate the accuracy of the
historical dataset, the “Jamtal” valley in the province Tyrol served
as the detail study site (Figure 1). In the framework of the
research project “Changing debris cover on Eastern Alpine
glaciers: quantification and hydrological impacts” (Hidden.Ice)
the land cover changes in that valley were reconstructed using the
“regressive-iterative” method described in Hohensinner et al.
(2013). Here, starting from the state in 2015, those in 1970,
1921, 1870, and 1820 were reconstructed going back in time based
on numerous historical sources (Atzler, in prep.)’. This method

'Hohensinner, S., Atzler, U., Fischer, A., Schwaizer, G., and Helfricht, K.
(submitted). Tracing the Long-Term Evolution of Land Cover along Glacier
Streams: The Austrian Jamtal valley (1820-2015). Frontiers in Environmental
Science.
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TABLE 1 | Aggregated classes defined for the analysis of the historical and current land cover/use.

Aggregated class

Settlement area
roads outside settlements
Running water

Stagnant water Lakes, ponds

Description

Agglomerations of at least three buildings with adjacent streets, squares, smaller (vegetable) gardens and parks, broad

Rivers, smaller streams including unvegetated sediment bars

Wetland Swamps, moors, reeds

Grassland Meadows, pastures, alpine grass

Arable land Grain fields, vegetable fields, large vegetable gardens

Vineyard Wine cultivations

Sparsely wooded area Crooked wood zone, fruit tree meadows, pastures with scattered wood
Forest Densely wooded areas

Wasteland Rocks, rock faces, talus fans, gravel/sand/stone pits

Glacier Permanent ice

enables a significantly more accurate reconstruction of former
landscape features compared to the analysis of the state at a single
point in time.

The current extents of the flood-prone areas at ca. 300-year
floods served as a basis for approximating the historical fluvial
corridors, i.e. the valley floors, torrents and valley-side gullies
that were inundated at extreme floods. For all running waters
the elevations of the waterline along the current inundation
areas were identified using a 10 m DEM (depending on the
fluvial morphology with a longitudinal interval of 50-200 m
along the water courses). In a next step, we determined
whether the terrain adjacent to the waterline was artificially
raised for road construction, railway lines or new settlement
areas. This procedure also incorporated terrain changes in
valley bottoms due to river straightening measures. The
“Franziscean cadastre”, the DEM, current orthophotos and
additionally Google Earth were used for this purpose. In cases
where the data indicated a currently higher terrain than more
than 170 years earlier, the potential historical waterline
outside of the current inundation area was determined. In
most cases the historical land uses shown by the cadastre maps
clearly revealed the lateral extents of the former floodplains.
At some larger rivers, intensive river straightening measures
led to significant incisions of the channel bottoms and,
consequently, lowering of the water tables during floods
(Hohensinner et al., 2021). If the cadastre maps and the
orthophotos clearly showed that the elevation of the former
water table must have been higher and the floodplain wider, we
also assumed historically larger inundation areas than today.
In such cases we matched laterally differing forms of land use,
such as the boundaries between pastures/grassland and arable
land or narrow strips of pastures or wooded areas that indicate
small terrain steps, in the cadastre with the DEM. The extents
of the former flooded areas do not allow concrete statements
about the associated flood recurrence interval, i.e., whether
they corresponded to 100, 300, or 500-year floods under the
climatic and hydrological conditions in the first half of the 19th
century. One can, however, state that, historically, the
reconstructed inundation areas were potentially water
covered at floods with similar water levels as today. The
applied method merely allows approximating the former

extents of the flood-prone areas. It was not feasible to apply
flood simulations for all running waters in the entire study area
(this would also mean creating an adjusted DEM of the
historical river landscapes).

In a last step, the 10m DEM was intersected with the
catchment-wide datasets. This yielded altitudinal distributions
for each historical and current class of land cover/use.

