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land cover data

Abstract

The present era is characterized by unprecedented levels of human
activity, which adapt the world to our needs and induce transformations
in landscape morphology and physiognomy. The Anthropocene is a
remarkable epoch, where changes in space are not only visible, but also
confirmed by an extensive body of research. Human activities lead to
the creation of numerous tools for measuring the scale of anthropogenic
pressure. Satellite and photogrammetric data that broaden our field of
vision and change the scale of reference from local to global or even
beyond global. These data support observations of the present condition
of the surrounding space as well as the rate of changes in space. In the
present study, land cover data were used to monitor changes in the
surrounding landscape. A system for classifying evolutionary changes in
space was proposed to monitor land-use transformations and describe
landscape stability. The applicability of CORINE Land Cover (CLC) data
for such analyses was evaluated. The research hypotheses and the
proposed procedure were tested in the Mazovian (Polish: Mazowieckie)
Voivodeship and the city of Warsaw, the Polish capital and the central
point of the analyzed voivodeship which generates continuous changes
in space. The results of the study confirmed the research hypotheses and
demonstrated that CLC data are suitable for monitoring spatial changes.
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1 Introduction

We live in an era that is characterized by unprece-
dented levels of human pressure on the environment
(Crutzen & Schwagerl 2011; Zalasiewicz et al. 2014).
Landscape transformations lead not only to visual
changes, but also to changes in the quality of the en-
vironment and the natural value of the surrounding
space (Brown et al. 2013; Morris 2019). Visual evi-
dence provides tangible proof that such processes
are taking place (Antrop 2005). These phenomena,
including changes in the physical environment, are
also reflected in land cover, and they testify to the
evolution of landscape (Cieslak et al. 2020). Anthro-
pogenic landscapes presently cover large swathes of
the Earth (Ellis et al. 2006; Hooke et al. 2012; Huang
et al. 2010). The rapid advancement of intensive
agriculture, industrialization and urbanization has
transformed natural landscapes by altering topo-
graphic features, plant cover and geomorphological
properties of the surrounding environment (Tarolli et
al. 2014). Recent research (Chen & Liu 2014; Werner
& McNamara 2007) has underlined the significance
of dynamic human-environment interactions, where
changes in landscape function affect human systems
(Barthel et al., 2019). Analyses of human-environ-
ment interactions in anthropogenic landscapes pose
a considerable challenge and are essential for un-
derstanding the evolution of our living space (Demir
2019; Hossain et al. 2020).

Diverse forms of landscape play a particularly impor-
tant role in evaluations of land use, and they can be
assessed based on the extent to which they are rep-
resented in land cover (Yoshioka et al. 2017). Diverse
and naturally valuable land cover types are indicative
of high-quality landscapes (Richling 2018). However,
most changes in the landscape have anthropogenic
origin (Bogaert et al. 2014; Mufioz-Pedreros 2017).
Civilizational processes such as urbanization are eas-
ily discernible in the landscape, and most of them
lead to the degradation of the surrounding environ-
ment (Hunziker et al. 2007). Therefore, the extent to
which landscapes have been transformed by human
activity can provide valuable input data for research
into landscape changes Drusa et al. 2016; Bitozor et
al. 2019; 2020). Based on these assumptions, the
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present study set out to evaluate landscape quality
by identifying different types of land cover and the
degree of their transformation. These goals were
achieved with the use of the multiple criteria deci-
sion-making analysis and the entropy-based pattern
analysis for evaluating landscape uniformity (Shan-
non 1948; Shannon & Weaver 1964).

The research hypothesis postulating that landscape
diversification occurs in a sinusoidal manner was
investigated. The extent of changes in land cover is
low in untransformed landscapes, very high in land-
scapes undergoing transformation, and low in highly
transformed landscapes.

In view of the above hypothesis, the main goal of the
study was to determine the applicability of land cov-
er data for classifying the stages of landscape evolu-
tion based on the observed changes in land use and
the degree of anthropogenic pressure.

2 Material and methods

2.1 Research procedure

A hierarchical procedure composed of several stag-
es was developed to determine whether land cover
data can be used to identify changes in landscape
(Figure 1). In the first stage, land cover data pertain-
ing to a selected area were compiled into a database.
The study focused on land cover data for dynamical-
ly developing areas under strong urbanization pres-
sure. In the second stage, the degree of anthropo-
genic pressure on selected types of land cover was
determined. An indicator for assessing landscape
cohesion was selected in the third stage. Landscape
continuity is defined as the same pattern of land use
(Marzecki, 2002), and it can denote identical land
cover. This concept is closely associated with land-
scape diversity. In principle, landscape continuity
and landscape diversity describe the same phenom-
enon, but in opposite directions. The greater the
continuity of a landscape, the smaller its diversity
(Cieslak et al. 2020).
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STAGE I

Determination of land cover

Corin Land Cover

STAGE II

Determination of the extent Evaluation of
of changes in land cover landscape diversity

Division of the studied area
into land cover units

Analytic Hierachy
Process

Shannon's Diversity
Indices

Determination of ladscape
diversity (SHDI) based
on the number and size

of areas with
different types of land cover

Determination of ladscape
changes in different land cover
categories with the
use of comparison matrices

