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Abstract Poland’s traditional, i.e., non-GIS, region-
alization needed to be updated for landscape audit
purposes. Its spatial accuracy appeared insufficient,
which led to the verification and adjustment of the
existing physical-geographical mesoregions using
GIS and high-resolution spatial data. In Poland, pro-
vincial landscape audits are part of implementing
the European Landscape Convention to Polish law
order, which led to the renewal of interest in the nat-
ural spatial division of the country. To date, there is
no unified division of the entire country into micro-
regions, which in Poland are commonly perceived as
the most appropriate natural spatial units for local-
scale landscape analysis and management. Micro-
regions are lower-rank spatial units than already
existing mesoregions. Both are distinguished by a
homogenous landscape defined within the specific
area by common physical-geographical characteris-
tics of the land. Nevertheless, each is recognized at
different scales and levels of generality. This paper
focuses on reviewing the current challenges of the
physical-geographical regionalization of Poland.
Their fundamentals were identified through a system-
atic literature review. It also presents all the problems
encountered within implementing GIS in the micro-
regionalization procedure, which was already used
for the Greater Poland Voivodeship landscape audit.
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In general, all traditional methodologies related to
the physical-geographical regionalization of Poland
require the introduction of GIS solutions to meet the
current expectations from the country’s contemporary
natural spatial division. The landscape contrast analy-
sis method proved to be a promising method of GIS-
based regionalization. It has the potential to become
a universal solution to the existing problems with a
unified physical-geographical microregionalization of
Poland. However, some hard-to-overcome obstacles
are related to the availability, collection, and process-
ing of all required thematic spatial data. Nonetheless,
it is highly expected to develop a universal procedure
of microregionalization and distinguish low-rank
units for the entire country.
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Introduction

Experiences with using physical-geographical
regions in landscape management vary worldwide,
and each country has specific landscape protec-
tion instruments developed over many decades
(Majchrowska, 2018). The European Landscape Con-
vention (ETS No. 176) sets great stores by identify-
ing and assessing landscapes. Additionally, it is the
first international treaty that envisages all aspects
when planning European landscapes, significantly
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impacting current research trends and governmen-
tal strategies within EU countries (Pitru-Stupariu &
Nita, 2022). In addition, the treaty aims to promote
the protection, management, and planning of Euro-
pean landscapes of individual countries and organize
cooperation on widely understood landscape issues
(Déjeant-Pons, 2006; Olwig, 2007). Challenges of
implementing participation in the European Land-
scapes Convention resulted in unique approaches to
environmental management among signatory coun-
tries (Jones & Stenseke, 2011; Scott, 2011; Roe,
2013; De Montis, 2014; Dempsey & Wilbrand, 2017;
Dovlén, 2016; Trykacz & Bernat, 2022; Civitarese
Matteucci & Cartei, 2022).

In Poland, studies connected with the landscape
audit made researchers all over the country work on
the guidelines of the process, which recently seems
to be an overwhelming direction of Polish landscape
ecology applications (Degoérski et al., 2014; Solon
etal., 2014, 2015; Myga-Piatek et al., 2015; Kistowski
et al., 2018; Kistowski, 2019; Chmielewski, 2020;
Piniarski, 2020; Macias & Brédka, 2021). A
renewal of the interest in the physical-geographical
regionalization of Poland arose with the introduc-
tion of the Act of 24 April 2015, amending certain
acts in relation to strengthening tools of landscape
protection instruments (Journal of Laws of the
Republic of Poland, 2015, item 774), which resulted
from the implementation of the European Land-
scape Convention and first included landscape audit
regulations in the Polish legal order. Adaptation of a
coherent EU landscape policy is also visible within
strategic documents, e.g., the National Spatial Man-
agement Concept 2030 (NSDC 2030, 2012), which
includes “Shaping spatial structures which contrib-
ute to achieving and maintaining the high quality
of Poland’s natural environment and landscape.”
For Poland, following the recommendations in the
proposal of methodology for preparing landscape
audits (Pukowiec-Kurda & Myga-Piatek, 2017;
Solon et al., 2014), base materials for delimitation
and identification of the landscapes include phys-
ical-geographical mesoregions and, in the future,
should also include microregions, which have not
yet been developed for the whole country area.

Previous commonly accepted physical-geographical
division of Poland by Kondracki and Richling (1994)
has proven insufficient to work with detailed, high-res-
olution data, e.g., in determining priority landscapes as
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one of the primary goals of the landscape audit. As a
result, its newest revision was developed by Solon et al.
(2018), mostly maintaining regional boundaries from
the original version (Kondracki & Richling, 1994). Gen-
erally, it was focused on minor adjustments and improv-
ing the course of the existing boundaries (Solon et al.,
2018; Richling et al., 2021). Although the spatial accu-
racy of the physical-geographical division of Poland
has radically improved at the time, it still includes only
relatively large spatial units. To date, there is no uni-
fied physical-geographical division into spatial units
in a rank lower than mesoregions. Therefore, it is still
highly expected to distinguish the complementary sub-
division of the entire country into spatial units in a rank
of microregions, which have been clearly defined as the
most appropriate basic analytical fields for a high-preci-
sion landscape analysis at the local scale (Balon & Kraz,
2013). The paper presents difficulties in distinguishing
physical-geographical microregions in Poland, in the
example of the area of the Greater Poland Voivode-
ship. The procedure implies processing large spatial
datasets, including tens or hundreds of millions of data
objects. The most time-consuming single operation took
up to 56 h of uninterrupted computer processing, while
dozens of steps were required to complete the micro-
regionalization. The concept scheme of the developed
procedure consists of a few essential stages that include
numerous geometrical operations and spatial data analy-
ses, which require various GIS processing tools. There-
fore, much effort in the following paper was devoted to
methodological problems, the data used, and its process-
ing within the developed GIS-based microregionaliza-
tion procedure.

