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Abstract: Using machine learning techniques, we modelled vascular plant species richness
(SR) at a landscape scale (10 x 10 km squares) in Poland, for four plant groups: native species,
red-list species, archaeophytes, and neophytes. As explanatory variables, we used environmen-
tal characteristics (soil, land relief, and climate), human footprint measures (land use, agricul-
tural intensity, human population density, communication network), and palacoecological fac-
tors (glaciation range). The influence of the individual factors on SR varied considerably, and
the different species groups also differed in their reaction to particular drivers. The best predic-
tors of SR, regardless of the species group examined, were potassium content and clay fraction
in the soil. This is the result of Pleistocene geological processes: most soils in Poland are of gla-
cial origin, and thus sandy and K-poor. The SR of native taxa increased almost linearly with
increased K and clay content, up to ~150 mg-kg™' K, and ~15% clay, and then stabilized, with
further SR increases depending on other factors. Regarding these characteristics, the soils in
Poland are more similar to those in Fennoscandia than to those in neighbouring countries like
Czechia and Germany. The positive correlation of the SR of all species groups with population
density results directly from anthropogenic influence for neophytes, but for native species, it
results rather from humans intentionally choosing habitats promoting high plant SR when set-
tling in prehistory. As a result, the environmental and palacoecological variables explain native
SR, while the anthropogenic variables were necessary for neophyte and archaeophyte richness.
Besides the edaphic variables, a positive influence on native and red-list species richness was
land relief diversity. The influence of pH variability, CaCO; content, water bodies presence, and
other typical factors beneficial to biodiversity was rather minor. We did not find any direct
effect of intensive agriculture on SR. It could be related to the data-set characteristics: the basic
spatial units (100 km?) are not suited for tracing the agricultural effect, and/or the SR data repre-
sented mainly the situation at the end of the 1990s and did not reflect the rapid agricultural
intensification resulting from Poland’s accession to the EU.
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Introduction

Geographic patterns of species richness, along with the question of why some places con-
tain more species than others, have intrigued ecologists for a long time (Barthlott et al.
2007, Kreft & Jetz 2007). Answering this question is also essential in the context of
global change and its implications for biodiversity conservation (Brooks et al. 2006,
Barthlott et al. 2007). The macroecology of biodiversity is currently advancing quickly
due to the increasing availability of biodiversity and environmental data, as well as new
analytical methods, which help us to understand the observed patterns (Pirtel et al. 2016).

The spatial pattern of plant species richness results from ecological and evolutionary
processes acting at different spatial and temporal scales. In the context of biodiversity
conservation, it is important to distinguish between local and regional effects on
biodiversity (Urban 2015, Pirtel et al. 2016). At large (global, continental, and regional)
spatial extents, evolutionary processes such as migration, speciation, and extinction, as
well as geological and climatic history, are crucial, while at a smaller spatial scale, rich-
ness depends mostly on species dispersal, habitat filtering, and biotic interactions. Large-
scale environmental factors influence local conditions, causing nested relationships
between processes acting at different scales (Field et al. 2009, Sabatini et al. 2022). In
addition to average values of climatic and edaphic factors, their variability is also consid-
ered important for promoting biodiversity, and positive correlations between spatial envi-
ronmental heterogeneity and species richness are observed across different spatial scales
(Stein et al. 2014). Human-derived influence, such as intensive agriculture and urbaniza-
tion, has an important effect on observed species richness, especially in the case of non-
native species (Firbank et al. 2008, de Albuquerque et al. 2011, Flohre et al. 2011, de
Barros Ruas etal. 2022, Hou et al. 2023). Growing evidence confirms the effect of histor-
ical climate and/or geology on regional biodiversity (Jiménez-Alfaro et al. 2018, Divisek
et al. 2020); however, current richness patterns are typically interpreted as a legacy of
landscape history (DiviSek et al. 2020), and palacoecological processes shaping the
distribution of species during the Holocene are typically omitted in biodiversity models.

Poland is a relatively large central-European country, with an area of about 312,000 km®.
Most of Poland’s territory consists of flat lowlands and, to a lesser extent, uplands which
are a part of the Great European Plain, while mountains, being a part of the Carpathian
Mountains (Mts) and the Bohemian Massif, are located in the south (Fig. 1). The majority
of Poland belongs to the Continental biogeographical region; a relatively small area in the
Carpathian Mts is part of the Alpine region, and in the north-east Poland borders the
Boreal region (Cervellini et al. 2020). The Polish flora consists of ~2,600, and 534 neo-
phyte plant species, and ~160 archaeophytes (Tokarska-Guzik et al. 2012, Mirek et al.
2020). The flat land relief allows easy longitudinal plant migration (Szafer 1959), and
plant species of different geographical regions occur here (Finnie et al. 2007, Zajac &
Zajac 2011). On the other hand, about 45% of native species reach the limits of their geo-
graphical ranges in Poland: mostly northern (~20%), but also southern, western, and east-
ern (Zajac & Zajac 2011).

