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Abstract: Socio-economic changes, technical progress, and a variety of funding and planning inter-
ventions have significantly changed land use in Central Europe since World War II. The aim of this
study was to illustrate these changes in the Alpine foothills in Bavaria and to calculate the effects of
these changes on soil erosion. This was performed in a two-step procedure: a GIS-based orthophoto
evaluation and a cause—effect model using the revised universal soil loss equation (RUSLE). Key
findings were that field sizes (+370%) and lengths (+35%) have changed significantly since the 1960s.
Moreover, the uninterrupted runoff paths on arable land have increased in length by about 70% on
average, with corresponding effects on soil erosion. The discussion shows that the possibilities for
erosion control measures in the field are already severely limited due to the effects of the climate
crisis and structural changes in agriculture. Furthermore, the often-assumed rule, according to which
only a small part of the arable land causes a large share of the eroded material, was largely confirmed.
The findings underline the overlapping impacts of land use change and climate crisis on agriculture
erosions rates with the need for integrative and adaptive management.
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1. Introduction

Soil erosion is a wide-ranging problem with many implications for human develop-
ment. For instance, soil erosion was associated with the decline of human cultures in the
past, assumedly due to the combination of land use changes and climatic processes [1-3].
In particular, the intensification of crop farming, the sealing of surfaces, and large open
areas due to other uses (e.g., construction, clearcutting in forests) have contributed to this.
In addition to the increased sources of erosion, the network through which eroded material
enters water bodies directly has also become considerably denser.

Today, we find ourselves in an era where the intensification of land use has reached
unprecedented levels in anthropogenically used areas all over the globe. The impacts of
climate change (e.g., type and intensity of precipitation, more frequent wildfires [4,5]) alter
vegetation cover and types, soil conditions, and parameters, like the erosivity of rain and
flood events.

All these altered conditions hence have increased, accordingly superimposing the
existing problems of land use changes [6-8]. Thus, a further increase in soil erosion caused
by the climate crisis and other anthropogenic impacts seems likely [6,7,9].

In addition to its effects on agriculture, landscapes, and consequently, human develop-
ment, soil erosion has also a significant impact on water bodies. In addition to factors such
as slope, discharge, water temperature, and structural features, life in riverine ecosystems is
strongly influenced by sediment conditions [10-12]. Sediment transport, deposited bedload,
and suspended load sediments shape the riverbed, provide structures, and thus determine
the presence or absence of habitats for different fish species [12-14] and other aquatic
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organisms [15-18]. There is a common agreement that in addition to the status of the water
body, the surrounding land use has a major influence on the fish species composition [19].
Both nutrient and fine sediment influxes are stressors for aquatic ecosystems [11,20-22].
Here, some studies also suggest that the physical effects of fine sediment on the habitat
quality even exceed the trophic effects of nutrient alteration [17].

In the past 100 years in particular, humans have intervened very strongly in water
bodies, floodplains, and their catchments, thus greatly changing the sediment supply
conditions [11,21-23]. This, among other interventions, is responsible for an increased
risk of not achieving the requirements of the European Union Water Framework Directive
(WEFD). It should be noted that this seems evident from an ecological point of view, but
a legal implementation of the sediment issue in national laws in Austria and Germany
is still missing. This major shortcoming is due to the fact that the aims of the Water
Framework Directive are very much focused on the status of indicator organisms. The
underlying hydro-morphological and sedimentological processes are just considered as
underlying /supporting conditions. Methods for estimating and calculating processes of
erosion, however, are available and used in engineering practice. One basic tool that can
help quantify and visualize the processes of soil erosion is, e.g., the Universal Soil Loss
Equation (RUSLE) [24-27]. Nevertheless, a critical discussion in terms of implementation
into integrative river management, supporting improved processes understanding for the
WED, is still largely missing.

Restoration efforts can also be severely impeded by deficits in the sediment regime
(e.g., siltation, bedload deficits, etc.) due to fine sediment accumulation based on reduced
bottom shear stress in case of river widenings or a reduced slope by increasing the river
length (e.g., support meander developments) [28,29]. However, human-induced increases
in fine sediment loads play a major role in aquatic ecosystems and in interrelated pressures
of anthropogenic uses like inland fisheries, water supply, or flood protection [30,31]. In
most studies, particles smaller than 2 mm are regarded as “fine sediment” [31,32]. Hence,
the grain fractions of fine sand, silt, and clay are included in the technical definition of fine
sediments. Nevertheless, particles < 0.63 mm are of particular importance, especially with
regard to biogeochemical processes and properties. Many nutrients and pollutants adhere
to this fraction and are transported with it [18,31].

