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Ecography The biogeographic origin of the species-rich steppe grasslands in central Europe has
2022: €06293 long been debated. The alternative hypotheses are long-term species persistence in situ
doi: 10.1111/ecoe.06293 versus immigration from the south-east, either after the last glacial maximum (LGM)

e & or after the Neolithic landscape deforestation. We ask whether macroclimate-based

Subject Editor: models of habitat suitability support either of these hypotheses and search for macro-
Jens-Christian Svenning climatically suitable ‘source areas’ from which species could colonise the areas occu-
Editor-in-Chief: Miguel Araijo pied in Europe today. We modelled habitat suitability for 104 species of the central
Accepted 21 September 2022 European steppes and projected these models to 10 periods between the LGM and the

present using downscaled CCSM3 simulations. By simulating postglacial migration,
we identified potential source areas for each species in the LGM and mid-Holocene
and examined whether their location differed among three ecological and five choro-
logical species groups.

The central European macroclimate during the cold phases of the Late Pleistocene
was suitable for species now typical of Asian desert steppes, whereas the warmer
Bolling—Allerod and Holocene macroclimates supported the occurrence of present-
day central European steppe flora. The models suggest that the LGM source areas of
these species ranged from south-eastern France through the Adriatic region and the
Balkan Peninsula to the Black-Sea region but extended to central Europe in the mid-
Holocene. Their locations differed considerably among ecological and chorological
groups in both periods. Therefore, our models support the hypothesis that during the
Pleistocene cold periods, the largest populations of these species occurred in southern
and south-eastern Europe and some of them may have later colonised central Europe.
If some populations occurred in central Europe during the LGM, as suggested by
recent genetic analyses, they were likely restricted to microrefugia embedded in the
landscape matrix of species-poor cold steppe. The precipitation-rich mid-Holocene
climate had no direct negative impact on the central European steppe flora.
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Introduction

Temperate dry and semi-dry grasslands, called steppes in the
Palaearctic, represent a zonal vegetation type dominated by
grasses and forbs. Steppe occurs naturally in regions where
low precipitation, large seasonal variations in temperature
and precipitation and other factors such as fires or grazing
suppress forest development. Palaeoecological evidence sug-
gests that steppe was the dominant vegetation type in this
region during the last glacial period (Binney et al. 2017).
In addition to its decline due to forest encroachment in the
warm and humid climate of the Holocene, it was subject to
severe human impacts, including conversion to cropland and
overgrazing (Wesche et al. 2016). As a result, the propor-
tion of pristine and protected habitats is lower than in any
other biome (Hoekstra et al. 2005). Nevertheless, steppes
and steppe-like temperate grasslands harbour exceptionally
species-rich communities (Wilson et al. 2012) of high con-
servation value (Feurdean et al. 2018).

The Palacarctic steppes extend from central and eastern
Europe across Eurasia to north-eastern China (Wesche et al.
2016). Although open and semi-open vegetation was prob-
ably present in central Europe throughout the Holocene
(Fyfe etal. 2015, Kunes et al. 2015, Pokorny et al. 2015), the
current moderately humid, temperate climate of this region
supports the natural dominance of deciduous broadleaved for-
ests (Bohn et al. 2000-2003). Steppe grasslands are therefore
confined to lowland areas in the lee of mountains that receive
less precipitation. The most extensive areas of this vegetation
occur in the Carpathian Basin (also called the Pannonian
Basin) and the adjacent hilly landscapes (Wendelberger
1954, Illyés and Boloni 2007, Dubravkovd et al. 2010). In
a large part of this region, the natural vegetation mosaics
correspond to the forest-steppe biome (Wendelberger 1954,
Z6lyomi and Fekete 1994, Illyés and Boloni 2007, Chytry
2012, ErdGs et al. 2018, Chytry et al. 2022a). Smaller areas
of dry grasslands in forest-steppe-like landscape mosaics
also occur farther west and north, e.g. in the dry valleys of
the Alps (Braun-Blanquet 1961, Magnes et al. 2021), the
Rhine valley (Korneck 1974), northern and central Bohemia
(Chytry 2012), Thuringia and Saxony-Anhalt (Mahn 1965),
the lower Oder valley, Polish Kujawy and in the uplands of
south-eastern Poland (Szafer 1966).

Despite their isolation from the contiguous zonal steppe
and forest-steppe areas of eastern Europe (Wesche et al.
2016), central European extrazonal steppes (Kirschner et al.
2020) share many species with eastern European zonal
steppes (Willner et al. 2017, 2019, Chytry et al. 2022b). The
origin of these populations in central Europe has puzzled
biogeographers since the 19th century (Kerner 1863). Two
possible bottlenecks in the history of steppe species in central
Europe are considered. The first is related to the Pleistocene
glacial periods. In particular, the last Weichselian glaciation
significantly influenced the development of present-day
communities. Although central Europe was largely unglaci-
ated during the last glacial maximum (LGM), the climate
may have been unsuitable for most central European steppe
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species, although areas with the same macroclimate likely
always included sites with more benign microclimates. The
second possible bottleneck was in the warm and humid mid-
Holocene, which supported the spread of forests, especially
in a few centuries before the arrival of Neolithic farmers, who
preserved and extended open areas in the landscape. For both
periods, early biogeographers hypothesised ain situ survival
of steppe species in central Europe.

The ‘Ancient Miétra theory (Osmdtra-theorie) proposed
by Kerner (1863) and variously modified by later biogeog-
raphers (De So6 1929, Wendelberger 1954) assumed that
the mountains in western and northern Hungary contained
refugia of steppe flora during periods of pre-Holocene envi-
ronmental changes. These refugia later served as a source for
the recolonization of the lowland areas in the Carpathian
Basin. The ‘Steppe theory’ (Steppenbeidetheorie) of Gradmann
(1933) tried to explain the survival of steppe flora during the
period of mid-Holocene forest spread. In this period, the
first Neolithic farmers settled in central Europe, and it is
assumed that they still found remnants of the early-Holocene
forest-steppe in dry lowlands, even on fertile, loess-derived
soils. They preferentially settled there and extended the area
of open landscape (Fyfe et al. 2015), making it suitable for
the continuous persistence of steppe species (Hein 2010,
Pokorny et al. 2015). Alternative hypotheses to both the
'Ancient Métra theory' and the 'Steppe theory’ would be the
extinction of the steppe biota in central Europe during these
critical periods and its recovery by immigration from eastern
or south-eastern Europe once favourable environmental con-
ditions were re-established.

