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Riverscapes are degraded and threatened by human activities. We investigated the spatiotemporal dynamics and trends of land use/land
cover (LU/LC) and ecosystem services (ES) in the floodplain of the Odra River in the Czech Republic over the last 80 years. Our focus
was on: (i) the effects of changing political regimes and environmental policies on changes in LU/LC and ES (agricultural potential,
natural flooding, and water provision and quality), and (ii) the effects of the establishment of a protected landscape area (Poodii PLA)
on ES over the last 30 years. To assess LU/LC changes, we performed vectorization and categorization using aerial images. For ES
assessment, we analyzed the spatial distribution of LU/LC and other characteristics in our study area. Potential agricultural ES showed
a decreasing trend, similar to neighboring countries, while natural flood mitigation and water ES increased due to the decline in arable
land. Policy assessments revealed significant changes in LU/LC. The Poodii PLA significantly enhanced ES by preserving the riverscape.
This research demonstrates the under-researched long-term monitoring of ES, including before and after evaluation of the PLA, and
highlights the importance of practical nature conservation for the riverscape ecosystem benefits to human society.
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1. Introduction

Rivers and their floodplains are an essential part of the
landscape (Tockner & Stanford, 2002; Wohl, 2021). These areas
are perceived as multifunctional landscapes (Funk et al., 2019;
Jakubinsky et al., 2021; Schindler et al., 2014), where the functions
of the river landscape depend on the river pattern (and its various
characteristics, e.g., width and sinuosity) and human interventions
through policies that change land use/land cover (LU/LC) and
river channel alterations (Thorp et al., 2010). Ecosystem services
can be used to assess all these changes.

Costanza et al. (2017) defined ecosystem services (ES) as
“ecological characteristics, functions, or processes that directly
or indirectly contribute to human well-being, that is, the benefits
that people derive from functioning ecosystems.” ES are divided
into four main categories: provisioning services, regulating
services, cultural services and supporting services (Haines-Young
& Potschin, 2018; Keele et al., 2019). The variety and quality of ES
depend on environmental conditions and ecosystem functions. All
types of ES categories (provisioning, regulation, cultural services
and supporting) are represented in a river landscape. Firstly,
supporting services represent the natural foundation for other ES.
Provisioning services include fisheries (aquaculture), agriculture,
water (for nondrinking purposes), and raw (biotic) materials.
Regulation services include flood protection, water purification,
carbon storage, and erosion control, among others. Cultural

services include recreation, spirituality, and symbolic appreciation
(Grizzetti et al., 2015; Haines-Young & Potschin, 2018).

According to Opperman et al. (2010), rivers and their
floodplains are among the most productive ecosystems on Earth.
In a literature review, Hanna et al. (2018) identified more than 33
services from 89 relevant studies on the ES of riverscapes.
Floodplains are often flat, accessible and fertile areas (Jakubinsky
et al., 2021); due to these characteristics, these lands have been
settled by societies since prehistoric times (Munoz et al., 2014,
Pettik et al., 2019). Humans have gradually altered the dynamics
of floodplains, with the intensification of agriculture in the 19*
century accelerating these changes (Hooftman & Bullock, 2012).
In Europe, it is estimated that 70-90% of floodplains are in
a degraded eco-hydromorphological state (European Environment
Agency, 2018); the situation is similar in North America (Tockner
& Stanford, 2002). Floodplain degradation is most evident in
urban areas (Jakubinsky et al., 2021); river adjustments (changing
sinuosity, embankments, or fragmentation by horizontal barriers)
have reduced ecosystem functions and ES (Large & Gilvear, 2015).
Previous research, however, rarely studied ES of riverscape in
large longitudinal scale or assess ES from historical data of aerial
images. In our study, we focused on the part of the lowland with
continuous floodplain of the river corridor of the Odra River in the
Czech Republic (a corridor between the cities of Odry and Ostrava)
to demonstrate:
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1. How changing political regimes and policies have affected LU/
LC, as reflected in the provision of ES at two different spatial
scales (the scale of the whole river corridor and individual river
segments) over the last 80 years?

2. How have ES, namely agricultural potential, natural flooding,
and water (water quality and supply) changed?

3. How the establishment of a landscape protected area under
the Ramsar convention, based on changed environmental
policy, has affected ecosystem services over the last 30 years?

River corridors provide a wide range of ES, encompassing
provisioning services such as biomass production, regulating
services like carbon capture and habitat provision or cultural
services including recreation and heritage (Jakubinsky et al., 2021).
The selection of ES was made based on their representative
characteristics, which reflect the characteristics of the broader
territory. Emphasis was placed on the identification of potential
agricultural ES, which are crucial for understanding land-use
dynamics and productivity, as well as river-related services, which
play a significant role in hydrological processes, biodiversity
conservation, and the provision of ecosystem functions associated
with water bodies. We provide a unique insight into the river
landscape of Central Europe, which, in contrast to less detailed
scales, shows the tangible results of policy changes. This study
provides a compelling case for advocating the establishment and
protection of protected areas, and for conducting assessments
that sensitively reflect the policy changes of the last 80 years in
Central Europe. We aim to understand how political shifts and
policy changes have modified LU/LC and ES and to contribute to
a comprehensive understanding of landscape evolution.

2.Theoretical and institutional background

In assessing the transformation of LU/LC, the chosen scale is an
integral part of the assessment process. Study authors typically use
a less detailed scale, such as a planetary scale (Costanza et al., 2017)
that focuses on the evolution of the ES and estimates its value,
or a national scale (e.g., Bi¢ik et al., 2015; Aziz, 2021; Schirpke
et al., 2023). The former approach is less commonly used (Burkhard
et al., 2009; Requena-Mullor et al., 2018), and only a limited number
of studies have been conducted at a more detailed scale. Examples of
such studies include Peterson et al. (2003), Keele et al. (2019), and
Stammel et al. (2021). Nevertheless, research conducted at this level
of detail may be more sensitive to the actual consequences of policy
changes and LU/LC. At the national or regional scale, only extreme
manifestations can be observed (Schirpke et al., 2023).

Another key element in assessing changes in LU/LC is the
analysis of the drivers of these changes. The provision of ES
can be affected by changes in LU/LC as consequences of societal
dynamics (Aziz, 2021; Hasan et al., 2020; Schirpke et al., 2023).
In addition, disasters or climate change can act as a catalyst for
change. In Central Europe, society has been an important driver of
LU/LC change over the last 80 years (Aziz, 2021; Bicik et al., 2015;
Schirpke et al., 2023). There were several political and social
changes in Europe during the 19 and 20*" centuries that affected
LU/LC. These included the Industrial Revolution, World War I and
the fall of the Austro-Hungarian monarchy, the establishment of
new republics, the Great Depression, World War II, the rise and
fall of communism, and the establishment of democratic regimes
in the post-Soviet republics. These events affected the landscape in
various forms and intensity. While some changes manifested in form
reformation of local policies, others changed it dramatically, such as
the nationalization of the lands (Greslova Kuskova, 2013). In the
Czech Republic, this resulted in the creation of large agricultural
plots, while in neighboring Austria the land remained much smaller
and more fragmented (Schirpke et al., 2023). The consequences
of land nationalization became evident over time through various

adverse effects, including diminished water retention capacities of
the land and watercourse regulations. Additionally, the intensive
agricultural practices involved the extensive use of chemical
fertilizers, resulting in negative impacts on biodiversity and soil
quality (Kupkova et al., 2021; Schirpke et al., 2023).

The identification of these issues was the initial step towards
mitigating and potentially reversing the damage. The alteration
of the political regime and other sociopolitical structures were
major steps that led to the establishment of the Pood¥i protected
landscape area (PLA). However, this was not an uncomplicated
process, as the first proposals for its establishment appeared as
early as the 1980s (Jarosek, 2021). The advantage of our research
is that we observe the situation before and after the establishment.
Kaiser et al. (2021) criticize that most of the studies evaluating
river restoration and its impact on the ES in her case struggle
with drawing conclusions based only on ‘after’ revitalization data.
There is a complete lack of data before the restoration. Overall, it
is important to protect and improve the condition of the river. As
an improvement can be small or large river restoration or complex
adjustments (Large & Gilvear, 2015). Stammel et al. (2021)
evaluated ES of river corridors in the question of construction
of flood control measures. Keele et al. (2019) evaluated pairs of
rivers, one with and one without nature conservation designations.
Both showed that the river landscape with more natural river
provides better ecosystem services. So, it is important to support
conservation. Several laws and directives have been established to
prevent the degradation of river corridors, such as the European
Water Framework Directive, the Habitats and Birds Directives,
EU Biodiversity Strategy for 2030, Natura 2000 and the Ramsar
Convention. In addition, there is much more to be done on the
issue of river landscape protection and conservation.

