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Abstract: This article investigates the land use and land cover (LULC) mosaic as a function of
distance to the city centre. The research area is four Functional Urban Areas (FUAs) of the capitals of
Central European countries: Czechia (Prague), Poland (Warsaw), Slovakia (Bratislava), and Hungary
(Budapest). The article presents LULC mix changes in these FUAs in the context of transformations
in urban cores and commuting zones of capital city metropolises, which have large populations and
prominent positions in the country or region. The study makes use of Urban Atlas LULC data for
2006, 2012, and 2018. LULC change was analysed using a hexagonal tessellation with the hexagon as
the basic spatial unit. Spatial entropy (ENT) and Simpson’s Diversity Index (SIDI) were employed.
The change in ENT and SIDI were determined as a function of distance to urban cores, as well as
changes on the first level of Urban Atlas nomenclature for 2006–2012 and 2012–2018, as well as on the
third level of nomenclature for 2012–2018. The research shows that changes from 2006 to 2012 were
more considerable than from 2012 to 2018. It also revealed that, if LULC classes are considered on the
first level of nomenclature, diversity in urban cores grows and then declines in commuting zones. An
analysis of diversity on the third level of nomenclature demonstrated its decline with the growing
distance to the urban core. It has also been demonstrated that the mean values of ENT and SIDI are
approximately twice as high in urban cores as in commuting zones, indicating a plateau of the mean
value of ENT and SIDI over the study period in urban cores compared to an increase in commuting
zones around them. The conducted research will be helpful to urban planners and decision-makers
in directing the further, inevitable development of metropolitan areas in accordance with sustainable
environmental management.

Keywords: entropy; Simpson’s Diversity Index; FUA; land use change; entropy distance model

1. Introduction

According to data from the United Nations, 55% of the global population live in ur-
banised areas [1]. This share is growing, which advances the development of these sites [2].
Functional Urban Areas (FUAs) constitute 22.9% of the European Union’s territory and
were home to 75% of the European population in 2012 [3]. Another factor is the rapid
economic development, which drives land use and land cover (LULC) change and con-
trasts among land use types [4,5]. It results from an increase in built-up areas in urbanised
locations, which significantly hinders other land use and land cover types [6,7]. It is worth
noting that the development of urban areas often lags behind the growth in urban popu-
lation, which frequently leads to shortages of hard infrastructure and recreational areas,
overpopulation, or issues with pollution and environmental protection [8,9]. Two types
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of areas stand out in this regard, industrial areas and capital metropolises, which clearly
outrank other metropolises and cities in the country.

In light of the above, the assessment of land use and land cover change (LULCC)
in urbanised areas seems particularly important for spatial planning and sustainable
development policy implementation. LULCC in urbanised areas is often investigated
within Functional Urban Areas (FUAs) [6,7,10]. The notion of FUA concerns the city and
its commuting zone. Now, the FUA consists of a densely populated city (urban core, UC)
and the commuting zone (CoZ) around it, which is less populated but strictly dependent
on the UC for the labour market [11]. Therefore, it is reasonable to consider LULCC in
relation to the FUA as a unit characterised by significant urbanisation processes and strong
socioeconomic relationships between the UC and CoZ.

Two databases are valuable sources of LULC data in Europe today. The Urban Atlas
and CORINE Land Cover are both part of the Copernicus EU programme, and they both
come with different spatiotemporal resolutions and applications. The Urban Atlas covers
39 European countries and shows LULC by FUAs. The Urban Atlas has 27 LULC classes,
17 of which are urban classes with a minimal mapping unit of 0.25 ha and 10 rural classes
with an minimal mapping unit of 1 ha. In the case of the Urban Atlas data, the positional
pixel accuracy is ±5 m, the minimal general accuracy for class 1 (artificial surface) is
≥85%, and the minimal overall accuracy for all classes is ≥80%. In contrast, the CORINE
Land Cover offers a spatial accuracy of 25 ha, which is lower than the Urban Atlas. It
provides LULC data for 39 European countries, mainly for European Union environmental
programmes. Both databases are considered modern data sources as they offer LULC
data from 1990 (CORINE Land Cover) and 2006 (Urban Atlas). Spatial patterns over more
extended periods or a greater spatial extent can be determined with invaluable LULC data
from cadastral records [12,13].