Recent genetic analyses (Kajtoch et al. 2016,
Kirschner et al. 2020, Willner et al. 2021) demonstrate that
several steppe plant and animal species survived in situ in
central Europe. The presence of distinct clusters of geneti-
cally similar individuals in parts of central Europe sug-
gests an ancient (Pleistocene) origin of these populations.
Although long-term local persistence can be a plausible sce-
nario for some species, postglacial or post-mid-Holocene
immigration may be a better explanation for other species
or infraspecific lineages with different ecological tolerances
(Douda et al. 2020).

The steppe grasslands of central Europe comprise several
habitat types with different species compositions and envi-
ronmental affinities (Wendelberger 1954, Willner etal. 2017,
2021, Chytry et al. 2020). The coarsest classification includes
three types: rocky steppe, grass steppe (slope steppe on mod-
erately deep soils over rocky substrates and drier types of
loess steppe) and meadow steppe (steppe meadows and mesic
types of loess and chernozem steppes). These three types are
arranged along a gradient of increasing soil humidity, which
is reflected in increasing productivity and a higher proportion
of tall forbs. In addition, the latter type is on average more
species-rich and contains a higher proportion of species that
can occur in both grasslands and forests. We hypothesise that
the species characteristic of these types have different toler-
ances to environmental conditions, resulting in differences in

their biogeographic history.
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In addition to differences in ecology, plant species of the
central European steppe also differ in their biogeographic
origins and present-day distribution ranges (Meusel et al.
1965-1992, Chytry et al. 2022b). They include species with
continental distributions (many of them ranging from cen-
tral Europe to southern Siberia), species with submediterra-
nean (including Mediterranean) distributions reaching their
northern limit in central Europe, species with broad temper-
ate ranges from western Europe to eastern Europe or Siberia,
and species with narrow central European distribution ranges.
We hypothesise that these groups of central European steppe
species have different biogeographic histories.

Because steppe-plant remains are poorly preserved in the
palacoecological record or cannot be identified to species or
genera, there are currently two main approaches to draw-
ing conclusions about the history of steppe flora. The first
approach is phylogeography, i.e. mapping genetic variation
in extant populations of steppe species over large areas and
using these data to reconstruct possible refugia and migra-
tion routes (Kajtoch et al. 2016, Kirschner et al. 2020,
Willner et al. 2021). The second approach is habitat suit-
ability modelling (Guisan and Zimmermann 2000), which
involves estimating the realised climatic niche of individual
species based on their current distribution and projecting the
resulting habitat suitability models to past time periods.

Previous projections of climate-based habitat suitability
models have been significantly limited by the lack of palaco-
climatic data with high temporal and spatial resolution. These
have been developed for the mid-Holocene, LGM and some
older periods (e.g. in the WorldClim database), but have
been lacking for periods of abrupt climate shifts during the
Pleistocene—Holocene transition (Heinrich stadial, Belling—
Allered and Younger Dryas) and for less pronounced climatic
fluctuations during the Holocene. Recently, palacoclimate
simulations from the community climate system model ver.
3 (CCSM3; Collins et al. 2006) have become available with
a high temporal resolution of decadal to centennial (100-
year) time windows for the last 21 000 years (Fordham et al.
2017). These simulations can be downscaled to more ecolog-
ically relevant spatial resolutions useful for creating habitat
suitability maps for any period from the LGM to the present.

However, not all areas that were climatically suitable in
the past may have served as sources for colonisation of the
present-day species distribution ranges due to migration con-
straints (Svenning and Skov 2004, Normand et al. 2011).
Thus, present-day species ranges are determined not only by
the availability of suitable habitats but also by species disper-
sal abilities (Engler and Guisan 2009) and the spatial acces-
sibility of a given site from refugia (Svenning and Skov 2004,
Normand etal. 2011). Several process-based models that inte-
grate species-specific dispersal information have been devel-
oped to account for constrained migration (e.g. TREEMIG,
Lischke et al. 2006, MigClim, Engler et al. 2012), but species
migration from potential refugia can also be simulated using
a simple iterative algorithm that allows these simulations to
be performed over large areas for many species (Nobis and
Normand 2014). The key component of these simulations is

a series of habitat suitability maps for different periods in the
past that are used to simulate the dispersal of species through
changing environments (colonizations and extinctions), and
to identify source areas from which species are likely to have
colonised the currently occupied regions.

Here, we ask whether macroclimate-based models of habi-
tat suitability support either the hypothesis of in-situ persis-
tence of central European steppe species during the LGM
and mid-Holocene or the alternative hypothesis of their later
immigration from southern and south-eastern refugia. We
used data on the current distribution ranges of 104 species of
this flora and developed a habitat suitability model for each
of them. We also created a dataset of downscaled and debi-
ased CCSM3 simulations and used them to produce a series
of habitat suitability maps for each species during the most
critical periods of the Late Pleistocene and Holocene. These
map series were then used in simulations of species migration
from the areas with suitable macroclimate to identify those
that may have acted as ‘source areas’ (i.e. potential refugia).
Specifically, we asked the following questions:

1) Was the macroclimate of central Europe in critical periods
of the last 21 000 years suitable for vascular plants that
now occur in the steppe vegetation of this region?

2) Which areas with suitable macroclimate in the LGM and
mid-Holocene likely served as sources for colonisation of
present-day species ranges after these time periods?

