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Abstract

Aims: We asked how geological substrate affects the distribution of plant species
between forest interiors, forest edges, and steppe patches in the forest-steppe land-
scapes. Specifically, we sought for the presence of the edge effect at the forest-
grassland transitions on different substrates.

Location: Austria, Czech Republic, Hungary, Slovakia and western Ukraine.
Methods: We recorded the occurrence of vascular plant species in forest interiors,
at forest edges and in steppe patches on 40 forest-steppe sites located on four sub-
strates (andesite, dolomite, limestone and loess). We compared the distribution of
species diversity, beta diversity (using multivariate analysis), the number of shared
species between habitats and the estimation of vegetation biomass among forest-
steppe habitats on different substrates.

Results: The edge effect was observed on hard rocks, while it was absent on loess,
where the ecotone species richness was intermediate between that of forest and
steppe. Loess sites also had the lowest species turnover between forest and steppe
and the lowest number of edge specialists.

Conclusions: Substrate has a strong effect on the formation of forest-steppe mosaics.
It shapes the assembly rules and plant community diversity within individual habitat
mosaics. Plant communities on each substrate can respond differently to changing
climate. The strong assembly rules on hard rocks may be more likely to result in spe-
cies loss than on loess or similar soft sediments, where a larger number of species find

their optimum in more than one forest-steppe habitat.
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1 | INTRODUCTION

The transition between forest and steppe biomes on continen-
tal scale is usually caused by a continuous macroclimatic gradient.
However, landscapes in the transitional areas do not consist of phys-
iognomically intermediate vegetation types, but of mosaics of forest
and steppe patches (Erdés et al., 2018; Chytry et al., 2022a). The
mosaic nature of such landscapes has many consequences for bio-
diversity, species distribution, land use and conservation planning
(Erdés et al., 2014, 2018). Therefore, the Eurasian forest-steppe is
sometimes recognized as a distinct biome (Erdés et al., 2018).

Within Eurasia, forest-steppe has an extensive distribution
with the westernmost large exclave in the Carpathian (=Pannonian)
Basin in Central Europe (Chytry, 2012; Fekete et al., 2016; Erdés
etal., 2018; Chytry et al., 2022a). Further west, forest-steppe occurs
in isolated areas in the lee of mountain ranges in northern Bohemia,
central Germany and in dry inner-Alpine valleys. In the western part
of the Carpathian Basin and in the other dry areas mentioned above,
forest-steppe consists of steppe patches embedded in broad-leaved
deciduous forests. These landscapes are characterized by envi-
ronmental contrasts between their main habitat types, forest and
steppe (Dierschke, 1974; Burgess & Sharpe, 1981; Falinski, 1986).
While forests generally create a relatively stable environment where
canopy shading reduces solar radiation and buffers climatic extremes
(De Frenne et al., 2019), steppes face a dry and unstable macrocli-
mate that is harsh for plant growth (Jakucs, 1972; Slavikova, 1983).
This contrast leads to pronounced species turnover between for-
est and steppe (Dierschke, 1974; tuczaj & Sadowska, 1997; Erdés
et al., 2014). Indeed, neither closed forest nor extensive steppe
are a suitable environment for all plant species as both represent
a kind of ‘extreme’ environment. However, the boundary between
the two, the ecotone, may represent intermediate conditions. The
forest-steppe ecotone is partially shaded, which limits the adverse
effects of direct sunlight, but still ensures sufficient light for species
that are generally considered light-demanding to thrive (see Rolecek
et al., 2017). Partial shading and lower wind speeds also buffer cli-
matic extremes and reduce evaporation and transpiration, which
promote water retention (De Frenne et al., 2019; Siile et al., 2020).
Leaf litter is partially blown away from ecotones, resulting in less
nutrient enrichment than in the forest interior (Gonschorrek, 1977).
In summary, ecotones mitigate some unfavourable environmental
conditions of steppe and forest and therefore support the coexis-
tence of species from both habitats; in some cases, they also contain
species restricted to them (Erdés et al., 2014, 2019). Consequently,
the ecotone can be more species-rich than either of the adjacent
habitats (Leopold, 1933; Odum, 1971; Risser, 1995; Kent et al., 1997;
Erdés et al., 2014). This increase in species richness in ecotones com-
pared to adjacent habitats is called the positive edge effect (Luczaj
& Sadowska, 1997).

On a broad scale, the distribution and proportion of individual
habitat patches in forest-steppe mosaics is determined mainly by
macroclimate (Hais et al., 2016; Chytry et al., 2022a). On a finer
scale, it is determined by the distribution of plant-available moisture