3. Methodology

The methodology consists of several steps, starting with
a description of the study area and its environmental and socio-
economic characteristics. This is followed by a description of LU/
LC assessment. The following chapter describes the assessment
of each ES. The methodological framework (Fig. 1) is based on
the availability of data and the spatial coverage of the study area
(blue color). The results of the assessment of LU/LC and ES (green
color) are placed in the context of political and social changes
(purple color) to understand the trends and overall results (orange
color) of the Odra River floodplain.
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Fig. 1: Workflow of the research
Source: Authors’ conceptualization
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3.1Study area

3.1.1 Geographical characterization of the study area

The study area is located in Central Europe, in the north-eastern
part of the Czech Republic (Fig. 2). The study areais ariver floodplain
flanked by two urban areas: the smaller town of Odry and the city of
Ostrava, which was one of the most developed regions of the Austro-
Hungarian Empire, characterized by large factories and extensive
coal mining areas. Land use and land cover changed rapidly over
the years as the city expanded due to urbanization, agricultural
and industrial demands (Bié¢ik et al., 2015). In the midst of urban
growth, woodlands, grasslands, and watercourses were preserved,
creating a unique natural landscape between these urban centers.
The water bodies are artificial ponds with normal (fish farming)
and special management (natural ecosystem protection combined
with fish farming) (Barto$, 2011). The central part of the study
area is part of the Poodii PLA, which was established in 1991 and
includes 10 Small Spatially Protected Areas. It is part of the Ramsar
Convention and Natura 2000 network. A free meandering river is
the uniqueness of the European scale. Man-made and natural water
bodies create biodiversity hotspots for fauna and flora.

It is a nesting place for more than 400 bird species, including the
white-tailed eagle (Haliaeetus albicilla) (Bartos, 2011). Arable land,
orchards, and small urban areas can be found throughout the study
area. The dominant element in the whole area is the Odra River.
The Odra River is a major European river that rises in Oderské
Vrchy (Czech Republic) and flows northeast through the Moravska
Bréana plain to the border with Poland. The river is 854 km long:
113 km flows in the Czech Republic and 742 km in Poland. The
total area of the river basin is 118,861 km? (Brosch, 2005).

The Odra River originates as a torrential channel at an altitude
of 632 m a. s. l. and downstream it develops into an extensive
floodplain with typical phenomena such as oxbow lakes and
abandoned channels, which are the target features of the Poodii

Protected Landscape Area. Due to the dominant influence of the
right tributaries (gravel-bed rivers), the sediment delivered to the
Odra River channel mainly consists of gravels. Therefore, gravel
bar formations are common in the Odra River and its tributaries
(Eremiasova & Skokanova, 2014; HoluSova & Galia, 2020). The Odra
River is mainly regulated (managed) by straightening, embankment
or weir construction and nearby cities such as Ostrava or Odry. In
the 1960s, intensive regulations were implemented in Ostrava due
to subsidence problems in the undermined area (Brosch, 2005).

3.1.2 Characterization of political and socio-economic changes in the
study area

The beginning of our study period was in 1937, characterized
by a market-oriented and democratic economy with a strong
focus on agriculture and land development (industrialization and
urbanization (Greslovd Kuskovd, 2013)). This development was
interrupted from 1938 to 1948 by the German occupation, the
Second World War and the post-war period (Kupkova et al., 2021).
From 1948 to 1989, the political regime was communist,
characterized by totalitarian rule and a centrally planned
economy. The Communists carried out the nationalization and
collectivization of agriculture and industry, which destroyed private
property (Bicik et al., 2001; Kupkova et al., 2021). The effects of
LU/LC were noticeable, before 1948 the land was characterized by
small farms with fields, after 1948 small farms were replaced by
a large agricultural cooperatives and fields were transformed into
a large productive block (Greslova Kuskova, 2013).

In the 1970s, the first attempts were made to protect and
preserve the landscape. In our study area, two small, protected
areas were established: Polansky Les (1975) and Polanska Niva
(1985). However, natural resources were exploited, rather than
protected (Bi¢ik et al., 2001). In 1989, the communist regime
collapsed, a market-oriented and democratic economy was re-
established, and the legal rights of landowners were respected
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(Bicik et al., 2001). Land protection and conservation became
an important issue, and the Ministry of Environment was
established in 1989. The Poodii Protected Landscape Area was
established in the study area in 1991 (Jarosek, 2021). In 2004,
Czech Republic became a member of the European Union, and
the corresponding legislation and policies were implemented. The
year 2020 was considered as the end of the assessment period,
without any significant political or social changes. The following
timeline (Fig. 3) illustrates the implementation of each policy and
significant historical milestones.

Policy changes that impacted LU/L.C

1936 Strong agrarian policy, democratic regime

Years

1937 Start of assessed period

1939 The German occupation and World War II began

1948 The start of Communist Era, land nationalization and
central planning. The goal was to achieve high yields

and industrialization

1970°s A new communist policy of land protection

1989 End of the Communist Era, land restitution and
establishment of new environmental policy

1991 Establishment of Protected Landscape Area Poodii

2004  Accession to the European Union and implementation
of EU policy

2020 End of assessed period

Fig. 3: A timeline of policy changes that impacted LU/LC
Source: Authors’ conceptualization

3.2 LU/LC analysis and assessment

In order to achieve both objectives, it was necessary to carry
out vectorization and LU/LC categorization of the study area.
The vectorization was based on aerial images from 1937, 1949,
1955, 1966, 1973, and 1990 provided by the Military Geographical
and Hydrometeorological Office in Dobruska (Czech Republic)
and orthophotos from 2003, 2012, and 2020 provided by the State
Administration of Land Surveying and Cadastre (Czech Republic).
Historical aerial images were georeferenced and combined into
raster mosaics using Geomatica 2014 software (PCI Geomatics).
The root mean square error (RMS) of the georeferencing varied
between 0.02 to 1.5. The highest RMS value was caused by the lower
quality of the older aerial images (i.e., 1937). The 1937, 1949, 1966,
and 1973 datasets do not fully cover the study area. We defined
this map as uncomplete that corresponds to aerial photographs in
certain years that cover only a portion of the study area.

The entire study area (river corridor, RC) was divided into 53
river segments (RS) of 1 km length (Fig. 2) (Stammel et al., 2021).
The dimensions of the river corridor were based on the Q5 active
floodplain area, representing the area inundated by a five-year return
period flow, as this reflects the frequent and geomorphologically
significant flood events shaping the river corridor, while also keeping
the segments manageable in size and aligning with similar studies
(Keele et al., 2019; Stammel et al., 2021). Therefore, each segment
was approximately 1 km wide. This method resulted in a consistent
study area covering the majority of the active floodplain.

For the manual vectorization of the study area, we used ArcGIS
Pro (ESRI). We defined seven generalized LU/LC categories for the
whole study period (1937-2020): arable land, permanent grassland,
green area with floodplain forest, water bodies, river corridor,
urban (built-up) area, and orchards (Fig. 4). These categories were
applied to both black and white and colored versions of the aerial
images (Fig. 5).

River segment (RS)
mmm Landscape unit (LU)
["] Arable land

|| River corridor

[ Green area

[ Permanent grassland
771 Water bodies

[ orchard

[ urban area

Segment

River
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Fig. 4: Division of the study area of the river corridor (RC, blue dot line) into river segment (RS, orange line), and landscape unit (LU, black

line), consisting of land use/land cover categories

Source: Authors’ conceptualization and based on base map of the Czech Republic provided by State Administration of Land Surveying and

Cadastre (Czech Republic)
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2020

Fig. 5: All land use/land cover categories in 1973 (black and white
version) and 2020 (color version): (a) arable land, (b) permanent
grassland, (c) floodplain woods and green areas, (d) river channel
corridor, (e) water bodies, (f) urban area, and (g) orchards

Source: Authors’ conceptualization based on aerial images provided
by Military Geographical and Hydrometeorological Office in
Dobruska (Czech Republic) and orthophoto maps provided by State
Administration of Land Surveying and Cadastre (Czech Republic)

The LU/LC categories were chosen to accurately reflect each
type of LU/LC during the study period. Seven categories were
used as the main types. Due to the variable quality of the maps,
we have utilized a limited number of LU/LC categories. The
selected categories encompass the key characteristics of the area;
however, we acknowledge that, for instance, the ‘water bodies’
category could be further divided into natural water bodies,
including wetlands, and artificial water bodies, such as ponds.
Generalizing in this way reduced potential bias and allowed for
more effective manual vectorization. Each identified category
was manually outlined and classified into the corresponding
vector layer (Glosiniska & Lechowski, 2014). The vectorized and
categorized maps were cross-checked by at least two researchers
to minimize potential bias. We analyzed the LU/LC trend of the
entire river corridor (1937 to 2020).

