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Interactions of humans with the environment are strongly related to land use and
land cover changes (LULCCs). In the last decades, these changes have led to a
degradation of ecosystem services, including water regulation and flood control.
In the Alpine areas of Austria, land cover changes have increased flood risk since
themiddle of the 19th century. In this paper, we assess the influence of these long-
term land use changes on the landscape’s ability to retain water using the
qualitative Water Retention Index (WRI). The changes are thereby evaluated on
the basis of the historical (1826–1859) and present (2016) land cover situation,
which is to our knowledge the first high-resolution and regional application of the
WRI. The results show that the water retention potential mimics the mountainous
characteristic and features. Except for areas strongly dominated by settlement
areas, the highest retention potentials are found in valley floors and the lowest
values are depicted along the main Alpine complex. In low-lying areas, the
retention decreased by over 10%. It was found that this decrease can be
mostly attributed to settlement expansion. Above 1,250m, land use
transformations led to slightly increasing water retention values owing to the
transformation of wasteland or glaciers to stagnant waters and to the expansion of
forest and grassland in high elevations. This examination allows for a holistic and
spatially distributed LULCC impact assessment on the landscape’s water
regulation capacities and offers valuable high-resolution information for future
land use planning and sustainable land development.
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1 Introduction

Anthropogenic interactions with the environment through land use and land cover
change (LULCC) are strongly connected to ecosystem functions and the provision of
ecosystem services (ESS) (Hasan et al., 2020). Ecosystem services benefit society and are
obtained either directly or indirectly from ecosystems (e.g., Gómez-Baggethun & Barton,
2013; Silvestri et al., 2013). These benefits comprise a variety of services and can be
categorized into four types including, (i) supporting services (e.g., soil formation,
nutrient supply), (ii) provisioning services (e.g., raw materials, water, food), (iii)
regulating services (e.g., climate regulation, water purification), and (iv) cultural services
(e.g., ecotourism, recreational uses) (MEA, 2005; Hasan et al., 2020). Multiple authors
reported a decline of ESSs due to LULCC (e.g., Haines-Young et al., 2012; Kindu et al., 2016;
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Rai et al., 2018), while long-term LULCC (1960–2019) are four times
greater than estimated before and affect almost one-third of the
global land area (Winkler et al., 2021). LULCC negatively affect
hydrological provisioning and regulating ecosystem services as well
as the supporting services of natural flows to sustain ecosystems (Jin
et al., 2015) and also leads to the alterations of hydrological processes
and their functions (Maitima et al., 2009; Guzha et al., 2018). The
dependence of hydrological ecosystem services on specific land uses
subsequently leads to effects on regulating services such as water
conservation, water availability, and flood control due to LULCC
(Hasan et al., 2020).

Land use changes, such as deforestation, urbanization, and
wetland drainage, as well as agricultural utilization of land, affect
various hydrological processes including evapotranspiration,
infiltration, and surface and subsurface water storage (e.g.,
Andréassian, 2004; Oudin et al., 2008; Hall et al., 2014;
Wesemann et al., 2018). LULCC and associated agriculturally
modified hillslopes can influence flow paths, flow velocity, water
storage, and concentration times. Vertical soil infiltration and water
retention can also be reduced due to the intensification of
agricultural practices (Rogger et al., 2017). Similarly, numerical
simulations showed that flood peaks in small headwater
catchments can increase by up to 75% due to the construction of
forest roads (Wesemann, 2021; Herrnegger et al., 2022). These
examples show that human landscape interventions and
intensification in land use can adversely affect regulating
ecosystem services such as water retention. LULCCs also
influence flood generation processes by altering the infiltration
capacity of the landscape (Hall et al., 2014). Among climate
change and river channelization, land use change is therefore
another potential main driver of flood regime changes (Merz
et al., 2012). However, the impact on flood regimes is stronger in
smaller headwater catchments (e.g., Wesemann, 2021). In larger
catchments, other factors such as river straightening, loss of
floodplains, and changes in atmospheric conditions, such as
changes in regional precipitation based on different atmospheric
circulation patterns, are more dominant (Viglione et al., 2016). If
managed properly, LULCC can be beneficial for water regulation in
urban areas but also in upstream runoff-generating areas
(Vandecasteele et al., 2017). Thus, flood risk management plans
might also include the encouragement of sustainable land use as well
as the improvement of water retention and the controlled flooding of
certain areas in case of a flood event as defined in the EU Floods
Directive 2007/60/EC (EU, 2007). The integrated flood risk
management (IFRM) approach thus aims to reduce the severity
and vulnerability to flooding based on a portfolio of approaches that
include structural and non-structural measures (Van Herk et al.,
2015).

In the Alpine areas of Austria, LULCC has increased flood risk
since the mid-19th century, especially in valley corridors as shown
by Hohensinner et al. (2021). In their study, digitalized historical
maps from 1826 to 1859 were compiled and compared with a
detailed land cover dataset approximating the land cover of 2016.
During this period, arable land was reduced by 69%, forests
increased by 23%, and various agricultural areas declined by 27%.
At the same time, settlement areas have expanded by over 6 times
(Hohensinner et al., 2021). The expansion of settlements in flood-
prone areas by 28% has resulted in increased flood damage potential

(Junger et al., 2022). Although agricultural areas have declined since
the mid-19th century, over 12% of highly valuable agricultural areas
are currently located in flood-prone areas (Junger et al., 2022). In
mountainous areas, where areas for agriculture are topographically
limited, over 30% of agricultural land important for food security is
located in flood-risk areas (Grüneis et al., 2021). At the same time,
the construction of hydropower reservoirs in Alpine valleys since the
middle of the 20th century led to large flood retention potentials and
to a strong decrease of flood peaks and flood risk (Stecher &
Herrnegger, 2022).

