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Abstract

Stachura J., Chuman T., Sefrna L. (2015): Development of soil consumption driven by urbanization and pattern of
built-up areas in Prague periphery since the 19" century. Soil & Water Res., 10: 252—261.

Soil consumption has become a very rapid and intensive process in many European countries, especially around
large cities and important highways. The Prague periphery is not an exception. This paper analyses the extent
and quality of consumed agricultural land and pattern of built-up areas in selected 22 cadastres in Prague pe-
riphery, by using historical maps and orthophotomaps, over four time horizons since the 19" century till 2010.
The results show an extensive soil consumption. The average extent of built-up area increased from less than
1% to more than 13% per cadastre. This extensive development caused consumption of high quality soils and
changed the pattern of built-up areas from more compact to less compact built-up areas. The average nearest

neighbour distance between built-up patches has increased by more than 38%.

Keywords: Czech Republic; land take; quality of soil; soil sealing; urban sprawl

Land use changes due to urbanization are one of
the most serious environmental issues that Europe is
facing today because the speed of the changes caused
by urbanization, their frequency and magnitude
increased unprecedentedly in the second half of the
20" century (ANTROP 2000). Urban sprawl, a specific
form of urbanization, is the most significant driver
of land use changes. Urban sprawl is a phenomenon
of spreading extensive forms of built-up areas into
city agricultural surroundings (TORRENS & ALBERTI
2000; GAYDA et al. 2005) leading to soil consumption
(conversion of agricultural land to developed areas)
and soil sealing (covering soil with impermeable
material e.g. asphalt, concrete).

Many studies (SYKORA 2002; PAULEIT et al. 2005;
HAASE 2009; SCALENGHE & MARSAN 2009; CHUMAN
& RoMPORTL 2011) have shown that urban sprawl has
significant negative impacts on the environment since
it affects many ecosystem functions and services, e.g.
water infiltration, water retention, habitat suitability,
and food production. Many of these functions are
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affected due to soil sealing. About 4% of soils have
been sealed in the EU, and fertile soils near large
agglomerations are often endangered (EEA 2010).
In the EU’s “Thematic strategy for soil protection”
(CEC2006), soil sealing is considered to be a threat,
and national authorities should adopt strategies to
limit this phenomenon.

Urban sprawl is a phenomenon experienced by cities
across whole Europe. Many studies have focused on
urban sprawl in Europe, such as SCATTER (GAYDA
etal. 2005), MOLAND (KAsaNKoO et al. 2006), Circ-
Use (Institute for Ecology of Urban Areas 2010) and
PLUREL (PLUREL 2010; PAULEIT et al. 2013). In the
Czech Republic, research has focused on mostly so-
cioeconomic drivers and the consequences of urban
sprawl (OUREDNICEK et al. 2008-2014, 2011), or on
a specific type of urban sprawl, e.g. development of
commercial areas (KoZELOUH 2010; SPILKOVA &
SEFRNA 2010; CHUMAN & ROMPORTL 2011), both
occurring during last two decades at most. Studies
focusing on land take (soil consumption, soil sealing)
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and the spatial structure of urban development over
longer time scales are scarce. Therefore, the main
objective of this research was to perform a qualita-
tive and quantitative analysis of soil consumption
and of the pattern of built-up areas in the Prague
periphery since the 19" century.

An overview of the extent and intensity of urban
sprawl in Europe and the Czech Republic. The
primary source of data on urban sprawl for many
EU countries is the CORINE land cover database.
According to this database, land take is most in-
tensive in highly inhabited regions like Benelux or
some regions in Germany. Developed areas (artificial
surfaces according to CORINE LC nomenclature)
covered more than 8% in some NUTS 3 regions in
these countries in 2006. The highest increase, of more
than 5% of artificial surfaces, was found in southern
Europe (Spain, Portugal, and Cyprus) between 2000
and 2006. The increase was much higher (above 20%)
at the NUTS 3 region level. By using the “Land take
per capita indicator”, Ireland, Spain, Portugal, and
the Netherlands had the highest values in the year
2006. However, a comparison of the intensity of land
take in these countries from 1990 to 2000 and from
2000 to 2006 showed a declining trend in the EU27
except for Spain. In opposite to that trend, there was
an increase in land take intensity in the countries
newly associated to the EU such as Romania, Latvia,
and Bulgaria.