3.3 Ecosystem Services Assessment

Each river segment of the river corridor was analyzed to obtain
more detailed information on ES. This process followed the
framework of Burkhard et al. (2009), who developed a method to
assess ES based on the LU/LC categorization. Keele et al. (2019),
Podschun et al. (2018) and Stammel et al. (2021) created an
assessment tailored for riverscapes that analyzes ES by land
cover type and other relevant river characteristics (e.g., river
width and channelization). We adjusted this approach to achieve
higher precision. The ES assessed were considered typical and
noteworthy for this study area and included all categories:
potential agricultural ecosystem services and yield, natural flood
mitigation, and water (including water purification, quality and
provision). Each ES was analyzed separately according to the
workflow (Fig. 1). Each analysis is discussed in detail. The results
of LU/LC categorization and ES assessment were analyzed
and visualized using Microsoft Excel and the R programming
language.

The ES assessment was based on manually vectorized maps
of the study area from 1937 to 2020 (n = 10) (see Section 3.2).
A spatiotemporal and non-monetary ES valuation was chosen.
Willemen (2020) noted that the limitation of this approach is
that not all landscape features, qualities, and rarities relevant
for ES assessment can be expressed by maps. To circumvent this
limitation, we conducted fieldwork in the study area to verify the
current state of the river, to understand the historical dynamics
of the river and to gain deeper knowledge of the sociocultural
relevance of the PLA. We used different indicators for each ES
assessment (Appendix 1) We are aware that the list of ES assessed
could be longer; however, we selected those that were considered
key to our study area.

MORAVIAN GEOGRAPHICAL REPORTS

3.3.1 Potential Agricultural Ecosystem Services

We assessed the potential crop production and average
agricultural yield (t/ha) for the river corridor and for each
segment from 1937 to 2020. The potential agricultural ES were
obtained from the RESI manual (Podschun et al., 2018). The
river corridor was divided into arable land (AL) and permanent
grassland land (PL).

We defined the site-specific yield potential for agricultural use
(scale 0-94-points) for AL and PL separately. The data are open
access and available from the Ministry of Agriculture as GIS
layers (Ministry of Agriculture of the Czech Republic, 2021).
Yield potential for agricultural use is based on many indicators,
such as soil classification, climate, and slope. We have chosen to
use a constant value of yield potential for the assessment period.
According to Dolek (1990), the site specific agricultural yield
potential based on field survey data from 1970 to 1980. In most
cases, these data have not changed or been replaced by new data.
We also checked the data on possible wind and water erosion in
the study area, which could affect the agricultural yield potential.
We found that our study area was not affected by soil erosion;
therefore, we did not include this risk in our calculations. We did
not include data from flood risk maps because data from 1937
to 1991 were not available or did not exist.

We then calculated the value for each RS based on the area of
AL or PL and site-specific yield potential. The results were then
classified into five categories (1 = very low, 2 = low, 3 = average,
4 = good, and 5 = very good). For detailed statistics and the
following discussion, we also used results in percentages to
increase the sensitivity to changes and the ability to interpret the
data correctly.

We assessed the yield of AL based on the average yield of wheat
and barley from the same year, specifically in the study area.
We collected data on permanent grassland crops based on the
average hay yield for the whole country, as it was difficult to find
data specific to the region. National statistical books (from 1937
to 2020) were the sources of AL and PL. The yield for the river
corridor was calculated as the sum of the product of the average
yield and the areas of arable land and PL.

3.3.2 Natural Flood Mitigation

Our method for assessing natural flood mitigation ES was based
on Keele et al. (2019) and Large and Gilvear (2015), with significant
adjustments. We used four main indicators: roughness (R),
palaeochannels and oxbow lakes (Pg,), riverbed sinuosity (S), and
the coefficient of ecological stability (ES ), and Ay, corresponds
to one land unit in the river segment (Agg). It was calculated using
the following formula (Equation 1 - Equation of Natural Flood
Mitigation):

S RAp +
NFMgg = Z 0.51:‘% +03Pgy + 5+ 0.4ES 00y
7 RSy

Roughness (Manning's roughness coefficient) was determined
for the following individual LU/LC classes and varied between 0.03
and 0.12 (Chow, 1988). Palaeochannels and oxbow lakes had
a positive effect on ES due to water retention, which enhances the
natural dynamics in the lateral dimensions (Large & Gilvear, 2015).
Sinuosity (index) is an important parameter of channel morphology
that describes river patterns (from straight to meandering) (Wilzbach
& Cummins, 2019). A meandering river has a greater capacity for
flood mitigation than a channelized riverbed because a meandering
river is connected to the floodplain; consequently, floodwater can be
stored in the floodplain during overflow (Acreman et al., 2003; Kline
& Cahoon, 2010), which is important for protecting downstream
urban settlements (Watson et al., 2016).
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The sinuosity for each RS was automatically calculated using
the Meander Statistic toolbox (MSaT) to analyze the meander
characteristics for each segment and study year (Ruben et al., 2021).
The coefficient of ecological stability is the ratio of stable (natural)
to unstable (artificial) landscape units in the RS. Stable landscape
units include permanent grassland, green areas, water bodies, river
channels, and orchards; unstable units include arable land and
urban areas. Appendix 2 describes the equation and full procedure
for the assessing natural flood mitigation, and we also describe the
differences between Keele's et al. (2019) and our approach.

3.3.3 Water Ecosystem Services

Water ES include water purification (water quality) and water
provision. We have chosen to use these two categories to provide
a broader view, as there was insufficient data to identify a single
category (as we have been looking at ES since 1937). Brauman
et al. (2007) emphasized that water quality is an indicator of water
purification and not of ES. Similar to previous ES analyses, the
methodology was based on Large and Gilvear (2015) and Keele et
al. (2019), with significant modifications as described in the Natural
Flood Mitigation chapter. The used parameters for the calculation
were the channel width (Wy), presence of palaeochannels (Pg,),
ecological stability coefficient (ES..f), green area coefficient
of (GAger), and gravel bar coefficient (B and the formula is
described in Equation 2 — Equation of Water Ecosystem Services:

n
Wi = Z 0.5Wg + 03Py + 0.5ES 007 + 0.2GAcoer + 0.3Bcoer
i

In Appendix 3 is available detailed description of calculation.
River width (RW) is an important hydromorphological parameter
that describes the area of the riverbed in contact with the flowing
water and provides better potential for water purification.
Since most of the study area belongs to a free meander section,
we expect water purification potential to be high. The smaller
regulated section still includes tributary inputs of mixed sediment
and formations of gravel bars that could potentially play a role
in the process. A wider channel indicates a greater volume of
water supply in the bankfull state. In normal to minimal flows,
wide channels are often associated with sediment deposition and
gravel bar formations and heterogeneity of the river channel
morphology (Witkowski, 2020). Paleochannels (Pch) and the
ecological stability coefficient (EScoef) were characterized in the
previous section. The green area coefficient (GAcoef) is the ratio
of green area to the total area. The river bar coefficient (Bcoef)
is the ratio of the area of the river bar to the area of the river
channel. Gravel bars are accumulations of sediment of varying
sizes that are typical of gravel-bed rivers and provide important
habitat for many species, including riparian vegetation. The final
categories (1 = very low, 2 = low, 3 = average, and 4 = high) were
based on the quartiles of the values calculated for the whole river
corridor and all the years assessed.