RESULTS

Catchment-wide Changes in Alpine Land
Cover

Between 1826 and 1859, forests covered the largest area in the
Austrian catchments of the rivers Rhine, Salzach and Drava (37%,
Figure 2). While the diverse forms of grassland made up 22%, the
proportion of arable land was only half of that. Sparsely wooded
areas that in most cases were used for pasture feeding
encompassed 16% of the entire study area. Accordingly, only
one fifth of the entire land used for any kind of agricultural
purposes was used for grain and vegetable cultivation.
Apparently, many sites in steeper and higher locations were
unsuitable as cropland. Except for wasteland, all other
investigated types of land cover/use played only a minor role.
Until 2016, a significant expansion of wooded areas (from 37
up to 45% of the study area) was recorded (Figure 2). Grassland
also expanded substantially from 22 to 33%, whereas arable land
showed a significant decline to merely 3.4% in 2016. A similar
decline of sparsely wooded areas, pointing to human
transformation to either grassland or forests, was evident.
Unsurprisingly, settlement areas expanded tremendously since
the first half of the 19th century. Today they show a six-fold
extension compared to the historical state. Rivers and smaller
streams have been reduced by 40% due to river straightening and
channel narrowing. Wetlands, i.e., swamps, moors and reeds,
have been almost wiped out. The situation is similar for glaciated
areas: they have been severely reduced from 2.6 to 0.7% of the
entire study area. The dramatic retreat of the glaciers would lead
one to expect a significant increase in wastelands. In 2016,
however, they even showed a slightly lower areal proportion
than between 1826 and 1859. This means that large areas of
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FIGURE 2 | Proportions of the land cover/use types in the Austrian catchments of the rivers Rhine, Salzach and Drava (%) (left column: 1826-1859, right: 2016).

former wastelands must have been colonized by vegetation
until today.

Figure 3 illustrates the changes identified for the whole study
area in detail. Since 1826-1859, the region around Austria’s
highest peaks in the Central Alps has undergone a significant
transformation. Most obvious is the comprehensive retreat of
Austria’s largest glaciers such as the “Pasterze” at the
“GrofSglockner”. In parallel, Alpine grassland and partially
sparsely wooded areas (i.e., crooked wood) encroached into
higher areas. The valley floor of the Salzach River north of the
glaciers was originally characterized by extended swamps and
reeds (Figure 3A). By 2016 they have been largely wiped out. This
was accompanied by a tremendous expansion of settlement areas
(Figure 3B). In addition, new stagnant waters, i.e., reservoirs
constructed for energy production after World War II, are now
dominant landscape features. Some of them replaced former
Alpine wetlands. Moreover, former arable land has
transformed to grassland in the Salzach valley.

What Figure 3 clearly reveals at the small scale can also be
traced for the entire study area. The land cover transformation
matrix in Table 2 shows that stagnant waters and forests are the
most stable forms of land cover. Alpine wasteland was also
comparably stable, but 16% of its former extension were
replaced by grassland and by sparsely wooded areas (ca. 7%
crooked wood). In contrast, only 27% of the former glaciers still
exist today. Two thirds of them have transformed to wasteland
and ca. 4% to grassland. Agrarian areas, i.e., grassland and arable
land, showed a contrary development. While approximately two
thirds of the former still existed in 2016, only 21% of the arable
land has remained until today. Most of the former cropland is
now used as grassland. On the other hand, almost one quarter of
the past grassland is wooded today. From the nature conservation
point of view the development of the Alpine wetlands and
running waters is of special interest. Swamps, moors and reeds

declined drastically: only 1.9% of their former extent still exists
today (Table 2). Most of the wetland areas have been transformed
to grassland, partially also to arable land or forests. Similarly, but
less severely, the area of the historical running waters declined by
two thirds. The areas gained by river straightening today host
forests, grassland or settlement areas. The historical development
of the latter is ambiguous. The analysis reveals that only 47% of
the former settlements still exist and that 36% have transformed
to grassland. Thus, the values related to settlements should be
interpreted with caution because they rather reflect the
methodological limits of the compiled datasets than the actual
development (see Inaccuracies of the Basic Data and Potential
Misinterpretations).

Land Cover Changes in Alpine Fluvial
Corridors

The modifications of the land cover/use in the fluvial
corridors, in areas that are flood-prone at
approximately 300-year floods, reflect the catchment-wide
development (Figure 4; Figure 5). Several types of land
cover in such areas—of which the vast majority is located in
broader valley floors-even showed a more pronounced
transformation. Historically, here, as opposed to the entire
study area, grassland made up the largest area proportion,
followed by arable land (29 and 22%, respectively, Figure 6).
Between 1826 and 1859 only 15% of the fluvial corridors were
covered by (alluvial) forests. In comparison to stagnant
waters, running waters clearly dominated the valley floors
with 13%. No wonder, wetlands made up much larger area
shares (7.3%) than in the entire study area. Settlements also
claimed much higher area shares in the fluvial corridors.