3) Does the distribution of potential source areas differ
among ecological types of steppe vegetation (rocky steppe,
grass steppe and meadow steppe) and groups of species
with similar present-day distribution ranges (chorotypes)?

Methods

Studied species and distribution data

Based on dry-grassland species lists from large syntheses of
vegetation-plot data (Dtbravkovd et al. 2010, Willner et al.
2017, 2019, Chytry et al. 2020) and available species distri-
bution data, we selected 104 vascular plant species typical of
central European steppe grasslands (Supporting information).
Digitised distribution data (point occurrences and range poly-
gons) were obtained from the Chorological Database Halle
(CDH). These data were based on the published maps from
Meusel et al. (1965-1992), which were revised and updated by
E. Welk and collaborators. This update was based on floristic
data, i.e. mainly regional to national distribution atlases, and
regional Red Books of Russian provinces and regions, pub-
lished since the release of the respective maps in Meusel et al.
(1965-1992). Depending on the map scale of the published
data, the positional uncertainty of the digitised occurrence data
ranges between 10 and 50 km. The largest amount of origi-
nal occurrence data was collected between 1950 and 2010.
A list of sources is provided in Supporting information. The
CDH dataset was furthermore supplemented with occurrence
records from the GBIF database (<https://doi.org/10.15468/
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dl.xeczz3>). We considered only those records marked as
PRESERVED_ SPECIMEN, most of which were from her-
barium collections. All occurrences were no older than 1940
and had a location uncertainty of less than 5 km. Species
occurrence maps were then critically revised and non-native or
unlikely occurrences were discarded. Because habitat suitability
modelling requires point occurrences, but these did not cover
entire species ranges, we converted range polygons to points
by a prior random sampling of 20 000 points throughout the
Palaearctic region. The random points within each range poly-
gon were considered pseudo-occurrences (163 418 in total)
and merged with the true occurrence records from the CDH
and GBIF databases (640 707 in total) to form a single data-
set. According to our preliminary models, random sampling
appears to be an acceptable solution when some parts of a spe-
cies range are missing from its occurrence data. The number
of records ranged from 48 for Astragalus exscapus to 126 908
for Ranunculus bulbosus, and the average number of occur-
rences per species was 7732. The species distribution maps are
available in the Zenodo repository (<http://doi.org/10.5281/
zenodo.5907271>), and the numbers of occurrences for each
species are listed in the Supporting information.

We classified species into ecological and chorological (bio-
geographic) groups (Supporting information). Based on phy-
tosociological and habitat-related literacure (Willner et al.
2017, Chytry et al. 2020), we selected species characteristic
of three ecological types of central European steppes: 1) rocky
steppe (16 species), 2) grass steppe (30) and 3) meadow steppe
(37). These groups correspond to the phytosociological orders
Stipo pulcherrimae-Festucetalia pallentis, Festucetalia valesiacae
and Brometalia erecti (Mucina et al. 2016) and EUNIS habi-
tat types R15, R1B and R1A (Chytry et al. 2020). Twenty-
one species that frequently occur in more than one type were
not considered in this classification.

The classification of species into chorological groups was
based on a cluster analysis. We first assigned species occur-
rences in Europe to UTM grid cells of 50 X 50 km and
calculated the pairwise dissimilarity of species distributions
using the Serensen dissimilarity measure. The square-rooted
dissimilarity matrix was then clustered using Ward’s algo-
rithm. After inspecting the resulting dendrogram, a parti-
tion with five clusters was accepted. In a few cases where the
range of a particular species differed considerably from the
other ranges in the same cluster, the species was moved to
a more appropriate cluster. Examples of different distribu-
tion ranges with overlaid occurrence records are shown in the
Supporting information. The following types of distribution
ranges (chorotypes) were defined:

1) Temperate continental species (ranging from central Europe
to southern parts of eastern Europe or Siberia; 23 species).

2) Subatlantic-submediterrancan—continental species (rang-
ing from western and southern through central to eastern
Europe; 23 species).

3) Central European and submediterranean species (species
from southern and central Europe that are largely absent
in north-western and eastern Europe; 26 species).
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4) Broad-range species (ranging from western to eastern
Europe or Siberia, and from southern Europe to the hemi-
boreal zone of northern Europe; 23 species).

5) Narrow-range central European species (9 species).

Habitat suitability modelling

We used Maxent ver. 3.4.1 (Phillips and Dudik 2008) to
calculate the habitat suitability model for each species.
Models were calibrated using 20 000 randomly distributed
background points and species occurrence records from
across the Palearctic and adjacent areas (32.5°W-180.0°E,
16.0°N-82.5°N). Climatic and topographic variables with
a spatial resolution of 2.5 arc-min were used as predictors.
Based on monthly temperature and precipitation grids from
the CHELSA database for 1940-1989 (Karger et al. 2017),
we calculated 19 bioclimatic and 16 ENVIREM variables
as described by Title and Bemmels (2018). These variables
were supplemented by the two topographic indices from the
ENVIREM database (Title and Bemmels 2018). To avoid
collinearity issues, we reduced this set to only 11 variables
whose pairwise Pearson correlations were lower than 0.7. This
subset included mean annual temperature (biol), mean diur-
nal temperature range (bio2), temperature seasonality (bio4),
mean temperature of the wettest quarter (bio8), mean tem-
perature of the warmest quarter (biol0), annual precipita-
tion (bio12), precipitation seasonality (biol5), precipitation
of the wettest quarter (bio16), Thornthwaite aridity index,
seasonality of potential evapotranspiration (PET) and topo-
graphic ruggedness index.