4. Results

4.1 General LU/LC patterns

The analysis of the trends of the representative LU/LC for each
year showed that the dominant LU/LC in 1937 and 1949 was
permanent grassland (Tab. 1). In 1955, arable land dominated,
followed by permanent grassland and green areas. In 1985, the
dominant type of LU/LC shifted to permanent grassland. The last
change in the prevailing LU/LC type was in green areas, which
changed in 2012. The trend of urban areas was increasing in all
years considered, except in 1990 when there was a decrease of 9%
in urban areas compared to the previous year. The reason for this
change is discussed below. From 1937 to 1955, the coverage of
urban areas was less than 300 ha; in 1985, it was 499.6 ha, and
in 2020, it reached 876 ha. Other types of LU/LC, i.e., orchards,
rivers, and water bodies, did not show any major changes. The first
two types remained constant at 0.3% and 3% respectively.

Figure 6 shows the cumulative distribution of each LU/LC type
in each segment. In this section, we describe the trends for each
river segment (RS 1 to 53). In all assessment years, RS 1-9 were
arable land with urban areas, and RS 10-16 were dominated by a
mixture of arable land and permanent grassland, with additional
green and urban areas. RS 17-34 were very dynamic, with the
dominant arable land (1937-1955) being almost completely
replaced by permanent grassland (1966-2020). In addition,
the green area in these segments has increased significantly
since 1990. RS 35-44 were dominated by water bodies and had
low dynamics; since the 1970s, the protected landscape areas in
these segments have been dominated by grassland and green
areas. Finally, RS 44-53 were dominated by urban areas, which
increased since 1949 and have remained stable since 2012.

4.2 Spatiotemporal variations in ecosystem services

4.2.1 Potential Agricultural Ecosystem Services

We assessed the potential agricultural ES of arable land and
permanent grassland (Tab. 2). The potential agricultural ES of
arable land was 1 (very low) in 1937, 1.5 in 1949, 2 (low) in 1955,
and 1 (very low) in 1966-2020. In the case of permanent grassland,
the category was 1.5 in 1937 and 1 (very low) in 1949-2020. The
sum of the yields showed that there was no trend. Yields varied from
year to year depending on climate and fertilizer use. The potential
agricultural ES and the average yield (t/ha) of arable land showed
a decreasing trend (especially from 1937 to 1973). Based on the
potential agricultural ES of permanent grassland, the average value
for the river corridor has fluctuated by about 15% since 1949.

Figure 7 shows the river segments in 1955, 1990, 2003 and 2020
that covering the whole study area. RS 1-9 achieved the highest
potential values of all selected. In 1955, the category of RS 4-9
was 3 (average potential); segments 17-35 were classified as higher
value segments. The trend of RS 35 was decreasing.

Arable Permanent Green Urban . Water
Land Grassland T Area T Orchards T Area T River T Bodies

1937* 1,364.9 1,904.3 373.7 6.2 - 228.9 94.7 193.2
1949* 935.3 949.5 397.7 2.3 - 224.6 101.9 474
1955 2,455.8 1,826.0 644.0 21.9 292.4 152.4 322.4
1966* 701.8 1,770.3 546.9 215 362.6 141.0 272.0
1973* 1,227.6 - 1,952.9 - 963.5 - 33.0 - 427.9 - 139.0 - 376.4 -
1985 1,197.8 N 2,064.5 7 1,225.7 2 32.7 N 658.2 2 161.0 7 381.1 2
1990 1,271.5 7 2,209.1 7 1,136.5 N 18.2 N 499.6 N 157.7 N 424.0 7
2003 1,171.0 N 1,685.2 N 1,503.8 7 185 2 785.4 d 166.6 7 389.5 N
2012 1,131.7 N 1,520.1 N 1,604.1 2 19.4 2 873.6 d 166.1 7 400.7 7
2020 1,137.7 2 1,523.3 d 1,586.8 N 20.0 d 876.3 7 186.1 7 400.7 d

Tab. 1: Sum of each area (ha)
Notes: T - trend, *year with uncomplete map cover
Source: Authors’ calculations
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Source: Authors’ calculations

1937* 1949* 1955  1966* 1973* 1985 1990 2003 2012 2020
Arable land
Average category for the entire river corridor 1 15 2 1 1 1 1 1 1 1
Average % of river corridor 15% 28% 21% 8,8% 11.2% 9.3% 11% 9,6% 10% 10%
Average yield (t/ha) 1.98 2.18 2.52 2.51 3.60 4.99 5.58 3.87 4.25 5.66
Sum of yield (t/ha) 2,622 2293 6,188 1762 4429 5954 7,206 4,638 4,956 6,360
Permanent grassland
Average category for river corridor 1.5 1 1 1 1 1 1 1 1 1
Average value for river corridor 19.4% 7.5% 14% 13% 15% 16% 17% 13% 12% 12%
Average yield (t/ha) 3.57 4.20 3.22 3.42 3.71 5.35 4.89 2.41 3.22 3.15
Sum of yield (t/ha) 6,798 3,949 5877 5970 7,167 11,040 10,802 4,060 4,895 4,820

Tab. 2: Results of potential agricultural ecosystem services
Notes: *Year with uncomplete map cover
Source: Authors’ calculations
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Figure 8 illustrates the potential agricultural ES on permanent
grassland with a decreasing category trend in RS 10-15 and 47-51.
In the middle of the study area, a few RS (e.g., 21-22, 31) showed
category improvements from very low to low.

4.2.2 Natural flood mitigation ecosystem services

Natural flood mitigation ES increased from 1955 to 2003 and
decreased slightly in 2020 (Tab. 3). Indicators of roughness and
the coefficient of ecological stability showed increasing trends,

and the trend of palaeochannels decreased after 1973. Sinuosity
has been stable since 1973. An interesting trend can be seen
when river segments are evaluated separately for each year
(Fig. 9).

In all the years studied (1955, 1990, 2003, and 2020), the
upstream (RS 1-10) and downstream (44-53) segments of
the river had lower values (category very low — low) than the
segments in the middle (RS 10-44) of the river reach (category
average or high).

. A A{
i @

T

A { ﬁ OpenstreetMap (and) coritributors, CC-BY-SA

R Ty \.\\\ } ‘l
PRz 2l

/ g ; T A0pen5ueexm‘ap(aanm‘h»ibumu,ccrwsA4

/@ OpenstreetMap (and) cénfributors, CC-BY-SA

i,

&g S R .
/&; OpenstreetMap (and) enfributors, CC-BY-SA

1
/2

[ River segments
[ Selected every 5th segment

Categories of potential Permanent grassland ecosystem services

Fig. 8: Map of categories of potential agricultural ecosystem services on permanent grassland in (a) 1955, (b) 1990, (c) 2003 and (d) 2020. Each
category is based on the area values of PL and site-specific potential. Results range from 1 (very low) to 2 (low). From segment 8 to segment 44,

PLA is placed

Source: Authors’ conceptualization based on a base map and DEM of the Czech Republic provided by State Administration of Land Surveying

and Cadastre (Czech Republic)
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Indicators 1937*  1949* 1955  1966* 1973* 1985 1990 2003 2012 2020
Roughness 60 50 91 71 96 128 116 194 197 199
Sinuosity 29.5 11 38 24 28.5 30 30 28 29.5 28.5
Paleochannels 53 27 87 72 93 91 85 58 74 71
Coefficient of ecological stability 149 95 180 156 195 218 220 214 215 212
Sum of final value® 135 89.1 181.6 143.5 182.4 208.5 201.5 228 236.2 234.1
Average category 2 2 2 3 3 3 3 3 3 3

Tab. 3: Results of natural flood mitigation service

Notes: *Year with uncomplete map cover; °with added weight for each category

Source: Authors’ calculations
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4.2.3 Water ecosystem services

Water ES exhibited an increasing trend from 1937 to 2020
(Tab. 4).

Figure 10 shows the trends of the river segments for each year.
In 1955, the whole river corridor had a category of only 2 (low). The
exception was RS 40-43, which had a category of 4 (high). These
segments have been part of the Small Special Protection Area since
the 1970s. The category was lower in the upstream segments of the
river corridor (1-10) than in the downstream segments (RS 45-53);
there could be several reasons for this. However, we assumed that
the location of these upstream and downstream river segments in
urban areas reduced the naturalness of the river reach.

5. Discussion

The data presented in this study show spatiotemporal trends in
LU/LC and ES changes over the last 80 years, reflecting policy and
societal changes. The dominant LU/LC reflects these policy shifts,
namely agricultural and environmental protection. Until 1955, the
dominant type was arable land, in 1985, permanent grassland and
in 2012 green areas and floodplain forest.