—

Normalization of A/ and SHDI

CLC | stage 11

Calculation of
the anthropogenization .\
index (41)

SHDI=0.25

STAGE III

Analysis of A4 and SHDI distribution
and classification of primary fields

Figure 1. Diagram of the research procedure
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2.2 The application of the Analytic Hierarchy
Process method for determining the
anthropogenic transformation of landscapes

The degree to which various land cover types are
transformed under anthropogenic pressure was
determined with the use of the Analytic Hierarchy
Process (AHP) method developed by Saaty (Saaty
2002; 1994). One of the advantages of this method
is that it enables the combined use of various nu-
merically and verbally described criteria within the
decision-making process (Forman & Gass 2001). The
AHP can be used to automate the evaluation pro-
cess; it supports repeated analyses and the inclusion
of a large number of observers, which increases the
reliability and objectivity of the results (Lipiec-Za-
jchowska M. 2003; Trzaskalik 2014; Moutinho et al.
2014). The evaluation process is automated by com-
paring pairs of criteria, which is a much simplerand a
more objective procedure than a single assessment
of the entire set of criteria (Saaty & Vargas 2012; Ra-
manathan 2001).

The research procedure involving the AHP method
was composed of four stages (Kobryn 2014):

1. Hierarchization of the studied problem. In this
stage, the problem is decomposed into main cri-
teria-factors, and the main criteria are broken
down into sub-criteria.

2.The selected criteria are evaluated by pairwise
comparison. Decision makers compare pairs of
criteria at every level of the hierarchy and deter-
mine their significance for the achievement of
the final goal. The relations between the criteria
are determined on a 9-point scale (Saaty, 2004),
where 1 point denotes criteria with equal signifi-
cance, and 9 points denote criteria with absolute
priority. In the last step, matrix A = [aij] with n x
n elements is built and used to perform n(n-1)/2
comparisons.

3. Comparison matrices A are validated by calculat-
ing the cohesion rate (degree of agreement) for
the analyzed criteria, and a random indicator,
which is the mean value of the cohesion rate cal-
culated for a large number of randomly generat-
ed comparison matrices. The procedure of evalu-
ating the degree of agreement between matrices
has been described in detail in the literature
(Klutho 2013; Michnik & Lo 2009; Zahedi 1986;
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Cieslak 2019).

4. The selected criteria are compared for preference,
and their weights are calculated after the matrix
had been built. Normalized rows of the matrix
are summed up, and an eigenvector ( W) of the
matrix is determined (Tutecki & Krol 2907).

5.1t should be noted that the eigenvector }}/ rep-
resents criterion weights at only one level of the
hierarchy. The product of the weights determined
at each level constitutes the final weight of a hier-
archical set of criteria.

However, the described method of aggregating the
final weight does not always produce satisfacto-
ry results, in particular if it is applied not for deci-
sion-making purposes but to determine the impor-
tance of the observed phenomena, as in this study.
In such a case, a criterion assigned a low weight at
one level of the hierarchy can be completely elimi-
nated from the analysis. This risk is particularly high
in evaluations of the importance of different types
of land use for various purposes. In order to achieve
the main goal of this study, the AHP method used to
evaluate the degree of anthropogenic pressure ob-
served in different land cover types was modified to
ensure that the weights at lower and detailed levels
of the classification of land cover types do not influ-
ence the weights at higher levels.

The below formula was used to determine the fi-
nal weight describing the degree of anthropogenic
transformation of various land cover types:
n n-1 % n-2
W = Wk + Wk Wk (1)
k n n-1 * n-2
max(w,"+ w,"* *w "?)

where:

w," — final weight of land cover type k at hierarchy
level n;

w,"* — weight of land cover type k at hierarchy level
n-1;

w,n-2 — weight of land cover type k calculated direct-
ly from the comparison matrix of land cover types
corresponding to the hierarchy level of that land
cover type - n.

The maximum theoretical value of w, is n. The min-
imum value is 0.

Landscape Online — supported by the International Association for Landscape Ecology and its community



Cieslak and Bitozor

The anthropogenization index (Al) was computed
based on the value of the calculated weights w, .
The Al was expressed in spatial units referred to as
primary fields (PFs). The Al was calculated with the
use of the below formula as the product of weight
w, and the proportions of a given land cover type
kin PF:

0 _ in=1 Wi *P,’;f 2
B o, W, F0E

where:

A/gFi— indicator of anthropogenic transformation in
the i'" PF;

pik — proportion of land cover type k in the /" PF;

| — number of land cover types in the /™ PF.

The calculated A/ was used to evaluate the extent of
anthropogenic pressure in the studied area.