As illustrated in Figure 3 the development of settlements was
closely tied to fluvial corridors. In 2016, they covered 7.5 times

i.e.
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FIGURE 3| (A) Land cover between 1826 and 1859 in the region of Austria’s highest peaks south of the Salzach valley; (B) land cover in 2016 (see location of the
detail in Figure 1).

larger areas than between 1826 and 1859 (Figure 6). The decline  partly compensating the huge areal losses due to river
in running waters was less than might be expected given the  channelization. In contrast, wetlands were severely truncated
systematic river regulation programs (Hohensinner et al, 2021). by 95% of their former extent. Closely related with that major
In this respect, the construction of large impoundments at the  wetland shrinkage, grasslands increased from 29 to 45% of the
Drava River in the province Carinthia was mostly responsible for ~ fluvial corridors. The newly reclaimed areas, however, were
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TABLE 2 | Matrix of land cover transformation: percent shares of land cover classes 1826-1859 (upper row) that changed to other classes by 2016 (columns). Values along
the diagonal from settlement/settlement to glacier/glacier represent unchanged shares. Color cells symbolize different intensities of land cover changes.

Land cover 1826-1859

Settlement Running Stagnant Wetland Grassland Arable Sparsely Forest Wasteland Glacier
water water land wooded

Settlement area 47 6.7 1.4 5.8 1.8 6.8 1.3 0.5 0.1 0.0
Running water 0.5 32 iii 0.8 0.3 0.2 0.3 0.3 0.03 0.1
Stagnant water 0.1 2.2 1.3 0.3 0.1 0.1 0.1 0.2 0.5
Wetland 0 0.1 0.9 1.9 ii iii ii 0.01 0 0 0
Grassland 36* 24 5.5 48 40 7.9 16 4.2
Arable land 2,9 3.7 0.4 24 2.8 21 1.3 0.3 0.02 0
Sparsely wooded 0,9* 3.1 0.6 2.0 7.0 0.5 10 ﬂ 6.9 0.4
Forest 13* 28 2.3 17 23 8.9 48 & *
Wasteland 0.2 0.6 0.5 0.05 0.02 0.01 0 0
Glacier 0 0 0 0 0 0 0 0 0 27
total 100 100 100 100 100 100 100 100 100 100

_ 25-50% 10-25% <10%

*settlements: faulty values due to inconsistent delimitation of such areas in the historical and current data sources; see Inaccuracies of the Basic Data and Potential Misinterpretations.

see detail in Figure 5).

FIGURE 4 | Spatial distribution of the fluvial corridors at approximately 300-year floods between 1826 and 1859 (blue) within the study area (red; yellow rectangle:

partially also used for the cultivation of field crops (compare
Table 2). Nevertheless, arable land was also reduced along rivers
by one third. Abandonment of agrarian uses in former sparsely
wooded areas (fruit tree meadows and partially wooded pastures)
as well as in grassland is reflected by the increase in forests from
formerly 15 to 20% in 2016.

Beyond the altered composition of the land cover/use types in
the fluvial corridors since the 19th century, the overall extents of
the potential inundation areas were also affected by human
interventions. In 2016, the areas inundated at approximately
300-year floods amounted to 1,247 km® in the entire study
area. This value must be seen as a minimum because no data
are available on the associated flood-prone areas for numerous
smaller streams (compare GIS and Data Analyses). At flood levels
comparable with today’s 300-year flood, the inundation zones
were significantly larger in the first half of the 19th century
(1,450 km?). Since then they have been reduced by 203 km? or

14% for land reclamation (i.e., landfills) and flood protection
(Figure 5).

Altitudinal Distribution of Land Cover/use
Types

The three-dimensional analysis of the individual land cover types
reveals additional insights into their spatial organization in the
historical vs. current state. Historically, the gradient of increasing
altitudes extends from settlement areas as the lowest to glaciers as
the highest (Figure 7). Between 1826 and 1859 the median
altitude of settlement areas was 599 m a. sl. By 2016 this value
significantly decreased to 498 m a. sl. because the inhabited areas
primarily expanded in low-lying valley floors (compare Salzach
valley in Figure 3B). At the same time, smaller settlements and
larger roads advanced into higher Alpine regions. Similarly,
arable land was also primarily located in low-lying valley
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FIGURE 5 | Fluvial corridors close to the town Lienz in Eastern Tyrol, where the tributary Isel joins the Drava River. Current inundation areas at approximately 300-
year floods (green) are overlaid over historical ones (blue). Torrent regulation significantly reduced flood-prone areas along the tributaries of the Isel River. River regulation
and flood protection measures substantially truncated former inundation areas upstream of Lienz (see location of the detail in Figure 4).
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FIGURE 6 | Proportions of the land cover/use types in Alpine fluvial corridors (%) (left column: 1826—1859, right: 2016; note that the percent values refer to different
large corridor areas in 1826-1859 and 2016).