Central European states are considered areas with dynamic and often uncontrolled
growth in urban areas of suburban zones [14]. Furthermore, the countries exhibit declining
land use and agriculture intensity [15]. Researchers have also identified a relationship
between LULCC caused by increased demand for buildable land and the risk of land-
slides [16]. LULCC studies on Central Europe to date have demonstrated general positive
trends in artificial surfaces at the expense of agricultural land in Czechia, Hungary, Poland,
and Slovakia [7,17,18]. Given the above, the present article considers LULCC in FUAs of
four Central European capitals: Prague (Czechia), Warsaw (Poland), Bratislava (Slovakia),
and Budapest (Hungary). They were chosen because their administrative positions are
higher than those of other FUAs in their respective countries, and they house significant por-
tions of the countries’ populations. As a result, investigated FUAs of capital metropolises
have the largest populations, leading to the occurrence of spatial conflicts driven by the
capitals’ impact on their suburban areas.

Research on urban LULC has employed the Land Use Mix (LUM) theory for some
time now. Many researchers consider it a method for improving the urban vibrancy and
optimising built-up areas [19]. LULC balancing has long been applied in urban planning in
line with the belief that LULC diversity significantly improves a city’s vitality. This view
was promoted by Jacobs in 1984 in his deliberations on built-up areas in US cities [20].
Jacobs [20] defined the concept of LUM as the harmonious co-existence of adjacent or
neighbouring land use and land cover types. Hence, LUM has to exhibit compatibility
among individual LULC types while fostering LULC diversity and functionality. Urban
growth and intensification of developments, functions and services fuelled interest in LUM
and appreciation for its role in the life of cities.

Moreover, past spatial policies focused on separating LULC types and their regionali-
sation and zoning, in line with the Charter of Athens of 1933, adopted at the International
Congress of Modern. This caused numerous ramifications, such as [21]: (1) isolation and
low vitality, (2) longer home-work distance and increased travel cost, (3) lack of suitable
environment for small investment projects, (4) higher travel cost for facilities and amenities
driving expenditure up, (5) safety issues. Today, LUM in urban areas is considered a



Sustainability 2024, 16, 2224 3 of 16

potential path to sustainable development [22]. Zhuo et al. [23] reviewed definitions of
LUM (Song et al. [24], Cervero and Duncan [25], Grant [26], Urban Land Institute [27]) and
concluded that LUM should have several essential characteristics: various types of land
use, limited spatial extent, interaction between and integration of land- use types, and a
specific developmental goal. Zhuo et al. [23] proposed the following adaptation of the LUM
definition for urban areas: ‘LUM is a type of land use pattern that blends different land
use types, which may be functionally integrated, and provides a sustainable development
trend’. Shi et al. [19] noted that areas with a high percentage of LUM can be considered
a sophisticated, correct, and sound urban form compared to a regular one. A review of
concepts of the role of LUM in spatial policy can be found in Zhuo et al. [23]. The care to
promote the right LUM pattern is consistent with the recently popular 15 min or 20 min
city concept [28–32]. Still, the spatial extent of the LUM pattern is of importance as well.

In LULC research, including LUM, diversity indices such as spatial entropy or Simp-
son’s Diversity Index are often used. For example, spatial entropy has been used to study
the relationship between LULC diversity and the pattern of urban dispersion [33], or to
measure urban sprawl [34,35] and assess LUM in selected urban areas [7]. In turn, the
Simpson diversity index has been used, for example, in analyses of landscape structure
using LULC data [36], spatial analyses of land fragmentation in a metropolitan area [37] or
in the construction of a model of land use diversity in urban areas [38].

LULCC analysis is an important issue in monitoring the development of metropolises,
among which state capitals play a special role. The conclusions from such analyses are
helpful to urban planners and decision-makers in directing further future development of
these areas in accordance with sustainable environmental management. Currently, there
are relatively few studies quantitatively describing LULCC for the areas of several state
capitals. Against this background, the capitals of countries belonging to the Visegrad group
stand out, characterized by a similar socio-economic history that has a significant impact
on the LULCC observed in recent decades and the implemented sustainable spatial policy.