In Poland, generally, the north-east and central parts are species-poor, while the south-
ern part is species-rich (Szymura et al. 2023). This overall trend is consistent with the
coarse-grained pattern of vascular plant species richness in Europe (Fig. 1; Cai et al. 2023),
but the distribution of regional hot- and cold-spots of species richness (Szymura et al.
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Fig. 1. Location of Poland (thicker lines) and nearby European countries against a background of shaded land
relief, main river networks, the extent of the ice sheet during the Last Glacial Maximum (LGM), and the distri-
bution of loess and its derivatives (A), along with the broad-scale pattern of vascular plant species richness (B).
The land relief, elevation, and main river network data were obtained from the European Environment Agency;
the distribution of loess and its derivatives is according to Lehmkuhl et al. (2021), while the ice sheet cover data
follow European palacoecological and historic atlas (EPHA) (Zentrum fiir Baltische und Skandinavische
Archiologie 2019). The data on species richness (map B) are from Cai et al. (2023).

2024) suggests that there are fine-scale drivers modifying the broad, continental species
richness patterns. Traditionally, altitudinal differentiation has been considered a main fac-
tor shaping plant species distribution in Poland (Szafer 1959). However, neither this hypothesis
nor any other hypotheses explaining the variation in species richness have been formally
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tested. It is a significant gap, since distinguishing between local and regional effects is
crucial for understanding the macroecology of biodiversity (Mittelbach & Schemske
2015, Pirtel et al. 2016). In this article, we explore the role of potential drivers of land-
scape-scale vascular plant species richness (SR) in Poland (gamma diversity), consider-
ing different species groups (native species, species with high conservation value,
archaeophytes, and neophytes). Particularly, this study addresses three main questions:
(i) How do environmental, socioeconomic, and palaecoecological factors shape the spatial
distribution of species richness? (ii) What is the relative importance of individual drivers,
including soil, topography, climate, human footprint, land-use systems, and glacial legacy?
(iii) Do these drivers affect the richness of native species and neophytes differently?

Methods
Environment of Poland

The altitudinal differentiation of Poland ranges from —1.8 m a.s.l. in a depression located
in the north, near the Baltic Sea coast, up to 2,499 m a.s.l. in the Carpathian Mts. How-
ever, most of Polish territory (~90%) consists of lowlands with an altitude below 100 m
a.s.l. The climate is temperate, warm, and transitional, with the influence of the continen-
tal climate increasing from west to east (Btazejczyk 2006). The mean annual temperature
is 8.3 °C, while the yearly sum of precipitation is 613 mm. During the Last Glacial Maxi-
mum (LGM), the territory of Poland was partially covered by a continuous ice sheet
extending from the north, with permafrost soils covering the remaining territory of
Poland. Only outside the ice sheet, in the southern part of Poland, did loess sediments
accumulate. As a result, most of the soils in Poland are of glacial origin, formed from
components that were strongly washed and sorted by glacial waters. They are acidic and
poor in fine soil fractions. Soils of loess and alluvial origin cover a small area (Fotyma et al.
2013). In the Palaeolithic Age, the loess areas in the southern part of Poland were prefer-
entially inhabited (Moskal-del Hoyo 2021), as well as rather small, isolated areas in the
west, north, and north-west of Poland on more fertile soils (Nowak 2013). The palaeo-
ecological and historical settlement patterns generally correlate with present human pop-
ulation density (Karpifnska-Kotaczek et al. 2014, Demjan et al. 2022). From 1772 to
1918, the territory of Poland was partitioned by the Habsburg monarchy, the Kingdom of
Prussia, and the Russian Empire. This caused socioeconomic differences resulting in,
among others, larger areas of private farms in areas governed by Prussia/Germany, com-
pared to those under the Habsburg Empire (Rudnicki et al. 2016). After WWII, the local
population from some areas considered non-Polish was evicted or replaced, and in the
depopulated areas, large collective farms were created during the communist period
(1945-1989), which further enhanced the differentiation in farm size between different
regions of Poland.

Species distribution data

The species distribution data were derived from a new data set presenting total species
richness, as well as the richness of species groups, mapped across Poland using a grid of
10 x 10 km squares (hereafter referred to as ‘squares’) covering the entire country. In
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Fig. 2. Spatial pattern of vascular plant species richness in Poland: (A) native species, (B) archaeophytes, (C)
neophytes, and (D) red-list species. The white areas indicate the locations of undersampled squares excluded
from modelling.