Materials and methods
Theoretical background

The basic concept and methodological solutions
adopted in this work follow the major guidelines pro-
posed in the pre-GIS era, i.e., from the mid-1940s to
mid-1970s, at first by J. Kondracki and later by A.
Richling (Kondracki, 1946a, b, 1955, 1961, 1965,
1968, 1969, 1976; Richling, 1976). Even though
the basics of physical-geographical regionalization
were established in the first 30 years from the ini-
tial Kondracki’s works, the author had not perceived
his work as finished. Therefore, the regionalization
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was first further developed by J. Kondracki himself
(1977, 1978, 1988, 1994) and afterward in collabora-
tions with J. Ostrowski and A. Richling (Kondracki
& Ostrowski, 1968, 1973-1978, 1994; Kondracki
& Richling, 1983, 1994). In later elaborations,
Kondracki (1998, 2000, 2002) stated that the region-
alization of the country had been completed. The map
from the Atlas of the Republic of Poland (Kondracki
& Richling, 1994) became the new standard for the
following decades, i.e., until the development of its
latest GIS revision by Solon et al. (2018).

The use of GIS tools and high-resolution spatial
data has been one of the frequently repeated topics of
recent studies connected with the physical-geographical
regionalization of Poland (Kistowski et al., 2018). In the
pre-GIS era, manual mapping techniques substantially
limited regionalization, resulting from no access to digi-
tal data and GIS processing tools, using only analog car-
tographic materials and hand drawing (Richling, 2014).
In this connection, analog tools and manual delineation
methods were causing some inevitable approximations
and inaccuracies in the course of the original, non-GIS
regional boundaries. The spatial accuracy of the pre-
GIS physical-geographical division of Poland by Kon-
dracki and Richling (1994), which was developed in
the overview map scale, i.e., 1:200,000 or lower, turned
out to be insufficient for the program of identification
cataloging and evaluation of Polish landscapes to imple-
ment the European Landscape Convention (Council of
Europe, 2000) into the Polish legal order. This situa-
tion has forced the necessity of verification and adjust-
ment of the existing boundaries with GIS, which led to
radical spatial accuracy improvements of the previous
regionalization by Kondracki and Richling (1994), i.e.,
joint verification and adjustment of the physical-geo-
graphical division of Poland to the scale of 1:50,000 by
Solon et al. (2018). Detailed adjustments of the bound-
aries were performed with GIS tools based on a high-
resolution digital elevation model (DEM) and geologi-
cal and geomorphological datasets (Solon et al., 2018).
The main idea was to use up-to-date GIS tools and high-
resolution digital data while respecting all the earlier
developed theoretical assumptions by J. Kondracki and
A. Richling, i.e., to maintain the basic concept of the
previous version of the regionalization. A comparison of
the digitized, non-GIS physical-geographical division of
Poland by Kondracki from the Central Geological Data-
base (CBDG) (PGI, 2002) with its latest GIS revision
by Solon et al. (2018) shows many similarities to the

original course of the mesoregional boundaries (from
1994) but also indicates a wide range of introduced spa-
tial accuracy improvements (Fig. 1).

Geographic information systems (GIS), high-
resolution spatial data, and digital computing capabil-
ities have allowed researchers to significantly increase
coverage and enhance their elaborations’ spatial accu-
racy and precision. The border analysis method was
initially developed and introduced to Polish studies
related to physical-geographical regionalization by
A. Richling (1976). One of the early GIS incarnations
of the border analysis method brought the concept of
the landscape contrast map as a combination of many
overlapping spatial data layers containing typologi-
cal characteristics of selected physical-geographical
components of the environment (Koziet, 2006). The
border analysis method was further developed with
the addition of more compounded GIS analyses and
evolved into the overlapping border method, which
can be a baseline to delimitate low-rank natural
spatial units, i.e., physical-geographical microre-
gions, using landscape contrast maps (Kistowski &
Szydtowski, 2014, 2015; Pietrzak, 2010, 2020).

In constructing a landscape contrast map, the
extensive study area and complex geometry of all
used spatial data make manual delineation of precise
linear borders out of this irregular, seemingly chaotic
pattern problematic with the conventional approach
to landscape contrast analysis. Traditionally, in the
pre-GIS era, determining boundaries strictly from
a graphical analysis of analog cartographic mate-
rials, i.e., maps printed on a specific scale, led to
some inevitable simplifications and approximations
of their linear course (Richling, 2014). They con-
cern the subjective perception of the analyst, limita-
tions of manual cartography techniques, and usage
of analog spatial data, i.e., printed maps. However,
the expert knowledge and experience of the analyst
cannot be underrated and should also be consid-
ered in this matter. An excellent example is Poland’s
original non-GIS physical-geographical regionaliza-
tion (Kondracki & Richling, 1994). First, it gained
universal acceptance by the government, research-
ers, and many practitioners (Kistowski et al., 2018).
Second, despite some far-reaching changes in the
detailed course of the regional boundaries, in most
cases, the previous system of natural spatial units was
preserved in the later-developed GIS version (Solon
et al., 2018). All of this indicates the high substantive
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Fig. 1 Comparison of the former (non-GIS) and the contemporary (GIS) version of mesoregional boundaries of the physical-geo-

graphical regionalization of Poland

value of the original 1994 regionalization of Poland,
which undoubtedly was one of the most outstanding
achievements of Polish physical geography of the pre-
GIS era.

The main assumptions of Poland’s contemporary
physical-geographical division were established when the
physical geography and landscape studies of Central and
Eastern Europe showed the trend of the so-called contras-
tivity principle. At the time, studies of integral physical-
geographical landscapes were primarily focused on the
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homogeneity of mapped lands and the aspect of landscape
contrastivity along contact zones of contrasting, contigu-
ous landscapes (Mil’kov, 1979). It is still a vital assump-
tion to physical-geographical regionalization, which is
related to the concept of ecotones and physiographic,
landscape-ecological approaches to landscape divisions,
where landscape boundaries are considered a kind of spa-
tial zone with smooth, gradient changes in specific char-
acteristics of the environment (Chmielewski & Kutak,
2016; Chmielewski et al., 2019). The so-called idea of



Environ Monit Assess (2023) 195:1125

Page 5 0f24 1125

marginal zones (Neef, Ed., 1978; Pietrzak, 2010, 2020),
which occur at the junction of considered landscape char-
acteristics, i.e., delimitation criteria, is crucial to the land-
scape contrast analysis method and delineation of natural
spatial boundaries (Piniarski, 2020, Macias & Brodka,
2021). Within each marginal zone, the increasing num-
ber of contacts of boundaries of the distinct homogeneous
areas, from the view of each selected delimitation crite-
rion, indicates higher landscape contrast and sharpness
of the border at the specific segments of it (PrzewozZniak,
1987; Richling, 1992; Solon & Myga-Piatek, 2018).