2.3 The application of Shannon’s entropy
concept for determining landscape cohesion

Shannon’s Diversity Index (SHDI) is widely used to
evaluate landscape composition by analyzing the di-
versity and size of landscape components based on
the cohesion of land cover types (Malinowska & Szu-
macher 2013). This index relies on entropy, name-
ly the degree of uncertainty in the probability dis-
tribution of random variables (Cieslak et al. 2016).
The concept of entropy was originally developed to
describe thermodynamic systems, but it is present-
ly applied in numerous fields of research. Entropy
was introduced to information theory by Shannon
(Shannon 1997) who observed that the information
carried by a random even is described by probability
function p expressed by the formula log 1/p = -log p.
This function is a measure of the uncertainty of an
event. Therefore, if a random event is represented
by x, and a series of random events is represented
by xi, i =1, 2,..., n, where probability p(xi) meets the
following condition:

0<p(x)<1,5" p(x)=1, (3)
then the average (expected) outcome, i.e. entropy
H(x), of these probabilities is expressed by:

H=-3!_p(x)logp(x)  (4)
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or

H==2,.p(x) 108, 5 (5)

In geography, entropy is used as a measure of spa-
tial order or homogeneity of an empirical system.
Maximum entropy is a state of the greatest spatial
disorder, whereas minimum entropy denotes a com-
pletely ordered system (Czyz & Hauke 2015). The
concept of entropy is widely used in contemporary
geographical research, and the studies by (Batty
2010) and (Wilson 2010) have significantly contrib-
uted to its applicability in the field of geography.
Entropy is also used to determine variations in land
cover in analyses of landscape diversity (Shannon &
Weaver 1964; Kupfer 2012; Collins et al. 2009). The
SHDI was modified for the needs of landscape analy-
ses by (McGarigal & Marks 1995). The probability of
a random event is expressed by the proportion of a
given land cover type in the evaluated landscape (P).
In FRAGSTATS software (Lamine et al. 2018), SHDI
was modified as follows:

SHDI =-3! _, (P.—InP) (6)
where:
| — number of categories (patch types) (Lt),

Pi — proportion of a given category (% of the area
occupied by the ™ category).

The modified SHDI canrange fromOtolnm__, where
m__ is the maximum number of landscape types.
The index equals zero when a single landscape cat-
egory occupies the entire studied area (absence of
diversity). The value of SHDI increases with a rise in
the proportion of different landscape categories and
a rise in the number of different patch types (to a
lesser degree) (Kot & Lesniak 2006; Li et al. 2001; Es-
pinosa et al. 2016; Barros et al. 2018). In the present
study, SHDI was used to evaluate landscape homo-
geneity in PFs as the basic units for analyzing land
cover diversity.

2.4 Classification of results

The studied area was divided into principal fields
(PFs) for the needs of the analysis. Each PF was a
hexagon with an area of 2500 ha. The size of PFs was
selected to minimize the errors associated with the
modifiable areal unit problem (MAUP), in particu-
lar problems related to cartographic generalization,
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which prevent the identification of the studied phe-
nomena in large-scale reference fields. The selected
size also guaranteed the diversification of land cover
in the analyzed area. The evaluated area was cov-
ered with a grid of 1576 (j) hexagonal PFs.

Land cover types were determined for each PF based
on CORINE Land Cover (CLC) data for 2000, 2006,
2012 and 2018. The values of AIO and SHDIO were
calculated for all fields. IAO was normalized relative
to its maximum value. For the needs of PF classifica-
tion, both indices were modified to assume values in
the range of -0.5 to 0.5. This approach facilitated the
distribution analysis of the values of both indices.

AIPF_= A/,g,_-.— 0.5 (7)
and
SHDIpg = SHDIBz - 0.5 (8)

The mutual variations in the values of /A% and SHD/°
(Fig. 4) and the variations in the values of both in-
dices over time were analyzed to identify changes
in landscape continuity and the degree of anthro-
pogenic pressure that are characteristic of a given
stage of landscape evolution. PFs were divided into
four classes based on the calculated values of Al°
and SHD/.

Class | includes areas with a low degree of transfor-
mation and uniform land cover, mostly ecologically
valuable areas such as forests and natural river val-
leys (A/<0.0 and SHDI<0.1). Class Il represents di-
verse landscapes with low levels of transformation,
including ecologically valuable areas with various
landscape categories (A/<0.0 and SHD/>0.1). Class llI
includes highly transformed areas with diverse land-
scapes, mostly urban areas with a high proportion
of natural areas grouped into small-sized clusters
(A>0.0 and SHDI>0.1). Class IV represents the most
highly transformed, large areas with low landscape
diversity and the lowest landscape value (A/>0.0 and
SHDI<0.1).

2.5 Data and study area

The study area was selected based on a detailed
analysis of spatial processes. The optimal area had
to be characterized by diverse types of anthropo-
genic changes. To guarantee the most reliable out-
come and to achieve the goal of the study, the ana-
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lyzed area had to undergo rapid urbanization and
represent strongly transformed landscapes as well
as relatively unmodified landscapes or even nature
conservation areas. The research area had to be an
administrative unit to ensure the cohesiveness of
land cover data, providing the basis for the analyt-
ical process. All of the above criteria were met by
the Mazovian Voivodeship, which features the Polish
capital city of Warsaw.