floors. Since the 19th century, the median elevation declined from 1,167 m a. sl. Nevertheless, in some locations forests reach
formerly 698 to 513 m a. sl. in 2016. The boxplot in Figure 7B higher altitudes today (Figure 7C).

reveals that arable land is largely concentrated at around 500 m a. Sparsely wooded areas as the next higher type of land cover
sl. today. The next higher class of land cover refers to forests,  historically showed a median elevation of 1,399 m a. sl. Today,
whose median values increased only slightly from 1,149 to  that value is much higher (1,609 m a. sl.; Figure 7D). Grassland
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FIGURE 7 | Altitudinal distribution of (A) settlement areas, (B) arable land, (C) forests, (D) sparsely wooded areas, (E) grassland, (F) wasteland and (G) glaciers.

merits a closer look because it showed a contrary development in
the past 170 years. Due to numerous high Alpine meadows,
grassland originally showed a median altitude of 1,588 m a. sl.
(Figure 7E). The comparable current value, 1,291 m a. sl, is
significantly lower. These values reflect the abandonment of

Alpine meadows in high altitudes and the transformation of
arable land to pastures in low-lying valley floors.

Alpine wasteland has undergone a significant vertical shift by
173 m from formerly 2,286 m a. sl. to 2,459 m a. sl. in the early
21st century (Figure 7F). Similarly, glaciers substantially
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retreated since around 1860. Their median altitudes increased by
187 m from formerly 2,729 to 2,916 m a. sl. (Figure 7G).

DISCUSSION

Inaccuracies of the Basic Data and
Potential Misinterpretations

Using historical data sources entails several potential pitfalls
which differ from those associated with present data. The map
series of the “Franciscean cadastre” was produced by military
cartographers working with very elaborate survey instructions
(Fuhrmann, 2007). The creation of hundreds or even thousands
of sheets of maps necessitated numerous actors who-despite
detailed instructions-no doubt deployed different levels of
accuracy in their field work. While more intensively used areas
in the valleys were mapped very accurately, those in higher
altitudes at the transition to the wasteland 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 purpose for the cadastre
maps was land taxation. Accordingly, every plot of land was of
interest that could be somehow used for agricultural or other
economic purposes. Despite the harsh conditions in the transition
zone from Alpine meadows to wasteland, even that area was of
economic interest, e.g., for keeping goats. In nature, Alpine
grassland or shrubs fade out as the terrain gets higher (Fischer
etal,, 2019). This is reflected by the more “patchy” dataset for the
current state, but here the cadastre maps show sharp limits
between grassland or sparsely wooded areas at the one side
and wasteland at the other. Another difference between the
historical cadastre and the current data sources is that the
former show only one type of land cover/use per parcel. In
contrast, the current data also show smaller patches of
deviating types within larger parcels. Consequently, the
median size of the GIS polygons referring to the current land
cover/use (100 m?) is much smaller than for the historical state
(1,100 m?).

These differences in the accuracy of the data sources may lead
to incorrect results at the local scale. However, the larger the study
area is, the more they level off. Generalizing the more detailed
current dataset to make it comparable to the historical one did not
solve this issue properly because most types of land cover showed
areal gains or losses. Moreover, generalizing the data would mean
introducing new methodological uncertainties. In order to
estimate the potential error of the reconstructed historical land
cover/use types, a separate detail analysis was conducted for the
54.3 km® large “Jamtal” valley in the province Tyrol (see location
in Figure 1; based on Hohensinner et al., submitted). For that
valley the historical land cover was reconstructed using the
“regressive-iterative” GIS method as described by Hohensinner
et al. (2013). Starting from the state in 2015, those in 1970, 1921,
1870, and 1820 were reconstructed going back in time based on
numerous historical, topographical and geological sources
(Atzler, in prep.). This chronological approach enables a more
robust reconstruction compared to such that solely focus on one
point in time. Comparing the large-scale dataset for 1826-1959

Alpine Land Cover Changes

with the detail analysis of the “Jamtal” in 1820 reveals potential
error ranges in the former dataset. Accordingly, settlement areas
and arable land are underestimated by 15 and 10.4%, respectively,
in the large-scale dataset (percentage deviation in relation to the
detailed GIS analysis). The situation is similar for running waters,
whose surface area was too low by 10.5%. Grassland was also
underestimated by 6.5% and wasteland by 1.9%. The error range
of the latter seems surprisingly low, but the historical
reconstruction also contains those wasteland areas from the
current dataset that probably already existed in the historical
state (see Data Sources). In contrast, forests are overestimated by
approximately 4%.

