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Preface to ”Spatial Heterogeneity of Forest-Steppes”

Situated between the closed-canopy forests and the open steppes, forest-steppes feature a highly

complex mosaic of woody and herbaceous habitats. Though forest-steppes exits in North and

South-America, the largest forest-steppes are found in Eurasia, where they extend as an almost

continuous belt from the Carpathian Basin in Eastern Central Europe to the Far East in China

and Russia. Despite its tremendous biogeographical, ecological and even economic importance,

the forest-steppe zone has received surprisingly little scientific attention. As forest-steppe landscapes

are composed of a high variety of different forest, scrub and grassland communities and the

ecotones among them, spatial heterogeneity is a key issue if we are to understand how forest-steppe

ecosystems work and how they may react to environmental changes at the local, regional, and

global scales.

Forest-steppes exist in a transitional semi-humid to semi-arid climate that enables the

long-term coexistence of forests and grasslands, as these have roughly equal chances to develop.

The competition outcome at every given site depends on minor differences in terrain, soil and

microclimate characteristics. Once established, grassland species probably modify the environment

to favor the continued existence of the grassland patch, while trees and shrubs support the persistence

of woody vegetation. This seems to stabilize forest-steppe mosaics, though modifications in climate,

herbivore pressure or fire frequency and intensity may alter the balance. Unfortunately, it is not

known how strong these feedbacks are, thus we do not know if and where the current patterns are

able to resist natural and anthropogenic changes.

Forest-steppes host exceptional taxonomic diversity from local to landscape to regional scales.

In addition, they harbor a large number of rare, nationally protected, and internationally threatened

species. Moreover, the functional diversity of forest-steppes is very high, with a large variety of

life-forms.

Forest-steppes provide us with a number of vital ecosystem services, including a large carbon

sequestration capacity, protection from soil erosion, and aesthetic value.

Unfortunately, large forest-steppe areas, especially in the most populous regions, have been

destroyed and replaced with (mostly non-native) tree plantations or arable fields, while the

remaining near-natural areas are threatened by the spread of invasive species, fragmentation,

and overexploitation. Thus, preserving forest-steppe ecosystems presents a great challenge to

conservationists. May we hope that a better understanding of this unique ecosystem will contribute

to its more efficient conservation.

Laszlo Erdos

Editor
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Abstract: Microclimate and vegetation architecture are interdependent. Little information is available,
however, about the fine-scale spatio-temporal relationship between the microclimate and herb layer
of forest-steppe mosaics. In 2018 a three-season-long vegetation sampling and measurements of air
temperature and air humidity were performed along 4 transects (44 m long each) in the herb layer
with 89 dataloggers in the sandy region of Central Hungary, in a poplar grove and the surrounding
open grassland. In order to improve data analysis, we introduced the use of a duration curve widely
used in hydrology and proved to be useful in the processing of intensive climatic data. We analysed
the effect of the direction and altitude of the solar irradiation and the edge effect on the microclimatic
pattern. We also surveyed, seasonally, the spatial pattern of the exceedance rate for the vapour
pressure deficit (VPD) in relation to the transect direction and to the edge of the grove. The exceedance
rate for the VPD indicated considerable seasonal differences. The VPD exceedance rate indicates
the stress effect for the vegetation. The moderating effect of the grove was small at 1.2 kPa VPD,
but at 3.0 kPa—stronger stress—it was considerable. On the warmer side of the transects, mostly
exposed at the south-eastern edge, the exceedance rate rose abruptly with distance from the edge
compared to the gradual increase on the colder side. The cardinal and intercardinal directions as
well as the altitude of the Sun all had influences on the moderating and shading effects of the grove.
The southern edge was not always consistently the warmest. The distribution of the VPD values
above the 3.0 kPa threshold varied within a seemingly homogeneous grassland, which highlights
the importance of fine-scale sampling and analysis. This knowledge is valuable for assessing the
dynamics and spatio-temporal patterns of abiotic factors and physiognomy in this type of ecosystem.

Keywords: duration curve; forest steppe; sensor network; spatio-temporal microclimate pattern;
temperature–humidity data logger; vapour pressure deficit

1. Introduction

Climate change is expected to have a major impact on long-term community dynamics worldwide.
Among other things, the global temperature increase and extreme weather events have a significant
impact on the structure of forest ecosystems and also on the dynamics of environmental factors in forest
patches and nearby open areas [1–3]. Habitats with different attributes (e.g., vegetation physiognomy
and plant species composition) may respond differently to the changes, depending on their sensitivity
and resilience. Transition zones could be sensitive habitats, where the structures of two different
vegetation types have significant effects on each other, while their strong biotic and abiotic relationships

Forests 2020, 11, 1078; doi:10.3390/f11101078 www.mdpi.com/journal/forests1
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determine the dynamics of the vegetation [4]. Typical transition zones are forest fragments, which,
in many cases, are human-induced [5].

Studies about fragmented habitats have mainly focused on the effects of the surrounding open
areas around the forest fragments [6–8]. However, there are naturally fragmented vegetation types,
such as forest-steppe habitats in Central Hungary. In the case of this sandy forest-steppe vegetation,
the fragmented structure has a natural origin. In this habitat, natural drying processes have been
observed for decades [9,10], inhibiting the growth of woody vegetation. In addition to these processes,
the seeds of tree species in this habitat can only germinate in depressions with ideal topographic
conditions where a sufficient amount of water can accumulate. However, these seedlings can rarely
develop into even loosely closed tree groups. Thus, the succession dynamics in a sandy-forest-steppe
habitat are rather slow due to the vegetation edges, where the strong abiotic differences between the
grassland and the fragment prevent forest expansion and development [10]. The sandy forest-steppe
is a vegetation type that is in danger of total extinction in the near future due to the aridification in the
Pannonian region [11]. Thus, improving our knowledge of this type of ecosystem is important for
understanding the dynamics of abiotic and biotic factors in transition zones. Therefore, it is important
to examine the effect of smaller groups of trees and larger forest patches on the surrounding grassland
matrix where an edge effect is observed [12–14].

Among the environmental factors that characterize a habitat, the microclimate strongly influences
the growth and distribution of plant species [15–18]. The most important microclimatic components that
are usually examined included the air temperature, air humidity, wind force, and solar radiation [4,16].
In a study by Lin and Lin [19], environmental measurements showed that solar radiation and wind
velocity had significant opposite effects on air temperature in urban vegetation. The intensity of solar
radiation had a positive effect, while wind velocity had a negative effect. Thus, the cooling effect of
woody vegetation is highly dependent on these factors. Hence, temperature and humidity are the main
variables, from which we can also obtain the vapour pressure deficit [4,20,21]. The vapour pressure of
the air in the forest and in the open areas would be similar if the vapour pressure deficit and relative
humidity were determined by the air temperature. The difference in the air temperature causes the
differences between the relative humidity of open and canopy-covered areas [17,22,23]. The vapour
pressure deficit (VPD) can be an important limiting factor in plant growth because conditions with
above-threshold values can be considered stressful. Under conditions with above-threshold values,
photosynthetic CO2 uptake is strongly limited due to stomatal closure to prevent water loss [5,22,24,25].

These variables are also closely related to each other and are influenced by aspects of the vegetation
structure such as the height, canopy cover, species composition, etc. [1,26]. The canopy cover directly
influences the below-canopy and nearby microclimate, decreasing the solar radiation energy reaching
the surface during the day while retaining outgoing longwave radiation during the night [1,26,27]. In an
Atlantic forest fragment, the transient nature of the edge was observed by microclimate measurements,
where the air temperature at the edge was higher than in the forest interior, while the relative humidity
was lower [27]. This transient nature was also reported in a Douglas-fir forest in the U.S. [13].
Therefore, the forested areas heat up less during daytime and cool down less during night-time. In the
UK, in a study of a semi-natural temperate forest, the air temperature in the forest was lower than
that of the grassland and decreased from the canopy to the understory on a sunny summer day.
The largest difference in air temperature between these two different areas was approximately 3 ◦C [12].
These microclimatic differences between open and canopy-covered areas may be much larger and
more relevant, depending on the geographical location and physiognomy of the vegetation studied.
Thus, little information is available about the spatio-temporal relationship between the microclimate
components, the vegetation structure and ecosystem functioning in fragmented vegetations, although
this knowledge is important for understanding the ecological functioning of forest ecosystems.

The edge effect is the microclimatic or vegetation structural difference between the forest edge
and the interior of the forest [5]. The size of the forest patch considerably influences the extent of the
edge effect and the difference between the forest interior and peripheral areas such as nearby open

2



Forests 2020, 11, 1078

grassland [4,14]. According to Murcia’s review [14], there are three types of edge effects on the forest
fragments. The first one is the abiotic effect, in which a change in the environmental conditions will
create a habitat matrix with physical conditions different from the forest (e.g., differences in structural
complexity and biomass). The two factors influencing the abiotic effects include the physiognomy and
orientation. The second is the direct biological effect, in which there is a change in the abundance and
distribution of species in the edge area because of differences in species tolerances. This is due to the
sudden changes in the physical conditions in the edges, which may increase the tree mortality caused
by wind force (wind throw) or by fire. This will lead to a change in species composition. The third
is the indirect biological effect: alterations in species interactions, such as competition, predation,
pollination, etc.

The stages of natural succession modify the edges during the development time; therefore,
fluctuations in the distribution of plant species can be observed [28–30]. The current vegetation pattern
corresponds to the present environmental conditions. The duration of the study is a very important
parameter for such research topics, and also, the scale of sampling is relevant, but fine-scale studies
are very rare [31]. Most studies about forest fragments and transition zones have used large-scale
resolutions with a minimum of 20–50 m intervals between the measurement points, and the vegetation
sampling has usually consisted of random, non-contiguous plots. As a result, information on fine-scale
vegetation patterns is lost, and significant microclimatic differences may not be detected in the transition
zone [5,13,20]. The fine-scale resolution with a sensor network helps to explore small-but-significant
differences within the vegetation [31].

The main goal of this article was to assess the relationship between the microclimate and the
microcoenological structure of the herb layer and to describe the microclimate-modifying effect of a
grove in a sandy forest-steppe habitat. In three phenological stages of the one-year-long vegetation
period, we analysed the air vapour pressure deficit (VPD) and plant species composition of the herb
layer in four intersecting transects with different cardinal directions through a group of trees. The air
temperature and humidity were measured in the herb layer at a fine spatial and temporal scale with
89 devices during the measurement campaigns, and 350 microcoenological relevés were made per
season. We hypothesized that the VPD-modifying effect of the grove would gradually decrease in
all directions away from the edge. We also assumed that the spatial microclimate patterns did not
differ from season to season, that only the intensity of the modifying effect changed. The response
of vegetation to the microclimate pattern was quantified according to the distribution of ecological
indicator values. Our third hypothesis was that the coenological and indication structure of the
herb layer differed only between the grove and the open areas and they were homogeneous in the
open grassland.

2. Materials and Methods

2.1. Study Area

Our study site (Figure 1) was situated in Central Hungary (Fülöpháza region of the Kiskunság
National Park; 46◦53′28.18′′ N 19◦24′46.91′′ E., 107 m a.s.l.). Throughout history, this region has
been heavily cultivated, and quicksand was stopped by afforestation with invasive tree species.
These processes destroyed much of the sandy forest-steppe habitat and gave space to both woody and
herbaceous invasive species [10,32]. Natural forests have remained in the landscape in relatively small
patches, and the sandy grasslands have, in many cases, been regenerated by secondary succession.
Thus, the maintenance and restoration of the remaining natural areas is extremely important in
this region. This habitat is characterized by a semi-desert climate, well indicated by the xerophytic
dominant grass species, which, in the primary grasslands, are Festuca vaginata Waldst. & Kit. ex Willd.
or Festuca rupicola Heuff., while the secondary grasslands contain mostly Bromus tectorum L. and
Secale sylvestre Host. The dominant tree species in the natural forests are Populus alba L. or Quercus
robur L., while the forest plantations are mostly dominated by Robinia pseudoacacia L. or Pinus nigra
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J.F. Arnold [32]. A grove of poplar (Populus alba) and the surrounding grassland were selected for this
study. Measurements of microclimate components and vegetation sampling were performed in four
intersecting transects (44 m long each) with different cardinal directions, forming, together, a star-shape
sampling arrangement with the group of trees in the middle. The diameter of the tree group was 15 m
on average.

 

Figure 1. Study site (a) and relief map with the indication of the grove (b). Coordinates refer to the
Hungarian Unified National Projection System. There were 89 measurement positions (4 × 22 positions
in the four transects and the centre as position 12 in all transects). White dashed line: visual tree edge.
Black dashed lines: the position and extent of individual shrubs and poplar sprouts.

2.2. Microclimate Measurements

Air temperature and air humidity were measured in the herb layer with a sensor network for
48 h (1-min resolution) during three measurement campaigns in different phenological stages of the
vegetation in 2018 (May, July, and October). The data loggers were placed 20 cm above the soil surface,
at the average height of the herbaceous vegetation, along the transects in 2 m intervals (23 measuring
positions in each transect). The Crossbow MICA XM2110CA mote (Crossbow Technology Inc., Milpitas,
CA, USA), UNI-T UT330B Mini USB Temperature Humidity logger (UNI-TREND Technology Co. Ltd.,
Guangdong, China), and Voltcraft DL-120TH USB Temperature Humidity logger (Voltcraft, Hirschau,
Bavaria, Germany) were used in a sensor network, including 89 dataloggers altogether. The sensors
were shielded with a white plastic plate to avoid solar radiation heating. Before the measurements,
the sensors were calibrated. We selected precipitation-free measurement periods, but the sky was
cloudy during the observation in May. The main changes in the weather were recorded (e.g., clouds’
shading and movement). The location of the visual edges of the grove, the positions of bushes and
trees in the surrounding area, and the shadow of the grove were also recorded.

2.3. Vegetation Sampling

Vegetation data were also collected along the transects. Microcoenological relevés were recorded
in 0.5 m × 0.5 m contiguous plots in each season in parallel with the micrometeorological measurements.
Plant names and indicator values (TZ temperature requirement; WZ moisture requirement elaborated
by Zólyomi in Table S1) were used according to FLORA Database 1.2. These ecological indicator values
quantify the environmental optimums for plant species based on their occurrences in natural habitats.
Lower indicator values mean lower temperature and moisture requirements, while higher values mean
higher requirements [33].
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2.4. Vapour Pressure Deficit and Duration Curve Method

The vapour pressure deficit was computed from the relative air humidity (RH) and air temperature
(t) according to the formula developed by Bolton [21]:

VPD = (100−RH) × 6.112× eˆ(17.67× t/(t + 234.5)) (1)

with t in ◦C, RH in %, and VPD in Pa.
In hydrology, the “flow duration curve” is a widely used method for detecting the rate of

occurrence of values for a variable above a certain critical limit (flooding degree in hydrology). With the
help of this method, one can identify the duration of a flood, which means the number of days flooded
during the current period [34,35]. Since micrometeorological data are large sets of fluctuating time
series, similar to the hydrological data, we consider the duration curve to be a promising tool for the
analysis of temperature, humidity, or vapour pressure deficit data in plant ecological studies. Our data
have a diurnal cycle and may be of any temporal resolution. Our study focused primarily on the
derived data, such as the percentage of the VPD values above an appropriate threshold (1.2 or 3.0 kPa)
over a 24-h period (exceedance rate) that can indicate the microclimatic conditions of the vegetation.
A VPD duration curve (DC) was constructed from a 24-h period of records, from 12:00 to 12:00 in each
measuring position. The DC of one variable was created by sorting all the data in descending order.
Thus, the rank of the highest value was 1, while that of the smallest was n (number of measurements).
The ordered data can be plotted to show the DC, where the relative order (e.g., percentage) on the
X-axis reflects the exceedance probability for a particular value of the variable on the Y-axis (e.g.,
the vapour pressure deficit at one measuring position), indicating the percentage of time a given
value was equalled or exceeded over the measurement period. The tendency of the curve shows the
relationship between the exceedance probabilities and the examined variable. This graph is called a
period-of-record DC. Based on this method, the exceeded values can be easily determined over the
measurement period [34,36].

2.5. Data Processing

Data processing was carried out on the temperature and humidity data recorded at a per-minute
frequency; during 2018, altogether, more than 1,200,000 records were processed. A 24-h recording period
was used to calculate the VPD and VPD exceedance rates (%) for each measurement position between
12:00 and 12:00. Statistical evaluation was performed in R [37]: VPD calculation, the spline interpolation
of spatial plots (akima package) [38], principal coordinate analysis (PCoA; vegan package) [39], boxplots
(calculation of average, median, min, and max), and data visualization (ggplot2 package) [40].

The principal coordinate analysis (PCoA) ordinations were made based on microcoenological
data and the DCs of VPD values. In the latter case, the ordination was practically performed on the
quantiles of the VPD (1% resolution). Spatial maps were generated by spline interpolation to plot the
VPD data for the whole study site. The interpolation error can be smaller in this case than that when
using other interpolations [41].

3. Results

The distribution of the VPD values originating from 89 locations (4 × 22 positions in the four
transects and the centre position) representing three seasons is illustrated by boxplots (Figure 2).
The visually identified edges of the grove are also marked in the figures to identify the below-canopy
area, the edges, and the open areas. In the figures, the left sides represent the colder sides and the right
sides, the warmer ones, as determined by the irradiation and shadow patterns (cardinal directions).

During a 24-h period, differences between the grassland, edge, and below-canopy areas can be
determined based on the vapour pressure deficit. The below-canopy VPD values were consistently
lower than the edge or grassland VPD values. Except for the summer measurements, the below-canopy
local average VPD values were lower than the threshold. The differences between the local averages
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and the threshold were considerable in the grassland, mostly in July. The medians of the values were
very low in May and October, whereas in July, the median was mostly above the threshold. In July,
the median and mean values of the below-canopy positions were very similar to each other and to the
threshold. These three derivatives did not differ considerably from one another during the summer
measurements (Figure 2).

Figure 2. Boxplots of vapour pressure deficit (VPD) values from 24-h periods of three measurement
campaigns according to the cardinal directions. Blue dashed vertical lines: visual tree edges;
green horizontal lines: VPD threshold (1.2 kPa); red lines: local averages.

The pattern of micrometeorological parameters was determined by the exposure and the position
(distance) to the grove in each season. As with temperature fluctuations, the range of VPD was
significantly smaller within the grove than in the open area. In the edges, we observed a special
behaviour of the VPD: in the warmer edge, which was more exposed to irradiation, the values were
higher with a more abrupt rise than in the open area. On the colder side of the transects, this elevated
VPD did not occur at the edges, and the deficit increased more smoothly with distance from the
tree group.

The durations of the values being over the thresholds provide important information about the
spatio-temporal pattern of the VPD. Figure 3 compares the DCs of the two ends, the edges, and the
centre of the SE–NW (Southeast–Northwest) transect for the three measurement periods. Among the
four transects, the difference in the effect of the exposure was the most pronounced in this one, but the
behaviour of the other three transects was similar. In terms of the stress threshold (1.2 kPa) exceedance
rates, the summer patterns differed significantly from the spring and autumn. The exceedance rates
ranged from 29% to 41% in May, from 52% to 60% in July, and from 22% to 36% in October. In terms of
VPD distribution, however, further groupings emerged. The distributions of the values measured in
the middle of the grove showed relatively small seasonal differences, with longer but not stronger
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exceedance rates measured during the summer. The exceedance rates were 29% in May, 52% in
July, and 29% in October. Although the exceedance rate for 1.2 kPa showed a small variation in
each measurement period, the intensity of the exceedance already differed significantly between
the individual measurement positions. The duration curves of both the end-of-transect and edge
measurement series ran close to each other in each period, but their distributions differed significantly.
The maxima of the end-of-transect and edge series for the spring and summer measurements were in the
range of 8–11 kPa, and the others were in the range of 3–5 kPa. The spring and summer measurement
series ran close together, except for the summer end-of-transect (open grassland) measurement series
(Figure 3). The VPDs of the latter two series of measurements, on the other hand, were well above the
others, with a more-than-45% exceedance rate with respect to 3.0 kPa, while the rates for the others
were below 25%. Above 2.5 kPa, the variability of the exceedance rates began to increase in all transects;
therefore, we examined the exceedance at 3.0 kPa as well (Figures 3 and 4b). The exceedance rates
with respect to 3.0 kPa ranged from 1% to 25% in May, from 6% to 53% in July, and from 1% to 16%
in October.

The exceedance rate of the autumn values with respect to the stress threshold did not differ
significantly from that of the spring values of cloudy weather, but despite the sunny and warm daytime
weather, the distributions above the critical limit were completely different. The maximum values did
not exceed 5 kPa, and they were only slightly higher than the values below canopy.

Figure 3. VPD duration curves for the SE–NW transect from three 24-h measurement periods.
Blue dashed line indicates the 1.2 kPa physiological threshold; black dashed line indicates 3.0 kPa
threshold, above which the exceedance rates significantly diversified.

The exceedance rate with respect to the threshold of 1.2 kPa calculated from the VPD DCs also
showed seasonal variability (Figure 4a). In each of the three measurement periods, at least 20% of the
values were above the threshold. In the spring and autumn measurements, the exceedance rate was
20–45%, while in the summer period, it was 48–62%. Spring and autumn did not differ significantly
from each other. The below-canopy exceedance rate was balanced and tended to be low, but the
exceedance rate varied more across open areas. We also found differences in the VPD exceedance
rate between the opposite ends of the transects. Choosing 3.0 kPa as the threshold value for the
exceedance rate, the curves show a stronger difference between the areas in the opposite edges of the
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grove (Figure 4b). On sunny days, on the colder side, the lower values were even more pronounced
when the Sun was at a lower altitude (October) at noon, with, sometimes, a 0–10% duration of values
being above 3.0 kPa, as opposed to a 25–30% duration on the warmer side (Figure 5).

Figure 4. Exceedance (duration) (%) for VPD values above 1.2 kPa (a) and VPD values above 3.0 kPa
(b) from 24-h period of three measurement periods; the left sides of the positions are the “cold” ends
(W, NW, N, and NE), the right sides are the “warm” ends (E, SE, S, and SW), and the blue arrows are
the centres of the transects.

Figure 5. Exceedance rates for VPD values with respect to 1.2 kPa (top panels: (a,b)) and 3.0 kPa (lower
panels: (c,d)) from 24-h period of three measurement periods; (a,c): edge positions; (b,d): grassland
end positions.
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There were no remarkable differences among (all of) the edges during the spring measurements.
In the case of the exceedance rate for the VPD values with respect to 1.2 kPa (Figure 5a,b), in the edges,
the highest values always occurred on the eastern and south-eastern side, as well as in the grassland
end positions, except for in October. In the edges, an increasing tendency could be observed from west
to south-east, followed by a remarkable decreasing trend from south to west, although these trends did
not appear in the case of grassland end positions. The values in the grassland varied during the three
measurement periods. However, in the case of the exceedance rate of the VPD values with respect to
3.0 kPa (Figure 5c,d), the tendency was quite different in the edges. In the NW (Northwest), N (North),
and NE (Northeast) edges, the exceedance rate was 0% with respect to 3.0 kPa. This tendency was also
observed in May and July, but the fall was not as strong as in the October data.

Depending on the weather conditions, the spatial pattern of the exceedance rate (Figure 6) also
varied. At the 3.0 kPa threshold, the microclimatic differences among the three seasons were striking;
the high VPD displayed the areas with consistently highly stressful conditions. In each of the three
measurement periods, the below-canopy positions had lower values, but the values of the edges and
the surrounding grassland were varied. There was only a slight difference between the open areas
on the different sides of the tree group (Figure 6a). In October (Figure 6c), the transition between the
warmer (E–SE (East–Southeast)) and colder (W–NW (west– Northwest)) sides was more gradual than
in July (Figure 6b). In both of the later cases (summer and autumn), the measurements were made
under clear skies. In July, the opposite grassland sides of the grove were in sync, NE and SW had
lower values, and SE and NW had higher values. On the other hand, in October, the warmer and
colder zones expanded considerably, and the transition between the two zones was sharp. In October,
the warmer grassland side was E–SW, and W–NE was notably colder. In both periods, the eastern and
south-eastern open areas had the highest values.

The ordinations also showed the different behaviour of the open areas of the SE–NW and
E–W transects. During July, the open areas of these two transects were clearly distinct from each
other, in contrast to the other two transects, where the confidence ellipses largely overlapped.
The below-canopy positions were separated only in the SE–NW and E–W transects, while no outstanding
differences were observed in the microclimatic conditions of the two other transects (Figure 7).

Figure 6. Spatial plots of exceedance rates (%) for VPD values with respect to 3.0 kPa from 24-h period
of three measurement periods (coordinates refer to the Hungarian Unified National Projection System
(m)); (a): May, (b): July, and (c): October. White dashed line: visual tree edge. Black dashed lines:
the position and extent of individual shrubs and poplar sprouts.

Festuca vaginata (the only species in Group A) occurred both in the grasslands and in the grove
along the transect in Figure 8. Except for a few grassland species that were found on both sides of the
group of trees (Group B), there were three characteristic spatial groups of species: species occurring on
the south-eastern side (C) or the north-western side (D) of the grassland and species occurring mainly
or exclusively in the grove (E). According to the Zólyomi-indicator values, the plant species below
the canopy had a notably higher moisture and lower temperature requirement than the species in the
grassland. On the other hand, there was also a difference between the species of the two grassland sides.
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Group C (species occurring on the south-eastern side of the grassland) had slightly lower moisture
and higher temperature requirements than Group D (species occurring on the north-western side of
the grassland).

Figure 7. Principal coordinate analysis (PCoA) ordination of VPD quantiles in each transect in July 2018;
95% confidence ellipses are drawn according to vegetation patches.

Table 1. Species groups of the SE–NW transect ordered according to Figure 8. (A) ubiquitous species;
(B) species occurring in the grassland; (C) species occurring on the south-eastern side of the grassland;
(D) species occurring on the north-western side of the grassland; (E) species occurring in the grove;
(F) low-frequency species not marked in Figure 8.

A Festuca vaginata

B Cladonia foliacea Huds.; Tortula ruralis (Hedw.) Gaertn., Meyer, & Scherb.; Euphorbia seguieriana Neck.;
Potentilla arenaria Borkh.; Artemisia campestris L.

C
Stipa borysthenica Klokov ex Prokudin; Dianthus serotinus Waldst. et Kit.; Fumana procumbens Gren.
et Godr.; Bothriochloa ischaemum (L.) Keng; Poa bulbosa L.; Thymus pannonicus All.; Cladonia furcata (Huds.)
Schrad.; Syrenia cana (Piller et Millerp.) Neilr.

D

Poa angustifolia L.; Gypsophila fastigiata L.; Cladonia magyarica Vain. ex Gyeln.; Carex liparicarpos Gaudin;
Eryngium campestre L.; Asperula cynanchica L.; Salix rosmarinifolia L.; Centaurea arenaria M. Bieb, ex Willd.;
Cynodon dactylon (L.) Pers.; Alyssum tortuosum Willd.; Thesium linophyllon L.; Equisetum ramosissimum Desf.;
Tragopogon floccosus Waldst. et Kit.; Scirpoides holoschoenus (L.) Soják; Stipa capillata L.; Hieracium
auriculoides Láng

E Calamagrostis epigeios (L.) Roth; Crataegus monogyna Jacq.; Solidago virgaurea L.; Juniperus communis L.;
Populus alba; Celtis occidentalis L.

F

Alkanna tinctoria (L.) Tausch; Asparagus officinalis L.; Berberis vulgaris L.; Chondrilla juncea L.; Cornus mas L.;
Crepis rhoeadifolia M. Bieb.; Cynoglossum officinale L.; Euphorbia cyparissias L.; Galium mollugo L. s. str.;
Helianthemum canum (L.) Hornem.; Leontodon autumnalis L.; Medicago minima (L.) L.; Polygonum arenarium
Waldst. et Kit.; Taraxacum officinale F.H.Wigg; Teucrium chamaedris L.; Tragus racemosus (L.) All.
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Figure 8. Distribution of the species along the SE–NW (Southeast–Northwest) transect in July 2018,
together with the Zólyomi ecological indicator values, which quantify the temperature (TZ) and
moisture (WZ) optimums for the plant species. Horizontal bars indicate coexisting species groups:
(A) ubiquitous species; (B) species occurring in the grassland; (C) species occurring on the south-eastern
side of the grassland; (D) species occurring on the north-western side of the grassland; (E) species
occurring in the grove. List of species is shown in Table 1.

The ordination of the microcoenological data shows a clear difference between the three vegetation
patches (Figure 9). The two grassland sides were notably separated from each other, and the grove
just slightly overlapped with the NW grassland area. This slight overlap also applied to the VPD
distribution (Figure 7, lower-left panel), indicating a more gradual transition toward the grove. The SE
grassland side separated from the grove, similarly to the vegetation data, and the small overlap between
the two grassland sides referred to the microclimatic similarities at the transect ends, which could also
be observed in Figure 8. However, the two grassland sides showed remarkable microcoenological
differences, and this difference was also manifested in the microclimatic conditions.

Figure 9. PCoA ordination of microcoenological data from the SE–NW transect. Jaccard index
was used on summer measurements. Ellipses representing 95% confidence are drawn according to
vegetation patch.
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4. Discussion

Habitats sensitive to environmental changes, such as transition zones, have complex vegetation
dynamics formed by the interaction of the biotic and abiotic factors of the two vegetation components [4].
This interaction is called an edge effect, which is manifested in the microclimatic and vegetation
structural differences between the forest edge and the interior of the forest [5]. In the sandy forest-steppe
habitat, the edge effect is caused by the different structural complexity of the surrounding grassland,
with the outstandingly open, treeless, plain vegetation structure and low biomass [5,10,14].

