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Abstract 
Context  The wildland-urban interface (WUI) is an 
area where houses are located near wildland vegeta-
tion. As such, the WUI is a focal area of wildfire risk, 
human-wildlife conflicts, and other human-nature 
interactions. Although there is a wide consensus on 
the impact WUI existence might have, little is known 
about the WUI spatial determinants over long peri-
ods, especially in countries with long settlement 
history.
Objectives  Our goal here was to map the WUI 
across Poland, and to quantify the extent to which 
historical legacies shape current WUI pattern, since 
Poland is one of the countries, which experienced 

substantial political changes over time, which had an 
impact on historical settlement development.
Methods  We analysed a database of nearly 15 mil-
lion building locations and a 10-m Sentinel-2-based 
land cover map to produce a country-wide WUI 
map of Poland. Then we compared the WUI pattern 
among parts of Poland which belonged to different 
political entities in 1900s and 1930s and also among 
different ecoregions. Lastly, we verified the effects of 
the historical borders or landscape units borders on 
WUI patterns with a discontinuity analysis.
Results  We found that a substantial part of Poland 
is WUI, and over 60% of all buildings are in WUI. 
However, WUI patterns differ considerably across 
the country, and WUI hotspots are located around the 
largest metropolitan areas in central and southern part 
of Poland and in the Carpathians. Furthermore, WUI 
patterns reflect pre-1945 national borders indicating 
long-term legacies of past settlement patterns and 
urban planning approaches. Diversity among ecore-
gions was much less pronounced than among past 
political entities.
Conclusions  Our work shows that current WUI pat-
tern is to large extent shaped by former political con-
ditions, which is likely true not only in Poland, but 
also in many parts of Europe and elsewhere where 
settlement history goes back centuries.
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Introduction

The wildland-urban interface (WUI) is where houses 
meet or intermingle with wildland vegetation. The 
WUI is the area where many wildfires start and where 
houses are most at risk (Radeloff et al. 2018; Bento-
Gonçalves and Vieira 2020). Furthermore, the WUI 
is a focal area for other processes such as habitat 
fragmentation, disease transfer or biotic invasions 
(Bar-Massada et al. 2014; Jenerette et al. 2022; Schug 
et al. 2023). For instance in US, WUI predicts lyme 
disease incidents better than forest fragmentation 
(MacDonald et al. 2019), and is positively associated 
with exotic plant species abundance (Gavier-Pizarro 
et  al. 2010a). For many wildlife species, WUI areas 
pose a unique trade-off between risk and reward, also 
providing space of relative safety for prey yet creat-
ing barriers for movement (Blecha et al. 2018). There 
may be more frequent conflicts among large mam-
mals, humans, and domestic animals, especially in 
areas that carnivores are recolonizing (Chapron et al. 
2014; Evans et al. 2017; König et al. 2020).

The WUI can grow either due to housing growth 
or to wildland vegetation recovery. In US, WUI was 
the fastest-growing land use from 1990 to 2010, 
largely due to housing growth (Radeloff et al. 2018). 
In addition to the growth of large metropolitan areas, 
many small and medium towns are also growing, 
especially if they are in the vicinity of natural areas 
(EEA Report 2011; Castro-Prieto et al. 2017), as do 
small urban areas near forests (Chai and Seto 2019). 
Indeed, in 2012 the number of people living within 
5  km of a forest was 1.6 billion globally, with such 
settlement patterns being especially common in 
China, the United States, Indonesia, India, and Brazil 
(Newton et al. 2020). Furthermore, many settlements 
are located within natural areas, especially second 
homes that are only used in some periods of the year 
(Paris 2014; Adamiak 2016). Second homes make up 
26% of the housing stock in Norway, around 5% in 
Switzerland, and more than 3% in US (Sheard 2019).

While the WUI is widespread in many countries 
(Lampin-Maillet et  al. 2010; Conedera et  al. 2015; 
Modugno et  al. 2016; Badia et  al. 2019; Mockrin 
et al. 2022), it is less clear how it originated, and to 
which extent historical legacies or path dependen-
cies shape current WUI patterns (Foster et  al. 2003; 
Munteanu et  al. 2015; Rhemtulla et  al. 2009). Both 
forests and settlements are persistent elements of 

landscape, so potentially long-term legacies may 
play important role in WUI development over time. 
Additionally, both above-mentioned land uses reflects 
political and institutional changes over time (Main-
Knorn et  al. 2009; Munteanu et  al. 2015; Grădinaru 
et  al. 2020). Such legacies are more likely to be 
important for WUI in Europe than, for example, Aus-
tralia, Canada, or the U.S., because European settle-
ment patterns reflect a deeper history. Furthermore, in 
Europe, political borders have changed repeatedly in 
past decades and centuries (Davies 2011). For exam-
ple, Poland did not exist as a country for more than 
a century prior to WW I, and changed its geographi-
cal extent substantially after WW II. These border 
changes are reflected in current land ownership pat-
tern and cadastral history (Harvey 2013). Historical 
divisions of Poland are also one of the main reasons 
for the spatial heterogeneity of current socio-eco-
nomic rural development (Rosner and Wesołowska 
2020). Furthermore, there are often stark differences 
in land use along current borders (Noack et al. 2021; 
Xiao et  al. 2021), suggesting that historical borders 
may have resulted in similarly stark differences.