Mazovia is one of the largest and most diverse Pol-
ish regions. It is the most highly populated Polish
voivodeship with 5,425,000 people inhabiting 85 cit-
ies, 42 counties, 314 municipalities and more than
9000 villages. The population of Mazovia accounts
for 14.2% of the Polish population. At the end of
2020, Mazovian cities had a combined population of
3,495,200, which accounted for 64.4% of the region’s
total population. The urban population decreased
by 0.01%, whereas the rural population increased by
0.1% relative to 2019. The city of Warsaw had a pop-
ulation of 1,794,200, which accounted for 33.1% of
the region’s total population and 51.3% of its urban
population. In addition to Warsaw, the largest cities
in the Mazovian voivodeship are Radom (227,000),
Ptock (127,000), Siedlce (77,000), Ostroteka (54,000)
and Ciechandw (46,000). Average population den-
sity in Mazovia is 145.9 persons per km?, and it is
higher than the national average of 122 persons
per km?. According to Statistics Poland (Central Sta-
tistical Office), Mazovia had an area of 3,555,847
ha in 2021. Agricultural land occupied 2,407,529
ha (67.7% of the voivodeship’s total area), forests,
woody and bushy land — 847,117 ha (23.8%), water
bodies — 42 641 ha (1.2%), built-up and urbanized
areas — 217,338 ha (6.1%), ecological areas — 1842
ha (0.1%), wasteland — 33,918 ha (1.0%), and mis-
cellaneous land — 5462 ha (0.2%). Protected areas of
high natural value occupied 1,058,139 ha, including
national parks (38,476 ha, 1.1% of the voivodeship’s
total area), nature reserves (19,539 ha, 0.5%), land-
scape parks (168,674, 4.7%), protected landscape
areas (823,407 ha, 23.2%), regionally important ge-
ological sites (521 ha), natural landscape complexes
(5642 ha) and ecological areas (1880 ha) (Figure 2)
(Statistics Poland). The Kampinos National Park on
the north-western outskirts of Warsaw is one of the
most valuable natural areas in Mazovia. The park en-
compasses the Kampinos Primeval Forest in the gla-
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warminsko-mazurskie

kujawsko
-pomorskie

podlaskie

BRUDZENISKI PK.

GOSTYNINSKO-WEOCEAWSKI PK.

b X %
| 7 S . PRZELOM BUGU, PK.
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— " swietokrzyskie ‘ |
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......... the protection zone of the Konstancin-Jeziorna health resort

Figure 2. Natural environment resources (Spatial development plan 10 for the mazowieckie voivodeship 2018)
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cial valley of the Vistula River. The forest is situated
at the junction of three ecological corridors (Vistula,
Bug and Narew River valleys) and has a unique eco-
system of European significance. On the territory of
Mazovia, Kampinos occupies an area of 38,476 ha,
including 28,190 ha of forests. Twenty-two strict na-
ture reserves and protected wilderness sites cover
4636 ha (approx. 12% of the park’s area). Four land-
scape conservation zones with a combined area of
3200 ha (8.3% of the park’s area) have been created
to protect Mazovia’s traditional agrarian landscape.
In 2000, the Kampinos National Park and its buffer
zone were included in the UNESCO World Network
of Biosphere Reserves as an area of high natural and
social value. The park is a popular leisure and recre-
ation destination for Warsaw residents. It features
350 km of hiking trails, 200 km of cycling routes,
horseback riding trails and 12 picnic sites on the
outskirts.

1. Artificial surfaces

Corine land cover classes ‘
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The Mazovian Voivodeship is characterized by sig-
nificant differences in social and economic develop-
ment that influence the voivodeship’s overall growth
dynamic. Warsaw is an extremely transformed area,
and it is surrounded by rapidly developing munici-
palities that supply resources and services for the
Polish capital. However, the municipalities situated
further away from Warsaw are typical rural areas
with the lowest rates of economic development in
the entire country. In these municipalities, urbaniza-
tion proceeds at a much slower rate.

Land cover data were acquired for the study area.
The CLC database contain sufficiently detailed data
for the presented analysis. The CLC repository is up-
dated in regular intervals, which supports analyses
of the rate at which the studied phenomena evolve
over time (Cieslak et al. 2020). Land cover data were
obtained from the website of the Chief Inspectorate

o

L

: CLC 2012

2. Agricultural areas

2.1 Arable land 3. Forest and seminatural areas

3.1 Forests

- 3.1.1. Broad-eaved forest

21.1. Non-imigated arable land

1.1 Urban fabric (7] 212 Permanersy rgated ana I 3 2 Conserous forest
- 1.1.1. Continuous wban fabric [ 213 Ree teus B 3 1.2 Mised forest
I .+ 2 Dscorenuous uan fabrc 2.2 Permanent crops 3.2 Shrub andlor herbaceous vegetation associations
12 and e I 221 Vieymos I 32.1. Natural grassiand
B 2. industrial or commercial unes S s B 222 Moot
[ 223 0wve groves I 322 Sckrmphylous vegetaton

I 122 Ros¢ and ail networks and sssociated land
2.3 Pastures

[ 1.23 Portareas [ 231, Pastures

[ 1.2.4. Arports
— 2.4 Heterogeneous agricultural areas

1.3 Mine, dump and construction sites [

I 3. Minerai oxraction sies [

I 32 000 stes

| 242 Complex cultivation pattems

I 123 Constructon stes 244 Agroomsry areas
1.4 Artificial, non-agricultural ve getated areas 4. Wetlands