To avoid possible biases in the habitat suitability models
caused by the uneven density of occurrence records, we resa-
mpled species occurrences using an environmental filtering
procedure (Varela et al. 2014). For each species with more
than 100 occurrence points (97%), we plotted each point
in the multidimensional environmental space defined by
the standardised environmental variables and projected geo-
graphical coordinates. We then divided this space into equal-
sized bins, each spanning 0.3 SD, and randomly selected one
occurrence point from each bin. If the bin contained both
true and pseudo-occurrence, the true occurrence was selected.
This procedure resulted in a subset of 300 529 occurrence
records that evenly covered species environmental niches
and all occupied areas (of them 51.4% were true occurrences
and 48.6% were pseudo-occurrences). Their numbers ranged
from 48 for A. exscapus to 17 989 for Filipendula vulgaris,
and the average number of filtered occurrences per species
was 2890 (Supporting information). This dataset is avail-
able in the Zenodo repository (<http://doi.org/10.5281/
zenodo.5907271>). According to the cross-validation results,
models calibrated with the filtered data showed higher predic-
tive power. Maxent models were calculated using the 'dismo’
R package (Hijmans et al. 2021).

Each model was evaluated using a spatially blocked 5-fold
cross-validation (Roberts et al. 2017). The size of spatial
blocks was set to 1/10 of the species distribution range in
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longitudinal or latitudinal direction, whichever was larger.
Blocks were randomly assigned into folds using the spatial-
Block function in the 'blockCV' R package (Valavietal. 2019).
Model evaluation was based on the following three statistical
metrics averaged over five cross-validation runs: 1) area under
the ROC curve (cvAUC); 2) overfitting, i.e. the difference
between training and test AUC (Warren and Seifert 2011);
3) continuous Boyce index (Hirzel et al. 2006). Details of the
modelling procedure are provided in the ODMAP protocol
in the Supporting information.

Projection of the models

Habitat suitability models were projected onto the European
climates of the following periods, given in thousands of years
before the present (ka BP): 21 ka BP (last glacial maximum,
LGM), 17.1 ka BP (Heinrich stadial), 14.3 ka BP (Belling—
Allered interstadial), 12.2 ka BP (Younger Dryas stadial), 9.9
ka BP (early Holocene, Greenlandian), 8.2 ka BP (‘8.2 ka’
event), 6.2 ka BP (mid-Holocene, Northgrippian), 4.2 ka
BP (‘4.2 ka event), 2.1 ka BP (late Holocene, Meghalayan),
present (1940-1989 CE). Pleistocene maps account for the
presence of ice sheets as documented by Peltier et al. (2015).
For all maps, eustatic sea level change was estimated based on
data published by Lambeck et al. (2014).

To characterise European climate conditions during the
Late Pleistocene and Holocene, we used gridded palacocli-
mate simulations of the CCSM3 (Collins et al. 2006) as
provided by the PaleoView software (Fordham et al. 2017).
Using the delta-change method (Ramirez Villejas and Jarvis
2010) and baseline climatic data from the CHELSA database
(Karger et al. 2017), we debiased and downscaled CCSM3
simulations of monthly minimum, mean and maximum
temperatures and precipitation amounts to 2.5 arc-minute
resolution for each centennial (100-year) time window up to
21 000 BP. Based on these data, we calculated a set of biocli-
matic and ENVIREM variables that we then used to project
habitat suitability models to past climates. A detailed descrip-
tion of these data and the downscaling procedure is avail-
able in the Zenodo repository (Divisek 2021; <http://doi.
org/10.5281/zen0d0.5119958>). The repository contains
bioclimatic and ENVIREM grids at finer spatial resolution of
30 arc-seconds allowing aggregation to any coarser resolution.

Identification of source areas

For each species, we used habitat suitability projections to
identify ‘source areas’ in the LGM (21 ka BP) and mid-
Holocene (6.2 ka BP), i.e. areas with suitable climate that
likely contributed to the establishment of the species’ current
distribution range through postglacial migration. First, we
delineated all climatically suitable areas in the LGM (poten-
tial source areas) by applying the ‘10th percentile of training
presence’ threshold provided by Maxent to the LGM suit-
abilicy map (Fig. 1b; glaciated areas were defined as unsuit-
able). This threshold classifies all map pixels with a suitability
value higher than the lowest 10% of the occurrence records

as climatically suitable. We then simulated migration from
cach isolated, spatially contiguous area larger than 1000 km?
using KISSMig, a migration model that generates maps of
the accessibility of each potential source area (Fig. lc, d;
Nobis and Normand 2014). KISSMig started from each cli-
matically suitable area in the LGM and iteratively simulated
the spatial dispersal of species. During a single iteration step,
all pixels were colonised or remained colonised according to
a probability that increases with the suitability value of the
pixel and the number of occupied pixels within the 3 X 3
neighbourhood of the previous step (Nobis and Normand
2014). Iterations were performed for each of 10 squared
habitat suitability maps (for the periods described above) to
simulate colonisations and extinctions in changing environ-
ments. Because the migration ability of each species was not
known a priori, KISSMig used 10-200 iterations (with step
10) for each ~2100-year step, corresponding to an average
migration rate of 23-466 m year™. For each potential source
area, KISSMig produces a map of first occurrences (FOC),
i.e. values from the first iteration step in which a raster cell
was colonised. Early colonised cells have low values while late
colonised cells have high values. To obtain an accessibility
map, each FOC map was rescaled by calculating the differ-
ence from max(FOC) +1 (Fig. l¢, d). Simulations were per-
formed in the Lambert azimuthal equal-area projection with
a resolution of 4.9 X 4.9 km. For details on this procedure,
see Nobis and Normand (2014).

To test whether simulated accessibility of each potential
source area (in addition to environmental factors) signifi-
cantly contributed to explaining current species distributions
in Europe, we used a generalized linear model (GLM) with a
binomial response distribution and logit link. In these mod-
els, species presence—absence records in 50 X 50 km UTM
grid cells were used as a dependent variable, and explanatory
variables included mean values of environmental variables
(those used in Maxent models) and accessibility of potential
source areas. The explanatory variables were standardised to
zero mean and unit variance. We calibrated a series of GLM
models for accessibility patterns simulated using each migra-
tion rate considered from each potential source area (Fig. 1e).
Then we checked which migration rate reduced the residual
deviance of the model (D,) the most. We considered ‘source
area’ to be any area whose accessibility under the most effi-
cient migration rate had a significant (p < 0.05) positive
effect (B > 0) on the current species distribution (Fig. le,
f). Finally, we also identified mid-Holocene source areas, i.e.
climatically suitable areas that were accessible from the LGM
and whose accessibility significantly contributed to explain-
ing the current species distributions. Alternatively, we ran all
simulations and tests for climatically suitable areas delineated
based on the ‘5th percentile training presence’ threshold to
check the sensitivity of the resulting patterns, but the results
were very similar and did not change our conclusions.