(Liu et al., 2012; Anenkhonov et al., 2015; Fajmonova et al., 2020)
and community-level feedback loops (Wilson & Agnew, 1992;
Agnew et al., 1993; Alftine & Malanson, 2004; Wiegand et al., 2006).
Moisture availability is influenced by an intricate combination of in-
terdependent factors that include variation in microclimate and soil
properties. In hilly landscapes of the northern hemisphere, north-
facing slopes tend to have more stable microclimate and moisture
availability than south-facing slopes (Slavikova, 1983; Rorison
et al., 1986; Bennie et al., 2008). As a result, steppe occurs prefer-
entially on south-facing slopes, where it occupies increasingly larger
areas towards drier macroclimates, whereas forest is restricted to
north-facing slopes (Hais et al., 2016; Chytry et al., 2022a). The
availability of moisture to plants depends largely on its retention
time in the soil, which in turn reflects the physical properties of the
soil. In the Central European climate (i.e., annual mean temperatures
of about 6-12 °C, annual precipitation of about 450-1000 mm, tem-
perature and precipitation peak in summer and cold winters with
frost; Karger et al., 2017), fine-grained soils promote water retention,
are wet longer and favour vegetation succession. In contrast, coarse-
grained soils, such as those on sand or weathered dolomite, tend to
lose water due to better draining, creating an unstable environment.
Vegetation on such soils is stressed by irregular drought events
that can suppress vegetation succession (Hroudova & Prach, 1986;
Fischer et al., 2020). Although the effects of substrate on commu-
nity assembly have been studied by different research teams (e.g.,
Luzuriaga et al., 2015; Chytry et al., 2022b), it is poorly understood
how substrate affects habitat distribution and various components
of species diversity in mosaic landscapes of forests and grasslands.

In this study, we attempt to clarify how substrate affects the
structure of Central European forest-steppe mosaics, especially
the nature of ecotones between forest and steppe habitats. We se-
lected 40 natural forest-steppe sites in hilly landscapes on andesite,
dolomite, limestone and loess, which are among the most common
substrates for forest-steppe in this region (Mezési, 2017). In the low-
land landscapes of the study area, (near-)natural forest-steppe also
occurs on sand, but we did not sample sandy sites in order to restrict
our study to comparable habitat mosaics on relatively steep south-
facing slopes. Specifically, we examined the effects of substrate on
(1) the pattern of species richness across forest-steppe habitats and
the presence of the edge effect, and (2) the beta diversity of forest-
steppe landscapes. We then examined the potential effects of these
differences on ecosystem-level processes.

2 | METHODS

2.1 | Study sites

The Carpathian Basin is located in southeastern Central Europe.
Surrounded by the Alps, the Dinarides, and the Carpathians, it
represents an isolated exclave of the forest-steppe biome (Erdés
et al., 2018). For this study, we selected 40 sites with preserved
forest-steppe mosaics in the western and northern parts of the
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Carpathian Basin and in the adjacent hilly areas on its margins,
as well as in the Bohemian Karst, which is a relatively dry area in
Central Bohemia with forest-steppe vegetation mosaics. The se-
lected sites were in areas with different macroclimates, and the
distance between the two most distant sites was 670km. The sites
were on four substrates (Figure 1): (1) andesite, including associated
volcanic conglomerates, n = 7; (2) dolomite, including dolomitized
limestone, n = 9; (3) limestone, n = 14; and (4) deep soils on loess
deposits, including deep loamy soils on calcareous flysch, n = 10.
Andesite, dolomite and limestone are poorly weathering, hard rocks,
whereas loess is a soft sediment. On slopes, hard rocks allow the
development of well-drained shallow soil with numerous outcrops,

whereas loess gives rise to a deep, loamy soil.

2.2 | Data collection

We selected sites with a preserved mosaic of (near-)natural forest
and (near-)natural steppe that were free of relatively recent (not

older than 30years, estimated on site) human interventions such as
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removal of shrubs or young trees, which is a commonly used conser-
vation measure in steppe grasslands in the study area. At selected
sites, which mostly represented a steppe patch embedded in forest,
we sampled five ‘forest-steppe habitats’: (1) forest above the steppe
patch (‘upper forest’), (2) forest-steppe ecotone above the steppe
patch (‘upper ecotone’), (3) steppe, (4) ecotone below the steppe
patch (‘lower ecotone’) and (5) forest below the steppe patch (‘lower
forest’). The steppe patch was mostly located on south-(west-)fac-
ing slopes with inclination mainly between 12° and 17°. The upper
forest was usually on a slope with the same inclination, but at some
sites, especially on dolomite bedrock, the upper ecotone was on the
hilltop, and the upper forest was either on a plateau or on usually
gentle north-facing slope. The lower forest and lower ecotone were
always on slopes with the same aspect as the steppe patch. At each
site, we subjectively selected representative spots to sample the five
forest-steppe habitats listed above using vegetation plots. The size
of each plot was 2.5 m? x4 m?, with the longer side oriented along
the contour line to match the belt shape and orientation of the eco-
tones. The cover of all vascular plants was recorded using the nine-
degree Braun-Blanquet cover-abundance scale (Westhoff & van der
21|°E 22|°E 23|°E
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FIGURE 1 Study sites in the northwestern part of the Carpathian Basin and adjacent areas in the Western Carpathians, South Moravia

and Central Bohemia (Bohemian Karst)
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Maarel, 1978). For each vegetation plot, we estimated the cover of
tree, shrub, herb and moss layers, if present. At five sites, the lower
forest and lower ecotone were absent or degraded; therefore, we

sampled only the other three forest-steppe habitats.

2.3 | Data analysis

To partition variability in species composition of vegetation plots
into fractions explained by habitat type, substrate type and site
identity, we used distance-based Redundancy Analysis (dbRDA). We
also calculated a partial principal coordinate analysis (partial PCoA)
to visualise patterns in species composition. In both cases, field-
estimated Braun-Blanquet cover values were converted to percent-
ages corresponding to the midpoints of the respective intervals and
square-rooted. To calculate the distance matrix, we used the Bray-
Curtis dissimilarity measure, which was also square-rooted to avoid
negative eigenvalues in the PCoA. In the partial PCoA, we used site
identity as a covariate.