So far, however, there are no WUI maps of Poland 
or other Central European countries, where politi-
cal borders’ changes took place. Therefore it was not 
possible to assess overall WUI spatial pattern, and to 
quantify to which extent WUI patterns are a result 
of past political and socioeconomic settings, which 
we hypothesized to have affected the current WUI. 
Additionally, in countries where WUI has not been a 
research focus yet, there is a need to assess a range of 
WUI maps, so that they can be evaluated for applica-
tions other than wildfire management. Therefore, our 
research questions were thus: (a) what is the current 
spatial pattern of the WUI in Poland?, (b) how much 
do WUI patterns depend on the scale of the analysis, 
and (c) how much are current WUI patterns the result 
of historical legacies, especially the borders in ca. 
1900 and 1930, when the political divisions within 
contemporary Poland changed?

Methods

WUI mapping

To map the WUI in Poland, we employed the WUI 
definition of US Federal Register (USDA and USDI 
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2001) as operationalized by Radeloff et  al. (2005), 
which distinguishes two kinds of WUI: intermix, 
where housing intermingle with wildland vegeta-
tion, and interface, where settlement abuts the wild-
land areas. Either WUI type requires a housing den-
sity higher than 6.17 houses/km2 (1 house/40 acres 
in the US context). In intermix WUI, there has to be 
also > 50% wildland vegetation, while the interface 
WUI, has < 50% wildland vegetation but is within 
2.4 km of a wildland vegetation patch larger > 5 km2 
(Fig. 1). The distance of 2.4 km reflects the distance a 
firebrand can fly (Radeloff et al. 2005). What is more, 
many processes and interactions between wildlife 
and humans are taking place within approximately 
that distance, which makes this WUI definition more 
inclusive. For instance, the probability of livestock 
damage caused by brown bears in Romania is highest 

within 2.5 km of a forest edge (Pop et al. 2023), and 
large forest complexes provide optimal habitat for 
bears (Pop et  al. 2018). Also, in Poland crops were 
the most attractive to wild boars, when located up 
to 2  km from the forest (Tarasiuk and Giżejewski 
2021). Similar WUI definitions have been used pre-
viously to analyse disease transmission (MacDonald 
et  al. 2019), invasive species occurrence (Gavier-
Pizarro et al. 2010b) and recreation (Kil et al. 2014), 
which shows the broad applicability of this approach 
for both fire and non-fire related problems. Further-
more, by employing this definition, we were able to 
compare WUI in Poland to that in other countries 
(Argañaraz et  al. 2017; Godoy et  al. 2019; Carlson 
et al. 2022).

We mapped the WUI in Poland based on exact 
building locations (Bar-Massada et  al. 2013), and 

Fig. 1   Examples and schematic definition of Intermix (A) and 
Interface (B) WUI. On the figure A we present also the variety 
of radius we used to define building density and share of forest 

cover. The example shows only three out of six tested values: 
100, 250 and 500 m. Background image source: ArcGIS PRO 
Basemap
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detailed wildland vegetation maps. Specifically, 
we analysed countrywide building locations from 
the official Polish Topographic Objects Database 
(BDOT10k), where each building in Poland is 
mapped as a polygon (14,895,581 polygons in 2019). 
In terms of wildland vegetation, we focused on for-
est cover only, because forest is the natural, wildland 
climax vegetation in Poland, and there are almost no 
natural grasslands. We analysed the 10-m resolution 
Sentinel-2-based S2GLC raster product, covering the 
entire European Union, and freely available for sci-
entific purposes (Malinowski et al. 2020). According 
to the accuracy assessment broadleaf tree cover had 
user and producer accuracies of 94.6%, and 95.3% 
respectively and coniferous tree cover 95.8% and 97% 
(Malinowski et al. 2020). To calculate building densi-
ties and shares of forest cover, we applied a circular 
moving window algorithm testing six radii: 100, 250, 
500, 750, 1000 and 1500  m (Fig.  1). Smaller radii 
have the advantage that even small groups of build-
ings are mapped as WUI and focus on ecological 
processes that operate on short distances (e.g., noise 
pollution), whereas larger radii have the advantage 
that they focus on larger WUI areas and reflect eco-
logical processes operating at longer distances better 
(e.g., habitat fragmentation for wildlife species with 
large territories). We map here WUI at various scales 
to explore variation in WUI as a function of scale and 
share publicly the all of the resulting datasets in order 
to highlight that there is considerable scale variation, 
and to allow users to choose the scale that is most 
appropriate for their application. In doing so, we hope 
to facilitate a wide range of WUI-related research 
questions (Jenerette et al. 2022).