Land take mainly occurs at the expense of agricul-
tural land. In the Czech Republic, detailed land use
and land cover data also show an annual decline of
arable land since 1990 (BiCik et al. 2010; CHUMAN
& RomMPORTL 2011; KuPkoVA 2011). Data from the
period 2000-2010 showed that Czech Republic was
losing about 4000 ha of arable land annually (Czech
Statistical Office 2013). However, a significant pro-
portion of this arable land loss was not caused by
the land take but by the conversion of arable land to
grassland and forest land. Built-up areas increased by
80 ha annually from 2000-2010, but when including
other artificial surfaces, the annual increase was up
to 2000 ha. The proportion of all artificial surfaces
was about 12% for periphery districts of Prague in
2011 and about 10.5% for the whole Czech Republic
(Czech Statistical Office 2013).

Soil consumption significantly affects both the
production and non-production functions of soils
and is closely connected with food production and
food self-sufficiency (UHEL 2006). High quality soil
should be protected for food production, as rapid

soil consumption may endanger the food security
and food production for the next generation (CHEN
2007; KIBBLEWAITHE et al. 2012). Therefore, not
only the quantity, but also the quality of consumed
soils should be of primary concern. Surprisingly, on
the outskirts of large cities such as Prague there are
many examples where soil consumption occurs even
on the most fertile soils, despite the fact that this
most fertile soil has been protected for centuries to
support the food production (SPILKOVA & SEFRNA
2010). The cost of soil is a crucial factor in soil pro-
tection (ROAKES 1996), and the low cost of fertile
soils in the Czech Republic has been criticized in
materials of the EU (PrRoxkoP ef al. 2011).

MATERIAL AND METHODS

Cadastre selection. Twenty-two model cadastres
were selected on the Prague periphery to analyze the
extent and the pattern of built-up areas and quality
of built-up soils in the long term. The 22 cadastres
set was chosen to cover a maximum soil quality di-
versity of dominant soil types at a driving distance
of up to 20 min from Prague (Figure 1).

Soil cover, soil quality, and built-up areas data
acquisition. Soil cover and soil quality were derived
from the Evaluated Soil Ecological Unit — ESEU
(“BPEJ” in original) database (Research Institute for
Soil and Water Conservation, Prague, Czech Repub-
lic). Each ESEU represents soils of homogeneous
physical and chemical characteristics and productivity
(NEMECEK et al. 1985). Based on physical and chemi-
cal properties of soil (mainly pH, cation exchange
capacity, basic saturation, soil organic matter content,
soil texture, soil water regime) weighted by climate
region the quality (productivity) of each ESEU is
expressed on a 100 point scale index (NEMECEK et
al. 1985). The area weighted average soil quality
index of all ESEU was computed for each selected
cadastre and for built-up area in each cadastre. These
indexes of the built-up area and of the whole cadastre
were put in ratio (times 100) to show whether lower
(< 100) or higher (> 100) than average quality soils
were consumed.

The extent of built-up areas was acquired for four
time horizons. The oldest data show the extent of
built-up areas in the 1820s and 1830s and were de-
rived from Imperial Imprints of the Stable Cadastre
of Bohemia, a historical cadastre map at a scale 1:2880
provided by the Czech Office for Surveying Mapping
and Cadastre and National Archive (hereafter we
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Table 1. Pattern indicators

Variable Units
Fnulilritl:fr I;?t;}alt(ciﬁ:ss lger km?) No./km?
Border length of built-up areas per km? km/km?
Built-up area %
(proportion within a cadastre)

Nearest neighbour distance m

(between built-up patches)

refer to this time horizon as the 1830s). These maps
provide a precise source of information about the
landscape, showing the state before industrialization
and urbanization (BRUNA et al. 2005; SKOKANOVA et
al. 2012). The maps were georeferenced in ArcGIS
software (Esri 2012).

For the second time horizon, built-up areas were
derived from maps of the so-called Third Military
Mapping at a scale of 1:25 000 produced in the 1870s.
In the third and fourth time horizons the extents of
built-up areas were derived from orthophotos from
the 1950s at scales of 1:18 000—1:26 000 and current

orthophotos (year 2010) with a 1 m resolution. We
applied on screen vectorization of built-up areas at
a view scale of 1:200 with a minimum mapping unit
of 15 m? Because of various spatial resolutions of
the used datasets we did not do spatial overlays of
vector data and used the acquired data only to evalu-

doi: 10.17221/204/2014-SWR

ate the extent and pattern (see Table 1) of built-up
areas in selected cadastres.

Data analysis. We used column standardization
(MELOUN & MILITKY 2004) of the pattern indicators
(Table 1) by dividing them by the standard deviation (1).