5.1LU/LC trends and policy in the last 80 years

In the assessed period from 1937 to 2020, we observed gradual
changes in LU/LC. The dominant types were arable land (peak
in 1955), permanent grassland (peak in 1985), and green areas,

including floodplain forest (peak in 2012). We compared complete
maps (representative, 1955, 1985-2020) and incomplete maps as
additional data (1937, 1949, 1966 and 1973).

To understand the reasons for the change in LU/LC, it is
necessary to look at the history of Europe and the Czech Republic
and its landscape policies (namely, agricultural, urban, and
environmental protection policies). Before the Second World War,
this period was characterized by the capitalist model and democratic
political parties (Greslova Kuskova, 2013). Maps from 1937 are
characterized by the dominance of permanent grassland, followed
by arable land, and small farmlands and orchards can be seen as
aresult of the agrarian reform (the reform had started in 1918 after
the disintegration of Austrian Hungarian monarchy) focused on
high and rational yields. The map of 1949 shows the beginning of
the Communist Era. The easiest way to observe the expropriation
of private land (Greslova Kuskova, 2013; Kupkova et al., 2021) as
state-owned arable land is through aerial images (Fig. 11).

The development of agriculture during the study period was
related to mechanization. Human and animal labor was gradually
transferred to machines; e.g., tractor performance doubled in
just two decades after 1948 (Greslova Kuskova, 2013). The same
trend can be observed in other Central European countries. Even
in Austria, which was not part of the socialist bloc, Schirpke et al.
(2023) noted that mechanization led to more dynamic changes in
land use. Mechanization of processes led to cost-effective methods
that accelerated yields but damaged the meadow ecosystem
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Indicators 1937*  1949* 1955  1966* 1973* 1985 1990 2003 2012 2020
River width 56 57 95 88 88 108 100 115 109 105
Paleochannels 53 27 87 72 93 91 85 58 74 71
Coefficient ecological stability 149 95 180 156 195 218 220 214 215 212
Coefficient of Green Areas 41 43 67 65 104 136 127 165 174 172
Coefficient of river bars 67 68 63 60 68 97 76 106 79 92
Sum of final value® 146.7 113.1 195.9 174.6 209.1 246.6 233.7 246.7 242.7 241.8
Average category 2 3 2 3 3 3 2 3 3 3

Tab. 4: Results of water ecosystem service

Notes: *Year with uncomplete map cover; °with added weight for each category

Source: Authors’ calculations
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Fig. 10: Map of categories of water ecosystem services in (a) 1955, (b) 1990, (c) 2003 and (d) 2020 (Notes: Each category represents a quartile of
calculated ES values, ranging from 2 (low) to 4 (high). From segment 8 to segment 44, PLA is placed)

Source: Authors’ conceptualization based on base map and DEM of the Czech Republic provided by State Administration of Land Surveying

and Cadastre (Czech Republic)

Fig. 11: Aertal images before (1937) and after (1955) collectivization during the Communist Era
Source: Authors’ conceptualization based on aerial images provided by Military Geographical and Hydrometeorological Office in Dobruska

(Czech Republic)

(Bartos, 2011). The year 1955 is considered to be a peak of
arable land, followed by a decline. According to Kupkova et al.
(2021), more than 90% of the Czech Republic has experienced
a decrease in agricultural land. A comparison of LU/LC types
between 1955 and 1985 (Fig. 6¢ and 6f) shows that production
peaked in the 1980s, after which local agriculture was unable
to compete with imported products (Greslovd Kuskova, 2013).
During this period, there was a steady decline in the emphasis
on agriculture, and heavily cultivated areas were transformed

into grasslands and forests and green areas. A similar trend was
reported by Dolejs et al. (2019) for northern part of the Czech
Republic (assessed from 1843 to 2013), and it is applicable to
the whole of Central Europe, including Poland, Slovakia, which
has a similar Communist Era (Bi¢ik et al., 2001; Moravcova
et al., 2022; Schirpke et al., 2023) In Austria, the decreasing trend
started after the Second World War and in 1995, when the country
joined the European Union, it escalated due to the inability to
deal with imported products (Schirpke et al., 2023).
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In the Czech Republic a landscape protection policy was
established in the 1970-1980s (Kupkova et al., 2021). In the study
area, this was demonstrated by the establishment of the first natural
reserves. In 1989, the political regime changed to a democratic one
and global capitalism was applied (Bic¢ik et al., 2001). Environmental
protection started to be an important issue of the new political
regime, which was concluded by the establishment of the Ministry
of Environment (1989, including landscape policy and protection)
(Kupkova et al., 2021); however the power for a more progressive
policy was gradually lost (Jehlicka, 1999). In 1990, permanent
grassland started to decrease in favor of green areas. In 1991, the
Poodii PLA was established to specifically manage RS 7 to 43, and
permanent grassland is still dominant in this part.

Urbanization is another important driver of change due to
population growth and migration from small villages to cities. In
particular, the city of Ostrava expanded throughout the 20 century.
The same pattern can be found in the Austria, especially around
larger cities undergoes strong urbanization (Schirpke et al., 2023).
The results showed that the urban area in the study area gradually
increased until 1990, when the growth started to decrease; however,
the upward trend continued in 2003. The Communist Era boosted
the urbanization process, especially around the city of Ostrava (the
end of the study area) (Bi¢ik et al., 2001; Kupkova et al., 2021).
Today, urbanization in the study area is not very high compared to
other regions of the Czech Republic (Kupkova et al., 2021), due to
the formation of the Poodii PLA and the policy of the master plan
and PLA zoning. The dynamic shifts in LU/LC types of the Odra
River landscape were undoubtedly influenced by the country's
policies and societal decisions. Schirpke et al. (2023) noted that
urbanization and population growth is one of the main drivers of
LU/LC change that can affect the provision of ES.

The assessment of historical changes in LU/LC faced certain
limitations. The primary issue was the incomplete availability of
aerial images for specific years (1937, 1949, 1966, 1973). Additionally,
the quality of some images varied, that made detailed identification
of LU/LC categories possible only on certain number of images.
Consequently, the study was restricted to seven LU/LC categories.
With complete datasets the number of categories would be larger.

5.2 Ecosystem services trends and challenges

The potential agricultural ES were calculated based on Podschun
et al. (2018) and were highest in 1955 (21%; low category). In the
following years, the category rapidly decreased to 9.3% (1985),
and from 1990 to 2020, the values fluctuate around 10%. This
corresponds to the trend in the whole country: agriculture expanded
from the 1930s to the 1980s (Kupkova et al., 2021). One of the
reasons for the decrease in the ES score for agriculture is that the
average area of floodplain forest and green areas has increased over
the last 80 years. Watson et al. (2021) reported a peak in Dorset,
southern England, in 1955 and a decreasing trend thereafter.
Intensification of agriculture in Austria has also led to a decline of
ES (Schirpke et al., 2023). The yield of arable land depends on many
factors, including climate, the amount of fertilizer, and the use of
pesticides. Fertilizer use increased from the 1950s to the 1990s in
the Czech Republic (Greslova Kuskova, 2013) and from the 1950s
to the 1980s in the UK (Watson et al., 2021). Thus, the trends were
similar despite differences in political systems and agricultural
policies. The potential agricultural ES in permanent grassland were
highest in 1937, with a value of 19.4% (category 2, low), although
this was assessed on an incomplete map (15 segments were missing).
The value between 1955 and 2020 was approximately 14% (complete
maps of the study area).

The ES of natural flood mitigation were assessed based on
the Large and Gilvear (2015) and Keele et al. (2019). Similar to
Grizzetti et al. (2015), we believe that assessing the ES of the river
and its surrounding floodplain based on hydromorphological and

landscape indicators is an effective method. In section 4.3, we list
the differences between our study and the aforementioned studies
(Keele et al., 2019; Large & Gilvear, 2015). Thorp et al. (2010)
noted that different river patterns can provide different functions
and ES. Our study area had two dominant river patterns:
a straightened (channelized) and a meandering river. Generally,
meandering rivers provide low to moderate benefits and services,
whereas straightened rivers provide low benefits only. We have
used Thorp's et al. (2010) constricted river pattern as a reference
for a straightened river; thus, we assume that artificially adjusted
rivers can provide less benefits and ES than natural rivers.
Applying this approach to the study area, it is easy to detect which
part of the river is meandering (middle part) and which part is
channelized (beginning and the end of the study area). This pattern
was not easy to detect in the 1955 water ES, but was detectable in
the other years (1990, 2003 and 2020). The reason for the reduced
detectability of water ES is that the sinuosity indicator was not
included. There is a strong relationship between sinuosity and
river patterns (Bravard & Petit, 2009).