It is necessary to distinguish between linear, i.e.,
crisp, sharp artificial boundaries of administrative
units, and indeterminate, i.e., fuzzy, vague bounda-
ries of natural spatial units (Vogt et al., 2012). Natu-
ral boundaries are based on the physical-geographical
features of the land, while artificial boundaries are set
arbitrarily by national governments or in border trea-
ties between countries (Caflisch, 2010). The problem
is that the boundaries of natural spatial units largely
do not coincide with administrative units, except for
some examples of riverbanks, mountain peaks, or
other natural barriers that have visibly influenced
the course of artificial borders (Fall, 2010). Linear
boundaries take the form of lines regardless of the
spatial scale in which they are examined, while zonal
boundaries depend on this scale and can take the
form of lines or stripes of various widths. In general,
almost all artificial boundaries, i.e., country borders
(excluding demarcation zones) or administrative bor-
ders, are linear, in opposition to natural boundaries,
which can be marked as lines only with a specific
adaptation of delineation method and with certain
cartographic generalization (Barski, 2010). Since
all natural boundaries depend on the assumptions
of their delineation, they should not be considered
strictly as lines but rather as kinds of spatial zones,
stripes, or buffers. They can be perceived as linear
objects only at a specific spatial scale. All this contra-
dicts the needs of Polish local governments regarding
the strict and precise delineation of natural bounda-
ries for local-scale environmental management, e.g.,
conducting landscape audits and determining priority
landscapes.

Study area

According to the so-called Landscape Act, i.e., the Act
of 24 April 2015 on amending certain acts in relation

to strengthening landscape protection instruments
(Journal of Laws of the Republic of Poland, 2015,
item 774), each voivodeship (province) is obliged to
conduct the audit on their territory at least once every
20 years, which aims to help the Polish legislator pro-
vide more effective landscape protection tools (Kar-
pus, 2016; Krajewski & Solecka, 2019; Szlachetko,
2019). It is significant that the document entitled
“Identification and assessment of Polish landscapes
— stages, and methods of actions within the landscape
audit in the administrative regions” (Solon et al.,
2015) directly points out the physical-geographical
units in the rank of microregions as the most appropri-
ate test fields for the landscape audit. All this makes
the administrative units in the rank of provinces one
of the most obvious choices for a microregionalization
area in Poland, especially when the focus is also on
the practical aspects of the study and the possibility of
using its results by the local self-government authori-
ties for sustainable environmental management within
their territory.

Greater Poland is a historical region of west-central
Poland. Currently, it lies mainly within the borders
of the Greater Poland Voivodeship, also known as
Wielkopolskie, which is the second largest of all 16
provinces (voivodeships). It covers an area of almost
30 thousand sq. km, i.e., close to 10% of the country’s
territory. According to the valid physical-geograph-
ical division of Poland (Solon et al., 2018), within
the limits of the Greater Poland Voivodeship are 42
physical-geographical mesoregions. However, only 10
of them lie entirely within its boundaries. The study
area is a perfect example of a dilemma in distinguish-
ing the natural and artificial borders of some territo-
ries (Fig. 2). This connects with a spatial continuity
of natural spatial units, e.g., physical-geographical
regions and other nonartificial territorial identities,
i.e., historical, cultural, or economical, outside admin-
istrative units, i.e., communities, counties, provinces,
and countries (Melnychuk & Gnatiuk, 2018).

Spatial data
Thematic resources
Public access to current geodetic and cartographic

information in Poland is provided mainly by the Head
Office of Geodesy and Cartography (GUGiK), which
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Fig. 2 Location of the study area on the background of the physical-geographical mesoregions of Poland, showing the spatial conti-
nuity of natural spatial units outside the administrative boundaries of provinces

is also responsible for creating modern spatial data
infrastructure, i.e., geoportal data and services, fol-
lowing the guidance of the EU INSPIRE Directive of
2007 (Directive 2007/2/EC). In addition to the Main
Center for Geodesic and Cartographic Documenta-
tion (CODGIiK), which tasks and resources were
taken over by GUGIK in 2017, there are still provin-
cial (WODGIK) and county (PODGiK) geodesic and
cartographic centers. National geodetic and carto-
graphic data are provided online and free of charge
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at the National Geoportal (https://geoportal.gov.pl),
e.g., as a part of the State Geodetic and Cartographic
Resource (PZGiK).

In general, Polish thematic map resources are well-
developed and consist of much spatial data focused
on various components of the environment. However,
their spatial coverage is commonly limited to selected
administrative units or map sheets by the index of
Polish topographic maps rather than natural spatial
units. Moreover, they are often available with various
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spatial accuracies and precisions and distributed in
diverse data types and formats. As has already been
stated, the spatial accuracy and precision of physical-
geographical boundaries substantially depend on the
source material, i.e., selected criteria and correspond-
ing spatial data. Their quality can be determined by
multiple cartographic characteristics, i.e., theme
content, spatial coverage, spatial accuracy, and data
type and distribution format (Piniarski, 2020). All the
available thematic spatial data are the results of many
years or even decades of work by many national insti-
tutions and research development centers, e.g., the
Polish Geological Institute (PGI) and Institute of Soil
Science and Plant Cultivation IUNG), together with
many other science-related institutions, i.e., Polish
Academy of Sciences (PAS) and Institute of Mete-
orology and Water Management IMGW), as well as
many Polish universities and other related academic
institutions. These are the most reliable cartographic
materials available for each component of the envi-
ronment, resulting from comprehensive field studies
and many expert opinions, elaborated with multilevel
verification and validation by the broadly under-
stood scientific community, decision-makers, and
practitioners.