Therefore, the article aims to investigate the micro- and macrostructure of LULC
in Central European capitals and their commuting zones from 2006 to 2018. The study
involves a quantitative and spatial analysis of data from the Urban Atlas in FUAs of
Prague, Budapest, Warsaw and Bratislava. These particular cities were selected because
of the geographical proximity of the countries, shared historical context and the similar
socioeconomic conditions in the region. The FUAs were tessellated with regular hexagons
used as basic spatial units for assessing the LULC spatial microstructure and its change.
This way, the spatial distribution of LUM over the distance to the city centre could be
determined. The study aids with establishing an informed regional spatial policy in areas
with large populations and intense use of space, particularly those where old fabric requires
the protection of cultural heritage.

2. Materials and Methods

The input data were Urban Atlas LULC status layers for 2006 [39], 2012 [40] and 2018 [41]
for four FUAs around European capitals: Prague—CZ001L1 (Czechia), Warsaw—PL001L2
(Poland), Bratislava—SK001L1 (Slovakia) and Budapest—HU001L1 (Hungary). The data
are available in the Copernicus Land Monitoring Service (CLMC). Considering that the
boundaries of the FUAs shifted over the study period, the analyses are limited to the
intersection of the layers available in each investigated year. We delimited the UCs and
CoZ in the FUAs using the UCs’ (central cities’) boundaries provided with the Urban Atlas
data for 2012 and 2018. CoZs were delineated as differences between intersect polygons
and UCs. More about methods for determining the boundaries of FUAs can be found
in Dijkstra et al. [42]. Additionally Global Roads Open Access Data Set [43] was used to
visualize the roads in the studied area.

Next, the centroids of the UCs as mathematical approximations of the centres of the
capitals were determined. The following step was to generate an individual grid of regular
hexagons (500 m2) so that the centroid of the UC was aligned with the centroid of a hexagon
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and all hexagons formed a solid surface over the FUA. We employed the hexagon as the
basic spatial unit (BSU) because its shape offers better results than the square, triangle or
rhombus, owing to a better approximation of the circle. Hexagonal BSUs are employed
in various analyses of natural phenomena and environmental factors [44]. Hexagons of
500 m2 and 1000 km2 are used in a multitude of studies involving spatial analysis, including
analyses of land use and land cover [45–48]. Hexagon tessellation removes the restrictions
imposed by administrative limits or boundaries of FUAs, UCs and CoZs. Additionally,
to determine the impact of UCs on their surroundings, we determined the reach of UCs’
boundaries by delimiting zones, which are circles the radii of which are equal to the (I)
minimum and (II) maximum distance of the UCs boundary to the centroid and the (III)
mean distance of the UCs boundary corners to the centroids. Configurations of the FUAs
with UCs and CoZs are shown in Figure 1.
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Figure 1. Configuration of the boundaries of the FUAs, their UCs and CoZs, and the transport
network. The dotted lines represent the UC boundary distance to the zone’s centroid. The orange
dotted line represents the minimum distance, the green dotted line, the maximum distance, and the
blue dotted line, the mean distance. Global Roads Open Access Data Set [43] was used to visualize
the roads and UA data for the railways.

The share of LULC classes in each BSU for 2012 and 2018 on the third level of the
Urban Atlas nomenclature was determined [49] (Table 1). It should be noted that the use of
data at the third level of detail results in more detailed information on LUM in the studied
areas. This detail consists primarily in obtaining information about LUM within a given
class (for example, in the field of the artificial class), which is important information for
the purposes of urban space management. When using data at the first level of detail,
information about LUM is obtained, resulting mainly from the observed transformation of
biologically active areas into urbanized areas.
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Table 1. Urban Atlas LULC nomenclature.