To test some of the abiotic–biotic relationships for transition zones, we carried out microclimate
measurements in a sandy forest-steppe habitat in Hungary. From the air temperature and air humidity
measured, we calculated the vapour pressure deficit (VPD), which is an important limiting factor
in plant growth, determining plant photosynthesis, because CO2 uptake is strongly limited due to
stomatal closure to prevent water loss [5,22,24].

We found that during a 24-h period, microclimatic differences between grassland, edge,
and below-canopy areas can be determined based on the VPD (Figure 2). The range of the VPD was
significantly lower within the grove than in the open area. These results are in good agreement with
previous temperature data of several other edge studies [4,5,10,13]. In the edges, we also observed a
special behaviour of the VPD in that the values were higher with a more abrupt rise in the warmer
edge than in the open area, which can be explained by the heat-reflecting properties of the sunny
side of the tree group. However, on the colder side of the transects, in line with the shadow effect,
this elevated VPD does not occur at the edges and the deficit increases with distance from the tree
group. This effect was more pronounced due to the lower altitude of the Sun (October) in the eastern,
south-eastern, and southern borders but also in relatively cloudy weather conditions (May).

However, the extreme values, such as the maximum and the minimum, often occur only for short
periods. We introduced a new method of applying the duration curve, showing the distribution of
a variable over a measurement period [34,35]. Thus, the duration of values being over a threshold
provides important information about the spatio-temporal VPD pattern. In this case, the exceedance
rate with respect to the critical value of 1.2 kPa calculated from the 24-h VPD DCs showed a stress
effect [22,24]. The duration curve method is presented in Figure 3 for the SE–NW transect, where the
difference in the effect of the exposure was the most pronounced, in contrast to that for the N–S
orientation, which is referred to as the coolest–warmest gradient in other studies [4,13,20]. For example,
a study [4] of the edges of an oak-chestnut forest in the U.S. showed a difference of more than 5 ◦C
between the south and north edges at the same measurement time. Another study in a Douglas-fir
forest in the U.S. [13] also observed a remarkable difference between the south and north edges in
short-wave radiation and air humidity during a diurnal period. In our study, in each season, at least
20% of the values were above the threshold, indicating semi-desert conditions in this habitat [9,10].
This new method also showed an increase in the variability of the exceedance rates (Figure 3),
thus highlighting the importance of examining significant differences between the parts of the study
site with a higher threshold.

We also found seasonal differences among the VPD distributions: the exceedance rate was much
lower in spring and autumn than in the summer measurements (Figures 4 and 6). Spring and autumn
did not differ significantly from each other due to the cloudy weather conditions in May. We also
found differences in the VPD exceedance rate between opposite ends of the transects, which is a clear
indication of the stronger stress effects in the warmer grassland areas during autumn. Choosing 3.0 kPa
as the threshold value for the exceedance rate, the curves show a stronger moderating effect of the grove:
a 0–10% duration of values being above 3.0 kPa in the colder grassland areas as opposed to a 25–30%
duration in the warmer areas in the autumn. In the case of the above-3.0 kPa rate, this significant
difference between the opposite areas showed that the distribution of the values above the threshold
was notably varied within a seemingly homogeneous grassland (Figures 3 and 5). Thus, our first
hypothesis that the VPD-modifying effect of the grove would gradually decrease in all directions away
from the edge was only partially confirmed because this modifying effect can be detected even at a
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distance of 6–10 meters from the edge, which is slightly different from the results of the other edge
studies. Considering the small size of the grove we examined, this effect was stronger than suggested
in other studies [4,5,10,13]. Our second hypothesis, which says that the spatial microclimate patterns
do not differ from season to season and only the intensity of the modifying effect changes should
also be rejected since the seasonal differences were also manifest in the changes in the position of the
edge effect.

In the edges of the grove, we found an interesting pattern in the VPD exceedance rate (Figure 5a,c).
We observed an increasing tendency from west to south-east and then a remarkable decreasing trend
from south to west. However, these trends did not appear in the case of the grassland end positions
(Figure 5b,d). Thus, the cardinal and intercardinal directions clearly define the characteristics of stressful
conditions in the edges of the forest patches. During the summer measurements, a sharp temperature
difference developed at the southern, southeastern, and eastern edges at higher altitudes of the Sun,
while no pronounced edge effect was detected in the north-eastern and south-western borders. Due to
the exposure and the distance from the grove, the open areas were also influenced by other parameters
such as the altitude and shadows of other groves and vegetation patches. Other studies [4,20] showed
that due to the larger exposure to irradiation, the south edge should differ the most from the forest
interior. In the U.S., oak-chestnut forests showed a difference of at least 5 ◦C between the south edge
and the forest interior [4]. According to our measurements, this heat gradient did not develop in
summer (Figure 6b), but it was visible in the SW–NE line in autumn (Figure 6c); thus, the southern areas
were not persistently the warmest in each season. Above the 3.0 kPa threshold in October (Figure 5c),
in the NW, N, and NE edges, the exceedance rate was 0%, which is a good indication of the shading
effect due to the lower altitude of the Sun in October. Ordinations based on the distribution of the VPD
values (Figure 7) also support the microclimate-modifying effect of the grove. This effect was present
in all periods, but it was most pronounced during the summer measurements. We also found clear
differences between the edges based on the cardinal and intercardinal directions with this analysis,
which also partially refutes our first hypothesis stating that similar trends of VPD-modifying effect can
be observed in all directions from the grove.

The patterns explored highlight the importance of fine-scale sampling and analysis. Owing to our
microcoenological data, we also found spatial heterogeneity in plant species distributions (Figure 8) in
the open sandy grassland plant associations (Festucetum vaginatae). Except for a few grassland species
that were found on both sides of the group of trees, there were three characteristic spatial groups
of species: species occurring on the south-eastern side or the north-western side of the grassland
and species occurring in the grove. This indicated the microclimatic differences in the study site,
mostly between the grove and the surrounding, opposite grassland areas. Some species within
the association behaved as differential species and indicated well the microclimatic differences in a
seemingly homogeneous grassland area with a small group of trees. This distribution of plant species
is a good indication of the different environmental conditions underneath even such a small group of
trees. In accordance with the spatial heterogeneity of plant species distributions in our study, previous
studies also showed that the forest edge may have a higher species number than the surrounding open
area or the forest interior; thus, the edge acts as a transition zone with higher diversity [5,10,12,14,42,43].
In our case, the shading effect of the tree group has significant influencing power, which can be
observed in the surrounding grassland. Therefore, our third hypothesis that the coenological and
indication structure of the herb layer is homogeneous in the open grassland must also be rejected.

5. Conclusions

This study has provided information concerning the effects of a small group of trees on the
microclimate components of a forest-steppe habitat. We observed the main characteristics and
distribution of the dominant physical parameters of the abiotic edge effect [14], including the air
temperature and air humidity in this habitat. The vapour pressure deficit is a susceptible indicator
of the environmental conditions for vegetation. We successfully applied the duration curve method
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on the VPD dataset. The VPD duration curves with thresholds of 1.2 kPa and 3.0 kPa were very
informative in the spatio-temporal analysis, as the VPD exceedance rate could show the stress rate for
the vegetation.

The cardinal and intercardinal directions as well as the altitude of the Sun have influences on
the moderating and shading effects of the grove. With distance from the grove, the effects of other
parameters increase significantly. We have also shown that not only the southern area could be
consistently the warmest in a natural ecosystem.

We highlighted the importance of fine-scale sampling and analysis by demonstrating that the
sample positions densely spaced in a continuous transect were able to reveal significant differences
within small distances, which could be important in reassessing the structure of transition zones.
In addition, they can uncover the patterns within seemingly homogeneous vegetation.

This knowledge is valuable for assessing the dynamics and spatio-temporal pattern of abiotic
factors and physiognomy in this type of ecosystem, which is a natural transition zone in the
temperate vegetation.
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Table S1: Zólyomi’s T and W scales (TZ, WZ)—relative ecological indicator values for the optimum temperature
and humidity.
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Acta Biol. Szeged. 1957, 3, 127–140.

14



Forests 2020, 11, 1078
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Abstract: Soils δ13C and δ15N are now regarded as useful indicators of nitrogen (N) status and
dynamics of soil organic carbon (SOC). Numerous studies have explored the effects of various
factors on soils δ13C and δ15N in terrestrial ecosystems on different scales, but it remains unclear
how co-varying climatic, edaphic and biotic factors independently contribute to the variation in soil
δ13C and δ15N in temperate grasslands on a large scale. To answer the above question, a large-scale
soil collection was carried out along a vegetation transect across the temperate grasslands of Inner
Mongolia. We found that mean annual precipitation (MAP) and mean annual temperature (MAT) do
not correlate with soil δ15N along the transect, while soil δ13C linearly decreased with MAP and MAT.
Soil δ15N logarithmically increased with concentrations of SOC, total N and total P. By comparison,
soil δ13C linearly decreased with SOC, total N and total P. Soil δ15N logarithmically increased with
microbial biomass C and microbial biomass N, while soil δ13C linearly decreased with microbial
biomass C and microbial biomass N. Plant belowground biomass linearly increased with soil δ15N
but decreased with soil δ13C. Soil δ15N decreased with soil δ13C along the transect. Multiple linear
regressions showed that biotic and edaphic factors such as microbial biomass C and total N exert
more effect on soil δ15N, whereas climatic and edaphic factors such as MAT and total P have more
impact on soil δ13C. These findings show that soil C and N cycles in temperate grasslands are, to some
extent, decoupled and dominantly controlled by different factors. Further investigations should focus
on those ecological processes leading to decoupling of C and N cycles in temperate grassland soils.

Keywords: carbon cycling; natural stable isotope abundance; nitrogen cycling; soil organic matter;
temperate grassland

Forests 2020, 11, 433; doi:10.3390/f11040433 www.mdpi.com/journal/forests17



Forests 2020, 11, 433

1. Introduction

Soil organic matter (SOM) consists of a heterogeneous mixture of substances in various stages
of decay, mainly including plant and animal residues, microbial necromass, and new substances
synthesized and released by microbes into the soil [1,2]. The global SOM pool in the surface meter stores
approximately 1500 Pg carbon (C) [3] and 95 Pg nitrogen (N) [4] as well as other essential elements for
plants and microbes. Therefore, SOM is critical for soil quality and ecosystem dynamics [5,6]. At the
same time, SOM plays an important role in global climate change because soils could act as a potential
sink for C [7,8]. Therefore, a large number of studies have investigated the effects of various climatic,
edaphic and biotic factors on the dynamics of C and N in soils to better understand their turnover and
SOM destabilization as well as their role in climate change [9–13].

It is difficult to explore the dynamics of SOM by direct measurement of the change in C and N
stocks due to their large size [14]. With the rapid development of isotope ratio mass spectrometry [15],
the analysis of stable isotope composition of soil C (δ13C) and N (δ15N) has become a powerful tool to
explore the stability and dynamics of SOM [12,16–18] and soil development [12,19]. Soils δ13C and
δ15N are ideally suited to provide wider insights into C and N cycles in soil ecosystems because they are
primarily based on either an isotopic fractionation during microbial degradation and transformation
(e.g., ammonification, nitrification and denitrification) or the preferential decomposition of the substrates
depleted in 13C and 15N [20]. Generally, older and more microbially-processed SOM is enriched in 13C
and 15N compared to less-decomposed substrates [18,21].

Additionally, variation in δ13C and δ15N content of SOM in natural ecosystems is largely
controlled by the input of new plant residues and overall isotopic fractionation during microbial
decomposition [18]. The signature of δ13C and δ15N in SOM is closely related to vegetation changes and
microbial decomposition as well as anthropogenic N input [22–24]. Moreover, climatic and edaphic
factors, including temperature, precipitation, pH, and contents of soil C, N and phosphorus (P) as well
as soil texture, greatly impact δ13C and δ15N content of SOM [13,25,26]. As a result, the signature of 13C
and 15N in SOM can be used as a valid proxy for SOM dynamics and provide integrated information
about the ecosystem N cycling [9,27–32].

To understand the factors controlling δ13C and δ15N in SOM, numerous studies have investigated
the patterns of soil δ13C and δ15N on regional and global scales [9–11,14,31,33,34]. It has been shown that
climate controls forest soil δ13C in the southern Appalachian Mountains [13]. Climate can likewise have
an effect on soil δ15N, with values increasing in response to rain events, which enhance the processes
that cause the loss of N but discriminate against 15N loss [35]. Further evidence shows that aridity can
nonlinearly alter soil δ15N values in arid and semi-arid grasslands [34]. Consequently, soil δ15N values
along precipitation gradients can reflect the pattern of N losses relative to turnover [36–38]. On a global
scale, soil δ15N converges across climate and latitudinal gradients [11]. In addition to climatic factors,
substrate age, soil texture and litter input as well as land-use change also can affect soil δ13C and
δ15N [25,31,39,40]. Nonetheless, the controls on C and N isotope ratios in soil still remain unclear [27].

Grasslands are an interesting ecosystem to study in this context because they store large amounts
of C and N in soil [41,42] and have great potential to affect CO2 concentrations in the atmosphere.
Additionally, grasslands are widely distributed over the world and account for 26% of the ice-free
land [43]. As a result, grassland soils play an important role in the context of global climate change
and regulate biogeochemical cycles [44]. Among the various types, temperate grasslands are widely
distributed across the Eurasian continent and form the Eurasian steppe [45]. Recent studies of temperate
grasslands showed that climatic variables control approximately 50% of the variation in soil δ15N
along an east–west transect in Northern China. Soil δ15N was found to decrease with increasing mean
annual precipitation (MAP) and mean annual temperature (MAT) [10]. Further studies demonstrated
that the aridity can nonlinearly alter soil δ15N values [34]. Nonetheless, it remains unclear how
co-varying climatic, edaphic and biotic factors control soil δ13C and δ15N in such temperate grasslands.
We hypothesize that distinct factors control the soil δ13C versus δ15N signature: (1) biotic factors
such as microbial biomass C (MBC) and N (MBN) as well as plant belowground biomass could
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exert more impact on soil 15N than edaphic and climatic factors since 15N fractionation is largely
controlled by biological processes [11]; and (2) climatic and edaphic factors have more effects on soil
δ13C than biological factors because water can strongly affect 13C in plant tissues [46]. To test the above
hypotheses, we collected soil and plant samples from temperate meadow steppes, temperate steppes
and temperate deserts along a vegetation transect in Inner Mongolia.

2. Materials and Methods

2.1. Study Sites

This study was conducted along a 1280 km transect across Inner Mongolia from west to east in
northern China (Table 1). The longitude of the transect ranged from 107◦15′ to 122◦17′ and the latitude
ranged from 38◦44′ to 50◦12′. The region was characterized predominantly by an arid and semi-arid
continental climate. MAP ranged from 154 to 517 mm and MAT ranged from 1 to 4 ºC. The MAP
and MAT of each sampling site were calculated from the NMIC (China National Meteorological
Information Center). The main vegetation types across this transect were temperate meadow steppe,
temperate steppe, and temperate desert. All the soils were classified as chestnut soil, corresponding to
Calcicorthic Aridisol according to USDA Soil Taxonomy [47].

In 2014, a field campaign was conducted to collect soil and plant samples along this transect.
In total, 22 sampling sites including six temperate meadow steppes, nine temperate steppes and seven
temperate deserts were selected. At each site, four plots (1 m × 1 m) were randomly selected for soil and
plant sampling. The aboveground plant parts were harvested for the estimation of aboveground net
primary production (ANPP). Additionally, five soil cores (2.5 cm diameter, 5 cm depth) were collected
randomly using a soil corer from each plot and mixed thoroughly as one composite sample. Living
roots were carefully collected from the soil and washed by water and then dried for the estimation of
belowground biomass. Soil samples were sieved through a 2.0 mm sieve and then separated into two
parts: one was stored in a plastic bag and frozen at −20 ◦C for measurement of soil moisture, MBC and
MBN, and the other was air-dried for measurements under natural conditions.

2.2. Analysis of Soil δ13C and δ15N

Dried soil samples were ground into powder using a ball mill (Retsch MM2; Retsch, Haan,
Germany). Approximately 1 g soil was put into 5 mL centrifuge tube. To remove carbonate, 3 mL
of 0.5 M HCl was added to the tubes overnight. Afterwards, samples were freeze-dried and washed
with H2O until a pH of 7.0 was reached. The soil was weighed into tin capsules for analysis of total
N (Nt), soil organic C (SOC), δ13C and δ15N by continuous flow gas isotope ratio mass spectrometry
(isoprime precisION, Elementar, Germany). The isotope results of soil C or N were calculated as
follows: δ13C/δ15N (‰) = (Rsample/Rstandard − 1) * 1000, where Rsample and Rstandard are the ratios of
13C/12C or 15N/14N in the sample and standard. The standards for δ13C and δ15N are Pee Dee Belemnite
and atmospheric molecular N, respectively. The standard deviation of repeated measurements of
laboratory standards was ±0.15‰ for these isotope analyses.

2.3. Analysis of Soil Properties and Microbial Biomass

Total phosphorus (Pt) in the soil was measured using optical emission spectrometry (Optima
5300DV; PerkinElmer, Shelton, USA) after nitric-perchloric acid digestion [48,49]. Soil pH was
measured by a dry soil-water ratio of 1:2. Soil MBC and MBN were determined using the chloroform
fumigation–extraction method [50,51]. Briefly, 10 g fresh soil was extracted with 24 mL of 0.5 M K2SO4.
An additional 10 g soil was fumigated with ethanol-free chloroform for 24 h and then extracted again
in the same manner. All extracts were shaken for 1 h and filtered through 5895 paper. Total organic C
and N concentrations in the K2SO4 extracts were measured with a Dimatec-100 TOC/TIC analyzer
(Liqui TOCII, Elementar, Germany).
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2.4. Calculations and Statistics

MBC and MBN were calculated as the difference between the total C or total N content in
fumigated and non-fumigated soils, divided by a kEC factor of 0.45 [52] and a kEN factor of 0.54,
respectively [50,51].

The standard errors of means are presented in figures and tables as a variability parameter.
The normality of soil δ15N and δ13C, as well as, other edaphic and biological data were tested.
A one-way analysis of variance was performed with SPSS 21.0 (SPSS Inc., Chicago, IL, USA) to evaluate
the effects of grassland type on soil δ15N and δ13C values. Correlations between soil δ15N and δ13C and
climatic (MAP, MAT), edaphic (SOC, Nt, Pt) and biotic factors (MBC, MBN and belowground biomass)
were analyzed with SPSS 21.0 (SPSS Inc., Chicago, IL, USA). To identify how all the factors affect soils
δ15N and δ13C, we conducted a data analysis in two steps using R version 3.5.2 (R Development Core
Team 2019). The first step was to generate a series of all possible multiple linear models based on
the information-theoretic method. To avoid overfitting our models, a Pearson correlation test was
conducted to identify and remove highly correlated factors (r > 0.6 or < −0.6, Table 2) within one model.
The second step was to calculate estimates and the relative importance of predictors considering
changes to the models’ Akaike’s information criterion (AIC) changes of less than 2 (model.avg function
in MuMIn package) with the model averaging method [53]. Information-theoretic AIC corrected for
small samples sizes (AICc), ΔAIC (difference between AICc of one model and the model with the
lowest AICc), and AICc weight (wAICc) were calculated for model ranking. All differences were tested
for significance (P < 0.05).

Table 2. Pearson’s correlation matrix for raw input variables in explaining change in soil 15N and 13C
along the vegetation transect across Inner Mongolian temperate grasslands. The asterisks indicate a
significant relationship between variables at P < 0.05.

MAP MAT SOC Total N Total P pH MBC MBN BB

MAP 1.000
MAT 0.959 * 1.000
SOC 0.629 * 0.742 * 1.000

Total N 0.627 * 0.732 * 0.996 * 1.000
Total P 0.273 0.320 0.721 * 0.716 * 1.000

pH −0.584 * −0.676 * −0.780 * −0.788 −0.402 1.000
MBC 0.580 * 0.688 * 0.966 * 0.973 * 0.677 * −0.742 * 1.000
MBN 0.626 * 0.675 * 0.867 * 0.870 * 0.575 * −0.579 * 0.919 * 1.000

BB 0.677 * 0.697 * 0.781 * 0.802 * 0.602 * −0.670 * 0.771 * 0.677 * 1.000

MAP =mean annual precipitation, MAT =mean annual temperature, SOC = soil organic carbon, N = nitrogen,
P = phosphorous, MBC =microbial biomass C, MBN =microbial biomass N, BB = belowground biomass.

3. Results

3.1. Climatic, Edaphic and Biotic Factors along the Transect

Along the transect, MAT ranged from 1.2 to 4.5 ◦C with a mean of 2.6 ◦C and MAP ranged from
155 to 518 mm with a mean of 308 mm (Table 1). SOC across 22 sites varied from 1.97 to 53.36 g kg−1,
with the lowest value in temperate desert and the highest value in the temperate meadow steppe
(Table 1). Nt ranged from 0.17 to 4.69 g kg−1, while Pt varied from 0.1 to 0.9 g kg−1. Soil C:N ratios were
between 9.0 and 13.0. Soil pH varied from 7.1 to 8.3 (Table 1). MBC ranged from 71.8 to 660.5 mg kg−1

and MBN varied from 46.5 to 392.4 mg kg−1 (Table 1). Aboveground biomass was in the range of 11.6
to 146.6 g dry weight (d.w.) m−2, while belowground biomass varied from 50.9 to 785.6 g d.w. m−2

(Table 1). All observed parameters decreased from temperate meadow steppe to temperate steppe to
temperate desert along the transect.
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3.2. Soil δ15N and δ13C

Soil δ15N cross 22 sites along this transect varied from −3.53‰ to 5.88‰ (Table 1). All seven
temperate meadow steppe sites had positive δ15N values while some temperate steppe and temperate
desert sites had negative δ15N values. Soil δ15N in temperate meadow steppes (5.12‰) were higher
than those in temperate steppes and temperate deserts (P < 0.05). By comparison, soil δ13C cross the
grassland transect ranged from −27.1‰ to −21.2‰ (Table 1). Soil δ13C values in temperate meadow
steppes (−25.7‰) were lower than those in temperate steppes and temperate deserts (P < 0.05).

3.3. Correlation Climatic, Edaphic and Biotic Factors with Soil δ15N and δ13C

Along the transect, soil δ15N were not correlated with MAP (Figure 1a) and MAT (Figure 1b).
However, soil δ13C linearly decreased with MAP (R2 = 0.43, P < 0.001, Figure 1c) and MAT (R2 = 0.52,
P < 0.001, Figure 1d).

Figure 1. Relationships between soil δ15N and δ13C in the upper 5 cm with mean annual precipitation
(MAP, a, c) and mean annual temperature (MAT, b, d) at 22 sites along the vegetation transect across
Inner Mongolian temperate grasslands.

Soil δ15N logarithmically increased with concentrations of SOC (R2 = 0.71, P < 0.001, Figure 2a),
Nt (R2 = 0.71, P < 0.001, Figure 2b) and Pt (R2 = 0.51, P < 0.001, Figure 2c). By comparison, soil δ13C
linearly decreased with SOC (R2 = 0.58, P < 0.001, Figure 2d), Nt (R2 = 0.53, P < 0.001, Figure 2e) and
Pt (R2 = 0.37, P < 0.003, Figure 2f).
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Figure 2. Relationships between soil δ15N and δ13C in the upper 5 cm with soil organic carbon (SOC,
a, d), total nitrogen (N, b, e) and total phosphorus (P, c, f) at 22 sites along the vegetation transect across
Inner Mongolian temperate grasslands.

Similarly to SOC and Nt, soil δ15N logarithmically increased with concentrations of MBC (R2 = 0.63,
P < 0.001, Figure 3a) and MBN (R2 = 0.48, P < 0.001, Figure 3b). Soil δ13C linearly decreased with
MBC (R2 = 0.58, P < 0.001, Figure 3c) and MBN (R2 = 0.58, P < 0.001, Figure 3d). Plant belowground
biomass linearly increased with Soil δ15N (R2 = 0.37, P = 0.004, Figure 3e), but decreased with soil
δ13C (R2 = 0.41, P = 0.002, Figure 3f). Soil δ15N decreased with soil δ13C along the transect (R2 = 0.30,
P = 0.008, Figure 4).

 

Figure 3. Relationships between soil δ15N and δ13C in the upper 5 cm with microbial biomass carbon
(MBC, a, c) and microbial biomass nitrogen (MBN, b, d) as well as with plant belowground biomass
(e, f) at 22 sites along the vegetation transect across Inner Mongolian temperate grasslands.
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Figure 4. Relationships between soil δ15N and δ13C in the upper 5 cm at 22 sites along a vegetation
transect across Inner Mongolian temperate grasslands.

The result of model averaging approach after model selection showed that MBC, total N, total P
and SOC significantly positive related with soil δ15N. Microbial C, total P, and MAT were three most
important factors which significantly negatively affected soil δ13C (Table 3).

Table 3. Relative importance and regression coefficients (given in parenthesis) of microbial biomass
carbon (MBC), total nitrogen (N), mean annual precipitation (MAP), total phosphorous (P), soil organic
carbon (SOC), and mean annual temperature (MAT) for determining soil 15N and 13C values. Values
were derived through a model averaging approach. Factors with parameter values highlighted in bold
significantly affected soil 15N and 13C (P < 0.05).

MBC Total N MAP Total P SOC MAT

Soil 15N 0.52 (0.012) 0.21 (1.398) 0.20 (−0.007) 0.16 (8.559) 0.12 (0.119)
Soil 13C 0.29 (−0.006) 0.29 (−0.005) 0.71 (−3.420) 0.71 (−1.152)

4. Discussion

Numerous studies have explored the effects of various factors on soils δ13C and δ15N in terrestrial
ecosystems on different scales [9,11,18,27,29,54]. However, it is still unclear how co-varying climatic,
edaphic and biotic factors control soils δ13C and δ15N in temperate grasslands on a large scale.
To answer the above question, a large-scale soil collection across temperate grasslands was carried out
along a vegetation transect in Inner Mongolia. We found that biological and edaphic factors such as
MBC and total N exert more effects on soil δ15N whereas climatic and edaphic factors such as MAT
and total P have more impacts on soil δ13C.

Other studies have found that variations in soil δ15N values largely depend on isotopic signatures
of inputs and outputs, the input–output balance, N transformation and their specific isotope effects [29].
The factors affecting the above-mentioned processes can impact soil δ13C and δ15N signatures. In the
current study, soil 15N values across the transect had positive values, with the exception of two
sites. Higher soil δ15N values in drier ecosystems reflects a larger loss of mineral N through strongly
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15N-discriminating processes, e.g., higher gaseous N losses caused by N-cycling microbes [34,55] and
increased N mineralization and nitrification [56]. Numerous studies have suggested that climatic
factors control δ15N in soil [10,11,34,57]. In contrast to previous studies, the current study did not
demonstrate a clear relationship between δ15N and MAT or MAP [10,11,34]. These different findings
could be ascribed to two reasons: (1) The length of our transect (i.e., the scale) was much short than
those in both previous studies in the same region [10,34]. (2) As an indicator that integrates many
processes affecting the N cycle, controls on soil δ15N are very complicated, including various climatic,
edaphic and biological factors [29,32]. Consistently with a previous study on the Chinese Loess
Plateau [58], edaphic factors such as SOC, Nt and Pt strongly influenced soil δ15N across our transect.
Previous studies demonstrated that soil δ15N increased or decreased with Nt contents [10,11], but we
observed a significant positive logarithmic relationship between soil δ15N and Nt along the transect.
Among the various factors, MBC, i.e., a biotic factor, played a more important role in controlling the
soil 15N signature than climatic and edaphic factors (Table 2). This reflects that microbial processes
are responsible for soil 15N dynamics across the investigated temperate grassland, supporting our
first hypothesis.

Previous studies have shown that soil δ13C signature corresponds similarly to biotic factors,
such as plant residue input from litterfall and rhizodeposition, including root mortality and root
exudation [59,60]. Over time, dynamics of soil δ13C are therefore largely controlled by C inputs from
vegetation and subsequent microbial decomposition [13,18,61]. However, we found that climate and
edaphic properties exerted greater control on soil 13C in the investigated temperate grasslands (Table 2),
which is consistent with previous studies demonstrating the importance of climate on soil δ13C [13,62].
Additionally, a previous study also showed that the spatial variation of soil δ13C was related to soil
texture in a subtropical lowland woodland [25]. Considering that δ13C can be regarded as an indicator
of SOC dynamics, our results suggest that SOC dynamics in temperate grasslands are largely controlled
by climatic and edaphic factors since MAP and Pt most dominantly affected soil 13C values. Therefore,
our results confirm our second hypothesis that climatic and edaphic factors have a higher effect on soil
δ13C than biological factors. This could be because water is a critical factor limiting growth of plants
and microorganisms in these arid and semi-arid temperate grasslands [63,64]. Additionally, P is a key
nutrient in temperate grasslands and, together with N, co-limits plant net primary production and
microbial activities [65,66]. Therefore, both precipitation and Pt affect soil 13C values by altering C
input and microbial decomposition. These findings indicate that climatic and edaphic factors should
be taken into account in order to better understand SOC dynamics, especially focusing on their roles in
the microbial decomposition of plant residues and SOC.