Finally, to test whether the distribution of source areas
in the LGM and mid-Holocene differed significantly
among ecological and chorological types of steppe veg-
etation, we assigned source areas to UTM grid cells and
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Figure 1. Illustration of migration simulations and LGM source area identification for Astragalus austriacus. (a) Photo by Krystof Chytury.
(b) Habitat suitability in the LGM predicted by the Maxent model with 11 environmental variables. (c) Accessibility from the potential
source area in southern Ukraine derived from the KISSMig simulation with 190 iterations (corresponding to an average migration rate of
443.3 myear™") on each of the 10 habitat suitability maps from the LGM to present. High values represent high accessibility, and low values
represent low accessibility. Inaccessible areas are in grey. The present species range in Europe is hatched. Using the accessibility from south-
ern Ukraine as an additional predictor (along with environmental variables) in the GLM model of the present distribution of A. austriacus
in Europe reduced the residual deviance (D) of the model by 33.7% (B=2.3; p < 0.001). (d) Accessibility from the potential source area
in Anatolia (D;;=0.1%; p=-1289.8; p=0.968). (¢) Source areas in the LGM identified by the GLM models. Green colour indicates
source areas whose accessibility had a positive (f > 0) and statistically significant (p < 0.05) effect on current species distribution in GLM
models that included environmental variables. Red colour indicates areas with negative and/or insignificant effect. (f) Probability of A.
austriacus present-day occurrence in 50 X 50 km UTM grid cells as predicted by the GLM model with 11 environmental variables and
accessibility from all significant source areas.
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then calculated the dissimilarity of source-area location for
each species pair using the Serensen dissimilarity measure.
Differences among groups were tested by permutational
analysis of variance using distance matrices (Anderson
2001) with 9999 permutations. Statistical significance was
considered at a=0.05. The square-rooted dissimilarity
matrix was then visualised in 2-dimensional space using
principal coordinate analysis (PCoA). We then passively
projected geographical coordinates (longitude and longi-
tude) onto ordination space using the envfit function (with
default settings) in the 'vegan' package (Oksanen et al.
2022). All analyses were performed using R software ver.
4.0.2 (<www.r-project.org>).

Results

We developed habitat suitabilicy models for 104 species of
central European steppe grasslands. The cross-validation
AUC of these models ranged between 0.647 (Galium verum)
and 0.996 (Galium austriacum), with 78% of the models hav-
ing an AUC > 0.8. Overfitting ranged from 0.001 (G. aus-
triacum) to 0.157 (Bothriochloa ischaemum), and 88% of the
models had an overfitting of less than 0.1. The Boyce index
ranged from —0.140 (Anemone sylvestris) to 0.971 (Draba
lasiocarpa), and 75% of the models had a Boyce index value
> 0.5. As few models had poor predictive performance with
respect to all three evaluation indices, we used all models to
project habitat suitability in past time periods. The evalua-
tion scores for each model can be found in the Supporting
information.

The 104 species studied showed specific patterns of habi-
tat suitability across Europe. For most of them, the area of
suitable habitats extended in the warm periods of the late
Pleistocene (Bolling—Allered interstadial) and Holocene,
but retreated during the cold periods (LGM, Heinrich sta-
dial and Younger Dryas stadial). In the cold periods, the
most suitable areas were suggested to be in central Anatolia,
Crimea and lowlands along the Black-Sea coast, the Balkan
Peninsula including the Dinaric Mountains and the southern
Carpathian Basin, the northern Italian Peninsula and south-
ern France (Fig. 2). In warmer periods, climatically suitable
areas extended northward to central Europe (Bolling—Allered,
early Holocene), to the hemiboreal zone in southern Sweden
(mid-Holocene), and to more continental areas in the east
(late Holocene).

Two species in our dataset, Ephedra distachya and
Krascheninnikovia ceratoides, are typical of desert steppes of
central Asia (Wendelberger 1954, Mucina et al. 2016). These
species were notable exceptions to the pattern described
above. Both had the most suitable habitats in the LGM in the
lowlands north of the Black Sea and east of the Caspian Sea,
not in warmer Anatolia like most other species (Fig. 3). They
both found suitable conditions in central Europe during the
cold and dry periods of the Heinrich stadial and Younger
Dryas, while their suitable climate was restricted to the con-
tinental areas of eastern Europe during the warmer periods

of the Bolling—Allerod interstadial and Holocene. Such a
pattern contrasts with all other species, which were generally
favoured by warmer and wetter climates.

By integrating habitat suitability models with simulations
of species migration, we identified significant source areas for
96 species in the LGM and for 95 species in the mid-Holo-
cene. Based on our criteria, we found no LGM source area for
eight species, mostly those with narrow current ranges. For
nine species, climatically suitable areas in the mid-Holocene
were either inaccessible from the LGM source areas or their
accessibility did not contribute significantly to explaining the
current species distribution in Europe. All maps resulting
from habitat suitability modelling and migration simulations
are available in the Zenodo repository. The size and number
of identified source areas for each species can be found in the
Supporting information.