To further elucidate the differences in species composition
between forest-steppe habitats, we analysed ecological indicator
values. Ecological indicator values are species-specific empirically
assessed ordinal values on several predefined environmental gradi-
ents (such as temperature or moisture), representing the centre of
the realized niche of the species on these gradients. Ecological in-
dicator values are usually assessed regionally, and there are several
classifications for different regions in Central Europe. We primarily
used data for the flora of the Czech Republic (Chytry et al., 2018)
and added data for the Hungarian flora (Borhidi, 1995) for the

species that do not occur in the Czech Republic (the selected values
with indication of the source can be found in the online repository
at https://doi.org/10.5281/zenodo.4783984). We used values for
light (scale 1-9 from deep-shade to full-light species), temperature
(1-9 from cold-tolerant to heat-demanding species), moisture (1-12
from drought-tolerant to aquatic species), soil reaction (1-9 from
acidophilous to basiphilous species) and nutrients (1-9 from spe-
cies of nutrient-poor sites to those of nutrient-rich sites). We cal-
culated the unweighted community means for all vegetation plots
and present the values as boxplots, separately for each substrate
type studied.

To assess the distribution of species richness among plots at
each site, we calculated deviations from the mean species richness
per site for all plots. We plotted the deviations from the per-site
mean for each substrate type using boxplots and tested for differ-
ences using the Wilcoxon test. We also counted the numbers of
shared species between forest-steppe habitats and plotted them
in boxplots. For this purpose, we only used the upper forest, upper
ecotone and steppe to obtain the same number of vegetation plots
at all sites.

Finally, we estimated community biomass based on species
height and cover following Axmanova et al. (2012). We used the
mean height of mature species from flora manuals (Tutin et al., 1964 -
1993; Futak et al., 1988 onwards; Kaplan et al., 2019) and multiplied
this value by the cover of the respective species in each plot. Finally,
we summed these values across all species in the plot to obtain the
estimated biomass per plot.

Because we were only interested in the herb layer, we re-
moved trees and shrubs, except for juveniles, from all analyses.
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FIGURE 2 Partial principal coordinate analysis (partial PCoA) with site identity as a covariate. As the substrate identity is an aggregation
of the site identities, this model also abstracts from the variation caused by the substrate. In the first plot, the colours and symbols represent
habitat identity. The second plot shows 30 selected species that occurred in at least three plots and had the highest R? and a p-value of 0.01
or less. We used the ‘envfit’ function for the permutation test to obtain p-values (Oksanen et al., 2019). Species abbreviations refer to the
first three letters of the genus name and species epithet (see https://doi.org/10.5281/zenodo.4783984 for full names)
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We performed all calculations in R (R Core Team, 2022) using
the tidyverse package (Wickham, 2017). The ordination model
was calculated using the vegan package (Oksanen et al., 2019).
Nomenclature of vascular plants follows the Euro+Med PlantBase
(accessed May 2021) and nomenclature of vegetation types fol-
lows EuroVegChecklist (Mucina et al., 2016). Taxa determined
only at the genus level were excluded from the data set in all
cases in which they potentially contained species already present

in the data set (but were not excluded from the species richness

S 50f10
@ Journal of Vegetation Science J—

=

3 | RESULTS

Habitat identity explained 11% (df = 4; Rz—adjusted, referring to the
constrained variation in dbRDA) of the total variation in species
composition, substrate explained 11% (df = 3; R?-adjusted) and site
identity explained 26% (df = 39; R?-adjusted). Partial PCoA with site
identity as a covariate explained 16% of the total variation by the
first two ordination axes (Figure 2). The first axis mainly separated

forest from the other two habitats, while the difference between

counts). ecotone and steppe was mainly captured by the second axis. There
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was no noticeable difference in species composition between habi-
tats located above or below the steppe patch. The gradient between
forest and steppe was apparent from the distribution of the best-
fitting species in the ordination diagram. This analysis indicated that
although the ecotone is mostly intermediate plant community be-
tween forest and steppe, it also contains some specific species.

The gradual forest-steppe gradient was also reflected in the
mean ecological indicator values (Figure 3). Ecotone values were
almost always intermediate. However, forest-steppes on hard rock
(i.e., andesite, dolomite and limestone) had much wider ranges of in-
dicator values than those on loess. The most pronounced difference
was in the distribution of indicator values for moisture and nutrients.
The difference between andesite, dolomite and limestone on the
one hand and loess on the other hand was also evident in the distri-
bution of species richness among forest-steppe habitats (Figure 4).
The former group of substrate types showed a clear pattern of high
species richness in ecotone, intermediate richness in steppe and
very low richness in forest. In contrast, loess sites had the highest
species richness in steppe, intermediate richness in ecotone and
lowest richness in forest, although differences among these habitats
on loess were not significant.