brief, the data come from two sources: the Atlas of Distribution of Vascular Plants in
Poland (ATPOL), a project designed for mapping species distribution in Poland using the
cartogram method (Zajac 1978), and the Polish Vegetation Database (PVD), which col-
lects vegetation-plot data from Poland (Kacki & Sliwisiski 2012). The main part of the
data from ATPOL was published in 2001, with an appendix in 2019 (Zajac & Zajac 2001,
2019). The data from PVD come from the years 1925 to 2020, with the highest number of
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records from the pre-2000 period. The taxonomical nomenclature was harmonized accord-
ing to the Euro+Med PlantBase concept, and some aggregates were created if necessary.
The status of a species (native, archacophyte, and neophyte) was checked following
Tokarska-Guzik et al. (2012), while conservation value (red-list species) was based on
Kazmierczakowa et al. (2016). The data set is freely available on the Zenodo repository
(doi: 10.5281/zenodo.8150757), with a detailed description available in Szymura et al.
(2023). Here we examined: native species richness (native), archaeophyte species rich-
ness (archaeo), neophyte species richness (neo), and the richness of species of high con-
servation value (red-list species) (Fig. 2). The last group includes both natives and archaeo-
phytes. For the modelling, we excluded squares with potentially underestimated species
richness and squares only partially located within Polish territory (Szymura et al. 2023).
Since the data obtained from ATPOL, a main data source, are not accompanied by infor-
mation about record year and sampling effort (i.e. number of records in a square), we
applied a simple procedure, relying on a ‘benchmark’ approach (Maes & van Swaay 1997,
Hill 2012), to detect potentially undersampled squares. The 20 most frequent species in
the dataset were determined; next, the species were checked for their geographical ranges
and ecological niches. Because the species were common and occurred over the entire
territory of Poland, we considered them as a ‘wish’ list of species which should be
recorded in each square. Then, we detected and excluded from the analysis squares where
three or more species from the wish list were missing, considering them as undersampled.
Finally, 2,137 species across 2,866 squares were considered in the modelling. The aver-
age number of native species per square in the data set used for modelling was 433, rang-
ing from 107 to 873; for red-list species: 32 (range 0—181); for archacophytes: 58 (range
0-127); and for neophytes: 32 (range 0-157).

Explanatory variables

The explanatory variables were segregated into five broad groups: (i) soil properties, (ii)
climate, (iii) topography, (iv) anthropogenic variables, including land use pattern and
agricultural intensity, and (v) the extent of ice-sheet cover during LGM, which represents
a palaeoecological factor that potentially may have influenced recent SR. The topsoil
characteristics were calculated from the LUCAS database (Ballabio et al. 2016, 2019). In
the case of nitrogen and phosphorus, the distribution of these elements is influenced not
only by natural factors but also by fertilization and pollution (Ballabio et al. 2019). The
climate variables were obtained from CHELSA 2.1 (Karger et al. 2017), while the topo-
graphic variables were calculated from a digital elevation model for Europe (EU-DEM)
at 30 x 30 m resolution. The anthropogenic variables were combined using: the CORINE
2018 database (land use), the Central Statistical Office of Poland (data on agriculture and
human population density), and the Polish Geographical Objects Database (BDOO)
(communication and river networks). The data on the distribution of loess sediments and
their derivatives were taken from Lehmkubhl et al. (2021), while ice sheet cover during the
Last Glacial Maximum followed the European palacoecological and historic atlas (EPHA)
(Zentrum fiir Baltische und Skandinavische Archidologie 2019). The details of the data
sources are shown in Supplementary Table S1. For each 10 x 10 km square, the average
value and coefficient of variation, as a heterogeneity measure, were calculated using
SAGA GIS (version 7.8) and QGIS (version 3.2) software.



Szymura et al.: Plant species richness in Poland 247

A set of 64 explanatory variables was assessed for collinearity using a Spearman rank
correlation test conducted before modelling. Pairs of environmental variables with corre-
lation coefficients exceeding 0.7 were identified, and one variable from each highly corre-
lated pair was excluded from the analysis. Particularly strongly correlated were indices of
soil texture; e.g. soils with a low clay fraction typically are also sandy. The correlation
matrix among the explanatory variables is shown in Supplementary Fig. S1. The spatial
pattern of distribution of chosen explanatory variables is shown in Fig. 3, and Supplementary
Figs S2-S5. Finally, a total of 40 candidate environmental variables were used for the
modelling (Table 1), and their descriptive statistics are shown in Supplementary Table S2.

Statistical modelling

The relationships between the species richness and explanatory variables were modelled
using Random Forest (RF) with the ranger package (Wright & Ziegler 2017) in the R
environment (version 4.2.1, R Core Team 2022). Random Forest (RF) is a machine learn-
ing ensemble method with random feature selection according to the bagging idea, able
to solve regression problems (Breiman 2001). In brief, multiple trees are constructed on
random samples of cases by the bootstrapping technique, and each split, in each tree, is
selected from the random sample of predictors. This procedure ensures that a part of the
observations is left out in the fitting process and used to calculate the prediction error.
Finally, the results of particular trees are averaged. In our examination, we constructed
models based on 5,000 trees (num.trees parameter) and used the permutation technique
(aka Mean Decrease Accuracy) to calculate variable importance (Breiman 2001). The
remaining model parameters were set as defaults.