4.1Inland wetlands
[ 141 Green urban aveas

[ PRe—

1.4.2. Sport and leisure faciities B 2 Pt

4.2 Coastal wetlands.

[ [T —

[ ] 422 saines

P

| 2.4.1. Annual crops associated wth permanent crops

24.3. Land principally occupied by agricuture

I 2.4 Transiional woodiand shrub

3.3 Open spaces with little or no vegetation
3.3.1. Beaches, dunes, and sand plains
| 3:3.2. Bare rock
3.3.3. Sparsely vegetated areas

B 24 et e

3.3.5 Glaciers and perpetual snow

5. Water bodies
5.1 Inland waters

[ 5.1 v cavces

5.1.2. Warer bodies

5.2 Marine waters

[ [ —

] 522 Estuares

52.3 Sea andocean

Figure 3. Land cover maps of the Mazovian Voivodeship based on CORINE Land Cover data for 2000, 2006, 2012 and 2018.
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for Environmental Protection. The CLC project was 2006, 2012 and 2018, which support data compar-
implemented in Poland:by the Institute of Geode- : isons (Feranec et al. 2007). The obtained data were
sy and Cartography with the support of the EU processed in ArcGIS 10.7. The resultingmaps

funds (CORINE Land Cover 2019). Land cover data
were acquired for successive CLC updates in 2000,

Table 1. The calculated values of weights w and w,

are presented in Figure 3.

Level 1 w,, Level2 w,, Level3 w, w,
1- Artificial surfaces 0.49 1.1 - Urban fabric 0.13 111 Continuous urban fabric 0.88 0.92
112 Discontinuous urban fabric 0.13 0.55
1.2 - Industrial, commercial 0.27 121 Industrial or commercial units 0.21 0.68
and transport units 122 Road and rail networks and associated land 0.48 0.83
123 Port areas 0.21 0.68
124 Airports 0.10 0.61
1.3 - Mine, dump and 0.56 131 Mineral extraction sites 0.45 1.00
construction sites 132 Dump sites 045 1.00
133 Construction sites 0.09 0.75
1.4 - Artificial, non- 0.04 141 Green urban areas 0.25 0.57
agricultural vegetated areas 142 Sport and leisure facilities 0.75 0.80
2 — Agricultural areas 0.31 2.1-Arableland 0.54 211 Non-irrigated arable land 0.67 0.71
212 Permanently irrigated land 0.24 0.53
213 Rice fields 0.09 0.46
2.2 - Permanent crops 0.12 221 Vineyards 0.43 0.44
222 Orchards and plantations 0.43 0.40
223 Olive groves 0.14 0.32
2.3 — Meadows and pastures 0.09 231 Meadows and pastures 1.00 0.60
2.4 - Heterogeneous 0.26 241 Annual crops associated with permanent crops 0.39  0.48
agricultural areas 242 Complex cultivation patterns 0.39 0.8
243 Land principally occupied by agriculture, with 0.16 041
significant areas of natural vegetation
244 Agro-forestry areas 0.05 0.36
3 — Forests and semi- 0.11 3.1- Forests 0.07 311 Broad-leaved forest 0.20 0.13
natural areas 312 Coniferous forest 0.60 0.17
313 Mixed forest 0.20 0.13
3.2 - Scrub and/or 0.28 321 Natural grasslands 0.51 0.19
ggsrggg(te%.rl]ssvegetation 322 Moors and heathland 0.07 0.13
323 Sclerophyllous vegetation 0.23 0.15
324 Transitional woodland-shrub 0.19 0.15
3.3 - Open spaces with little  0.64 331 Beaches, dunes, sands 0.24 0.20
or no vegetation 332 Bare rocks 011 0.18
333 Sparsely vegetated areas 0.14 0.18
334 Burnt areas 0.46 0.23
335 Glaciers and perpetual snow 0.05 0.17
4 - Wetlands 0.05 4.1 -Inland wetlands 0.50 411 Inland marshes 0.25 0.08
412 Peat bogs 0.75 0.11
4.2 - Maritime wetlands 0.50 421 Salt marshes 0.11 0.07
422 Salines 0.41 0.09
423 Intertidal flats 0.48 0.10
5 — Water bodies 0.04 5.1-Inland waters 0.75 511 Water courses 0.25 0.09
512 Water bodies 0.75 0.12
5.2 - Marine waters 0.25 521 Coastal lagoons 0.63 0.08
522 Estuaries 0.26 0.06
523 Sea and ocean 0.11 0.06
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3 Result

The degree of anthropogenic transformation w, of
the land cover types identified in CLC was calcu-
lated with the use of formula (1). The significance
of the evaluated land cover types and the normal-
ized value of Al° are shown in Table 1. The cohe-
siveness of all comparison matrices was validated
by iteration, and the cohesion ratio (CR) was below
0.1. Weights w and the landscape transformation
weights w, were calculated for each land cover type
with the use of comparison matrices and formula
(1). The results are presented in Table 1.