The assessment of natural flood mitigation revealed that the
very low (1) and low (2) categories were dominant at the beginning
and end of the study period, whereas in the intervening years, the
category was average to high. In 1955, segments 18-26 were in the
low category due to the dominance of arable land. In the following
years, the arable land was replaced by permanent grassland and
green areas, which improved the category to average (3) and
high (4), respectively. The same pattern was shown in Austria
where the change of LU from arable land to grassland and forest
increased the ES flood mitigation and erosion protection (Schirpke
et al., 2023). The dominant category of water ES in 1955 was low
(2), mainly because the prevailing category of LU/LC was arable
land in the whole area. The exceptions were RS 36-37 and 40-44,
where the category was average to high because these RS are the
core area of the Poodii PLA. As the LU/LC types shifted towards
more natural areas, the ES for water improved (Fig. 10). In 2020,
the prevailing category of water ES was average to high.

5.3 Pood¥i Protected Landscape Area: protection success?

The creation of the Poodii Protected Landscape Area was
proposed in 1975 but was rejected by the political regime
(Jarosek, 2021). Partial success was achieved in the 1970s
and 1980s with the creation of smaller protected landscape areas
(Natural Reservation Polansky Les (1975) and Polanskd Niva
(1985)). The object of protection is the natural and near-natural
ecosystems of the Odra River and its floodplain, including the lower
sections of its tributaries and river terraces, and the associated
flora and fauna of river floodplains and wetland biotopes (Nature
Conservation Agency of the Czech Republic, 2009).

In general, the communist period and agricultural policies
changed and damaged the landscape of the Czech Republic,
including Poodii (Greslova Kuskova, 2013; Kupkova et al., 2021).
Before 1948, meadows were grazed by livestock or mown by hand,
but after 1948, some were converted to arable land or mown by
machine. This led to a decline in species-rich ecosystems. The
species-rich alluvial meadows of the Odra floodplain were replaced
by arable land or by more progressive grass species occupying the
open niches (Jarosek, 2021). Flynn et al. (2009) pointed out that
simplified agricultural ecosystems lead to a loss of species richness
and most endanger unique species. The smaller areas of arable land
were connected to create larger productive blocks (Fig. 8), and large
amounts of fertilizer were used (Bartos, 2011). All of these changes
affected the hydrological regime and water quality.

The challenge of the last 30 years has been to restore these
species-rich floodplain meadows through specific management,
e.g., manual mowing at least twice a year or different mowing dates
(Jarosek, 2021). At present, the landscape and its ecosystem are
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threatened by changing climate (heavy rainfall on the one hand and
low flow on the other hand) and the expansion of alien species such
as Reynoutria sp. or Helianthus tuberosus, which could damage the
Poodii ecosystem without human intervention (Bartos, 2011).

In terms of ES from 1937 to 2020, natural flood mitigation
and water showed increasing trends; in contrast, the trend of
potential agricultural ES of arable land and permanent grassland
decreased after 1949. The categories of ES varied from very
low to low for potential agricultural ES and from low to high
for natural flood mitigation and water ES. Compared to similar
studies, we monitored the study area at a more detailed scale and
over a longer period. Understanding the historical patterns that
lead to the declines in ES can help identify problems. This allows
environmental managers to address the situation more quickly
and policies can be changed or adopted accordingly.

Figure 12 shows the changes in natural flood mitigation and
water ES after the creation of the Poodii PLA. These ES remained
the same or increased in the following years due to the natural
shift of the LU/LC.

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

NFP 1990 NFP 2003 ———WES1990 ~——WES 2003

Fig. 12: Categories of natural flood mitigation (NFP) and water
ecosystem services (WES) before and after the establishment of the
Poodri PLA. Source: Authors’ calculations

6. Conclusions

Over the past 80 years, political changes and implementation
of environmental policies have been the main drivers of LU/LC
change in the study area. Initially, from 1937 to 1955, arable land
dominated, with negative impacts on ecosystem services. The
Communist Party's agricultural intensification and collectivization
efforts, starting in 1948, exacerbated this trend, a pattern
observed throughout Central Europe. By 1985, the decreasing
competitiveness of the agricultural sector had anticipated
the political transformations of 1989. These transformations
subsequently resulted in advancements in environmental policies,
which preceded improvements in ecosystem services, particularly
regarding natural flood protection and water-related services. The
establishment of the Pood#{ PLA in 1991 preserved the Odra River
in its natural state and improved the quality of ES.

In this respect, the study provides valuable data on the
continuous monitoring of ES in the Poodii PLA, illustrating the
positive impact of landscape protection policy. The comparison
between 2012 and 2003 highlighted the effects of urbanization
pressure and natural grassland overgrowth. Our results underline
the importance of the Poodii PLA in stabilizing the region's
landscape and improving ES and serve as a compelling example
for advocating new protected areas. Future efforts should focus
on maintaining these high ES levels in the face of political change,
extreme weather, urbanization.

Future research should focus on understanding the combined
effects of land-use change, urbanization, and climate change on
the dynamics of ES in protected areas. In particular, investigating
how changes in agricultural practices, natural grassland cover
and extreme weather events affect flood protection and water

provision, and quality services would provide valuable insights.
Furthermore, studying the socio-economic drivers of land use
change in different policy contexts could help predict future
trends and inform policy decisions for better land management
and conservation strategies.

Acknowledgement

The authors sincerely thank anonymous reviewers for their valuable
comments and suggestions, which substantially improved the manuscript.
This work was supported by the internal student grant of University
of Ostrava, sponsored by Ministry of Education, Youth and Sports and
European Union DOC4U reg. no. CZ.02.2.69/0.0/0.0/19_073/0016939,
identification number 67.

Data accessibility

The data sets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

References:

Acreman, M. C., Riddington, R., & Booker, D.d. (2003). Hydrological
impacts of floodplain restoration: A case study of the River Cherwell,
UK. Hydrology and Earth System Sciences, 7(1), 75-85. https://doi.
org/10.5194/hess-7-75-2003

Aziz, T. (2021). Changes in land use and ecosystem services values in
Pakistan, 1950-2050. Environmental Development, 37, 100576.
https://doi.org/10.1016/j.envdev.2020.100576

Bartos, I. (2011). Ke dvacetileti CHKO Poodii. Ochrana P¥irody, 2011(5), 2-6.

Bicik, 1., Kupkova, L., Jelecek, L., Kabrda, J., Stych, P, Janousek, Z.,
& Winklerova, J. (2015). Land Use Changes in the Czech Republic
1845-2010: Socio-Economic Driving Forces. Springer International
Publishing. https://doi.org/10.1007/978-3-319-17671-0

Bicik, I., Jelecek, L., & Stépének, V. (2001). Land-use changes and their
social driving forces in Czechia in the 19" and 20" centuries. Land Use
Policy, 18(1), 65-73. https://doi.org/10.1016/S0264-8377(00)00047-8

Brauman, K. A., Daily, G. C., Duarte, T. K., & Mooney, H. A. (2007). The
Nature and Value of Ecosystem Services: An Overview Highlighting
Hydrologic Services. Annual Review of Environment and Resources,
32(1), 67-98. https://doi.org/10.1146/annurev.energy.32.031306.102758

Bravard, J. P, & Petit, F. (2009). Encyclopedia of Inland Waters. ScienceDirect.
http://www.sciencedirect.com:5070/referencework/9780123706263/
encyclopedia-of-inland-waters

Brosch, O. (2005). Povodi Odry. Anagram.

Burkhard, B., Kroll, F, Miiller, F,, & Windhorst, W. (2009). Landscapes'
capacities to provide ecosystem services - A concept for land-
cover based assessments. Landscape Online, 15, 1-22. https://doi.
org/10.3097/L0.200915

Costanza, R., de Groot, R., Braat, L., Kubiszewski, 1., Fioramonti, L.,
Sutton, P, ..., & Grasso, M. (2017). Twenty years of ecosystem services:
How far have we come and how far do we still need to go? Ecosystem
Services, 28, 1-16. https://doi.org/10.1016/j.ecoser.2017.09.008

Chow, V. T. (1988). Open-channel hydraulics (Reissued). McGraw-Hill.