Currently, 41 km2 of productive soils are commanded for land
development in Austria annually. Thereof 15–21 km2 are permanently
sealed and their associated ESS, including water retention, are eternally
lost (UBA, 2022). The Austrian government, therefore, aims to reduce
land consumption to 9 km2 annually by 2030 (Gov., 2020). Future land
use changes (2030) might increase flood-affected residential areas by
159% in an Austrian Alpine valley (Cammerer et al., 2013). At the same
time, flood risk could be reduced by the introduction of non-structural
flood protection measures. The enhancement of private precaution and
stricter land use regulations reduces flood risk by approximately 30%.
Regardless of future changes in flood risk due to climate and land use
change, non-structural measures always reduce flood risk (Thieken
et al., 2016). In Austria, flood policies should prefer non-structural
measures, flood retention, and natural retention over structural
measures (linear structures, technical/controlled retention)
(BMLFUW, 2015; Nordbeck et al., 2019; Nordbeck et al., 2023).
Therefore, land use and land development management are crucial
tools for maintaining hydrological ecosystem services including water
retention and flood control.

Grüneis et al. (2021), Hohensinner et al. (2021), and Junger et al.
(2022) investigated flood risk changes due to LULCC, thereby
analyzing flood exposure focusing on Alpine valley corridors. In
contrast, the present contribution examines how LULCCs since the
mid-19th century (Hohensinner et al., 2021) have affected the
hydrological ecosystem services of water regulation and flood
control based on the Water Retention Index (WRI). The qualitative
Water Retention Index was developed by Vandecasteele et al. (2017) to
assess the water regulation of landscapes on a European scale. Here, we
apply the index on a regional scale to assess the impact of LULCCon the
ecosystem services of water retention and flood control. The objectives
of this study are i) the application of the WRI for a spatially high-
resolution regional evaluation of the landscape’s water retention
potential, ii) to derive spatially distributed water retention index
(WRI) maps for the present and past land cover situation and iii) to
quantify the water retention changes for individual land use
transformations but also elevation bands.

The findings complement the studies on flood risk in the Alpine
regions and additionally quantify the effect of LULCC on water
retention. These results might assist policymakers responsible for
land management and spatial planning who are also concerned with
integrated flood risk management.

2 Materials and methods

The study area is 19,307 km2 large and covers the Austrian
catchments of the rivers Rhine (provincial state Vorarlberg), Salzach
(Salzburg), and Drava (Carinthia and Eastern Tyrol). The extent of
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the study area is determined by the data availability of the land cover
dataset provided by Hohensinner et al. (2021). The land cover
datasets of the past (1826–1859) and present (2016) are shown in
the Supplementary Appendix Figure SA1. The altitude ranges from
338 to 3,798 m.a.s.l. and the topography is largely dominated by the
Alpine main ridge. The study area is strongly characterized by high
mountain ranges, steep slopes, and glacially formed valleys. Towards
the southeast, it also includes parts of the Alpine forelands
(Figure 1). Thus, space for land development is restricted by
these natural features and only approximately 21% of the area of
the Austrian Alps is suitable for permanent settlements (Alpine
Convention, 2015; Löschner et al., 2017).

To determine how LULCC from themid-19th century to the present
affected the natural water retention of the alpine landscape of Austria, the
Water Retention Index (WRI) is calculated based on the historical and
current land use and land cover. The WRI is a qualitative composite
indicator showing the relative water retention potential on a scale from
0 to 10 (Vandecasteele et al., 2017). The index canbe used to represent the
landscape’s ability to regulate water, thereby reducing the risk of floods
and also droughts. The WRI aims to represent the physical processes of
interception, infiltration, and retention in soil, percolation to
groundwater and water storage in surface water bodies by using
proxy datasets. Water retention is also influenced by the slope angle
and sealed surface areas of the landscape. Therefore, these parameters are
also considered in the calculation of theWRI (Vandecasteele et al., 2017).

In the current study, the WRI was derived at a resolution of
100*100 m to capture the heterogeneity of the Alpine topography
and was calculated as a weighted average (with the weights wi) of
6 input parameters (Eq. 1):

WRI � Rgw*wgw + Rs*ws + Rv*wv + Rsl*wsl + Rwb*wwb( )* 1 − Rss

100
( )

(1)

Figure 2 shows the schematic workflow of the computation and
analysis of the WRI for the present study. The input parameters
represented by proxy datasets used to characterize the factors
influencing the water retention capacity are given at the top of
Figure 2. Compared to the study of Vandecasteele et al. (2017), the
input parameters were derived from different data sources, because
they were either released only recently or are available only on the
regional Austrian level. The input layers represent similar proxy
data, mostly at a higher spatial resolution.

The input parameter Rgw represents groundwater storage and was
derived from the GLHYMPS 2.0 dataset (Huscroft et al., 2018). This
dataset represents global permeability data of the unconsolidated and
consolidated Earth in a vector format. Permeability represents the
ability of porous media to transmit fluids and is therefore a suitable
parameter to derive the potential of infiltration and percolation to
groundwater. The soil storage component (Rs) represents the infiltration
and retention capacity in the soil matrix. This parameter is derived from
a soil water storage dataset, which was estimated using a spatial
predicting XGBoost model for Austria at a 1*1 km2 grid (Zeitfogel
et al., 2022). The potential retention in vegetation is represented by the
input parameter Rv. Following Vandecasteele et al. (2017), it is assumed
that the capacity of vegetation to intercept water is linearly related to the
Leaf Area Index (LAI). Therefore, the globally available Copernicus
Global Land Service LAI dataset (VITO, 2018) was used to calculate the
average LAI per land cover class and catchments of the LamaH dataset
(Klingler et al., 2021) for the period 2014 to 2020. The input parameter
Rsl describes the slope of the landscape and is derived from an Austrian
digital elevation model, which is available at a 10*10 m resolution at
https://www.data.gv.at/ (BMF, 2022). Rsl is assumed to have a negative
linear relationship with water retention (Vandecasteele et al., 2017). The
input parameter Rwb represents the retention in water bodies and is
calculated as the areal share of water bodies within each spatial unit of
100*100 m. In contrast to Vandecasteele et al.(2017), we did not only