1st Level 2nd Level 3rd Level

1 artificial surfaces

Urban Fabric (11); Industrial, commercial,
public, military,

private and transport units (12); Mine,
dump and construction site (13); Artificial

non-agricultural vegetated areas (14)

Continuous urban fabric (seal level, SL > 80%) (111);
discontinuous urban fabric (SL 10–80%) (112); isolated

structures (113); industrial, commercial, public, military
and private units (121); road and rail network and

associated land (122); port areas (123); airports (124);
mineral extraction and dump sites (131); construction

sites (133); land without current use (134); green urban
areas (141); sports and leisure facilities (142)

2 agricultural areas
arable land (annual crops) (21);

permanent crops (22); pastures (23);
complex and mixed cultivation (24)

3 natural and (semi-)
natural areas

forests (31); herbaceous vegetation
associations (32); open spaces with little

or no vegetation (33)

4 wetlands

5 water

We employed two measures of diversity, the spatial entropy index (ENT) and Simp-
son’s Diversity Index (SIDI), to characterise the LUM in the BSUs. Both Shannon’s entropy
and the inverse Simpson’s diversity index are Hill numbers with which one can assess
diversity in a dataset. These indices are commonly used in biodiversity studies [50,51]. Hill
numbers are defined with the following Equation (1) [52]:

H =
(
∑n

i=1 pq
i

) 1
1−q , (1)

where: q is the parameter determining the measure’s sensitivity to relevant frequencies, n
is the number of types (LULC classes in this case) in the dataset, where the ith-type has a
relative size of pi (the share of individual LULC classes in the BSU in this case).

The value of q determines the diversity index. If q = 0, Equation (1) is a measure
of type richness. If q = 1, Equation (1) is undetermined. When q → 1 , it is Shannon
entropy. Shannon entropy is employed in spatial analyses of LULC and landscape structure,
similarly to the Shannon Diversity Index (SHDI) [19,53,54]. In fact, Shannon entropy can
be normalised as a ratio of Shannon entropy to ln n, which yields ENT entropy, formalised
as Equation (2) [24]:

ENT = −∑n
i=1 piln pi

ln n
, (2)

where n specifies the number of LULC classes and pi is the ratio of class n to the BSU’s area.
The ENT is a measure of diversity ranging from 0 to 1, where 0 means one type of LULC
dominates the BSU, leading to no diversity, and 1 means equal shares of LULC classes in
the BSU. Therefore, a low ENT should be considered as reflecting a homogeneous LULC
structure, while its high values mean a heterogenic LULC structure. Note that the ENT is a
symmetrical measure. This means that when, for example, two LULC classes share a BSU,
the ENT has the same value regardless of whether the ratio is 1:2 or 2:1 [24]. More about
the application of the ENT in LUM structure analysis can be found in Song et al. [24].

Hill numbers defined as in Equation (1) become the inverse Simpson index for q = 2 [46]:

HS = 1/
(
∑n

i=1 p2
i

)
, (3)

where ∑n
i=1 p2

i is referred to as the Simpson concentration and

SIDI = 1 − ∑n
i=1 p2

i , (4)
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is the Simpson diversity index (SIDI) or the Gini coefficient.
Here, we use the SIDI to determine the diversity of LULC classes in BSUs because the

Simpson diversity index focuses more on the frequency of types (LULC classes in this case)
that are common and disregards rare types (LULC classes) [51]. Moreover, the SIDI can
be interpreted as variance [50]. The SIDI ranges from 0 to 1. High values close to 1 reflect
high diversity, while low values (near 0) mean low diversity. SIDI is less sensitive to the
presence of rare classes. If there are more than two types of LULC in a given area, this
indicator can then be used as a measure of the equality of the LULC structure in the area
covered by the analysis. This indicator will therefore be useful in spatial analyses of LULC,
the aim of which will be to detect the dominant type of LULC.

With ENT and SIDI values and spatial location for each BSU, we could determine ENT
and SIDI changes (∆ENT and ∆SIDI, respectively) for 2006–2012 and 2012–2018 on the first
level of LULC classes by calculating the difference between values for the two periods.
With these data, we identified the ∆ENT and ∆SIDI patterns over the distance to the UC’s
centre. The distance between BSU and the centre of the UC is defined as Euclidean distance
using the mathematical description of the locations of all BSUs. Considering that ENT is
symmetrical relative to the number of classes, and that Urban Atlas data classification on
the third nomenclature level changed after 2006, we consider it methodologically unsound
to compare ENT results at this level of nomenclature between 2006 and consecutive UA
iterations. As a result, the analysis for the third level of UA nomenclature was conducted
only for 2012 and 2018 due to the LULC classes for these years being identical.