For most species, current climatic conditions explained
slightly more deviance (~44%) in species distribution than
did accessibility from the LGM source areas (~40%), but
less than accessibility from the mid-Holocene source areas
(~47%; Table 1; Supporting information). Accessibility from
the LGM source areas explained the greatest deviance in the
distribution of the broad-range species (chorotype 4; 50%),
but that from the mid-Holocene source areas explained the
greatest deviance in the central European and submediter-
ranean species (chorotype 3; 53%). Including accessibility
from the LGM source areas into the models with climate
resulted, on average, in ~57% of the explained deviance and
the highest proportion of deviance was explained in the dis-
tributions of broad-range species (chorotype 4; 61%). The
joint effect of climate and accessibility from the mid-Holo-
cene source areas was on average ~59%, being the highest for
the central European and submediterranean species (choro-
type 3; 64%).

We obtained constrasting patterns by stacking the source
areas for specialists of the three ecological types of central
European steppes (Fig. 4). For most of the rocky-steppe spe-
cies, LGM source areas were suggested to be in northern Italy,
especially in the southern foothills of the Alps and north-
ern Apennines. For the grass-steppe species, source areas
were on the western and northern coasts of the Black Sea,
and for the meadow-steppe species, the source areas were in
the Po Valley, but also in south-eastern France (Rhone val-
ley), on the southern margin of the Carpathian Basin, and on
the western Black-Sea coast. Stacking of the mid-Holocene
source areas showed that most of the rocky-steppe species
were likely distributed from western France and southern
Germany through the southern foothills of the Alps to the
Dinaric Mountains. For the grass-steppe species, source areas
were suggested from the Balkan Peninsula (eastern Bulgaria
and Romania) to Moldova and southern Ukraine. The source
areas for the meadow-steppe species were likely located from
central France to western Germany and from northern Italy
to the Dinaric Mountains. Differences among ecological
groups in the localization of source areas were statistically
significant (p=0.046 for the LGM and p < 0.001 for the
mid-Holocene; Fig. 6a, b).
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Habitat suitability for all species
except those of desert steppe
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Figure 2. Stacked maps of habitat suitability for all species except those of desert steppe (102 species). The sum of habitat suitability values
(3)), expressed by the colour scale, shows the hypothetical number of species present. The extent of the continental ice-sheet (white) was
estimated based on Peltier et al. (2015).
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Habitat suitability for desert-steppe species
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Figure 3. Stacked maps of habitat suitability for two species of desert steppes, Ephedra distachya and Krascheninnikovia ceratoides. For details,
see Fig. 2.
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Table 1. Importance of climate and accessibility from the LGM and mid-Holocene source areas for explaining present-day species distribu-
tions in Europe. Mean percentage deviance (+ SD) explained by climate and/or accessibility of source areas is shown. Chorotype 1 — tem-
perate continental species, chorotype 2 — subatlantic-submediterranean—continental species, chorotype 3 - central European and
submediterranean species, chorotype 4 — broad-range species and chorotype, chorotype 5 — narrow-range central European species.

LGM source areas

Mid-Holocene source areas

Climate only Accessibility only

Climate +accessibility

Accessibility only Climate +accessibility

All species 43.9 +10.1 40.0 £18.0
Rocky steppe 46.5+9.4 39.8 +20.9
Grass steppe 36.4+8.6 39.0 +14.9
Meadow steppe 47.4+8.9 42.5+17.6
Chorotype 1 39.1+£11.0 31.1 £ 15.4
Chorotype 2 40.2 £ 9.1 37.1£22.8
Chorotype 3 493 +7.8 46.4 + 14.1
Chorotype 4 47.8 + 8.4 49.7 +£7.2

Chorotype 5 38.7 +£10.3 19.4 +20.4

56.9 +10.6 46.7 £13.5 593 +9.7
57.4+10.0 45.6 + 14.7 59.4 £ 8.6
53.7 £10.5 41.8+13.8 54.0 £ 10.6
58.6 +10.2 50.4+11.5 62.3 +8.7
53.1+9.8 36.8+13.0 54.8 + 8.5
548 +£13.4 47.4+13.8 58.0 £ 10.7
60.5 + 8.4 53.0+7.6 63.6 + 8.0
60.9 + 6.7 51.4+11.8 62.0+8.2
47.9+13.8 37.7+17.6 53.0+13.9

Chorotypes also differed considerably in the localiza-
tion of their source areas in the LGM (Fig. 5). The tem-
perate continental species (chorotype 1) had their source
areas situated north of the Black Sea (southern Ukraine),
while the subatlantic-submediterranean—continental spe-
cies (chorotype 2) had them mainly in eastern Bulgaria
and Romania along the Black-Sea coast. For the central
European and submediterranean species (chorotype 3)
and broad-range species (chorotype 4), source areas ranged

Source areas
in the last glacial maximum

from south-castern France through northern Italy and the
southern Carpathian Basin to eastern Bulgaria, Anatolia
and southern Ukraine (broad-range species only). For the
narrow-range species (chorotype 5), LGM source areas were
suggested to be in the north-western and southern foothills
of the Alps. Similar differences were found for the mid-
Holocene. Most of the temperate continental species had
source areas situated north and north-west of the Black Sea,
but for most subatlantic-submediterranean—continental

Source areas
in the mid-Holocene

Present distribution

60°N

Rocky steppe

40°N

Grass steppe
60°N

40°N

Meadow steppe
60°N

40°N

Figure 4. Stacked source areas and present distribution ranges for specialists of three ecological types of the central European steppes. The
colour scales show the number of species present. Source areas were defined as environmentally suitable areas whose accessibility under the
most efficient migration rate contributed significantly to explaining the current species distribution ranges (Methods). N is the number of
species included in each map. In the present distribution maps, N is the total number of species in the group, whereas in the source-area
maps, it is the number of species for which we identified at least one source area.
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Figure 5. Stacked source areas and present distribution ranges of species belonging to five chorotypes of the central European steppes. For

details, see Fig. 4.

species, source areas were distributed from eastern France
through central Europe and Carpathian Basin to the east-
ern Balkan Peninsula. The central European and submedi-
terranean species had source areas mainly in southern and
central France but those of broad-range species extended
from central France through central Europe to the Baltic
countries and the Balkan Peninsula. The narrow-range spe-
cies showed a similar pattern as in the LGM. Differences
among chorological groups in source area localization were
statistically significant (p < 0.001 for both the LGM and
mid-Holocene; Fig. 6¢, d). The distribution of source areas
across 11 selected regions in Europe can be found in the
Supporting information.