FIGURE 1
Location of the study area covering the provincial states of Vorarlberg (Rhine catchment), Salzburg (Salzach) and Eastern Tyrol/Carinthia (Drava) in
the context of Austria.
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consider surface water bodies but also wetlands in this input parameter,
assuming a similar retention behavior of wetlands and surface water
bodies on the water retention capacity. The input parameter Rss
represents the share of settlement area per spatial unit (100*100 m).
Rwb and Rss are derived from the high-resolution land use and land
cover dataset provided by Hohensinner et al. (2021). A summary of all
original data obtained to derive the 6 input parameters is given in the
Supplementary Appendix Table SA1. All input parameter datasets were
rescaled or converted to a consistent raster with a resolution of
100*100 m. Except for the parameter of sealed surface (Rss), all
parameters were rescaled from 0 to 10 using a linear function. The
minimum and maximum values for the linear function are represented
by theminimumandmaximumvalues of each original input layer. This
assures a uniform scale for all input parameters. In order to assign steep
slopes with low and flat areas with high values, the slope parameter Rsl
was inversely rescaled.

For the calculation of the historical Water Retention Index
(WRIhis) the input parameters Rv, Rwb, and Rss had to be
adjusted with respect to the historical land cover dataset. The
input parameters Rss and Rwb were derived from the historical
land cover dataset. The vegetation parameter Rv representing the
historical land cover state was estimated by transferring the average
Rv values per land cover class and catchment of the current state
onto the historical land cover classes in each catchment. This
approach considers the spatial characteristics, dependencies, and
shifts of land use and land cover (LULC) transformation within each
catchment. The parameters Rgw, Rs, and Rsl and their impact on
water retention were assumed to be constant over time.

The next step consists of the aggregation of the composite
indicator by assigning individual weights to each input
parameter, except for Rss (see Eq. 1). The soil sealing parameter

is considered a multiplying factor, which linearly affects the WRI.
The applied weights reflect the importance of each input parameter
with regard to the composite indicator. The importance of each
parameter is often a source of contention and can significantly
influence the composite indicator (OECD, 2008). Therefore, we used
the same methodological approach as Vandecasteele et al. (2017).
This method uses a weight optimization approach which is based on
the calculation of the first-order sensitivity index Si (Sobol, 1993) for
each input parameter with respect to the overall indicator (WRI). It
incorporates penalized splines as a method of nonlinear regression
(Paruolo et al., 2013) and an adopted optimization scheme
developed by Becker et al. (2017). The general objective of the
optimization is that each input parameter contributes equally to the
(spatial) variance of the composite indicator.

The optimization of the individual weights was carried out using the
Composite Indicator Analysis and Optimization (CIAO) Tool v.2
(Lindén et al., 2021), which incorporates the optimization procedure
as described above. Due to the computationally intensive approach, all
input parameters were aggregated to the LamaH catchment level
(Klingler et al., 2021) and are listed in the (Supplementary
Appendix Table SA2). This decreased the input data drastically from
1.9 million pixels to 201 catchment values. The optimization process
was started by assigning equal weights to all input parameters and with
the condition that the sum of all weights must be one. Using these
weights, the associated normalized Si values were unsatisfying and
showed large differences between the input parameters. The parameters
Rv and Rgw exhibited strong nonlinearities (Supplementary Appendix
Figure SA2). After running the optimization routine, the normalized
sensitivity indices of all input parameters showed equal values. The
algorithm searched for the individual weights of each parameter to
diminish the differences between the Si values between all parameters.

FIGURE 2
Schematic workflowdiagram of the calculation and analysis of theWater Retention Index adjusted fromVandecasteele et al. (2017) and extended for
the present study.
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This means that the individual contribution to the (spatial) variance of
the overall composite indicator was equally distributed between all
input parameters. The optimized Si values and the associated weights
are listed in Table 1. These weights were subsequently used for the
calculation of the WRI of both periods.

3 Results

3.1 Input parameter layers

The resulting input parameter layers for the calculation of the
current Water Retention Index (WRIcur) are plotted in Figure 3. The
high resolution of all input parameters revealed a spatial pattern
following the topographic features. Large valleys and high mountain
ranges can be strongly recognized in several parameters, including Rgw,
Rs, and Rv. The parameter Rs revealed that areas with sealed surfaces
occurmostly on valley floors. All input parameters for the calculation of
theWRIhis are represented in the Supplementary Appendix Figure SA1.

3.2 Spatial distributed WRI characteristics

In Figure 4, the current WRI (2016) and the historical WRI
(1826–1859) are plotted in the top and middle panels, respectively.
The difference in WRI between the current and historical state is
shown in the bottom panels. The numbers on each map indicate
different regions of the study area. Vorarlberg (1) includes the area

TABLE 1 Weights and sensitivity indices (Si) before and after the optimization
for the individual layer of the WRI Rgw (groundwater storage), Rs (soil water
storage), Rv (Interception), Rwb (share of water bodies), Rsl (slope), Rss (share of
sealed surface).

before optimization after optimization

weights Si norm weights Si norm

Rgw 0.20 0.15 0.24 0.2

Rs 0.20 0.28 0.01 0.2

Rsl 0.20 0.20 0.38 0.2

Rv 0.20 0.26 0.16 0.2

Rwb 0.20 0.12 0.21 0.2

FIGURE 3
Overview WRI input parameters layers for 2016; Rgw (groundwater storage), Rs (soil water storage), Rv (Interception), Rwb (share of water bodies), Rsl

(slope), Rss (share of sealed surface).
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of the Austrian Rhine catchment. Two and three represent the
Upper and Lower Salzach catchments, respectively, and thus
compose the Austrian Salzach catchment. Eastern Tyrol (4) is in
the upper part of the Drava catchment and together with the Upper
(5) and Lower Drava (6) regions defines the Drava catchment.