Yy = X1, (1)

where:

y — standardized data
x — original data

5 — standard deviation
j — column

i —row

To reveal similarities in urban development among
the cadastres, we used Euclidean distance and par-
titioning around medoids (PAM) cluster methods
(ANTONIADIS & GENTLEMAN 2003), a robust type
of K-mean clustering (NG & HAN 2002). Spearman’s
correlation coefficients were computed to reveal the
relationships among the variables prior to cluster
analysis, and highly correlated variables were omitted
from the clustering — e.g. the length of the borders
of the built-up areas which strongly correlated with
the proportion of the built-up areas.

Data processing and analysis were done using R soft-
ware (The R foundation for statistical computing,
2011; R Studio, 2009-2012) with package "Clue"
(HORNIK & BOHM 2014).

Albeluvisols
Anthrosols
Cambisols
Il Chernozems
Fluvisols
Gleysols

i Leptosols
I Luvisols
Il Phacozems
X5 Stagnosols

Water bodies

——e Cadastral border

10 Km

Figure 1. Selected cadastres
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ClValid R package (BRoOCK et al. 2008) was used to
select the optimal number of clusters. Almost 60%
of variance among cadastres was explained with
5 clusters using PAM method.

RESULTS

The extent of built-up areas. The average extent of
a built-up area increased from less than 1% to more
than 13% per cadastre. The extent of built-up areas
was very low in the 1830s, reaching only 0.5% of the
total cadastre area for all cadastres. The Bustéhrad
cadastre was the only exception, with a built up area
proportion reaching 0.7% because it was a historical
town with a castle. The differences among clusters
were negligible (Table 2).

In the 1870s the extent of built-up areas was very
similar and no significant expansion occurred. Be-
cause of a low spatial resolution of the primary source
of data this time horizon gives us only general infor-
mation, however a significant built-up area expansion
should have been recorded. The number of cadastres
with a higher proportion of built-up areas increased
slightly, but only in the Tuchomérice and Lobecek
cadastres the proportion exceeded 0.5%. In some
cadastres a decrease of built-up areas was recorded,
presumably due to a lower data resolution.

Built up areas  Soil fertility N
(2010) 0-100 points A
[Jresidental [ less than 60

commercial [l 60-69
#5% transport net [l 70-80

~ waterbodies Il more than 80

—— cadastral
borders

0 2 km

0 2 km

The cadastres started to diversify in the 1950s. The
Bustéhrad cadastre still has had one of the highest
proportions of built-up areas, but maximum values
have been recorded in cadastres with industrial de-
velopment such as Letiiany and Lobecek. A mixture
of residential and commercial development increased
the proportions of built-up areas in the Reporyje and
Nucice cadastres. In contrast, the lowest proportion
of built-up areas occurred in the To¢né cadastre.

The extent of built-up areas continued to increase till
2010. Maximum values were recorded in the industri-
alized cadastres Letiiany and Lobecek (proportion of
built-up area > 40%). Other cadastres with proportions
between 15 to 20% differed in the form of development.
Based on visual orthophotomaps interpretation, enor-
mous commercial urban development was recorded for
example in the Cestlice cadastre, while Jesenice cadastre
showed mainly residential urban development. In the
Reporyje and Bustéhrad cadastres a mixture of both
residential and commercial urban development has
continued from the 1950s. The built-up area signifi-
cantly increased in most cadastres, however, several
cadastres, e.g. To¢nd, Trnény Ujezd, and Choted, did
not show intensive development. There the proportion
of built-up area remained below 4%.

Pattern of built-up areas. The spatial structure
of the built-up areas was described by the length of

2 km

Figure 2. Examples of the development of built-up areas in cadastres Nucice, Reporyje, Jesenice and Zelene¢
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borders, density of patches, and the nearest neigh-
bour distances (Table 2). This extensive development
changed the pattern of built-up areas from more
compact to less compact built-up areas. An average
nearest neighbour distance between built-up patches
was increased by more than 38%.

The nearest neighbour distances and density of
built-up patches were very variable over all analyzed
time horizons. In some cadastres the nearest neigh-
bour distance increased between the 1830s and 1950s
but decreased till 2010, reflecting the sprawl of urban
development in the first phase and infilling in the
second phase. The continuously increasing value of
the nearest neighbour distances in other cadastres, e.g.
Letnany, Lobecek, Bustéhrad, and Cestlice (Table 3),
show a continuous sprawl of the built-up areas.