The intermediate environmental conditions of ecotones were
reflected in the high proportion of species shared with adjacent
habitats (Figure 5). However, this proportion also differed among

substrate types. While it was lowest on dolomite in all comparisons,

indicating high beta diversity, it was more than twice as high on
loess. The other two substrates fell between these extremes.
Among the pairs of forest-steppe habitats, most species were
shared between steppe and ecotone. This likely reflects, in part,
the overall higher species richness in steppe than in forest, which
is most pronounced on dolomite. The number of species found in
both forest and steppe was often close to zero, with the exception
of loess sites. In contrast, the number of species restricted to eco-
tones was relatively high on andesite, dolomite and limestone, but
low on loess.

Biomass production was generally highest in ecotones
(Figure 6). Again, the pattern was determined by the substrate.
The increased biomass in ecotones was observed on dolomite and
andesite, where all habitats had relatively low productivity. On
limestone and loess, ecotone biomass was intermediate between
forest and steppe and biomass production was generally higher
(Figure 7).

4 | DISCUSSION

At most sites, we observed a positive edge effect, meaning that
the ecotones harboured more species than the two adjacent habi-
tats. However, loess sites consistently showed no edge effect, hav-

ing intermediate species richness in the ecotones. The presence or
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FIGURE 7 Forest-steppe ecotones on (a) andesite (Sudovce, Stiavnické Mts, Slovakia, 11 June 2020); (b) dolomite (Viniste, Tematinské
Hills, Slovakia, 17 June 2020); (c) limestone (Martinka, Pavlov Hills, Czech Republic, 24 May 2020); (d) loess (Milovicka stran, South Moravia,
Czech Republic, 22 May 2018). Note the sharp forest edge on andesite, dolomite and limestone and the diffuse forest edge on loess.

Photographs by Krystof Chytry

absence of an edge effect was not influenced by the location of the
ecotone above or below the steppe patch. In terms of species com-
position, the ecotones hosted a similar number of species occurring
also in other forest-steppe habitats, and those that were restricted
to them. Monotonic transition from forest to steppe was evident in
the distribution of mean indicator values, where ecotones mostly
had intermediate values.

4.1 | Edge effects

The positive edge effect and the existence of species restricted to
ecotones are important for understanding the nature and maintain-
ing the structure of habitat mosaics in conservation management
(Erdés et al., 2014). Therefore, numerous studies have focused on
the distribution of species richness, especially in forest-grassland
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ecotones, with contrasting results and conclusions. For example, the
negative edge effect (lower species richness in the ecotone than in
adjacent habitats) was observed in scrub-grassland ecotones in ag-
ricultural landscapes (Senft, 2009). Others reported the absence of
the edge effect, i.e., intermediate species richness in the ecotone
compared to adjacent habitats (Lloyd et al., 2000; Erdés et al., 2011;
Michalcova, 2016), and probably most studies reported a positive
edge effect, including those conducted in semi-natural forest-
grassland mosaics (kuczaj & Sadowska, 1997; Erdés et al., 2019)
and natural forest-steppes (Erdés et al., 2014; Tolgyesi et al., 2015).
Ecotones depend on their adjacent habitats, which provide a large
part of their species pool. The more different the adjacent habitats,
the larger the ecotone's species pool could theoretically be. In our
study, we found that the manifestation of the edge effect depends
on the substrate. On substrates where a positive edge effect oc-
curred, individual forest-steppe habitats were more different from
each other. We therefore suggest that the degree of ecotone dif-
ferentiation depends on the strength of plant community assembly
rules, which are largely determined by the nature of the substrate.
The strength of assembly rules is likely influenced by a cascade
of factors including positive feedback loops (Agnew et al., 1993).
However, we do not know what is the primary cause of the differ-
ences in community assembly on hard rocks and loess. It may be re-
lated to contrasting moisture regimes on shallow soils derived from
hard rocks and deep soils derived from loess, which may affect the
structure of the tree layer. Nevertheless, these mechanisms need

further investigation.

4.2 | Concept of ecotonal vegetation types

The recognition of ecotones as a unique vegetation type has long
been the subject of debate among ecologists. As far as phytosocio-
logical classification is concerned, the traditional concept proposed
by Miiller (1962) understands ecotones as a unique vegetation type
on the class level (class Trifolio-Geranietea). However, this concept
was soon criticized (Jakucs, 1970, 1972). This controversy remains
up to now. EuroVegChecklist (Mucina et al., 2016) and most national
or regional vegetation classifications in Central Europe (e.g. Mucina
et al., 1993; Matuszkiewicz, 2007; Willner et al., 2013; Hegediisova
Vantarova & Skodova, 2014) accept Miiller's concept of vegetation
class for ecotones. However, some authors (e.g., Chytry, 2007; Borhidi
et al., 2012) assigned ecotonal vegetation to the grassland vegetation
class Festuco-Brometea because of its high floristic similarity with dry
grasslands. We found that ecotones indeed share most species with
grasslands. However, the number of shared species depends on the
substrate: on loess, ecotones generally share more species with ad-
jacent habitats, whereas on poorly weathering hard rocks, the num-
ber of species restricted to ecotones is higher, likely due to stronger
assembly rules and associated habitat filtering. In addition to differ-
ences in species composition, another important aspect considered

in vegetation classification is vegetation physiognomy (Mucina, 2019).