The WRI shows a comparable and distinct spatial pattern for
both calculated time periods. In general, values are higher in valley
floors and rather flat areas, such as in the Rhine Valley, along the
Drava River, or in the eastern part of the analyzed area, compared to
areas characterized by steep topography and Alpine features. This is
the result of the combination of low vegetation cover, shallow soil
water storage, and low permeability in mountainous areas, e.g.,

along the main Alpine complex. This shows that water retention is
more pronounced in valley areas than in steep headwater
catchments. The results also indicate that the general spatial WRI
patterns did not change significantly due to LULCC but are strongly
influenced by the topographic features.

The WRI difference plot, shown in the bottom panel of Figure 4,
however, depicts a moderate (−0.1 to −2) to high (<−2) reduction of
the retention potential, especially in the Alpine valleys at low
elevations and along watercourses. This can largely be explained
by the expansion and development of settlement areas. In addition,
the loss of river landscapes, the draining of wetlands, and the
clearing of forested areas at lower elevations reduced water

FIGURE 4
On the left side the resulting current WRI (top), historical WRI (middle), and the differences between the current and historical WRI (bottom) are
shown. On the right-hand side, panels a) show the Salzach Valley with Zell am See and panels b) show the area around the city of Klagenfurt in detail for all
three representations.
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retention. River channelization, which can significantly limit the
retention effect of rivers and their formerly available fluvial corridors
also adversely affected the regulation potential. In contrast, there are
large areas that showed a moderate increase (0.1–2) in the WRI.
These are attributed to the increase in forest and to the
transformation of wasteland to grassland in these areas. In
addition, new artificial water areas have been added due to the
construction of Alpine storage reservoirs, which positively affect the
retention potential.

The areas of the Salzach Valley (panel a) and Klagenfurt area
(panel b) illustrate the current and historical WRI values exemplary
for a more rural (a) and urban (b) land development setting. The
bottom panel a) shows that water retention has decreased in large
parts of the Salzach Valley. Moderate reduction rates (−0.1 to −2)
were observed inmost parts, but some areas also showed strongWRI
reductions (≤−2), due to increased settlement density. At the same
time, it can be seen that the retention potential moderately improved
(>0.1–2) along the valley flanks at higher altitudes. In panel b) a
strong reduction of the retention potential was detected due to the
expansion of built-up surfaces in the Klagenfurt area. Areas with
very high WRI values in the north of Klagenfurt transformed into
areas with significantly less retention potential. Similar
developments can also be seen in the east of Klagenfurt. The
WRI change characteristics between the historical and current
state for these two examples are somewhat representative of
other regions in the study area. High WRI reductions due to
intense settlement development are also visible in the Rhine
Valley in Vorarlberg or around the city of Salzburg in the North.
Moderate reductions are depicted in almost all valley floors due to
river channelization, loss of wetlands, or the reduction of forest
cover.

3.3 Aggregated WRI results

For further analysis, the continuousWRI values were aggregated
into 5 categories, namely, very low (0–2), low (2–4), moderate (4–6),
high (6–8), and very high (8–10). This allows for categorical analysis
of the WRI changes. In Table 2, the relative changes between
1826–1859 and 2016 are shown for each region of the study area.
The table reveals that large areas of each region did not show any
class changes (highlighted in grey). The sum of the constant areas
per region (highlighted in blue) ranged from 97.2% in Eastern Tyrol
to 92.5% in the Lower Salzach region, respectively. This indicates
that regions with lower changes in WRI exhibited lower land
development compared to other regions. Overall, these results
suggest that only minor areas show class changes. The total
relative sum of negative and positive areas, in which class shifts
occurred are highlighted with orange (−) and green (+) colors,
respectively. Generally, the negative effects on the WRI based on
LULCC exceed the positive impacts in all regions.

Figure 5 shows theWRI class shifts for the overall study area in a
Sankey diagram. Sankey diagrams illustrating Table 2 and the results
for each region are shown in the Supplementary Appendix Figure
SA3. Large areas (94.9%) of the study area (19,307 km2) did not
exhibit any categorical shifts. Accordingly, Figure 5 only represents
5.1% of the study area, which experienced class changes between the
historical and current WRI situation. In addition, the absolute areas

and the relative proportions of the total area are shown. The results
suggest that there has been an over 9-fold increase in areas with very
low WRI (0–2; red). The largest contribution to the very low WRI
class can be assigned to historically high WRI values (6–8). In
contrast, large areas with historically low WRI values (2–4; yellow)
have improved and shifted to moderate WRI values (4–6; green).
Areas with moderate WRI values have increased by approximately
50%. LULCCs have also led to a large reduction in areas with high
and very high WRI (6–10; light and dark blue). A comparison of
historical and current conditions shows a 13-fold decrease in very
high WRI values (8–10; dark blue).

The individual WRI classes can be related to different land cover
classes. The lowest class (WRI 0–2) is strongly dominated by
settlements and wasteland. Low WRI values (2–4) relate mostly
to a combination of forest, wasteland, and grasslands. Forest and
grassland define moderate WRI ranges (4–6). High WRI values are
frequently attributed to grassland and forest, but also arable land is
dominant in this class. The highest WRI class (8–10) is represented
by stagnant and running water in the current WRI. Interestingly, the
historic very high WRI (8–10) class is related to various land cover
types, including grassland, arable land, stagnant water, or forest. The
relative contributions to eachWRI class described here only focus on
the major land cover class contributions. The detailed relative
contributions of each land cover class to the WRI classes
(1826–1859 and 2016) are given in the Supplementary Appendix
Table SA4 and Supplementary Appendix Figure SA5.