In general, the length of the borders strongly cor-
related with the extent of built-up areas (Table 2).
However, some cadastres, e.g. Ujezd nad Lesy and

Table 3. Extent of top quality soil and area weighted average
soil quality in the set of 22 cadastres

Extent
Weighted Exltlzrllii}?zgz)lp of consumed
Cadastrename 0L Dtotalarea O 2081
index
(ha)

Bast 83.6 377.3 27.7
Bustéhrad 77.7 557.8 13.8
Cestlice 60.6 154.7 7.8
Dolni Jir¢any 59.8 231.3 20.0
Dubec¢ 64.7 38.9 0.1
Hostounn u Prahy ~ 71.3 212.5 30.4
Chotec u Prahy 57.7 20.7 0.0
Jesenice 72.0 393.2 51.7
Letnany 88.0 549.2 254.2
Lipence 61.9 304.6 18.1
Lobecek 44.5 49.0 52
Nucice u Rudné 68.2 136.7 36.7
Osnice 62.0 422.5 39.5
Pacov u Ri¢an 63.6 106.4 11.2
Reporyje 74.7 148.4 29.2
Toc¢na 49.8 110.6 9.5
Trnény Ujezd 54.6 15.4 0.1
Tuchométice 69.4 274.5 7.2
Tursko 81.6 733.9 36.6
Ujezd nad Lesy 66.9 0.0 -
Velen 87.8 628.8 34.8
Zelene¢ 81.1 240.0 3.7

Lipence, showed very high values of border length in
2010 despite the proportion of built-up areas being
relatively low. This was mainly due to the presence
of dispersed recreational properties. Edge length
density (Table 2) showed significant changes over
the whole study period, increasing from values less
than 1 km/km? up to an average of almost 15 km/km?.

There were also significant changes in the den-
sity of patches (Table 2). This indicator increased
from 11 patches per km? per cadastre on average in
the 1830s up to 54 patches on average per km? per
cadastre in 2010; however, the variability among
cadastres was high, ranging from 10 to more than
100 patches per 1 km? per cadastre in 2010. This
variable differentiated the set of cadastres mainly
in the two last time periods (the 1950s and 2010).
The highest values of patch density reflected the
development of dispersed recreational properties
(e.g. Ujezd nad Lesy, Pacov u Ri¢an, Lipence), high

Table 4. Soil quality index ratio; the ratio of area weighted
average soil quality index for built-up area and area weigh-
ted average soil quality index of the whole cadastre times
100 to show whether lower (< 100) or higher (> 100) than
average quality soils were consumed

Cadastre name 1830s 1870s 1950s 2010
Bast 105 106 105 101
Bustéhrad 107 109 101 103
Cestlice 93 89 100 93
Doni Jiréany 98 91 96 89
Dubec¢ 95 92 99 98
Hostoun u Prahy 91 97 96 98
Chotec¢ u Prahy 71 76 82 82
Jesenice 101 103 104 99
Letnany 100 100 100 100
Lipence 114 95 92 93
Lobecek 128 135 103 92
Nucice u Rudné 121 122 108 108
Osnice 98 93 96 100
Pacov u Ri¢an 98 102 100 102
Reporyje 99 96 99 102
Toc¢na 121 120 119 118
Trnény Ujezd 119 118 107 107
Tuchométice 81 90 90 92
Tursko 103 103 102 103
Ujezd nad Lesy 92 93 99 98
Velen 101 101 101 101
Zelenec 93 93 94 95
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Figure 3. Cluster plot from the 1830s (two components
explain 81.5% of the object variability)

values were found in areas with massive residential
developments (e.g. cadastres Jesenice, Reporyje),
and low values were typical for cadastres with large
commercial areas (e.g. cadastres Letnany, Cestlice).

Quality of soils in built up areas. The extensive
development caused a consumption of high quality
soils. The top quality, most fertile soils of the Czech
Republic occur in the north and north-east parts of
the Prague periphery in the cadastres Letnany, Velen,
Bast, and Tursko on loess Quaternary substrates,
however, over 11% (637 ha) of them have been con-
verted to built-up area (Table 3).