Discussion

We demonstrated that the abrupt climatic shifts at the
Pleistocene—Holocene transition considerably affected the
climatic suitability and potential distribution of steppe spe-
cies in central Europe. Our models suggest that during the
cold periods of the Late Pleistocene (LGM, Heinrich sta-
dial and Younger Dryas), the macroclimate in most parts
of central Europe was generally unsuitable for most species
that now occur in the zonal steppes of this region. Suitable
macroclimates were found farther south and south-east, par-
ticularly in the Adriatic region, the Balkan Peninsula (south-
ern margins of the Carpathian Basin and the Dinarides) and
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Figure 6. Similarity in source area location visualised using principal coordinates analysis of square-rooted Serensen dissimilarity matrices.
Differences among ecological and chorological groups of species (shown in colours) were tested by permutational analysis of variance using
distance matrices: (a) F=1.564, p=0.046; (b) F=3.163, p < 0.001; (c) F=3.933, p < 0.001; (d) F=4.302, p < 0.001. Chorotype 1 —
temperate continental species, chorotype 2 — subatlantic-submediterranean—continental species, chorotype 3 — central European and sub-
mediterranean species, chorotype 4 — broad-range species and chorotype, chorotype 5 — narrow-range central European species. Longitude
and latitude were passively projected onto the ordination diagram using the envfir function of the 'vegan' R package (Oksanen et al. 2022).
For abbreviated species names, see Supporting information. Note that the abbreviations in the ordination diagrams may be slightly shifted

for better readability.

the Black Sea region including Crimea, eastern Bulgaria and
central Anatolia. Central Europe became generally suitable
for these species only during the warmer and wetter Bolling—
Allered interstadial and the Holocene, when the Carpathian
Basin and (south-)western Germany were the most suitable
regions.

This result supports the hypothesis of a postglacial
immigration of steppe species to central Europe, which is
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consistent with interpretations of genetic patterns in some
phylogeographic studies of dry grassland species. For exam-
ple, immigration from (south-)western Europe was suggested
for Hippocrepis comosa (Leipold et al. 2017) and Sanguisorba
minor (Tausch et al. 2017). However, these studies also sup-
port the existence of northern refugia that have contributed
to genetic variation in the present-day populations of these
species. Evidence for glacial refugia in central Europe also
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comes from other phylogeographic studies of both steppe
plants and animals (Kajtoch et al. 2016, Plenk et al. 2017,
Kirschner et al. 2020). These studies revealed the existence of
infraspecific lineages restricted to different regions of central
Europe, suggesting a pre-LGM separation of populations of
eastern zonal steppes and central European extrazonal steppes
and, consequently, long-term in situ persistence in central
Europe. Although habitat suitability models suggest that
the central European macroclimate of the cold Pleistocene
periods was unsuitable for most of the dry grassland species
studied on a coarse scale, these species could have survived
in microrefugia, especially in topographically heteroge-
neous areas (Willner et al. 2021). The same mechanism is
thought to be the cause of the presence of full-glacial for-
est patches in this region (Willis and van Andel 2004, Birks
2008, Kunes et al. 2008, Magyari ct al. 2014, Feurdean et al.
2015). The complex genetic structure of some species sug-
gesting northern refugia can thus be attributed to species’
local adaprations and differential success in survival and dis-
persal of individual genetic lineages during the Pleistocene—
Holocene transition. For example, Douda et al. (2020) found
that a cold-tolerant genetic lineage of Atriplex tatarica that
occurred at the periphery of the species’ range during the last
glacial period did not spread to the north in the Holocene.
Further north (in Poland), it was replaced by a less cold-tol-
erant lineage that originally occurred in more suitable areas
of the Balkan Peninsula and south-eastern Europe during
the LGM. Consequently, the less cold-tolerant lineage now
occurs at the northern edge of the species range. This implies
that some cold-adapted populations may have survived the
last glacial period in microrefugia in central Europe, while
individuals from less cold-tolerant populations may have
immigrated from the south with climate warming during the
Holocene.

Indeed, our macroclimate-based models were unable to
identify sites that may have served as microrefugia for steppe
species in central Europe during Pleistocene cold periods
(so-called cryptic refugia). However, by integrating habitat
suitability models with simulations of postglacial migration,
we identified macroclimatically suitable areas farther south
that could have harboured large populations of these species.
Willner et al. (2021) summarised species-distribution and
genetic data for several species occurring in the Carpathian
Basin and adjacent regions and concluded that most of
these species have been present there since at least the early
Holocene. They found the greatest diversity of meadow-steppe
specialists on the margins of the Carpathian Basin and on
the northern Balkan Peninsula, the greatest diversity of grass-
steppe specialists in the steppe zone of Ukraine and along the
western coast of the Black Sea, and that of rocky-steppe spe-
cialists along the western margins of the Carpathian Basin, in
the Dinaric Mountains and on the Balkan Peninsula. These
patterns are consistent with the LGM and mid-Holocene
source areas we have identified for individual steppe types
and chorotypes. The distributions of haplotype groups for
some species given by Willner et al. (2021) are also consistent
with the source areas suggested by our models.