Glaciers show no deviation because they were delimited by the
same historical source (“Franziscean land survey”). Moreover,
they were reconciled with morains from the last glacial expansion
in the 19th century, which in most cases are still visible in current
orthophotos. The reconstructed sparsely wooded areas proved to
be the most problematic type of land cover. In the large-scale
dataset of the entire study area, they are overestimated by 48%.
Sparsely wooded areas capture an intermediate state between
grassland devoid of wood and dense forests. Thus, a clear
separation between these three types of land cover is only
partially possible. In the case of the “Franziscean cadastre” this
separation was already conducted by the surveyors of that time.
This is different in the dataset for 2016: here, the distinction
between grassland, sparsely vegetated areas and forests is based
on remote sensing analysis. Though the satellite data were
calibrated by ground truthing, this method can also yield
different results (GeoVille Information Systems, 2017). The
information derived from the detail analysis in the “Jamtal”
suggests that the percentage values shown for historically
sparsely wooded areas and partially also forests in Figure 2;
Figure 6 are too high. Consequently, the estimated decrease of
sparsely wooded areas until 2016 would have been smaller than
shown by the figures and the increase of forests would have been
greater. In contrast, the values for grassland are too low in the
mentioned Figures. Accordingly, the gap between the historical
and current grassland extents would be smaller.

The dataset of the land cover types in 2016 also entails
potential pitfalls. In settlement areas, it primarily shows
buildings but not the smaller gardens and parks that are
included in the historical dataset. Moreover, smaller
homesteads of up to approximately six buildings are missing
in many regions. Accordingly, both the historical and current
area values for settlements are too low. These inaccuracies are
reflected by the land cover transformation matrix (Table 2).
Other than suggested by the settlement area values, it can be
assumed that almost 100% of those areas in 1826-1859 have
remained until 2016 and that the historical settlement areas have
not transformed to grassland or forests to such high extents.

Concentration and Abandonment of Human
Uses

The results of the present study show that the Alpine landscape in
the last phase of the pre-industrial era, i.e., between 1826 and
1859, can by no means be attributed as “pristine”. Human
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interventions had already affected most areas in the Alpine sphere
(McGrath et al., 2015; Biirgi et al., 2017; Haidvogl et al., 2019). At
that time, only wasteland and glaciers were more or less
untouched by humans. First river sections had already been
straightened and smaller streams were diverted to operate
numerous mills. Moreover, some smaller areas in the valley
bottoms had been already drained and transformed to
meadows, pastures or arable land.

Nevertheless, the era of industrialization in many of the
Austrian Alpine wvalleys started late and was primarily
concentrated in certain sections of the larger valleys (Egarter
Vigl et al.,, 2016; Lavorel et al., 2017). The decline of the agrarian
society in the 20th century went hand in hand with a
comprehensive concentration process of land uses (Bitzing,
2003). This process is reflected by the new data in several
dimensions-spatially and altitudinally. Tappeiner et al. (2006)
reported that, depending on the region, between 6 and 67% of the
areas formerly used for agriculture have been put out of operation
since around 1850. Our data reveal that 49% of the study area
were used as grassland, cropland, vineyards and sparsely wooded
areas (Alpine meadows etc.). By 2016, such land uses were
reduced to approximately 43%, equivalent to a decrease by ca.
12%. Taking into account that large parts of the current sparsely
wooded areas are in fact crooked wood zones in high altitudes
(not or less used for grazing), only approximately 36% of the
entire study area are agriculturally used. This represents a
reduction by ca. 27%.