In addition, with the minimal mapping unit (MMU) and BSU areas known, we are
able to calculate the spatial entropy error (errENT) as per Equation (5):

errENT =
∂ENT

∂pi
mpi , where mpi =

MMUi
BAF

(5)

UA data were processed and visualised in QGIS v. 3.22.16. Values of the ENT and
SIDI were calculated and visualised in R Project version 4.3.2 [55] with chemodiv [56] and
ggplot2 [57] libraries.

3. Results

We first computed the ENT and SIDI in the BSUs for LULC classes on the first nomen-
clature level of the Urban Atlas database for 2006, 2012 and 2018. The ENT and SIDI
results for the years of interest indicate spatial consistency and high correlation because the
Pearson correlation coefficient for the values of these measures is approx. 0.99 in each FUA.
Hence, the measures can be used interchangeably to determine the LUM characteristics on
the first level of Urban Atlas nomenclature. The mean values of the ENT and SIDI in the
FUAs’ BSUs divided into UCs and CoZs for 2006, 2012, and 2018 on the first level of Urban
Atlas LULC nomenclature are shown in Figure 2.

As shown in Figure 2, values of the ENT and SIDI increased over the study period
in the BSUs in the FUAs of Bratislava, Prague and Warsaw. The mean values of the ENT
and SIDI declined in the FUAs of Budapest from 2006 to 2012 and then increased from
2012 to 2018. BSUs with CoZs exhibited greater mean increases in the ENT and SIDI than
BSUs with UCs. The UCs of Budapest and Warsaw went through a slight decrease in the
ENT and SIDI from 2006 to 2012, which continued until 2018 for the former. BSUs in the
FUAs of Warsaw and Prague had similar means to the ENT and SIDI at 0.35 and 0.28,
respectively. The mean values for BSUs in the FUAs of Budapest and Bratislava were lower.
The mean ENT and SIDI values for BSUs of UCs are much higher than for CoZs, reaching
0.8626 and 0.6514, respectively. The above results demonstrate substantial differences in
the LUMs between UCs and CoZs, which is beneficial. In 2006, the mean values of the ENT
for BSUs in CoZs ranged from 0.343 (Budapest) to 0.395 (Warsaw), and values of the SIDI
ranged from 0.280 (Budapest) to 0.719 (Warsaw). Hence, values of the ENT and SIDI for
UCs are approximately twice as large as for CoZs. Still, it is in CoZs that we identified
the most significant increases in the ENT and SIDI, while UCs exhibited flat or marginally
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negative trends. This suggests an increase in Class 1 cover (artificial surfaces) in CoZs,
leading to increased LULC class diversity through a greater portion of Class 1 in the LUM.
Any further growth in Class 1 in cities leads to lower diversity because of a significant
percentage of Class 1 in the LUM.
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2018.

As the ENT and SIDI are spatially compatible, we decided to present only the spatial
distribution of ENT values derived from LULC data. The spatial distribution of ENT values
in the BSUs for the first period, that is 2006, is shown in Figure 3. Low values of the ENT of
0–0.1 are found in the centre of UCs, demonstrating that UCs have a homogeneous LUM
dominated by artificial surfaces. In CoZs, values 0–0.1 of the ENT in clustered BSUs are
found in areas dominated by such LULC classes as Class 2 (agricultural areas, semi-natural
areas, and wetlands) or dominated by Class 3 (forests). The ENT of 0.5–1 is evident near
transport networks in CoZs. In fact, high ENT values (0.8–1) overlay main transport routes.