The significance of each explanatory variable in the models was tested. To obtain
a parsimonious model, the RF models were initially run with the candidate variables, fol-
lowed by a second model run using exclusively variables found as significant in the initial
modelling. Significance was checked using the Altmann et al. approach built into the
ranger package (Altmann et al. 2010, Wright & Ziegler 2017). We used the 0.05 P-level,
and no additional adjustments for multiple comparisons. The variable importance in the
main article body was expressed as a percentage to enable comparisons among models.
The raw values of variable importance and associated the P-values for initial models are
shown in Supplementary Table S3. The values of R and root mean squared error (RMSE)
used for model evaluation were calculated on out-of-bag (OOB) data, while root mean
squared percentage error was calculated using the entire data set. To elucidate the direct
effects of human activity on SR, two models were prepared for each species group:
(i) with all types of variables (full model), and (ii) without anthropogenic variables.

The ecological implication of the models was assessed using variable importance and
partial dependence plots for each explanatory variable. The variable importance of indi-
vidual variables was scaled so that the sum of all influences equals 100%, with higher
numbers indicating a stronger influence on the response. The partial dependence plots
show a modelled effect of a variable on a given response after accounting for the average
effects of all other variables in the model (Friedman 2001, Friedman & Meulman 2003).
In the context of this modelling, explanatory variables with higher variable importance are
related to a greater change in the number of species along the gradient represented by the
variable, and the magnitude and course of the change are visible on partial dependence plots.
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Fig. 3. Distribution of average farm size, human population density, landscape diversity, mean annual tempera-
ture, annual sum of precipitation, temperature seasonality, calcium carbonate, clay content, phosphorus con-
tent, potassium content, topographic roughness index, and the percentage of water bodies in Poland.



Szymura et al.: Plant species richness in Poland 249

Table 1. Explanatory variables used for final modelling.

Explanatory variables/group units Explanatory variables/group units
Anthropogenic (anthropo): Soil:
agricultural tractors density N-ha™ bulk density kg-m™
average farm size ha calcium carbonate kg
broadleaf and mixed forests % clay content %
communication routes length km coarse grain %
human population density N-km™ coarse grain CV %
human population density CV % loess sediments %
landscape diversity - nitrogen content gkg™!
nitrogen content CV %
Climate (climat): pH
annual sum of precipitation mm pHCV %
annual sum of precipitation CV % phosphorus content mg-kg™!
mean annual temperature °C potassium content mg-kg™!
temperature seasonality °C potassium content CV %
Palaeoecological (paleo): Topographic (topo):
ice-sheet cover during the % sum of rivers length km
Last Glacial Maximum topographic roughness index -
topographic wetness index CV %
water bodies percentage %
Results

The full models were fitted best for neophytes (R* = 0.61), followed by archaeophytes
(R?=0.53), native species (R*=0.50), and red-list species (R*= 0.46). Among the models
without anthropogenic variables, the highest explanatory power was for archaeophytes
(R?= 0.48) and native species (R*= 0.48), while the weakest fit was for red-list species
(R*=0.39) and neophytes (R*= 0.44). With the exception of native species, the models
including anthropogenic variables performed better, especially for neophytes (Fig. 4).
The details of model evaluation are presented in Supplementary Table S4, while the plots
and maps of observed vs. modelled SR are in Supplementary Figs S6-S7.

The soil variables explained most of the SR variability in the models for archaeo-
phytes, red-list species, and native species, while for neophytes, the anthropogenic vari-
ables, when included in models, explained more SR variability than the soil variables
(Fig. 5). The climate variables significantly improved models for all species groups. The
fraction of SR variability explained by topographic variables was also significant for all
species groups, but relatively small for archacophytes and neophytes. The ice sheet extent
during LGM explained a rather low amount of variability but significantly contributed to
models for all groups of species, except neophytes. The exclusion of anthropogenic vari-
ables from the models typically increased the fraction of variance explained by soil and,
to a smaller extent, by topography (Fig. 5).

For all groups of studied species, regardless of the inclusion of anthropogenic vari-
ables, potassium and clay content were consistently among the explanatory variables
with the largest relative influence (Fig. 6). Species richness was low at low values of these
predictors, increased almost linearly with increased soil K and clay content up to the aver-
age values for Poland, and then stabilized at a certain level, showing no further increase
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Fig. 4. Values of R? for full models and models excluding anthropogenic variables for each species group. The
numbers correspond to the number of explanatory variables in each model.
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Fig. 6. Relative importance of variables for species groups (native, archacophytes (archaeo), neophytes (neo),
and red-list species — columns) and models (full model — upper panel, and model without anthropogenic vari-
ables — lower panel). Different colours represent groups of explanatory variables (anthropo, climate, paleo,
soil, topo). Note the different scales on the x-axis among species groups. The absence of a bar indicates non-
significant variables in the model for a particular species group. The explanatory variables are sorted alphabeti-
cally within each variable type.
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Fig. 7. The partial dependence plot (lines) and relative importance of variables for the full model of native spe-
cies richness. The explanatory variables are sorted in decreasing order of their relative importance. The dashed
grey horizontal line depicts the average species richness (SR).