In particular, the severe reduction of arable land by 69% of its
former extent reflects the all-embracing retreat of intensive forms
ofland uses to the most favorable zones in the valley floors. In this
respect, “favorable” is not only associated with suitable climate
and soil conditions, it also includes the topographical aspects for
an optimized usage of agricultural machines (Tappeiner et al.,
2006). Abandoned grain or vegetable fields have primarily been
transformed to grassland (meadows and pastures) for milk
production. Some areas have been afforested or used as
building land (compare Table 2). The specialization of Alpine
agriculture in grassland farming and dairy production was a
consequence of (agricultural) industrialization. In pre-industrial
subsistence farming, energy and nutrient flows had to be
maintained locally, especially to preserve soil fertility.
Thereafter, the possibility to bring in energy and nutrients
externally, along with the cheap transport of agricultural
products, enabled specialization of individual farms (Gingrich
et al., 2015; Krausmann, 2016).

The concentration of human land uses is also well reflected by
the altitudinal distribution of arable land (Figure 7B). Between
1826 and 1859, 50% of the areas used for the cultivation of field
crops were located between 519 and 941 m a. sl, i.e, a vertical
range over 422 m. In 2016, 50% of these were located between 454
and 589 m a. sl., a range of only 135 m. This means that, today,
arable land largely exists only in the floors of the large valleys.
Though the cultivation of wine was of less economic interest in
the Austrian Alpine sphere, it is worth mentioning that vineyards
have been reduced by two thirds. It is remarkable that wine
cultivation was much more frequent just before the end of the
“Little Ice Age” than it is today.

Alpine Land Cover Changes

From the hydrological point of view, the increasingly forested
areas and the expansion of grassland to the detriment of arable
land with open soils suggests that the large-scale land cover
transformation in the Alpine catchments led to reduced
surface runoff and decreasing denudation processes
(McCarney-Castle et al, 2011). Reforestation to reduce
denudation was part of late 19th century flood protection
practices (Hauer et al., 2019). These changes would mitigate
flood risks along Alpine rivers and reduce suspended
sediments loads (Brath et al., 2006; Bloschl et al., 2018). On
the other side, due to major glacier retreat, less precipitation is
temporarily retained in form of ice, which would seasonally
amplify the floods. Moreover, soil compaction due to the
operation of heavy machines on agriculturally used areas
potentially increases surface runoff (Birkas, 2008). Although
not directly addressed in the current study, it can be assumed
that such areas are more compacted today than in the 19th
century (Alaoui et al., 2018).

Transformation of Fluvial Corridors

Compared to catchment-wide land cover changes, modifications
in the fluvial corridors show more direct effects on the flood
regime of rivers. Beyond altered soil infiltration/saturation as a
consequence of land use changes, the “hydraulic roughness”,
which affects “flowing flood retention” capacity, also plays a
role (see Introduction; and Pasche, 2004).
Accordingly, the increasingly forested valley floors slow down
the propagation of flood waves and potentially reduce flood
peaks. These effects are counteracted by the tremendous
expansion of settlement areas close to rivers (Figure 6). While
most streets and squares in villages and smaller towns were
unpaved in the first half of the 19th century, all are sealed and
hinder soil infiltration today. Moreover, elaborate flood
protection facilities and land fillings prevent settlements,
railways and roads from being inundated. This significantly
reduces the “standing flood retention” capacity (storage space
for flood water) in river corridors, leading to higher flood levels in
not yet flood-protected areas (Haidvogl et al., 2018; Wesemann
et al, 2020). In this respect, since 1826-1859 approximately
203 km* or 14% of the former space originally available for
“standing retention” at 300-year floods has been lost (compare
Figure 5). This value might appear minimal. However, at such
extreme floods most of the flood protection dikes that are
commonly constructed for 100-year floods are overflowed. In
fact, the inundation areas for 100-year floods have probably
undergone a by far more severe truncation.

The geometry of river channels is crucial for the conveyance of
floods. In Austria, starting in the early 19th century almost all
Alpine rivers have been systematically channelized, whereas
before that time, measures were limited to local scales
(Hohensinner et al, 2021). These systematic efforts include
straightening river courses and significantly narrowing
channels. Combined, both measures result in higher velocities
of the flood waves and higher flood levels (Wyzga, 1996). Figure 6
shows that the surface area of running waters related to the area of
the fluvial corridors has declined by one third. In fact, the areal
reduction of rivers and streams was even more severe. This,
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however, was somewhat counteracted by the later construction of
impoundments (mostly along the Drava River, but also along the
Salzach River), which laterally extended the formerly channelized
rivers. Nonetheless, the flood conveyance area within river channels
today is severely reduced compared to the historical state.