5. Conclusions

In summary, a large-scale soil collection was carried out in temperate grasslands along a vegetation
transect in Inner Mongolia to examine how climatic, edaphic and biological factors affect the soil δ13C
or δ15N signature. Along the transect, soil δ15N was not correlated with MAP and MAT, while soil δ13C
linearly decreased with MAP and MAT. Soil δ15N logarithmically increased with concentrations of SOC,
Nt and Pt, but soil δ13C linearly decreased with concentrations of SOC, Nt and Pt. Similarly, soil δ15N
logarithmically increased with MBC and MBN, while soil δ13C linearly decreased with MBC and
MBN. Soil δ15N linearly increased with plant belowground biomass, but soil δ13C decreased with plant
belowground biomass. Multiple linear regressions showed that MBC especially, but also Nt to a lesser
extent, affect soil δ15N, while MAT and Pt have more impact on soil δ13C. Thus, biotic factors controlled
soil 15N signature most dominantly while climatic and edaphic factors exerted greater control on
soil δ13C signature. These results indicate that soil C and N cycles are to some extent decoupled in
these temperate grasslands. Further investigations should focus on those ecological processes leading
to decoupling of C and N cycles in temperate grassland soils for a better understanding of SOC
dynamics [12].
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Abstract: Climate change poses a considerable threat to the forest-steppe ecotone in arid mountain
areas. However, it remains unclear how the forest-steppe ecotone responds to climate change due to
the limitation of the traditional pollen assemblages, which greatly limits the understanding of the
history of the forest-steppe ecotone. Here, we examined the Tien Mountains, the largest mountain
system in the world’s arid regions, as a case study to explore the migration of the forest-steppe
ecotone using the pollen taxa diversity, by combining modern vegetation surveys, surface pollen and
two fossil pollen sequences—in the mid-elevation forest belt (Sayram Lake) and in the low-elevation
desert belt (Aibi Lake). We found that the forest-steppe migration followed Holocene climate change.
Specifically, the forest belt where Picea schrenkiana Fisch. & C.A.Mey. dominates has a very low
pollen taxa diversity, characterized by high richness and low evenness, which plays a key role in
mountainous diversity. By detecting the diversity change of the deposition sites, we found that
in coping with the warm and wet middle Holocene, the forest belt expanded and widened as the
observed diversities around the two lakes were very low, thus the forest-steppe ecotone moved
downward accordingly. During the early and late Holocene, the forest belt and the forest-steppe
ecotone moved upward under a warm and dry climate, and downward under a cold and wet climate,
as there was a reduced forest belt effect on, or contribution to, the sites, and the observed diversities
were high. Moisture loss may pose the greatest threat to the narrow forest-steppe ecotone, considering
the climatic niche space and the limited living space for humidity-sensitive taxa. This study highlights
that temperature and moisture co-influence the forest belt change, which further determines the
position migration of the forest-steppe ecotone.

Keywords: pollen analysis; forest belt; forest-steppe ecotone; position migration; moisture change

1. Introduction

Arid and semi-arid areas are extremely sensitive to climate change and human activities, and the
forest-steppe ecotone in these areas is among the most vulnerable ecosystems in the world [1–3].
Until now, climate change has posed a serious threat to the forest-steppe ecotone in arid and semi-arid
areas by causing tree growth decline and tree mortality [2,4,5]. The latest forecasts suggest that
the expansion of arid and semi-arid areas will potentially exacerbate regional warming and habitat
fragmentation in the future [3,6]. Therefore, there is an urgent need to pay attention to the forest-steppe
ecotone in such ecologically fragile areas.
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Pollen taxa concentrates in mountains in arid regions, which are also key areas for ecosystem
services. Mountain areas typically have rich and unique pollen taxa [7]. Generally, mountain vegetation
belts in arid central Asia have various types, ranging from desert to grassland, forest and alpine
meadows as the elevation rises [8]. Among them, mountain forest-steppes, typically situated between
the forest and steppe belts, are located at the driest edge of forest distribution vertically [9,10]. As such,
it is critical to understand the dynamics of the mountain forest-steppe ecotone under climate change
in arid regions. Yet, how the change of pollen reflects the migration of the forest-steppe ecotone
remains unclear, despite the series of traditional pollen assemblage studies carried out in some hotspots,
including the Tibetan Plateau, the Altai Mountains, and the Taibai Mountains [11–13].

Pollen taxa diversity can serve as a comprehensive indicator reflecting the dynamics of the
vegetation belts [4]. Whether past climate change increased or decreased pollen taxa diversity has not yet
been fully determined, and changes in the pollen taxa diversity potentially include clues for vegetation
belt change, especially for the migration of the mountain forest-steppe ecotone. Thus, the Holocene is
an ideal period to explore the migration of the forest-steppe ecotone, wherein which climate change
was mainly caused by natural variability.

Moreover, it is important to focus on the response modes of mountain vegetation belts to Holocene
climate change and to improve the corresponding mechanisms, which are the key to exploring the
history of forest-steppe migration. The position of the mountainous vertical vegetation belt is very
sensitive to climate change [11,12], because the vertical belt is the epitome of the horizontal belt (about
1/1000). The vertical belt in arid areas is unique, as the upper and lower limits of the forest are affected
by temperature and moisture, respectively. Mountain vegetation responds to temperature change by
position migration, while it responds to moisture change through changes in species composition [4,5].
These two modes are mostly adopted, even though they might not fully explain the mechanism
between mountain vegetation belts and changes in temperature and moisture. Studies have indicated
that the width of the mountain vegetation belt and climate are not completely in equilibrium [14,15].
As the climate mode can be warm and dry, warm and wet, cold and dry, and cold and wet, both the
upper and the lower limits of the forest belt, which are in different climatic conditions, may respond
differently [12], which ultimately leads to potential changes in the belt width and position. As such,
variations in the width of vegetation belts may also be one of the most typical responses to particular
climate change, and may further lead to the change in the forest-steppe ecotone. Therefore, it is of
importance to see whether these kinds of response patterns exist in the vegetation belts and can be
detected through the change of pollen taxa diversity in arid mountain areas.

The Tien Mountains, the largest mountain system in the world’s arid regions, is located in the
hinterland of Eurasia, affected by the westerlies [16–18], where the vertical differentiation of vegetation
belts is apparent and the typical mountain forest-steppe exists [19]. Due to the complex topographical
conditions, limited range size and arid environments, the forest-steppe ecotone in the Tien Mountains
appears to be most threatened by climate deterioration. However, few studies have specifically
focused on the migration of the forest-steppe ecotone in response to the effect of climate change in the
Tien Mountains, despite many studies exploring its climate and vegetation changes at multiple time
scales [20–23]. Therefore, there is an urgent need to comprehensively study the response pattern of the
forest-steppe ecotone in the Tien Mountains to Holocene climate change based on evidence from both
surface pollen and fossil pollen, as pollen can provide a long history of pollen taxa diversity with good
temporal continuity [4].

Based on the above description, we aim to explore the following scientific questions: (1) How did
the mountainous pollen taxa diversity evolve during the Holocene? (2) How did the pollen taxa
diversity reflect the changes in vegetation belts in the Tien Mountains during the Holocene? (3) How did
the forest-steppe ecotone migrate in response to the Holocene temperature and moisture change in the
Tien Mountains?
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2. Materials and Methods

2.1. Study Area

The Tien Mountains, the largest mountain system in the world’s arid regions, are located in the
hinterland of Eurasia, influenced by westerlies (Figure 1a,b) [16]. The annual mean precipitation on
the northern slopes changes from 175 mm in the desert zone to 465 mm in the mid-altitude zone [24].

 
Figure 1. The location of the Tien Mountains in the hinterland of Eurasia, influenced by westerly
winds. (a) Digital elevation model image of the study area. The red solid dot represents the location of
Sayram Lake, while the blue one represents the location of Aibi Lake. (b) The red dotted area represents
the range of subgraph. The blue dotted line represents the modern limit of the East Asian summer
monsoon, which also illustrates the horizontal limit of the westerlies effect. (c) Vegetation belts on the
northern slope of the Tien Mountains.

The Tien Mountains have the most typical and complete vertical natural belt spectrum for
temperate arid areas around the world, reflecting the distribution characteristics and changes in the
mountain pollen taxa diversity and ecological processes. The northern slope of the Tien Mountains can
be divided into the following vegetation belts [14] (Figure 1c): sparse and low cushion vegetation is
distributed in high mountain belts above 3400 m a.s.l.; alpine and subalpine meadows dominate from
2700 to 3400 m a.s.l.; conifer forest is distributed on the middle elevations from 1700 to 2700 m a.s.l.;
typical steppe dominates from 700 to 1700 m a.s.l., represented by steppe on the sunny slope and patchy
forest on the shady slope; desert vegetation is distributed below 700 m a.s.l. Notably, the forest-steppe
ecotone, also known as the transition zone between the forest belt and the steppe belt, is currently
situated around 1700 m a.s.l. on the northern slope of the Tien Mountains [14].

2.2. Modern Vegetation Survey

To investigate the changes in the richness of modern plant species along the elevational gradient,
typical plots representing the characteristic vegetation composition in each vegetation belt were
selected, based on the natural geographical pattern of the Tien Mountains [14]. In the mountainous
area, with an elevation from 700 to 1700 m a.s.l., plots were sampled every 100 m along the elevational
gradient. Due to a flat terrain in the oasis and the downstream desert area, plots were sampled every
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50 km in the horizontal direction. Finally, 40 valid plots were surveyed. During the sample survey,
the forest plot area was 10 m × 10 m, and the grassland or meadow community area was 2 m × 2 m.
Then the detailed information about vegetation habitat conditions, species composition, coverage and
height were recorded.

2.3. Surface Pollen

Surface soil samples were collected every 100 m in the range of 200 to 3500 m a.s.l. on the northern
slope of the Tien Mountains, and 34 samples were obtained to investigate the changes in surface pollen
composition and evenness in each vegetation belt [14]. Pollen was extracted by treating with HCl
(10%) and NaOH (10%), then sieved through 180 μm and 10 μm sieves, and floated with heavy liquid
(KI + HI + Zn) using standard techniques [25]. Each sample was counted to contain at least 250 pollen
grains under an optical microscope at 400×magnification.

2.4. Fossil Pollen

We selected two typical fossil pollen sites with high resolution on the northern slope of the Tien
Mountains to explore the evolution of pollen taxa diversity. We digitized all pollen taxa using GetData
Graph Digitizer v2.25 software [26] and then used them as analytical paleo data. Considering the
location representativeness, age, temporal resolution and pollen identification of fossil pollen cores,
the following two sites can meet our analysis needs.

The first sediment core, named SLMH-2009 (44◦35′ N, 81◦09′ E), was from Sayram Lake, with an
elevation of 2072 m (Figure 1a,b) [22], and was located in the middle-low part of the modern conifer
forest belt. This core was dated back to the Late Glacial to early Holocene transition, with 11 AMS14C
dates, and had a temporal resolution of less than 100 years for each pollen sample. The authors analyzed
150 fossil pollen samples in total, with a minimum of 400 pollen grains identified for each sample.

The second sediment core, named A-01, was from Aibi Lake (44◦54′–45◦08′ N, 82◦35′–83◦10′ E)
(Figure 1a,b) [23], located in the desert vegetation belt at 200 m a.s.l. This core was dated back to the
Late Glacial to early Holocene transition with eight AMS14C dates and had a temporal resolution of
less than 150 years for each pollen sample. The authors analyzed 195 fossil pollen samples in total,
with a minimum of 350 pollen grains identified for each sample.

2.5. Pollen Taxa Diversity Index

We chose the Shannon-Wiener index and Simpson index to calculate the pollen taxa diversity,
as these two indices include the heterogeneity of the measured plant community. They consider
both the richness and evenness of the species in the community. Specifically, the Shannon-Wiener
diversity index was used to estimate the level of pollen taxa diversity in the modern ecosystem and
in the Holocene, which is a comprehensive index reflecting richness and evenness. Its formula is as
follows [27].

H = −
r∑

i=1

Pi ln Pi (1)

Pi = ni/N, indicating the relative richness of species.
ni represents the number of individuals of each pollen taxon.
N represents the total number of individuals of all pollen taxa in the community.

It should be noted that communities with low richness and high evenness, and communities with
high richness and low evenness, have low diversity indices.
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The Simpson diversity index was also used to present the pollen taxa diversity. Unlike the
Shannon-Wiener index, the Simpson index measures the probability that two random entities from the
pollen group represent different pollen taxa, which can be quantified by the following equation [28].

D = 1−
N∑

i=1

P2
i (2)

Pi = ni/N, indicating the relative richness of species.
ni represents the number of individuals of each pollen taxon.
N represents the total number of individuals of all pollen taxa in the community.

2.6. Climate Data

Holocene temperature change was acquired from the integrated results of paleoclimate records for
30–90◦ N [29,30], and Holocene moisture change was derived from integrated results of paleoclimate
records in arid central Asia [16].

3. Results

3.1. Modern Plant Species Richness Changes along the Elevational Gradient

We observed an increasing richness of modern plant species from low-elevation areas to
mid-elevation mountainous areas (Figure 2). Regarding the oasis and the downstream desert area from
200 to 700 m a.s.l., plant species richness was limited, ranging from 4 to 17 (Figure 2). The range of 200 to
400 m a.s.l. belongs to the oasis area, with a relatively high number of species; therefore, the observed
plant species greatly fluctuated (Figure 2). From 700 m a.s.l. to the middle elevation, plant species
richness showed an increasing trend, with a peak occurring in the forest belt at 1700 m a.s.l. (Figure 2).
According to our field survey, the wet-preferring species Picea schrenkiana Fisch. & C.A.Mey. was
dominating the forest belt, and the richness of the forest belt was mainly caused by the species richness
of the understory, which can reach nearly 40 species (Figure 2).

Figure 2. The richness of modern plant species along the elevational gradient. The orange line
represents the linear regression line.

3.2. Surface Pollen Composition

The surface pollen taxa within the range of 250–3500 m on the northern slope of the Tien
Mountains were analyzed according to their richness changes along the elevational gradient (Figure 3).
Salix, Ephedra, Caryophyllaceae, Asteraceae, Thalictrum, Ranunculaceae, and Rosaceae peaked in the
range of 3500–2700 m. Picea, Poaceae, and Ranunculaceae reached a peak in the range of 2700–1700 m.
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Betula, Artemisia, Salix, Tamarix, Ephedra, Thalictrum, and Rosaceae peaked between 1700 and 700 m.
Ulmus, Amaranthaceae, Nitraria, and Tamarix reached a peak below 700 m.

Figure 3. The richness of surface pollen taxa along the elevational gradient.

These taxa were further divided into the following four vegetation belts (Table 1). Alpine and
sub-alpine meadows mainly included Salix, Ephedra, Caryophyllaceae, Asteraceae, Thalictrum,
Ranunculaceae, and Rosaceae. These taxa can endure cold climates in the alpine zone. Conifer forest
mainly included Picea, Poaceae and Ranunculaceae, where Picea schrenkiana was the dominant species
favored by the wet climatic conditions. The typical steppe mainly contained Betula, Artemisia, Salix,
Tamarix, Ephedra, Thalictrum, and Rosaceae. Betula fruticosa Pallas was located in the desert belt in
front of the mountain, and is categorized as azonal vegetation. Desert vegetation contained Ulmus,
Amaranthaceae, Nitraria and Tamarix. Ulmus pumila L. was distributed in the low-elevation river
valleys, also belonging to the azonal vegetation classification. Amaranthaceae, Nitraria, and Tamarix
are typically drought-tolerant species. Based on our division criteria, the richness of fossil pollen in the
studied sedimentary site probably originated from different vegetation belts, which is soon discussed.

Table 1. Lists of main surface pollen taxa assigned to different vegetation belts along the northern slope
of the Tien Mountains.

Alpine and Sub-Alpine Meadows
3500–2700 m a.s.l.

Conifer Forest
2700–1700 m a.s.l.

Typical Steppe
1700–700 m a.s.l.

Desert Vegetation
Below 700 m a.s.l.

Salix
Ephedra

Caryophyllaceae
Asteraceae
Thalictrum

Ranunculaceae
Rosaceae

Picea
Poaceae

Ranunculaceae

Betula
Artemisia

Salix
Tamarix
Ephedra

Thalictrum
Rosaceae

Ulmus
Amaranthaceae

Nitraria
Tamarix

Moreover, in the modern ecosystem, the Shannon-Wiener index and the Simpson index consistently
indicated the lowest pollen taxa diversity in the forest belt, while the highest pollen taxa diversity was in
the alpine and sub-alpine meadows belt, followed by the typical steppe belt, and the desert vegetation
belt (Table 2). According to the result of the Shannon-Wiener index, in the upper (2800–2600 m)
and lower (1800–1600 m) boundaries and the center of the forest belt (2400–2100 m), the pollen taxa
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diversities were 1.49, 1.65, and 1.21, respectively (Table 2). According to the result of the Simpson
index, in the upper (2800–2600 m) and lower (1800–1600 m) boundaries and the center of the forest belt
(2400–2100 m), the pollen taxa diversities were 0.63, 0.70, and 0.50, respectively (Table 2). Based on
the results of the surface pollen analyses, we inferred that the pollen taxa diversity of the forest belt
was generally low in the Tien Mountains, which was related to the very low pollen evenness due to
the absolute dominance of Picea pollen in the forest belt (varying from 39% to 93%, with a mean of
67%) (Figures 2 and 3). Therefore, we inferred that the forest belt with very low pollen taxa diversity
might affect the changes in pollen taxa diversity observed by the deposition sites during the Holocene,
even though the forest belt had a larger plant species number than the belts of the typical steppe and
desert vegetation (Figure 3).

Table 2. Vegetation belt and the pollen taxa diversity in the modern ecosystem.

Vegetation Belt
Altitude
(m a.s.l.)

Pollen Taxa Diversity Indicated by
the Shannon-Wiener Index

Pollen Taxa Diversity Indicated by
the Simpson Index

Alpine and sub-alpine meadows 3500–2700 1.84 0.78
Transition zone (forest upper boundary) 2800–2600 1.49 0.63

Conifer forest 2700–1700 1.16 0.49
The center of the forest belt 2400–2100 1.21 0.50

Transition zone (forest lower boundary) 1800–1600 1.65 0.70
Typical steppe 1700–700 1.68 0.72

Desert vegetation Below 700 1.52 0.67

3.3. Pollen Taxa Diversity Change around Sayram Lake during the Holocene

During the Holocene, belts of alpine and sub-alpine meadows, conifer forest and desert vegetation
contributed to the pollen taxa diversity around Sayram Lake, while the belt of the typical steppe did
not contribute, according to the regression relationships between pollen taxa diversity indicated by
the Shannon-Wiener index and pollen richness from different vegetation belts (Figure 4). The linear
regression showed that the conifer forest belt contributed the most to the pollen taxa diversity around
Sayram Lake through the Holocene (R2 = 0.40, p < 0.01), while contributions from the belts of alpine
and sub-alpine meadows and desert vegetation were relatively small (R2 = 0.25, p < 0.01 and R2 = 0.37,
p < 0.01, respectively) (Figure 4). This further suggests that pollen taxa diversity around Sayram Lake
can reflect the forest belt change during the Holocene.

 

Figure 4. Cont.
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Figure 4. Linear relationships between the observed pollen percentage from different vegetation belts
and the Shannon-Wiener index. Notably, the horizontal axis represents the sum of the percentage of
pollen taxa derived from different vegetation belts (from a to d) observed in the sedimentary sites
(specific taxa contained in each vegetation belt are listed in Table 1). Panel (A) represents Sayram Lake,
and panel (B) represents Aibi Lake.

During the warm and dry periods of the early Holocene, from 12,000 to 8000 years before present
(yr BP) (Figure 5a,b), the conifer forest belt moved up, and the belts of alpine and sub-alpine meadows
and typical steppe moved up as well (Figure 6a), because the observed pollen taxa diversity indicated
by the Shannon-Wiener index around Sayram Lake was very high, reaching a mean of 1.56 (Figure 5c),
which was close to the diversity index (1.65) of the lower boundary of the modern forest belt (Table 2).
Moreover, the observed pollen taxa diversity indicated by the Simpson index around Sayram Lake
was also very high, reaching a mean of 0.69 (Figure 5d), which was close to the diversity index (0.70)
of the lower boundary of the modern forest belt (Table 2). Therefore, we infer that Sayram Lake was
probably at the lower boundary of the conifer forest during the early Holocene, thus the forest-steppe
ecotone moved upward accordingly, and was close to Sayram Lake.
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Figure 5. Changes in pollen taxa diversity in the Tien Mountains and the Holocene climate. (a) Holocene
temperature change for 30–90◦ N [29,30]. (b) Holocene moisture changes in arid central Asia [16].
Gray lines represent mean levels of pollen taxa diversity index during different periods around Sayram
Lake and Aibi Lake (c–f). The yellow area represents the middle Holocene with low pollen taxa diversity.
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During the middle Holocene, from 8000 to 4000 yr BP (Figure 5a,b), when the climate was warm
and wet compared to the last stage, the conifer forest belt expanded and dominated, while the belts of
alpine and sub-alpine meadows and the typical steppe were conversely compressed (Figure 6b), as the
observed pollen taxa diversity indicated by the Shannon-Wiener index around Sayram Lake was very
low, reaching a mean of 1.22 (Figure 5c), which was close to the diversity index (1.21) in the center of the
modern forest belt (Table 2). In addition, the observed pollen taxa diversity indicated by the Simpson
index around Sayram Lake was also very low, reaching a mean of 0.51 (Figure 5d), which was close to
the diversity index (0.50) in the center of the modern forest belt (Table 2). Therefore, Sayram Lake was
probably in the center of the forest belt during the middle Holocene, and the forest-steppe ecotone
probably moved downward accordingly (Figure 6b).

As the late Holocene climate became cold and wet from 4000 yr BP onwards (Figure 5a,b),
the conifer forest belt moved downward, and the belts of alpine and sub-alpine meadows and the
typical steppe moved down as well (Figure 6c), because the observed pollen taxa diversity indicated by
the Shannon-Wiener index around Sayram Lake was relatively high, reaching a mean of 1.36 (Figure 5c),
which was close to the diversity index (1.49) of the upper boundary of the modern forest belt (Table 2).
In addition, the observed pollen taxa diversity indicated by the Simpson index around Sayram Lake
was also relatively high, reaching a mean of 0.65 (Figure 5d), which was close to the diversity index
(0.63) of the upper boundary of the modern forest belt (Table 2). Therefore, we infer that Sayram
Lake was probably at the upper boundary of the conifer forest during the late Holocene, and the
forest-steppe ecotone moved further down and away from Sayram Lake (Figure 6c).

3.4. Pollen Taxa Diversity Change Around Aibi Lake during the Holocene

During the Holocene, the belts of alpine and sub-alpine meadows, conifer forest and typical
steppe all contributed to the pollen taxa diversity around Aibi Lake, as the relationships between
pollen taxa diversity indicated by the Shannon-Wiener index and the pollen richness from these belts
were all positive (Figure 4). Notably, the belt of the conifer forest contributed the most to the pollen
taxa diversity around Aibi Lake, according to the result of our linear regression (R2 = 0.13, p < 0.05),
followed by the alpine and sub-alpine meadows belts (R2 = 0.12, p < 0.05) and the typical steppe belt
(R2 = 0.09, p < 0.05) (Figure 4). This further suggests that pollen taxa diversity around Aibi Lake can
reflect the forest belt change during the Holocene.

During the warm and dry periods of the early Holocene from 12,000 to 8000 yr BP (Figure 5a,b),
the conifer forest belt moved upward (Figure 6a), and the forest belt contributed less to the low-elevation
deposition site of Aibi Lake and no longer dominated its diversity change, as the observed pollen taxa
diversity was high, with a value of 1.35 indicated by the Shannon–Wiener index (Figure 5e). As such,
we infer that the forest-steppe ecotone moved upward accordingly.

During the middle Holocene from 8000 to 4000 yr BP, when the climate was warm and wet
compared to the last stage (Figure 5a,b), the conifer forest belt expanded and dominated (Figure 6b),
and the forest belt heavily affected the low-elevation deposition site of Aibi Lake, as the observed
pollen taxa diversity was low, with a value of 1.30 indicated by the Shannon-Wiener index, and a value
of 0.62 indicated by the Simpson index (Figure 5e,f). Therefore, we infer that the forest-steppe ecotone
moved downward accordingly.

As the late Holocene climate became cold and wet from 4000 yr BP onwards (Figure 5a,b),
the conifer forest belt moved downward, but its area became smaller with low contribution compared
to the last stage, because the observed pollen taxa diversity was high, with a value of 1.46 indicated by
the Shannon-Wiener index, and a value of 0.64 indicated by the Simpson index (Figure 5e,f). Therefore,
we infer that the forest-steppe ecotone moved further down accordingly.
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3.5. Comparison between the Two Lakes

The regression relationships between the pollen taxa diversity calculated using the Shannon-Wiener
index and the pollen richness from different vegetation belts showed that pollen taxa diversities around
Sayram Lake and Aibi Lake can reflect the forest belt change during the Holocene. When the forest
belt expanded, Picea pollen dominated, leading to a decrease in the degree of species evenness in the
conifer forest belt, because the pollen taxa diversity observed at the two sites was very low.

In general, the pollen taxa diversities around Sayram Lake and Aibi Lake had the same pattern of
change in response to the Holocene climate change (Figure 5). In the process of coping with the warm
and dry climate during the early Holocene, the forest belt moved upward (Figures 5 and 6a), as Sayram
Lake had a high observed pollen taxa diversity (Figures 5 and 6a). In addition, Aibi Lake’s pollen
taxa diversity was also high, with less contribution from the upward forest belt (Figures 5 and 6a).
Therefore, the forest-steppe ecotone moved upward accordingly during the early Holocene. In response
to the warm and wet climate during the middle Holocene, the forest belt widened (Figure 6b),
as Sayram Lake had very low observed pollen taxa diversity (Figures 5 and 6b). In addition, the Picea
schrenkiana-dominated forest belt heavily influenced the low-elevation deposition site of Aibi Lake,
as the observed pollen taxa diversity was low (Figures 5 and 6b). Hence the forest-steppe ecotone
moved downward accordingly during the middle Holocene. In response to the cold and wet climate
during the late Holocene, the conifer forest belt moved further downward (Figure 6c), as Sayram
Lake had a high observed pollen taxa diversity (Figures 5 and 6c). In addition, Aibi Lake had a high
observed pollen taxa diversity, with less contribution from the reduced forest belt (Figures 5 and 6c).
Thus, the forest-steppe ecotone moved further down accordingly during the late Holocene.

4. Discussion

Our results show that changes in the forest-steppe ecotone followed the Holocene climate
change in the Tien Mountains. As the degree of temperature and moisture changed, the forest belt
changed, which further determines the position migration of the forest-steppe ecotone, as supported
by the changes in the pollen taxa diversity observed by the deposition sites in the Tien Mountains
(Figures 5 and 6). Under the co-influence of solar insolation and westerlies, climate change exhibits a
unique pattern in arid central Asia, characterized by warm and dry climates during the early Holocene,
warm and wet climates during the middle Holocene, and moderately cold and wet climates during the
late Holocene (Figure 5a,b) [16,18,19,29,31]. The forest belt with Picea pollen dominance expanded and
widened during the middle Holocene, leading to a decrease in the degree of species evenness of the
conifer forest belt, as the observed pollen taxa diversity around the two lakes was very low. Specifically,
on the northern slope of the Tien Mountains, the mid-elevation humid environment favors the existence
of Picea schrenkiana, which largely affects mountainous diversity, as supported by our surface pollen
results (Figure 3; Table 2). Indeed, this kind of mid-elevation forest distribution is popular in arid
and semi-arid mountainous areas in China, which has gained wide attention [5,12,19,32]. Moreover,
both the forest belt and the forest-steppe ecotone moved upward during the early Holocene and
downward during the late Holocene, leading to a reduced forest belt influence on the sites, as the
observed pollen taxa diversities were high (Figure 3; Table 2).

Indeed, Holocene temperature and moisture changes in arid central Asia have affected the vertical
migration of vegetation belts and their species composition in mountainous areas [18,19]. The upper
limit of the forest belt is controlled by temperature, while the lower boundary is limited by moisture.
When the climate is warm and dry, the forest belt moves up along the elevation to acquire more moisture,
and vice versa [11,33]. The species composition changes from wet-preferring to drought-tolerant
species when climate drying exceeds its physiological limits [5]. Besides this, we found that the forest
belt responded to the warm and wet climate through the width of the forest belt, which further made
the forest-steppe ecotone move downward accordingly. This corresponding mode was also found in
the Holocene change of vegetation belts in the Manas River drainage on the northern slope of the Tien
Mountains [14]. Therefore, we emphasize that the migration of the forest-steppe ecotone responded
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to the Holocene climate change as the forest belt changed, as supported by the change in pollen taxa
diversity at the deposition sites.

Although the pollen taxa diversity in arid mountain areas can reflect vegetation belt change
(Figures 5 and 6), does a narrowed forest belt lead to a decline in mountain pollen taxa diversity,
and further affect the estimation of the forest-steppe ecotone migration? If the width or area of the forest
belt becomes narrower, then the pollen taxa diversity observed at the deposition sites is considered
to decline. However, we emphasize that if only the width of the forest belt is reduced, while forest
species richness and evenness do not change, then the pollen taxa diversity may not necessarily decline.
Furthermore, it is worth noting that some taxa in the forest-steppe ecotone may disappear when climate
drying exceeds its threshold in arid mountainous areas. Moisture loss may pose the greatest threat to a
relatively narrow forest-steppe ecotone, considering the climatic niche space of humidity-sensitive taxa
and their limited living space. For example, as one of the diversity hot spots in the world, the narrow
vegetation belts of the eastern Andes show great vulnerability to climate warming, as the expected rates
of climate change may move the narrowly distributed taxa out of the climate niche space in hundreds
of years [34]. More seriously, as global warming intensifies, regional aridity is expected to become
more severe and last longer than in the present dry climate in arid regions [3]. Therefore, it seems that
future climate warming with the associated lower moisture will probably cause unexpected threats to
the taxa with narrow elevational distributions, especially for the taxa in the forest-steppe ecotone in the
Tien Mountains. We thus propose that for the protection and maintenance of the current forest-steppe
ecotone in mountainous areas, much attention should be paid to humidity-sensitive taxa under the
drying climate.