A variety of causes and their mutual effects were identified as possible reasons for
increased fine sediment inputs in a lot of watercourses in countries of Central Europe [33].
The main causes are (i) increased erosive processes (due to changes in land use, changes
in precipitation, etc.), (ii) dense networks of entry paths (e.g., drainages, roadside ditches,
etc.) [34], (iii) changes in both hydrology and river morphology that lead to areas of higher
siltation, and (iv) disruption of the river-riparian linkage by river bed incision and dykes
and thus less frequent flooding events and reduced sediment deposition in the wetlands.
The combination of increased inputs of fines, the lower bed load supply [12], increased
transport capacity for bed load in terms of floodings [35], and unfavorable morphological
conditions, which increase the deposition of fine material in the riverbed and a lack of
natural deposition in riparian areas, is amplified by the complex impacts of the climate
crisis [6,36]. Although many studies are published referring to the impact of bed load
supply and bed load transport changes on the aquatic environment [12,31], there is only
scattered information on how land use and land use change affect fine sediment supply in
specific regions in Central Europe with consequences on river systems from a process point
of view.

Despite the scientific evidence of the problems associated with soil erosion, in Central
Europe, it is often just seen as a major problem in other regions of the world. The latest
readjustment of European and national agricultural support programs with regard to the
topic also shows a large discrepancy in the scope of the expected changes and the necessary
mitigation measures.

Thus, the objective of this study is to present a systematic analysis of (i) the changes in
land use, (ii) the altered parcel structure, and flow paths. Based on this, the RUSLE will be
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used to show (iii) how these large-scale structural changes, together with climatic changes,
affect soil erosion in an integrative view of the driving processes. Furthermore, the subse-
quent increasing limitation of the scope of action in agricultural practice is discussed. This
is an attempt to depict the ongoing changes in land use and related alterations in erosion
processes in areas with evident fine sediment problems in the watercourse. Mainly, this
study is based on field mapping and GIS analysis of soil erosion under different scenarios.

2. Materials and Methods

The change in landscape structures in the Bavarian Alpine foothills is elaborated
on and presented by the example of five project areas that are distributed widely across
the intensively used cultural land in Bavaria in order to cover different landscape units
and different geological conditions (Figure 1). The areas were selected rather randomly.
There were specifications from the Bavarian Fisheries Association regarding the regions
known to have fine sediment problems in its waters, and the catchment areas had to be
between 1 and 10 km? in size, as this has proven to be a good scale in the past for depicting
the changes [33,37]. Furthermore, old aerial photographs from the post-war period had
to be available. The selected catchments cover very different landscape types that are
distinguished in Bavaria according to [38]. The geological conditions, slope gradients,
and precipitation data represent the range of possible conditions in the Bavarian Alpine
foothills and other similar parts of Central Europe. The resulting land use coverage and
soil erosion rates were related to land use distributions and calculations provided by the
state offices [39—41] and also, in this case, consistent assumptions resulted.

Project sites Project design

5 catchments

‘ Step 1 - Land use changes

Main landscape units in Bavaria
acc. Ssymank, 1994

[ Donau-lller-Lech Platten
[ Frankische Alp

] Frankisches Keuper-Liasland Step 2 - Erosion model
[7] Mainfrankische Platte 2 catchments in detail
I Neckar- und Tauberland, Gauplatten

"1 Nordliche Kalkalpen

[ Oberpfalzer und Bayerischer Wald

|| Oberpfalzisch-Obermainisches Hugelland

[ Oberrheinisches Tiefland & Rhein-Main-Tiefland
771 Odenwald, Spessart und Stdrhén

71 Osthessisches Bergland, Vogelsberg und Rhén
[T Schwabische Alb

] Schwabisches Keuper-Liasland

[T Schwébisch-Oberbayerische Voralpen
"] Thiringisches-Frankisches Mittelgebirge
[ Unterbay. Hiigelland & Isar-Inn-Schotterplatten
N [ Vogtland
I Voralpines Moor- und Higelland

Figure 1. Overview of the five study sites in different Bavarian landscape units [38] and the general
project design.