The phytosociological class Trifolio-Geranietea is characterized by high
biomass production and the predominance of herbs (Miiller, 1962;
Mucina et al., 2016; Klinkovska, 2022). For most substrate types, we
indeed observed slightly higher biomass production in ecotones than
in neighbouring vegetation types, but the difference was small, and in
general, biomass production was more comparable to that of steppe
than to that of the forest herb layer. Therefore, we suggest that the
assignment of ecotonal vegetation in exposure-related forest-steppe
mosaics to the separate class Trifolio-Geranietea is controversial and

requires further investigation.

5 | CONCLUSIONS

In this study, we observed remarkable differences between forest-
steppe mosaics formed on hard rocks (i.e., andesite, dolomite and
limestone) and loess. The difference between these two types de-
pends partly on the chemistry, but mainly on the physical properties
of the soil. While relatively shallow soil develops on hard rocks, the
soft parent material supports the development of deep soil on loess.
We have shown that the substrate strongly affects numerous prop-
erties of forest-steppe mosaics, which may be important for under-
standing the history of such landscapes, but more urgently for their
possible responses to climate change. The strong assembly rules we
observed on hard rocks may be more likely to lead to species losses
than on soft sediments, where more species find their optimum in

more than one forest-steppe habitat.

AUTHOR CONTRIBUTIONS

Krystof Chytry designed the study with help of Milan Chytry, Jan
Divisek and Pavel Novak. Krystof Chytry and Helena Prokesova,
with contributions of Mario Duchon, Milan Chytry, Jan Divisek and
Pavel Novak performed sampling. Krystof Chytry performed the
analysis and led the writing with contributions of Milan Chytry, Jan
Divisek and Klara Klinkovska. All authors revised the manuscript.

ACKNOWLEDGEMENTS
We thank Jan Rolecek and Michal Hajek for discussion of forest-
steppe on loess; the late Vit Grulich for his help in site selection;
Jifi Danihelka for his help in field sampling; LaszIé Erdés for helpful
comments on the manuscript.

FUNDING INFORMATION

Pavel Novak and Milan Chytry were supported by the Czech Science
Foundation (19-28491X) and Jan DiviSek by the long-term research
development project RVO 68145535 (Czech Academy of Sciences).

DATA AVAILABILITY STATEMENT

The data set containing species composition of vegetation plots and
site characteristics is stored in an open-access online repository
(https://doi.org/10.5281/zenod0.4783984). The data used for the
analyses in this paper are marked there as ‘PART_1".


https://doi.org/10.5281/zenodo.4783984

CHYTRY €T AL.

ORCID
Krystof Chytry
Kldra Klinkovskd

https://orcid.org/0000-0003-4113-6564
https://orcid.org/0000-0002-1644-2140
https://orcid.org/0000-0002-3758-5757
https://orcid.org/0000-0002-8122-3075
https://orcid.org/0000-0002-5127-5130

Pavel Novdk
Milan Chytry
Jan Divisek

REFERENCES

Agnew, A.D.Q., Wilson, J.B. & Sykes, M.T. (1993) A vegetation switch
as the cause of a forest/mire ecotone in New Zealand. Journal of
Vegetation Science, 4, 273-278. https://doi.org/10.2307/3236115

Alftine, J.K. & Malanson, G.P. (2004) Directional positive feedback and
pattern at an alpine tree line. Journal of Vegetation Science, 15, 3-12.
https://doi.org/10.1111/j.1654-1103.2004.tb02231.x

Anenkhonov, O.A., Korolyuk, A.Y., Sandanov, D.V,, Liu, H., Zverev, A.A.
& Guo, D. (2015) Soil-moisture conditions indicated by field-layer
plants help identify vulnerable forests in the forest-steppe of semi-
arid southern Siberia. Ecological Indicators, 57, 196-207. https://doi.
org/10.1016/j.ecolind.2015.04.012

Axmanova, ., Tichy, L., Fajmonova, Z., Hajkova, P., Hettenbergerova, E.,
Li, C.-F. et al. (2012) Estimation of herbaceous biomass from spe-
cies composition and cover. Applied Vegetation Science, 15, 580-
589. https://doi.org/10.1111/j.1654-109X.2012.01191.x

Bennie, J., Huntley, B., Wiltshire, A., Hill, M.O. & Baxter, R. (2008) Slope,
aspect and climate: Spatially explicit and implicit models of topo-
graphic microclimate in chalk grassland. Ecological Modelling, 216(1),
47-59. https://doi.org/10.1016/j.ecolmodel.2008.04.010

Borhidi, L.A. (1995) Social behaviour types, the naturalness and relative
indicator values of the higher plants in the Hungarian flora. Acta
Botanica Hungarica, 39, 97-182.

Borhidi, L.A., Kevey, B. & Lendvai, G. (2012) Plant communities of Hungary.
Budapest: Akadémiai Kiado.

Burgess, R.L. & Sharpe, D.M. (1981) Forest island dynamics in man domi-
nated landscapes. New York: Springer.