The spatial distribution of BSUs was investigated, where the ENT and SIDI changed
to describe changes in LULC and changes in the LUM in BSUs on the first level of Urban
Atlas nomenclature. Again, we present only the distribution of changes in the ENT within
FUAs and their zones (UCs and CoZs) between 2006 and 2012 and between 2012 and 2018,
as the distribution of ENT changes is identical to the distribution of SIDI changes. The
spatial arrangement of changes in the ENT within BSUs is shown in Figure 4. Changes
in the ENT of ±0.02 are disregarded because 0.02 was the level of accuracy—following
Equation (5)—with which the ENT is measured considering the Urban Atlas’s minimal
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mapping unit and the size of the BSU. Thus, we removed ENT changes of high uncertainty
due to the accuracy of the Urban Atlas status layers.
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The ENT declined in 5.4% of BSUs and increased in 12.2% of BSUs from 2006 to 2012,
while in 2012–2018, 2.0% of BSUs exhibited a negative trend and 4.6% exhibited a positive
one. LUM change was more intense in 2006–2012 than in 2012–2018. From 2006 to 2012,
the ENT declined in 10.8% of Bratislava’s BSUs, then increased in 18.2%; in Budapest, the
ENT fell in 5.5% of its BSUs, while 26.0% of them experienced an increase; in Prague, the
ENT slumped in 5.0% of the BSUs and grew in 15.1%; and in Warsaw, the ENT followed
a negative trend in 3.3% of the BSUs and a positive one in 12.8%. In the other period,
2012–2018, the shift in the ENT occurred in fewer BSUs and was more consistent. From
2012 to 2018, the ENT fell in 2.2% of the BSUs of Bratislava and increased in 5.8%; in Prague,
the value went down in 2.3% of its BSUs and grew in 4.9%; in Warsaw, we identified a
decrease in 2.5% and an increase in 5.8% of BSUs; and in Budapest, the ENT depreciated in
1.1% of its BSUs and climbed in 2.4%.

It can also be seen that high ENT values occur near transport roads (Figure 4). This
may be the result of changes in the landscape around these areas, which in turn may be the
result of road investments recorded in recent decades, especially in the areas of the main
communication routes of large metropolises. New road investments or their modernization
cause changes in the surrounding spaces, which in turn causes an increase in spatial entropy.
As a consequence, biologically active areas are usually transformed into anthropogenic
areas. A similar increase in the value of spatial entropy around main roads has already
been noticed in the research of Kudas and Wnęk [48].
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The dotted lines represent the UC boundary distance to the zone’s centroid. The orange dotted line
represents the minimum distance, the green dotted line, the maximum distance, and the blue dotted
line, the mean distance.

We identified the LUM from before 2006 to be the dominant driver of change today.
This is because artificial surfaces increase in UCs through development compaction, while
CoZs undergo an expansion of forests and wooded areas near existing woodland and
abandonment of agricultural land. In most cases, it leads to a decrease in the ENT and
SIDI in BSUs owing to a homogeneous LULC structure. Another prominent driver of LUM
change, particularly in CoZs, is the construction of new transport routes and an increase in
the ENT and SIDI near transport networks, which is evident from the occurrence of BSUs
with ENT changes that form specific elongated clusters (Figure 4). No new developments
appear in areas of forests and woodland; instead, the ENT and SIDI decline there as forests
expand. It is, beyond any doubt, an effect of the European Union spatial policy set to
protect the existing forests and compact the urban fabric instead of promoting its sprawl.

Values of the ENT and SIDI computed from Equations (2) and (4) for LULC classes on
the first level of UA nomenclature for 2006, 2012 and 2018 were ordered by their distance to
the UC centres. We also rejected any outliers following the criterion of the largest difference
between the value and the mean for the sample. Then, the ENT and SIDI values for each
resultant distance were averaged. We fitted a generalised additive model with integrated
smoothness estimation into these averaged values of the ENT and SIDI [58,59]. Save for
value ranges, the procedures for generalised additive models with integrated smoothness
estimation are comparable. The variability of SIDI values and the models for the first level
of UA nomenclature are similar to the results for the ENT. The only noticeable difference
between ENT and SIDI results is the interval and concentration of function values. For
all cases of the ENT, its values are concentrated from 0 to 0.50. Regarding respective
SIDI values, the measure is concentrated from 0 to 0.75. We obtained similar results of
estimations of the ENT and the SIDI for LULC classes on the first level of Urban Atlas
nomenclature, so Figure 5 shows only the results for the ENT.
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Figure 5. ENT values for LULC classes on the first Urban Atlas nomenclature level averaged by
distance in Bratislava, Budapest, Prague and Warsaw in 2006, 2012 and 2018. The red lines are
generalised additive models with integrated estimated smoothness. The transparent red around the
solid line is the interval of ±3 standard deviations. The dotted lines represent the UC boundary
distance to the zone’s centroid. The orange dotted line represents the minimum distance, the green
dotted line, the maximum distance, and the blue dotted line, the mean distance.