2.1. Land Use Changes between the 1960s and 2010s

The basis for the analysis was the digitization of aerial photographs from the 1960s
(aerial surveys by the American allies after World War II from the years 1963 to 1968) and
from the 2010s (2016-2018) in QGIS 2.18 (www.qgis.org, CC BY-SA 3.0) by the project team
(Figures 1 and 2). These were, at the time of this study, the earliest and most recent aerial
photographs available that allowed a distinction of land uses. The landscape changes
observed within those five decades, as well as the changes in the resulting uninterrupted
runoff paths on arable land, were evaluated (for details, see Section 2.2). The land use was
digitized for both time steps and assigned to land use categories such as forestry, agriculture
subdivided into grassland and arable land or not assignable, settlements, roads, and paths,
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as well as to “green” landscape elements, e.g., hedges. Moreover, the quality of the
orthophotos allowed differentiation of the farm tracks and roads in terms of their sealing.

photo Land use Flow paths A
N
[ agriculture undefined
[ arable land
B meadows/grassland
[ grass verge
[ copse
[ roadside grass verge
[ forest

[ roads (sealed/asphalted)
[ unsealed path
[ undefined

= flow path
= flow path on arable land

0 100 200 300 400 500 m
I TN .

Figure 2. Illustration of the method to digitalize aerial photos of different time steps and calculate the
length of uninterrupted runoff path lengths on arable land.

2.2. Development of Parcel Structures and Flow Paths on Arable Land

In addition to land use, the shaping of the parcels in terms of geometry was also
evaluated (e.g., area, longest extension). A parcel in this context means an area occupied
by the same land use, more precisely by the same crop for arable land. This is intended
to show how the so-called land consolidation procedures have affected the landscape
structure in the last decades. The runoff paths were calculated using the digital elevation
model (1 x 1 m grid) and the r.flow tool (available in QGIS 2.18). The initiation of sur-
face runoff was visually validated in the orthophotos via detectable erosion phenomena
(e.g., erosion rills) (Figure 2). The result was intersected with the arable land polygons of
the two time steps.

2.3. Effects of Structural Landscape Alterations and Climatic Changes on Soil Erosion

In the second step (Figure 1), erosion rates were calculated on the basis of the Revised
Universal Soil Loss Equation (RUSLE [24-27]). The result of the RUSLE is a long-term
mean soil loss in tons per hectare and year (A, t ha~! a=!). The formula reads as follows:

A=RxKxCx(LS)xP @

where the calculation is based on the rainfall-runoff erosivity factor (R) (M] mm ha=! h=! yr~1),
the soil erodibility factor (K) (th MJ~ 1 mm~1), the cover management factor (C), the slope
length factor (L), the slope gradient factor (S), and the erosion control practice factor (P).
The factors L, S, C, and P are dimensionless.

The input parameters of the RUSLE are determined by the geomorphological condi-
tions, soil composition, and cultivation, and must be determined individually.

For the R-factor, official data from the erosion atlas of Bavaria [42] were available and
are presented in Table 1. Generally, precipitation erosivity is assumed to be constant over
longer periods of time. The factor, however, has increased considerably between the time
steps throughout Germany (+42% to +67% in the project catchments). According to the
Bavarian State Research Center for Agriculture, these adaptions were necessary due to
manifest alterations in the course of the climate change [9,42].
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Table 1. Change in precipitation erosivity (MJ mm ha—! h~! a~') in this study’s areas (according to [42]).

1960 2010 Increase
Otterbach Himmelmiihlbach 65 100 55%
Ascha Hornmiihlbach 70 95 36%
Schwarzach Kadenzhofen 60 100 67%
Grofse Vils Moosbach 75 110 47%
Zenn Wimmelbach 50 80 60%

Furthermore, the Erosion Atlas of Bavaria [42] provides the soil erodibility (K) in the
catchment areas.

With regard to cultivation, representative crop rotations and erosion protection mea-
sures on site, e.g., intercropping, the cultivation factor (C) can be determined via the LfL
website: ABAG interaktiv [43]. The factor was calculated individually for the specific
questions and scenarios shown below (see also Table 2).

Table 2. Assumptions for the C-factor calculation of the four scenarios and the values for the other
factors of the RUSLE.