Chytry, K., Willner, W., Chytry, M., Divisek, J. & Dullinger, S. (2022a)
Central European forest-steppe: an ecosystem shaped by climate,
topography and disturbances. Journal of Biogeography, 49, 100-
1020. https://doi.org/10.1111/jbi.14364

Chytry, K., ProkeSov4, H., Duchon, M., Grulich, V., Chytry, M. & Divisek,
J. (2022b) Substrate associated biogeographical patterns in the
north-western Pannonian forest-steppe. Preslia, 94, 215-232.
https://doi.org/10.23855/preslia.2022.215

Chytry, M. (Eds.). (2007) Vegetace Ceské republiky 1. Travinnd a kefi¢kovd
vegetace [Vegetation of the Czech Republic 1. Grassland and heathland
vegetation] (in Czech). Praha: Academia.

Chytry, M. (2012) Vegetation of the Czech Republic: diversity, ecology,
history and dynamics. Preslia, 84, 427-504.

Chytry, M., Tichy, L., Dfevojan, P., Sadlo, J. & Zeleny, D. (2018) Ellenberg-
type indicator values for the Czech flora. Preslia, 90, 83-103.
https://doi.org/10.23855/preslia.2018.083

De Frenne, P., Zellweger, F., Rodriguez-Sanchez, F., Scheffers, B.R.,
Hylander, K., Luoto, M. et al. (2019) Global buffering of tempera-
tures under forest canopies. Nature Ecology and Evolution, 3, 744-
749. https://doi.org/10.1038/s41559-019-0842-1

Dierschke, H. (1974) Saumgesellschaften im Vegetations- und
Standortsgefille an Waldrdndern. Gottingen: Goltze.

Erdés, L., Gallé, R., Batori, Z., Papp, M. & Kérmdoczi, L. (2011) Properties
of shrubforest edges: A case study from South Hungary. Central
European Journal of Biology, 6, 639-658. https://doi.org/10.2478/
s11535-011-0041-9

Erdés, L., Zalatnai, M., Batori, Z. & Kérmdczi, L. (2014) Transitions be-
tween community complexes: A case study analysing gradients

§ Journal of Vegetation Science m
through mountain ridges in South Hungary. Acta Botanica Croatica,
73, 63-77. https://doi.org/10.2478/botcro-2013-0009

Erdés, L., Ambarli, D., Anenkhonov, O.A., Batori, Z., Cserhalmi, D., Kiss,
M. et al. (2018) The edge of two worlds: A new review and synthe-
sis on Eurasian forest-steppes. Applied Vegetation Science, 21, 345-
362. https://doi.org/10.1111/avsc.12382

Erdés, L., Krstonosi¢, D., Kiss, P.J., Batori, Z., Télgyesi, C. & Skvorc, Z.
(2019) Plant composition and diversity at edges in a semi-natural
forest-grassland mosaic. Plant Ecology, 220, 279-292. https://doi.
org/10.1007/s11258-019-00913-4

Fajmonova, Z., Hajkova, P. & Hajek, M. (2020) Soil moisture and a
legacy of prehistoric human activities have contributed to the
extraordinary plant species diversity of grasslands in the white
Carpathians. Preslia, 92, 35-56. https://doi.org/10.23855/presl|
ia.2020.035

Falinski, J.B. (1986) Vegetation dynamics in temperate lowland primeval for-
ests. Dordrecht: Dr W. Junk.

Fekete, G., Kirdly, G. & Molnar, Z. (2016) Delineation of the Pannonian
vegetation region. Community Ecology, 17, 114-124. https://doi.
org/10.1556/168.2016.17.1.14

Fischer, F.M., Chytry, K., Té&sitel, J., Danihelka, J. & Chytry, M. (2020)
Weather fluctuations drive short-term dynamics and long-term sta-
bility in plant communities: A 25-year study in a central European
dry grassland. Journal of Vegetation Science, 31, 711-721. https://
doi.org/10.1111/jvs.12895

Futdk, J. (1988) Flora Slovenska. 1. Bratislava: Veda.

Gonschorrek, J. (1977) Aushagerungserscheinungen im Luzulo-Fagetum
des Wesergebirges. In: Dierschke, H. (Ed.) Vegetation und Klima.
Vaduz: Cramer, pp. 117-125.

Hais, M., Chytry, M. & Horsak, M. (2016) Exposure-related forest-steppe:
A diverse landscape type determined by topography and climate.
Journal of Arid Environments, 135, 75-84. https://doi.org/10.1016/j.
jaridenv.2016.08.011

Hegediisova Vantarova, K. & Skodova, I. (2014) Rastlinné spolocen-
stvd Slovenska. 5. Travinno-bylinnd vegetdcia [Plant communities of
Slovakia. 5. Grassland vegetation] (in Slovak). Bratislava: Veda.

Hroudova, Z. & Prach, K. (1986) Vegetational changes on permanent
plots in a steppe community. Preslia, 58, 55-62.

Jakucs, P. (1970) Bemerkungen zur Saum-Mantel Frage. Vegetatio, 21,
29-47.

Jakucs, P. (1972) Dynamische Verbindung der Wdlder und Rasen. Budapest:
Akadémiai Kiado.

Kaplan, Z., Danihelka, J., Chrtek, J., Jr., Kirschner, J., Kubat, K., Stech, M.
et al. (2019) Kli¢ ke kvétené Ceské republiky [Key to the flora of the
Czech Republic] (in Czech). Praha: Academia.