Dolejs, M., Nadvornik, J., Raska, P, & Riezner, J. (2019). Frozen Histories
or Narratives of Change? Contextualizing Land-Use Dynamics
for Conservation of Historical Rural Landscapes. Environmental
Management, 63(3), 352-365. https://doi.org/10.1007/s00267-019-01136-z

Dolek, J. (1990). Bonitace ¢s. zem. pid a sméry jejich vyuziti. 5. Dil.
Ministry of Czech Agriculture.

Eremiésovd, R., & Skokanova, H. (2014). Response of vegetation on gravel
bars to management measures and floods: Case study from the Czech
Republic. Ekologia Bratislava, 33(3), 274-285. https://doi.org/10.2478/
eko-2014-0026

European Environment Agency (2018). Why should we care about
floodplains? European Environment Agency. https://www.eea.europa.
eu/publications/why-should-we-care-about-floodplains

Flynn, D. F. B., Gogol-Prokurat, M., Nogeire, T., Molinari, N., Richers, B. T.,
Lin, B.B,, .., & DeClerck, F. (2009). Loss of functional diversity
under land use intensification across multiple taxa. Ecology Letters,
12(1), 22-33. https://doi.org/10.1111/1.1461-0248.2008.01255.x

Funk, A., Martinez-Lopez, dJ., Borgwardt, F, Trauner, D., Bagstad,
K.J., Balbi, S., ..., & Hein, T. (2019). Identification of conservation



2025, 33(2), 91-105 MORAVIAN GEOGRAPHICAL REPORTS

and restoration priority areas in the Danube River based on
the multi-functionality of river-floodplain systems. Science of
The Total Environment, 654, 763-777. https://doi.org/10.1016/;.
scitotenv.2018.10.322

Glosiriska, E., & Lechowski, L. (2014). Changes in Land Cover and
Management of Floodplains Located in Towns Along the Oder
River in the Context of Flood Risk Assessment. Polish Journal of
Environmental Studies, 23(1), 73-84.

Greslovda Kuskovd, P (2013). A case study of the Czech agriculture
since 1918 in a socio-metabolic perspective — From land reform
through nationalisation to privatisation. Land Use Policy, 30(1), 592
603. https://doi.org/10.1016/j.landusepol.2012.05.009

Grizzetti, B., Lazanova, D., Liquete Garcia, M. del C., Reynaud, A,
Rankinen, K., Hellsten, S,, ..., & Cardaso, A. (2015). Cook-book for
water ecosystem service assessment and valuation. Publications
Office of the European Union. https://publications.jrc.ec.europa.eu/
repository/handle/JRC94681

Haines-Young, R., & Potschin, M. B. (2018). Common International
Classification of Ecosystem Services (CICES) V5.1 and Guidance on
the Application of the Revised Structure. https://cices.eu/

Hanna, D. E. L., Tomscha, S. A., Ouellet Dallaire, C., & Bennett, E. M.
(2018). A review of riverine ecosystem service quantification: Research
gaps and recommendations. Journal of Applied Ecology, 55(3), 1299
1311. https://doi.org/10.1111/1365-2664.13045

Hasan, S. S, Zhen, L., Miah, Md. G., Ahamed, T., & Samie, A. (2020). Impact
of land use change on ecosystem services: A review. Environmental
Development, 34, 100527. https://doi.org/10.1016/j.envdev.2020.100527

Holusova, A., & Galia, T. (2020). Downstream fining trends of gravel
bar sediments: A case study of Czech carpathian rivers. Acta
Universitatis Carolinae, Geographica, 55(2), 229-242. https://doi.
0rg/10.14712/23361980.2020.17

Hooftman, D.A.P, & Bullock, J .M. (2012). Mapping to inform
conservation: A case study of changes in semi-natural habitats and
their connectivity over 70years. Biological Conservation, 145(1), 30—
38. https://doi.org/10.1016/j.biocon.2011.09.015

Jakubinsky, J., Prokopova, M., Raska, P, Salvati, L., Bezak, N., Cudlin, O.,
..., & Lepeska, T. (2021). Managing floodplains using nature-based
solutions to support multiple ecosystem functions and services. WIREs
Water, 8(5). https://doi.org/10.1002/wat2.1545

Jarosek, R. (2021). Poodii po tFiceti letech. Ochrana Ptirody, 2021(4), 14-17.

Jehlicka, P. (1999). The Development of Czech Environmental Policy 1990
1995: A Sociological Account. Czech Sociological Review, 7(1), 37-50.
https://doi.org/10.2307/41133049

Kaiser, N.N., Ghermandi, A., Feld, C.K., Hershkovitz, Y., Palt, M.,
& Stoll, S. (2021). Societal benefits of river restoration — Implications
from social media analysis. Ecosystem Services, 50, 101317. https://
doi.org/10.1016/j.ecoser.2021.101317

Keele, V, Gilvear, D., Large, A., Tree, A., & Boon, P. (2019). A new method
for assessing river ecosystem services and its application to rivers
in Scotland with and without nature conservation designations.
River Research and Applications, 35(8), 1338-1358. https://doi.
org/10.1002/rra.3533

Kline, M., & Cahoon, B. (2010). Protecting River Corridors in Vermont.
Journal of the American Water Resources Association, 46(2), 227-236.
https://doi.org/10.1111/j.1752-1688.2010.00417.x

Kupkovg, L., Bi¢ik, I., & Jelecek, L. (2021). At the Crossroads of European
Landscape Changes: Major Processes of Landscape Change in
Czechia since the Middle of the 19" Century and Their Driving
Forces. Land, 10(1), 34. https://doi.org/10.3390/1and10010034

Large, A.R. G., & Gilvear, D.J. (2015). Using Google Earth, A Virtual-
Globe Imaging Platform, for Ecosystem Services-Based River
Assessment. River Research and Applications, 31(4), 406-421. https://
doi.org/10.1002/rra.2798

Moravcova, J., Moravcova, V., Pavlicek, T., & Novakova, N. (2022). Land
Use Has Changed through the Last 200 Years in Various Production
Areas of South Bohemia. Land, 11(10), 1619. https://doi.org/10.3390/
land11101619

Munoz, S. E., Schroeder, S., Fike, D. A., & Williams, J. W. (2014). A record
of sustained prehistoric and historic land use from the Cahokia region,
Tllinois, USA. Geology, 42(6), 499-502. https://doi.org/10.1130/G35541.1

Nature Conservation Agency of the Czech Republic (2009). Plan
péce o chranénou krajinnou oblast Poodii na obdobi 2009-2018.

Management of Poodii PLA. https:/drusop.nature.cz/ost/archiv/
plany pece/ug_file.php? FULLTEXT _UPLOAD=&RECORD_
ID=22191#

Opperman, J., Ryan Luster, B., Roberts, M., & Wrona Meadows, A. (2010).
Ecologically Functional Floodplains: Connectivity, Flow Regime,
and Scale. Journal of the American Water Resources Association,
46(2), 211-226. https://doi.org/10.1111/j.1752-1688.2010.00426.x

Peterson, G. D., Beard Jr., T. D., Beisner, B. E., Bennett, E. M., Carpenter,
S.R., Cumming, G., ..., & Havlicek, T. D. (2003). Assessing Future
Ecosystem Services: A Case Study of the Northern Highlands
Lake District, Wisconsin. Conservation Ecology, 7(3), 1. https://doi.
org/10.5751/ES-00557-070301

Pettik, J., Petr, L., Adamekova, K., Pristakova, M., Pottckova, A.,
Lenddkovd, Z., .., & Lisa, L. (2019). Disruption in an alluvial
landscape: Settlement and environment dynamics on the alluvium of
the river Dyje at the Pohansko archaeological site (Czech Republic).
Quaternary International, 511, 124-139. https://doi.org/10.1016/;.
quaint.2018.04.013

Podschun, S.A., Albert, C., Costea, A.,, Damm, C., Dehnhardt, A.,
Fischer, C., ..., & Pusch, M. T. (2018). RESI - Anwendungshandbuch:
Okosystemleistungen von Fliissen und Auen erfassen und bewerten.
IGB-Schriftenreihe Heft 31. https://doi.org/10.4126/FRL01-00641077

Requena-Mullor, J. M., Quintas-Soriano, C., Brandt, J., Cabello, J.,
& Castro, A.dJ. (2018). Modeling how land use legacy affects the
provision of ecosystem services in Mediterranean southern Spain.
Environmental Research Letters, 13(11), 114008. https://doi.
org/10.1088/1748-9326/aae5e3