Scenarios for the C-Factor 1960 2010 2020+ 2020++
Cultivation system po;gtgt_i%;am maize—grain rotation (also mixture of row crops)
Soil cover during winter before row crop/potatoes no no yes yes
Intercropping no no yes yes
Tillage before row crop/potatoes yes yes yes no-tillage
Potato dam plantation spring - - -
Seed conditioning before row crop - areal areal areal
Tillage /Ploughing before grain yes - - -
Soil cover with straw or intercrop cover after sowing row crop - <5% <10% <10%
Share of row crop 25% 75% 75% 50%
Resulting management factor (C-factor) 0.14 0.43 0.34 0.16
Other factors of the RUSLE
R Moosbach (M] mm ha=! h=! year—') [42] 75 106 106 106
R Hornmithlbach (MJ mm ha=' h~! year™1) [42] 70 107 107 107
K Moosbach [42] 04 04 04 04
K Hornmiihlbach [42] 0.25 0.25 0.25 0.25
LS factor individual cell value
P-factor 1 1 1 1

The slope length (L) and slope gradient (S) result from the topography of the catchment
area. Using the formula of Moore and Wilson (1992) [44], the summarized LS factor can
be calculated for each 1 m X 1 m cell from the digital terrain model. The formula for

calculating the LS factor is:
[ As \"[sin(0)\"
L5= <22.13) (0.0896 @)

where A is the runoff accumulation (m), 0 is the slope gradient (rad), and m (0.4-0.56) and
n (1.2-1.3) are the exponents.

The erosion protection factor (P) was set to 1.0, and thus all simulations were cal-
culated without specific erosion protection measures (e.g., terracing) that go beyond the
management factors included in the C-factor.

First, a generalized approach was used to illustrate the background differences be-
tween the individual project areas and the climatic changes. For this, the effects of changes
in landscape structures on soil loss, considering the altered rain erosivity in recent decades
due to climate change [42] (see Table 1), were exemplified by means of a generalized and
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representative maize field in conventional cultivation on a 5° sloping surface (8.8%). The
value was used because areas with such a slope are often still cultivated with row crops
without further erosion control measures. To ensure comparability, the C-factor (cover and
cultivation) and the P-factor (soil protection)—those that are normally influenced by the
farmer’s work—were assigned the same value for all catchments. Thus, only the climatic
changes and the landscape structure changes are reflected in the calculations, at constant
cultivation. The climatic and geological conditions were adapted to the five project areas
(according to the official Bavarian datasets [42]), and the change between the two time steps
due to the change in runoff length/effective slope length was calculated from the data.

In a further step, the RUSLE model was applied to the whole area of two catchments,
the Hornmiihlbach and the Moosbach. The required input parameters for both time steps
were derived from actual land use and topography (LS-factor) or taken from provided maps
(R-factor, K-factor) and finally combined as raster-based spatial information in QGIS and
calculated individually for each cell using the raster calculator (Figure 3). Four scenarios
were developed for the C-factor (cover and management factor) in order to reflect the
changes in land use (Table 2). While the first two scenarios aim at depicting the conditions
in the 1960s and 2010s realistically, the 2020+ and 2020++ scenarios predict the effects of
erosion control measures of varying effectiveness on the fields. The 2020+ scenario includes
measures that are relatively often used nowadays, such as intercropping (cultivation
of plants that maintain and strengthen soil fertility between actual crops when the soil
would otherwise be without cover) and undersowing (cultivation of plants that maintain
and strengthen soil fertility below maize and other row crops), with proportions of row
crops remaining high. The 2020++ scenario considers far-reaching changes in agricultural
management, such as no-tillage or a significant reduction in row crops, such as maize. The
resulting C-factors were calculated by means of the tool provided by the Bavarian Regional
Office for Agriculture [43] (see Table 2).

precipitation erosivity (R)

Source: erosion atlas of Bavaria
Spatial resolution: one regionally adjusted value
Temporal resolution: two timesteps

soil erodibility factor (K)

Source: erosion atlas of Bavaria <,
Spatial resolution: one regionally adjusted value
Temporal resolution: -

cultivation factor (C)

Source: calculated for scenarios acc. official method

Spatial resolution: one adjusted value |0ng-tefm mean soil loss (A)

Temporal resolution: four different scenarios X
" Source: calculated by means of raster calculation

. Spatial resolution: individually for each cell
slope length and gradient factor (LS) Temporal resolution: four different scenarios

Source: calculation from DEM
Spatial resolution: individually for each cell
Temporal resolution: -

erosion protection factor (P)

Source: -
Spatial resolution: uniformly set to 1
Temporal resolution: - —

Figure 3. Calculation scheme for the raster-based erosion modeling (* multiplication).
3. Results
3.1. Land Use Changes between the 1960s and 2010s