WUI pattern

To analyse WUI spatial pattern, we delineated a 
set of hexagons comparable in size to the NUTS 

4 administrative units (n = 398, shorter diago-
nal = 30  km, area ca. 780 km2), and calculated for 
each WUI share (%), and the largest patch index 
(LPI), which indicates, how much area of the land-
scape (%) is occupied by the largest patch of WUI (for 
interface and intermix combined). We selected the 
LPI, because it is not sensitive to the overall number 
of patches which might change with different radius-
based WUI maps, nor sensitive to minimal mapping 
unit size or map resolution (Saura and Millan 2001; 
Saura 2002). Those advantages of the LPI are impor-
tant for potential comparison of WUI pattern among 
countries, because other WUI maps are based on spa-
tial data with different resolutions. LPI offers a simple 
and easily understandable measure showing if WUI 
in particular area is forming a large patch (e.g. when 
LPI is > 50%), or if WUI patches are small and iso-
lated, even if the total WUI share is relatively large.

To assess the effects of historical national borders, 
we attributed each hexagon according to the 1900s 
borders, where the contemporary territory of Poland 
was divided between Prussia, Russia and Austro-
Hungary, and the 1930s borders, where contempo-
rary Poland partly belonged to 1930s Poland and 
partly to 1930s Prussia (we excluded two hexagons 
located in the 1920–1939 so-called Free City of Dan-
zig, so for 1930s only 396 hexagons were analysed; 
Fig.  2). When the border divided area of hexagon, 
we assigned it according to its centroid. Addition-
ally, we assigned each hexagon to its major environ-
mental division, based on the geomorphological fea-
tures, which divide Poland into four main regions: (1) 
lowlands with post-glacial forms (characterized by 
hills < 350 m a.s.l. and many lakes), hereafter called 
lake district, (2) lowlands without obvious post-
glacial forms (typical lowland landscape of plains), 
hereafter called lowlands, (3) uplands (including 
also basins located between highlands and mountain 
foothills), and (4) mountains (the Carpathians and 

Fig. 2   National borders 
in 1900 and 1930, and the 
landscape division used in 
the analysis
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Sudetes; Fig.  2). We downloaded the historical bor-
ders from the Max Planck Institute for Demographic 
Research at the University of Rostock (MPIDR and 
CGG 2011), and the Galicia and Austrian Silesia 
Interactive Database (GASID Project) (Ostafin et  al. 
2020), and adopted the environmental division from 
the division proposed by Solon et al. (2018). Lastly, 
we conducted a hotspot analysis to see if hexagons 
with current high WUI proportions were clustered 
and depend on the historical, political divisions, by 
calculating the local Getis-Ord Gi* statistic, where 
we defined the neighbourhood as the 6 closest neigh-
bouring hexagons, and applied a False Discovery 
Rate correction.

Relationship between WUI pattern, past political 
divisions and landscape regionalisation

To verify if past national borders affect current WUI 
pattern, we first tested if LPI values and WUI shares 
in hexagons differed among the historical politi-
cal entities (three in 1900, two in 1930), or the four 
landscape units. First, we checked for normal distri-
bution within the hexagons in a given strata with a 
Shapiro–Wilk normality test. If the hexagons within 
a given strata were normally distributed, we used one-
way ANOVA, followed by Tukey’s pairwise testing. 
If at least one of the strata was not normally distrib-
uted, we employed the nonparametric Kruskal–Wal-
lis H test, followed by Dunn’s test with Holm correc-
tion for p-values to test the pairs’ differences. For the 
1930s, where there were only two strata of hexagons, 
and we tested if they were significantly different with 
an independent sample t-test or Mann–Whitney test 
(for data that were not normally distributed). We 
conducted all the tests for three WUI radii variants: 
100, 500 and 1500 m, and separately for all hexagons, 
and only for hexagons located > 100  km apart from 
each other (n = 35), which was the distance for which 
Morans’s I indicated no spatial autocorrelation.