The calculated values of w, were used to compute
AlBr and Alpsfor each PF based on CLC data for
2000, 2006, 2012 and 2018. The above data were
also used to calculate SHDI% and SHDIp¢ in PFs.
The calculated values were as’signed to the corre-
sponding year and ordered based on increasing val-
ues of Alpg. The results are presented in Figure 4.

0,4

0,2

02 of .

0,4

0,6
0 200 400 600 800 1000 1200 1400 1600

0,6

0 200 400 600 800 1000 1200 1400 1600

e indicator A/

-0,2

0,4
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The changes in the values of both indices were also
analyzed in a dynamic approach. The examined PFs
represented different stages of development; there-
fore, the corresponding increase in the values of Al
was calculated, and changes in SHDI were analyzed
in PFs with positive values of SHDI in 2000-2006,
2006-2012, 2012-2018, i.e. in PFs where anthropo-
genic pressure continued to increase in the studied
period. Forty-six such PFs were identified.

The results of the analysis validated the research hy-
pothesis; therefore, both indices were used to clas-
sify the study area. The classification was based on
land cover data for 2000, 2006, 2012 and 2018. The
spatial distribution of classes is presented in Figure
5.

The spatial distribution of land cover classes in the
studied area points to the stability of highly urban-
ized areas as well as agricultural areas. These areas
have been transformed, but they are characterized
by homogeneous land cover. River valleys represent
valuable, uniform and untransformed landscapes.
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Figure 4. Distribution of Al and SHDI values in PFs for 2000, 2006, 2012 and 2018 data.
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Figure 5. Spatial distribution of land transformation classes in 2000, 2006, 2016 and 2018.

The analysis revealed areas that changed dynamical-
ly as well areas with stable land-use patterns. The
studied area was also characterized by an increase
in forest cover, which resulted from the afforesta-
tion of low-quality farmland. Changes in land cover
based on CLC data and the proposed classification
are presented in Figure 6.

Anthropogenic pressure increased steadily from
2000. The largest classes (Il and IV) accounted for
around 90% of all PFs, which testifies to high levels
of landscape transformation. The number and area
of land cover classes in 2000, 2006, 2012 and 2018
are presented in Table 2.
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Figure 6. Changes in land cover based on CLC data and the proposed classification relative to the satellite images acquired in
2020.

Table 2. Number and area of land cover classes in 2000, 2006, 2012 and 2018.

2000 2006
Number Area (ha Number Area (ha
1 76 190000 79 197500
2 57 142500 65 162500
3 782 1955000 771 1927500
4 661 1652500 661 1652500

The greatest increase of 59 PFs (+4%) was noted in
class IV. The number of PFs increased by 31 (+1%) in
class Il and by 20 (+1%) in class I. In class Ill, the num-
ber of PFs decreased by 110 (-7%) between 2000
and 2018. Therefore, the studied area witnessed
the highest increase in the number of highly trans-
formed, least diverse and least valuable landscapes
between 2000 and 2018. Interestingly, an increase
was also observed in the number of diverse and
ecologically valuable landscapes with low levels of
anthropogenic transformation. These findings could
suggest that landscapes undergoing strong anthro-
pogenization (class Ill) can be restored to environ-
mentally valuable land cover types. However, the
highest number of PFs transitioned to class IV in the
analyzed period.

2012 2018

Number Area (ha Number Area (ha
86 215000 96 240000
84 210000 88 220000
709 1772500 672 1680000
697 1742500 720 1800000

The greatest changes in the number of land cover
types occurred after 2006. In Poland, this period
was marked by rapid economic growth and a high
demand for new land for development projects.
Anthropogenic pressure was particularly strong in
the municipalities surrounding Warsaw (Fig. 7). The
classified PFs were also highly dispersed. Land cover
classes formed clusters, but they were far more scat-
tered (in particular class IV). This process can exert
a negative effect on areas that had been initially as-
signed to classes | and Il. It can be assumed that class
IV areas will compromise environmentally valuable,
untransformed areas in the future. Anthropogenic
changes were observed in the entire studied area,
which implies that these processes are not a conse-
guence of individual development projects, but are
a part of a continuous trend.
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Figure 7. Changes in the classification of primary fields in Warsaw and the surrounding municipalities.

4 Discussion

In this study, landscapes were classified in view of
the evolution of various land cover types on the as-
sumption that landscape transformation occurs in a
sinusoidal fashion (Raszeja 2013). Landscape diver-
sity is generally low in natural and untransformed
areas, very high in areas undergoing transforma-
tion, and low in highly transformed areas. The AHP
method was applied to evaluate the degree of an-
thropogenic changes in the landscape. This method
has certain limitations. In analyses involving a large
number of criteria with a complex hierarchy, the fi-
nal weights assigned to different land cover types
may be insufficient to denote statistical significance.
This is an important limitation, and several modifi-
cations were introduced to eliminate the associated
defects. The final values of the weights assigned to
different land cover types were modified in the AHP
method to minimize the effect of individual weights
at a given level of the hierarchy on the final criterion
weights. The applicability of other methods for as-
signing weights to land cover types should be com-
pared and analyzed in the future.