Besides this, pollen taxa diversity may serve as an important proxy for reflecting the migration
of the forest-steppe ecotone [4]. However, there are uncertainties, mainly due to the following
aspects. Firstly, the limitation of pollen indicators—potential uncertainties come from differences in
the pollen productivity and dispersal ability among various species [4,35–37], which may not present a
one-to-one dynamic of vegetation belts and richness of fossil pollen. Secondly, the impact of vegetation
structure—for wind-transported pollens, their ability to spread in the woodland is much worse than
that in open land. This not only affects the amount of pollen that can be observed at the deposition site,
but also affects our ability to recover vegetation using pollen data [38]. Thirdly, different pollen types
have different representativeness—if a community with the same species composition has different
coverage, the yield of pollen will also be different. When the number of statistical grains is constant,
the low-representative species may not be counted, which will affect the estimation of pollen taxa
diversity and in future will affect the estimation of the migration of the forest-steppe ecotone [38].
Because this study is mainly based on the Shannon-Wiener index and the Simpson index for calculating
the pollen taxa diversity, which takes into account both richness and uniformity, taxa with very low
pollen numbers or percentages have little effect on the results.

5. Conclusions

We found that the forest-steppe migration generally followed Holocene climate change in the Tien
Mountains. Specifically, the forest belt where Picea schrenkiana dominates has a very low pollen taxa
diversity, characterized by high richness and low evenness, which plays a key role in the mountainous
diversity. By detecting the diversity change of the deposition sites, we found that in the process of coping
with warm and dry climate during the early Holocene from 12,000 to 8000 yr BP, the forest belt moved
upward, causing a reduced forest belt influence on, or contribution to, the low-elevation deposition
sites, as the observed diversities around the two lakes were high. In this case, the forest-steppe ecotone
moved upward accordingly. During the warm and wet middle Holocene from 8000 to 4000 yr BP,
the forest belt with low taxa evenness expanded and widened, as the observed diversities around the
two lakes were very low. As such, the forest-steppe ecotone moved downward accordingly. As the late
Holocene became cold and wet from 4000 yr BP onwards, the forest belt moved downward, resulting
in a reduced forest belt influence on or contribution to the sites, leading to the high diversities observed.
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Thus the forest-steppe ecotone moved further down. Moisture loss may pose the greatest threat to the
narrow forest-steppe ecotone, considering the climatic niche space and the limited living space for
humidity-sensitive taxa. This study highlights that temperature and moisture co-influence the forest
belt change, which further determines the migration of the forest-steppe ecotone.
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Abstract: Research Highlights: Answering how tree hydraulic strategies explain the interspecific
associations of co-occurring trees in forest–steppe ecotone is an approach to link plant physiology to
forest dynamics, and is helpful to predict forest composition and function changes with climate change.
Background and Objectives: The forest–steppe ecotone—the driest edges of forest distribution—is
continuously threatened by climate change. To predict the forest dynamics here, it is crucial to
document the interspecific associations among existing trees and their potential physiological drivers.
Materials and Methods: Forest–steppe ecotone is composed of forest and grassland patches in a mosaic
pattern. We executed two years of complete quadrat surveys in a permanent forest plot in the ecotone
in northern China, calculated the interspecific association among five main tree species and analyzed
their hydraulic strategies, which are presented by combining leaf-specific hydraulic conductivity
(Kl) and important thresholds on the stem-vulnerability curves. Results: No intensive competition
was suggested among the co-occurring species, which can be explained by their divergent hydraulic
strategies. The negative associations among Populus davidiana Dode and Betula platyphylla Suk.,
and P. davidiana and Betula dahurica Pall. can be explained as the result of their similar hydraulic
strategies. Tilia mongolica Maxim. got a strong population development with its effective and safe
hydraulic strategy. Generally, hydraulic-strategy differences can explain about 40% variations in
interspecific association of species pairs. Oppositely, species sensitivity to early stages of drought
is convergent in the forest. Conclusions: The divergent hydraulic strategies can partly explain the
interspecific associations among tree species in forest–steppe ecotone and may be an important key
for semiarid forests to keep stable. The convergent sensitivity to early stages of drought and the
suckering regeneration strategy are also important for trees to survival. Our work revealing the
physiological mechanism of forest compositions is a timely supplement to forest–steppe ecotone
vegetation prediction.

Keywords: drought tolerance; forest–steppe ecotone; hydraulic strategy; hydraulic trait; interspecific
association; interspecific relationships; species co-occurrence; semiarid forests

1. Introduction

The forest–steppe ecotone is located at the driest edges of forest distribution and is continually
threatened by the increasing temperature and drought [1–4]. Forest patches and grassland patches
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distribute in a mosaic pattern in the forest–steppe ecotone [4]. To answer whether the forests are
stable in the forest–steppe ecotone, it is helpful to explore what interspecific associations exist among
tree species and what physiological mechanisms are driving them, as the interspecific associations of
co-occurring trees will determine the forest composition variations [5].

Interspecific association—referring to the relationships and interactions among co-occurring
species [6]—has been reported to be driven by many factors, including the forest succession process [5],
the heterogeneity of microenvironment [7], etc. In the forest–steppe ecotone—the driest edges of
forest distribution—water deficit is the most dominant environment stress affecting forest dynamics
and functions [2,8], instead of reported interspecific association drivers. Moreover, water deficit here
has been predicted to be exacerbated in the future [2,8]. For this reason, it is crucial to explore the
importance and role of water deficit in shaping the vegetation community in the forest–steppe ecotone.

Facing the aggravated water deficit, plant hydraulic strategies balancing hydraulic safety and
water-transport efficiency are believed to determine tree drought responses [9–11]. The water-transport
efficiency of trees has direct impacts on the carbon uptake and productivity of trees, while xylem
resistance to cavitation determines the safety of individuals when extreme drought events occur [11–13].
The safety and efficiency of trees generally occur as a tradeoff. A larger conduit diameter provides
higher hydraulic efficiency as well as higher vulnerability to drought-induced embolism in the xylem,
and vice versa [14,15]. The hydraulic safety–efficiency combination of trees can provide a way to map
hydraulic strategy of each tree species, to describe the differences among the hydraulic strategies of
co-occurring species and to judge the vulnerability of trees in the forest–steppe ecotone under ongoing
climate change [16,17].

If water deficit plays a considerable role in forest interspecific associations, divergent hydraulic
strategies should differentiate the water-use strategies of species and reduce interspecific water
competitions [18], thus benefitting species co-occurrence. Further, we can expect the differences of
species hydraulic strategies to be an effective predictor of interspecific relationships, i.e., the hydraulic
strategies of co-existent species to be divergent, while the hydraulic strategies of mutually exclusive
species to be convergent. Meanwhile, the species with both higher hydraulic safety and efficiency
should have higher potential to be dominant in the community. Forest–steppe ecotone has all the ten
genera of tree species distributing in semi-humid forests in northern China, even with a mean annual
precipitation of about 300 mm [19]. If the diversity of tree hydraulic strategies can provide partitioning
of the water resource, it may be the reason for forest–steppe ecotone to maintain the high tree species
diversity. In general, we developed two hypotheses in this article, 1) there is a positive correlation
between interspecific association and distance in species hydraulic strategy, and 2) species with both
high hydraulic efficiency and safety may play a dominant role in the forest, or have experienced a
rapid population development over the years.

To verify the hypotheses, we carried out a two-year vegetation survey and a series of hydraulic
measurements in a permanent plot in the Saihan Wula National Nature Reserve, Inner Mongolia,
China. In this work, hydraulic efficiency is represented by leaf-specific hydraulic conductivity (Kl),
while hydraulic safety is represented by a series of important thresholds on the stem-vulnerability
curves, stem water potential at a 50% loss of stem conductivity (P50) especially. The Kl and P50 are
combined to show the hydraulic strategy of each species.

2. Materials and Methods

2.1. Site Description and Sampling Design

Field work was conducted within a 6-ha permanent plot in a temperate deciduous broadleaved
forest in the Saihan Wula National Nature Reserve in the southern Da Hinggan Mountains, Inner
Mongolia, China (Figure 1a,b, 44◦12′ N, 118◦44′ E). The plot is located in semiarid forest–steppe
ecotone, with a mean annual temperature of 2 ◦C and a mean annual precipitation of 358 mm. The wet
season is from May to September. The elevation of the plot is approximately 1175–1355 m ASL [20].
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The studied forest is located on the north side of the mountain, while the steppe lies on the south
(Figure 1d). Severe drought-induced forest mortality occurred during 2011–2012, followed by a huge
amount of regeneration. Tree density increased from 1825.17 ha−1 in 2012 to 3812.17 ha−1 in 2015.
No grazing, agricultural abandonment, forest management or fire interference have been found inside
or around the plot since 1997.

Figure 1. Study area location and site characteristics. (a) Location of the study area in China;
(b) landscape of semiarid forest–steppe ecotone in which the study area lies; (c) sketch of the plot (shown
in green polygon) and quadrats containing sampled trees for hydraulic architecture measurements
(shown as yellow squares). Each quadrat has an area of 100 m2; (d) landscape photography of the study
area showing the mosaic distribution of forest (dark green patches) and grassland (light green patches);
(e) amount of each tree species in 2012 (shown in blue) and 2015 (shown in orange); (f) schematic
picture showing the forest structure within the plot.

Two comprehensive plot surveys were carried out in the whole permanent plot in 2012 and 2015,
respectively. The permanent plot was divided into 608 contiguous 10 m × 10 m quadrats. Basic
information of all trees with diameter at breast height >1 cm was carefully recorded, including species,
tree height, diameter at breast height and the located quadrat identification number. Only main species
were taken into further analysis, with the proportion in the total tree number over 1%, which are Populus
davidiana Dode, Betula platyphylla Suk., Betula dahurica Pall., Quercus mongolica Fisch. ex Ledeb and Tilia
mongolica Maxim. (Figure 1e,f). P. davidiana, B. platyphylla and B. dahurica are early successional species,
while Q. mongolica and T. mongolica are late successional species. P. davidiana was the most dominant
tree species in the forests, accounting for the largest amount of the tree mortality and regeneration
during and after the extensive drought events in 2011–2012 (Figure 1e), with a mortality ratio of over
60% [21].

Hydraulic traits were measured for five trees per species at different elevations (Figure 1c).
The maximal vessel lengths of each species are: P. davidiana: 11 cm, B. platyphylla: 14 cm, B. dahurica:
16 cm, Q. mongolica: 86 cm and T. mongolica: 20 cm.

2.2. Interspecific Association Quantification

The interspecific association of five species were quantified with the plot survey data. The variance
ratio (VR) was used to test the overall association among species. If VR = 1, species are independent
from each other. A VR >1 indicates positive correlation, while a VR <1 indicates negative correlation.
Statistics W and χ2 test were used to test the significance of the difference between VR value and 1,
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with a χ2
(0.05, N) <W < χ2

(0.95, N) indicating statistically insignificant difference between VR value
and 1, which suggests the original hypothesis is true. The formulas are listed below [6]:

VR =
S2

T

δ2
T

=

1
N
∑N

j=1

(
Tj − t

)2
∑S

i=1(Pi × (1− Pi))

(
Pi =

ni

N

)
(1)

W = VR×N (2)

where S represents the total species number, N represents the total quadrat number, Tj represents the
number of species occurring in the quadrat j, t represents the average number of species occurring in
each quadrat, while Pi represents the percentage of the quadrats with the species i occurring in them.

Then, based on 2 × 2 contingency table among species, we used the Yates correlation coefficient,
Ochiai index and principal component analysis (PCA) to reveal the interspecific association between
each pair of species. First, Yates correlation coefficient was processed to test whether the associations of
species pairs existed with the predetermined probability. In Yates test, index V > 0 indicates a positive
correlation between the two species, while V <0 indicates a negative correlation between species. χ2 is
used to show the significance of the correlation. If χ2 < 3.841, the two species are independently
distributed, if 3.841 ≤ χ2 < 6.635, significant association is attached, and if χ2 > 6.635, the association
between two species is highly significant [6]. Second, Ochiai index was used to measure the degree of
the associations. Ochiai index distributed between 0 and 1. A higher OI indicates higher possibility for
two species to occur in the same quadrat. The formulas of Yates correlation and Ochiai index are listed
below [5,6]:

V = ad− bc (3)

χ2 =
n(|ad− bc| − 0.5n)2

(a + b)(a + c)(b + d)(c + d)
(4)

OI =
a√

(a + b)(a + c)
(5)

where n represents the total quadrat number, a represents the number of quadrats with both two
species, b and c represent the number of quadrats with only one species, while d represents the number
of quadrats with neither of the two species. Finally, PCA analysis was adopted to show the relationship
among species and quadrats at the community level.

2.3. Hydraulic Traits Measurement

Long branches over 50 cm with diameters of approximately 5 to 8 mm were cut by clippers, and all
the leaves on the cut branch were retained. The branch samples were placed in black plastic bags,
and the cross sections were immediately wrapped in moist tissue in the field to reduce moisture loss.
The branch samples were cut twice into 27.4-cm length segments under water in the laboratory [22],
removing the excess length from both ends, ensuring shaving offmore than 5 cm from each end [22,23]
and retaining a straight segment with as few embranchments as possible.

Maximum hydraulic conductivity (Kmax, 10−4 kg m MPa−1 s−1) was measured for each sample
by flushing the stem segments with the 20-mM KCl solution at 0.1 MPa for 30 min and measuring
the flow rate of ultrafiltered water passing through the segment under pressure difference of around
0.05 MPa [15,24]. All the leaves above the sampled branches were scanned using a portable scanner
(Founder MobileOffice Z6, Beijing, China) and the total leaf area was calculated using MATLAB R2014a
(The MathWorks, Natick, MA, USA). Leaf specific conductivity (Kl, 10−4 kg m−1 s−1 MPa−1) was then
determined as the ratio of Kmax and the total leaf area of the branches. Kl is a synthetic proxy for
the balance between the water demand of leaves and the hydraulic transport efficiency of stems [14].
All the measurements were made within two days after sampling.
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The vulnerability of the stems to drought-induced cavitation, i.e., the stem-vulnerability curve,
was estimated using the centrifugal force method [25] with a superspeed centrifuge (CTK150R,
XiangYi Centrifuge Instrument, Changsha, China). The segment ends were kept immersed in water
during spinning [25]. The Kmax of the stem segments was set as the starting point of the curve.
Then, the hydraulic conductance (Kh, 10−4 kg m MPa−1 s−1) were measured after a series of stepwise
increasing xylem tensions caused by different spinning speeds. The vulnerability curve was finally
plotted as the variation in the percentage loss of hydraulic conductivity (PLC) with increasing xylem
tension. The PLC of the stems was calculated as:

PLC = [(Kmax – Kh)/Kmax] (6)

From the vulnerability curves, we can extract some important water potential thresholds, which
mark declines in stomatal conductance, hydraulic conductivity and potential for survival. Here, we
choose stem water potential at 12% (P12), 50% (P50) and 88% (P88) loss of stem conductivity as the
proxies for the early declines in water supply influencing leaf stomatal activities, gas exchange and
carbon uptake, the maximum water stress trees can bear naturally and the threshold of irreversible
xylem functional damage, respectively [26].

2.4. Statistical Analysis

The stem-vulnerability curves were fitted with a four-parameter Weibull model using SigmaPlot
v14.0 (Systat Software, Inc., San Jose, CA, USA). Variance analysis was used to show the differences
among the hydraulic traits of different species, followed by least significant difference (LSD) post hoc
tests. To reveal the relationship between the interspecific association pattern and the hydraulic-strategy
differences among species, we calculated the hydraulic differences between each pair of species with Kl

and P50, including Euclidean, Manhattan, Canberra, Minkowski and maximum distance. If all of the
distances show similar relationships with interspecific association indices, we can accept the hypothesis
that linkages exist between hydraulic-strategy differences and interspecific associations. Correlation
tests and linear regression were used further for the hydraulic differences and the interspecific
association indices, V2012, V2015, OI2012 and OI2015 to map the relationship between them. All the
statistical analyses were performed in R software (R Development Core Team, 2009), while figures
were drawn with R software and SigmaPlot v14.0.

3. Results

3.1. Interspecific Association among Species

The overall species association measured by the VR test revealed no significant correlation within
the forest community in either 2012 or 2015 (in 2012, VR = 1.10 > 1, W = 569.10, χ2

(0.95, N) = 569.95,
χ2

(0.05, N) = 464.32; in 2015, VR = 1.03 > 1, W = 604.23, χ2
(0.95, N) = 646.57, χ2

(0.05, N) = 533.71).
The association measurements between each pair of species revealed generally negative correlations

between P. davidiana and co-occurring species (Table 1). In 2012, there was no significant correlation
between P. davidiana and T. mongolica, while the relationship between P. davidiana and B. dahurica,
B. platyphylla and Q. mongolica were all negative. In 2015, the relationship between P. davidiana and all
the co-occurring species became negatively correlated.
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Table 1. Yates correlations and Ochiai indices showing interspecific associations among main species
in the forest in 2012 and 2015.

Species
Yates Correlation Ochiai Index

V2012 χ2
2012 V2015 χ2

2015 OI2012 OI2015

P. davidiana B. platyphylla −12,384 31.80 −15,998 34.44 0.39 0.38
P. davidiana B. dahurica −4816 2.74 −11,818 12.74 0.52 0.50
P. davidiana Q. mongolica −8944 10.07 −1083 0.07 0.56 0.70
P. davidiana T. mongolica 172 0.13 −8227 14.45 0.05 0.21

B. platyphylla B. dahurica 11,592 24.83 15,661 27.45 0.68 0.67
B. platyphylla Q. mongolica 9036 15.09 2620 0.73 0.73 0.75
B. platyphylla T. mongolica −420 0.65 2353 1.18 0.00 0.33

B. dahurica Q. mongolica 17,693 36.26 15,246 20.70 0.64 0.64
B. dahurica T. mongolica −239 0.01 8220 12.01 0.00 0.33

Q. mongolica T. mongolica 223 0.02 −2756 1.34 0.06 0.26

The interspecies association among B. dahurica, B. platyphylla and Q. mongolica in both years
were strong and significantly positive (V > 0, χ2 > 6.635 for all associations except the one between
B. platyphylla and Q. mongolica in 2015; OI > 0.6), showing the distribution of the three species tend to
be convergent (Table 1).

A strong increase of T. mongolica could be detected from 2012 to 2015. The total number of
T. mongolica in plot increased from three in 2012 to 486 in 2015 (Figure 1e), and the percent of quadrats
with T. mongolica increased from 0.2% in 2012 to 12.0% in 2015. Consequently, the association between
T. mongolica and co-occurring species had prominently been increased (Table 1). In 2012, none of the
association between T. mongolica and other species were significant (χ2 < 3.841 in Yates correlation;
OI < 0.1), while in 2015, T. mongolica showed extremely significant positive correlation with B. dahurica
and negative correlation with P. davidiana (χ2 > 6.635). For Ochiai index, though the association between
T. mongolica and other species were both weak, OI value in 2015 were generally higher than OI in 2012.

Principle component analysis (PCA) integrated the interspecific associations within the forest in
these two years (Figure 2). The first two components reflected 52.53% and 52.42% of the total variabilities
in 2012 and 2015, respectively. B. platyphylla and B. dahurica located nearby the first component at
the opposite of P. davidiana in both years. Q. mongolica located close to the first component in 2012,
while close to the second component in 2015, indicating Q. mongolica being increasing decoupled with
P. davidiana, B. platyphylla and B. dahurica over the years. The location of T. mongolica in 2015 was
inversed to it in 2012 and be closer to the first component than 2012, indicating a closer association
emerged over the years. Quadrats at the bottom of the mountain located generally at the top–left
in PCA figures, while quadrats at the top of the mountain usually distributed at the bottom–right
in figures, indicating P. davidiana to occupy more proportion at the bottom of the mountain, while
T. mongolica and B. platyphylla occupying more proportion at the top of the mountain.
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Figure 2. Principle component analysis (PCA) showing the interspecific associations among main
species in the forest in 2012 and 2015. Arrows show the load of each species on each principle
components. Dots indicate the PCA scores for the quadrats. Color of the dots represents the location of
the quadrats along the altitude.

3.2. Hydraulic Safety and Efficiency Differences among Species

There were significant differences in Kl between species (Figure 3). The Kl value of B. dahurica,
B. platyphylla, T. mongolica and Q. mongolica increased significantly in sequence (p < 0.05), ranging from
1.1 × 10−4 to 11.2 × 10−4 kg m MPa−1 s−1. There were no significant differences between the Kl value of
P. davidiana and B. dahurica, nor between P. davidiana and B. platyphylla.

Figure 3. Leaf-specific hydraulic conductivity (Kl) of the co-occurring species are shown in the bar
figure. Error bars show ± 1 SE. Different characters show the significant differences according to a
variance analysis (p < 0.05).

The stem-vulnerability curves showed generally convergent sensitivity to early stages of drought,
but different stem cavitation resistance abilities among co-occurring tree species (Figure 4). All the
species except Q. mongolica had the same P12. P12 of Q. mongolica, −1.24 MPa, was significantly
lower than B. platyphylla, B. dahurica and T. mongolica, indicating Q. mongolica to be more sensitive
to the early stages of drought. Though some species pairs did not show significant differences,
the P50 and P88 values indicated the stem cavitation resistance of species to be generally ordered as:
T. mongolica = B. platyphylla > P. davidiana > B. dahurica > Q. mongolica.
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Figure 4. (a) Comparison of the water potential of stems at 12%, 50% and 88% loss of stem conductivity
(P12, P50 and P88, respectively) of each species. The different characters indicate the significant
differences among the thresholds of each species based on variance analysis; (b–f) Vulnerability curves
are shown as the dynamic of percent loss of stem hydraulic conductivity in response to centrifugal-force
xylem tension for each tree species. Gray curves are fitted by each sample, while the black curves are
fitted by the mean values. For each species, P12, P50 and P88 are shown as the single-dashed, solid and
double-dashed vertical lines, respectively.

The interspecific differences on hydraulic strategies between safety and efficiency can be integrated
as Figure 5 when representing xylem hydraulic safety by P50. Generally speaking, the hydraulic
strategies of different species were divergent. Hydraulic strategy of P. davidiana has much overlap with
B. platyphylla and B. dahurica, though the strategies of the latter two were different. Q. mongolica located
at the right bottom corner, suggesting the xylem have high hydraulic conductance but poor ability for
drought resistance. T. mongolica lied in the right top corner of figure, suggesting T. mongolica have both
high hydraulic conductance and high threshold for cavitation. The same pattern could be found if the
xylem hydraulic safety were represented by P88 (Figure S1).

Figure 5. Relationship between stem hydraulic transportation efficiency (as measured by leaf-specific
hydraulic conductivity, Kl) and safety (as measured by the water potential of stems at 50% loss of stem
conductivity, P50) of all species. Error bars show ± 1 SE.

3.3. The Relationship between Interspecific Association and Species Hydraulic Strategy

The correlation between interspecific association indices and distances between species
pairs calculated by hydraulic traits, Kl and P50, were generally positive, but not significant.
The one between Canberra distance and V value in Yates correlation in 2015 was significant
(Figure S2). By linear regression, V2015 could be predicted by Canberra distance with the model
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V2015 = −19,283 + 28,794 × Canberra distance (Figure 6, p = 0.05, R2 = 0.39). About 40% of the variance
of interspecific association could be explained by the interspecific differences on hydraulic strategies in
the forest we studied (Figure 6).

Figure 6. Relationship between hydraulic differences of each pair of species and their interspecific
associations, represented by Canberra distance and V2015 in Yates correlation tests, respectively. Blue
line shows the linear model result, while the gray region shows the confidence interval.

4. Discussion

Divergent hydraulic strategies can partly explain interspecific associations among tree species
co-occurring in the temperate forest–steppe ecotone. The overall species associations within the
forest were not significant in either years, suggesting the absence of species mutual exclusion caused
by intensive interspecific competition in the plant community. The divergent hydraulic strategies
illustrated that different water-use strategies may be a way trees avoid competition over water
absorption, which was the primary limitation for the forests in forest–steppe ecotone [8,27]. The strong
negative association within the forest occurred between P. davidiana and B. platyphylla, as well as
P. davidiana and B. dahurica, indicating the strong interspecific competitions. The hydraulic strategies
of these two species pairs were the least divergent ones. The efficient and safe hydraulic strategy of
T. mongolica can explain the increase in abundance of T. mongolica during the studied years. In general,
the positive relationship between interspecific association and hydraulic differences supported the
previous hypotheses.

The divergent hydraulic strategies can reduce water stress among co-occurring species thus
maintain the stability and species diversity of the forest community in drying forest–steppe ecotone.
At the species level, divergent hydraulic strategies can reduce the interspecific competition for water
resources. Species with higher water-transport efficiency can adopt more aggressive water absorbing
strategies: trees can absorb and store as much water as possible after rainfall. Alternatively, species
with strong water deficit tolerance can make use of small amounts of soil water in the long term. At the
community level, the co-occurrence of species with divergent hydraulic strategies in forest–steppe
ecotone can enlarge the moisture niche for tree species and increase the maintenance of semiarid
forests. Thus, the divergent hydraulic strategies allow semiarid forests to maintain the same level
of tree diversity with very large regional water supply differences. For example, the tree diversity
in our study area with mean annual precipitation of 350 mm is quite similar to the ones with mean
annual precipitation of 500–650 mm [19]. The maintaining of species diversity is increasingly important
given that the forest–steppe ecotone is facing a drier and more variable climate in the future [28,29].
Divergent hydraulic strategies allow species to occupy moisture niches with many kinds of physical
conditions such as slopes, aspects and soil textures [30]. However, we still lack the knowledge to
determine water absorbing, storing and utilizing patterns for each species, which is urgently needed
for forest dynamic studies and forest managements. Thus, enhanced long-term monitoring of plant
physiological traits is needed in the forest–steppe ecotone in the future.
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In contrast to the divergent hydraulic strategies, co-occurring species have convergent sensitivity
to early stages of drought. The convergent P12 values of all the species except Q. mongolica indicate that
the threshold for plant water uptake in response to early stages of drought [26] may be determined by
the environment instead of the species. The convergent drought sensitivity can be explained by the
hypothesis that plants tend to maximize their physiological functions at the edge of their environmental
water limitation, which was put forward in a global meta-analysis for the hydraulic safety margin [31].
Only the “riskiest” approach does allow trees to maximize their carbon gains and biomass increase
under normal water supply [31]. Moreover, the species with less safe hydraulic strategies must have
some other strategies for drought tolerance or resilience improving, as all the species are facing the same
level of drought and are similarly sensitive to the early stages of drought. The suckering regeneration
strategy [21,32,33] seems to be a more important strategy for P. davidiana than the hydraulic strategies
for its long-term survival in forest–steppe ecotone. The severe tree mortality during 2011 and 2012 can
be explained by the neither safe nor highly efficient hydraulic strategy of P. davidiana in our results,
while the rapid regeneration after drought events ensured the regrowth phase of P. davidiana instead of
the succession to other species [21].

5. Conclusions

Our results revealed the linkage between plant hydraulic strategies and the interspecific
associations of co-occurring trees in forest–steppe ecotone. Though missing some environmental data
to fully investigate the relationships between the tree species and environment water resource supply,
this study pointed out the important rule of plant physiology in the forest composition and dynamics,
laying the foundation for further scientific exploration and data collection.
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the interspecific association pattern and the hydraulic tradeoff differences among species.
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Abstract: Research highlights: In the present survey we examined the sandy grasslands appearing in the
steppe-forest-steppe vegetation in the central part of the Carpathian Basin along the Danube. Background
and objectives: We aimed to answer the following questions: Is it possible to build a picture of the past
form of the vegetation through the examination of these vegetation units based on dominant grass taxa?
Is Festuca wagneri an element of open grasslands or steppes? According to our hypothesis, these surveys
can help reveal the original or secondary woody, shrubby patches through clarifying dominant taxa.
Materials and Methods: We studied the grasslands in terms of coenology, putting great emphasis on the
dominant Festuca taxa. Based on our preliminary surveys and literature, three vegetation types can be
separated based on one single dominant Festuca taxon in each. The survey was conducted in four different
locations in the Carpathian Basin. The cover of dominant grass species was used as an indicator value.
The pedological background was also examined. Results: F. vaginata grassland is an open vegetation
type based on its coenosystematic composition and ecological values. It grows in very weakly developed
calcareous soil with sandy texture, with its lowest and highest organic carbon content ranging from 0.2%
to 11.3% (0.2%), and the highest carbonate content (11.3%). Where the grasslands were disturbed, F.
pseudovaginata and the recently discovered F. tomanii appeared. These taxa were also found in forest
patches. The soil under F. pseudovaginata was more developed, in the surface horizon with higher organic
carbon content (1.1%) and lower carbonate content (6.9%). The soil profile under F. wagneri developed
the most, as the presence of deep and humus rich soil material from deflation and degradation showed.
Conclusions: the dominant Festuca taxa of these vegetation types are good indicators of the changes in
the vegetation and their ecological background.

Forests 2021, 12, 114; doi:10.3390/f12020114 www.mdpi.com/journal/forests
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1. Introduction

We analyzed the sandy vegetation along the Danube in the central area of the Carpathian Basin,
notably the calcareous sandy grasslands, which neighbor forest-steppe patches. The Pannonian–Pontic
environmental zone (PAN) of the Carpathian basin, the Middle and Lower-Danube Plains and the Black-Sea.
This area within characterized by natural forest-steppe and steppe vegetation [1–3]. The western borders of
the Palaearctic steppe zone stretches across Eastern Europe, with high coverages of steppe and steppe-like
grasslands in Bulgaria, Hungary, Moldova and Ukraine. The most important grassland types and subtypes
in Eastern Europe [4] are the steppe grasslands (Festuco-Brometea: Festucetalia valesiacae), which are primary
grasslands in the Eastern European region associated with the steppe and forest steppe zones. They are
typically distributed in lowlands and at the foothills, and characterized by the dominance of Festuca and
Stipa species.