Lastly, we verified for the 500-m radius the effects 
of the historical borders or landscape units borders on 
WUI patterns with a discontinuity analysis. Specifi-
cally, we parameterized separate regression analyses 
for hexagons with centroids located within 50 km of 
either side of the border, where the dependent vari-
able was the LPI value or WUI share, and the inde-
pendent variable was the distance of the hexagon 
centroid to the border. We quantified the discontinuity 

as the differences of the y-axes intercepts at the geo-
graphical border between regions. We also assessed 
the significance of the relationship between LPI value 
or WUI share versus distance from the border. Based 
on this, we determined whether or not there was a sta-
tistically significant difference between neighbouring 
regions, and if so, whether it manifested itself via a 
difference in intercepts (indicating a sharp jump in 
values right at the boundary) or in slopes (a gradual 
change in direction from the boundary) or a combina-
tion of both.

Results

WUI extent

Our results showed that a substantial part of Poland is 
located in WUI. Depending on the radius of the circu-
lar moving window, the percentage ranges from 11.4 
to 55.4% (35.1% with 500-m radius) of the country 
(Figs.  3, 4). Regardless the radius defined, most of 
the buildings in the country (61.4–63.7%; the highest 
number with 100-m radius, while the lowest number 
with 250-m) were located in WUI with the majority 
in the interface (Figs. 3, 4). Among all the radii that 
we tested, 10.8% of Poland was always mapped as 
WUI, while 42.3% was never mapped as WUI. WUI 
was especially common in the southern part of coun-
try, while in the west and north, the share of WUI 
was comparatively rather low. The lowest WUI share 
occurred in the traditional agricultural areas with 
large fields such as the Silesian Lowlands, the allu-
vial delta of Vistula, and the central part of the Polish 
lowlands (Fig. 3).

Effects of WUI radius size

We found that the WUI included the majority of the 
buildings in Poland, irrespective of the radius that 
we applied to map the WUI (Fig. 4). However, WUI 
area was more sensitive to the radius, and especially 
in areas close to large forests, increasing radius size 
enlarged substantially the area of the forest mapped as 
WUI (Fig. 5A), while the area of settlements in WUI 
remained similar. In areas with relatively small forest 
patches and dense settlements (i.e., suburban areas), 
smaller radii (100 or 250  m) identified many small 
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intermix patches, which disappeared with larger radii 
(Fig. 5B).

When we compared the different WUI maps, we 
found that the 500-m radius represented a good com-
promise providing high spatial detail, but not map-
ping small number of building as WUI (only one 
house is sufficient to meet the density threshold at 

the 100-m radius), and the 500-m radius is also the 
recommended in the U.S. (Carlson et  al. 2022) and 
in Argentina (Argañaraz et  al. 2017), where smaller 
neighbourhoods were associated with potentially 
higher error rates, while larger neighbourhoods 
offered lower precision around buildings. That is 
why, for general purposes, 500-m neighbourhood was 

Fig. 3   WUI extent in 
Poland depending on the 
moving window radius used 
to calculate building and 
vegetation thresholds
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recommended, unless a specific application requires 
a different radius. In the following, we present all 
results for 100, 500, and 1500  m radii though, to 
highlight differences due to scaling effects, and we 
provide all the 6 variants of maps derived from differ-
ent radii in the supplementary material.

Our hotspot analysis of the 398 hexagons showed 
that WUI share and LPI had similar spatial pattern, 
with several statistically significant hotspots, but 
only few statistically significant coldspots. The WUI 
hotspots were mainly in the southern part of Poland 
around Kraków, in Silesia, and in the surroundings 
of Warszawa and Łodź. More specifically, the WUI 
hotspot in the south covered almost all of Małopolska 
province plus western Podkarpackie province, and 
the west part of Silesia urban area together with Sile-
sian Beskidy Mts, which is a part of the Carpathians. 
However, there were no hotspots surrounding the 
metropolitan areas in the western part of Poland. The 
coldspots of WUI share were located in the north-
west and in south-west of Poland, while coldspot of 
LPI occurred in the north-west of Poland, or central 
Poland (1500-m radius WUI map; Fig. 6). Although 
the overall pattern among the different radii maps 
was similar, the statistical significance of the hotspots 
was highest for the100-m radius map, and lowest for 
the 1500-m-radius map (Fig. 6). Additionally, in the 
1500-m radius maps, coldspots of moderate siginifi-
cance were more widespread than for the other radii 
(Fig. 6).

WUI pattern

Analysis of WUI pattern in relation to historical bor-
ders of Poland showed substantially more WUI areas 
in the southern part of the country, which belonged 
to the Austro-Hungarian Empire before 1918, and in 
the central part, which belonged to Russian Empire at 
that time, than in the formerly Prussian part. In some 
cases, neighbouring hexagons located along the state 
border between Poland and Prussia in 1930s had sub-
stantial differences in WUI share. Differences in WUI 
among the ecoregions were minor, but the highest 
WUI shares occurred in the Carpathians (Fig. 7; for 
maps based on 100 and 1500-m radii see the supple-
mentary material figures S1 and S2).

