
Science of the Total Environment 659 (2019) 1526–1536

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Land use change in an agricultural landscape causing degradation of soil
based ecosystem services
Mike Baude a,⁎, Burghard C. Meyer a, Marcus Schindewolf b

a Department of Geography, University of Leipzig, Johannisallee 19a, 04103 Leipzig, Germany
b Department of Plant Production, Thuringian State Institute of Agriculture, Naumburger Str. 98, 07743 Jena, Germany
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Land use changes are highly dynamic in
changes of landscape structure and
influencing the ecosystem services pro-
vision

• Crop yield production increased from
1900by around 100 % and has stagnated
since 2000

• Species richness and distribution in-
creased until 1850 and has decreased
strongly until today

• Degradation of natural soil production
capacity at around 60 % of agricultural
land

• Erosion hazard risk is modeled for 25 %
of arable lands as very high and amount
about 30 t/ha per simulated rainfall
event
⁎ Corresponding author.
E-mail address: mike.baude@gmx.de (M. Baude).

https://doi.org/10.1016/j.scitotenv.2018.12.455
0048-9697/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 13 May 2018
Received in revised form 28 December 2018
Accepted 29 December 2018
Available online 2 January 2019

Editor: Jay Gan
Landscape structure and ecosystem service (ES) provision in Central Europe have changed fundamentally and
some ES have been irreversibly degraded over the last 250 years. The land use change analysis of a typical agri-
cultural landscape near Leipzig (Germany) uses digitized historical GIS-data, serial cadastral maps and docu-
ments in time steps 1750, 1850, 1950 and 2005. Arable land area increased from 73.4% (1750) to 87.2% (2005)
and grasslanddecreased from22.1% to 4.2%. ES provision change analysis has resulted e.g. in a significant increase
of winter wheat production comparing the decades 1990–1999 to 2000–2009.
However, natural soil production capacity has degraded based on the interpretation of historical soil assessment
maps (1864, 1937) and the actual erosion risk hazard has increased strongly in the same period. Caused by the
Prussian agricultural revolution between 1750 and 1850 a high biodiversity level is found, followed by a slight
decrease during the industrialization in the second half of the 19th century. By industrialized production and col-
lectivization since 1960 devastation of vegetation structures has brought habitat degradation and a dramatic bio-
diversity loss. Driving forces analysis shows that significant drivers of land use and ES changes since 1750 are
socioeconomic, political and technical drivers. It clarifies the impact of landscape changes by Prussian agrarian
reforms, industrialization, technical and land management innovations, Kolkhoz system and Common Agricul-
tural Policy on ES degradation based on the indicators crop production, natural soil production capacity, soil deg-
radation caused by erosion hazards and biodiversity.
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1. Introduction

The ecosystem service provision of landscapes is often modified by
land use type, production system and the land use intensity. Ecosystem
services are defined byMillennium EcosystemAssessment as goods and
services provided by nature to satisfy essential human needs (MEA,
2005). Ecosystem services are typified as provisioning, regulating and
cultural services. In this studywe analyze primarily soil dependent eco-
system services in intensively used agricultural landscapes by the crop
production (a provisioning service), the natural soil production capacity
(a proxy of a provisioning service), erosion hazard (a proxy of a regulat-
ing service), and biodiversity (a proxy for a cultural service). The study
focuses in regard to the data availability on soil dependent ecosystem
services in a time period longer than 250 years. In the last three centu-
ries land use changes may have positively, none or negatively influ-
enced the capability of landscape to provide ecosystem services and
landscape functions by changing the geo-factors, the landscape struc-
ture, and the landscape elements and the interrelated processes.

Intensified since the 1960s and not known before in history, land use
change by augmented application of substances and technologies has
resulted in fast changes in landscape structure, landscape functions
and in the provision in amount and quality of the ecosystem services
(Antrop, 2005; Bastian and Bernhardt, 1993; Dıáz et al., 2015; Foley
et al., 2005; MEA, 2005). A land use change e.g. from pasture to arable
land, leads as well to new landscape structures (e.g. hedgerows,
paths) and in a modified (changed, degraded, decreased, neutral or in-
creased) capability of a site/landscape to perform ecosystem services
(Jongman, 2002). It causes changes in factors and processes including
their interrelationships (Verburg et al., 2013). Agricultural landscapes
in Central Europe and their systems behavior is well investigated due
to their (cultural) landscape structure and their landscape functions.
However, the landscapes are less investigated in respect to their perfor-
mance of ecosystem services (Mücher et al., 2010). In the last 250 years
in Central Europemain land use changes in intensively used agricultural
landscapes show the significant increase of arable land by a simulta-
neous decrease of grassland, forest and abandoned land (Baude and
Meyer, 2012). The same authors describe in detail the increase of arable
land plot sizes and the decline in length of linear landscape elements
like pathways and hedgerows.

Driving forces are the sum of influencing external factors of land-
scape development including the progress of landscape dynamics
(Bürgi et al., 2004). The key driving forces of a changing landscape
since 1800 in Central Europe are socioeconomic, political and techno-
logical caused by global agricultural activities (Ramankutty et al.,
2008). A societal or technological change as well as a major natural di-
saster or impact may have been the causal driving force inducing new
(intensified or reduced) processes. A change in landscape structure
may modify the functionality and the ecosystem services performance
– in other words: a land use change may lead to the risk of degradation
of the nature use potentials (Haase and Richter, 1980).

The landscape structure (sizes, shapes, mix and distribution of land
parcels and linear infrastructures) and the landscape functions as the
proxies of the capacity or potential of landscapes to provide ecosystem
services have been modified multiple times by agriculture for around
7500 years. Landscape dynamics are defined as the changes of land-
scape structures and functions and ecosystem services caused by “driv-
ing forces”.