Ruben, L.D., Naito, K., Gutierrez, R.R., Szupiany, R., & Abad, J.D.
(2021). Meander Statistics Toolbox (MStaT): A toolbox for geometry
characterization of bends in large meandering channels. SoftwareX, 14.
https://doi.org/10.1016/j.s0ftx.2021.100674

Schindler, S., Sebesvari, Z., Damm, C., Euller, K., Mauerhofer, V,
Schneidergruber, A., ..., & Wrbka, T. (2014). Multifunctionality of
floodplain landscapes: Relating management options to ecosystem
services. Landscape Ecology, 29(2), 229-244. https://doi.org/10.1007/
$10980-014-9989-y

Schirpke, U., Tasser, E., Borsky, S., Braun, M., Eitzinger, J., Gaube, V, ...,
& Thaler, T. (2023). Past and future impacts of land-use changes on
ecosystem services in Austria. Journal of Environmental Management,
345, 118728. https://doi.org/10.1016/j. jenvman.2023.118728

Stammel, B., Fischer, C., Cyffka, B., Albert, C., Damm, C., Dehnhardt, A.,
..., & Gelhaus, M. (2021). Assessing land use and flood management
impacts on ecosystem services in a river landscape (Upper Danube,
Germany). River Research and Applications, 37(2), 209-220. https://
doi.org/10.1002/rra.3669

Thorp, J. H., Flotemersch, J. E., Delong, M. D., Casper, A. F.,, Thoms, M. C.,
Ballantyne, F, ..., & Haase, C. S. (2010). Linking Ecosystem Services,
Rehabilitation, and River Hydrogeomorphology. BioScience, 60(1), 67—
74. https://doi.org/10.1525/bi0.2010.60.1.11

Tockner, K., & Stanford, J. A. (2002). Riverine flood plains: Present state
and future trends. Environmental Conservation, 29(3), 308-330.
https://doi.org/10.1017/S037689290200022X

Watson, K. B., Ricketts, T., Galford, G., Polasky, S., & O’Niel-Dunne, J.
(2016). Quantifying flood mitigation services: The economic value of
Otter Creek wetlands and floodplains to Middlebury, VT. Ecological
Economics, 130, 16-24. https://doi.org/10.1016/j.ecolecon.2016.05.015

Watson, S.C. L., Newton, A.C., Ridding, L. E., Evans, P M., Brand, S.,
McCracken, M., .., & Bullock, J. M. (2021). Does agricultural
intensification cause tipping points in ecosystem services? Landscape
Ecology, 36(12), 3473-3491. https://doi.org/10.1007/s10980-021-01321-8

Willemen, L. (2020). It's about time: Advancing spatial analyses of
ecosystem services and their application. Ecosystem Services, 44,
101125. https://doi.org/10.1016/j.ecoser.2020.101125

Wilzbach, M. A., & Cummins, K. W. (2019). Rivers and Streams: Physical
Setting and Adapted Biota. In Encyclopedia of Ecology (pp. 594-606).
Elsevier. https://doi.org/10.1016/B978-0-12-409548-9.11093-0

Witkowski, K. (2020). Man's impact on the transformation of channel
patterns (the Skawa River, southern Poland). River Research and
Applications, 37(2), 150-162. https://doi.org/10.1002/rra.3702

Wohl, E. (2021). An Integrative Conceptualization of Floodplain
Storage. Reviews of Geophysics, 59(2), e2020RG000724. https://doi.
org/10.1029/2020RG000724




MORAVIAN GEOGRAPHICAL REPORTS 2025, 33(2), 91-105

Please cite this article as:

Potednikova, Z., HoluSov4, A., Vaverka, L., & Galia, T. (2025). Effects of policy changes in the last 80 years on LU/LC and ecosystem services: A case
study of the Odra River floodplain (Czech Republic). Moravian Geographical Reports, 33(2), 91-105. https://doi.org/10.2478/mgr-2025-0007
Appendices

Appendix 1: Indicators used for the ecosystem services assessment
Notes: # = number of ordinal classes, * = will be discussed separately, RS = river segment

Name of indicator # Description of ordinal classes of RS

Area of the segment none Classes defined by number and extent of different categories
Channel width 10 Classes defined by measured width

Sinuosity 3 Classes defined by calculation of sinuosity

Paleochannels 4 Classes defined by calculation quantity of paleochannels
Coefficient of Green Areas 10 Classes defined as a proportion to the total segment area
Coefficient of river bars 10 Classes defined as a proportion to the total segment area
Roughness of area 4 Classes defined by number and extent of different categories
Ecological stability ratio 4 Classes defined by area of ecological stable stage

Yield potential 96 Classes defined by categories

Cultural elements 5% Classes defined by number and extent of different categories

Appendix 2: Process of calculation of Natural Flood Mitigation ES

Name of Ecosystem Service Abbr. Description

Natural Flood Mitigation NFM Natural flood protection based on the river and floodplain LU/LC characteristics
Provisioning category

Indicator Abbr. Unit Variable description Data basis
Roughness of the segment R Manning's value Roughness of each LU/LC unit Tables
Calculation
Paleochannels P - Number and size of Py, at each segment Map analysis
Sinuosity S - Calculated sinuosity for each segment Map analysis
Calculation
Coefficient of ecological stability EScoet - Calculated sinuosity for each segment Statistical Office

w, t+

n
R, A
Equation of Natural Flood Mitigation: NFMps = E 051 T +0.3Pcy + S + 0.4EScoef
- RSy
13

The resulting service is the product of the sum of four variable. The numbers 0.3, 0.4
and 0.5 are weights for each variable determined by expert estimation for the study
area. The final categories of Natural Flood Mitigation (1 = very low, 2 = low, 3 = ave-
rage, and 4 = high) were based on quartiles of the values calculated for the entire ri-
ver corridor and all assessed years (see Table below).

Category
very low low
<2.7 2.7t03.8
1 2 3 4

Roughness (Manning's roughness coefficient) was determined for the following in-
dividual LU/LC classes: arable land (0.04), permanent grassland (0.035), green are-
as (0.12), water bodies (0.03), river channel (0.03), orchards (0.1), and urban area
(0.05) (Chow, 1988).

Compared to Keele et al. (2019) and Large and Gilvear (2015), we (i) used ArcGIS
Pro instead of the Google Earth platform; (ii) measured each landscape unit inste-
ad of estimating the percentage cover in the defined river corridor; (iii) used less de-
tailed land cover types because some categories in our study were missing and pre-
cision of work can be affected by aerial image quality (more than 50% of aerial ima-
ges are black-white); (iv) used Manning's value to describe the roughness of diffe-
rent landscape units to achieve more accurate data; (v) used ecological stability; and
(vi) based the final categories on quartiles of the values calculated for the whole ri-
ver corridor and all assessed years. The final score of ES Natural Flood Mitigation is
the sum of all listed parameters corresponding to the equation (Tables 3 and 4) for
each river segment.

The sinuosity for each RS was automatically calculated using the Meander Statistic
toolbox (MSaT) to analyze the meander characteristics for each segment and studied
year (Ruben et al., 2021). This software provides a comprehensive analysis of the in-
put river centerline in the form of point coordinates.
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Appendix 3: Equation of Water Ecosystem Service

Name of Ecosystem Service Abbr. Description

Water Ecosystem Services NFM Natural flood protection based on the river and floodplain LU/LC characteristics
Provisioning category

Indicator Abbr. Unit Variable description Data basis
River width WR Manning's value Roughness of each LU/LC unit Tables
Calculation
Paleochannels P - Number and size of Pey at each segment Map analysis
Coefficient of ecological stability EScoef - Calculated sinuosity for each segment Statistical Office
Coefficient of Green Areas GAcoef - Ratio stable and unstable landscape unit in segment Map analysis
Calculation
Coefficient of river bars Beoef - Ratio of area of river bar to river segment length and width ~ Map analysis

n
Equation of Water Ecosystem Services: Wesps = Z 0.5Wg + 0.3Pcy + 0.5ES;per + 0.2GAcoer + 0.3Bcoer
7

The resulting service is the product of the sum of four variable. The numbers
0.2, 0.3 and 0.5 are weights for each variable determined by expert estimation for
the study area.

Category

very low low
<3.2 32to4.1

1 2 3 4
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