In all investigated areas (n = 5), there was a slight overall decrease in the share of
agricultural land from 57.8% to 54.7% (Table 3). Within the agricultural areas, however,
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the share of grassland dropped markedly from 49.4% to 34.9%, whereas the shares of
arable land increased by two-thirds. The majority of the remaining total area is related to
forests, which show a slight increase, and anthropogenically sealed land (infrastructure
and settlements). Settlement areas, in particular, more than doubled (from 1.0% to 2.1%).
For infrastructure, sealing also increased clearly, as many farm roads had been asphalted.
While in the past, about half of the paths and roads were unsealed farm tracks, such tracks
account for only about one-third of today’s infrastructure network. On the whole, the total
area of sealed surfaces doubled across all five catchments.

Table 3. Change in the land use shares for all five project sites.

Share of Total Area 1960s 2010s

Agriculture 57.8% 54.7%
of which is arable land 40.9% 65.1%

of which is grassland 49.4% 34.9%

of which is other agricultural land 9.7% 0.0%
Forestry 35.3% 36.9%
Sealed areas 1.9% 3.5%
Settlement area 1.0% 2.1%
Infrastructure 1.8% 2.0%

of which are asphalted roads 50.8% 68.0%

of which are farm tracks 49.2% 32.0%
Structural elements 3.5% 3.7%
of which are roadside areas 16.9% 27.8%

3.2. Development of Parcel Structures and Flow Paths on Arable Land

Apart from the proportion of land use in the catchment areas, the structure of agricul-
tural land has also changed over the past 50 to 60 years. The following parameters showed
a clear alteration (percentages related to the median values from the two time steps across
all five areas):

e The median length of the fields increased by more than one-third (+35%). Figure 3
shows this increase in the median from 109 m in the 1960s to 147 m in the 2010s. The
maximum (without outliers) was 280 m in the 1960s and increased to 404 m within
five decades. The median field length decreased slightly from 108 m to 98 m in the
Hornmiihlbach catchment, with maximum values having increased all the same.

e  Regarding the total area of the single fields, there was almost a fourfold increase
(+370% related to the median) (see Figure 4). The median of the total area for all catch-
ments increased from 0.43 ha in the 1960s to 2.01 ha in the current period. Similarly,
the interquartile range (the middle 50% of values) increased from 0.22 ha to 0.83 ha in
the 1960s to 0.98 ha to 3.37 ha in the 2010s.

e  The median length of uninterrupted runoff paths on arable land shown in Figure 4
increased from 34 m to 58 m over the past 60 years. (+70%). The longest uninterrupted
runoff path on arable land was found in the catchment area of the Moosbach. In
1968, it was 378 m long and extended to a current length of 515 m. What is more, the
maximum values have experienced major increases as well.
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Figure 4. Development of field length, field size, and length of uninterrupted flow paths on arable
land between the two time steps.

3.3. Effects of Structural Landscape Alterations and Climatic Changes on Soil Erosion

Depending on the underlying geological and hydrological conditions, different erosion
rates for a respective generalized maize field were predicted in each of the five catchments.
Figure 5 shows the relationship between slope lengths (in this case the runoff paths on
arable land) and soil erosion on each standardized maize field. As the slope (S), the cover
and cultivation factor (C), and the soil protection factor (P) were assumed to be identical in
all catchments, the differences in the 1960s time step values in Figure 5 are driven by the
local soil erodibility factor (K), the differences in the rainfall factor (R), and the runoff path
length at that time. The mean erosion rates over catchments in that scenario range from
1.11 to 4.88 t ha—'a~!. The increase in the erosion rate is determined by the lengthening of
the flow paths, and thus the changed LS factor led to values from 3.45 to 7.18 t ha—la=! for
the 2010s time step. Depending on the catchment area, this results in an increase by a factor
of 1.33 to 3.12. The additional adjustment of the R-factor [9,42], which was necessary
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[ =
o = N

O B N W b~ U1 O N 00 ©

due to the climatic changes, accounts for a further significant increase in erosion rates,
resulting in mean catchment values from 5.75 to 10.15 t ha~!a~!. Overall, this resulted in
increases between the two time steps by factors between 2.06 and 5.20, with the latter value
standing out. On average, there was a threefold increase (3.18) in mean soil erosion in the
five catchments for the maize field outlined.