with higher K and clay content (Fig. 7 and Supplementary Figs S8-S15). For all species
groups, especially red-list species, the presence of loess sediments and their derivatives
increased SR. Interestingly, the influence of CaCO; on the models was relatively low,



Szymura et al.: Plant species richness in Poland 253

with the highest effect on the red-list species group. Generally, an increase of CaCOs in
topsoil increased species richness in a manner resembling logarithmic growth. In models
without anthropogenic variables, the effect of topsoil phosphorus was relatively strong:
above some threshold of extreme phosphorus content, species richness decreased (Fig. 7 and
Supplementary Figs S12—-S15). In full models, population density and farm size were also
highly influential for all species groups (Fig. 6). The species richness of all groups increased
sharply at low population density and then levelled off, with a slight decline at the highest
densities, and SR decreased almost linearly with increased average farm size (Fig. 7 and
Supplementary Figs S8—S11). Among anthropogenic variables, we also observed a rela-
tively large influence of landscape diversity, but only in the case of native and red-list
species, for which increasing landscape diversity increased species richness (Fig. 7 and
Supplementary Figs S8—S11). Among the topographic variables, the effect of the topo-
graphic roughness index was consistent, except for neophytes. Species richness increased
along with increased topographic roughness index values in a logarithmic-like curve
(Fig. 7). Finally, ice-sheet cover during the LGM had a negative effect on species rich-
ness. It was observed for all species groups, but not for neophytes (Fig. 7 and Supplemen-
tary Figs S8-S15).

Discussion

The results show that species richness (SR) patterns of different groups of vascular plants
across Poland are shaped by numerous interacting variables, primarily soil conditions,
but also topography, climate, and human influence. Furthermore, the importance of
explanatory variables differs among species groups. In particular, anthropogenic vari-
ables were essential for modelling neophyte richness and, to a lesser extent, archaeophyte
richness, but were not crucial for native species. The importance of anthropogenic factors
in explaining the richness of red-listed species likely reflects the presence of numerous
archaeophytes within this group.

Soil properties

Variation in soil properties is among the key drivers of biodiversity patterns (for a review
see Hulshof & Spasojevic 2020). Potassium (K), nitrogen (N) and phosphorus (P) are
among the main nutrients limiting plant growth (Sardans & Pefiuelas 2015), while the clay
fraction is crucial for increasing water holding capacity, enhancing nutrient retention,
and reducing leaching in sandy soil (Newman 1984). The main soil K source is the geo-
logical parent material (Mengel & Kirkby 1980), and its low amount is observed in sandy
soils (Zawadzki 1999); thus, in European soils, K content is positively correlated with
clay, producing quite similar spatial patterns of distribution (Ballabio et al. 2019). From
a continental perspective, Poland, along with Nordic countries and north-east Germany,
is part of a large area of K-poor soils, which resulted from the effect of glaciation on soil
formation (Ballabio et al. 2016, 2019). In Poland, about 70% of soils are of glacial origin
(Fotyma et al. 2013), and average soil K content in Poland is about 108 mg-kg™', compared
to 171 mg-kg™" in Germany and 186 mg-kg™" in the Czech Republic (own calculation)
based on data from Ballabio et al. (2019). A similar pattern is observed in the case of clay
content. It could be assumed that the country-scale differences in K and clay content in



254 Preslia 98: 241-263, 2026

soils are the reason why in a study for Czechia, both K and clay were not among the most
influential drivers of SR (Klimova et al. 2025), contrary to our results. Due to the glaci-
ation spreading from the north, the distributions of soil K and clay follow a distinct spatial
pattern: soils in the lowlands of northern and central Poland (with some exceptions) are
sandy, K-poor, and have a low clay content, while in the mountains and highlands located
in the south, the soils are less sandy and richer in K and clay (Fig. 3). The logarithmic-like
shape of the modelled relation between K, clay, and SR suggests that only a restricted
number of species are adapted to grow on sandy, K-poor soils. However, above certain
threshold values of soil K and clay content (~150 mg-kg™ for K and 15% clay in the case
of native species), further increases did not promote an increase in SR. Thus, low clay
and K content in topsoil restricted SR and could be an indicator of low SR, but their high
content did not promote high SR, and this pattern was observed for all species groups
examined here.