3.4 Altitudinal gradients of the historical and
present WRI

The study area is dominated by strong topographic gradients.
These are also present in the resulting WRI values in both time
periods and are shown in the spatially distributed difference plot
(Figure 4; bottom panel). Figure 6 shows the relative WRI
differences for elevation bands of 250 m. Additionally, the natural
Water Retention Index (WRInat) is plotted. WRInat is calculated as
the WRI but does not consider the soil sealing parameter Rss (see Eq.
1) which is the linear scaling factor considering artificially
introduced surfaces. The comparison of these two indicators
allows us to distinguish between the WRI with and without the
soil sealing factor (Vandecasteele et al., 2017). Based on this
differentiation, the impact of soil sealing due to the construction
of infrastructure and settlement areas is illustrated. At the bottom of
the plot, the area per elevation band is given in km2 and % as
additional information.

Generally, Figure 6 confirms the similar WRI-change pattern as
shown in the spatially distributed WRI plots (Figure 4). WRI values
strongly decreased in lower elevations. In areas with an elevation
lower than 500 m (i.e., valley floors), the water retention capabilities
of the landscape decreased by over −10% on average due to LULCC.
WRI values in slightly higher areas up to 1,000 m, also show
decreasing values, however only with a mean of around −3%.
The WRInat shows comparable changes to the WRI for areas
above 1,000–1,250 m. In contrast, especially in elevations
covering valley floors, a strong difference can be detected. In
these regions (<500 m), the WRInat exhibits an over 5-fold
smaller decrease in the water retention potential. At altitudes
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TABLE 2 Change matrix WRIhis (1826–1859) andWRIcur (2016) for each region and river catchment [%]. The values are calculated based on the WRI categories very
low (0–2), low (2–4), moderate (4–6), high (6–8), and very high (8–10); orange cells show the relative sum of areas, where theWRI deteriorated; green cells show the
relative sum of areas, where the WRI improved; blue cells show the sum of area, where no change occurred.

Water Retention Index 2016

W
at
er

R
et
en
ti
on

In
de
x
18
26
–1
85
9

Rhine (Vorarlberg) very low low moderate high very high Ʃ positive Δ

very low 0.1 0.0 0.0 0.0 0.0 0.0

low 0.1 27.6 1.2 0.0 0.0 1.2

moderate 0.4 0.7 46.4 0.7 0.0 0.7

high 1.0 0.9 0.8 19.8 0.1 0.1

very high 0.0 0.0 0.0 0.1 0.0 2.1

Ʃ negative Δ 1.5 1.6 0.8 0.1 4.1 93.8

Drava (Eastern Tyrol) very low low moderate high very high Ʃ positive Δ

very low 0.6 0.1 0.0 0.0 0.0 0.1

low 0.0 71.3 1.0 0.0 0.0 1.0

moderate 0.0 1.0 21.1 0.1 0.0 0.1

high 0.1 0.1 0.3 4.2 0.0 0.0

very high 0.0 0.0 0.0 0.0 0.0 1.2

Ʃ negative Δ 0.2 1.1 0.3 0.0 1.6 97.2

Upper Salzach(Salzburg) very low low moderate high very high Ʃ positive Δ

very low 0.4 0.2 0.0 0.0 0.0 0.2

low 0.0 43.6 1.5 0.0 0.0 1.5

moderate 0.0 0.8 39.9 0.6 0.0 0.6

high 0.2 0.2 0.7 11.1 0.0 0.0

very high 0.0 0.0 0.0 0.6 0.0 2.3

Ʃ negative Δ 0.2 1.1 0.8 0.6 2.7 95.0

Lower Salzach (Salzburg) very low low moderate high very high Ʃ positive Δ

very low 0.1 0.0 0.0 0.0 0.0 0.0

low 0.1 22.4 2.3 0.0 0.0 2.3

moderate 0.1 0.8 48.4 1.1 0.0 1.1

high 1.1 0.8 1.0 21.5 0.0 0.0

very high 0.0 0.0 0.0 0.2 0.0 3.5

Ʃ negative Δ 1.3 1.6 1.0 0.2 4.1 92.5

Upper Drava (Carinthia) very low low moderate high very high Ʃ positive Δ

very low 0.3 0.1 0.0 0.0 0.0 0.1

low 0.0 47.1 1.5 0.0 0.0 1.5

moderate 0.1 1.3 39.7 0.3 0.0 0.3

high 0.3 0.3 0.5 8.3 0.0 0.0

very high 0.0 0.0 0.0 0.3 0.1 1.9

Ʃ negative Δ 0.4 1.5 0.5 0.3 2.7 95.4

Lower Drava (Carinthia) very low low moderate high very high Ʃ positive Δ

very low 0.6 0.0 0.0 0.0 0.0 0.0

low 0.1 9.3 1.1 0.0 0.0 1.1

moderate 0.1 0.6 66.9 0.3 0.0 0.3

high 0.3 0.4 0.9 18.4 0.1 0.1

very high 0.0 0.0 0.0 0.9 0.1 1.4

Ʃ negative Δ 0.6 1.0 0.9 0.9 3.3 95.2
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below 1,250 m, a smaller decrease of the WRInat can be detected
compared to the WRI. Interestingly, almost no difference between
the two indices can be seen at higher altitudes. In comparison to
lower elevations, WRI values show an increase above 1,250 m. The
settlement area development (Rss) since the mid-19th century
reveals likewise altitudinal features. In areas lower than 500 m,
these areas have increased by 107%. In areas between 500–750 m
and 750–1,000 m, settlement areas and associated soil sealing have
expanded by 54% and 16% respectively. This reveals that large areas
of degrading water retention values are associated mostly with
settlement expansion but also loss of wetlands and deforestation,
especially in low-lying regions (e.g., valley floors) as reported by
Hohensinner et al. (2021). On the other hand, an increase in water
retention capabilities is detected in higher altitudes, due to the
LULCCs since the mid-19th century. A similar altitudinal signal
can also be observed for the development of the input parameter Rv.
Rv values have generally increased at all elevations, except in areas
lower than 500 m. At altitudes between 2000 and 2,750 m, the
highest increases of Rv by approximately 2.3%–3.1% can be
detected. This shows that the increase in vegetation at
higher elevations is also related to increasing WRI values to some
degree.