----Himmelmihlbach
Hornmiihlbach

- - Kadenzhofen

---Moosbach

—Wimmelbach

O Median 1960s

+ Median 2010s - changes just by
the altered LS-factor

& Median 2010s - including the
changes of the R-factor
(precipitation)

20

40 60 80 100
Flow paths on arable land [m]

Figure 5. Development of the mean annual soil loss between the 1960s and the 2010s on a standardized
maize field with a 5° slope in the five catchments.

Due to their underlying geogenic and climatic conditions, the Moosbach and Him-
melmiihlbach catchments showed the highest erosion rates. But even in areas where very
low values were calculated for the 1960s, considerable rates of increase occurred due to
the extension of the runoff paths due to a change in the parcel structure. The maps in
Figure 6 show the results of the areal erosion modeling for the different time steps in
the Hornmiihlbach and Moosbach catchments. The first two pictures in each row show
the situation in the 1960s and in the 2010s. The following maps (2020+ and 2020++) are
forecasts for different erosion-reducing soil management scenarios (see Table 2). In the
1960s, the calculated mean long-term soil loss exceeded 20 t ha—'a~! only very locally.
In the current situation with conventional management and a high proportion of maize
cultivation, erosion values of even more than 40 t ha—'a—! were calculated. The same is
true for the 2020+ scenario where erosion control measures, like soil cover by greening,
etc., are assumed. Slight improvements can be observed when such mitigation measures
are implemented, but they are not sufficient to push erosion rates below 20 t ha='a=! on
a large scale. Only very ambitious changes in management or crop rotations (2020++) can
reduce soil erosion almost to the rates observed in the 1960s.

In order to quantify the proportion of land required for erosion control measures, the
results of the erosion modeling are depicted as a cumulative line of land use in Figure 7.
The vertical axis shows the share of total erosion and the horizontal axis shows the share
of arable land where erosion occurs. The two functions represent the respective results of
the two catchments and reflect their different characteristics such as use, management, or
topography. The slope in the diagram represents the erosion per unit area. The yellow-
orange-red marked area shows the proportion of land that exceeds soil erosion values of 20,
35, and 50 t ha—'a~!, respectively. Areas with increased erosion values only take up about
22% of the arable land but cause 60% to 80% of the erosion in the two model catchments,
depending on the respective underlying conditions.
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Figure 6. Modeled mean annual soil loss in the two catchments (top row: Hornmtihlbach, bottom
row: Moosbach) according to the four defined scenarios: (a) 1960s scenario (b), current situation (c),
2020+ scenario (d), 2020++ scenario.
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Figure 7. Cumulative curve of mean annual soil erosion by area.
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4. Discussion
4.1. Land Use Changes between the 1960s and 2010s

Soil erosion has always been linked with human development and the associated
changes in land use. In Central Europe, this process started with the onset of the Neolithic
period at around 7500 BC [1,2]. Since then, phases of increases and decreases in soil erosion
alternated but had an apparent and steady overall upward trend. Individual peaks in soil
erosion were observed in rain-intensive phases, especially in the first half of the 14th and
in the mid-18th to the early 19th centuries [1,45]. The success or failure of human cultures
has always been linked to a certain extent to the preservation of soil fertility. Therefore,
soil erosion is considered one of the great challenges for mankind [7,46,47]. The already
implemented adaptions of the R-factor [9,42] (Austria: project ErosAT) [48,49] and request
for further changes [50] show that once more, an epoch with increased precipitation events
has begun [9]. Together with structural changes (above all the length of runoff paths on
fields), these changes clearly dominate soil erosion [37,51]. The present study shows that
the changes in land use in the Bavarian foothills were not so much a matter of shifts between
the main land use categories (agriculture, forestry, settlement, etc.) but rather a matter of
intensification within those classes with consequences on erosion processes and thus fine
sediment supply to downstream brooks and rivers. Arable land has replaced grassland
in some areas, forest management has intensified, and sealed surfaces have increased
considerably. These developments can vary greatly from region to region [51]. For example,
they have resulted in an increase in field size and the L-factor, whilst the percentage of
arable land decreased in the Belgian loam belt due to a shift to more pastures and woodland
in steeper areas. In other regions, arable land decreased as well due to forestation along
the Iron Curtain, e.g., at the MalSe River on the Austrian—Czech border [52]. However,
developments similar to those considered in the present project area can be assumed for
the entire intensively farmed region north of the Alpine arc in Bavaria, Upper Austria, and
Lower Austria (see also [49,53]).