The current distribution ranges of most of the species con-
sidered in this study span a wide range of climatic condi-
tions, from the humid climates of central Europe to the dry
continental climates of central Asia. Only Epherda distachya
and Krascheninnikovia ceratoides avoid moderately humid
climates and are restricted to dry and extremely continen-
tal climates comparable to those of the Late Pleistocene cold
periods. A comparable climate is currently found in some
areas of Siberia, and models based on Siberian vegetation-plot
data suggest the presence of steppe in central Europe dur-
ing the LGM (Jansk4 et al. 2017). The existence of steppe in
this region during the cold and dry periods of the Pleistocene
is also supported by fossil pollen data (Magyari et al. 2014,
Feurdean et al. 2015). However, the full-glacial steppe was
likely much less species-rich than the Holocene steppe, as
suggested by our models and a comparative analysis of grass-
land species richness between adjacent areas in Siberia with
LGM-like and Holocene-like climates (Chytry et al. 2017).
Our models suggest that some species now common in the
middle and central Asian steppes may have spread to cen-
tral Europe during each cold period and retreated during
warmer periods. One of these, K. ceratoides, is traditionally
considered a relict of the Pleistocene loess steppe in central
Europe (Wendelberger 1954, Horsdk et al. 2015, Seidl et al.
2020, 2021). Some other species, now restricted to continen-
tal areas of eastern Europe and middle/central Asia, may also
have occurred in the Pleistocene steppes of central Europe
(e.g. Artemisia laciniata and A. rupestris; Jager 1987), but we
did not consider them in this study because we focused on
species typical of the present-day central European steppes.
However, the Pleistocene cold steppe should not be consid-
ered as one large area with a homogeneous habitat. Most
likely, it contained various habitats, including different
steppe types that occurred in a mosaic with patches of tun-
dra, dry and wet scrub, and taiga, similar to the present-day
steppe-tundra in Siberia (Yurtsev 2001, Chytry et al. 2019).
More sensitive steppe species were probably not common but
could have survived in small patches of warmer or moderately
humid habitats that functioned as glacial microrefugia. Other
species or less cold-tolerant genetic lineages may have gone
extinct, returning only during warm periods by migrating
from southern or south-eastern refugia (Magyari et al. 2010).
These were probably located at the margins of the Carpathian
Basin (Willner et al. 2021), in the Dinaric Mountains and
other mountain systems of the Balkan Peninsula, and along
the Black-Sea coast.

For the warm and humid period of the mid-Holocene,
our models do not suggest a climatically driven retreat of the
central European steppe species. On the contrary, the area of
suitable climate was most extensive for many of the studied
species during this period, and the models suggest that they
were present, and probably abundant, in the central European
landscape, as suggested by other studies (Kunes$ et al. 2015,
Pokorny etal. 2015, Feurdean etal. 2018, Willner et al. 2021).
Thus, if steppe species were suppressed during this period, it
was due to forest expansion rather than the direct effect of
climate on steppe plants. We intentionally did not include
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forest cover in the models to downweight suitability for steppe
species because, based on fossil pollen data (Magyari et al.
2010, Feurdean et al. 2015, Kunes et al. 2015, Pokorny et al.
2015), we assume that there were always some open patches
in low-elevation areas of central Europe (Gradmann 1933)
that could not be captured by our models. They were located
either on dry, south-facing slopes in hilly landscapes or in
areas disturbed by wild herbivores or humans and their live-
stock (Chytry et al. 2022a). Many species now typical of
steppe may have also occurred in the herb layers of open-
canopy forests of the mid-Holocene (Chytry et al. 2010) or
in woodland—grassland mosaic landscapes (Fyfe et al. 2015).
Moreover, during most of the Holocene, central European
lowlands were settled by people who may have kept parts of
the landscape more open so that light-demanding species
could survive (Jamrichovd et al. 2017, Pokorny et al. 2022).
After the arrival of the first Neolithic farmers and the subse-
quent expansion of grasslands, these species probably spread
from several small refugia scattered across central Europe and
formed their current distribution ranges.

Although our habitat suitability models and migration
simulations were unable to identify ‘true refugia, i.e. areas
where a species survived unfavourable climatic conditions
and from which it expanded into its present range, they sug-
gested likely source areas from which colonization of cur-
rently occupied regions was possible. Based on migration
simulations, the spread of central European steppe species
from potential source areas with suitable macroclimates and
large populations (macrorefugia) appears to be considerably
limited, as the accessibility of only some of these areas had a
significant effect on the current species distributions. This is
consistent with other studies showing that not all refugia con-
tributed equally to postglacial dispersal (Magri et al. 20006,
Tzedakis et al. 2013). As a result of limited migration from
past refugia, many European plants, including trees, do not
currently occupy all climatic conditions suitable for them
and thus do not fill the full extent of their potential ranges
(Svenning and Skov 2004, Normand et al. 2011). These spe-
cies also have different biogeographic affinities that likely
reflect their different biogeographic histories, including local-
ization, size and number of past refugia, and migration rates.

Unlike in present-day central Europe, where all modelled
species co-occur in the same landscapes, our models showed
that we can recognize species groups with different potential
source areas. Surprisingly, species with similar distribution
ranges showed better patterning than species with similar eco-
logical requirements, although there is some overlap between
these two groupings. This suggests that present-day species
assemblages may be partly of recent origin, composed of spe-
cies with different LGM-Holocene histories, rather than syn-
chronized postglacial migrations of entire communities.

Conclusions

The central European macroclimate during the Pleistocene
cold periods does not seem to have been suitable for most
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species of the present-day extrazonal steppes in this region.
Steppe probably existed in the dry lowland and hilly land-
scapes, but it was likely generally species-poor and dominated
by continental species that have most of their present range in
desert steppes of middle and central Asia. Nevertheless, there
may have been patches of locally warmer and wetter habitats
that served as microrefugia for many species of the present-
day steppe. This long-term persistence of some species or
infraspecific cold-tolerant lineages is supported by genetic evi-
dence. For other species or lineages, late-glacial or postglacial
immigration from southern and south-eastern refugia remains
a plausible scenario. These refugia probably ranged from
south-eastern France through the Adriatic region and the
Balkan Peninsula to the western Black-Sea coast and Crimea.
However, their localization probably differed according to
both chorological and ecological types of central European
steppe vegetation. The warm and humid climate of the mid-
Holocene had no direct negative impact on these species. If
some of them reduced their populations during this period,
it was due to forest expansion and not to the climate per se.
However, these species likely remained present in the central
European landscape and expanded after the Neolithic farmers
promoted the expansion of open vegetation.
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