The effect of the remaining topsoil variables is less pronounced and not consistent
across species groups. A majority of vascular plant taxa constituting the central-European
species pool are restricted to base-rich and calcareous soils; thus, over central Europe, cal-
cium carbonate content in soils, along with soil pH, are among the most important drivers
of species richness (Chytry et al. 2003, Ewald 2003). In Czechia, the proportion of carbon-
ate bedrock in a landscape is among the most influential factors positively influencing SR
(Klimové et al. 2025). We believe that the limited positive effect of topsoil calcium content
on species richness (SR) may result from the predominance of glacial-origin soils, whose
properties, especially pH, are more strongly determined by material deposited and modi-
fied by glacial and postglacial processes than by the local presence of calcium-rich bed-
rock. The stronger effect of landscape-scale topsoil pH variability on species richness (SR),
compared with the effect of mean pH, may result from the correlation between these two
variables: grid cells with high pH variability also tend to have high mean pH values. The
species group for which the positive influence of calcium carbonate was relatively highest
was red-list species. It appears to be the result of the preferential protection of species typi-
cal of calcareous substrates in Poland. Since the area of calcareous soils in Poland is rather
low, species with distributions restricted to such substrates are relatively rare; thus, many of
them are protected. Interestingly, there is a negative correlation between P content and the
SR of native and red-list species. Since P content in soils is influenced by fertilization
(Ballabio et al. 2019), it could be hypothesized that this reflects excessive P fertilization of
agricultural land, especially given the positive correlation between P content and NPK fer-
tilizer application in Poland (Supplementary Fig. S1).

The positive effect of the presence of loess sediments and their derivatives on SR in
Poland seems to be rather complex. The sediments have specific chemical and physical
properties, and soils developed from them are very productive compared with those
developed from other parent materials (Busacca & Sweeney 2005). As a result, in the ter-
ritory of Poland, loess areas were preferred for human settlements in the Neolithic period.
Besides the timing of Neolithic settlement development, its character is also important:
Neolithic farming communities occupied fertile lands mainly in southern Poland, whereas
hunter-gatherer communities prevailed mainly in the north and north-east (Nowak 2013).
As a result, large areas in the south of contemporary Poland have been continuously
deforested since the Neolithic period (5000-4000 BC), while less productive areas in the
north-east part, e.g. some areas in the Masurian Lakes, were not significantly changed by
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humans until the late Middle Ages (Wacnik et al. 2012, 2016, Ryzner & Owczarek 2020,
Kabala et al. 2025). Therefore, the increase of SR for all species groups on loess areas,
besides the physico-chemical soil properties, is likely correlated with human settlement
patterns, both prehistorical and recent. Such correlations among species richness, settle-
ment history, environment, and current land-use were also found in the Czech Republic
(Macek et al. 2023).

Climate

In the context of Poland, most of the variability in mean annual temperature and annual
sum of precipitation results from altitudinal differentiation (Bfazejczyk 2006). The most
pronounced effect appears to be that of mean annual temperature, especially visible in the
case of archaeophytes, and the shape of the dependence plot underlines a lack of archaeo-
phytes at higher altitudes, where the temperature does not exceed ~6 °C. Similarly, the
effect of the annual sum of precipitation, where values around 750 mm separate the moun-
tains and some areas close to the Baltic Sea from most of the lowlands and highlands, can
be observed. The influence of temperature seasonality is also relatively high in the case of
red-list species. Temperature seasonality reflects the west-to-east continentality gradient
and displays a V-shaped pattern, although it shows asymmetry towards higher values (i.e.
eastern Poland). The partial dependence plots indicate the lowest species richness in the centre
of Poland, compared to the western and, to a larger extent, eastern parts of Poland.

Anthropogenic variables

Among the variables representing human footprint, the positive relationship between
human population density and SR is striking. Similar positive correlations were also
observed in Czechia for native, threatened, and naturalized alien SR (Klimova et al.
2025). For neophytes, it resulted from higher propagule pressure in densely populated,
urbanized areas (Hulme et al. 2009, Pysek et al. 2010). For native species, such a broad-
scale positive correlation suggests that humans intentionally settled in areas with high
biodiversity, and additionally contributed to biodiversity through habitat diversification
and/or by introducing archaeophytes (Luck 2007, Pautasso 2007). In the European con-
text, the flora of cities is naturally rich (Kiihn et al. 2004), and present-day regional diver-
sity of archaeophytes reflects the intensity of past human settlements (Macek et al. 2023).
Because recent low settlement density reflects similar low interest in the past (Karpinska-
Kotaczek et al. 2014), the positive relationship between population density and archaeo-
phyte richness, observed here, seems to be causal.

The negative relationship between average farm size and the richness of different plant
species groups is also pronounced, but this relationship is rather complex. In Poland, farm
size is largely shaped by socioeconomic legacies: farms tend to be large in areas where, after
WWII, vast areas were taken over by the communist government and converted into col-
lective farms. After the fall of the communist system, the large amount of state-owned land
enabled the establishment of large private farms (Gtgbocki 2014). In Poland, small farms
are typical of the south-eastern highlands and mountains, with a well-preserved traditional
ownership structure and a characteristic regional landscape, the so-called Polish strip
fields (Meeus 1995), a kind of ribbon-farm system. It is believed that this region, with
traditional, extensive land-use and a distinctive landscape, supports high biodiversity
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(Gwiazdowicz 2010). Conversely, the majority of the largest farms are located in the
northern part of Poland, in relatively unproductive areas where most of the inhabitants
were replaced after WWII and huge collective farms were created. Thus, we do not inter-
pret the correlation between species richness and farm size as causal.