Figure 5 demonstrates that the ENT grows in UCs of Budapest and Prague right to
the CoZ boundary. Its indicates an increase in the LULC class diversity of this zone with
the growing distance to the UC centre. Then, right behind the UC-CoZ boundary, LULC
class diversity plunges as the distance to the UC centre grows. Things are slightly different
in Bratislava, where the UC exhibits a relatively constant level of the ENT around 0.25
regardless of the distance to the UC centre. Then, behind the boundary, the ENT drops
slightly up to about 40 km from the UC centre and plummets around 50 km. This may
be due to the irregular shape of the FUA of Bratislava, leading to no CoZ in the west of
the city where Bratislava borders the FUA of Vienna at the Austria–Slovakia border. In
Warsaw, the ENT grows in the UC, and it declines slightly behind the CoZ boundary. In
all the FUAs’ CoZs, we noted local positive or negative trends in entropy, which may be
owing to other large localities in the FUAs.

We then fitted the generalised additive model with integrated smoothness estimation
into the averaged END and SIDI values calculated from the share of LULC classes on
the third Urban Atlas nomenclature level in the BSUs in 2012 and 2018 (Figure 6). ENT
values for the classes on the third nomenclature level exhibited a gradual decline in LULC
diversity with a growing distance to the UC centre in Budapest, Prague, and Warsaw
in 2012 and 2018, respectively (Figure 6). The differences for Budapest and Prague are
the most prominent. The decrease in the ENT is not very abrupt in Warsaw, while the
dynamics in Bratislava are slightly different. The LULC class diversity evidently declines
in the UC. Next, ENT changes undulate until about 40 km from the UC centre, where the
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ENT plunges to 0. Interestingly, all the FUAs exhibit an initial entropy value of 0.25 to
0.50, which suggests a moderate LULC diversity (probably artificial surfaces) in the BSUs
around the UC centre considering the nomenclature level.
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Figure 6. ENT and SIDI values for LULC classes on the third Urban Atlas nomenclature level
averaged by distance in Bratislava, Budapest, Prague and Warsaw in 2012 and 2018. The red lines
are generalised additive models with integrated estimated smoothness. The transparent red around
the solid line is the interval of ±3 standard deviations. The dotted lines represent the UC boundary
distance to the zone’s centroid. The orange dotted line represents the minimum distance, the green
dotted line, the maximum distance, and the blue dotted line, the mean distance.

We calculated changes in the ENT and SIDI for 2012–2018 as functions of distance to
the UC centre using the ENT and SIDI values for LULC classes on the third nomenclature
level for 2012 and 2018. Figure 7 shows that values of changes in the ENT and SIDI decline
in all the FUAs with distance to the UC centre, with the most significant differences being
over the distance in Prague and Warsaw. Moreover, a comparison of the results for the
two measures of diversity, the ENT and SIDI, reveals that they are not significantly different,
with the only difference being the preferred value range. Changes in the ENT and SIDI
tend to focus around ±0.25 and ±0.50, respectively. Therefore, the SIDI exhibits a greater
variability than the ENT.
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4. Discussion

State capitals and their commuting zones exhibit characteristic and interesting land
cover and land use arrangements and structural changes. They also demonstrate a high
level of urban sprawl. Additionally, central parts of cities, usually historic, exhibit ho-
mogeneous land cover of artificial surfaces and dominant built-up areas. On the other
hand, recent years saw an increase in the focus on implementing sustainable development
policies, which must take urban areas into consideration [60]. Therefore, urban sprawl is di-
rectly linked to such sustainable development issues as financial, social and environmental
problems [61].