Dynamic assessments of landscape transformations
require valid land cover data. Land cover databases
and advanced data processing and modeling tech-
niques are extensive sources of knowledge, and
they can be used to develop new tools for identi-
fying and monitoring landscape changes (Peloros-
so et al 2009, Cieslak et al. 2016, Ustaoglu et al.
2019, Cieslak et al. 2019). These resources speed
up analyses of landscape transformation even in
large areas (Cieslak et al. 2017). In the present study,
landscape changes were evaluated based on CLC
data, which are characterized by spatial continuity

and support unambiguous identification of various
land-use types. The analyzed data were generated
by remote sensing. CLC data were processed by in-
tegrating remote sensing data in a mixed approach
combining automatic methods and interpretation
tools for digital image analysis. The processed data
were Landsat TM multispectral satellite images and
aerial images (Stathopoulou et al. 2017). Most im-
portantly, CLC databases are developed regularly,
which facilitates analyses and predictions of the rate
of landscape change. In this study, landscape trans-
formations were evaluated based on CLC data for
2000, 2006, 2012 and 2018. In research of the type,
the quality of spatial data is an important consider-
ation. The thematic accuracy of the CLC dataset is
limited (Aune-Lundberg, Strand 2021). The standard
map sheets in the CLC project have a working scale
of 1:100,000; the minimum mapping unit (MMU)
is 25 ha, and the minimum width of linear features
for mapping the boundaries of different land cover
types is 100 m (Ben-Asher et al., 2013). As a result,
minor changes that can give rise to landscape trans-
formation processes may not be revealed. In areas
characterized by considerable land fragmentation,
there is a risk that only the dominant land-use types
will be identified and that important information will
be lost. Nonetheless, the CLC database is useful for
identifying units of territorial administration (munic-
ipalities, metropolitan areas) and primary geomet-
ric fields. The CLC inventory is a particularly reliable
source of information in analyses of rapidly evolving
urban areas (Cieslak et al. 2020, Myga-Pigtek et al.
2021, Jucha et al. 2014). The CLC database relies on
satellite imagery, and the methods of collecting and
interpreting satellite data have also evolved over the
years. Despite the above, CLC reliably accounts for
temporal and spatial changes in land cover. The CLC
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project was launched in 2000, and the inventory is
updated every 6 years. Therefore, the CLC database
is useful for comparing the rate of changes in land
cover across the European Union.

The selection of methods and indicators for describ-
ing landscape diversity and changes in land cover
also plays an important role. Various methods for
assessing landscape transformations have been pro-
posed in the literature, including the straight line
method that relies on the geometric properties of
diverse land-use types (Janecki 1983), the flora an-
thropogenization index (Kostrowicki et al. 1988), the
12-point scale for assessing anthropogenic changes
in landscape and sustainable land use (Chmielewski,
2012), as well as geobotanical and soil indicators
(Roo-Zielinska et al. 2007). Some of these approach-
es, including the Landscape Transformation Index
(LTI) (Lowicki, 2008) and the Shishchenko coefficient
(Shishchenko 1988), rely on natural data (plant, soil)
which are more difficult to measure in large areas.
Other methods analyze specific ecosystem functions
and compare them with the existing land-use pat-
terns (Patil et al. 2001). Various indicators for analyz-
ing the spatial structure of landscapes based on land
cover data have also been proposed (Pukowiec-Kur-
da, Sobala 2016. Huang et al. 2006; McAlpine, Eyre
2002; Solon 2002). One of the best-known tools for
guantifying landscape structures is the FRAGSTATS
program developed by McGarigal and Marks (1995).
These and other approaches significantly contribute
to progress in landscape research. However, land-
scapes continually evolve, and new tools are needed
to accurately capture the dynamic changes in land
cover.

Effective land management requires robust plan-
ning and development strategies (Jaszczak 2019).
Land management always leads to landscape trans-
formation. Sustainable land management strate-
gies are needed to preserve diverse and naturally
valuable landscapes. Landscape transformations
should be continuously monitored to identify the
causes of the observed changes, predict their course
and outcome. Landscapes are altered for a variety
of reasons. In the proximity of large cities such as
Warsaw, suburbanization is one of the key drivers of
landscape change. Suburbanization typically leads to
an increase in built-up areas and a decrease in the
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area of arable land (Pukowiec-Kurda, Vavroucho-
va 2020). Similar observations have been made by
numerous researchers, including Pan et al. (2004),
Antrop (2005) and Tikka et al. (2001). The expansion
of transport networks linked with urban hubs also
contributes to anthropogenic pressure. The extent
to which road construction projects exert pressure
on the natural environment was discussed by Moth-
orpe et al. (2013), Jedlicka et al. (2019) and Hadi et
al. (2021). An analysis of maps 4 and 8 indicates that
the development of transport networks induced
clear changes in land cover in the studied voivode-
ship.