The origin and history of the vegetation in the Pannonian zone are not always clear [5]. In the last
centuries the original zonal appearance of the vegetation went through significant changes and became
mosaic-like [6]. In the Carpathian Basin the zonal arrangement of the soil types and climate disbands
completely, giving the place a mosaic-like landscape [6,7]. As a result, a mosaic-like vegetation types
appeared. In areas with calcareous soil in the central area of the Carpathian Basin the environmental
factors are also mosaic-like [8–10]. According to [11], in the sandy areas of the Danube-Tisza Interfluve,
different vegetation patches are formed along environmental gradients. These gradients can be physical
parameters, such as soil moisture, soil structure, exposure or temperature [12–14].

According to [15], in natural forest steppe transitions, trees can have a major effect on herb vegetation
composition. In the understory of the forest and grove patches the species composition is different
but instead of being a refuge of forest-specialized herbs other grassland-specialized species appear,
contradicting the stress-gradient hypothesis [16,17], which states that competitive partners can change to
facilitative ones at higher stress levels.

The regeneration potential of steppes is considerably lower than that of wet meadows, so mowing
alone or intensive grazing is not effective in maintaining the diversity of the vegetation, though its more
effective than abandoning it [18,19]; complex methods of low-level grazing and mowing should be used [20].
Ref. [21] also mention that richness of the soil can be a negative factor in the regeneration of arid steppes,
since on more fertile soils the ruderal competitors make the natural recovery of specialist species nearly
impossible.

According to [22,23], 45% of woody cover can be considered to be a threshold level, above which
grassland specialist herbs give way to forest-related ones. They state that forest-steppe mosaics, closed
forests and open grasslands also form a mosaic on higher altitudes, which also has to be taken into
consideration when the management and conversation of these complex habitats are planned.

Refs. [24,25] summed up the main features and characteristics of Eurasian forest-steppes in an
extensive review in which they describe the highly diverse fine-scale grassland-forest mosaics in the
Carpathian basin as forest-steppes with characteristic species (among others) such as Quercus spp., Acer
tataricum, Populus alba and herbs like Chrispopgon gryllus, Festuca vaginata, F. rupicola, F. valesiaca, Stipa spp.
and Astragalus spp.

In the past few centuries, significant changes occurred in the relationship of forests and grasslands between
the Danube and the Tisza. Grasslands appeared to replace forests and some swamps disappeared [26,27]. In the
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contact zones or rather, according to the present results, in places once covered in forests, open sandy surfaces
formed then became inhabited by vegetation in a relatively short period of time [21,28–30]. At the same time,
effects of human interventions can be detected long after they ended [31]. In places once covered in forests
succession begins as a natural way of the regeneration of vegetation [32–36].

The soil-vegetation relationship in the sandy regions of the Danube–Tisza Interfluve was described
and assessed by [37,38]. Ref. [39] also performed a botanical study of the Juniperetum of the Bugac area, in
which he characterized the different vegetation types, compiled flora descriptions supplemented with
coenological data and provided a guideline for the evaluation of the location of the vegetation types of the
Hungarian Great Plain. Járó [40] (1974) summarized the types of habitats of the Danube–Tisza Interfluve
and described soils as an important factor in determining its development.

The close surface geology of the Danube–Tisza Interfluve region is determined by mainly carbonatic
eolian sediments of the Danube River. Based on the grain size distribution of the parent material (from
coarse, medium and fine sand to the silty loess) and the hydraulic conditions (particularly the depth
and quality of the water table) different soil types were developed in the area. At the high and dry
landscape positions carbonatic shifting sands and humic sandy soils (Arenosols) can be found, which are
characterized by unfavorable physical and chemical properties (high permeability and low water and
nutrient storage capacity), thus they have low fertility [41,42].

Due to the regular redistribution of the eolian sandy deposits in the past buried soil horizons are
quite frequent in the sandy soils of the region. The properties (i.e., grain size distribution, organic carbon
content or the present soil structure) and the depth of the buried horizons may improve the fertility of the
surface sandy soils and can provide information of the former soil forming environment as well [42]. The
presence of soil structure or the different colors at different depths of the sands are also good indicators of
former soil development under different conditions and vegetation cover of the past [43,44].

The climate of the region is continental with a sub-Mediterranean influence. The annual precipitation
is 500–600 mm (maximum in June) with a mean temperature of approximately 11 ◦C, and increasing aridity
from north to south [45–47].

Ref. [48] separated several new series within the F. ovina group. F. vaginata and F. pseudovaginata
belong to the F. psammophila series [49,50]. The other newly described series is F. trachyphylla, which F.
tomanii belongs to, according to its morphological features [51].

We posed the following questions: (i) How does the present vegetation reflect the original, natural
vegetation? (ii) Are there any proof that there were forests patches in the area? (iii) Could the present
grassland vegetation be a hint of the forest-steppe character? (iv) What inferences can be drawn when
paralleling the present state of the vegetation with soil data?

In order to answer these questions we analyzed the pedological background of the vegetation types
and used the survey of [52], which is the longest examination of sandy grasslands in the Pannonian Region,
being conducted after shrub cutting and afforestation for 14 years continuously.

2. Materials and Methods

Coenological records were made in the central part of the Carpathian Basin, in 4 geographic units
from northwest towards south and southeast. In the 4 areas dominant Festuca taxa were Festuca vaginata, F.
pseudovaginata and F. wagneri, which were used as a baseline when differentiating records. The selected
grasslands stretch along the Danube (Figure 1): 1. Little Hungarian Plain, Csallóköz; 2: northern part of
the central area of the Carparthian Basin (Kiskunság); 3: southern part of the latter (Kiskunság) and 4: the
southernmost sandy area of the Basin (Deliblát). Preferably, we chose sample areas on 3 different plain in
each vegetation type.
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Figure 1. Location of the sample areas.

Taking this into account, our sample areas were the following:
Festuca vaginata grows everywhere along the Danube, and it appears in every studied geographic

units. We could examine 3 sample areas in each northern part: the Little Hungarian Plain (I.1.Fv); northern
part of Kiskunság (I.2.Fv) and southern part of Kiskunság (I.3.Fv). On the southernmost part (Deliblato,
Serbia) only 1 sample area could be analyzed (I.4.Fv).

Festuca pseudovaginata grows only in the Carpathian Basin, on the northern plane. We examined 3
vegetation types dominated by it, based on the clearly visible physiognomical differences. The first one
was a degraded type dominated by weeds at Vácrátót (II.1.Fp): The other one was more diverse, containing
also arboreal species at Újpest (II.2.Fp): the third one was a natural grassland at Kunpeszér-Kunadacs
(II.3.Fp).

Festuca wagneri was also found everywhere along the Danube in the Pannonian Region of the
Carpathian Basin: in the Csallóköz (III.1.Fw), Northern part of Kiskunság (III.2.Fw), Southern part of
Kiskunság (III.3.Fw) and in the southernmost part, at Deliblát (III.4.Fw).

The following relative ecological indicators [53] were used: relative temperature requirements (TB):
1: Subnaval or supraphoric belt;
2: Alpine, boreal or tundra belt;
3: Subalpine or subboreal belt;
4: Montana coniferous forest belt or taiga belt;
5: Belt of Montana deciduous mesophilic forests;
6: Belt of submontane deciduous forests;
7: Belt of thermophilic forests and forest steppes;
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8: Sub-Mediterranean shiblets and steppe belt;
9: Plants of the Eumed Mediterranean evergreen zone.
Relative soil moisture requirements (WB):
1: Plants with high drought tolerance often in areas that are completely dehydrated or persistently

extremely dry (rocky, semi-desert);
2: Drought indicating plants in long dry season production areas;
3: Drought-tolerant plants, occasionally found in fresh production areas;
4: Semi-arid crops;
5: Plants of semi-natural habitats;
6: Fresh crops;
7: Moisture indicator plants, focused on well ventilated, non-wet soil;
8: Humidity indicator, but also tolerant of short flooding;
9: Groundwater signaling plants on gravely saturated (air-poor) soils;
10: Aquatic plants of areas with variable water status, dehydrating for a shorter period;
11: Aquatic organisms floating, rooted or floating;
12: Submerged aquatic plants.
Nitrogen requirements (NB).
1: Plants of sterile, extremely nutrient-poor areas (e.g., peat moss);
2: Highly nutrient-poor crops;
3: Moderately oligotrophic plants;
4: Plants of submesotrophic habitats;
5: Mesotrophic plants;
6: Moderately nutrient-rich plants;
7: Plants of nutrient-rich areas;
8: N-labeled plants in fertilized soils;
9: Over-fertilized hypertrophic habitats (shepherds’ farms), plants of ruined soils.
Taxon nomenclature was used according to [54]. Association nomenclature was used according to [5].

Values of digesting extreme climatic conditions (continentality, KB) were also used based on the 9-level
scale of [55], which was based on [56]:

1. Eu-oceanic species, occurs occasionally in Central Europe (not in Hungary);
2. Oceanic species, occurs mainly in Western end Western Central Europe;
3. Oceanic/suboceanic species, occurs mainly in Central Europe;
4. Suboceanic species, occurs mainly in Central Europe and occasionally in Eastern Europe;
5. Transitory types, with a slight suboceanic and subcontinental feature;
6. Subcontinental species, occurs mainly in Central and Eastern Europe;
7. Continental-subcontinental species, occurs mainly in Eastern Europe;
8. Continental species, occurs occasionally in Central Europe;
9. Eu-continental species, occurs mainly in Siberia and Eastern Europe (not in Central Europe).

Spatial heterogeneity of soil cover was investigated by the use of a Dutch auger soil sampler and 2 soil
profiles were opened and described in order to characterize the soil types of the study area. Morphological
descriptions and classification of soil profiles were made on site according to international standards [57,58].
Based on our survey of soil and vegetation cover, 3 sampling sites were selected. Composite soil samples
from the depth of 0–15 and 15–30 cm were collected for laboratory analysis from each selected sites and
soil parameters that might be connected to vegetation were determined. Soil pH was measured in 1:2.5
soil–water suspension and in 1 M KCl, CaCO3 was obtained by the Scheibler Calcimeter, salt concentration
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was determined by measuring the electrical conductivity of saturated paste [59] and soil organic carbon
content (%) was determined by the wet chemical oxidation method given by [60]. The Walkley and Black
method [61] utilizes a specified volume of acidic dichromate solution reacting with a known quantity of
soil in order to oxidize the organic carbon. The oxidation step is then followed by titration of the excess
dichromate solution with ferrous sulfate, then the organic carbon content is calculated using the difference
between the total volume of dichromate added and the volume titrated after reaction.

For data analysis and presenting the results, the PAST [62,63] statistical software was used.
For comparing the vegetation of the different localities, multivariate hierarchic cluster analysis
(UPGMA—unweighted pair-group average [64]) was conducted using Euclidean mean distance. In
the present study the diversity of vegetation is particularly important, therefore after collecting, contracting
the data based on vegetation types, they were also analyzed using Rényi diversity profiles [65].

3. Results

3.1. Coenosystematic Results

Based on the coenosystematic results (the role of each species within the association), association
group Festucon vaginatae differed the most from the others (based on mostly Stipa borysthenica, Alkanna
tinctoria, Centaurea arenaria, Dinathus serotinus and Koleria glauca (Figure 2). In F. vaginata grasslands the
proportion of these open sandy grassland species was particularly high and varied between 40 and 70% in
every sample area. In F. pseudovaginata grasslands these taxa covered only 10–20%. In F. wagneri grasslands
these ratios were similar to those found in the central region, although in the northern (III.1.Fw, Csallóköz)
and southern (III.4.Fw, Deliblato) areas they dropped under 10%.

The proportion of Festuco-Brometea Br.-Bl. et R. Tx. ex Klika et Hadač 1944 was higher on the outer
edges of the examined region (I.1.Fv, III.4.Fw). Based on the common taxa of Festucetalia valesiacae and
vaginatae it was clear that F. pseudovaginata grasslands showed a transition, especially in the area described
as shrub-forest mosaic (II.2.Fp). There were substantial differences among the elements of subcontinental
arid grasslands (Festucetalia valesiacae Br.-Bl. and R. Tx. ex Br.-Bl. 1949) with regard to their relative
proportions, too. These elements, as key taxa of sandy steppes, occurred primarily in the northernmost F.
vaginata grasslands in the Little Hungarian Plain. In F. pseudovaginata grasslands their proportions were
higher in the shrub-forest area (II.2.Fp). In F. wagneri grasslands, their cover values were found to be
the highest in the northern part of Danube-Tisza Interfluve and at Deliblato (III.2.Fw and III.4.Fw). In
the Deliblato area the following species were found in large numbers: Adonis vernalis, Carex humilis and
Jurinea mollis. F. tomanii was rated in Festucetalia valesiacae based on its occurrences. Elements of Festucetum
rupicolae were found only in two sample areas: in the forest parts of F. pseudovaginata grasslands and in the
Northern Kiskunság patches of F. wagneri.
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Figure 2. Coenosystematic composition of the grassland types under investigation. (Festuca vaginata
vegetation types: I.1.Fv: Little Hungarian Plain, I.2.Fv: northern part of Kiskunság, I.3.Fv: southern
part of Kiskunság, I.4.Fv southernmost part. Festuca pseudovaginata II.1.Fp: degraded type dominated
by weeds, II.2.Fp: woody patches, II.3.Fp: natural patches; Festuca wagneri III.1.Fw: Csallóköz, III.2.Fw:
Northern part of Kiskunság, III.3.Fw: Southern part of Kiskunság, III.4.Fw: in the southernmost part, Fes
vag.: Festucion vaginatae, Fes. vag. and Festucetalia vaginatae and valesiacae, F-B.: Festuco–Brometea, Fes.val.:
Festucetalia valesiacae, Fes.rup.: Festucion rupicolae, Qu.pub.p.: Quercetea pubescentis-petreae, P.: Prunion, Ar.:
Arrhenatheretea, Ch. and Sec: Chenopodietea and Secaalietea, Onopordietea. A.-P.: Alno-Padion).

Weed vegetation elements (Chenopodietea and Secalietea Onopordietea) occurred mainly in weedy
patches of F. pseudovaginata grasslands (II.1.Fp.) (i.e., Anchusa officinalis, Aslepias syriaca, Carduus nutans,
Portulaca oleracea, Setaria viridis and Tragus racemosus). Taxa of European sub-Mediterranean and
subcontinental forests occurred in the forest-steppe patches of F. pseudovaginata (Quercetea pubescentis-petreae
(Oberd., 1948) Jakucs, 1960) (i.e., Berberis viulgaris, Echinops schaerocephalon, Hierochloë repens and Veronica
chamaedrys). These elements were also found in F. vaginata grasslands, although with lower cover values,
in the northernmost and southernmost areas. Forest taxa occur also in F. wagneri grasslands, mainly in the
northern part of the Sand Ridge (III.2.Fw).

3.2. Diversity Results

Based on the Rényi diversity profile (Figure 3), it was clear that the most diverse vegetation type was
F. pseudovaginata.

3.3. Ecological Values

We also analyzed the distribution of the relative ecological indices in the vegetation units, i.e., relative
temperature, water requirements and continentality values.

F. vaginata grasslands were inhabited by species with the highest temperature requirement (value 8),
although taxa with a value of 9 were to be found in secondary, weedy F. pseudovaginata grasslands (II.1.Fp).
In F. wagneri grasslands, value 7 was the most common. On the two edges of the survey area, the coverages
of half-shadow (value 5) and half-shadow–half-light (value 6) species were the highest. (Figure 4a).
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Figure 3. Rényi diversity of the grasslands (Festuca vaginata vegetation types: I.1-4.Fv, Festuca pseudovaginata
II.1-3.Fp and Festuca wagneri III.1-4.Fw).

 
(a) 

 
(b) 

Figure 4. Cont.
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(c) 

Figure 4. Proportions of the species based on relative ecological indices. (a) TB (relative temperature), (b)
WB (relative water requirements) and (c) NB (nitrogen requirements). Festuca vaginata vegetation types:
I.1.Fv: Little Hungarian Plain, I.2.Fv: northern part of Kiskunság, I.3.Fv: southern part of Kiskunság, I.4.Fv
southernmost part. Festuca pseudovaginata: II.1.Fp: degraded type dominated by weeds, II.2.Fp: woody
patches, II.3.Fp: natural patches. Festuca wagneri: III.1.Fw: Csallóköz, III.2.Fw: Northern part of Kiskunság,
III.3.Fw: Southern part of Kiskunság, III.4.Fw: in the southernmost part. 1–9: see Materials and Methods.

Based on relative soil moisture requirements, F. vaginata differed from the others the most (Figure 4b).
In the shrub-forest patches of F. pseudovaginata several species occurred, which indicated the borders of a
wetter environment. Drought-tolerant species, which also occur in fresh habitats occasionally (value 3),
were typical of F. wagneri grasslands.

Based on relative nitrogen requirements, F. vaginata differs again (Figure 4c). They contained the
highest number of nutrient-poor patches. The shrub-forest patches of F. pseudovaginata were inhabited by
species, which indicated larger amounts of nitrogen, which was also true for F. wagneri grasslands.

Species with continentality value of 9 (eucontinental), which occur very rarely in the Carpathian
Basin, were to be found in the weedy grassland of F. pseudovaginata (II.1.Fp). Taxa with a value of
8, which are continental species marginally appearing in Central Europe, were also found. Value 7
(continental–subcontinental taxa with an Eastern European centre) had the largest proportion. Value 6 is a
subcontinental category with a Central European centre; it also appeared along with value 5 (transitional
types, with slight suboceanic and subcontinental features) (Figure 5).
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Figure 5. Proportion of the taxa based on their ability to tolerate extreme climatic effects. KB: continentality.
Festuca vaginata vegetation types: I.1.Fv: Little Hungarian Plain, I.2.Fv: northern part of Kiskunság, I.3.Fv:
southern part of Kiskunság, I.4.Fv southernmost part. Festuca pseudovaginata II.1.Fp: degraded type
dominated by weeds, II.2.Fp: woody area, II.3.Fp: natural area. Festuca wagneri III.1.Fw: Csallóköz, III.2.Fw:
Northern part of Kiskunság, III.3.Fw: Southern part of Kiskunság, III.4.Fw: in the southernmost part. 1–9:
see Material and Methods.

3.4. Pedological Results

The soil conditions were quite homogenous in the studied areas but small scale differences in the rate
of development, SOM (soil organic matter) and carbonate content were detected in the different Festuca
spp habitats.

The soil type under F. vaginata was described as Calcaric Arenosol [59] with ACk Ck profile
development [57], which represents a very weakly developed calcareous soil with sandy texture (Figure 6).
Based on our results, F. vaginata usually occurs in areas with the least developed, strongly calcareous sandy
soil patterns, where we measured the lowest organic carbon (0.2%), and the highest carbonate content
(11.3%) (Table 1).
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(a) (b) (c) 

Figure 6. Soil profiles with genetic horizons [54] and classification according to the World Reference Base
for Soil Resources [55]. (a) Calcaric Arenosol under F. vaginata; (b) Calcaric Arenosol under F. pseudovaginata
and (c) Calcaric Brunic Arenosol under F. wagneri.

Table 1. Basic soil chemical parameters of the genetic horizons of the soils profiles sampled under F. vaginata,
F. pseudovaginata and F. wagneri sites.

Site
Genetic
Horizon

Depth
(cm)

SOM
(%)

CaCO3

(%)
pH

(H2O)
pH

(KCl)
Salt
(%)

F. vaginata ACk 0–5 0.2 11.3 8.2 8.0 0.02
Ck 5- 0.1 11.4 8.6 8.2 0.02

F. pseudovaginata Ak 0–5 1.1 6.9 8.1 7.7 0.03
Bwk 5–18 0.6 8.6 8.3 8.1 0.03
2Ck 18- 0.2 10.5 8.8 8.5 0.02

F. wagneri A 0–20 1.3 0 6.7 6.4 0.01
AB 20–60 0.8 0 6.9 6.1 0.01
Bw 60–95 0.5 0 7.6 7.2 0.01
BC 95–125 0.2 0 7.6 7.0 0.01

2Ckl 125- 0.1 5.2 8.0 7.7 0.02

The soil under F. pseudovaginata was more developed with Ak Bwk 2Ck profile development [54]
showing moderate accumulation of humified organic matter in the surface horizon with higher organic
carbon content (1.1%) and lower carbonate content (6.9%) than in the topsoil of the F. vaginata habitat
(Table 1).

The soil profile showed lithic discontinuity under the Ak Bwk horizons at 18 cm depth, indicated
by the presence of common (5–10%) fine and medium (2–10 mm) rounded gravel content of the surface
horizons compared to the underlying gravel free sand layer. The thin appearance of this surface layer can
be explained by deforestation or other human impacts, which caused deflation and thus the loss of the
former surface and surface close horizons. The recent, weakly developed and humus rich A horizon may
have developed on the top of the remnant B horizon of the truncated soil, which was eroded to the surface.

As a result of this thin, weakly developed appearance of the described horizons, the soil under F.
pseudovaginata was also classified as Calcaric Arenosol [55] but the morphology of the Bw horizon (at a
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depth of 5–18 cm) still supported our hypothesis of the presence of a former forest vegetation cover in the
area. The olive brown (Munsell 2.5 YR 4/3 moist) color, and the weak granular structure are typical features
of pedogenic alteration, which is characteristic for the weakly developed forest soils of the Carpathian
Basin. These soils are called “Brown earths” in the genetic based Hungarian soil classification system [42],
and “Cambisols” (or “Brunic Arenosols” in case of coarse sandy texture) according to the World Reference
Base for Soil Resources [55].

The most developed soil profile of the studied area was described under F. wagneri. The solum was
125 cm thick with A AB Bw BC 2Ckl profile development and the soil was classified as Calcaric Brunic
Arenosol [55] indicating obvious signs of soil formation with horizon differentiation in the sandy subsoil.
Both the morphology and the chemical properties of the genetic horizons were found typical for soils
developed under (former) forest vegetation. The soil showed relatively deep humus rich A horizon (0–20
cm), transitional character (AB horizon between 20–60 cm) and had a Bw horizon (at 60–95 cm depth)
with brownish discoloration (Munsell 10 YR 4/4 moist), soil structure development (weak to moderate,
medium subangular blocky) and leached, carbonate free characteristics. The presence of deep, transitional
A and AB horizon indicated stabile surface with closed vegetation cover, which saved the humus rich soil
material from deflation and degradation.

4. Discussion

Due to significant changes in the vegetation taking place in the last few hundred years, the central
sandy grassland, forest-steppe areas of the Carpathian Basin became mosaic-like [6,66] but the present
survey confirmed that several patches of the original vegetation was still preserved. At the same time, new
opportunities opened up for new species and associations to settle, or even new taxa to form. For the same
reason, invasive species could also invade more easily [31,67].

Based on the results we could confirm that Festuca vaginata was to be found all along the Danube in
sandy soils in the Carpathian Basin but it is still uncertain whether its habitat spreads all the way to the
Black Sea [5]. Based on our concurrent surveys it spreads only to Romania [6,68]. Basically, this species
inhabits the open sandy grasslands, in the association of Festucetum vaginatae Rapaics ex Soó 1929 em.
Borhidi 1996.

In earlier literature, Festuca vaginata was treated as the only dominant grass taxon of the open calcareous
sandy grasslands. This was debated by [69] when finding F. wagneri in Hungary for the first time, although he
treated it as a forest-steppe species. There was no consensus on the coenological affiliation of F. wagneri, although
its taxonomy was clarified by [70] when describing it as a separate species. Since older specimens lose their
epidermal hairs and their sclerenchime becomes annular, a greenish grass taxon was identified as F. wagneri in
samples of F. vaginata grasslands, until [71] described it as a new species named F. pseudovaginata, which also
forms an association new to science [72]. Later it was confirmed that the soil parameters of this association differ
greatly from the others’ [73] in terms of Ca and Mg contents. However, in the present survey soil profile was
conducted for the first time, and its analysis confirmed what the environmental backdrop F. pseudovaginata
indicated. This species evolved on forest soils. The soil profile showed 1.5 m deep forest soil and the amount of
organic matter was higher. The relative ecological indices showed [50] that the vegetation type appeared under
wetter conditions and based on their nitrogen requirement values, the soil was more nutrient-rich, which was
also confirmed by the soil profiles.

F. pseudovaginata is endemic in the Pannonian region, it inhabits only the central sandy area of the
Carpathian Basin. Ref. [74] provided data from the Romanian border, as its first occurrence in the country.
However, there are still some uncertainties about it because F. pseudovaginata is tetraploid, while the
specimens found were all diploid [75].
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Coenosystematic analysis showed F. pseudovaginata mainly in forest-shrub areas and the samples also
contained elements of Quercetea pubescentis-petreae and steppe taxa. In F. wagneri grasslands, proportion of
taxa of Festucetalia valesiacae and Festuco-Brometea was higher. In addition, all three vegetation types were
less diverse at their northern and southern edges and contained also forest, steppe and closed grassland
species in larger proportions.

The present study was not extended to examine the border areas between sandy grasslands and forest
vegetation, similarly to numerous invaluable and detailed works [23–25,76,77], although they did not
examine the dominant Festuca taxa in detail. The present survey is part of a series of investigations, which
examine the sandy grasslands along the Danube and the taxonomic conditions of the Festuca. As a result
of our present study a new species was also discovered. Based on the soil profiles, it was clarified that
these Festuca taxa can be used as indicators of disturbances in the vegetation or the onetime locations of
forest patches.

F. pseudovaginata forms an association [72], not only under artificial circumstances as seen in Újpest
but also at Kunpeszér-Kunadacs, where the vegetation indicates natural processes. The later is the largest
continuous sandy grassland along the Danube in the Hungarian Plain, where the chances for vegetation
types to evolve were the highest and its diverse environment gave an opportunity for mosaic-like landscape
structure to form.

In conclusion, we answered our questions as follows: (i) According to our results, F. vaginata and
F. wagneri grasslands can be considered as seminatural habitat based on their species composition and
ecological indicators. F. pseudovaginata grasslands are mainly disturbed but natural patches were also
found. (ii) Soils of F. pseudovaginata and F. wagneri indicate the onetime forest patches. (iii) The composition
vegetation indicates its relationship with forest-steppes. Coenosystematic analysis showed F. pseudovaginata
mainly in forest-shrub areas and the samples also contained elements of Quercetea pubescentis-petreae and
steppe taxa. In F. wagneri grasslands, the proportions of taxa of Festucetalia valesiacae and Festuco-Brometea
were higher. In addition, all three vegetation types were less diverse at their northern and southern edges
and contained also forest, steppe and closed grassland species in higher proportions. (iv) The vegetation
follows the aridification of the climate fast and changes rapidly into dry sandy grasslands form. The
pedological results showed the memories of the changes of the soil. Answering the question in the title,
the dominant Festuca species and their proportions and cover values will be the memory that indicates the
vegetation types of the past in the area.
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Abstract: The present study focuses on the mosaic-like occurrences of patches of steppes and fore-steppes
in the Pannonian forest-steppe zone. We present the current vegetation, which is maintained including
by human landscape use, i.e., grazing and mowing. The area is complex and for this reason it shows
the changes in the landscape and differences in the vegetation more diversely. We wanted to answer
the questions: Do sand steppes and forest-steppes occur in the Ipoly Valley and what location? What
kind of environmental effects influence the species composition on these areas? Besides classic habitat
mapping, are the satellite data from Sentinel-2A useful for distinction of different areas? Comparison of
vegetation patches was based on the Hungarian habitat classification system (ÁNÉR). Based on satellite
images, quantile data of the Normalized Vegetation Index (NDVI) were used for comparison. Based on
the result, water bodies and urban areas are clearly distinguishable from other natural habitats. In some
natural vegetation types, we found visible differences, such as grasslands, i.e., sandy steppe meadows and
shrubby, woody vegetation patches. Sandy vegetation mainly grows on calcareous soils, which appear to
be mosaic-like in the landscape on raised alluvials on the patches of past islands and reefs. From open
to continuous closed grasslands, these vegetation types mainly grow on lithosoils. New occurrences of
Pannonian sandy vegetation were discovered. In the sandy areas along the Ipoly Valley, open sandy
grasslands were found, which is where the northernmost known occurrences of this vegetation type
are. Besides common sandy grassland species, the vegetation also contains herbs that are typical in
loess-grasslands and it is maintained by grazing, similarly to the eastern Pannonian area. This type of
grazing can be useful when maintaining the mosaic-like appearance and diversity of the vegetation.

Keywords: forest-steppes; sandy grassland; grazing-mowing; NDVI; Sentinel-2A

1. Introduction

The Pannonian-Pontic environmental zone (PAN) occupies the major part of the Carpathian Basin.
The area is characterized by natural forest-steppe and steppe vegetation [1,2].

Numerous studies were carried out investigating the sandy areas of the Pannon region. The first
significant review was published by Zólyomi [3]. Szujkóné–Lacza [4] assembled and reviewed the literature
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and collections of the Danube-Tisza Interfluve, while also using the data of the Botanical Department
of the Hungarian Natural History Museum. However, surveys usually dealt with the central region
of Hungary, which includes the most natural (i.e., relatively intact) parts. Owing to these studies, the
temporal structure, the distinguishable aspects, and aspect-forming species of Festucetum vaginatae Simon
2000 are well known [5].