The ratio of the area weighted average soil quality
index of the built-up area in each cadastre and the
area weighted average soil quality index of the whole
cadastre showed that soils of predominantly better
than average quality within each cadastre were taken
(Table 4, Figure 2). This happened even in the past.
Generally, in more than one third of the cadastres
urban expansion into agricultural surroundings has
led to the consumption of above-average quality soils.
A different development of built up areas, presumably
reflecting different territorial planning attitudes, is

Component 2

Chotec

T T T + T T T T
-3 2 4 0 1 2 3

Component 1

Figure 5. The 1950s cluster plot (two components explain
72.6% of the object variability)
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Figure 4. Cluster plot from the 1870s (two components
explain 72.5% of the object variability)

shown in Figure 2. In the Zelenec¢ cadastre, the most
fertile soils were protected. Opposite to that, top
quality soils were extensively taken near the Prague
ring road in cadastres in the southern part of Prague
(Figure 2, Tables 3 and 4).

Similarities and differences in urban development
among cadastres. Clustering was based on param-
eters listed in Table 1 and the cadastral area weighted
average soil quality index. The analysis showed the
increasing role of pattern of built-up areas in cluster-
ing. In the first and second time horizons the clusters
were defined mainly by soil quality, because the extent
of built-up area was quite similar among cadastres
(Figures 3 and 4). Some cadastres were separated due
to their slightly higher proportion of built-up areas,
less compact built-up areas, and the high density of
patches (Figure 3). The compactness of built-up area
was influenced for example by the presence of mills
and sawmills in some cadastres (e.g. Chote¢ and Ujezd
nad Lesy). Since 1950s the similarities among clusters
have predominantly been based on the extent of the
built-up area and its pattern (Figures 5 and 6), however
the clustering has remained sensitive to soil quality.
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Figure 6. The current orphotomap (2010) cluster plot (two
components explain 75.2% of the object variability)
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DISCUSSION

Our research into the soil consumption and pattern
of built-up areas in the Prague periphery since the
19'h century driven by urban development in selected
cadastres has resulted in a new empirical knowledge.
The average extent of built-up areas increased from
less than 0.5% in the 1830s to more than 13% in 2010.
In some cadastres the proportion of built-up area
reached 50% in 2010. The intensive development of
urban areas has been studied elsewhere in Europe
and other countries in the USA or Asia (IMHOFF et al.
1997; UHEL 2006; ZHANG et al. 2007; SALVATI 2013;
X1A0 et al. 2013) and it was proved that sprawling
urban areas tend to consume the best agricultural
lands (NIZEYIMANA et al. 2001; IMHOFF et al. 2003;
UHEL 2006; SALVATI et al. 2013), forcing agriculture
to move to less productive areas. Results of this study
are in line with published research. In nearly half of
the selected cadastres the built-up areas consumed
high quality soils (more than 70 points). The qual-
ity of the consumed soils was increasing in nearly
half of the cadastres between time horizons. Only
in 9 out of 22 cadastres the built-up areas expansion
avoided the above-average quality soils. In most of
the cadastres, sprawling consumed the best quality
soils within the cadastre and even some best qual-
ity soils nationwide. This was the case of e.g. the
Letnany cadastre, where there was no soil of lower
quality available for development. Generally, the
cadastres along the newly built Prague ring road
(Jesenice, Osnice) experienced the most intensive
development on protected soils. This implies that
favourable logistics positions put high pressure on
fertile and even protected soils. In such a case lo-
cal territorial planning should play a crucial role in
effective soil protection. CoNwAY and LATHROP
(2005) and PicHLER-MILANOVIC (2007) suggested
that fertile soil needs to be distinguish at the local
level and then it can be effectively protected at higher
administrative levels. The building up of high quality
soils should be avoided, as these soils perform several
crucial functions which make them environmentally,
economically, and socially important.

An example of a strong protection of the best quality
soils is in Slovakia, where they are protected by very
high compensation payments for withdrawal of land
from the agricultural land resources. For comparison,
compensation payments for withdrawal of one hectare
of the best quality soil is about 52 000 € in the Czech
Republic whereas 200 000 € in Slovakia (Act No. 220

2004 Coll.). On the other hand, only about one fifth
of the agricultural soil resources is protected by such
high compensation payments in Slovakia (PRokoP
et al. 2011). Lower payments make soil protection
in the Czech Republic very difficult, but the most
effective tool for soil protection is territory planning.
Territory planning should be an integrative process
of natural resource and landscape protection and
urban development (SCHETKE et al. 2012).

CONCLUSION

The results point to the extensive development
of built-up areas that caused consumption of high
quality soils and changed the pattern of built-up
areas from more to less compact. The process of
spreading urban areas into agriculture landscape is
an inherent process of town/city development and
Prague periphery belongs to the most exposed regions
in the Czech Republic, however the building up of
high quality soil should be avoided to maintain its
crucial functions and services.
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