Since 1850 changes in habitat qualities have been a cause for biodi-
versity decrease (Baessler and Klotz, 2006). Furthermore, other ecosys-
tem services and landscape functions e.g. regulation functions
(groundwater formation and erosion regulation) have been degraded
by landscape and climate changes of multifunctional origin (Degórska,
2002; Harvey et al., 2014; Ladányi et al., 2015; Lorencová et al., 2013;
Meyer and Rannow, 2013; Mezősi et al., 2016).

Landscape degradation is an irreversible or non-resilient system
change of a landscape, causing effects on the landscape systems
components (their geo-factors, land use and interlinkages) when
changing natural and cultural capacities in structure, processes, land-
scape functions (productive, ecological and social) and ecosystem ser-
vices significantly negative (Mezösi et al., 2013; Meyer et al., 2017).

Caused by mono-functional production and resulting loss of natural
and cultural diversity, onemajor effect has been the landscapes homog-
enization (Jongman, 2002). Furthermore, landscape resilience – the ca-
pacity of landscapes to retain similar structures and functioning after
the changing of external factors or after natural hazards – is seen as an
important goal in science, policy and planning to reach sustainability.
A hold of the decline of theses capacities caused by degradation in the
performance of ecosystem services and landscape functions as well as
the goal to develop climate change resilient production systems is in-
tensively discussed in diverse studies (Darradi et al., 2012; Folke,
2006; Heijman et al., 2007; Liu et al., 2007).

In this study we analyze long-term land use change and landscape
structure change dynamics on crop production, natural soil production
capacity, erosion hazard as a measure of erosion regulation and biodi-
versity in an agricultural landscape north of Leipzig (Germany). The
analysis is based on the time period around the last 250 years and is
supported through the use of modern soil maps, soil inventories, cadas-
tral maps (that shows boundaries of land parcels, ownerships, the value
of parcels and productivity details on ownership allotment level), his-
torical maps and land registers, as well as by driving forces analytics
about the important trends influencing the provision of ecosystem ser-
vices. Land use changes have been discussed in regard to socioeco-
nomic, political and cultural causing factors.

Onemajor challenge of this study is the generation of historical map
and document based digital data for quantitative model analysis. There
are strong data gaps in availability and quality for several criteria/factors
analyzed. The study is facing the fact that it is essential to describe gen-
eral developments by historical time steps based on findings of compar-
ative studies and literature. The documentation of historical landscape
structures and ecosystem services capacities and the comparison with
recent situations are important for the thresholds generation to clarify
system level changes.

2. Materials and methods

Long-term land use change through the reconstruction of four time
steps 1750, 1850, 1950 and 2005 have been analyzed on a local scale
(Table 1). Driving forces have been discussed regarding their impact
on land use and ecosystem service changes and degradation. Ecosystem
services and degradation analysis are focused on changes of crop pro-
duction, natural soil production capacity and biodiversity. Spatial ex-
plicit analysis of ecosystem services has been applied only for the
natural soil production capacity and erosion hazard. In case of data not
being available in one of the four time steps, general changes,
interpreted data by use of comparative analyses and literature have
been employed (Table 2).

2.1. Study area

The study landscape (area size of 2639 ha) is located in the munici-
pality Jesewitz (N 51.422614/E 12.564669) to the north of the City of
Leipzig in Saxony/Germany (Fig. 1) and is characterized by precipita-
tions in a range of 550–600 mm/a and an average yearly temperature
of 8,5 °C (Mannsfeld and Richter, 1995). Lessivé and brown soils of me-
dium suitability for biomass production are heterogeneously dispersed
in the area formed by the Saale glaciations (Meyer, 1997). The study
area choice is based for this analysis as part of a larger andmore detailed
investigated research and modeling study area and its data availability
(e.g. German Soil Inventory, aerial photographs). Furthermore, based
on an earlier study, the availability of historical maps and documents
(serial cadastral maps and registers) was successfully proven (Baude,
2006). The study area is a typical intensively used agricultural area of



Table 1
Data of the time steps 1750, 1850, 1950 and 2005 by data name, year of publication, scale, data description and sources.

Time
step

Data name Year Scale Description Archive/Source

1750 Atlas Augusteus Saxonicus
1711–1742; Atlas Saxonicus
novus 1752

1711–1742/1752 Historical topographic map with
settlements, road network,
administrative plots and statistical data

Hauptstaatsarchiv Dresden: Makro 00644
Bl. 21/Makro 00614 Bl. XXXI/Makro 00596
Bl. IX/Makro 00598 Bl. XI/Makro 00612
Bl. XXVIII/Makro 00614 Bl. XXXI

Petri, I.: Karte vom
Kurfürstentum Sachsen

1761 cca. 1:33,000
Land use types: arable land, grassland,
forest, bodies of water, settlements,
roads, pathways

Sächsische Landesbibliothek - Staats und
Universitätsbibliothek Dresden: SLUB/KS A16827-A16838

Saxonian mile map Dresden
Edition, sheet 21
Gottscheina and 30 Püchau

1801 1:12,000
Land use types: arable land, grassland,
forest, bodies of water, settlements,
roads, pathways

Hauptstaatsarchiv Dresden: Makro 00021/00030

1850 Separation maps Gotha,
Jesewitz, Bötzen, Weltewitz,
Gordemitz, Pehritzsch
(Wöllmen)

1822–40 1:2500/1:3000 Land use types: arable land, grassland,
forest, bodies of water, settlements,
roads, pathways, etc. on ownership
allotment level

Landesarchiv Wernigerode/Rep. C 20 V Gotha K., Nr. 1;
Nr. 2., Nr. 3; Jesewitz K., Nr. 1; Bötzen, K, Nr. 1; Weltewitz
K., Nr. 1; Gordemitz, K., Nr. 1; Pehritzsch K., Nr. 1, Nr. 2
(Wöllmen)

Urkatasterkarten (Basic
cadastral maps)

1864 1:2500/1:3000

Land use types: arable land, grassland,
forest, bodies of water, settlements,
roads, pathways, etc. on ownership
allotment level

Staatliches Vermessungsamt Torgau

Land register 1864
Numbering, Ownership information,
land use type, class of classification tariff,
tax information etc.