4.2. Development of Parcel Structures and Flow Paths on Arable Land

The summarizing maps of the two catchments of detailed investigations (Figure 8)
predicted that the increase and structural change in arable land occurred especially at the
starting points of the runoff paths, thus extending the continuous runoff paths onto arable
land. This might correspond with the underlying conditions that lead to different valley
and slope formations, depending on the geomorphological development. In the small
catchments, there is no plain valley, but agricultural use takes place in the slopes between
the watercourse and the forested in the steep uppermost catchments. Technical progress
in forestry and agriculture enabled and simplified the cultivation of larger parcels and
areas that were previously more difficult to cultivate [54]. Moreover, the number of farms
has decreased drastically while the surface area of arable land in total has not changed
substantially [55]. Today, management is often carried out through leasing contracts,
especially in connection with the expansion of biogas plants and the associated increase
in maize cultivation. On leased agricultural land, tenants tend to focus on economic
optimization, whereas long-term conservation of the soil is mostly pursued on owned
property. This is a long-known phenomenon [56,57] that has become increasingly apparent
in Bavaria due to the biogas boom and the change in agriculture in general. The large
demand for biogas feed has—together with other requirements—changed the composition
of the cultivated crops [58]. While maize fields occupied 56,000 hectares across Germany in
1960, 2.57 million hectares were used for maize production in 2014 [59].



Water 2024, 16, 417

12 of 17

™71 Catchment

[ Arable land

= Runoff paths

—— Runoff paths on arable land

(a)

T Catchment

[ Arable land

== Runoff paths

—— Runoff paths on arable land

(b) (c) (d)

Figure 8. Summarized development of field sizes and runoff paths: (a) Hornmiihlbach 1963 (b),
Hornmiihlbach 2017 (c), Moosbach 1968 (d), Moosbach 2018.

Three major developments, (i) climate change, (ii) lengthening of arable fields, and
(iif) cultivation of crops susceptible to erosion, resulted in a clearly depicted increase in
soil loss when comparing the two time steps in the presented study. Such changes also
have a major impact on connectivity, as there are hardly any more interruptions, field
margins, and crop changes along the runoff paths. In contrast to the biological connectivity
in rivers, the increased connectivity of fine sediment transport routes can be seen negatively
for the entire environmental status of brooks and rivers. Additionally, many new, well-
maintained drainage routes were added with the expansion of sealed roads [33]. Enhanced
connectivity is one of the main drivers of increased erosion rates and at the same time
causes higher delivery ratios into the watercourses [2,37,60].

4.3. Effects of Structural Landscape Alterations and Climatic Changes on Soil Erosion

Like all models, the universal soil loss equation is a theoretical assumption of natural
processes. Thus, calculated tonnes per hectare and year must be interpreted with all the
uncertainties resulting from the limitations of the RUSLE [24,27]. First, the derivation of the
individual factors must be discussed. In the present case, most of them were taken from
public agencies or calculated by GIS tools. On the one hand, this seems valid, but on the
other hand, it certainly ignores small-scale differences, e.g., caused by innovative farmers.
Regarding the C-factor, the values for the current scenario can be regarded as a realistic
worst-case scenario, as high proportions of row crops are found in many regions in Central
Europe these days, especially due to the boom of biogas plants [41,58].

Additionally, various hydraulic processes (e.g., infiltration) are disregarded in the
RUSLE; there is no simulation of the deposition of the material in the landscape, and
the input parameters are based on comparatively general assumptions in the first place.
Nevertheless, it is still a widely used model to approach the topic of soil erosion with
a manageable set of parameters that enables the identification of areas that should be
protected from erosion [25,42]. Results of 50 t ha=! a~! erosion from a specific area do not
necessarily mean this amount is actually eroded or transported into a nearby watercourse,
but such areas are at least to be considered hotspots where very high erosion rates are
very likely to occur. Further limitations of the model are its focus on a long-term average
and that it was not developed to quantify the total sediment loss of a catchment or that
it can be used for short-term heavy precipitation events, which increased due to climate
change [48,61], whereby there are large regional differences in the R-factor [62] and its
developments. A total sum at the catchment level is not permissible [63,64].
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Especially in areas where higher erosion rates are caused by climatical and geological
processes, considerable additional inputs are to be expected due to increased runoff path
lengths [65]. Moreover, the structural changes alone, especially the lengthening of the runoff
paths and the adjustment of the R-factor due to climate change, have increased erosion
on the standardized maize fields by a factor of 3 to 5, according to the presented study.
Without addressing the climatic alterations, especially the structural changes, all decisions
made by farmers, such as the choice of crop types, erosion control measures, machining
direction, etc., only have the potential for a limited range of improvement. The period
of the agricultural subsidy program valid since 2023 includes measures to this aim. The
framework for this is set at the EU level and the details are set at the state level. For
Austria [53], we have presented a detailed study about the effectiveness of the different
soil-conserving measures.