WUI pattern analysis based on LPI matched that 
of the WUI share pattern, in that the largest WUI 
patches were located in the south, which belonged to 
the Habsburg Empire before 1918. Differences in the 
size of the largest WUI patches along the historical 
Polish-Prussian border from 1930 were again stark. 
Among the ecoregions, the largest WUI patches were 
in the Carpathians, but sporadically also in the Low-
lands and the Uplands (Fig.  7; and supplementary 
material S1 and S2).

We found that there was a statistically significant 
difference among the strata in each case of WUI 
share and LPI for WUI maps of any radius when we 
analyzed the differences based on the political divi-
sions of 1900 and on landscape units (please see the 

Fig. 4   Percentage of all 
buildings located in WUI 
(line) and total WUI share 
(bars) in Poland, depending 
six different circular neigh-
borhood sizes, indicated by 
the radius distance
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supplementary material for details, Table  S2). The 
pairwise testing showed that for the political divi-
sion of 1900, the most significant differences, both 
in terms of WUI share and LPI, occurred when 

comparing Prussia with other countries, and they 
were strongest for the 100-m radius map in the 
case of WUI share, and 500-m radius map for LPI 
(Table S3).

Fig. 5   The effect of the moving window radius on WUI patterns in areas located close to large forests (A), or dominated by small 
forest patches (B)
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The pairwise differences among the landscape 
units in WUI share were in most cases statistically 
significant for 100-m radius, except for the compari-
son of uplands versus mountains. However, for larger 
radii, they were only significant for the comparison 
of the lake district versus the other landscape units. 
For LPI all the differences in pairs were significant, 
except for uplands versus mountain (regardless of 

radius), and for lake district versus lowlands for the 
100-m radius (Table S3).

The political division of 1930 split the hexagons 
directly into two strata, so we employed only the 
pairwise testing, which showed that for all mapping 
radii, the difference between Poland and Prussia was 
always statistically significant for both WUI share 
and for LPI (Table  S4). For the hexagons located 

Fig. 6   Hotspots and colds-
pots of WUI share (left 
column) and LPI (Right 
column) for WUI maps 
based on 100, 500, and 
1500-m radii in Poland
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more than 100  km apart, the only significant differ-
ences occurred for the strata reflecting the borders in 
1930s for the 100-m radius map for WUI share and 
the 500-m radius map for LPI (Table S4).

Results from our 500-m radius-based discontin-
ity analysis, which tested if the proximity to borders 
affected WUI patterns, found the highest statistically 
significant effect on WUI share in Prussia along Prus-
sian-Polish border in 1930, and in the lowlands along 
the border between lowlands and mountains (Table 1). 
LPI values were in most cases not affected by the dis-
tance to border, either national borders, or borders 
based on landscape units. The place where distance 

to border was significant, was in former Russia along 
the border between former Russia and Austro-Hun-
gary in 1900 (Table  1). However, while distance to 
border was largely not a significant determinant of 
WUI share or LPI values, graphical representations 
of the regression lines showed that differences among 
countries were nevertheless stark as indicated by the 
differences in intercepts and slopes in the regression 
lines right at the borders (Table 1, Fig. 8). Differences 
in intercepts were the highest along the border of for-
mer Austro-Hungary or between uplands and moun-
tains (Table 1). In other words, it was not the distance 
to the border that mattered, but rather the political 
unit a given hexagon occurred in.

Discussion

Our results showed that large parts of Poland are 
located in WUI, with more than 60% of the houses. 
However, the spatial pattern of WUI is quite hetero-
geneous raising the question why. In the twentieth 
century Poland regained independence and wit-
nessed substantial border changes, which are strongly 
reflected in current WUI pattern. We found that 
strong differences in WUI share in both, rural areas 
with different political history, and in urban agglom-
erations, indicating less WUI in former Prussian 
lands than elsewhere.

We conducted a structure-based WUI analysis 
(Bar-Massada et  al. 2013), because we had access 
to exact building locations across the country. When 
mapping WUI based on structure locations, the radius 
within which structure density and wildland vegeta-
tion proportions are calculated, affects the resulting 
WUI patterns (Argañaraz et  al. 2017; Kaim et  al. 
2018). We tested a large range of radii and found that 
500-m performed especially well for Poland, as is the 
case for the U.S. (Carlson et al. 2022) and Argentina 
(Godoy et  al. 2019), where that scale was recom-
mended because it provides a good trade-off between 
high precision around buildings and low error rates. 
In our case, however, 100 and 1500-m provided 
broadly similar results to the 500-m radius. Interest-
ingly, this 500-m radius to map the WUI is similar 
to the recommended radius of the disturbance zone 
(Theobald et al. 1997; Hawbaker et al. 2006), which 
is not focused on mapping which settlements are 
adjacent to wildland areas, but rather which wildland 