Data Prussian Taxation

Interpretation of historical
soil degradation

1998
Meta data and amounts of soil
degradation (erosion, humus
concentration) on national level

Bork et al., 1998; Dotterweich, 2013

1950 Real estate cadastre 1950 1:2500/1:3000 Land use types: arable land, grassland,
forest, bodies of water, settlements,
roads, pathways, etc. on ownership
allotment level

Staatliches Vermessungsamt Torgau

Aerial photographs,
159/59/111-116

1959 1:12,400 Landscape structure and land use types Militärarchiv Potsdam

Map and Register of
German Soil Inventory

1937
Soil types, soil granulometry, the
geological origin, humus content, soil
number etc.

Meyer, 1997

2005 Automated ownership map
(Automatisiertes
LiegenschaftsKataster; ALK)

2005 1:2500/1:3000 Land use types: arable land, grassland,
forest, bodies of water, settlements,
roads, pathways, etc. on ownership
allotment level

Staatliches Vermessungsamt Torgau

Own investigation 2005

Land use types: arable land, grassland,
forest, bodies of water, settlements,
roads, pathways, etc. on ownership
allotment level

Field mapping and Stakeholder interviews

Data of soil erosions hazard
investigation

2006
Amounts and spatial distribution of soil
loss and deposition in kg/m2 Schindewolf et al., 2012
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Central Europe determined in land use by the Russian style of land
transformation with a continuous agricultural land use history over
more than the last 250 years. From the beginning of the 19th century
significant land use changes have taken place. Therefore, we have
used the time step 1750 as a starting point for the spatial analysis.

2.2. Data

2.2.1. Land use
The analysis of land use changes uses data from multiple historical

maps, historical documents as land registers, as well as serial cadastral
maps drawn since the beginning of the 19th century (Table 1). The re-
construction of the time step 1750 is based on the topographic Petri
maps (1761) and on the Saxonian mile maps in the scale of 1:12,000.
Land use type information is taken from “Atlas Augusteus Saxonicus”
and “Schenk'scher Atlas”. The study area was mapped first by serial ca-
dastral maps by the “Separation Maps” drawn up between 1822 and
1840 in the scale of 1:2500 to 1:3000. The associated land register
holds information about ownership, production capacities, land use
types and field sizes. The basis for the time step 1850 is the cadastral
maps (the “Urkataster” of 1864) also including information about land-
scape elements.

The time step 1950 is also based on the cadastralmaps. Furthermore,
aerial photographs from 1959 are interpreted and a local stakeholder
was interviewed to reconstruct details of former landscape structure
and land use change since 1950. The time step 2005 uses new digital ca-
dastral maps and the land register included in the automated digital
ownership map (ALK-data) and field verification works. In 2015 a
field verification study by the author was carried out and has not
shown significant changes.

With regard to their validity historical maps and documentsmust be
critically checked. The spatial explicit mapping of landscape structural
changes especially for historical times is accompanied with uncer-
tainties concerning scales and contents of the information.

2.2.2. Crop production
Since the 19th century themajor ecosystem service provided by the

landscape analyzed is the crop production. Since 1990 thewinter wheat
crop yield in dt/ha has been used to show the change in crop production
as well as in the last decades (Dietrich, 2016, farm data). Spatial explicit
digital data have been available since 1990. Studies of Bork et al. (1998),
Finck von Finckenstein (1960) and Körschens et al. (1994) have been
used for the interpretation of general changes of the 18th and 19th cen-
tury crop production systems.

2.2.3. Natural soil production capacity
The changing potential of natural soil production capacity is based

on the analysis of soil data referring to the natural soil production



Table 2
Information and studies used for ecosystem services indicator derivation at the time steps 1750, 1850, 1950 and 2005.

Ecosystem
Service
Indicator /Year

1750 1850 1950 2005

Crop
production

Implicit in the authors land use and
landscape structure analysis;
interpretation of comprehensive
studies by Bork et al., 1998

Implicit in the authors land use and
landscape structure analysis;
interpretation of comprehensive
studies by Fink von Finckenstein,
1960

Findings of Körschens et al., 1994;
implicit in the authors land use and
landscape structure analysis

Farm data; crop yield in dt/ha by
Dietrich, 2016

Natural soil
production
capacity

Implicit in the authors land use and
landscape structure analysis;
interpretation of comprehensive
studies by Bork et al., 1998

Classification tariff based on soil
parameters (geology, soil
granulometry, water availability, land
use, crop production) (Prussian
Taxation 1864)

Soil number based on soil parameters
(geological basis, soil granulometry,
development status, groundwater
conditions, land use, crop production)
(German Soil Inventory 1937)

Interpretation of comprehensive
studies by Dotterweich, 2013

Soil
degradation
caused by
erosion
hazard

Implicit in the authors land use and
landscape structure analysis;
interpretation of comprehensive
studies by Bork et al., 1998

Classification tariff based on soil
parameters (geology, soil
granulometry, water availability, land
use, crop production (Prussian
Taxation 1864)

Soil number based on soil parameters
(geological basis, soil granulometry,
development status, groundwater
conditions, land use, crop production)
(German Soil Inventory 1937; by
Meyer, 1997)

Original work; soil parameters
(geological basis, soil granulometry,
development status, infiltration,
runoff generation, land use, soil
morphology) (Schindewolf et al.,
2012); interpretation of
comprehensive studies by
Dotterweich, 2013