Karger, D.N., Conrad, O., Béhner, J.,, Kawohl, T., Kreft, H., Soria-
Auza, RW. et al. (2017) Climatologies at high resolution for the
earth's land surface areas. Scientific Data, 4, 170122. https://doi.
org/10.1038/sdata.2017.122

Kent, M., Gill, W.J., Weaver, R.E. & Armitage, R.P. (1997) Landscape and
plant community boundaries in biogeography. Progress in Physical
Geography, 21, 315-353. https://doi.org/10.1177/0309133397
02100301

Klinkovska, K. (2022) Vysokobylinnd vegetace jihomoravské lesostepi
[Tall-herb vegetation of the south Moravian forest-steppe] (in Czech).
Master thesis, Masaryk University, Brno.

Leopold, A. (1933) Game management. Wisconsin: University of
Wisconsin Press.

Liu, H., He, S., Anenkhonov, O.A., Hu, G., Sandanov, D.V. & Badmaeva,
N.K.(2012) Topography-controlled soil water content and the coex-
istence of forest and steppe in northern China. Physical Geography,
33, 561-573. https://doi.org/10.2747/0272-3646.33.6.561

Lloyd, K.M., McQueen, A.A.M., Lee, B.J.,, Wilson, R.C.B., Walker, S. &
Wilson, J.B. (2000) Evidence on ecotone concepts from switch,


https://orcid.org/0000-0003-4113-6564
https://orcid.org/0000-0003-4113-6564
https://orcid.org/0000-0002-1644-2140
https://orcid.org/0000-0002-1644-2140
https://orcid.org/0000-0002-3758-5757
https://orcid.org/0000-0002-3758-5757
https://orcid.org/0000-0002-8122-3075
https://orcid.org/0000-0002-8122-3075
https://orcid.org/0000-0002-5127-5130
https://orcid.org/0000-0002-5127-5130
https://doi.org/10.2307/3236115
https://doi.org/10.1111/j.1654-1103.2004.tb02231.x
https://doi.org/10.1016/j.ecolind.2015.04.012
https://doi.org/10.1016/j.ecolind.2015.04.012
https://doi.org/10.1111/j.1654-109X.2012.01191.x
https://doi.org/10.1016/j.ecolmodel.2008.04.010
https://doi.org/10.1111/jbi.14364
https://doi.org/10.23855/preslia.2022.215
https://doi.org/10.23855/preslia.2018.083
https://doi.org/10.1038/s41559-019-0842-1
https://doi.org/10.2478/s11535-011-0041-9
https://doi.org/10.2478/s11535-011-0041-9
https://doi.org/10.2478/botcro-2013-0009
https://doi.org/10.1111/avsc.12382
https://doi.org/10.1007/s11258-019-00913-4
https://doi.org/10.1007/s11258-019-00913-4
https://doi.org/10.23855/preslia.2020.035
https://doi.org/10.23855/preslia.2020.035
https://doi.org/10.1556/168.2016.17.1.14
https://doi.org/10.1556/168.2016.17.1.14
https://doi.org/10.1111/jvs.12895
https://doi.org/10.1111/jvs.12895
https://doi.org/10.1016/j.jaridenv.2016.08.011
https://doi.org/10.1016/j.jaridenv.2016.08.011
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1177/030913339702100301
https://doi.org/10.1177/030913339702100301
https://doi.org/10.2747/0272-3646.33.6.561

CHYTRY ET AL.

10 0f 10
4|— Journal of Vegetation Science \\}t

environmental and anthropogenic ecotones. Journal of Vegetation
Science, 11, 903-910. https://doi.org/10.2307/3236560

tuczaj, t. & Sadowska, B. (1997) Edge effect in different groups of organ-
isms: vascular plant, bryophyte and fungi species richness across a
forest-grassland border. Folia Geobotanica & Phytotaxonomica, 32,
343-353. https://doi.org/10.1007/BF02821940

Luzuriaga, A.L., Gonzales, J.M. & Escudero, A. (2015) Annual plant com-
munity assembly in edaphically heterogeneous environments.
Journal of Vegetation Science, 26, 866-875. https://doi.org/10.1111/
jvs.12285

Matuszkiewicz, W. (2007) Przewodnik do oznaczania zbiorowisk roslinnych
Polski [Key to identification of plant communities of Poland], 3rd edi-
tion (in Polish). Warszawa: Wydawnictwo Naukowe PWN.

Mezési, G. (2017) The physical geography of Hungary. Cham: Springer.
https://doi.org/10.1007/978-3-319-45183-1

Michalcova, D. (2016) Spatial distribution of small scale vegetation diversity
in the landscape. PhD thesis, Masaryk University, Brno.

Mucina, L. (2019) Biome: evolution of a crucial ecological and biogeo-
graphical concept. New Phytologist, 222, 97-114. https://doi.
org/10.1111/nph.15609

Mucina, L., Grabherr, G. & Ellmauer, T. (Eds.) (1993) Die
Pflanzengesellschaften Osterreichs. Teil I. Jena: Gustav Fischer Verlag.

Mucina, L., Biltmann, H., DierRen, K., Theurillat, J.-P., Raus, T., Carni,
A. et al. (2016) Vegetation of Europe: hierarchical floristic classifi-
cation system of vascular plant, bryophyte, lichen, and algal com-
munities. Applied Vegetation Science, 19, 3-264. https://doi.org/
10.1111/avsc.12257

Miller, T. (1962) Die Saumgesellschaften der Klasse Trifolio-
Geranietea sanguinei. Mitteilungen der Floristisch-Soziologischen
Arbeitsgemeinschaft, 9, 95-140.