Spatial data and regionalization criteria

Adequate spatial datasets were selected by reviewing
the thematic map resources available within the study
area, according to previously described theoretical
and formal-legal aspects of physical-geographical
regionalization in Poland. In addition, to ensure rela-
tively high constancy and immutability of the distin-
guished natural spatial units, selected delimitation
criteria refer to the concept of environmental stabil-
ity (Moss, 1999; Solon, 1994), which indicates the
more persistent abiotic components of the environ-
ment, such as landforms, geological structures, and
climatic regimes, as more readily defined and easier
to conceptualize. The spatial datasets used include
surface geological characteristics, genetic interpreta-
tion of landforms, and primary topographic attributes,
i.e., relief types and terrain slopes (Kot, 2014; Nita,
2010; Urbanski, 2011). Other considered environ-
mental characteristics were related to waters, soils,
and potential natural vegetation (PNV), represent-
ing the study area’s local climate characteristics by

determining the most adapted plant species for a defi-
nite ecotope (Matuszkiewicz, 2008).

The data layer of subsurface geological structures
was based on the Detailed Geological Map of Poland
at the scale of 1:50,000 (SMGP), primarily developed
by PGI in 1956-2009 as a serial map divided into
1069 sheets covering the entire territory of Poland.
All SMGP sheets are available online within the
CBDG GIS resources (https://gis.pgi.gov.pl) as a Web
Map Service (WMS); moreover, within the PGI struc-
tures exists the National Geological Archives (NGA),
which surveys, collects, maintains, and makes all PGI
data available also stationary (at Warsaw headquarter
and regional branches across Poland). Each SMGP
sheet includes detailed documentation, comprehen-
sively explaining the geological structure and consid-
ering lithology, genesis, and stratigraphy of forma-
tions, as well as geomorphology and tectonics. Out
of 130 sheets within the study area’s extent, only 100
were initially available as vector data. The remain-
ing 30 were acquired in a raster data format as digital
scans of previously published printed maps.

First, all the complimentary rasters were vector-
ized. Second, all the SMGP’s sheets were unified
as vector data and merged into a single spatial data
layer with 15 classes of subsurface geological struc-
tures (Fig. 3), according to the simplified legend of
the SMGP, i.e., 1, peats and other organic sediments;
2, alluvial, slopewash and valley bottom deposits; 3,
eolian accumulation sands and loess-like deposits; 4,
lake sediments; 5, river sediments; 6, eluvial deposits;
7, fluvioglacial sands and gravels; 8, sands, gravels,
and boulders of glacial accumulation; 9, boulder clays
of glacial accumulation; 10, glacial tills; 11, sub-
glacial deposits; 12, alluvial sediments; 13, tertiary
sands, gravels, clays, and brown coal deposits; 14,
Mesozoic deposits; and 15, no data and mixed geo-
logical materials (most frequent within heavily trans-
formed areas, e.g., near the Konin Coal Mine).

Geomorphological drafts at the scale of 1:100,000
are attached to each SMGP sheet as part of the men-
tioned additional cartographic documentation. The
spatial coverage of the used geomorphological map
of the Wielkopolska-Kujawy Lowland (Karczewski
et al.,, 2007), which was the basis for the develop-
ment of the data layer of the genetic interpretation of
landforms, is limited to the extent of 113 out of 130
SMGP sheets in the central part of the study area.
Therefore, the geomorphological drafts were used to
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Fig. 3 The data layer of
subsurface geological struc-
tures (15 classes)

complete the data layer within the missing northern
and southern parts of the study area, i.e., 13 sheets
north of the city of Pila and 5 south of the town of
Ostrzeszéw (Fig. 4).

The resulting data layer consists of 10 geomorpho-
logical landform classes (Fig. 5), i.e., 1, flat moraine
uplands; 2, wavy moraine uplands; 3, hilly moraine
uplands (hummocky moraines); 4, end-morainic hill-
ocks; 5, moraine embankments; 6, outwash sand plains
(sandurs); 7, kames; 8, eskers; 9, marginal plains;
10, glacial tunnel valleys; 11, dead-ice features; 12,
monadnock hills; 13, long slopes; 14, eolian landforms
(dunes); 15, floodplains and low terraces; 16, mid-
dle terraces; 17, high terraces; 18, valleys and ravines

@ Springer
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cutting the upland; 19, flat-topped hills/mountains of
the elder glaciations; and 20, periglacial plains.

The terrain slope data layer was developed with the
source digital terrain model (DTM), available within
the National Geoportal at a 1-m resolution for all
the territory of Poland. The source DTM was based
on light detection and ranging (LiDAR) measure-
ments obtained from airborne laser scanning (ALS)
by GUGIK. Initially, it consisted of 6130 ASCII
XYZ files in text data format (TXT), containing over
873 GB of data, which made their processing com-
putationally demanding. Simultaneously, the DTM
resolution of 1 m was redundant compared to the
resolutions of the other data used within the research,
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Fig. 4 Spatial coverage of the SMGP sheets and the geomorphological map within the Greater Poland Voivodeship

considering all the differences, i.e., their varied car-
tographic characteristics. As a result, the DTM was
simplified to a 50-m grid using Python programming
tools, and all further analyses proceeded in the net
of square test fields of the same grid size (Piniarski,
2020). Terrain slope classes (Fig. 6) were developed
by morphometric analysis of the DEM, following 5
percentage classes defined earlier by Richling (1979),
i.e., 1, more than 20; 2, 10.01-20.00; 3, 5.01-10.00;
4,2.01-5.00; and 5, less than or equal to 2.00 (%).