Parallel to river channelization, almost all wetlands were
drained and converted to grassland, arable land or forests
(Figure 6; Table 2). The consequences for floods are twofold
because wetlands can either mitigate or amplify floods (Acreman
and Holden, 2013). This depends on the type of wetland, the soil
saturation status when the flood wave reaches the respective
wetland, and wetland location within the river system. This
complicates providing a definitive answer to the consequences
of draining wetlands on the flood characteristics.

Due to the partly counteracting hydrological processes
associated with diverse forms of land use changes, the
consequences of such land transformations on the flood
regime in Alpine valleys cannot be clearly answered at this
stage. In general, such changes primarily affect the flood
regime in smaller catchments (up to ca. 100 km?) and at
smaller flood magnitudes (Salazar et al., 2012; Viglione et al.,
2016). In larger catchments and at higher flood magnitudes,
climate change and hydraulic constructions (flood protection,
channelization etc.) play a major role. In the study area, 71% of
the total length of the running waters are located in catchments
up to 100 km?. In contrast, the vast majority of settlement areas is
located in larger valleys, i.e., in catchments >100 km® (compare
Figure 3B; Figure 7A). In those valley sections, river
straightening and human reclamation of former channel areas
were significantly more rigorous and probably affected flooding
processes more intensively than upstream land cover changes
(Hohensinner et al., 2021). More profound insights will require
applying a spatially distributed rainfall-runoff model. The here
presented data will provide the basis for that effort.

Vertical Separation of Land Cover/uses

The analysis of the altitudinal ranges related to certain types of
land cover/use shows two forms of alterations. Some
types—settlements, arable land and grassland-experienced a
more or less significant reduction in altitude (see Figure 7).
As noted above, this reflects the concentration of certain land uses
in larger and lower-lying valley floors. In respect of Alpine flood
risk, the location of settlement areas within the river systems plays
an important role. Figure 8 illustrates that populated places have
not only markedly expanded since 1826-1859, they are now also
concentrated at lower altitudes. This evidence supplements the
two-dimensional analysis discussed in Transformation of Fluvial
Corridors. Despite that, however, smaller settlements and larger
roads reach higher altitudes today than in the 19th century
(Figure 7A). Human infrastructure in high Alpine ranges is
generally prone to multiple natural hazards (Glade et al., 2020).

Sparsely wooded areas, wasteland and glaciers, in contrast,
clearly show increasing altitudes (Figure 8). Because large
surfaces of the sparsely wooded areas are formed by crooked
wood at the transition between vegetated zones and the wasteland
in high Alpine ranges, the significant altitudinal increase suggests
a relationship to higher temperature due to global warming
(Theurillat and Guisan, 2001). According to Kilian et al
(1994), the forest line, i.e., the transition from closed canopy
forest to the crooked wood zone is located approximately at an
altitude of 1,800 m a. sl. in the study area. Thus, a separate 3D GIS
analysis of the sparsely wooded areas in that zone should reveal a
potential shift toward higher altitudes. This, however, is not the
case (median uplift = 2 m). Although locally some crooked wood
has emerged in higher ranges, the significant increase of the
median value shown in Figure 7D is primarily caused by the
transformation of formerly sparsely wooded areas in grassland or
forests in lower-lying areas (compare Table 2). Hence, this
statistical effect is mainly attributed to abandonment and
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afforestation of former partially wooded pastures or to clearings
and transformation to pure grassland.

Similar that  land changes,
ie., abandonment of pastures, were the main driver for
upward shifts of the forest or tree line are reported by Goudie
and Viles, 2016 for the Swiss Alps. According to Ellenberg (1996)
the forest and tree lines are anthropogenically lowered due to
century or even millennia-long usage as Alpine pastures. In areas
where such human practices were abandoned, the forest
expanded upwards. This process occurs independent of global
warming. Nevertheless, an upward shift of woody and herbaceous
vegetation as well as grasses can be generally hypothesized as a
consequence of climate change (Dullinger et al., 2004).