Odum, E.P. (1971) Fundamentals of ecology, 3rd edition. Philadelphia: W.
B. Saunders Co.

Oksanen, J., Blanchet, F. G, Friendly, M., Kindt, R., Legendre, P., McGlinn,
D. et al. (2019). Vegan: community ecology package. https://cran.r-
project.org/package=vegan

R Core Team. (2022) R: A language and environment for statistical com-
puting. Vienna: R Foundation for Statistical Computing. https://
www.R-project.org/

Risser, P.G. (1995) The status of the science examining ecotones.
Bioscience, 45, 318-325. https://doi.org/10.2307/1312492

Rolecek, J., Vild, O., Sladky, J. & Repka, R. (2017) Habitat requirements
of endangered species in a former coppice of high conservation
value. Folia Geobotanica, 52, 59-69. https://doi.org/10.1007/s1222
4-016-9276-6

Rorison, I.H., Sutton, F. & Hunt, R. (1986) Local climate, topography and
plant growth in Lathkill dale NNR. I. A twelve-year summary of

solar radiation and temperature. Plant, Cell and Environment, 9, 49-
56. https://doi.org/10.1111/1365-3040.ep11612961

Senft, A. R. (2009) Species diversity patterns at ecotones. Master thesis,
The University of North Carolina at Chapel Hill, Chapel Hill.

Slavikova, J. (1983) Ecological and vegetational differentiation of a solitary
conic hill. Praha: Academia.

Sile, G., Balogh, J., Féti, S., Gecse, B. & Kérmdczi, L. (2020) Fine-scale
microclimate pattern in forest-steppe habitat. Forests, 11, 1078.
https://doi.org/10.3390/f11101078

Tolgyesi, C., Zalatnai, M., Erdés, L., Batori, Z., Hupp, N.R. & Kérméczi, L.
(2015) Unexpected ecotone dynamics of a sand dune vegetation
complex following water table decline. Journal of Plant Ecology, 9,
rtv032. https://doi.org/10.1093/jpe/rtv032

Tutin, T.G., Heywood, V.H., Burges, N.A., Moore, D.M., Valentine,
D.H., Walters, S.M. et al. (1964-1993) Flora Europaea. Volume 1-5.
Cambridge: Cambridge University Press.

Westhoff, V. & van der Maarel, E. (1978) The Braun-Blanquet approach.
In: Whittaker, R.H. (Ed.) Classification of plant communities. Hague:
Dr W. Junk, pp. 287-399.

Wickham, H. (2017) tidyverse: Easily Install and Load the “Tidyverse.”
https://cran.r-project.org/package=tidyverse

Wiegand, K., Saltz, D. & Ward, D.(2006) A patch-dynamics approach to sa-
vanna dynamics and woody plant encroachment - Insights from an
arid savanna. Perspectives in Plant Ecology Evolution and Systematics,
7,229-242. https://doi.org/10.1016/j.ppees.2005.10.001

Willner, W., Sauberer, N., Staudinger, M., Grass, V., Kraus, R., Moser, D.
et al. (2013) Syntaxonomic revision of the Pannonian grasslands
of Austria - part Il: Vienna woods (Wienerwald). Tuexenia, 33,
421-458.

Wilson, J. & Agnew, A. (1992) Positive-feedback switches in plant com-
munities. Advances in Ecological Research, 23, 263-336. https://doi.
org/10.1016/50065-2504(08)60149-X

How to cite this article: Chytry, K., ProkeSova, H., Duchon,
M., Klinkovska, K., Novak, P. & Chytry, M. et al. (2022)
Ecotones in Central European forest-steppe: Edge effect
occurs on hard rocks but not on loess. Journal of Vegetation
Science, 33, €13149. Available from: https://doi.org/10.1111/
jvs.13149



https://doi.org/10.2307/3236560
https://doi.org/10.1007/BF02821940
https://doi.org/10.1111/jvs.12285
https://doi.org/10.1111/jvs.12285
https://doi.org/10.1007/978-3-319-45183-1
https://doi.org/10.1111/nph.15609
https://doi.org/10.1111/nph.15609
https://doi.org/10.1111/avsc.12257
https://doi.org/10.1111/avsc.12257
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.2307/1312492
https://doi.org/10.1007/s12224-016-9276-6
https://doi.org/10.1007/s12224-016-9276-6
https://doi.org/10.1111/1365-3040.ep11612961
https://doi.org/10.3390/f11101078
https://doi.org/10.1093/jpe/rtv032
https://cran.r-project.org/package=tidyverse
https://doi.org/10.1016/j.ppees.2005.10.001
https://doi.org/10.1016/S0065-2504(08)60149-X
https://doi.org/10.1016/S0065-2504(08)60149-X
https://doi.org/10.1111/jvs.13149
https://doi.org/10.1111/jvs.13149

	Ecotones in Central European forest–­steppe: Edge effect occurs on hard rocks but not on loess
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study sites
	2.2|Data collection
	2.3|Data analysis

	3|RESULTS
	4|DISCUSSION
	4.1|Edge effects
	4.2|Concept of ecotonal vegetation types

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