The surface water data used, one of the land cover
object classes within the BDOT10k (part of the
PZGiK), present bodies of all the stagnant and flow-
ing waters within the study area with the accuracy
corresponding to the topographic map at the scale of
1:10,000. The depth to groundwater was calculated by
interpolating isolines of groundwater level from the
numeric version of the hydrographic map of Poland
at the scale 1:50,000, whose various versions are also
available as WMS within the National Geoportal. The
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Fig. 5 The data layer of
the genetic interpretation of
landforms (20 classes)

developed waters data layer presents all surface water
bodies (class no. 0) and 6 classes of groundwater
level depth (Fig. 7), with values specified in meters
below ground level (mbgl), i.e., 1, less than or equal
to 1.00; 2, 1.01-2.00; 3, 2.01-5.00; 4, 5.01-10.00; 5,
10.01-20.00; and 6, more than 20. Selected classes
correspond to the depth ranges distinguished within
the GIS database of the Hydrogeological Map of
Poland at a scale of 1:50,000 (Fert et al., 2011).

The data layer of genetic soil types was built on
the numeric soil and agricultural map at the scale of
1:100,000, which was acquired on request directly
from IUNG and is not distributed online. However,
it is worth noting that for the selected parts of Polish
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provinces, the data are also available at the scale of
1:25,000, or even 1:5,000, and distributed as part of
the cartographic materials of each local WODGIK’s
geodetic and cartographic resources. Nevertheless,
in the case of the Greater Poland Voivodeship, more
accurate vector-based data are not available within the
entire study area. Eventually, the genetic soil types
data layer consisted of 14,189 data objects grouped
within 12 classes (Fig. 8), i.e., 1, typical ordinary
alluvial soils; 2, muddy soils; 3, typical black earths;
4, ordinary rendzinas and pararendzinas; 5, leached
brown soils; 6, ordinary brown soils; 7, different
types of sandy soils (developed from glaciofluvial,
eolian, and older alluvial sands); 8, clay-illuvial soils;
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Fig. 6 The data layer of the
terrain slopes (5 classes)

9, peat soils; 10, murshic soils; 11, degraded black
earths; and 12, soils under forest and other unspeci-
fied types. The presented classification and all speci-
fied soil types correspond with the Polish Soil Clas-
sification (Kabata et al., 2019).

Community groups of the potential natural vegeta-
tion (PNV) were derived from the map at a scale of
1:300,000 (Matuszkiewicz, 2008), for which 16 raster
sheets can be downloaded from the Institute of Geog-
raphy and Spatial Organization (IGSO) PAS website
(https://www.igipz.pan.pl/potential-vegetation-
dge.html). However, on direct request, the author
provided the vector PNV data for the microre-
gionalization. Within the study area, second-class

communities groups count 10 classes, including a
separate surface waters class (Fig. 9), all of them
with a total of 2884 data objects, i.e., 1, lowland
alder and birch swamp or peat forests; 2, decidu-
ous alluvial forests, as well as hygrophilous broad-
leaved and forb-rich forests on the groundwater
soils; 3, lowland mesophilous broad-leaved forests,
mainly with oak and hornbeam predominant; 4,
lowland beech forests; 5, thermophilous oak forests;
6, acidophilous oak and beech-oak mixed forests;
7, oligotrophic acidophilous pine forests; 8, mossy
bog vegetation with dwarf shrubs; 9, devasted envi-
ronment vegetation, succession unknown and areas
without vegetation; and 10, surface waters.
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Fig. 7 The data layer of the
surface waters (class no. 0)
and depth to groundwater
(classes no. 1-6)

Regionalization procedure

With the use of GIS, it is possible to construct a
landscape contrast map and precisely quantify the
importance of the border at the specific segment
of it (Kistowski & Szydtowski, 2014). On the map,
the greater the number of overlapping boundaries,
the higher the landscape contrast along the specific
border segment. In general, with higher values of the
landscape contrast comes greater landscape variety
and more variability between two opposite sides of
the border, i.e., higher sharpness of the specific bor-
der segment. Lower values of the landscape contrast
mean less variety and more similarities between
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two opposite sides of the border, i.e., higher fuzzi-
ness of the specific border segment. Without a GIS-
supported analysis, clearly defining their sharpness
would not be possible. Therefore, it is crucial to draw
the linear course of the boundaries at the segments
with the highest landscape contrast and the intended
spatial accuracy.

First, in QGIS, all the gathered spatial data were
preprocessed, i.e., merged and unified as shapefile
(SHP) vector data layers for each regionalization cri-
terion. Second, linear boundaries of all the spatial
objects were extracted and buffered within each data
layer. Notably, the discrepancy between the data lay-
ers, acquired at various scales and data precision, was
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Fig. 8 The data layer of
the genetic soil types (12
classes)

solved by adopting a generalization using two-sided
buffers of 25-50 m along the borderlines within all 6
data layers. With this assumption, they were treated
as overlapping when their borderlines were less than
50 m away for the source data at the scale of 1:50,000
and 100 m away for the data at lower scales, which
was an inevitable approximation. Notably, with
this solution, it was possible to construct the land-
scape contrast map from varied scale data, and at the
same time, it delivered satisfying spatial accuracy.
Later, all the unique pairs of buffers were multiplied,
which outputs 15 variants of overlapping layers. This
step was performed in GRASS GIS, which enabled
efficient parallel computations of up to 4 variants

simultaneously. In ArcMap, a regular grid of squares
of 50 by 50 m was generated within the extent of the
study area, and all the previously developed buffer
overlap layers were sampled to the grid cells. Later,
again within ArcMap, all these layers were merged,
and the number of overlaps encountered within each
cell was simultaneously recounted. The resulting data
layer was the basis of the landscape contrast map con-
structed and visualized with QGIS, which contained
cells only within areas where at least two data layers
overlapped. However, their number was further lim-
ited to grid cells of the highest landscape contrast
within the final composition of the landscape contrast
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Fig. 9 The data layer of the
potential natural vegetation
communities (10 classes)

‘L Class no,
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map before the later delineation of microregional
boundaries (Fig. 10).