The stages of landscape evolution should also be
identified in research studies. The beginning and end
of transformation processes and the rate and mag-
nitude of landscape changes should be diagnosed
to facilitate the implementation of effective land
management strategies and protective measures.
The described methodology offers novel insights in
this respect. The proposed approach is an innovative
method of measuring changes in land cover. The Al
relies on simple data and is easier to calculate than
similar metrics. The Al is based only on land cover
data and weights describing the degree of transfor-
mation of different land cover types. The proposed
indicator can be used to identify changes in land-
scape continuity that are characteristic of a given
stage of landscape evolution. The developed meth-
od can be applied in the process of managing val-
uable landscapes and identifying areas that can be
lost unless protective measures are implemented.
The study also demonstrated that fragmentation of
natural habitats affects their stability. These findings
can assist experts and urban planning authorities in
the process of developing land management plans
and landscape conservation strategies.

The study demonstrated that mineral extraction
sites, dump sites, continuous urban fabric, transport
networks and construction sites induce the most ex-
tensive changes in land cover and that that these ar-
eas should regularly monitored. The extent to which
these sites transform the local landscape is clearly
visible in the Warsaw area, which is characterized by
rapid suburbanization. Over time, suburbanization
processes were shifted further away from the city
limits, and urbanization processes were intensified
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in the urban core. The study also revealed that the
distance between highly transformed areas (class
IV) and ecologically valuable areas (class 1) con-
tinues to decrease at an alarming rate. The above
is particularly visible in the proximity of the Vistu-
la River valley (Fig. 7). These findings indicate that
effective conservation measures should be initiat-
ed to protect valuable natural habitats against the
adverse consequences of anthropogenic pressure.
The analysis (Fig. 7) revealed that transformed areas
in the south-eastern part of the Mazovian voivode-
ship, characterized by a high degree of anthropo-
genic pressure and diverse landscapes, had under-
gone even greater changes and were converted to
identical land-use types in the evaluated period. An
analysis of maps 5 and 7 indicates that urban ex-
pansion did not drive the observed changes in the
south-eastern part of the studied voivodeship. The
towns in south-eastern Mazovia are characterized
by low levels of economic growth, and changes in
the local landscape result mainly from scattered de-
velopment. The rapid transformation of arable land
to non-agricultural uses gives serious cause for con-
cern because it thwarts any attempts to restore Ma-
zovia’s traditional rural landscape. The transition of
class lll areas to class IV areas points to a high rate
of landscape transformation. This process began to
stabilize in 2012-2018, but mostly to the benefit of
highly urbanized areas. Effective planning measures
are needed to restrict landscape transformations,
protect landscape diversity or even restore ecolog-
ically valuable areas (class Il).

5. Conclusions

A landscape is composed of numerous elements
with different change dynamics. Landscapes are
transformed mainly due to changes in land use,
most of which result from anthropogenic pressure.
Human-induced changes in landscape are inevitable,
and the attributes and parameters of transformed
landscapes have to be continuously monitored. Land
cover data provide a wealth of information and con-
stitute a reference point for developing new tools for
analyzing landscape transformations. The above ap-
plies particularly to areas experiencing strong urban-
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ization pressure where the most dynamic landscape
changes are observed. The degree and rate of land-
scape transformation are most effectively diagnosed
by monitoring changes in land cover. Widely availa-
ble land cover data and GIS tools that support fast
processing of geospatial data significantly facilitate
analyses of landscape transformation.

In this study, an attempt was made to assess land-
scape transformations based on land cover data. The
proposed methodology can be applied to evaluate
the extent of changes in land cover and landscape
cohesion. The study was conducted on the assump-
tion that landscape diversification is a process that
occurs in a sinusoidal manner. It is low in areas with
natural land cover, very high in areas undergoing
strong anthropogenization, and low in highly trans-
formed areas. Land use types were adopted as the
main criterion for assessing the degree of landscape
transformation. Land cover data were obtained from
the CLC repository which supports analyses of chang-
es in landscape continuity and the classification of
land in different stages of evolutionary change. The
presented methodology can be used to evaluate the
extent of changes in various land cover types based
on a comparison matrix and the degree of landscape
cohesion. Land cover types were grouped into class-
es, and classes characterized by similar landscape
continuity and anthropogenic pressure were indica-
tive of a given stage of landscape evolution. An anal-
ysis of the results revealed that mineral extraction
sites, dump sites, continuous urban fabric, road and
rail networks, and construction sites were the most
highly transformed types of land cover. The least
transformed landscapes were inland and marine wa-
ters, wetlands and forests at the third level of the
CLC hierarchy.

The described procedure is a reliable method for de-
termining the extent of changes in land cover and
landscape cohesion. The accuracy of the results is
influenced mainly by the size of PFs, and the repeat-
ability of results is determined by the analyzed land
use types. The proposed methodology is largely uni-
versal, and it can be applied in analyses of other land
use types. In the present study, land cover databases
were used to assess changes in land cover. The stag-
es of landscape evolution were divided into classes
to monitor changes in land cover and evaluate land-
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scape stability. The applicability of CLC data for land-
scape transformation analyses was evaluated. The
results of the study indicate that CLC data are highly
useful for examining the rate of changes in land cov-
er and landscape transformations. Analyses based
on CLC data support the formulation of far-reaching
conclusions regarding the extent and dynamics of
changes in space.
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