3.5 Impact of LULC changes on the water
retention

As a further step, the relative WRI changes associated with the
specific LULCC are investigated. Here we relate the past and present
LULC classification to the changes in the WRI since land
development and certain land cover changes can be related to
changes in water retention. Table 3 gives the relative change of

the WRI for each possible land cover transformation. The numbers
given in the table represent the relative spatial mean changes
between the historical and current LULC situations. Additionally,
the 5th and 95th quantiles are given to represent the spatial variability
of WRI value changes per land cover transformation.

The vector-based land cover datasets were spatially aggregated
to a 100*100 m raster based on the major LULC class within the
resulting grid consistently with the WRI maps. Some land use and
land cover class might therefore be under or over-estimated by the
aggregation from a vector to a raster dataset and might be afflicted
with some degree of inaccuracy. Table 3 shows that settlement areas
have not been transformed into any other land use and land cover
class in the current LULC situation. Interestingly, results indicate
that current settlement areas reduced the WRI by −17% on average,
compared to historical settlement areas. According to the results,
wetlands also show a slight decrease of −4% in the water retention
capability compared to the historical land cover situation. These
inaccuracies might result from the spatial aggregation to a raster
dataset by using the major LULC class per raster pixel. Both input
parameters (Rv, Rss) are derived based on the areal coverage per pixel
(100*100 m). Therefore, the change of the areal share per pixel
linearly influences the resulting input parameters. So, the results
indicate that settlement areas have increased by 17% at pixels
classified as such in the past and present. Likewise, wetlands have
decreased by 4% at pixels constantly classified as wetlands on
average.

Transformations from historical wetland areas to any other land
cover class result in decreasing WRI values. On average former
wetland areas experienced a drop of 22% in their water regulation
abilities. Similar results can be obtained for areas classified as
stagnant water in the historical land cover dataset. These areas
show a mean reduction of 20% considering all land cover class

FIGURE 5
Shifts in water retention index between historical (1826–1859; left) and current (2016; right) conditions. For this purpose, the WRI was divided into
5 classes with the categories very low (0–2), low (2–4), moderate (4–6), high (6–8), and very high (8–10). The changes shown are for 5.1% (1,861 km2) of
the total area, where class shifts have occurred.
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transformations. The strongest reduction can be detected for areas,
which were transformed from wetlands to settlement areas. These
areas show a spatial mean drop in water retention of 66%. On
average, areas transformed into settlement areas experienced the
largest reduction rates of 44%. Former glacier and wasteland areas
increased their water retention ability by 20% and 9%, on average.
On the other hand, most areas that were transformed into wetlands
and stagnant water from any LULC increased the water retention
potential by 10% and 22%, respectively. The transformations from
glacier to forest and from grassland to stagnant water resulted in
increases of 26% and 27%, respectively. The largest increase in WRI
values was detected for areas that have changed from wasteland or
glaciers to stagnant water. These LULCCs resulted in over 40%
increases in water retention.

4 Discussion

4.1 Input data and weight estimation

Although the concept of the Water Retention Index was
developed and proposed to assess the landscape’s water
regulation potential on a macroscale (Vandecasteele et al., 2017)
our results show that the methodological framework of the WRI is
also suitable for a regional high-resolution analysis of the
landscape’s potential of water retention and regulation.
Compared to the methodology and input data of Vandecasteele
et al. (2017) slight changes have been applied in our study due to the

availability of more recent and more regionally differentiating
datasets. The input parameters representing the infiltration and
retention in soil (Rs) and the retention in groundwater (Rgw) were
derived differently. Rs was retrieved from a recently released dataset
representing the soil water storage for Austria (Zeitfogel et al., 2022).
Additionally, no temporal change of the input parameter Rs

depending on the changes in organic carbon content and soil
bulk density over time was incorporated. The parameter
representing groundwater retention was derived from the
GLHMPS 2.0 dataset (Huscroft et al., 2018) already incorporating
the permeability of the consolidated and unconsolidated Earth.
Therefore we did not consider a reduction of the bedrock
permeability factor based on hydrological categories of the
overlying soil as Vandecasteele et al. (2017). Compared to the
original WRI approach, in the presented study the input layer
Rwb not only considers stagnant water but also wetland areas,
suggesting that these land cover classes have similar water
retention abilities. The high-resolution LULC datasets used to
derive Rss and Rwb for the historical and current state are
additionally subject to some degree of uncertainty due to
potential inaccuracies and misinterpretations. Especially,
settlement areas might be underestimated in the historical dataset
(Hohensinner et al., 2021).

The applied weighting scheme yielded large differences between the
individual input layers. The slope input parameter (Rsl) was assigned the
highest weight (0.38), which could be explained by the strong
topographic gradients of the study area and emphasizes the
importance of the slope factor for water retention. On the other

FIGURE 6
MeanWRI changes for different elevation bands, including the absolute areas and relative share compared to the overall study area (19,307 km2). The
natural WRI does not consider soil sealing and is thus an indicator of the water retention without settlement or infrastructure development.
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TABLE 3 Spatial mean relative WRI change matrix [%] for land cover class changes, also including 5% (q5) and 95% (q95) quantile values. For example, the transformation category of all wetlands (1826–1859) to the current
sparsely wooded land cover (2016) led to a spatial mean reduction of the WRI by 23% in this transformation category. There were, however, single cases where the reduction was stronger (q5 of −29%) or less pronounced
(q95 of −12%).