The procedure of distinguishing microregions
based on the developed landscape contrast map can
be described in a few steps. First, only the grid cells
with the highest landscape contrast were selected and
aggregated into polygons. All actions were performed
within the Esri ArcMap environment. When delineat-
ing boundaries, the lowest considered number of over-
lapping buffers was established as 6, which helped to
delimit 187,082 out of 206,824 segments of the micro-
regional boundaries directly using the landscape con-
trast map (more than 90%). These segments were delin-
eated by the centerlines of the previously aggregated
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polygons, which were calculated using Voronoi dia-
grams. The remaining segments were so-called gaps
(less than 10%), i.e., spatial discontinuities. These were
manually filled based on the additional expert analysis
of the geological and geomorphological boundaries
used, including DTM data. Performing the procedure
resulted in the final shape of the microregional bounda-
ries of the Greater Poland Voivodeship (Fig. 11).

Spatial data and processing issues

Preparation of unified spatial data layers within the
territory of the Greater Poland Voivodeship required
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A. Spatial data layers pre-processing and unification:

. Subsurface geological structures

. Genetic interpretation of landforms

. Terrain slope classes

. Surface water and depth to groundwater
. Genetic soil types

. Potential natural vegetation communities

o EWN =

B. Boundaries extraction and buffering:

Generating linear borders of the spatial divisions within every
thematical input data layer (1-6.) and calculating two-sided buffers
within all acquired borderlines, in a range of 25-50 meters, separately
for each spatial data layer.

C. Overlapping spatial data layers: D. 6. 1
Multiplying each unique combination of pairs of previously acquired ; *\j &y
buffers to identify their common areas. For 6 criteria, it outputs up to
15 overlapping pairs of buffers within a specific area.

{
D. Spatial data sampling and merging: 3

{
First, sampling acquired buffer overlaps to the regular grid of squares <
in 50 by 50 meters resolution. Separately for each of the 15 spatial
data layers. Second, merging all 15 sampled layers and recounting gt
the number of overlaps in each test grid cell.

E. The resulting landscape contrast map:
Only grid cells of the highest landscape contrast.

1 2 3. 4. 5. 6.
1 X2 1.x3 1.x4. 1.x5. 1.x86.
Muitiplying
buffers 1-6. 2. 2.x1 2.x3. 2.x4 2.x5. 2.x6.
(15 unique pairs)
3 3.x1 3.x2. 3.x4. 3.x5. 3.x6.
4. 4.x1 4.x2. 4.x3 4.x5. 4.x6.
5. 5.x1 5.x2. 5.x3. 5.x4. 5.x8.
Creating regular
gird of squares 6. 6.x1 6.x2. 6.x3, 6. x4. 6.x5.
and sampling the
multiplied buffers
E. 1-6.

Final composition
of the landscape
contrast map

'

Fig. 10 Stages of constructing the landscape contrast map of the Greater Poland Voivodeship

combining data of various cartographic character-
istics acquired from numerous diverse sources (see
Table 1). Not all thematic maps used were distrib-
uted in a unified vector format. Many were acquired
as scans of previously printed maps, and their sheets
required vectorization before further usage within the
regionalization procedure. Varied data availability for
distinct parts of the country, as well as uneven map
scales or spatial data accuracy, which are frequently
stored in mixed data types and file formats, is one
of the general problems with the regionalization of
the whole country. Moreover, to date, other parts of
Poland lack some complimentary spatial data, e.g.,

consistent and precise genetic interpretation of land-
forms, which was built from scratch (Piniarski, 2020;
Macias & Brédka, 2021) based on the geomorpho-
logical map of the Wielkopolska-Kujawy Lowland
(Karczewski et al., 2007).

Eventually, the spatial data consisted of 6 thematic
layers, i.e., one unified layer for every delimitation
criterion (see Table 1). Each of them includes thou-
sands of spatial objects, i.e., separated areas of spe-
cific environmental characteristics — homogeneous
from the point of view of selected components of the
environment, i.e., geological surface types (39,379),
genetic landforms (5154), terrain slopes (56,936),
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v

Selecting grid cells of the highest count
1. | of overlapping borders, i.e., only ones

11, | Aggregating ai distinguished Generating Voronoi diagrams within

A 4

the landscape
contrast map

with landscape contrast of 6 and more

OBBDEEEEn D

v No. of overlapping buffer pairs (0-15)

A 4

- | selections into single-part polygons previously aggregated polygons
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Distinguishing the final course of
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Verification of borderlines integrity and
V. filling in all encountered discontinuities

Trimming off side parts of so-called
Voronoi skeletons in order to filter out

V.
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all encountered geometry artifacts and
creating microregions as polygons

microregional
boundaries

A

A

(gaps) with usage of the geological,

their centerlines (as partial boundaries)

geomorphological and DTM data

Fig. 11 The procedure scheme of distinguishing microregional boundaries out of the landscape contrast map

surface waters and depth of ground waters (24,547),
genetic types of soils (14,189), and potential natural
vegetation (2884) (PNV). Spatial data at a resolution
of 50 m within the extent of the study area include
ca. 12 million test fields for each of the 6 delimita-
tion criteria, which implies processing a total of ca.
72 million regular (square) test fields of 2500 sqm.
Accordingly, constructing the landscape contrast map
involved processing all 15 individual grid layers con-
taining ca. 180 million test fields (within the multi-
plying buffers process). Ultimately, their number was
decreased by selecting only those with boundary inter-
sections. Within all 6 data layers, it out-turns a more
than 5 times reduction of the grid cells number — to
ca. 13 million test fields. By sampling all layers of the
spatial data into a regular grid of squares within the
spatial coverage of the study area, which simultane-
ously means generalizing all of them, it was possible
to remove all redundant data and simplify the com-
putations. After merging all the grids into a single
grid while simultaneously recounting the number of
boundaries overlapping in each grid cell, limiting their
number to less than 5 million test fields was possible.
Nonetheless, it was still challenging and required much
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computational effort from the available computing
platform, especially since it first needed the initial pre-
processing of all 180 million test fields to filter out all
the redundant data.