Fig. 7   WUI and LPI (based on 500-m radius) in relation to 
historical borders and landscape features. Similarly figures for 
100 and 1500-m radius maps are available in the supplemen-
tary material (Figs. S1, S2)
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areas are near settlements, and hence most affected by 
people (Druga and Minár 2018; Xi et al. 2021). The 
500-m radius was also advantageous in our study in 
that it detected WUI in suburban areas well, where 
both clusters of buildings and wildland vegetation 
patches are relatively small and were missed by larger 
radii. However, WUI maps based on the other radii 
may be of value for specific purposes. For example, 
smaller radii ensures that all the homes that may 
be prone to wildfires are mapped. While wildfires 
are currently not as problematic in Poland as in the 
United States or Mediterranean Europe, but this may 
change due to climate change (Fernandez-Anez et al. 
2021). On the other hand, larger radii may be help-
ful for regional, strategic planning, such as conserva-
tion planning, which often focuses on large areas with 
minimal human impact. However, further analyses 
of the effects scale variation for specific applications 
(such as human-wildlife interactions, disease trans-
mission, competition between domestic animals and 

wildlife) would be very interesting. Lastly, we were 
surprised to see that while different radii resulted in 
substantial differences in the total areas mapped as 
WUI, the number of buildings located in WUI was 
relatively stable (61.4–63.7%). That gives confidence 
that slightly more than 60% of buildings in Poland are 
located in WUI, which is high. Given that urban cent-
ers are usually not included in the WUI, it shows that 
most Polish rural settlements are located relatively 
close to forests. We suggest that our results thus high-
light the need for more strategic spatial planning for 
future, given that WUI patterns have so far not been 
taken into account in any local, regional or national 
planning in Poland.

The value of WUI share for the 500-m radius, 
which we focused on in our analyses, was also quite 
high (35.1%). In comparison to the US, when map-
ping the WUI with the same approach, Poland 
has a higher share of WUI on average (US average 
is 15.4%), but similar values to those for Georgia 

Table 1   Discontinuity 
analysis indicating 
statistical sigfnificance of 
distance to border on the 
WUI share and LPI values 
for hexagons with the 
centroids within 50 km of 
the border

1 refers to the first country 
(landscape unit) in the pair 
in column 1 and 2 refers 
to the second country 
(landscape unit) in the pair 
in column 1; please note 
that in the pair UP-MOUNT 
of the landscape units, in 
unit UP due to the distance 
threshold of 50 km, also 
objects from the unit LOW 
were also included
AUS Austro-Hungary, PRU 
Prussia, RUS Russia, POL 
Poland, LAKE lake district, 
LOW lowland, UP uplands, 
MOUNT mountains
a On the Austro-Hungarian 
side there were only three 
observations due to short 
border section
***p < 0.01, **p < 0.05, 
*p < 0.1

WUI share

SLOPE 1 SLOPE 2 Differences in 
intercepts

RMSE 1 RMSE 2

1900
 AUS-PRUa 1.541* − 0.257 92.891 1.987 10.736
 RUS-PRU 0.00417 0.0162 2.811 14.124 9.673
 RUS-AUS − 0.523** 0.234 20.509 12.195 18.513

1930
 PRU-POL 0.225*** − 0.0656 5.543 7.909 12.277

Landscape units
 LAKE-LOW − 0.0556 0.00267 1.183 11.381 12.326
 LOW-UP 0.0579 0.0716 2.776 12.576 12.445
 LOW-MOUNT − 0.323*** 0.125 9.456 6.360 12.155
 MOUNT-UP 0.349 − 0.0766 24.470 16.393 16.076

LPI
 1900
  AUS-PRU 1.541* − 0.257 92.891 1.987 10.736
  RUS-PRU 0.00609 − 0.109 7.553 16.227 10.569
  RUS-AUS − 0.561** 0.514 18.266 13.542 23.838

 1930
  PRU-POL 0.0940* 0.0905 10.161 5.331 15.129

 Landscape units
  LAKE-LOW − 0.838 0.0915 0.0389 13.902 13.546
  LOW-UP − 0.143 0.0777 0.967 15.720 13.597
  LOW-MOUNT − 0.0434 0.116 4.205 3.270 8.745
  UP-MOUNT 0.449 − 0.491* 20.430 21.660 17.484
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(36.1%) and New York (34.3%) in 2015, which were 
respectively the 14th and 15th highest WUI share out 
of 48 states in the conterminous U.S. (Carlson et al. 
2022). However, eastern part of the U.S. with high 
proportion of WUI areas is partly due to mountainous 
landscape of Appalachians with high forest propor-
tions due to constraints on farming, coupled with rel-
atively high population density due to a long history 
of European settlement. However, given that Poland 
is mainly a lowland country, with less pronounced 
constraints on agriculture, the WUI is surprisingly 
widespread in Poland.