Separate 3D analyses for grassland, sparsely wooded areas and
forests above 1,800 or 2,100 (ca. tree line) show ambiguous
developments. Either they reflect land cover changes within
the analyzed altitudinal belts, or they show a bias due to the
differently structured datasets. While the dataset for 1826-1859
shows larger homogeneous parcels with the same type of land
cover, that for 2016 is significantly more patchy (see Inaccuracies
of the Basic Data and Potential Misinterpretations; compare
Figures 3A,B). In order to eliminate the effects of patchiness,
we merged forests, sparsely wooded areas and grassland into
larger zones of vegetation of all kinds. Filtering out the upper
vegetation boundary of that zones yields more robust results.
Accordingly, this boundary has shifted upwards by a median
41 min altitude between 1826-1859 and 2016. A separate analysis
within a spatial buffer of 1,500 m around the historical glacier
extents reveals a 56 m median upward shift of the high Alpine
grassland. These values are rather low compared to other studies.
Leonelli et al. (2011) reported a tree line shift in the Italian Alps by
115m 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. In
comparison, the more accurately (temporally stepwise)
reconstructed land cover in the detail study site “Jamtal” yields
an upper vegetation limit shift between 243 m (average related to
the entire valley) and 460 m (in formerly glaciated sites) since the
last glaciation maximum in 1864/70 (Hohensinner et al,
submitted). We assume that the basic data we used for our
large-scale study are too inaccurate in the high Alpine regions
in order to provide a robust value in this respect. Nevertheless,
our findings on these shifts are also reflected by our areal analysis
showing that 16% of the former wasteland now hosts grassland.
Moreover, 4.2% of formerly glaciated areas also feature grass
cover today (Table 2).

conclusions cover

CONCLUSION

The reconstruction of historical land cover/uses to a level nearly
representing exact plots of land in large areas of the Austrian Alps
enables more accurate, two- and three-dimensional analyses of long-
term changes. Human modifications in the Alpine fluvial corridors
differed from the catchment-wide changes. Altitudinal shifts of land
cover/uses between 1826-1859 and 2016 revealed new insights into
the three-dimensional organization of certain forms of land uses.

Alpine Land Cover Changes

Based on the compiled datasets, the main findings of the study, with a
special focus on Alpine flood risks, are:

(1) Since the onset of industrialization, the catchments of the
rivers Rhine, Salzach and Drava in Austria have undergone a
comprehensive transformation. In 2016, settlements made up
six times larger areas than 170 years ago. Land used for
various agricultural purposes declined by approximately
27%, whereby arable land was reduced by even 69%.
Abandonment of agrarian land in unfavorable sites is
reflected by an increase of forests from 37 to 45% over the
entire study area. Glaciers lost approximately 73% of their
former extents.

The Alpine fluvial corridors, i.e., flood-prone areas at ca. 300-
year floods, more directly reflect the concentration of human
land uses compared to the catchment-wide perspective. Here,
settlements expanded 7.5-fold, severely increasing the
potential for flood damage. In contrast, the overall
channel area of running waters has been reduced by 40%
and 95% the formerly large wetlands have been transformed
to agricultural land, forests or settlement areas. By 2016,
approximately 203 km? or 14% of the former fluvial corridors
had been lost, thereby reducing flood retention capacity.
Retention areas inundated at 100-year floods probably
show significantly greater areal losses.

The concentration of intensive forms of human land uses at
lower altitudes on the one hand, and upwards shifting of less
intensively used, near-natural forms of land cover on the
other hand led to both a spatial and vertical separation of
Alpine landscape features over the long term. In particular,
settlement areas and arable land are now concentrated in
lower altitudes than in the 19th century. Warmer
temperatures due to climate change may foster the already
ascertained upward shifts of Alpine vegetation.

)

(€)

The results of this study highlight the generally increasing
flood risks in Alpine valley floors. Building land located in
“residual risk zones” that are inundated between 100-year
floods (for which in most cases flood protection facilities
already exist) and 300-year floods are particularly vulnerable.
In case protection facilities fail, the increasing concentration of
settlements and infrastructure in such zones significantly
amplifies the damage potential (so-called “levee effect”; Di
Baldassarre et al, 2013; Cutteret al., 2018). This calls for
advanced flood risk management and adapted policies in
spatial planning (Loschner et al., 2017).

Human interventions in the Alpine sphere are reflected by
land cover changes that either amplify flood risks (expansion of
settlements, reclamation of former channel areas, etc.) or mitigate
flood risks (abandonment of agrarian sites, afforestation, etc.).
Moreover, the influence of land cover changes on the flood
regime is generally greater in smaller, upstream catchments
than larger, lower-lying valleys where most larger
settlements are located. Here, climate change, flood protection
facilities and river straightening more intensively affect the flood
risk (Viglione et al,, 2016; Bloschl, 2020). In order to more
definitively determine the role of land cover changes for
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Alpine flood risks, the next step will involve using the presented
data for further analysis in spatial rainfall-runoff models.
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