The zonal arrangement of the soil types and climate, which are characteristic of the eastern part of the
continent, disbands completely and gives way to a mosaic-like landscape in the Carpathian Basin [6–8].

Both climazonal and edaphic mosaic habitats from steppe patches to forested
areas [9–11], developed in sandy soil, which was altered and restricted as a result of landscape
managements [12,13].

In these areas with calcareous soil in the central parts of the Carpathian Basin, the environmental
factors are mosaic-like as well [14–19]. The present study examines the occurrences of the steppe and
forest-steppe vegetation on the edge of the Pannonian forest-steppe region. The river Ipoly is one of the
last rivers that have been preserved in their natural condition and have not been affected by water flow
regulations. Not surprisingly, the Ipoly Valley is a protected nature reserve area of national significance,
since it is part of the Danube-Ipoly National Park. In addition, it is also a nature conservation area
(HUDI20026) and bird sanctuary (HUDI10008) and is subject to the Ramsar Convention in order to protect
the migratory aquatic birds [20,21].

Despite its linear nature, Ipoly Valley harbors especially mosaic-like vegetation, mainly because it is a
non-regulated, natural watercourse [22]. Close relations between the soil moisture level and degree of
vegetation heterogeneity were also detected in other watercourses in the Pannonian region [23]. Based on
earlier examinations of the Ipoly Valley, the changes of the ground water table clearly affect the spatial
arrangement of vegetation types [24]. With the increased advance of agriculture, most of the grasslands
were drained and plowed. The area along the Ipoly offers an ideal research terrain for studying the effects
of various environmental factors such as soil on the distribution of native species. For these reasons,
further examination of this area is needed.

Járdi et al. compared the coenology of the acidic sandy grasslands, steppes, meadows, and swamp
meadows, which were grazed by Charolais and Hungarian gray cattle. The species pool and the cover of
common species differed greatly in the examined grasslands, which clearly showed effects of the different
abiotic and pedologic factors, water supply, and landscape uses. In these sandy grasslands, Festuca ovina
L. aggregate (Poaceae) and Festuca rupicola Heuff. both appeared, and both Festuca pseudovina Hack. ex
Wiesb. and Stipa borysthenica Klokov ex Prokudin were common in the more arid areas [25].

Examinations can be expanded with data from satellite images [26]. Sentinel-2A is the most useful
satellite for this goal [27]. It was launched on June 23, 2015 as part of the European Copernicus Program.

Our questions were the following:

(i) Do sand steppes and forest-steppes occur in the Ipoly Valley and if yes, then where?
(ii) What kind of environmental effects influence the species composition on these areas?
(iii) Besides classic habitat mapping, are the satellite data from Sentinel-2A useful for distinction of

different areas?

2. Materials and Methods

The study area covers 445 hectares and is situated in northern Hungary along the River Ipoly, in the
municipality area of Dejtár, and a smaller proportion between Dejtár and Ipolyvece (Figure 1).

Manual GPS was used for recording coordinates of the sample points with consideration to the
edges of the habitat patches, which were treated as separate units. For the identification of habitats, the
protocol of the Hungarian Habitat Classification System (ÁNÉR) was used. This system was developed in
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connection with the National Biodiversity Monitoring System (NBmR), which contains all vegetation types
in Hungary [29]. It is the most frequently used complex system in the country and is under continuous
development. Compared to coenological systems, NBmR is substantially simpler, as it contains fewer
and broader categories. It groups associations into larger, more interpretable types and it is also feasible
for practical use in nature conservation [30,31]. Association names were used according to [32]. Species
nomenclature was used according to [33].

In general, one demarcated habitat patch belongs to only one habitat type (e.g., P2b see below in
Table 1). However, there were habitat patches in which more than one habitat type was present. The
main reason for this was that in some cases, habitat patches could not be allocated from the habitats in
presentable size or they appeared as a mosaic of two or more ÁNÉR categories, therefore these habitat
patches were indicated as habitat complexes in decreasing order of share in the following manner: D34 ×
B1a × P2a. The relevant ÁNÉR categories are shown in Table 1. While editing the habitat map, it was
important to clearly trace and evaluate changes of habitat types.

Figure 1. The location of the study area in Hungary (prepared with Marosi and Somogyi 1990) [28].
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Table 1. Habitats revealed in the study area, using the categories of the Hungarian Habitat Classification
System (ÁNÉR).

ÁNÉR Categories Description

B1a Eu- and mesotrophic reed and Typha beds
B5 Non-tussock tall-sedge beds

D34 Mesotrophic wet meadows
H5b Closed sand steppes
P2b Dry and semi-dry pioneer scrub
P2a Wet and mesic pioneer scrub
J3 Riverine willow scrub
J4 Riverine willow-poplar woodlands

OB Uncharacteristic mesic grasslands
OC Uncharacteristic dry and semi-dry grasslands
P2b Dry and semi-dry pioneer scrub
RB Uncharacteristic or pioneer softwood forests
S2 Populus × euramericana plantations
S4 Scots and black pine plantations
T1 Annual intensive arable fields
U8 Water streams
U7 Sand, gravel, clay and peat mines, loess walls
U9 Standing waters
U11 Roads and railroads

Maps were created using QuantumGIS, an open source geoinformatical program, which can be
downloaded from (www.qgis.org). Coordinates recorded in the field were visualized as a GSX file in the
program. The Satellite images chosen for evaluation were recorded on 17th September 2019 as the cloud
cover was relatively low and this date was as close to the field research’s date as possible. All Sentinel-2A
image was downloaded from the official homepage of Copernicus. From the downloaded 12 optical
bands, two optical bands were used to extract the Normalized Vegetation Index (NDVI) data. The visible
red (RED) and near-infrared (NIR) were used to compute the numerical Normalized Vegetation Indices
(NDVI) of each 10 × 10 m pixel [26], then the pixels were colored accordingly. NDVI is a non-dimensional
value that reflects the vegetational activity of a given area. It is returned by the quotient of the sum and
the difference of the reflected intensity of NIR and RED [34]. NDVI shows the biological activity of the
vegetation: the higher the reflection of the chlorophyll, the higher the value. In the absence of vegetation,
NDVI will be negative, for example on water bodies in the early vegetation period. In the evaluation phase
habitats mapped by using the classic field survey method were compared with NDVI of satellite images.

In order to visualize the latter, 20 points were selected randomly to each ÁNÉR category, then the
NDVI of the points were assigned to the categories. Data were analyzed using Microsoft Excel and PAST
(PAleontological STatistics) software [35].

Mean NDVI data were compared by the non-parametric Kruskal-Wallis test, since raw data of 5
habitat types out of the 19 habitat types involved in this analysis did not fit the Gaussian distribution.
Dunn’s Multiple Comparisons test was used as a post hoc test, and differences at level p < 0.05 were
considered significant [35].
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3. Results

3.1. Habitat Map with ÁNÉR Categories

Based on the field works, 19 habitat types (i.e., ÁNÉR categories) and their combinations (habitat
complexes) were identified, resulting in a total of 29 patch types in the map. Table 2 summarizes the size
and the number of the identified habitat patches.

Table 2. The number and the size of the habitat patches identified in the study area.

Type of Habitats Number of Habitat Patches (Pieces) Area (Hectares)

B1a 4 46.0
B2 × B5 1 17.5

D34 1 34.1
D34 × B1a × P2a 1 16.5

H5b 16 38.0
H5b × P2b 2 28.1

J3 1 6.8
J3 × B5 1 1.0

J3 × P2b × U9 1 0.9
J4 2 0.5

J4 × B5 1 3.3
J4 × P2b 7 25.7

J4 × P2b × U9 1 2.7
J4 × U8 2 11.3

OB 1 8.1
OC 8 30.6
P2b 15 18.0

P2b × D34 1 1.1
P2b × H5b 1 13.1
P2b × OC 1 0.2

RB 2 84.9
S2 5 30.4
S4 2 3.5
S7 2 6.2
T1 2 7.1

U11 3 6.8
U6 1 0.4
U7 1 0.7
U9 2 1.7

Total 88 445.1

3.2. Habitat Types of the Study Area

According to the habitat map (Figure 2), mosaics of gallery forests (J4) and swamp meadows (B1a, B2,
B5) are common in the north-eastern edge of the area. Wet meadows are also common due to the water
supply. Figure 3 shows the vegetation belt in the foreground of the gallery forest. It is seemingly continuous
and its parts are difficult to distinguish during habitat mapping. From the narrow belt of the gallery forest
(Figure 3A1) the following plant associations appear: Phragmitetum vulgaris Soó 1927, Scirpetum lacustris
Chouard 1924, Typhetum angustifoliae Pignatti 1953, Typhetum latifoliae Lang 1973, Sparganietum erecti Roll
1938. In the wetter part (Figure 3A2), swamp meadows and Carex-dominanted associations appear as a
complex, with patches of different sizes: Caricetum gracilis Almquist 1929, Caricetum vesicariae Chouard 1924,
Galio palustris-Caricetum ripariae Bal.-Tul.et al.1993, Caricetum vulpine Soó 1927, Caricetum melanostachyae
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Baláž 1943, Caricetum distichae Jonas 1933, and in some places even the Phalaridetum arundinaceae Libbert
1931, Oenantho aquaticae-Rorippetum amphibiae R.Tx.1953 and the Butometum umbellati Philippi 1973. In this
belt, Lychnis flos-cuculi L. (Figure 3B) and Ranunculus ssp. are also dominant in the spring aspect.

Figure 2. Habitat map of the Dejtár area using ÁNÉR categories.

  
(A) (B) 

Figure 3. Lower seated area of the Ipoly Valley. (A1): Gallery forest along the Ipoly; (A2): Swamp meadow
dominated by Carex spp. (B): In the belt area in the Ipoly Valley, Lychnis flos-cuculi and Ranunculus ssp. are
in the spring aspect.

On higher elevations, sandy grassland and shrubby, woody patches appear (Figure 4A). The number
of patches of sand steppe meadows (H5b) was the highest (16 pieces) and its total area was also large
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(63.4 ha). However, considering the associations, they are less continuous than wet patches, because the
drier parts of the higher elevations were dominated by Stipa borysthenica, which is an element of Festucion
vaginatae Simon 2000.

 
(A) 

  
(B) (C) 

Figure 4. (A) Sandy grasslands and shrubs appearing in the higher seated parts. (B) Salvia pratensis, a
dominant steppe species. (C) Stipa borysthenica, a dominant steppe meadow grass species.

In contrast, Festuca vaginata W. et K., an important characteristic species of open sandy grasslands is
missing and the frequent occurrences of Salvia pratensis L. (Lamiaceae) are a sign of the steppe character
and causes the vegetation to be akin to Salvio-nemorosae-Festucetosum rupicolae Zólyomi ex Soó 1964. From
a coenological perspective, it is an interesting situation when a loess-steppe vegetation appears on sandy
soil, with Festuca rupicola and Salvia pratensis as the dominant species (Figure 4B). Thymus spp., Dianthus
pontederae A. Kern. and Koeleria cristata (Ledeb.) Schult., which are steppe elements, are also found here.
Similarly to the original acidic Pannon sandy grasslands, Pulsatilla pratensis ssp. nigricans also appears.
This vegetation type is very close to Potentillo arenariae-Festucetum pseudovinae Soó 1938, 1940, which is a
rare association in the eastern part of the Pannonian region, as many of its species appear here.

Furthermore, in the most nutrient-poor parts of the area, diversity of the vegetation of sandy hedges
is expanded by Thymo serpylli-Festucetum pseudovinae Borhidi 1958 as a new occurrence in the Pannon
region. This association was known only from the eastern part of the Pannonian region (Nyírség), and was
described in southwestern Hungary (Inner Somogy). Its important characteristic species is Corynephorus
canescens (L.) P.Beauv. On sandy plains, these habitat patches appear along with pioneer arid and semiarid
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woody associations (P2b) as a mosaic. This vegetation forms after deforestation or as a consequence of
heavy grazing.

3.3. NDVI versus ÁNÉR Categories

Lower vegetation productivity results in lower NDVI value [27]. In the study area (Figure 5), the
lowest NDVI value was 0.076 while the highest was 0.83. Urban areas and water bodies have the lowest
values, near 0. Still waters (ÁNÉR category: U9) have NDVI values between 0.08 and 0.55. The positive
values can be explained by the biological activity in the water but the level of reflection is very low due the
chlorophyll-poor areas [30]. Intensively cultivated farmlands (T1) have similar values. The category of
roads and railroads (U11) showed low NDVI values similarly to the previous ÁNÉR categories due to the
low biological activity; therefore, this category is well separated from the other classes. Swamp meadows
(D34) on lower elevations along the river are more unified, while the reefs are distinctly different, which
means that the differences originating from the elevation can also be observed in the vegetation of the
area. NDVI values are higher where plant activity is higher, or the phenological phase of the plant is in the
growing period. More arid sand associations showed low NDVI (0.56–0.632). Most sandy steppe meadows
(H5b) along with transitional habitats between grasslands and woody patches had values of 0.632–0.666.
Swamp meadow vegetation (D34) is clearly distinguishable from Saliceto-Populetum Meijer-Drees 1936 (J4)
and dry-semi-dry pioneer shrubs (P2b) complexes along the Ipoly. Woody vegetation did not appear to be
very unified, while NDVI categories differed depending on the phenological phase.

Figure 6 shows the different NDVI values of randomly chosen 20 pixels from each ÁNÉR category.
Results of the statistical comparison of mean NDVI values among the habitat types are summarized
in Table 3. Water bodies (U9) urban areas, such as fallow lands (T1) sand mines (U7), and roads (U11)
differed significantly from the majority of other habitats. A somewhat higher but still low NDVI value
was found in the sandy steppe meadows (H5b). Woody and grassland vegetation differed from each
other. Categories of grassland vegetation, such as sandy steppe meadows (H5b), uncharacteristic arid
and semiarid grassland complexes (OC), and uncharacteristic fresh grasslands (OB) showed lower NDVI
values. In contrast, woody vegetation patches, such as riverine willow shrubs (J3), planted pinewoods (S4),
and Riverine willow-poplar woodlands (J4) significantly differed from most of the non-woody habitats.
Dry shrub vegetation with Crataegus monogyna, Prunus spinosa L. and Juniperus communis L. (P2b) showed
uniformly medium high values. Wetter and arid grasslands, which are important in terms of grassland
farming, differed greatly. Dry grasslands were not uniform because of the species characteristic in them,
while in dry grasslands the cover of Corinephorus canescens (L.) P.Beauv., Festuca psedovina Hack., Festuca
ovina, Festuca rupicola, and Stipa borysthenica are larger. These species occur sporadically in the OC category.
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Figure 5. Habitat maps of Dejtár area using ÁNÉR categories and Normalized Vegetation Index (NDVI)
data.

Figure 6. Distribution of ÁNÉR categories (habitat patches) based on NDVI data.
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Table 3. Statistical comparison of mean NDVI values of the characteristic habitat types in the Ipoly Valley,
Hungary. (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ns: not significant).

B2 ×
B5

D34 H5b
H5b ×

P2b
D34 × B1a ×

P2a

J3
×
B5

J4
×
B5

J4 ×
P2b

OB OC P2b RB S2 S4 T1 U7 U9 U11

B1a ns ns * ns ns ns ns ns ns ns ns ns ns * ** *** *** ***

B2 × B5 ns *** ns ns ns ns ns *** *** ns ** *** ns *** *** *** ***

D34 *** ns ns ns ns ns * *** ns * *** ns *** *** *** ***

H5b * *** *** *** *** ns ns ** ns ns *** ns ns ns ns

H5b ×
P2b ns ns ns ns ns ns ns ns ns ** ** *** *** ***

D34 ×
B1a ×
P2a

ns ns ns ns *** ns ns * ns *** *** *** ***

J3 × B5 ns ns ns ** ns ns ns ns *** *** *** ***

J4 × B5 ns *** *** ns ** *** ns *** *** *** ***

J4 × P2b ns * ns ns ns ns *** *** *** ***

OB ns ns ns ns *** ns * ** *

OC ns ns ns *** ns ns ns ns

P2b ns ns ns *** *** *** ***

RB ns *** ns ** ** **

S2 *** ns ns ns ns

S4 *** *** *** ***

T1 ns ns ns

U7 ns ns

U9 ns

4. Discussion

In the present vegetation study, we also discovered two vegetation types: the Potentillo
arenariae-Festucetum pseudovinae and the Thymo serpylli-Festucetum pseudovinae. The two vegetation
types were discovered in the Pannonian region as a new occurrence, which may have appeared as a result
of environmental conditions [8,31]. The sand hills protruding from the river floodplain offered dry and
nutrient-poor habitats where sand vegetation appeared and was able to form.

Vegetation edges were studied primarily in the central Great Plain of the Carpathian Basin [12,14].
Similar transitional conditions under similar environmental, water, and soil conditions may develop at
the northern occurrence limits of these typical Pannonian vegetation types. In addition, two vegetation
types were discovered in the Pannonian region as a new occurrence, which may have appeared as a result
of territorial utilization, as in the eastern part of the basin (Nyírség) [31]. During the examination of the
sandy area, two new occurrences of acerbic sand were found in the Pannonian region, which were only
known from the western (Inner Plain), southwestern (Inner Somogy), and eastern (Nyírség) areas of the
Pannonian region [36,37].

Among the dominant species such as Corinophorus canescens (L.) P. B., Jasione montana L., Veronica
ssp.; however, the dominant species Festuca vaginata did not occur. The dominant taxon in the more
closed stands was Festuca pseudovina, which also indicates the degradation of the vegetation [37–39]. The
occurrence of Festuca rupicola suggests cooler environmental conditions and climatic effects [40].
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Complex patches appear in the deeper areas, mostly characteristic of individual Hungarian habitats [22,
41,42], and wet, swampy, marshy, or water-bound vegetation patches appear in the depressions on the site,
which [43–45] may generally be typical but the position of the ground water table is especially important
in the central area of the Carpathian Basin, which leads to the appearance of diverse and species rich
vegetation [15,16,45]. Spots from the ÁNÉR-based habitat mapping showed agreement with the remote
sensing data, which were also used as controls. Typical sandy grassland species such as Stipa borysthenica
also occur at the heights of the northern sand steppes. In addition, isolated parts within each patch can
be detected, which provide additional information about land use, which is also of practical importance
for grazing, where land use is important in its maintenance, as well as in the mosaic-like and diverse
vegetation.

Data from the Sentinel-2A satellite offer an opportunity for mapping natural habitats [46–48]. Based
on our observations, it can be seen that the individual vegetation patches can be distinguished well based
on the ÁNÉR categories, thus the field mapping is facilitated by the data of satellite images in hard-to-reach
areas, as others noticed during their work [27]. When constructing an association-accurate map, the
individual vegetation types are not clearly separated if there is no need for a habitat map of such accuracy
and a simpler category system can be used to solve this problem, which [27] also received attention during
the study. In contrast, the regularities are clearly outlined in the studied habitats and the agricultural area
shows a homogeneous picture since after the harvest the open farmland (Category T1 in Figure 5) shows
a lower NDVI value [49,50]. One can see that the wet and dry spots are markedly different in between
the connected areas. The sandy grasslands are different associations on the bedrock, giving a mosaic-like
picture (Category H5b in Figure 5) [46,51]. Isolated areas within each patch can also be identified as an
area used by cattle as resting areas to provide additional information on land use that is also of practical
importance for grazing. In order to preserve the original vegetation of the area [52], we need to protect
the endangered and protected plants and also the vegetation types from river regulation, ploughing, and
deforestation of the areas.

5. Conclusions

Answering question (i), the northern boundary of the Pannonian steppe-forest-steppe vegetation
type is found in the study area, which is the valley of the Ipoly River. The vegetation type appears in the
drier, acerbic sandy areas along the rivers, as well as new occurrence patches, and a special coenosystemic
vegetation mixture is formed. (ii) In the study area, the nearby sand ridges provided an environmental
background to learn about the boundaries of the Pannonian sand steppe and forest-steppe. The dominant
species of the steppe patches was Festuca rupicola, which plays a similar coenosystemic role in the formation
of the vegetation to Festuca vaginata in the central parts of the Carpathian Basin. Based on the data, the
appearance of Festuca vaginata can also be expected due to global climatic changes [53–55]. (iii) Based on
the Sentinel-2A data, we have seen that urban areas are separated from natural habitats but the individual
vegetation types are not clearly separated.
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Abstract: Shrub encroachment, i.e., shrub emergence or an increase in woody plant cover, has been
widely observed in arid and semiarid grasslands and savannas worldwide since the 2000s. However,
until now, there has been a clear division of opinion regarding its ecological implications. One view
is that shrub encroachment is an indicator of ecological degradation, and the other is that
shrub encroachment is a sign of the restoration of degraded ecosystems. This division leads to
completely different judgments about the states and transition phases of shrub-encroached ecosystems,
which further affects decisions about their conservation and management. To determine whether
ecosystems experiencing shrub encroachment are degrading or are in a postdegraded restoration
stage, the spatial distributions and interactions of woody plants after shrub encroachment were
investigated in this study. An Ulmus pumila-dominated temperate savanna-like ecosystem with
significant shrub encroachment in the Otindag Sandy Land, Inner Mongolia, China, was selected
as the research area, and woody plants were surveyed within a 25-hectare (500 × 500 m) plot.
Spatial point pattern analysis was employed to analyze the distribution patterns of the woody plants.
The results indicated different patterns for U. pumila trees, i.e., a random distribution pattern for
old trees (with a diameter at breast height (DBH) of more than 20 cm) and aggregated distribution
patterns for medium (5 cm ≤ DBH < 20 cm) and juvenile trees (DBH < 5 cm) at scales of 0–9 and
0–12 m, respectively. For most shrubs, there was significant aggregation at a scale of 0–6 m. However,
there were significant negative relationships between old U. pumila trees (DBH ≥ 20 cm) and most
shrub species, such as Caragana microphylla and Spiraea aquilegifolia. In contrast, there were positive
relationships between juvenile trees (DBH < 5 cm) and most shrub species. These results suggest
that, to some extent, shrub encroachment may have disrupted the normal succession pattern in the
U. pumila community in this area, and without conservation, the original tree-dominated temperate
savanna-like ecosystem may continue to deteriorate and eventually become a shrub-dominated
temperate savanna-like ecosystem.

Keywords: shrub encroachment; spatial pattern; temperate savanna; ecosystem degradation

1. Introduction

Shrub encroachment in grasslands and the densification of woody plant cover in savannas
have been widely documented across many arid and semiarid areas of the world [1–4], including in
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South America, Australia, and the warm deserts of the Southwestern United States. However,
until now, there has been a clear division of opinion about its ecological indication. One view is
that shrub encroachment is an indicator of land degradation that is often associated with ecosystem
degradation [5], such as declines in forage productivity, biodiversity, and socioeconomic potential,
as well as increased erosion [6]. However, an alternative viewpoint proposing that shrub emergence is
a sign of the restoration of degraded ecosystems has emerged recently [7,8], considered to support
the biodiversity and a variety of ecosystem services [9]. In addition, shrub encroachment has been
described as an alternative stable state occurring several times during the last two millennia in
African savannas [10]. Some studies also found that the role of shrub species was important in the
rehabilitation of degraded sandy land ecosystems [11]. Furthermore, different opinions exist as to
the causes of shrub encroachment in different types of ecosystems [12]: some studies found that
underuse leads to shrub and subsequent tree encroachment and, finally, conversion to forest [12];
however, overgrazing usually causes shrub encroachment in Africa and the Mongolia Plateau [10].
This difference in the perception of shrub encroachment could lead to completely different judgments
of the states and transitions of shrub-encroached ecosystems, which would further affect decisions
about their conservation and management [13]. An innovative study [14], combined with the landscape
history and other environmental factors, quantified the process and indicative significance of shrub
encroachment and provided us with new ideas. Therefore, more attention needs to be paid to ecosystem
changes after shrub encroachment to clarify their ecological significance, especially the significance of
the degree of shrub encroachment and changes in distribution patterns and structure. This information
could then be used to quantify the ecological indications of shrub encroachment.

As a common tree species distributed widely throughout the forest-steppe ecotone on the
Mongolian Plateau [15,16], Ulmus pumila forms a stable savanna-like woody-herbaceous complex
ecosystem in association with grass in the Horqin Sandy Land, the Otindag Sandy Land, and the
Hulunbuir Sandy Land in Northern China [17,18]. The sparse U. pumila trees on the temperate
savanna-like ecosystem have ecological significance because they provide sand stabilization and
also resting places for livestock [19]. In recent years, due to various changing conditions, such as
climate change and land use change in the course of economic development [20–22], there has been
severe damage to the U. pumila-dominated temperate savanna-like ecosystem. This damage has
led to an increase in the number of shrubs and the densification of woody plant cover as well as
outcomes such as decreasing temperate savanna-like ecosystem area, the loss of structural integrity,
poor population regeneration, and changing spatial patterns [23,24]. Previous studies have focused
mainly on the vegetation distribution, possible encroachment mechanisms, vegetation characteristics,
species composition, and carbon budget in the U. pumila-dominated temperate savanna-like ecosystem
after shrub encroachment [25,26]. It was found that shrub coverage in the grasslands of Inner Mongolia
reached 12.8% and that the emergence of Caragana microphylla was an indicator of grassland degradation
in Inner Mongolia [27]. However, the spatial patterns of woody plants and their interrelationships
associated with shrub encroachment are often overlooked despite having important effects on ecosystem
functions [28].

Spatial pattern analysis is an important method for studying the distribution and relationships
of different plants [29,30]. The spatial patterns of species and the spatial relationships among
species significantly impact growth, reproduction, death, resource utilization, and gap formation
among species [31,32]. The analysis of a species’ spatial pattern helps us to understand both the
ecological processes that form the pattern (such as intra- and interspecific competition, interference,
and environmental heterogeneity) and the ecophysiological traits of the plant species, including the
relationships between these plants and their environment [33,34]. Recently, a spatial pattern analysis
method has been used to clarify the vegetation degradation processes underlying the patterns of
individual species in semiarid and arid areas [35,36].

In this study, our objective is to explore how shrub encroachment affects the spatial distribution
and interaction of woody plants in a temperate savanna-like ecosystem. We hypothesize that there are
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differences in the relationships between U. pumila trees of different DBHs and shrubs. The following
questions will be addressed: (1) What are the distribution patterns of U. pumila trees and shrubs in a
temperate savanna-like ecosystem? (2) What are the interspecific interactions between U. pumila trees
and shrubs? and (3) Do tree–shrub spatial associations change as a function of tree size?

2. Materials and Methods

2.1. Study Area

U. pumila-dominated temperate savanna-like ecosystem, which is distributed widely throughout
the forest-steppe ecotone on the Mongolian Plateau, China, is quite different from North American
prairies and African savannas in terms of climate, soils, and dominant plant functional types; however,
there are some taxonomical similarities among these ecosystems at the genus and family levels [37,38].
The study area experiences a typical temperate continental semiarid climate, with warm summers and
cold winters. The mean annual precipitation is approximately 350 mm, 70% of which occurs from June
to August. The mean annual pan evaporation is 1900 mm. The mean annual air temperature is 1.6 ◦C,
with a maximum monthly temperature of 17.8 ◦C (July) and a minimum monthly temperature of
−17.6 ◦C (January) [37,38]. The main soil types are aeolian sandy soils with a mean thickness of 200 cm
and a calcic horizon occurring at 30–100 cm depth. In this forest-steppe ecotone, U. pumila is dominant;
the other species that occur include other woody species, including C. microphylla, Spiraea aquilegifolia,
Ribes diacanthum and Salix linearistipularis, and herbaceous plants, including Leymus chinense and
Cleistogenes squarrosa [39]. The main land use in the area is grazing, and the livestock are primarily
cattle. The local herders have implemented alternating seasonal grazing (winter and spring) and
mowing (autumn) regimes since 2000 [40]; before that time, annual grazing was the local practice.
Shrub encroachment, such as the spread of C. microphylla, has been clearly observed in grasslands and
savannas in this area, resulting in a landscape characterized by a mosaic of shrub and grass patches.

2.2. Research Site and Data Collection

Most work about the spatial distribution and interaction of woody plants had been done in single
hectare or smaller plots, but the relative rarity of many species in forests necessitated large-scale
census plots. Thus, plots usually with more than 5 hectares, named large plots, are considered as
representative of local vegetation, which could cover the local typical vegetation and topography in a
region. By a large plot, the interference of scale and environmental heterogeneity could be avoided for
the study on vegetation composition, pattern, and biodiversity [41]. This method has been widely
used in global forest dynamic monitoring.

In this study, this large plot method was applied and one large plot with an area of 25 ha
(500 m × 500 m) was established following the plot standards of the Center for Tropical Forest Science
(CTFS) network [41]. It was located in the Otindag Sandy Land in Inner Mongolia, China (115◦16′ E,
42◦50′ N), in a typical area of Ulmus pumila-dominated temperate savanna-like ecosystem (Figure 1).

Then, this large plot was further divided into 625 subplots (20 m × 20 m). All free-standing trees
with stem diameters at breast height (DBHs) of more than one centimeter and all shrubs were tagged,
mapped, and identified to species during the summer of 2013–2014. The coordinates of woody plants
in each subplot were recorded using an Electronic Total Station, with the southwestern corner of the
subplot as the origin. Additionally, in the center of each subplot, a small plot with the size of 1 × 1 m
was setup. All herbaceous species were identified and their cover ratios and numbers were recorded.

All U. pumila trees were classified into three categories according to their DBH [42], namely,
old trees (DBH ≥ 20 cm), medium trees (5 cm ≤ DBH < 20 cm), and juvenile trees (DBH < 5 cm)
(Table 1).
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Figure 1. Map of the Otindag Sandy Land and the location of the study region (a) location; (b) sample map;
(c,d) pictures of the landscape.

Table 1. Basic parameters of U. pumila trees and shrubs.