Discussion

Significantly, as a signatory of the European Land-
scape Convention, Poland was obliged to implement
new landscape management regulations, introducing
the landscape audit to the Polish law order (Karpus,
2016; Krajewski & Solecka, 2019; Szlachetko, 2019).
Reviewing the literature on the subject showed the high
impact of the introduced regulations on academics and
their research directions in recent years. After forming
initial assumptions about the landscape audit (Degor-
ski et al., 2014; Myga-Piatek et al., 2015; Pukowiec-
Kurda & Myga-Piatek, 2017; Solon et al., 2014, 2015),
the scientific community of Poland’s landscape ecolo-
gists broadly debated the direction of their upcoming
works devoted to the country’s physical-geographical
regionalization (Kistowski et al., 2018) as a baseline
for further landscape typologies and in determining
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Table 1 Spatial data used for the Greater Poland Voivodeship microregionalization

No. Spatial data layer No. of Source data
spatial —
objects Resource Map scale or Publication Data type
corresponding
data precision
Subsurface geological 39,379 Detailed Geological Map  1:50,000 PGI (1956-2009) Raster & vector
structure of Poland (SMGP)
Genetic interpretation of 5,154 Geomorphological map 1:50,000 Original, printed map by  Raster & vector
landforms of the Wielkopolska- Krygowski, Ed. (1953)
Kujawy LOWlan and Numerical map version
geomorphological by Karczewski et al.
drafts to Detailed (2007)
l?(fl(:x l;)dgl(csa;/ll\c/}[;;; of Geomorphological Raster
drafts to SMGP (PGI,
1956-2009)
Terrain slope classes 56,936 Digital terrain model 1x1m grid GUGIK (2016) Text grid
(DTM) generalized
to 50x50 m
Surface water and depth 24,547 Hydrographic map of 1:50,000 GUGIK (1985-2017) Raster & vector
to groundwater Poland
Topographic Objects 1:10,000 CODGIK (2016) Vector
Database (BDOT10k)
— “surface water” class
Genetic soil types 14,189 Soil and agricultural map 1:100,000 TUNG (2002-2010) Vector
Potential natural 2,884 Map of potential natural ~ 1:300,000 Matuszkiewicz (2008) Vector
vegetation vegetation
communities

priority landscapes. First, it was acclaimed that the
original physical-geographical boundaries (Kondracki
& Richling, 1994) needed verification and adjustment
based on precision mapping using GIS solutions and
up-to-date, high-resolution spatial data. Second, the
necessity of developing a microregional division of the
whole country area was stated, as physical-geograph-
ical microregions are perceived as the most appropri-
ate basic test fields for local-scale landscape analysis
and environmental management (Balon & Kraz, 2013;
Macias et al., 2020). However, the latest revision of the
physical-geographical division of Poland still does not
include units in the rank of microregions (Solon et al.,
2018; Richling et al., 2021).

Developing a unified, low-rank spatial natural
division of the whole country appeared challenging
due to numerous problems encountered within the
microregionalization procedure (reviewed within
the paper), most of which were not yet addressed
and resolved besides the Greater Poland Voivode-
ship (Piniarski, 2020; Macias & Broddka, 2021).

Notably, the physical-geographical microregion-
alization of the Kuyavian-Pomeranian Voivode-
ship was published before (Kot, 2015). Although
GIS solutions were used, they were primarily based
on traditional expert methods and simple visual
analysis of the gathered spatial data. Moreover,
the research did not try to provide any universal
procedure that could be adopted for other parts of
the country. Therefore, the Kuyavian-Pomeranian
Voivodeship microregionalization could be accom-
plished with relatively little work and time. Its
delimitation criteria include origin and morphom-
etry, geology (lithology and its genesis), and land
cover (mainly the presence of forests, agricul-
tural land, and surface water), which correspond
to basic assumptions of the physical-geographical
regionalization of Poland (broadly discussed within
the paper). The materials used were cartographic
attachments to various studies of the local environ-
ment, i.e., thematic maps at different scales and
levels of generality, mostly maps at scales from
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«Fig. 12 The final shape of microregional boundaries distin-
guished within the Greater Poland Voivodeship

1:100,000,000 to 1:100,000. Other resources used
were DEM at a resolution of ca. 90 m and land cover
data, i.e., Corine Land Cover (EEA CLC2006) at a
resolution of 100 m (Kot, 2016).

Consequently, the resulting map of the Kuyavian-
Pomeranian Voivodeship microregions was pub-
lished only at a scale of 1:500,000 (Kot, 2015), i.e.,
10 times lower than later revised mesoregions (Solon
et al., 2018). Thus, their course should be verified
and adjusted to correspond to the map at a scale of
1:50,000 or more (to make them useable within the
landscape audit or in any other local-scale land-
scape analysis). According to the research, among
the reviewed spatial data resources, it could be done
using more detailed base maps, including subsur-
face geological structures (based on the SMGP) and
topographic terrain attributes (acquired from DEM
of the higher resolution), which are considered as
guiding cartographic materials, necessary for delin-
eating microregional boundaries (Kistowski, 2018).
However, gathering and processing all the required
data layers within the desired study area would still
be problematic, as it was with spatial data process-
ing within the microregionalization procedure of the
Greater Poland Voivodeship (Piniarski, 2020; Macias
& Broédka, 2021).

Another noteworthy attempt was the microre-
gionalization proposal of the Silesian Voivodeship
(Nita et al., 2016), which included verification of
the method on selected mesoregions (Kondracki &
Richling, 1994), resulting in verifying and adjust-
ing the higher rank units within the study area to a
scale of 1:50,000. Although the microregionaliza-
tion of the Silesian Voivodeship still needed to be
completed, the proposal results were already inte-
grated within the revision of the physical-geo-
graphical mesoregions of Poland by Solon et al.
(2018). Again, the SMGP and DTM (at resolutions
of 25-75 m) were the leading spatial data resources
used. Additionally, geomorphological maps were
used (where available), along with other topographic,
orthophoto, and thematic maps corresponding to a
scale of at least 1:50,000 (as far as possible). Apart
from the discussed provinces, microregional divi-
sions of a few original mesoregions were also pro-
posed within studies on the division of Poland into

physical-geographical regions (Kistowski et al,
2018). Importantly, their findings are consistent
with the author’s research, confirming the neces-
sity of using criteria and spatial data similar to those
used within the microregionalization of the Greater
Poland Voivodeship, again emphasizing the need for
more comprehensive implementation of GIS solu-
tions based on traditional methodological approaches
(Piniarski, 2020).