Biodiversity Implicit in the authors land use and
landscape structure analysis;
interpretation of comprehensive
studies Bignal & McCracken, 2000;
Butchart et al., 2010; Knapp et al.,
2016

Implicit in the authors land use and
landscape structure analysis;
interpretation of comprehensive
studies by Bignal & McCracken, 2000;
Butchart et al., 2010; Knapp et al.,
2016

Findings from Baessler & Klotz (2006)
to species distribution and total
number of weed species; implicit in
the authors land use and landscape
structure analysis; interpretation of
comprehensive studies by Bignal &
McCracken, 2000; Butchart et al.,
2010; Knapp et al., 2016

Findings by Baessler & Klotz (2006) to
species distribution and total number
of weed species; implicit in the
authors land use and landscape
structure analysis; interpretation of
comprehensive studies by Bignal &
McCracken, 2000; Butchart et al.,
2010; Knapp et al., 2016
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capacity mapped by the Prussian Taxation (1864) and the German Soil
Inventory (1937). The Prussian Taxation gives for each land parcel a
soil classification tariff and ecological characteristics of water, tempera-
ture and vegetation period. The classification provides eight classes of
arable land (class 1 means the highest natural soil production capacity)
to assess the natural soil production capacity. The German Soil Inven-
tory data also gives an assessment of the natural soil production capac-
ity. This is attained by including soil parameters information about the
soil granulometry, the geological basic material and the soil
Fig. 1. Investigation and study area la
development status and a soil quality assessment number used to com-
pare the two soil assessments. For the interpretation of the recent
changes results from the analysis of Dotterweich (2013) about the his-
tory of soil erosion were used.

2.2.4. Soil degradation caused by erosion hazard
Erosion risk interpretation has used the general overview on degra-

dation and landscape dynamics since medieval times from the findings
of Bork et al. (1998), Meyer (1997) and Dotterweich (2013). Landscape
ndscape near Leipzig, Germany.
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erosion risk was analyzed by data of both named soil inventories 1864
and 1937 to interpret the erosion risk for time steps 1850 and 1950.
At time step 2005 rates of soil loss and accumulation were calculated
with the EROSION 3D model.

2.2.5. Biodiversity
We interpret the biodiversity change for time steps 1950 and 2005

using the findings of Baessler and Klotz (2006). Impact data of land
use and landscape structures changes on Floristic inventories of arable
fields weed species (species richness and diversity) were available for
three surveys periods performed in 1957, 1979 and 2000. For earlier
time steps general findings by scientific literature have been used
(Bignal and McCracken, 2000; Butchart et al., 2010; Knapp et al., 2016).

3. Methods of analysis

Land use and soil change on ecosystem services in agricultural land-
scape is analyzed by changes or degradation in land use, driving forces
and ecosystem services and is based on data in landscape structure,
land use types, soil taxation and erosion hazard. The aim is the indica-
tion of changes in the performance of ecosystem services. Our study
therefore focuses on crop production, natural soil production capacity,
soil degradation caused by erosion hazard and biodiversity indicators.
Both land use change analysis and ecosystem service analysis are
based on digital GIS data.

3.1. Land use change analysis

With GIS we reconstruct the landscape structure and the distribu-
tion of the land use types arable land, grassland, forest, bodies of
water, settlement, linear infrastructure and other land uses by land par-
cels in four time steps. Historical cadastral maps for the time step 1850
were scanned, geo-referenced and digitalized. The information of the
land registers was adopted into attribute tables to generate a spatially
explicit data set about the ownership allotments. The information for
the time step 1750 from Petri maps, Saxonian mile maps, “Atlas
Augusteus Saxonicus” and “Atlas Saxonicus novus” was transformed
and georeferenced to vector data from 1850. For the 1950 and 2005
time steps the vector data of the digital governmental cadastral map
of ownership plots of ALK data was used. The data set 2005 was revised
by the author by making a field verification campaign. The data set of
the time step 1950was adapted to the content of cadastral registers. In-
formation has been added by the interpretation of aerial photographs
from the year 1959 and by interviewing a local land owner. The attri-
bute tables contain data about the area digitalized land parcels by land
use types of the four time steps. Descriptive statistic was employed to
calculate the area in ha of the land use types and the percentages of
the land use types in the study area. The cartographic data model in-
cludes the geographic distribution and the borders of aerial and linear
landscape elements. Consequently, we interpreted land use changes in
the time steps by spatial statistics available in GIS (see also the results
and discussion of this article). Historical data sources have been criti-
cally checked regarding their validity. The scale of the data sets, the (his-
toric) cadastral survey technology and the interpretation of content of
historical maps concerning their limited quality or undocumented
data bases are interpreted critically (Bender et al., 2005). The authors
have reconstructed the land use information from the divers' maps
with regard to the aim of using the historical data for a better under-
standing of the changes in landscape structure and ecosystem services.

3.2. Driving forces analysis

To understand land use change during the last 250 years the major
driving forces and their impacts on landscape change and on the avail-
ability and quality of ecosystem services have been analyzed. The driv-
ing forces analysis uses a systematic procedure proposed by Bürgi et al.
(2004). First a study area is defined as well as the study periods and the
temporal data resolution envisaged. Then the subject of the study is
specified by literature holding information about major landscape
structure changes and about the specific time period categorized by
the authors intofive groups of themost important driving forces (socio-
economic, political, technical, natural and cultural) to understandmajor
landscape changes. Finally, the driving forces are interpreted regarding
causal relationships and their impacts on changes of land use types,
landscape structure and ecosystem services.

3.3. Ecosystem services analysis

Ecosystem services analysis is concretizing changes in the four ser-
vices crop production, natural soil production capacity, soil degradation
caused by erosion hazard and biodiversity. The analysis of crop produc-
tion is based on literature research for the historical time steps. Actual
farm data from Jesewitz farm are used to concretize here the actual
crop production.