Species Category Number
Height

(m)

Maximum
Crown

Radius (m)

Minimum
Crown Radius

(m)

U. pumila trees
Old 750 8.4 ± 0.94 6.2 ± 0.83 5.0 ± 1.53

Medium 250 5.3 ± 0.93 4.1 ± 0.25 3.2 ± 1.27
Juvenile 400 1.7 ± 0.30 1.5 ± 0.30 0.4 ± 0.22

Shrubs

Salix linearistipularis 292 1.0 ± 0.13 1.1 ± 0.28 0.4 ± 0.10
S. microstachya var. bordensis 547 0.50 ± 0.17 0.4 ± 0.15 0.20 ± 0.35

S. gordejevii 238 1.30 ± 0.22 0.6 ± 0.11 0.40 ± 0.27
S. myrtilloides 837 1.20 ± 0.31 0.7 ± 0.13 0.4 ± 0.34
Betula fruticosa 2417 1.0 ± 0.14 0.5 ± 0.18 0.3 ± 0.10

Ribes diacanthum 168 0.8 ± 0.16 0.6 ± 0.23 0.1 ± 0.11
Caragana microphylla 414 0.3 ± 0.12 0.4 ± 0.23 0.35 ± 0.14
Spiraea aquilegifolia 1038 0.6 ± 0.15 0.8 ± 0.14 0.6 ± 0.12

2.3. Data Analysis

The pair-correlation function g (r) is a statistical method used to estimate the number of points
within concentric rings at a distance r rather than within a certain radius and is especially sensitive to
small-scale effects [43,44]. There are two g (r) functions, i.e., univariate and bivariate g (r). In this study,
the univariate g (r) function was used to analyze the spatial distribution patterns within woody plants,
and the bivariate g (r) function to quantify the both intra- and interspecific spatial association among
tree and shrub plants [43,44].

Firstly, the univariate g (r) function was used to analyze three tree categories (old trees,
medium trees, and juvenile trees) and all shrub species. The null model of complete spatial randomness
(CSR) as a null hypothesis was used for all the univariate analyses. Secondly, for the bivariate analyses,
two cases were considered. One case was that the relationship between small and large trees
was considered. Since large trees may impact the distribution pattern of small trees within their
area of influence (competition), a bivariate g function analysis was conducted for these two size
classes using both the toroidal shift and the antecedent condition null model options [43]. This tests
whether the patterns of distribution of small and large trees were generated by independent processes.
The antecedent condition model tests whether one pattern (small trees) is influenced by a second
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pattern (large trees), assessing whether there are more (or fewer) small trees in the neighborhood of
large trees than expected under a random distribution of small trees [43]. The second case concerns the
interaction between trees and shrubs. Because the spatial distributions of plants in plots seem to be
affected significantly by drought stress and habitat heterogeneity (e.g., soil patch and microtopography),
we examined the spatial association between the two species with the independent null model [44].

All analyses were conducted with Programita software (2016). To assess the significance of the
data by comparing them with the null model, 95% confidence intervals were obtained by running 199
Monte Carlo simulations [45].

3. Results

3.1. Characteristics of the Temperate Savanna Ecosystem

There were nine woody plant species, S. linearistipularis, S. microstachya var. bordensis, S. gordejevii,
S. myrtilloides, B. fruticosa, C. microphylla, Spiraea aquilegifolia, R. diacanthum, and U. pumila, which were
identified in the plot. The trees in the plot mainly grew as individual trees rather than in groups
(Table 1).

U. pumila was the dominant tree species, with a coverage of 10–15% and a density of 56 trees/ha.
The densities of old trees (DBH ≥ 20 cm), medium trees (5 cm ≤ DBH < 20 cm), and juvenile trees
(DBH < 5 cm) were 30, 10, and 16 trees/ha, respectively. The tree heights of these three categories
varied, i.e., old trees, medium trees, and juvenile trees had average heights of 8.4 ± 0.94, 5.3 ± 0.93,
and 1.7 ± 0.30 m, respectively. Although the coverage of the shrub layer was only 8–15%, eight shrub
species were observed, and their density varied from 6.7 to 96.7 plants/ha; the shrubs were shorter
than 0.3–1.3 m on average. These shrubs normally grew in clusters distributed in the canopy gaps
among U. pumila trees.

The herbs were also unevenly distributed and were rarely found growing under the old trees.
However, the coverage of the herb layer, 30–60%, was greater than that of the tree and shrub layers.
The herbs were also very diverse, with a total of 195 species from 40 families identified in our research
plot, representing approximately 30% of the total number of higher plants observed in the Otindag
Sandy Land [18,39]. The herbs mainly belonged to the Compositae (38 species), Gramineae (30 species),
and Leguminosae (14 species) families.

3.2. Spatial Distribution Patterns of U. pumila Trees—A Random Distribution of Old Trees and an Aggregated
Distribution of Juvenile Trees

As shown in Figure 2, U. pumila trees showed significant aggregation at the 0–7 m scale. However,
their distribution patterns varied with tree size. The old U. pumila trees were randomly distributed at
all scales (0–50 m); in contrast, the medium U. pumila trees (5 cm ≤ DBH < 20 cm) exhibited significant
aggregation at the 0–5 m scale, and juvenile trees (DBH < 5 cm) were significantly aggregated at the
0–9 m scale. However, all three tree categories were randomly distributed at other scales in the 25-ha
permanent plot.

As shown in Figure 3, there were intraspecific relationships between the different DBH classes of
U. pumila trees. There was a significant negative relationship between old trees and medium trees at
the 2–10 m scale, but no obvious relationships between old trees and juvenile trees. On the other hand,
there was a significantly positive relationship between medium trees and juvenile trees at the 2–12 m
scale, but no significant relationship at any other scale.

3.3. Aggregated Distribution of Shrubs at Specific Scales

As shown in Figure 4, most shrub species exhibited spatial aggregation at small scales. For example,
S. aquilegifolia, S. microstachya var. bordensis, S. gordejevii, and C. microphylla were significantly aggregated
at scales of 0–6, 1–7, 0–2, and 0–6 m, respectively. However, they exhibited random distributions at
other scales. S. myrtilloides and B. fruticosa exhibited similar distribution patterns; they were significantly
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aggregated only at scales of 2–4 and 2–5 m, respectively, and had random distributions at other scales.
The exceptions to these findings were S. linearistipularis and R. diacanthum, which were randomly
distributed at all scales. These results indicate that spatial aggregation at specific scales was common
among most shrub species.

3.4. Spatial Interactions of Woody Plants—Competition between Shrubs and Adult Trees and Mutualism
between Dominant Shrub Species and Juvenile Trees

As shown in Figure 5, there was a negative relationship between the presence of old trees and most
shrub species. For example, there was significant negative relationship between old trees and some
shrubs, e.g., B. fruticosa and S. aquilegifolia, at all scales (0–50 m). However, other shrubs had significant
negative relationships with old trees only at certain scales—for example, S. myrtilloides, at the 10–50 m
scales; S. linearistipularis, at the 10–20 m scales; S. gordejevii, at the 0–30 m scales; and C. microphylla,
at the 0–25 m scales. In addition, there was a positive relationship between R. diacanthum and old trees
at the 3–6 m scales. These results showed that there was a competitive relationship between most
shrubs and the old trees.

Figure 2. Univariate spatial patterns of the three U. pumila tree categories with the null model.

Figure 3. Bivariate spatial association between three U. pumila tree categories with both the toroidal
shift and antecedent condition null models.
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Figure 4. Univariate spatial patterns of shrub categories with the null model of complete spatial randomness.
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Figure 5. Bivariate spatial relationship between old U. pumila trees and shrubs with the independent
null model.
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There were negative relationships between the medium trees and most shrub species (Figure 6).
For example, the presence of the shrubs S. gordejevii, B. fruticosa, S. aquilegifolia, and S. microstachya var.
bordensis was significantly negatively associated with medium trees at all scales (0–50 m). In addition,
S. linearistipularis was significantly negatively correlated with medium trees only at the 15–50 m
scales, and no obvious relationships were observed at other scales. For C. microphylla, S. gordejevii,
and R. diacanthum, no obvious relationships with medium trees were observed. These results also
showed that there was a competitive relationship between most shrubs and medium trees.

Figure 6. Bivariate spatial relationship between medium U. pumila trees and shrubs with the independent
null model.
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However, there were positive relationships between juvenile trees and some shrub species
(Figure 7). S. myrtilloides, S. aquilegifolia, S. microstachya var. bordensis, and C. microphylla showed
significant positive interactions with juvenile trees at small scales (less than 10 m). However, no other
obvious relationships were observed between juvenile trees and the other shrub species.

Figure 7. Bivariate spatial relationship between juvenile U. pumila trees and shrubs with the independent
null model.
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4. Discussion

4.1. Spatial Patterns of U. pumila Trees and Their Mechanism of Formation in the Temperate Savanna
-Like Ecosystem

From the viewpoint of ecological niche differentiation, the large crown breadth of adult U. pumila
trees indicates a strong demand for a broad niche [46], and its random distribution indicates strong
competition among U. pumila trees. U. pumila trees of the temperate savanna normally have a larger
crown width (6–12 m) and deeper roots (10–20 m depth) than U. pumila trees in temperate forests
(4–8 m crown width, 3–5 m root depth) [42]. In this study, the old U. pumila trees were randomly
distributed at all scales. This indicates that U. pumila exhibits strong self-thinning due to the intense
competition among individual trees [47]. In temperate forests, self-thinning normally occurs due to
light competition [48,49]. However, in this study, light was not a limiting factor, as indicated by the
large tree crowns. Thus, soil moisture can be deduced to be the key limiting factor that results in trees
being randomly distributed far from each other through self-thinning [50]. This deduction can also be
indirectly supported by the small amount and high variability of the annual precipitation in this area,
which is typically 200–350 mm [37,38]. Drought has been increasing continuously in this area since
1960, and the most severe drought in recorded history in this area occurred during 1999–2011 [51].
In addition, U. pumila seedlings often suffer from severe water stress during dry summers that is caused
by repeated cycles of drying in the upper soil layers [52]. Wang et al. [53] noted that more than 90% of
the current-year seedlings died in fenced plots because of their vulnerability to drought. Therefore,
light limitation is generally replaced by increasing water stress in drought-modulated ecosystems,
such as semiarid forests and temperate savanna [54].

4.2. Spatial Interactions among Trees and Shrubs—Old U. pumila Trees Inhibit the Survival of Juvenile Trees
and Shrubs

In this study, a negative relationship between old U. pumila trees and juvenile trees was found,
and significant competition between most shrub species and old U. pumila trees was also found.
From these findings, we can conclude that the environment around old U. pumila trees is not suitable
for the survival of juvenile trees or shrubs [53,55]. This further demonstrates that seedling regeneration
in the U. pumila-dominated savanna-like ecosystem depends strongly on medium trees rather than on
old trees. This situation is likely due to the influence of grazing. Historically, the U. pumila-dominated
savanna-like ecosystem of the Otindag Sand Land was an important pasture source, providing a large
amount of forage for livestock [51,56]. Although precipitation and soil moisture have been the main
limiting factors affecting population regeneration of woody plants in arid and semiarid areas [57],
grazing has become an important factor affecting population regeneration; long-term continuous
heavy grazing has resulted in the destruction of topsoil and degradation of the rangeland [58]. In this
savanna-like ecosystem, the area under the tree crown is usually occupied by resting livestock taking
shelter from the summer heat and the intense ultraviolet radiation. Thus, the soil under the crown may
be destroyed and become hardened due to the animals’ trampling and reclining, and a “bare soil circle”
will sometimes form under these trees [59]. This is similar to the phenomenon of piospheres caused
by grazing. It was found by some studies that the soil moisture and nutrients in the piospheres are
significantly lower than those in other areas; this may be the main reason for the change of vegetation
composition and pattern, such as reduction in the density and production of forage, changes in the
species composition of forage vegetation, shrub encroachment, and so on [59]. Some studies focus
on the “bare soil circle” formed under these trees in this savanna-like ecosystem and also prove that
the soil moisture and nutrients on the “bare soil circle” are lower than those outside the crown of
elm [60]. These factors are unfavorable to the survival of any individual plant, including juvenile trees,
shrubs, and grasses. Therefore, the disturbance of livestock caused by overgrazing may be one of the
main reasons for the negative relationships between old U. pumila and juvenile trees and shrubs in
this region.
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In contrast, medium trees exhibited a significant positive association with juveniles at smaller
scales. This suggests that the environmental conditions, such as light availability and soil moisture,
around medium trees are more favorable for juvenile trees than those around adult trees. Some studies
also show that the soil nutrients (organic matter, total nitrogen, available phosphorus) and soil moisture
under the crown of medium trees are significantly higher than those outside the crown, and there
are better microenvironmental conditions (light, temperature, humidity, etc.) under the crown [60].
In addition, the disturbance of livestock to medium trees is less than that to old trees.

Different shrub species showed different spatial relationships with U. pumila in this study.
There were positive relationships between juvenile trees and some shrub species, such as C. microphylla.
This may be because the emergence of shrubs improves soil moisture and nutrient conditions [61,62],
and C. microphylla surely can provide some fertilization of the area due to the symbiosis with Azotobacter
spp. This demonstrates that some shrubs provide some fertilization to the area in which they grow,
thereby providing a favorable environment for U. pumila seedling growth. These results also showed that
there were mutualistic relationships between juvenile trees and the shrubs S. gordejevii and S. aquilegifolia;
this might be because S. aquilegifolia and C. microphylla, as spiny shrubs, can provide shelter for elm
seeding, such as holding back sand and reducing damage from livestock and wind, which would
protect the juvenile U. pumila trees [63]. Our results were similar to those of Tölgyesi et al. [9], who also
found that thorny shrubs were important for supporting the biodiversity of wooded rangelands as
well as facilitating the regeneration of trees by acting as nurse species.

4.3. The Development of the Original Tree-Dominated Temperate Savanna-Like Ecosystem after Shrub Encroachment

U. pumila-dominated temperate savanna-like ecosystem, once widely distributed throughout the
forest-steppe ecotone on the Mongolian Plateau, is a relatively stable woody-herbaceous complex
ecosystem in Northern China. Unfortunately, by the late 1990s, only a few degraded relic stands
remained as scattered and fragmented patches that showed apparent regeneration failure [64].
This degradation was mainly due to irrational human land use, such as overgrazing.

Many studies clearly showed the indicative significance of shrub encroachment, which mainly
depends on different factors, such as the type of ecosystem, past management practices, the current
level of biodiversity, climate change, etc. [13,14]. In this region, shrubs have occupied the grassland
habitat. This encroachment has led to a decrease in grass coverage and a decline in pasture quality [51].
This change is likely to become more serious with the increase in grazing pressure and the impacts
of global warming. These outcomes suggest that shrub encroachment is an indicator of savanna
ecosystem degradation to some extent. On the other hand, in this study, shrub encroachment was
shown to promote the survival and growth of juvenile trees to some extent, which is beneficial to
the reestablishment of the U. pumila community. However, mutualism was not observed between
most shrub species and medium U. pumila trees in this study. This lack of mutualism may have
occurred because the seedlings under the shrubs had not yet developed into medium trees at the time
of this study, because the seedlings were excluded by the shrubs before developing into medium trees,
or because the older seedlings may have excluded the shrubs from the habitat. If the shrubs were
excluded by the older seedlings, this suggests that the emergence of shrubs in this habitat is only a
phase. Conversely, if the small trees were excluded, this would be catastrophic for the ecosystem, and it
would be difficult for the ecosystem to return to its original state. To determine the exact causes of these
phenomena, further experimental observation is greatly needed. Regardless, this study demonstrated
that shrub encroachment in this area has resulted in changes in the composition and spatial pattern of
the original tree-dominated savanna.
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5. Conclusions

In conclusion, shrub encroachment was observed in a temperate savanna-like ecosystem in
Northern China, possibly as a result of both grazing and climate change. Shrub encroachment in this
area has resulted in changes in the composition and spatial pattern of the original tree-dominated
savanna. Due to severe damage to the U. pumila-dominated temperate savanna-like ecosystem,
especially for woody vegetation, ecological degradation has occurred, such as decreasing temperate
savanna-like area, loss of structural integrity, poor population regeneration, and changing spatial
patterns. New management techniques and climate change mitigation practices should be implemented
to replace the older, traditional management techniques and to prevent the original tree-dominated
temperate savanna-like ecosystem from changing into a shrub-dominated temperate savanna-like
ecosystem. A more scientific and effective management regime should be developed to maintain the
stability and sustainability of this typical tree-dominated temperate savanna-like ecosystem currently
and in the near future.
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Abstract: Research Highlights: We examined the vegetation appearing in forest-steppes in the
Pannon region. In the present survey taxonomical relations of the dominant Festuca species were
examined. Background and Objectives: After deforestation and shrubcutting bare soil patches
exposed to anthropogenous effects provided an opportunity for new vegetation to form. Materials
and Methods: Inflorescence parameters and micromorphological characters of the leaves were
examined in a new taxon and compared with two, presumably closely related, species of the genus
Festuca L. Festuca tomanii Korneck & T.Gregor, with silvery leaf surface, Festuca vaginata W. K. and
Festuca pseudovaginata Penksza were compared based on 24 traits of the inflorescence and their leaf
anatomy studied on leaf cross-sections. Moreover, leaf micromorphological features were compared
using a stereomicroscope, a scanning electron microscope completed with Energy Dispersive X-Ray
Spectroscopy measurements and phytolith analysis method to establish the taxonomic applications of
the micromorphological characters of the epidermis. Results: The awns of the lemma of Festuca tomanii
were shown to be longer than those of the two other species. Festuca vaginata and Festuca pseudovaginata
specimen showed low variability in inflorescence parameters but inflorescence characters were not
uniform because the panicle of Festuca tomanii individuals was found to be bigger in the northern part
than the panicles originating from the southern part of the sampled area. The phytolith assemblages
of the Festuca pseudovaginata and Festuca tomanii differ from the Festuca vaginata in the abundance
of ELONGATE SINUATE phytolith morphotype. Conclusions: we confirmed the appearance of
F. vaginata in natural grasslands and discovered new occurrences of F. pseudovaginata and F. tomanii.
F. pseudovaginata inhabits only the Pannon region, we found endemic and natural stands of it, but in
its secondary habitats it was confirmed as a completely new species. Furthermore, taxa of disturbed
vegetations are currently being examined. These habitats are potential hotspots of speciation.

Keywords: sandy grasslands; Danube-Tisza Interfluve; morphotaxonomy

Forests 2020, 11, 1325; doi:10.3390/f11121325 www.mdpi.com/journal/forests107



Forests 2020, 11, 1325

1. Introduction

These Festuca taxa from the Carpathian Basin which have bowed narrow leaves were mentioned
by several authors as part of Festuca ovina agg. [1–14]. The study in [15] arrived at the same conclusion.
Those species which have continuous sclerenchyma are classified into the eu-ovina aggregate. These taxa
can be identified easily based on their characteristic tissue structure and molecular genetic analyses [16–27].

The study in [28] separated a new series within the Festuca genus. One example is the
psammophila series, which includes F. polesica Zapal, F. vaginata W. K., F. psammophila Host., F. pallens.
Subsequently, [26] supplemented the series with F. pseudovaginata Penksza and F. glaucina Stohr.

In association with these groups was the taxon in question: F. dominii Krajina. According to [29],
F. dominii was the dominant species in acidic sandy grasslands. F. dominii was described for the
first time as a species by [30] and its taxonomical status was defined differently by various authors.
According to [12], it was a varietas named F. vaginata var. dominii, although, [31] and [13] referred to
this species as F. vaginata subsp. dominii, as did [2] and [11] also. Some databases do not emphasize
the taxonomic importance of subspecies and F. dominii is considered to be a subspecies of either
F. vaginata or F. psammophila as a synonym [32]. The taxonomic position of F. dominii Krajina was not
clear, [13,14,24,25] named the taxon F. vaginata subsp. dominii (Krajina) P. Šmarda and [25] clarified
the taxonomic status of the species and concluded that it was a subspecies of F. psammophila (Čelak.)
Fritsch (which currently occurrs only in pine forests in Northern Europe [17]). Therefore, the accepted
name of the species is F. psammophila subsp. dominii (Krajina) P. Šmarda. [33,34] examined and collected
individuals belonging to F. vaginata in Hungarian sample sites. Based on the results, the F. vaginata
taxon was found typically without awn. Moreover, we collected short or longer awn from the tip of
the lemma, which had short awn under the tip of the lemma.

The study in [28] also distinguished the F. trachyphylla series, which included three species:
F. trachyphylla (Hack.) Krajina, F. macutrensis Zapalowicz, F. duvalii (St-Yves) Storh. According to [35]
F. brevipila (Tracey) was mistaken for decades about F. longifolia Thuill. In the present study it is
already apparent that F. trachyphylla (Hack.) Kraj. and Festuca brevipila, although synonymous
with F. trachyphylla, are present mainly due to coenological work conducted in this period [27,36–38].
According to [26], the F. trachyphylla taxon was validly referred to as F. brevipila. The species predominates
in the pine forests of northern Europe, in sandy areas [24,25], although according to [35] it also occurs
in many places in the United Kingdom. According to [39], it could be common in other sandy habitats
(dunes, xerothermal sand grasslands) since it is a highly variable species with a wide ecological spectrum
due to its morphological characteristics. The taxon was reported to be present in a variety of habitats
but primarily in lime-poor habitats. It is common in several sources in the Koelerio-Corynephoretea
association [40–42] and the Spergulo-vernalis Corynephoretea [43]. [44] Koelerion-Glaucae, [45]
Sileno otitis-Festucetum, [46] described significant populations in the Potentillo-Stipetum association.
The study in [47] also described it as an associative species and [48] as a character of the Violo
pseudogracilis-Koelerietum splendentis ass. nov. hoc loco association. The study in [49] examined
F. ovina agg. morphological features, including the F. brevipila taxon. The taxon has been extensively
studied and researched. In [27] the ISSR (Inter-Simple Sequence Repeat) fingerprint analysis proved to
be a useful aid in distinguishing the safe F. brevipila from other closely related species. The present
study aims to describe the identifying characters. Besides the leaf schlerechyma and inflorescence
features, the micromorphological characters of leaf epidermis are useful tools to identify species,
especially in the family Poaceae [50–54]. Grasses deposit hydrated SiO2 in epidermal cell walls and cells
(silica bodies, phytoliths), which are genetically controlled and have taxonomical relevance [55–62].
Micromorphology, as an application, has a high priority for taxonomic studies of genus Festuca [63–65].

The study in [66] described a new Festuca taxa: Festuca tomanii Korneck & T.Gregor sp. nov.,
a fescue of sand dunes of the valleys of the northern Upper rhine, the middle main and the Bohemian
Elbe. Blue green tetraploid fescues grow on base rich sands. Previously addressed as F. duvalii, they
were described as F. tomanii. F. tomanii differs from F. duvalii by parchment-like sheaths of the basal
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leaves, of which a ± continuous sclerenchyma (F. duvalii: sclerenchyma mainly in three bundles).
Festuca tomanii, a new taxon for Hungarian flora was found in the area of Újpesti Homoktövis TT [67].

Goals and hypotheses: How do the taxa found or newly discovered in identical environmental
conditions differ from one another? Are there any relevant morphotaxonomical parameters the taxa
can be distinguished in the field work based on? Is there a possibility for new vegetation units and
species on new surfaces formed by human interventions to form, or would natural vegetation and its
main species appear?

2. Materials and Methods

The specimens of the three Festuca taxa were transplanted in the Experimental Garden of the
Genetics Institute (Szent István University, Gödöllő, Hungary) in 2018 and 2019. Inflorescences were
collected from individuals grown under the same conditions for assays, leaf tissue and phytolith
analysis by the dry ashing technique.

2.1. Inflorescence Measurements

For the inflorescence parameter analyses, 5-5 flowering stems were collected from each Festuca
specimen and their parameters were measured. The origin of the individuals was as follows.

Festuca vaginata individuals. Hungary, Little Hungarian Plain (Győrszentiván (47.7167859,
17.7378554)), Danube-Tisza Interfluve (Tahitótfalu (47.799908, 19.042440)), Kisoroszi (47.808996,
18.999420), Homoktövis TT (47.602555, 19.097076), Tatárszentgyörgy (47.062065, 19.350956), Imrehegy,
Inner Somogy (Böhönye (46.416657, 17.469680)), South Slovakia (near Ćenkov (47.767248, 18.527781)),
Serbia (Deliblato Sands (44.955270, 21.113502)), Romania (Balta Verde (44.328763, 22.620251)). A total
of 24 individuals’ morphology parameters were measured as follows: 1. length of the generative stem;
2. length of inflorescence; 3. length of the longest branch on the 1st node; 4. length of the longest
branch on the 2nd node; 5. length of the 4th spikelet from the top of the branch (1); 6. length of 4th
spikelet from the top of inflorescence; 7. length of the 1st internode of the inflorescence. 7–15 (1): 4th
spikelet from the top of the branch (2): 8. the floral number of spikelets, 9. length of upper glume,
10. length of lower glume, 11. length of the 2nd flower’s lemma, 12. length of the 2nd flower’s awn,
13. hair of spikelet, 14. length of the 1st flower’s lemma, 15. length of the 1st flower’s awn, 17–24. 4th
spikelet from the top of inflorescence: 17: floral number of the spikelet, 18. length of upper glume,
19. length of lower glume, 20. length of the 2nd flower’s lemma, 21. length of the 2nd flower’s awn,
22. hair of spikelet 23. length of the 1st flower’s lemma, 24. length of the 1st flower’s awn.

Festuca pseudovaginata individuals. Hungary, Danube-Tisza Interfluve (Kisoroszi, Homoktövis TT,
Szigetszentmiklós (47.650506, 19.091616), Kunpeszér, Kunadacs (47.116246, 19.259816)). A total of 17
individuals’ morphology parameters were measured.

Festuca tomanii individuals. Hungary, Danube-Tisza Interfluve (Kisoroszi, Homoktövis TT,
Szigetszentmiklós, Tatárszentgyörgy). A total of 20 individuals’ parameters were measured.

The analyzed parameters were as follows according to [33,68].
We analyzed 24 traits for each inflorescence altogether with ordination methods and for

representation discriminant analysis was used. Data were analyzed using the PAleontological
STatictics Version 3.06 (PAST [69]) statistical software package. Data evaluation was performed
using both classical cluster (UPGMA—Unweighted pair-group average) and ordination analysis
(PCA—Principal components analysis) [70] using the former Euclidean mean distance; in the latter
case, biplot and minimum spanning tree settings were used for better interpretation. For this reason,
we made radar chart diagrams with polar grid typesetting of the most highlighted parameters.

2.2. Leaf Micromorphological Investigations

A total of 10 leaves of each of the three taxa were prepared for micromorphological investigations.
The leaves were cleaned carefully before the examination to keep the prickles and hairs intact.
Cross-sections of the leaf blades were made between the lower third and the middle of the leaves.
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The air-dry cross-sections were fixed on double-sided tape mounted on an aluminum stub and were
coated with gold (BIO-RAD E5000C Sputter Coater). A short section (a few mm) was cut from the
same position of the leaves and fixed on an aluminum stub as described above, making the abaxial
surface visible. The images were taken with a Hitachi S4300-CFE scanning electron microscope (SEM).
Photos of the abaxial epidermis—and spikelets—were also taken under a Zeiss Stereo Discovery.v20
stereomicroscope. Three individual analysis measurements of the abaxial epidermis of the leaves per
species were conducted using the SEM with energy dispersive X-ray fluorescence (EDX), operating at
15 kV with a detection threshold of 0.1 atom %.

Leaf blades from ten lateral shoots of the same species were collected and were treated as one
single sample. Phytolith extraction was accomplished through the dry-ashing technique based on
the methodological guidelines published earlier by [71–73]. The ashes were mixed thoroughly and
mounted on light microscope slides in immersion oil and observed under an Alpha Euromex CMEX-5
polarized light microscope at a magnification of 400x. The phytolith samples were stored in Eppendorf
tubes in the Phytolith Collection of Isotope Climatology and Environmental Research Centre (ICER)
with a laboratory code of 115.2108.1-3.

A total of 3000 pieces of identifiable plant opal particles—phytoliths—per species were counted in
adjacent but not in overlapping lines across the coverslip (with 22 mm length). The denomination
of individual morphotypes was accomplished according to the International Code for Phytolith
Nomenclature 2.0 (ICPN 2.0; [74]). Phytolith analysis was focused on the most abundant morphotypes,
on grass silica short-cell phytoliths (GSSCP), long epidermal cells (ELONGATE) and long unicellular
hairs or short prickles (hereunder trichomes with a common name) as these are relevant in the
taxonomic aspect and can help to reveal the reason for the silver color of F. tomanii leaves. Hierarchical
cluster analysis was undertaken (using PAST, [69]) on the phytolith frequency data.

2.3. Flow Cytometric Analyses

The ploidy level of the Festuca spp. was determined by flow cytometric analyses using a flow
cytometer (CytoFLEX Flow Cytometer). The experiments were repeated at least three times.

The leaf samples (100 mg/plant) were collected from young leaves of plants. The samples were
crashed in Eppendorf tubes containing 1ml Galbraith puffer and two stainless steel beads using
TissueLyser II at 20 Hz for 3 min [75] The suspensions were purified using 20 μm sieves and 10 μL
RNase solution was added to each sample for 60 min to eliminate the RNA content. DNA content
was painted with 40 μL Propidium iodide (PI) solution (1 mg/mL) for 30 min, and the samples were
measured by the flow cytometer. After the flow cytometric analyses, the ploidy levels of samples were
determined based on histograms.