When we analyzed the spatial patterns of the WUI 
across Poland, we found strong evidence that histori-
cal national borders, and their legacies, had stronger 

effects than ecoregions. To assess the WUI pattern, 
we compared WUI share and LPI across Poland. We 
used LPI as an indicator because it is not sensitive to 
the number of patches, which changes with different 
radii (Saura 2002). Additionally, LPI is not sensi-
tive to the minimum mapping unit or map resolution, 
which enables to compare the WUI in different coun-
tries. The LPI capture well if WUI occurs in a single 
large patch, or is fragmented, and occurs in many iso-
lated patches, even when the WUI share is equal. The 
variation in LPI that we observed highlights the need 
for future research into the effects of WUI patterns 
on various ecological processes. Specifically, the part 
of Poland belonging to Prussia until WW II, was sig-
nificantly different from the other parts, according to 

Fig. 8   Discountinuity in WUI share [%] and LPI values within 50 km along the Polish-Prussian border in the 1930s
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both the 1900 and the 1930 borders. One reason why 
those legacies are so strong may be that although the 
political divisions of the western and northern part of 
Poland were different in 1900s and 1930s, substan-
tial part of the region belonged to Prussia for long 
time before, regardless the 1930s border changes. It 
means, land use evolved under similar institutional 
conditions for longer periods there than in the other 
regions, which belonged to Austro-Hungary or Rus-
sia in 1900s and became part of Poland in 1918. In 
general, the persistence of the cultural landscape in 
Europe is well explained by the frequency of political 
changes in a given area (Lieskovský and Bürgi 2018). 
The differences in WUI pattern among ecoregions 
were also statistically significant, albeit less strongly, 
with the biggest differences were between the lake 
district and other ecoregions. This may be an arte-
fact though because > 50% of the hexagons located 
in lake district belonged to former Prussia in 1930 
and almost 90% belonged to Prussia in 1900. So, 
we cannot rule out that the minor differences among 
the ecoregions were also at least partly due to politi-
cal history. This is in line with the difference among 
the Sudetes and the Carpathians, two mountain areas, 
that in the past belonged to the different political enti-
ties and are only both part of the same country since 
1945. In Sudetes, only one hexagon had a WUI share 
of over 40%, based on 500-m radius map, while in the 
Carpathians, there were several hexagons with > 75% 
and some even approaching 90%.

The differences of WUI share among the regions 
of Poland with different political history may be due 
to various reasons. Because WUI pattern depends 
on both settlement and forest pattern, differences in 
land use planning over long periods may exert strong 
legacies on current conditions. Additionally, the for-
mer Prussian territory witnessed massive out- and 
in-migration after 1945 (Iglicka 2019), which also 
affected land use (Latocha et al. 2016). Furthermore, 
the rural settlement pattern of contemporary Poland 
still reflects the original processes of village for-
mation taking place centuries ago, and differences 
between the size and pattern of traditional rural set-
tlement types of western and eastern part of contem-
porary Poland are stark (Szulc 1995). After WW II, 
much of the agricultural areas located in the former 
Prussia were collectivised after German population 
displacement (Bański 2014), which shaped regional 
and local land use patterns. Our discontinuity analysis 

conducted along the former political and landscape 
borders confirmed that there are strong differences 
between the regions with different landscape history, 
and that it is the difference among regions, not the 
distance to the border than determines those differ-
ences. In other words, what matters is past land use 
history reflecting political divisions, rather than the 
presence of the borders themselves.

Recent Polish history reinforced historical pro-
cesses and hence WUI patterns. After the political 
system changed in 1989, state-owned farms operating 
on the collectivised lands collapsed, and lands were 
either sold or leased out by the national Agricultural 
Property Agency (Bański 2014). Both collectivisa-
tion and post-1989 land transactions limited new set-
tlements on agricultural lands strongly in the central 
and western parts of Poland, but less so in the small-
scale privately-owned farmland typical for eastern 
and southern Poland. Although currently the western 
and north-western part of Poland is among the most 
forested areas in the country (Kolecka 2021), which 
would potentially support WUI existence, its settle-
ment pattern limited WUI there. This is contrary to 
e.g. the Polish Carpathians, where both high forest 
cover share and scattered settlements supports WUI 
existence (Kaim et al. 2018). This suggest, that con-
trary to U.S., where most of the WUI is due to set-
tlement development (Radeloff et al. 2018), in Poland 
both forest increase or settlement extent may be 
important drivers of WUI growth (Kaim et al. 2018).