In Europe, the negative effect of intensive agriculture on species richness is well rec-
ognized (Firbank et al. 2008, Flohre et al. 2011). Also, in Poland, it was found that the
number of arable weeds decreased in areas with intense agriculture, while remaining sta-
ble in areas with extensive management (Dabkowska et al. 2017). Nonetheless, our mod-
els did not confirm a pronounced influence of any direct measure of agricultural intensity
(e.g. amount of applied NPK fertilisers, number of tractors per ha) on species richness.
We can relate this to species richness data characteristics: they best reflect the situation at
the end of the 20th century (Szymura et al. 2024), while it is believed that a rapid increase
in agricultural intensification in Poland occurred after the fall of the communist system in
the 1990s (Gwiazdowicz 2010). Thus, it is likely that we did not capture the cumulative
effect of recent intensive agriculture in these data. Moreover, it is unclear to what extent
the effect of intensive agriculture was captured by species counts within relatively large,
and likely environmentally heterogeneous, areas with a square size of 10 x 10 km.

Topography and effect of environmental heterogeneity

Spatial environmental heterogeneity promotes species diversity mainly through an
increase in the number of habitat types, resources, and structural complexity, which in
turn increases the available niche space and allows more species to coexist (Stein et al.
2014). In our examination, the effect of heterogeneity expressed by the topographic
roughness index was among the single most influential SR factors. The positive effect of
the topographic roughness index on the SR of native and red-list species can be inter-
preted in the context of low spatial heterogeneity on flat, homogeneous lowlands, which
results in restricted SR. In the case of landscape diversity and soil moisture spatial vari-
ability (topographic wetness index CV), the environmental heterogeneity effect overrides
the influence of any single land use type and average values of water conditions. Besides
the above factors, variability in soil properties (nitrogen and potassium content CVs and
coarse grain CV), climate (annual sum of precipitation CV), and human population den-
sity CV also enhanced SR, in addition to the effects of average values of these factors.

Effect of ice sheet cover during Last Glacial Maximum

We observed low species richness in areas covered by the ice sheet during the LGM;
however, this palaeoecological factor did not influence neophyte richness, since this
group of species was introduced relatively recently (after 1492). It was hypothesized that
the SR of glaciated areas is restricted because species from glacial refugia did not have
enough time to settle and adapt there (Firbas 1949). Results of recent SDM models (e.g.
Normand et al. 2011) confirmed the migration lag time effect on species richness. None-
theless, palynological studies from central Europe suggest that the rapid increase of SR in
the late Holocene resulted mostly from human land-use changes (Giesecke et al. 2019),
while in Fennoscandia, the regional species pool increased in the early and mid-Holo-
cene, then levelled off in the late Holocene (Rijal et al. 2021). Therefore, in Poland, it is
rather unlikely that observed lower SR in areas covered by ice sheets during the LGM
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resulted from a migration lag time effect (Szymura et al. 2024), especially since the width
of the area covered by a continuous ice sheet ranged from 70 to 270 km in the contempo-
rary land area of Poland (Fig. 1A), which is a relatively short range for migration. Thus,
the low SR in areas previously covered by an ice sheet likely resulted from other factors
related to soil and land-relief characteristics, especially since the effects of the last glaci-
ation are still visible in Poland’s landscape (Marks et al. 2024).

Shortcomings in the data and methodological approach

The main problem is the quantification of the effect of sampling effort on observed SR in
our species data set. As noted above, the character of the data restricted the possibility of
quantifying sampling bias. Results from Czechia suggest that observed SR is biased due to
differences in sampling effort, but the unbiased pattern obtained by rarefaction methods
correlates well with the observed SR (Klimova et al. 2025). Therefore, it could be
assumed that the data analyzed here also represent general trends in the spatial pattern of
SR in Poland (Szymura et al. 2024), especially since the most likely undersampled
squares were excluded from the analysis. We did not decide to use the modelled SR val-
ues to assess bias in our data set, as was done by, e.g. Klimova et al. (2025). This results
from the modelling methodology applied here: the RF approach averages predictions
across trees, which results in overall low values of errors (observed vs. estimated values),
but also causes some over- and underestimation for the lowest and highest predicted val-
ues, respectively (Breiman 1999, Hastie et al. 2009). Methods exist to correct this bias
(Belitz & Stackelberg 2021), but applying them would 'force' the modelled SR to
approach the lowest and highest values in the original data set, thus limiting the applica-
bility of modelled SR to assess sampling bias in undersampled squares.