Generally, the results of the presented study show that in some areas even with
a complete shift in agriculture towards soil-conserving farming methods and a restriction
of erosion-promoting crops, the average long-term soil erosion in many areas cannot be
reduced to the status of the 1960s. As cultivated areas have grown significantly since then,
there are still isolated erosion hotspots with values above 40 t ha~!a~! that cannot be
mitigated. In these local hotspot areas, no cropping, or at least the consistent subdivision
of the slope length, buffer strips, terracing [66], or check dams, would likely be the best
solution in terms of preventing soil erosion. How much of the eroded soil actually reaches
the water bodies cannot be estimated with the calculations carried out [63]. However, since
connectivity has increased clearly, a very large proportion can be assumed.

In order to mitigate the problem of increasing soil erosion, especially under the im-
pact of the changed land structures and the accelerating climate change, more improved
measures than those currently applied are needed [47]. Approaches like greening, under-
sowing, or the like show only limited improvements [67]. Thus, it is expected that the
highest reductions can be achieved if long runoff paths are interrupted again and if hotspot
areas are taken out of intensive use [58]. Grassed waterways [68,69], sedimentation areas,
like retention ponds, and buffer strips in roadside ditches are also effective options [67].
In order to achieve as many positive effects as possible, measures ought to be realized
individually at well-suited spots in relatively small catchments [37]. Measures that are not
applied precisely or in the wrong place—for example, buffer strips along the main water-
course when it is the tributaries that carry the influxes—often do not fulfill the initial aim
of the measure [67,70]. What could be shown in this regard is that even with comparatively
simple tools, including uncertainties in the consideration of all relevant processes, hotspot
areas can be effectively identified.

The identification and implementation of measures on such sites are also of enormous
importance for the achievement of good ecological status of water bodies, as washed-off fine
particles, as well as nutrients and pollutants associated with them, are seen as driving fac-
tors in most multi-stressed river ecosystems in Central Europe [21,22]. All biological quality
elements mentioned in the Water Framework Guidelines are affected by human increased
fine sediment loads. In the case of fish, gravel-spawning fish species are particularly
suitable for depicting the effects [12,13,71]; disadvantages in the evaluation of fish fauna
result from the high mobility of the animals and many other influencing variables. The
phytobenthos is very well suited to represent the nutrient alterations associated with the
influxes [72,73]. But, benthic invertebrates are the most informative with respect to imme-
diate sediment conditions [16,17,74,75]. It is, therefore, strongly recommended, especially
with regard to measurement evaluation and adaptation, that the two fields of agricultural
erosion prevention and aquatic ecology be brought much closer together. Boundaries of
responsibility, separation of authorities, and very distant areas of expertise often stand
in the way of this. Clearly, more integrative approaches need to be found here, both in
practice and in science.
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5. Conclusions

The results presented in this study show that there has been a significant acceleration of
soil erosion over the last 50-60 years in Central Europe. Structural changes in the landscape
due to so-called land consolidation processes have a major influence on predicted soil
erosion. Of particular note in this regard is (i) the increase in the size of the fields and
(ii) the resulting lengthening of uninterrupted flow paths on arable land. In addition,
however, (iii) the climate crisis is already showing a clear increase in erosion rates due to
altered precipitation erosivity. Preserving soil as a valuable resource in such a way that it
will be able to feed future societies is one of the great challenges of the coming years. The
same applies to the preservation and restoration of ecologically functional water bodies.
A reduction in erosive inputs and generally a near-natural sediment balance will be of great
importance for the ecological resilience of streams, rivers, and stagnant waters. Since this
study clearly showed that the options for erosion control measures on the fields are severely
limited due to structural and climatic challenges, it is clear that only a strong set of measures
implemented from the field to the water bodies can reduce the problems. A combination of
measures in the catchment area (e.g., erosion prevention, water retention, a reduction in
influences from urban areas) and ecological improvement measures in the watercourses
(e.g., structuring, near-natural connection to the surrounding area, functioning floodplains)
is required to achieve a good ecological status in water bodies. In order to achieve an effect,
the spatially targeted and integrated implementation of measures is of crucial importance.
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