The degradation of the natural soil production capacity as impact in-
dicator of the agricultural production analysis is based on the two his-
torical soil assessment maps of German Soil Inventory (GSI) and the
Prussian Taxation (PT) digitized by the authors. First, the data set from
the GSI (1937) is summarized into five main groups of soil productivity
(Matz, 1956). Second, the five main groups are compared with the soil
assessment numbers from the GSI. The first main group contains soils
of high soil assessment numbers and a high natural soil production ca-
pacity. The classification tariffs from the PT are compared to the five
main groups according to the level of their taxation class and assigned
to the main group's productivity as well. For more details see Baude
and Meyer (2012).

The soil erosion hazard regulation provided by the landscape is
modeled in our study by rates of soil erosion and accumulation. Soil
loss and deposition data originates from a comprehensive erosion sur-
vey by the German federal state of Saxony (Schmidt, 1991) carried out
using the process based EROSION 3D simulation model (Defersha and
Melesse, 2012; Schmidt, 1992). EROSION 3D is a tool for the estimation
of infiltration, runoff generation, soil loss, deposition and sediment
transfer on different scales. The model was validity proofed in different
environments and case studies (Jetten et al., 1999; Starkloff and Stolte,
2014; Stumpf et al., 2016).

To run the EROSION3Dmodel rainfall, soil, land use andmorphology
input data is required. Land use and soil maps model parameters are
taken from data bases (Michael, 2000; Schindewolf and Schmidt,
2012; Siebert et al., 2011) in 20m grid cell resolution. These mentioned
data bases cover measured runoff and erosion from artificial rainfall
simulations from the most typical soil and land use combinations in
Germany. Further information on model parameterization is provided
by Schindewolf et al. (2012).

To obtain potential losses for one single extreme event, worst case
conditionswere presumed. In this respect the entire arable landwas as-
sumed to be in seedbed conditions after ploughing, resulting in low soil
erosion resistance without any soil surface protection due to the cover
by crop residues. The simulation refers to a statistical 10-years rainfall
event of 22 mm precipitation in 40 min (German Weather Service,
1994). Model input data are land use maps based on the digital basic
land use model (ATKIS-DLM) in 1:25,000 scale, soil maps in a
1:200,000 scale and the digital terrain model (ATKIS-DGM) with a
20 m grid cell size. All this mentioned data is provided by Saxonian
State owned data bases.

Model parameters are derived afterwards as functions of land use
and soil characteristics by applying a data base deducted from a plot
scaled rainfall experiment (Michael, 2000; Schindewolf and Schmidt,
2012; Siebert et al., 2011).

The biodiversity data analyses focus on the species richness and the
diversity by interpretation of floristic inventories of weed species of ar-
able land and the time steps 1959, 1979 and 2000 published by Baessler
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and Klotz (2006). The study refers to a comparable intensive arable land
case study area located near our investigated area influenced in the past
by same driving forces and arable field management practices. Arable
weed species composition and distribution are good indicators of
wider biodiversity in intensively used agricultural areas since weeds
are typical plants adapted to arable land use.

Baessler and Klotz (2006) use a pairwiseWilcoxon-test to test differ-
ences of average species numbers per relevé among all periods. Relevé is
a standard fieldmethod of sampling vegetation classification developed
by Braun-Blanquet (1964). The total species number for each period
was calculated by Baessler and Klotz (2006) by resampling andwas fur-
thermore linked to the average cover of each species over all relevés of
each period. The testing of the differences of the average cover among
periods was done by one-factorial variance analysis (ANOVA) and by
subsequent multiple comparison (Scheffé-test).

4. Results and discussion

In the context of degradation land use change, driving forces and
ecosystem services have been analyzed. The results are interpreted as
human/cultural induced landscape changes and their impacts on eco-
system services. Multiple data sources and methods are combined in
this study to reach the analysis.

4.1. Impacts of driving forces on landscape change

In 1750 arable land covered 1938 ha or 73.4% of the total area. Grass-
land was 582.8 ha or 22.1% of the area respectively (Table 3). The other
land use types were of minor significance by the land use type forest
2.2%, bodies of water and settlements both being 1.1%. The road and
path network was constructed after the medieval period of land coloni-
zation with a length of approximately 34.1 m/ha (Fig. 2).

After the end of the Napoleonic era and theWiener Congress in 1815
the study area became a part of Prussia. Caused by the high costs of the
Napoleonic wars and related economic crisis, Prussia focused on struc-
tural changes by reforming the agricultural management systems in
the period between 1807 and 1850. This reformation resulted in new
land ownership allocations and changed land use distribution (“Separa-
tion”) causing also landscape structure changes in the study area. The
comparison of the time steps 1750 and 1850 shows increasing arable
land percentage from 73.4% to 86.0%. The grassland area decreased
from 22.1% in 1750 to 9.4% in 1850. The land use types forest and settle-
ment increased only slightly, the area of bodies of water decreased
slightly and the land use type “others” remained unchanged. The road
network lengthened from 34.1 m/ha to 35.8 m/ha (Baude and Meyer,
2012). Degórska (2002) found similar changing rates in Central
Poland between 1770 and 1890. The arable land area percentages in-
creased by 37.1% to 65.4% of the total area and the grassland area per-
centages decreased from 19.2% to 12.0%.