We found current WUI hotspots mainly around 
the largest metropolitan areas of central and south-
ern Poland and in the Carpathians. This suggests that 
suburban regions around largest Polish cities there, 
are greatly affected by the ecological processes that 
are concentrated in the WUI. However, this is not the 
case for suburban areas in the west. This also con-
firms the importance of the past land use structure of 
former Prussia, even in the patterns of current met-
ropolitan areas. In general, WUI in suburban areas is 
a result of two processes. On the one hand, farmland 
abandonment can lead to more forest there (Krysiak 
et al. 2020), while on the other hand new settlements 
at the fringes of cities and along major transporta-
tion corridors brings new houses close to existing 
forests (Bański and Wesołowska 2010; OECD 2018). 
Rapid land changes around large cities has been com-
mon in post-socialists countries including Roma-
nia (Grădinaru et  al. 2015), Hungary (Cegielska 
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et  al. 2018), and both Czechia and Slovakia (Wnęk 
et  al. 2021). The decline of agriculture and high 
prices for land that is settled, both enlarge the WUI 
areas. In the areas, where such settlement arrange-
ments meet or intermingle with wildland vegetation, 
WUI increase may be much more rapid than in rural 
areas. Rates of suburbanisation appears to be higher 
in Poland than, for example, in Slovakia or Czechia, 
as showed the analysis of more than 50 Functional 
Urban Areas (Wnęk et  al. 2021). This is a result of 
weak spatial planning (Niedziałkowski and Beunen 
2019; Śleszyński et al. 2020), which manifests itself 
in spontaneous and chaotic settlement develop-
ment, and supports WUI creation. It is important to 
add that many of the most rapid land use changes 
occurred after the political and economic transforma-
tions after 1989. The legislation implemented during 
the 1990s strengthened the rights of private property 
owners greatly, and weakened local spatial planning. 
Public interests became less important than private 
ones (Niedziałkowski and Beunen 2019), and private 
actors imposed pressures on the planning system to 
develop more areas. A great example is what hap-
pened in the Polish Carpathians, where small-scale 
privately owned agricultural lands have been aban-
doned, leading to forest cover increase (Kaim 2017), 
while weak spatial planning procedures supported the 
sprawl of settlements (Ćwik and Hrehorowicz-Gaber 
2021). Land abandonment in the Carpathians is due 
to better employment opportunities outside of the 
agricultural sector (Kolecka et al. 2017), especially in 
the parts that are easily accessible from the regional 
urban centres (Kolecka and Kozak 2019). Similar 
processes may have supported new WUI creation not 
only in remote mountain areas, but also in around 
Polish cities. Furthermore, similar institutional 
changes of spatial planning system occurred in other 
post-communist countries (Munteanu and Servillo 
2014; Varró and Faragó 2015; Grădinaru et al. 2020).

In summary, we present here the first country-
wide WUI map of Poland, or for any Central-Euro-
pean country for that matter. Understanding WUI 
patterns is important for both many research chal-
lenges and land management questions in Poland. 
For instance, the contact zone of forest and settle-
ments are of great importance for indicating human-
wildlife interactions, and so the WUI can be used 
e.g. to better detect the hotspots of the African Swine 
Fever (Woźniakowski et al. 2021), areas of predation 

of wildlife by domestic species (Wierzbowska et  al. 
2016; Krauze-Gryz et al. 2018), animal-vehicle colli-
sions (Basak et al. 2022) or illegal shooting or poach-
ing (Nowak et al. 2021). It could also better define the 
areas of trade-offs between tourist-related pressures, 
suburbanisation and environmental protection (Jakiel 
et al. 2018; Zawilińska 2020). Finally, while wildfires 
are currently not a major problem in Poland, this may 
change in the future, and based on stand composi-
tion about 83% of all Polish forests are subjected to 
fire risk (Fernandez-Anez et  al. 2021). Should wild-
fires become more prevalent, then the WUI being so 
widespread will be a major concern, because of both 
higher rates of ignitions and higher risk to homes and 
lives there.

Conclusions

We developed structure-based, spatially detailed WUI 
maps for all of Poland, and found that the WUI covers 
substantial parts of Poland. Interestingly though, its 
current spatial pattern is strongly related to past polit-
ical divisions and more so than to biophysical differ-
ences. So far, the WUI has not been considered in 
spatial planning in Poland, which is unfortunate given 
its regarding fire risk, human-animal coexistence, or 
spatial planning. Our analysis introduces the WUI 
concept for Poland, and for Eastern Europe, which 
will open new opportunities to test its applicability 
in many disciplines. Additionally, the results may 
provide a basis for formulating recommendations to 
improve land use planning and protection of agricul-
tural and forest lands and their effective management.
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