All the discussed studies implemented some GIS
solutions to the traditional methodologies related to
the physical-geographical regionalization of Poland.
However, so far, only the microregional division of
the Greater Poland Voivodeship has been accom-
plished within the whole province area with the
precision desired for landscape auditing (Piniarski,
2020; Macias et al., 2020; Macias & Brodka, 2021).
Moreover, with the research for the first time comes
the proposal of a universal solution of GIS-based
microregionalization of the whole country area
(with a step-by-step GIS procedure and a suggestion
of regionalization criteria with their correspond-
ing spatial data). Simultaneously, each discussed
study encountered problems gathering all the nec-
essary spatial data concerning its characteristics,
i.e., theme content, spatial coverage, spatial accu-
racy, data type, and distribution format, and further
processing with the desired precision. This makes
data processing and performing GIS-based proce-
dures challenging, especially regarding vast areas
and spatial data concerning many environmental
characteristics.

Considering vector data, irregular geometries of
high-precision spatial datasets consist of compounded
topological data structures with numerous geometry
nodes, making their processing more demanding and
time-consuming. A topological structure of vector
data is processing-intensive and static, i.e., any updat-
ing or editing of the vector data requires rebuilding
an entire topology. For this reason, vector data algo-
rithms are often complex and processing-intensive,
which innately limits their functionality for process-
ing large datasets (Buckley et al., 1990). In general,
raster data are stored using a compact data structure,
and it is easier and more computationally efficient to
manipulate them with GIS software (Silva-Coira et al.,
2020). Therefore, another analytical problem within
the regionalization procedure is processing large, vec-
tor format spatial datasets, which needs to be improved
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(Piniarski, 2020). The most time-consuming stage
within the microregionalization procedure was identi-
fying common areas of the overlapping buffers, where
each of the 15 multiplying operations took 38 to 56 h
of uninterrupted computations. GRASS GIS made it
possible to compute up to 4 variants simultaneously
on a single computing unit. Even though every single
operation was limited to only one CPU thread, the load
was always only up to 50-60% of its potential comput-
ing power, and only one-third of the accessible RAM
was permanently in use. Therefore, better-optimized
GIS tools, including native implementation of parallel
computations and support for hardware acceleration,
e.g., general-purpose computing on graphics process-
ing units (GPGPU) technology (Zhang & You, 2012;
Stojanovic & Stojanovic, 2013, 2014; Prasad et al.,
2015; Zhou et al., 2017; Breunig et al., 2020; Saupi
Teri et al., 2022), would be beneficial in future stud-
ies related to regionalization of the whole country.
Nevertheless, findings resulting from the microregion-
alization of the Greater Poland Voivodeship (Piniarski,
2020) could be a reasonable baseline for preparing all
the necessary spatial datasets and successfully imple-
menting the developed GIS procedure for creating a
microregional division of all the Polish provinces and,
finally, the whole country area.

Conclusions

Foremost, a GIS-based physical-geographical micro-
regionalization standard has yet to be set in Poland.
Thus, the developed regionalization procedure still has
the potential to become a universal solution, i.e., set a
new standard for microregionalization for all Polish
provinces and finally shape the course of microregional
boundaries all over the country. Importantly, the Greater
Poland Voivodeship microregionalization was the first
fully accomplished elaboration, which was complemen-
tary to the works connected with the landscape audit
and, among others, was used to determine priority land-
scapes within the study area. However, developing a
microregional division of the Greater Poland Voivode-
ship has revealed some hard-to-overcome difficulties,
which would undoubtedly occur in the microregionali-
zation of the rest of the country, mainly concerning spa-
tial data availability and processing.

First, many available spatial data resources vary in
quality within different parts of the country. Second,
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their limited spatial coverage and fragmentation imply
the necessity of combining numerous resources, i.e.,
preprocessing and unifying all the source data before
their final analysis. Third, so far, there are no spatial
data that would correspond to all selected delimita-
tion criteria in the desired spatial accuracy and would
already be unified for the entire territory of Poland. To
date, all the required spatial data have been developed
for approximately 10% of the country area, especially
for the microregionalization of the Greater Poland
Voivodeship. Therefore, complementary spatial data
must be acquired before the microregionalization of
the remaining provinces.

Additionally, one of the general problems with
physical-geographical regionalization is the subjec-
tive choice of methods, delimitation criteria, and cor-
responding spatial data. Regionalization results and
their further interpretation critically depend on these
choices. Therefore, the regionalization procedure must
implement GIS solutions within the existing, com-
monly accepted fundamentals. The theoretical back-
ground and guidelines of Polish physical-geographical
regionalization have a long tradition and have become
universally approved by the government, researchers,
and practitioners nationwide.

Although GIS-based physical-geographical micro-
regionalization of the Greater Poland Voivodeship
occurred computationally demanding, the landscape
contrast analysis method has proven to be a workable
solution for delineating low-rank natural spatial units
(Fig. 12). Notably, the procedure efficiency could
essentially benefit from better optimization of GIS
tools, which still require improvements, e.g., broader
implementation of parallel computing and support for
hardware acceleration of data processing.

The microregionalization process should proceed
for the rest of the provinces to complete the GIS ver-
sion of the physical-geographical regionalization of
Poland by Solon et al. (2018). The local government
already used the microregionalization of the Greater
Poland Voivodeship in their works related to landscape
auditing (Piniarski, 2020; Macias et al., 2020; Macias
& Broédka, 2021), which resulted in the landscape
audit resolution of the Greater Poland Voivodeship,
which was successfully adopted by the Greater Poland
Voivodeship Sejmik (regional assembly) in 2023 (Res-
olution No. LI/1000/23 SWW of 27 March 2023).

Moreover, some early works related to the micro-
regionalization of the Lubusz Voivodeship (Lubuskie
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Province) using the developed scheme are already
in progress. Notably, the developed concept was
accepted by the local governments and appreciated by
the landscape ecologist’s community, awarded third
place in the IALE 2022 European Landscape Ecology
Congress poster competition on 11-15 July 2022 in
Warsaw (Poland).
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