Between 1850 and 1950 arable land area increased slightly by 2.1%
and the grassland area decreased still further by around 43%. No signif-
icant change in the percentage of forest and bodies of water was found,
but the settlement area increased by 72%, nevertheless only slight
changes in the road network length can be detected (Baude and
Meyer, 2012). Skaloš (2007) published comparable results of a study
Table 3
Areas and Percentages of main land use types in the time steps 1750, 1850, 1950 and 2005 (Ba

Time step Land use type

Arable Grassland Forest

ha % ha % ha %

1750 1938 73.4 582.8 22.1 60.9 2.2
1850 2270.1 86 249.2 9.4 60.3 2.3
1950 2316.5 88.7 141.4 5.1 70.6 2.7
2005 2297 87.2 110 4.2 70.5 2.7
area in Hungary (Honbice) clarifying a slight increase of arable land
area (89.1 to 90.7% of total area) and a decrease of grassland area (4.7
to 1.9%) between 1839 and 1950.

In 1945 after World War II, Soviet authorities implemented a major
land reform in Eastern Germany, organizing the landscape structure
firstly in multiple small-sized fields managed by new farmers. The
main driving force changing the landscape after 1950 organized by the
German Democratic Republic (GDR) government by adopting the
Russian Kolkhoz system, resulted in a general enlargement of the field
plot size often larger than 100 ha per single field plot. This Kolkhoz sys-
tem did not at all reflect the land use distribution of arable and grass-
lands as developed and cultivated during history. Nevertheless, the
comparison of the 1950 and 2005 results shows a nearly unchanged
percentage of arable land but a decrease in the grassland area by 22%.
The road network was strongly shortened from 36.4 m/ha to
28.7 m/ha. Thus, the political (landmanagement) program of ‘collectiv-
ization’ in the 1950s met the needs of the intensification of agriculture
by changing the landscape structure into a homogeneous landscape
structure based on very large-sized fields and accompanied by the de-
struction of former linear road infrastructure (Baude and Meyer,
2012). Later in the same time period multiple new hedgerows were
planted to reduce catastrophic wind erosion calamities envisaged in
the study area after the field size enlargements (Grabaum et al., 1999;
Meyer, 1997).

The land use changes between 1750 and 2005 analyzed for the study
area are interpreted as typical land development of intensively used ag-
ricultural areas in the former East European countrieswith regard to the
Russian Kolkhoz system since 1950 (Jepsen et al., 2015).

Since 1990 the area used for agriculture has become smaller, primar-
ily due to the urban sprawl of Leipzig. Thus, the settlement area has in-
creased from 55.2 ha to 106.4 ha, and the percentage of forest and
bodies of water has remained the same (Baude and Meyer, 2012).

Current main driving forces steering the landscape change are, for
example, European Union norms and regulations by the Common Agri-
cultural Policy (CAP), theHabitats Directive, theNATURA2000 network,
the EUWater framework Directive or the regulation of impact compen-
sation all influencing the land use distribution and the crop systems
management directly or indirectly. Furthermore, global economic mar-
kets are fostering changes in crop systems and animal husbandry (Beilin
et al., 2014).

4.2. Impacts of land use change on ecosystem services and degradation

Between 1750 and 1850 the increase of crop productionwas steered
by the enlargement of agricultural land and the implementation of new
management practices e.g. including longer crop rotations for holding
humus and fertility loss (Dabbert, 1994; Kopsidis and Pfister, 2013).
During the time period 1850 until 1950 the production increase was
based firstly on the application of mineral fertilizers, melioration and
major technical achievements in land-engine technology. After 1960
the “collectivization” resulted in a new dimension of intensity of agri-
cultural land use. The large field sizes and the dominantly technical
fieldmanagement practices includingmelioration, themass application
of fertilizers and pesticides result in a significant growth in crop produc-
tion. During the period 1906 to 1992 the crop production of winter
ude and Meyer, 2012).

Water Settlement Road Others

ha % ha % m/ha ha %

24.7 1.1 29.5 1.1 34.1 3.7 0.1
24.1 0.9 32.1 1.3 35.8 3.7 0.1
20.1 0.8 55.2 2.1 36.4 14.6 0.6
20.1 0.8 106.4 4 28.7 30.4 1.1



Fig. 2. Landscape structure changes showing the land use type distribution and the changing fieldmargins based on parcel ownerships information and the decrease of grassland between
1750 and 2005 (Baude and Meyer, 2012).

Table 4
German Soil Inventory 1937 by soil number and Prussian Taxation 1864 by classification
tariff on arable land in % and changes in classification tomain usability groups in the inves-
tigation area (Baude and Meyer, 2012).

Main
usability
group

Classification
tariffs (PT)

Soil number
range
(GSI)

1864
PT
in %

1937
GSI
in %

1 1–2 64–81 2.1 4.1
2 3–4 49–63 83.7 66.6
3 5 36–48 14.1 22.9
4 7 29–35 0.2 2.5
5 8 18–28 0 3.9
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wheat increased by 100% (Körschens et al., 1994). In the study area the
crop yield of winter wheat increased further on from 55.7 dt/ha
(1990–1999) to 69.6 dt/ha (2000–2009) in only two decades
(Dietrich, 2016, Jesewitz farm data). Nevertheless, the increasing
amount of agricultural inputs has resulted in a decrease of the natural
soil production capacity as described in the following paragraph.