As demonstrated by Kudełko and Musiał-Malago [62], the development of munic-
ipalities in FUAs is correlated with the growth of the central city and their distance to
it. The present results seem to be consistent with their findings. Therefore, one should
expect further intensive development in CoZs, leading to the conversion of vegetated areas
into artificial surfaces. This poses a challenge to the sustainable spatial policy in such
areas, including any policy founded on sustainable urban transformation [60]. The present
research identified the directions of LULC changes in FUAs of four Central European
capitals from 2006 to 2018. Regarding the LULCC on the first level of UA nomenclature,
the diversity in UCs increases with the distance to the centre, while in CoZs, it declines as
the distance to the UC grows. Bitner and Fialkowski [63] analysed a mosaic of cadastral
plots in 30 cities in Poland, the USA and Australia, and they defined a model for growth in
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the Shannon entropy and Rényi entropy with a growing distance to the city centre. They
proposed that the entropy of cadastral parcel mosaic can be a measure of urbanisation.

Similarly, the spatial entropy and Simpson diversity models for LULC classes on the
first and third Urban Atlas nomenclature levels proposed here can be a starting point for
investigating urbanisation in FUAs and urban sprawl outside UCs. Research suggests that
entropy should increase up to 15–20 km from the city centre depending on its history and
development [63]. Still, capitals exhibit an increase of up to about 20 km for LULC analysis
on the first level of Urban Atlas nomenclature, as shown here. Conversely, an investigation
on the third nomenclature level demonstrated a decline in the ENT and SIDI with growing
distance to UC, with local minima around UC boundaries.

As noted in the present study and the previous one by Kudas et al. [7], artificial
surfaces expand mainly in CoZs and less in UCs, where developments grow more compact.
The development is driven mainly by migration between the zones and residential develop-
ments in CoZs [48]. Today, FUAs’ populations grow mainly owing to the positive migration
balance rather than a natural increase [62]. Moreover, LUM changes in FUAs resemble
LULC transformations, whereby agricultural areas, semi-natural areas and wetlands are
converted into artificial surfaces and forests [6,7].

The present study focuses on Central European capitals and covers LULC change
after these states joined the European Union in 2004. Therefore, the LULC change trends
identified here in the FUAs would stem to some extent from the implementation of the
European spatial policy, particularly a policy based on sustainable development. Future
studies could focus on changes in the boundaries of cadastral plots, as land division and
fragmentation can be driven by urbanisation [63]. Another future focus could be to compare
past cadastral boundaries with current ones using archived base maps [13] to extend the
study period. Additionally, smaller urban localities can perform poorly when implementing
the sustainable development policy, as demonstrated in existing case studies [64]. Hence,
the next step could be to investigate FUAs at a lower level than state capitals.

5. Conclusions

The study on the FUAs of Bratislava, Budapest, Prague and Warsaw demonstrated that
their UCs exhibit an increase in LULC diversity with distance to the UC centre, followed
by a decrease in CoZs because of urbanisation for LULC classes aggregated at the first
Urban Atlas nomenclature level. The analysis of LULC classes on the third level of UA
nomenclature revealed that the values declined with distance to the UC centre in 2012
and 2018; therefore, the UCs exhibit LULC class diversity within the group of artificial
surfaces. Classes in CoZs include mainly agricultural areas, semi-natural areas, wetlands
or forest areas.

The FUAs of Central European capitals (Czechia, Poland, Hungary and Slovakia)
underwent more intensive LUM changes in 2006–2012 than in 2012–2018. In 2006–2012,
the ENT grew in 12.2% of the areas and declined in 5.4%, while in 2012–2018, growth was
identified in 4.6% and experienced a decline in 2.0%. Still, we noted a similar ratio of areas
with substantial changes in the ENT because spatial entropy increased over twice as large
an area as the area with a decline in its value.

The latest values of the ENT and SIDI for UCs of the capitals are over 0.86 and 0.65,
respectively, which is twice as much as for CoZs. The period from 2006 to 2018 saw changes
in the LUMs of the FUAs focused mainly in CoZs rather than UCs. It is in the commuting
zones of the capitals that most LULC changes took place in the investigated period, mostly
as conversions of agricultural areas, semi-natural areas, and wetlands into artificial surfaces
and forests. The most substantial changes in the ENT and SIDI were identified in CoZs.

In future, the developed models of changes of LULC spatial diversity measures as
a function of the distance from the UC center may help in assessing the phenomenon of
suburbanization and delimiting the range of the largest LUC changes in the FUA area.
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