Land cover 2016

Sparsely wooded Arable land Wetlands Running water Glacier Grassland Wasteland Settlement area Stagnant water Forest Vineyards

q5 mean q95 q5 Mean q95 q5 mean q95 q5 mean q95 q5 mean q95 q5 mean q95 q5 mean q95 q5 mean q95 q5 mean q95 q5 mean q95 q5 mean q95

La
nd

co
ve
r
18
26

�
18
59

Sparsely

wooded

0 0 0 −5 −2 3 5 15 24 −5 −1 3 — — — −2 1 4 −10 −9 −7 −110 −52 −3 6 27 36 0 3 5 −2 −2 0

Arable land −6 0 5 0 0 0 13 19 26 −5 −4 0 — — — −6 −1 4 −14 −9 −2 −106 −59 −5 6 20 30 −3 2 6 −2 1 2

Wetlands −29 −23 −12 −26 −21 −12 −16 −4 4 −28 −19 −5 — — — −27 −20 −7 −40 −30 −21 −105 −66 −21 −18 −6 5 −27 −19 −7 −25 −14 −1

Running

water

−5 −1 5 −3 0 3 5 20 32 0 0 0 — — — −4 0 5 −13 −10 −1 −102 −47 −1 7 25 35 −1 2 7 — - -

Glacier 17 22 27 — — — — — — 24 24 24 0 0 0 11 17 21 1 3 7 −13 3 18 25 44 58 22 27 28 — - -

Grassland −5 0 3 −3 −1 2 4 18 28 −6 −2 4 — — — 0 0 0 −11 −9 −7 −104 −51 −4 7 26 37 −2 2 5 −2 0 2

Wasteland 9 12 16 3 5 10 — — — 1 12 16 — — — 8 13 21 0 0 0 −116 −29 12 20 42 57 7 14 22 — - -

Settlement

area

— — — — — — — — — — — — — — — — — — — — — −96 −17 0 — — — — — — — - -

Stagnant

water

−29 −17 −8 −27 −18 −3 −17 −6 2 −27 −26 −18 — — — −27 −18 −1 −40 −26 −14 −98 −56 −22 −4 0 0 −27 −14 4 — - -

Forest −5 −3 −1 −5 −3 0 6 8 11 −7 −3 1 — — — −4 −2 1 −11 −10 −9 −109 −51 −4 4 21 30 0 0 0 −6 −4 −3

Vineyards — — — 4 4 4 — — — — — — — — — −2 1 3 — — — −103 −58 −19 — — — 0 4 5 0 0 0
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hand, the optimization yielded the lowest weight of 0.01 for the soil
retention parameter. The correlation matrix between all input
parameters (n = 201) for the weight optimization showed strong
correlations of 0.77 (p < 0.001) and 0.84 (p < 0.001) between Rs and
bothRsl andRv, respectively (Supplementary Appendix Table SA3). The
strong correlations might explain the very low weight of Rs and it
suggests that the importance of soil retentionmight already be captured
in Rsl and Rv to some degree. The optimized weights of 0.21 (Rwb) and
0.24 (Rgw) suggest that the retention in surface water bodies and
wetlands is comparably important as groundwater retention for the
resulting WRI. These weights are close to those applied by
Vandecasteele et al. (2017). Additionally, the relative contribution of
each input parameter (except Rss) and the associated weights with
regard to the resultingWRIcur have been calculated and ranked from 1st

to 5th and are presented in the (Supplementary Appendix Figure SA4).
The spatially distributed contribution of each input parameter and their
respective weights yield additional information on the importance of
each retention process represented by the proxy input datasets. The
results suggest that Rsl is the most important input parameter for large
areas of the study region. Rv and Rgw are the second and third most
important input parameters. Thus, it is clear that the weights, which
define the importance of the input parameters, have a strong impact on
the results. The weights in this work were estimated based on a
frequently applied method from the literature (Becker et al., 2017;
Vandecasteele et al., 2017; Lindén et al., 2021) and the applied
optimization framework guarantees objectivity, transparency, and
reproducibility, and some degree of comparability between different
estimations of the WRI. Advances in the estimation of spatially
distributed parameters in hydrological models, also using Machine
Learning (e.g., Klotz et al., 2017; Feigl et al., 2020; Feigl et al., 2022) may
be used in the future for calculating the weights of the WRI. For
example, runoff data could be used for weight optimization.

4.2 Spatial and altitudinal patterns between
LULCC and the WRI

The resulting WRI changes per region echoes the spatially
different LULCC in these regions. Since the mid-19th century,
Eastern Tyrol (region 4) experienced the lowest settlement area
development of all six regions (Kofler, 2021) and accordingly
showed the lowest negative WRI changes. Here settlements have
increased slightly over two times, while, to put this into context,
Hohensinner et al. (2021) reported a 6-fold increase for the whole
study area. On the contrary, the Vorarlberg region and the Lower
Salzach region showed the highest reductions in water retention
(Table 2) due to LULCC. In Vorarlberg and the Lower Salzach,
settlement areas have increased by over 9 and 6 times, respectively.
At the same time, wetlands have decreased dramatically by 7 times in
Vorarlberg. In the Lower Salzach region, wetlands have almost
vanished completely (Rapottnig, 2021; Bozzetta, 2022).

The spatial distribution of the WRI changes suggests that large
decreases did occur in the Alpine valley corridors and at locations
where major settlement developments took place (Figure 4). At the
same time, slight retention capacity increases along the valley slopes can
be depicted. The decrease ofWRI in the valleyfloors is strongly associated
with the development of settlement areas and the reduction of wetland
areas by 95%. The strong settlement development led to an increase in

settlement areas located within flood-prone areas. This also increased
flood exposure and therefore flood risk (Junger et al., 2022). Accordingly,
large-scale losses of fluvial corridors led to decreasing flood retention
capacity (Hohensinner et al., 2021), somehow a lose-lose situation. The
LULCC-induced vertical separation of Alpine landscape features reported
by Hohensinner et al. (2021) also transitioned into a comparable
separation of increasing and decreasing WRI areas. Strong decreasing
WRI values are obtained for low-elevation areas. The natural water
retention index (WRInat), which does not consider sealed surface areas,
shows a significantly lower decrease in the water retention capacities of
low-elevation areas. The changes in WRInat in low-lying areas can
therefore be attributed to the loss and transformation of wetlands to
agricultural land and forests. The altitudinal investigation shows that the
WRI and WRInat values increased accordingly in areas above 1,250m.
The general increase of the water retention potential in higher altitudes
suggests that the water regulation potential has increased. This reflects the
increase of forest areas and the large areal transformation fromwasteland
and glaciated areas to Alpine grassland, by 16% and 4.2%, respectively
(Hohensinner et al., 2021).