The comparison of the two historic soil quality assessments by the
classification into five main usability groups (Matz, 1956) based on
the 97.7% of the agricultural lands without a land use change since
1850. Table 4 shows the percentage area distribution of the two soil as-
sessments in themain usability groups (arable land in group 1 with the
best crop yields). It gives information about the soil quality and the land
use types in the earlier second half of the 19th and 20th century not yet
strongly influenced by the change from extensive use into intensive ag-
ricultural land management practices used in the Soviet era. The analy-
sis of GSI and PT shows a significant higher area percentage in 1864 in
the productive main group of usability compared to more areas in less
productive main groups of usability 3–5 in 1937. The results suggest a
decrease in the natural soil production capacity between 1850 and
1950 caused by various not yet known processes, shown by a larger
area of soil in a lower group of usability. For more details see Baude
and Meyer (2012).
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The intensified biomass production from 1750 till today is
interpreted as a decline in the landscape capacity to provide other eco-
system functions, especially to provide the regulation functions of
groundwater formation in quantity and quality and as well to a decline
of the capacity of the landscape to protect the soil against soil erosion.
Several studies have proven a strong negative impact on soil and
groundwater systems by soil degradation and by soil erosion since me-
dieval times (Dotterweich, 2013). Almost the entire loess belt in Central
Europe has been negatively modified due to high soil losses caused by
wind and water erosion as is typical in arable loess landscapes. It is ob-
vious that the same problemswill occur in the future since the loess belt
is potentially prone to drought periods caused by climate change
(Blanka et al., 2013; Dotterweich, 2008; Mezösi et al., 2015; Wolf and
Faust, 2013). The soil organic matter is soil texture attached and a con-
tinuation of the soil erosion in the study area may lead to serious soil
degradation under non-protective soil management. Soil losses on ara-
ble land were modeled in this study by using a typical 10-year rainfall
event, 22 mm of precipitation in 40 min. On the other hand the study
shows that on grassland sediment accumulation predominantly takes
place (Table 5). The highest erosion rates of N60 t/ha, which correspond
to a 4mmsoil loss per event are simulated in thalweg areas, where run-
off is concentrated. Former landmanagers and farmers prevented these
areas from degradation by using grassland. Further endangered areas
have soils with mainly silty texture and steep slopes e.g. around the vil-
lage of Gotha. Slopes covered with sandy soils in the western part of the
area reveal soil losses up to 30 t/ha, corresponding to a 2 mm soil loss
per event, which is high enough to result in soil degradation (Fig. 3).

The erosion simulations depict high risk for sediment translocation
processes and accordingly soil degradation by water erosion. The area
suffered from large field size enlargements in the 1960s and by the on-
going industrialization of agriculture application of heavy machinery.
The current process of soil erosion is interpreted as the major driver of
soil degradation in the study area. Our soil erosion and accumulation re-
sults are comparable with other results of erosion modeling e.g. of
Baumgart et al. (2017) that show for the Saxon Loess Province, compa-
rable high rates of erosion from15 t/ha up to 121.5 t/ha for precipitation
periods of heavy and intense rainfalls.

The capacity of erosion regulationprovided by the soils and the land-
scape decreased with the increase of intensive agricultural land man-
agement practices. This degradation may be reduced by the
implementation of mitigation measures as conservation tillage and
grassed water discharge pathways (Rickson, 2014). Furthermore, cur-
rent soil degradation in intensively used agricultural landscapes gener-
ally shows high rates and is related to socioeconomic and political
challenges (Lorencová et al., 2013).

Technical literature about the development of cultural landscapes in
the time period from 1750 to 1850 describes an increase in biodiversity
followed by a dramatic loss in biodiversity since the beginning of agri-
cultural industrialization (Bignal and McCracken, 2000; Butchart et al.,
2010; Knapp et al., 2016). Extensive arable management practices
usingdivers' crops, long crop rotations and a low level ofmechanization,
Table 5
Rates of erosion and accumulationmodeledwith EROSION 3Dmodel and a typical 10-year
rainfall of 22 mm precipitation in 40 min in the investigation area.

Erosion/accumulation in t/ha*event Arable land Grassland

ha % ha %

Erosion
N60 364.0 15.9 4.5 4.2
30–60 461.8 20.1 3.1 2.9
0–30 1043.9 45.5 13.1 12.1
0 166.2 7.2 63.9 59.1

Accumulation
N60 54.0 2.4 3.6 3.3
30–60 28.8 1.3 2.1 2.0
0–30 174.9 7.6 17.7 16.4
farm techniques and fertilizers resulted in a high biodiversity in a short
period after the Second World War until 1960 (Baessler and Klotz,
2006). The biodiversity then strongly decreased caused by the “collec-
tivization” and the high input intensity of energy, fertilizers and herbi-
cides as well as the greatly enlarged field plots. Baessler and Klotz
(2006) found a highly significant decrease of 30% of the average number
of weed species per relevé between 1957 (20 species) and 1979 (14
species). Between time steps 1979 and 2000 (15 species), there was
no significant change.

Biodiversity decrease is still ongoing (Jackson et al., 2007) and prob-
lematic, because a high species richness may increase the resilience of a
system andmay also affect the performance of other ecosystem services
in agricultural landscapes, the discussed soil fertility, the soils wind ero-
sion risk and the crop pollination (Hirt et al., 2011; Meyer et al., 2012).

Table 6 summarizes the changes of the analyzed ecosystem services
provisions caused by landscape dynamics. The second column inter-
prets the density of forested areas as initial status before major changes
in land use types occurred and indicates the provision of the indicators
before arable land use.

4.3. Driving forces, ecosystem services and system behaviors

The Prussian agricultural revolution caused by the Napoleonic wars
and economic crisis lead to new ownership allocation and new land
use distribution (“Separation”) and to changed agricultural practices.
Thus, undeveloped or abandoned land in common land ownership
was converted into arable land - a major cause for an increasingly het-
erogeneous and multifunctional landscape during this period. Between
1750 and 1850 essentially one single land use objective was prioritized
by the expansion of arable land area resulting in a slightly increasing
crop production. At the same time the natural soil production capacity
slightly decreased caused by the impacts of arable land expansion and
new agricultural practices (Dotterweich, 2013). Furthermore, ecosys-
tem services like natural erosion protection provided by hedgerows or
divers and site adapted agricultural practices (e.g. the utilization in sum-
mer only) brought the cultural landscape into a balanced status by reg-
ulating negative or unwanted processes caused by natural hazards and
increased land use intensity (Fig. 4).