Regarding the explanatory variables, landscape-scale modelling with a resolution of
100 km? is quite coarse regarding the spatial variability of some environmental variables,
e.g. topography and soil properties, which seem to be finer (Siefert et al. 2012). As
a result, averaging environmental variable values at a 100 km” square extent may have
decreased the models’ explanatory potential. A lack of information regarding temporal
changes can also decrease the explanatory power of the models. We do not have data on
temporal changes in either the response variable (species richness) or explanatory vari-
ables such as land-use patterns and agricultural intensification, and quantitative data on
early human settlement distributions are also lacking. The results of previous studies in
central Europe highlighted the role of temporal changes in land-use on SR (Klimova et al.
2025), as well as the correlation among prehistorical settlements, recent landscapes, and
SR (Demjan et al. 2022, Macek et al. 2023). Overall, the effect of explanatory variable
averaging and the lack of data about very recent SR in areas with high farming intensity
can be a reason why intensive agriculture was not among the factors negatively influenc-
ing SR. Finally, the study relies on correlative models, while most environmental vari-
ables are somehow intercorrelated (e.g. the content of nutrients in soils correlates also
with fertilization); thus, it is hard to elucidate the effect of each individual factor.

The importance for nature conservation

The presented models help us better understand the ecological conditions for the distribu-
tion of vascular plant species richness hotspots in Poland and indicate the challenges of
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protecting them at a landscape scale. Generally, the models underline the interaction of
high soil productivity with diversified landscapes and topography as drivers of high SR
for almost all species groups. The results indicate the necessity of conserving diversified
land use, which is challenging since more productive lands are demanded for agriculture.
Moreover, more productive lands, often placed in loess areas in Poland, have been rela-
tively densely populated since the Neolithic period up to now. On the one hand, it
increased the SR by, e.g. the presence of archaeophytes; on the other hand, it challenges
landscape conservation as well as protection against invasive species, which also prefer
such landscapes. Altogether, it provides a scientific rationale for the protection of plants
in urbanized and agricultural landscapes. Considering the locations of 'blue spots' (areas
with low species richness) reveals their large-scale ecological context: poor soils in areas
less attractive to farmers. In such landscapes, the SR of vascular plants was never high,
and low SR should not be a reason for omitting nature conservation.
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Prediktory druhové bohatosti polské flory

Modelovali jsme druhovou bohatost cévnatych rostlin v Polsku ve ¢tvercové siti o rozmérech 10 x 10 km; celé
tzemi pokryva celkem 2 866 ¢tverct. Druhova bohatost byla vyhodnocena samostatné pro ptvodni druhy, ar-
cheofyty, neofyty a druhy uvedené v cerveném seznamu. Piedpokladali jsme, Ze lidska ¢innost a prehistorické
faktory ovliviiuji rizné skupiny druhd v rizné mife. Zahrnuti antropogennich proménnych podstatné zlepsilo
vypovidaci schopnost modelt pro neofyty a archeofyty, nikoli v§ak pro pivodni druhy. Odebrani antropogen-
nich proménnych z modeld zvysilo rozptyl vysvétleny pudou a topografii, coz naznaCuje vliv prostiedi na an-
tropogenni aktivitu. Obsah drasliku (K) a podil jilu v ornici mély konzistentné nejvétsi vliv na v§echny skupiny
druhti. Druhové bohatost byla nizka pfi nizkych hodnotach K a jilu, ale téméf linearné se zvySovala az do dosa-
7eni ~150 mg-kg™ K a ~15 % jilovité frakce, poté doslo ke stabilizaci. Uhli¢itan vapenaty mél relativné nizky,
ale zfetelné pozitivni vliv na druhovou bohatost, zejména u druht uvedenych v ¢erveném seznamu. Rozmani-
tost krajiny pozitivné ovlivnila pocet pivodnich druht a druhti uvedenych v ¢erveném seznamu. Pfitomnost
sprasovych sedimentd je spojena s vysokym poctem druht vSech skupin, zatimco oblasti pokryté ledovymi
prikrovy béhem posledniho zalednéni vykazovaly sniZenou bohatost pro v§echny druhové skupiny kromé neo-
fytd. Padni charakteristiky v Polsku sleduji jasny severojizni gradient formovany historii zalednéni a souviseji-
cimi procesy tvorby pudy. Silny pozitivni vztah mezi lidskou populaci a druhovou bohatosti je dan vétsim pii-
sunem diaspor neptvodnich druht v urbanizovanych oblastech a tendenci lidi usazovat se v oblastech s pfiro-
zené vysokou diverzitou puvodnich druht. Podobny dopad mé i zavlékani archeofytl; primérna velikost farmy
negativné korelovala s druhovou bohatosti, ackoli tento vztah v Polsku spiSe odrazi nékteré zvlastnosti socio-
ekonomického dédictvi vlastnictvi pudy a zemédélskych systémi nez piimé kauzalni aéinky.
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