4.3 WRI changes due to specific land use
class changes

The specific WRI changes with regard to certain LULC
transformations (Table 3) represent spatial mean values over the
whole study area. To address the variability of the WRI change per
LULCC the 5th and the 95th quantile were additionally presented.
The results indicate, e.g., that current settlement areas reduced the
WRI by 17% on average, for areas already classified as settlement
areas in the past. The 5th quantile suggests even a reduction of 98%.
This might be due to the introduced uncertainty in the aggregation
but could also suggest that today’s settlement areas are constructed
with a higher building and soil sealing density. In addition, the input
land cover dataset might already be subject to some degree of
uncertainty due to inaccuracies and potential misinterpretations
during the digitalization of the historical datasets. Therefore,
settlement areas might be underrepresented (Hohensinner et al.,
2021). The transformation from a glacier to a settlement area would
indicate a slight positive change in the water retention potential.
This explicit result is highly uncertain and might represent another
limiting factor of the spatial aggregation and the representation of
spatial mean values. Generally, transformations from any LULC
class to wetlands resulted mostly in an increase in the WRI. At the
same time, areas that are constantly classified as wetlands over time
show a minor reduction of −4% (q5 = −16%, Q95 = 4%). This slight
reductionmight have also been introduced due to the reclassification
based on the majority and is therefore afflicted with some degree of
uncertainty. In addition, wetlands and stagnant water land cover
classes are both presented within the input parameter Rgw, assuming
a similar retention behavior. This might also lead to an overestimation
of the retention potential of wetlands, which strongly depends on the
saturation status and therefore on the maximum available retention
potential. Especially during extreme events, such as floods, wetlands
can either contribute to amplification or mitigation (Bullock &
Acreman, 2003; Acreman & Holden, 2013). Accordingly, the
results presented for each specific land use change category might
show some inaccuracies and are certainly subject to some degree of
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uncertainty. However, the given relative WRI values assist in the
qualitative interpretation and allow for comparison between certain
land use transformations. Additionally, other accompanying LULCC
effects on the water retention potential processes such as soil storage
reduction due to soil compaction with heavy machinery on arable
land were not considered (Rogger et al., 2017) in our investigation.
Therefore, it can be assumed that the presented impacts of land use
transformations with regard to water regulation might be somewhat
underestimated.

5 Summary and conclusion

Regulating ecosystem services, such as water purification, flood
control, and water regulation are strongly affected by LULCC (Hasan
et al., 2020). Various studies have linked LULCCs to declining ecosystem
services (e.g., Haines-Young et al., 2012; Kindu et al., 2016; Rai et al.,
2018). Human-induced land use change not only affects hydrological
ecosystem services but also affects hydrological processes (e.g., Rogger
et al., 2017; Wesemann, 2021) and can therefore also affect flood-
generating processes and consequently flood risk (Hall et al., 2014).
Alpine areas of Austria have experienced strong LULCC since the mid-
19th century. Recent studies showed that these LULCCs have resulted in
increased flood exposure and flood risk, especially in Alpine valley
corridors (Hohensinner et al., 2021; Junger et al., 2022). However,
sustainable land use and properly managed LULCC can be beneficial
for water regulation (Vandecasteele et al., 2017). Accordingly, the present
study aimed to investigate the effects of these LULCCs on the water
retention of the landscape in the Alpine areas of Austria. We calculated
the Water Retention Index (WRI) developed by Vandecasteele et al.
(2017) for the past (1826–1859) and present (2016) land cover situation
for the Austrian catchment of the Rhine, Salzach, and Drava rivers.

The resultingWRImaps show a clear spatial patternmimicking the
characteristic Alpine topography, the difference between the historical
and present WRI maps reveals that LULCC negatively affected the
water retention potential primarily in valley floors. This links the
significant settlement expansion in Alpine valleys, leading to
increased flood exposure (Hohensinner et al., 2021; Junger et al.,
2022), with a decreasing capacity for water regulation. The
altitudinal comparison of the WRI with the natural WRI, which
does not consider the settlement area parameter in the calculation,
shows that the reduction of the water retention capacity is significantly
lower without settlements. Without settlement areas, the water
retention reduction would be 77% lower in areas lower than
1,000 m.a.s.l. At elevations higher than 1,250 m.a.s.l., almost equally
increasing values of the WRI and the natural WRI are present. The
strongest WRI reduction of 66% is attributed to the land use changes
from wetlands to settlement areas. The highest intensifications of the
landscape’s potential to regulate water could be observed by the
transformation from wasteland or glacier to stagnant water. In these
areas, WRI values increased by over 40%. The results indicate a large
variability of WRI changes depending on the specific LULC
transformation within the investigated time period.

The results presented in this study showed that a high-resolution
utilization of the Water Retention Index can be very supportive to
investigate the impacts of LULCC on water regulation on a regional
scale. The land cover changes are verywell reflected in the calculatedWRI
maps and the spatial distributed WRI value maps yielded new insights

about the impact of LULCC on flood control and water regulation. The
results also highlight that soil sealing through settlement developments
shows the strongest adverse effects and leads to a decline in regulating
ecosystem services including flood control. In an already very limited area
for permanent settlements, such as the Austrian Alps, these adverse
impacts might lead to further pressures on ecosystem services and
conflicts between different land uses. Therefore, sustainable land use
and land cover change management would enhance the landscape’s
ability to retain water and support flood risk mitigation measures.
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