Between 1850 and 1950 increasing land use intensity and the begin-
ning of industrialization melioration, the beginning of the usage of fer-
tilizers and pesticides lead to an increase of the crop yield of winter
wheat up to around 100% (Finck von Finckenstein, 1960). The natural
soil production capacity decreased as demonstrated by the changing
percentage of soil in a lower group of usability (groups 3–5), changing
from 14.3% in 1864 to 29.3% in 1937 (Table 4). The heterogeneous land-
scape was slightly changed till 1945 in the direction of a homogeneous
monofunctional landscape. After 1960 a strong change towards mono-
functional landscape is observed.

AfterWorldWar II, a land reform in the Soviet zone of Germanywas
applied. For a short period between 1945 and 1952 (beginning of collec-
tivization) a heterogeneous landscape holding biodiversity e.g. caused
by a lack of fertilizers and organized by very small field plots overall,
shows low erosion problems (Baessler and Klotz, 2006).

In the time period from 1952 to 1990 the Russian Kolkhoz system,
through the implementation of collectivization, was applied. During
this period the crop yield of winter wheat was very high and increased
by around 100% compared with the decade of 1906 and 1915
(Körschens et al., 1994). Since the year 2000 the average winter
wheat crop yield has stagnated by around 70 dt/ha (Dietrich, 2016,
farm data). Any influences of EU agricultural policy have not yet been
investigated in the context of the presented study. However, biodiver-
sity loss and soil degradation increase are related to the decrease of
the natural soil production capacity observed in our study and may re-
sult in a lower systems status of stability. In accordance with the de-
crease of arable land, a longtime linear process was found in natural
soil production capacity by the increase in the main usability groups



Fig. 3. Erosion and accumulation hazard rates (t/ha) per simulated 10-years rainfall event in the investigation area.
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3–5 between 1864 and 1937. Thus, an increase from 29.3% in 1937 to
around 60% of arable land in the lower groups of usability was observed
and interpreted as a proxy of landscape degradation. Indicators of
groundwater and surface water pollution due to agriculture have not
been subject of the study. The current agricultural landscape is homoge-
neous and mono-functionally used by causing degradation of natural
soil productivity, but also in biodiversity and landscape structure diver-
sity. The actual landscape provides the production of a small number of
arable crops by neglecting other important ecosystem services of the
production system.

5. Conclusion

Landscape changes in the last 250 years steered by socioeconomic,
political and technical driving forces are of high influence on landscape
structure and at the same time on the provision and the degradation of
ecosystem services. However, a change is sometimes very fast, often not
linear and multi-causal. We found in three main periods of stability/ac-
tivity: a first period of high activity of landscape change from 1750 to
1850, a relative stable period between the end of the 19th century up
until 1955 and a period of very high activity of change since 1960
Table 6
Ecosystem services provision and the intensity of changes caused by landscape dynamics inter

Ecosystem service
indicator

Indicators performance
under forest (before land
clearing)

First land forest
clearing to
grassland and
arable land
(600–900)

1750–1850

Crop production No Increase, but
low

Slight
increase

Natural soil production
capacity

High, undisturbed Decrease Slight
decrease

Soil degradation caused
by erosion hazard

Very low Very high Low

Biodiversity High in forest species, very low
for arable land species

Strong increase Slight
increase
until 2005. Furthermore, crop production increased over the entire
time period as a result of political and socioeconomic objectives. The
biodiversity of farmland, wild species and weed herbs indicator clearly
indicates a systems change leading to a negative provisioning of ecosys-
tem services in biodiversity in general. The increasing potential for ero-
sion hazard and at the same time the decrease of the natural erosion
regulation of the landscape relates to the decreasing natural soil produc-
tion capacity – a signal of soil degradation. Impacts of this land and land-
scape degradation on current and future land use options by planning
and management may confront the society with the related social, eco-
nomic and ecological problems.

Landscape and land use change and the change of landscape struc-
ture and ecosystem services provision will also depend in future on
(not yet known) key driving forces (as changing climate). For the man-
agement of a sustainable future a better understanding about
interlinkages of driving forces, landscape change and the provision of
ecosystem services in spatial context are needed. The aim of the re-
search should be more focussed on the landscape scale instead of the
commonpractice offield plot based land use interpretations andmodel-
ing. A landscape planning of major challenges is essential to find a wise
balance between productive uses, techniques and the ecological
preted since the initial land use change after the glaciations in Central Germany.

1850–1945 1945–1955 1955–2005 Source

Strong
increase

Slight
increase

Strong
increase

Bork et al., 1998 Körschens et al., 1994;
Dietrich, 2016

Slow
decrease

Stable Strong
decrease

results of this study, Bork et al., 1998;
Dotterweich, 2013

Low Medium Very high Bork et al., 1998; Dotterweich, 2013;
Meyer, 1997; Schindewolf et al., 2012

Strong
decrease

Stable Strong
decrease

Baessler and Klotz, 2006; Bignal and
McCracken, 2000



Fig. 4. Conceptual model of development of natural soil production capacity shown by the rates of arable land in less productive usability groups (Table 4; Bork et al., 1998; Dotterweich,
2013) and winter wheat crop yield (Finck von Finckenstein, 1960; Körschens et al., 1994; Dietrich, 2016) in the context of main driving forces and systems behavior.
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systems basis to avoid unwanted systems changes. Investigation of the
system resilience should be based on long term data series.

The historical information of a N250 years period analyzed in this
study may help to understand landscape structure changes including
the vulnerability and the availability and quality of ecosystem services
provisioning. The historical analysis gives new insights to elaborate
land use/landscape intensity and landscape dynamics analysis. It may
also help to better understand a thresholds formulation on land and
landscape degradation factors by indicators.
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