3. Results

3.1. Characters of Inflorescences

The spikelets of F. vaginata consisted of 4–5 flowers and those of F. tomanii comprised 5–6 flowers
at (Figures 1 and 2). Most of the spikelets of F. pseudovaginata included five flowers with an infertile
flower at the tip of the spikelets. Awns of the F. vaginata lemma were between 0.2–0.4 mm and those of
F. pseudovaginata between 1–1.5 mm, and the awns of F. tomanii were longer than 2 mm.

Differences were found between the taxa based on the inflorescence data. The most important
distinctive feature was the shorter inflorescence (13.47 ± 2.64 cm), the length of the longest branch on
the 1st node (5.28 ± 1.78 cm), which were longer and larger (F. pseudovaginata: 6.97 ± 0.96 cm, F. tomanii:
8.83 ± 1.78 cm). In addition, the significantly shorter and smaller parameters measured included the
length of the 4th spikelet from the top of the branch (F. vaginata: 6.20 ± 0.85 cm. F. pseudovaginata:
7.91 ± 0.52 cm, F. tomanii: 8.46 ± 0.61 cm), the length of the 4th spikelet from the top of the inflorescence
(F. vaginata: 6.02 ± 0.77 cm. F. pseudovaginata: 8.69 ± 0.61 cm, F. tomanii: 8.49 ± 0.90 cm), the length of the
upper glume (19: F. vaginata: 6.02 ± 0.77, 3.06 ± 0.55 mm, F. pseudovaginata: 8.69 ± 0.61, 3.70 ± 0.56 mm,
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F. tomanii: 8.49 ± 0.90, 3.80 ± 0.37 mm), the length of the lower glume (20 F. vaginata: 2.10 ± 0.22,
2.31 ± 0.42 mm, F. pseudovaginata: 2.79 ± 0.19, 2.58 ± 0.41 mm, F. tomanii: 2.48 ± 0.23, 2.69 ± 0.33 mm),
the length of 1st flower’s awn (24: F. vaginata: 0.18 ± 0.16, 0.12 ± 0.11 mm, F. pseudovaginata: 1.64 ± 0.20,
1.51 ± 0.19 mm, F. tomanii: 2.13 ± 0.30, 1.93 ± 0.34 mm) and the length of 2nd flower’s awn (21:
F. vaginata: 0.17 ± 0.08, 0.21 ± 0.14 mm, F. pseudovaginata: 1.34 ± 0.16, 1.47 ± 0.20 mm, F. tomanii:
2.15 ± 0.26, 2.21 ± 0.36 mm).

 
Figure 1. Typical spikelets of Festuca vaginata W. K. (A), Festuca pseudovaginata Penksza (B) and Festuca
tomanii Korneck & T.Gregor (C).

 
Figure 2. Tipycal lemma of F. vaginata (A), F. pseudovaginata (B) and F. tomanii (C).
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The length of the generative stem showed no difference between the three taxa, and was omitted
when analyzing the data. The hair of the spikelet was also not informative

The minimum spanning tree (Figure 3) and biplot options of the ordination (PCA) analysis
highlighted the most responsible morphological features for species differences (Figure 4).
Festuca vaginata separates from the other two species at a great degree. Within F. vaginata, there
are two more groups, based on geographical location. Inflorescneces of samples originating from
the southern part of the area (Balta Verde, Deliblát, Imrehegy, Tatárszentgyörgy) are relatively larger,
which make them separate. The separation of F. vaginata was represented by the following stamps: the
other two species had a much longer inflorescence (13.5 cm), the longest branch on the first node and
the short awn of lemma

Figure 3. Classification inflorescence parameters of investigated Festuca taxa (V: F. vaginata, P:
F. pseudovaginata, H: F. tomanii, Bö: Böhönye, Ho: Momoktövis TT, C: Ćenkov, Gy: Győrszentiván,
Ki: Kisoroszi, Th: Tahitótfalu, Vv: Balta Verde, Tt: Tatárszentgyörgy, D. Deliblato, Ih: Imrehegy, Ku:
Kunpeszér, Kunadacs, Sz: Szigetszentmiklós).

Figure 4. Classification inflorescence parameters of investigated Festuca taxa (V: F. vaginata, P:
F. pseudovaginata, H: F. tomanii, Bö: Böhönye, Ho: Momoktövis TT, C: Ćenkov, Gy: Győrszentiván,
Ki: Kisoroszi, Th: Tahitótfalu, Vv: Balta Verde, Tt: Tatárszentgyörgy, D. Deliblato, Ih: Imrehegy, Ku:
Kunpeszér, Kunadacs, Sz: Szigetszentmiklós).
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Figure 4 also highlights the morphological parameters which made F. pseudovaginata and F. tomanii
different. The spikelet was also a distinctive feature of F. vaginata and F. pseudovaginata of the fourth
spikelet from the top of the branch, as the fourth spikelet from the top of the branch. In the case of
F. tomanii, this length was reversed and the fourth spikelet from the top of the branch was shorter. In these
cases, similarly to F. vaginata, there was a difference according to their geographical distribution with the
size of the specimens (Ku: Kunpeszér, Kunadacs) from the southern part of the studied areas and the
south part (central Kiskunság) being smaller (north part: 8.18 ± 0.55 mm, south part: 7.56 ± 0.14 mm).

Differences between F. pseudovaginata and F. tomanii: length of the 2nd flower’s awn, length of
the 2nd flower’s lemma, the length of the lemma awn, length of upper glume, length of 1st flower’s
lemma, length of 1st flower’s awn.

A radar chart with polar grid type options illustrate differences in the taxa studied. The four
morphological parameters were highlighted (Figure 5). The length of inflorescence (Figure 5A), which
shows that the length values of F. vaginata were almost twice as long as the values of F. pseudovaginata
inflorescence and the F. tomanii inflorescence was between the two. The difference in the length of
the fourth spikelet from the top of the branch (Figure 5B) was barely significant but here the species
differences could be detected, with the highest values appearing in F. pseudovaginata and the lowest
in F. vaginata. The most striking differences were the length of the second flower’s awn (Figure 5C).
The awn lemma in F. vaginata was absent or very short, the longest in the F. tomanii taxon. The length
of the upper glume (Figure 5D) had a smaller difference in size, with the highest values given by
F. pseudovaginata and the smallest length values given by F. vaginata.

Figure 5. Radar chart with polar grid type options of some morphologycal marcs of investigated Festuca
taxa (A: the length of inflorescence, B: length of the 4th spikelet from the top of branch, C: the length
of the 2nd flower’s awn, D: length of upper glume, V: F. vaginata, P: F. pseudovaginata, H: F. tomanii,
Bö: Böhönye, Ho: Momoktövis TT, C: Ćenkov, Gy: Győrszentiván, Ki: Kisoroszi, Th: Tahitótfalu,
Vv: Balta Verde, Tt: Tatárszentgyörgy, D. Deliblato, Ih: Imrehegy, Ku: Kunpeszér, Kunadacs, Sz:
Szigetszentmiklós).
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3.2. Leaf Micromorphology

3.2.1. Anatomy

Leaf anatomy of each of the three taxa was characterized by the number of vascular bundles of
7–9 (Figure 6). The adaxial leaf surface was covered by trichomes. The position of the sclerenchyma
band was annular at the three species. The only difference we found was that one to three indenting
epidermal cells interrupted the sclerenchyma ring in the leaf of F. tomanii at both sides near the middle
vascular bundle.

Figure 6. SEM pictures of the typical leaf cross sections. (A) F. vaginata (B) F. pseudovaginata (C) F. tomanii.
White arrows show the interruptions of the continuous sclerenchyma ring at F. tomanii. The line
represents 100 μm.

3.2.2. Phytoliths of the Leaves

Approximately 500–1000 phytolith microphotos were taken of every species with a total of
9000 (3000 per species) classified silica bodies in them (Figure 7). Several small pieces of silicified
tissue were found because the cells adhered to each other sufficiently during the extraction process.
Five phytolith morphotypes were counted including (following the ICPN 2.0) grass silica short-cell
phytoliths (GSSCP, RONDELS), epidermal long cells with different ornaments (ELONGATE ENTIRE,
ELONGATE SINUATE, ELONGATE DENTATE) and silicified trichomes (ACUTE BULBOSUS) (Table 1).
There were no significant differences found in the frequency of the GSSCPs and trichomes between
the species. The frequency of the ELONGATE cells was bigger at F. pseudovaginata and F. tomanii than
at F. vaginata but the differences are not considerable. However, the distribution of the ELONGATE
morphotypes represented some differences. Most of the ELONGATE phytoliths of F. vaginata were
ELONGATE ENTIRE morphotype (81.2%) but most of the ELONGATE phytoliths of F. pseudovaginata
and F. tomanii belonged to the ELONGATE SINUATE morphotype (Table 1). As a result of the
hierarchical cluster analysis (Figure 8), F. pseudovaginata and F. tomanii were close to each other based
on their phytolith assemblages.
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Figure 7. Light microscopic pictures of phytoliths. (A) ELONGATE DENTATE (B) ELONGATE ENTIRE
(A,B) Silicified epidermal long cells) (C) RONDEL (silicified epidermal short cell), (D) epidermal
tissue fragments with short cells and ELONGATE SINUATE phytoliths in them. (v) F. vaginata (p)
F. pseudovaginata (h) F. tomanii. The line represents 20 μm.

Table 1. Frequency (%) of phytolith morphotypes in the leaves of Festuca species (sum of all the
phytoliths is 100%). Frequency of the ELONGATE morphotypes means the percentage of the amount
of ELONGATE cells (sum of the ELONGATE cells is 100%). GSSCP = grass silica short-cell phytolith.

GSSCP
(%)

Elongate
Entire

(%)

Elongate
Sinuate

(%)

Elongate
Dentate

(%)

Elongate
(%)

Acute
Bulbosus

(%)

F. vaginata 88.3 81.2 11.9 6.9 10.7 1.0
F. pseudovaginata 81.6 39.2 52.5 8.3 17.7 0.7

F. tomanii 84.5 39.6 51.4 9.0 14.5 1.0
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Figure 8. Hierarchical cluster dendrogram showing Festuca species grouping based on their phytolith
assemblages (single linkage, Euclidean distance). V: F. vaginata, P: F. pseudovaginata, T: F. tomanii.

3.2.3. Micromorphological Characters of the Epidermis

Because F. tomanii leaves have silver coloration that can help to identify this taxon, differences in
the micromorphological features of the abaxial leaf epidermis were expected to be found. The abaxial,
dorsal epidermis of the leaves of F. vaginata was smooth, with short cells and the stomata submerged
(Figure 9). Only a few short trichomes (20–30 μm) were found in the abaxial epidermis of the
F. pseudovaginata leaves, sparsely at the leaf margins. However, the abaxial epidermis of the F. tomanii
leaves had longer trichomes (with 30–100 μm) occurring more frequently (Figure 9).

 
Figure 9. SEM pictures of the abaxial leaf surfaces: (A) F. vaginata (B) F. pseudovaginata (C) F. tomanii.
Embedded figures are light microscopic pictures of phytoliths: EE ELONGATE ENTIRE phytoliths
typical for F. vaginata, ES ELONGATE SINUATE phytoliths typical for F. pseudovaginata and F. tomanii,
t trichomes typical for the abaxial surfaces of leaves at two latest species. The line represents 100 μm.

Moreover, silicified long cells were found in the abaxial surfaces of F. tomanii leaves under
a stereomicroscope but there were no similar silicified cells in the epidermis of F. vaginata or
F. pseudovaginata (Figure 10). EDX measurements supported the higher silicon content of F. tomanii
leaves. The mean Si atom % values of this leaf surface were the following: at F. vaginata 3.65 atom %,
F. pseudovaginata 3.50 atom % and at F. tomanii 14.2 atom %.
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Figure 10. Stereomicroscopic pictures of the abaxial leaf surfaces: (A) F. vaginata (B) F. pseudovaginata
(C) F. tomanii, with the EDX element spectrum diagrams near them. SLC: silicified long cells in the
epidermis of F. tomanii. The line represents 50 μm.
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3.3. Determination of Ploidy Level

The ploidy levels of Festuca spp. were determined using flow cytometric analyses.
The measurements revealed the differences of DNA content among the tested samples (Figure 11).
The relative DNA content was two times higher in samples of Festuca pseudovaginata (Figure 11B) and
Festuca tomanii (Figure 11C) than in the sample of the diploid Festuca vaginata species (Figure 11A).

 
(A) 

(B) 

 
(C) 

Figure 11. Flow cytometric analyses of Festuca spp.: histograms demonstrate the relative DNA content
of (A) Festuca vaginata, (B) Festuca pseudovaginata and (C) Festuca tomanii.

4. Discussion

One of the most important identification keys to these Festuca taxa was the length of the awn
of the lemma. Awns of F. vaginata were missing or very short (0.2–0.4 mm), confirming the findings
of [25,26] and [34]. Awn of the lemma of F. pseudovaginata is longer (1.2–1.8 mm) according to [76].
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Awn of the lemma of F. tomanii is significantly longer than 2 mm [77], which was confirmed by the
present study results.

Among the inflorescence parameters there were morphological markers that were not suitable for
distinguishing the three species examined, such as the length of the generative stem, floral number of
spikelet, length of upper glume and hairiness. Beyond these marks, F. vaginata was distinguished by
the other parameters studied, including the longer inflorescence branch and the significantly longer
lower inflorescence branch. The spikelet was the shortest of the three taxa examined. According to the
spikelet, F. pseudovaginata and F. tomanii can be distinquished. The studies in [78,79] highlighted this
fact. According to [78,79], samples must be taken from one particular point of the panicle. The present
data confirmed [78,79] finding that a spikelet at a given position should be examined. In the case of F.
goals and no hypotheses, the fourth spikelet at the lower inflorescence branch was longer than the
fourth spikelet at the apex of the inflorescence, which is also a good distinguishing morphological
parameter of identification.

The distribution of the different phytolith morphotypes did not answer the question of what
caused the silver coloration of the F. tomanii leaves. There were no more ELONGATE phytoliths or
trichomes in the F. tomanii leaves than in the two other species but the phytolith analysis highlighted the
differences between the micromorphological features of the abaxial epidermis surfaces of the studied
Festuca leaves, namely that most of the ELONGATE phytoliths of F. vaginata were the ELONGATE
ENTIRE morphotype but most of the ELONGATE phytoliths of F. pseudovaginata and F. tomanii belonged
to the ELONGATE SINUATE morphotype. This finding supports the results of the inflorescence data
analysis of these species and confirm the usefulness of the quantitative phytoliths analysis for revealing
a new taxonomic character to distinguish different species of a grass genus [77]. As all the three taxa
had trichomes in the adaxial surfaces of their leaves, we could not find considerable differences among
the species concerning the number of the trichomes in the phytolith assemblages.

However, it was a reliable parameter in their identification key that the abaxial surfaces of the
F. tomanii leaves bore trichomes, which may be the reason for the silvery epidermis. It is not clear
why the silicified long epidermal cells observed under a stereo microscope were not represented in
the phytolith assemblages of F. tomanii in larger numbers. On the other hand, the EDX measurements
proved the high silica content of the abaxial epidermis of F. tomanii leaves, with more than triple Si
atom % value.

Based on the length of the spikelet, the size of F. tomanii, the individuals in the middle of the
Kiskunság were smaller, probably due to the adaptation to the drier and warmer habitat [80,81] Another
strategy to adapt to it is the more intensive silica accumulation [82–85], which is also a characteristic
feature of F. tomanii. As this taxon has special morphological and anatomical characters according to
its distinct area and habitat.

Based on our results, we confirmed the appearance of F. vaginata in natural grasslands and
discovered new occurrences of F. pseudovaginata and F. tomanii. F. pseudovaginata inhabits only the
Pannon region; we found endemic and natural stands of it, but in its secondary habitats it was
confirmed as a completely new species. Furthermore, taxa of disturbed vegetations are currently being
examined. These habitats are potential hotspots of speciation.

On bare soil surfaces of areas exposed to anthropogenous effects, two species of the genus Festuca
became dominant.

5. Conclusions

We examined the species pool of the sandy grasslands in the steppe, forest-steppe zone of the
central region of the Carpathian Basin, with greater consideration of the dominant Festuca species.
Three of them occurred in the open sandy grasslands: F. vaginata, F. pseudovaginata (the latter appeared
on disturbed grasslands after deforestation) and F. tomanii as a new species in the Carpathian Basin.
We compared the morphotaxonomy of these taxa, especially the characteristics which can be useful
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when distinguishing them during field work. Micromorphological examination of the epidermis and
phytolith analysis were new elements. These can refine the on-the-spot identification of these taxa.
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Abstract: Wood pastures are home to a variety of species, including the dung beetle. Dung beetles are
an important functional group in decomposition. Specifically, in terms of livestock manure, they not
only contribute to nutrient cycling but are key players in supporting human and animal health. Dung
beetles, however, are declining in population, and urgent recommendations are needed to reverse this
trend. Recommendations need to be based on solid evidence and specific habitats. Herein, we aimed to
investigate the role of an intermediate habitat type between forests and pastures. Wood pastures are key
areas for dung beetle conservation. For this reason, we compared dung beetle assemblages among forests,
wood pastures, and grasslands. We complemented this with studies on the effects of dung type and
season at three Hungarian locations. Pitfall traps baited with cattle, sheep, or horse dung were used in
forests, wood pastures, and pasture habitats in spring, summer, and autumn. Dung beetle assemblages of
wood pastures showed transient characteristics between forests and pastures regarding their abundance,
species richness, Shannon diversity, assemblage composition, and indicator species. We identified a
strong effect of season and a weak of dung type. Assemblage composition proved to be the most sensitive
measure of differences among habitats. The conservation of dung beetles, and the decomposition services
they provide, need continuous livestock grazing to provide fresh dung, as well as the maintenance of
wood pastures where dung beetle assemblages typical of forests and pastures can both survive.

Keywords: abundance; community composition; decomposition; Shannon diversity; ecosystem service;
Geotrupidae; grassland; indicator species; land use; Scarabaeidae; species richness

1. Introduction

Every year, four billion tons of livestock feces are produced in Europe [1]. Its decomposition is an
essential function of ecosystems, and dung beetles (Scarabaeidae: Scarabaeinae, Aphodiinae; Geotrupidae),
which are widespread across most terrestrial habitats, play an important role in it [2,3]. Therefore, the
conservation of dung beetles and the sustenance of the ecosystem service they provide is an important
task. Dung beetles are involved in the decomposition of feces, not only by means of consumption by both
larvae and imagoes [4] but even more importantly by chopping, spreading, and burying it, thereby making
it available for other decomposing organisms [5,6]. By accelerating decomposition, they contribute to
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the soil’s nutrient cycle and stimulate plant growth by fertilization (increasing the nutrient content of the
soil) [7]. Their vertical tunnels promote the mixing of soil layers, increase aeration, and permeability [8].

They also have an important role in maintaining human and animal health by removing the feces
of domestic animals from the surface, thus controlling the number of parasitic worms and dung flies [9].
In addition, they assist the secondary distribution of plant seeds present in dung [10]. All of these
activities are considered as valuable ecosystem services [3], resulting in significant financial savings for
agriculture [11,12].

Only sufficiently diverse assemblages and abundant populations of dung beetles are able to perform
their ecological function (acknowledging that body size and functional groups are also important
factors [13,14]), but they are declining worldwide. The most serious adverse effects are land use changes,
habitat fragmentation [15,16], and declining wild mammal species that provide feces [17,18], all of which
transform and intensify traditional animal husbandry [19]. Overgrazing or abandoning pastures leads to a
decrease in both abundance and species diversity [20–22]. The negative effects of agricultural intensification,
and increased use of pesticides and insecticides, have already been demonstrated on a number of arthropod
taxa [23], including dung beetles [24]. Numerous studies have shown that veterinary medical products,
widely used in animal health today, and their breakdown products can cause drastic reductions in dung
beetle populations as they appear in pastures through feces [14,25,26].

Dung beetles’ lifestyles and ecological needs make them sensitive to environmental changes and
they are therefore an important indicator group used in more and more studies that assess the state of
the environment worldwide [27]. Farming and nature conservation practices that sustain species-rich
communities able to perform their ecological functions are essential to the successful conservation of dung
beetles. There are, however, still significant knowledge gaps. For example, both grassland and forest dung
beetles are well-studied globally, which is important as dung beetle assemblages of forests and grasslands.
These habitats are different, e.g., in terms of total biomass, species and functional compositions, and
their functions in dung removal [15]. Buse and Entling [28] also found that dung removal is significantly
different between forests and grasslands. These are in line with the evidence that dung beetles are highly
sensitive to habitat modifications [16] and habitat structure at the local and landscape scales [29,30]. There
is, however, a unique European habitat, the wood pasture, a transition between forest and grassland,
where trees are scattered across pastures [31]. Wood pastures are still present in the Mediterranean and in
Eastern Europe as part of farming systems [32], and present a socio-ecological framework for sustainable
agriculture with high biodiversity. Such a unique habitat may provide novel information on how dung
beetle assemblages form.

In Europe, including Hungary, the biggest threat to dung beetles is the decline of traditional farming
systems. It has changed in many ways since the middle of the 20th century [33,34]. Grazing livestock has
been significantly reduced, leaving many former pastures abandoned, while extensive animal husbandry
was mostly replaced by intensive livestock farming. Although wood pastures and forest grazing were also
well-established as important traditional practices in the last century [35], today only open grasslands are
grazed. Nowadays, only a few wood pastures are used actively, but more and more are being restored and
grazed mainly for nature conservation purposes. Forest grazing in Hungary has gradually declined and
was finally completely ceased in the 1960s [35]. All these trends changed the resources for dung beetles,
making them a threatened, declining group.

The objective of our study was to determine the effects of habitat type, dung type, and season on
species richness, abundance, diversity, and species composition of dung beetle assemblages. Our aims
were as follows:

First, we wanted to find out where (i.e., in what habitat) do dung beetles occur? Our study compared
three habitat types with different levels of woodland cover: open pastures, wood pastures, and forests.
Wood pastures are acknowledged as valuable habitats for several other taxa [36,37], and we were interested
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in whether (i) they exhibit an outstanding diversity that harbors both forest and grassland species and
thereby have their own specific species pool or if (ii) they represent a transitional situation for dung beetles.

Second, we were interested in what other factors influence dung beetle assemblages. A locality effect,
for example, would suggest that the generalization of any results and their applicability at other locations
are limited. In addition, to analyse the effect of location, we also studied the effect of dung type and season,
both of which are known to influence dung beetles [17,30] and thus may provide additional information to
understand the distribution of dung beetles across habitat types. In our study, we compared the dung
beetle assemblages in the feces of the three most important grazing livestock in Europe: cattle, horse, and
sheep taken in different seasons (spring, summer, and autumn).

Third, we intended to provide research evidence to guide nature conservation management of wood
pastures for the preservation of dung beetle assemblages and this unique habitat. Although some such
results were known already from other regions or continents, management, which is context dependent,
including locality, cannot directly use those results.

2. Materials and Methods

2.1. Study Area

Our study was conducted in three predominantly forested landscapes in the Northern and
Transdanubian Mountains of Hungary (sampling locations are given as KMZ (Keyhole Markup language
Zipped) files for Google Earth in the Supplementary Materials). The selected pastures and wood pastures
were actively grazed. In the forests, there was no livestock grazing; however, wild ungulates such as red
deer, roe deer, and wild boar were common. The sites were selected to meet two main criteria. First, they
were to include patches of actually grazed wood pastures, as it is the rarest habitat type. Second, there had
to be both actively used pastures and seminatural forests in the vicinity (within 2.5 km).

2.1.1. Cserépfalu

The site is a ca. 100 ha area of grasslands and wood pastures, surrounded by forests within the Bükk
National Park to the northeast of Cserépfalu at the altitude of 250–350 m above sea level. Two-thirds of the
area is wood pasture, while one-third is open pasture. On the open pastures and in the lower parts of
the wood pasture, ca. 40 Hungarian grey cattle have been grazed for some years before the time of our
sampling. In the year preceding the study, about 200 sheep and some goats were introduced to the wood
pasture and herded across the area two or three times a week.

2.1.2. Hollókő

The site is at 250–300 m above sea level within the Hollókő Landscape Protection Area, mostly to
the west of the village of Hollókő. In Hollókő, as part of a habitat reconstruction program completed in
2013, nearly 20 hectares of afforested land were cleared and the former wooded pasture was restored. The
relatively small wood pasture on the western slope of the Várhegy is completely surrounded by forests.
Pastures and hay meadows are situated in larger blocks around the village. On the large western pastures,
a herd of ca. 100 head of cattle has been grazed. These animals were herded through the wood pastures
for a few times a year for short periods. One paddock on the grassland bordering the southeastern part of
the village has been used to keep about 30 sheep and a couple of horses.

2.1.3. Balatonakali-Dörgicse

The site is between the villages of Balatonakali and Dörgicse, 145–240 m above sea level. The ca. 200
ha wood pasture is part of the Natura 2000 network. The western part of the area was cleared a few years
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ago and sparse wooded vegetation was left behind. The open pasture with a sheep paddock stretches
more or less continuously along the southern border of the village of Dörgicse. The southwestern and
northwestern parts of the area are covered by continuous forests. In the sheep paddock near Dörgicse,
about 1000 head of sheep are kept. They are grazed in smaller flocks mostly on the open pasture and the
nearest parts of the wood pasture.

2.2. Sampling Design and Dung Beetle Trapping

The dung beetle assemblages have been sampled three times in 2016, in spring (May), summer (July),
and autumn (October). Sampling was carried out simultaneously in all three sites. In total, 81 pitfall trap
units baited with either cattle, horse, or sheep dung (three of each for every habitat in all three locations)
were installed. The pitfall traps baited with different dungs were placed as if they were vertices of a
triangle with sides slightly more than 10 m. The location of the sampling plots was selected to meet two
basic criteria: they should be at least 100 m away from each other [38] and the edge of the habitat type
should be at least 50 m away. As far as the terrain allowed, traps were installed in locations sheltered by
stumps, smaller trees, or shrubs to avoid damage caused by trampling.

The 1 L containers (diameter: 11 cm, height: 15 cm) were dug into the soil up to their rim. About 3 dl
of diluted (50%) propylene-glycol was used as a preservative in each container. The mouth was covered by
a hexagonal chicken wire (with a mesh diameter of 25 mm) that was fixed to the soil by U-shaped wires.
The dung bait was wrapped in mosquito net and fixed to the wire mesh covering the mouth by bailing
wire.

The dung used as bait was always collected freshly for each sampling period from animals grazing on
the specific sites. The same batch of dung was used in each trap of a particular site. Livestock were not
treated with anthelmintics prior to dung collection. The collected dung was portioned into 400 (cattle,
horse) and 100 g (sheep) packs within laboratory conditions. Packs were sterilised by freezing at −20 °C
for at least 72 h. The pitfall traps were emptied after one week. In one case, the container was dug up by
animals; this sample was excluded from the analysis. Dung beetles were identified at the species level in
the laboratory. Nomenclature follows the Catalogue of Palaearctic Coleoptera [39].

2.3. Data Analysis

We separately tested the effect of four explanatory variables (habitat, season, dung, and locality)
on abundance and species richness by generalised linear mixed models (GLMMs; [40]) and on Shannon
diversity using linear mixed models (LMMs), where the response variables were the number of species
(with Poisson distribution), the abundance (with negative binomial distribution), or the calculated Shannon
diversity (with Gaussian distribution) of dung beetles. Replicates (sampling plots with three pitfall traps)
were included as random factors. We compared the models fitted with explanatory and random factors to
null models (including the random factor only) by ANOVA [41].

Our main aim was to reveal the differences in dung beetle assemblages of forest, wood pasture, and
pasture habitat types. Thus, first, we compared species richness, abundances, and Shannon diversity
among habitat types by a pairwise comparison with Tukey corrections, based on models described above.
Second, we created subsets of season and dung type (thereby creating 9 datasets both for abundances
and for number of species) and separately analysed the effect of habitat type. We applied GLMMs and
LMMs [40], where the response variables were the number of species, the abundance, or the diversity of
dung beetles, while the explanatory variable was only the habitat type (forest, pasture, and wood pasture).
Replicates within the locality were included as random factors, and we repeated these analyses for all 9
subsets (3 seasons × 3 dung types) of our dataset. We applied pairwise comparisons with Tukey corrections
between habitat types based on model results.
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We explored the differences between the composition of dung beetle assemblages with nonmetric
multidimensional scaling (NMDS) using a Bray–Curtis similarity measure [42]. We applied a Permutational
Multivariate Analysis of Variance (PERMANOVA) [42] to analyse the effect of habitat, season, locality, and
dung type as explanatory variables on assemblage composition. We evaluated the association of dung
beetle species to habitat, dung type, season, and locality separately, by indicator species analysis [42]. The
indicator values of the species were tested via the Monte-Carlo simulation using 10,000 permutations. The
accepted significance level was p < 0.05.

The statistical analyses were carried out using R 3.4.4 statistical environment [43]. We used “lme4”
1.1-17 and “MASS” 7.3-51.4 packages for models [44,45], “lsmeans” 2.27-62 and “multcomp” 1.4-10 packages
for pairwise comparison [46,47], “vegan” 2.5-2. package for nonmetric multidimensional scaling [48], and
“labdsv” ver. 1.8-0 for indicator species analysis [49].

3. Results

Altogether, we recorded 57 species and 78,131 individuals across the three locations (Cserépfalu: 48
species, 32,490 individuals, Hollókő: 46 species, 23,611 individuals, and Balatonakali: 44 species, 22,030
individuals). Three species of the family Geotrupidae, 33 species of the subfamily Aphodiinae, and 21
species of the subfamily Scarabaeinae were recorded (Appendix A Table A1).

The most numerous was the Scarabaeinae subfamily (43,209 individuals, 55.3%), then the Aphodiinae
subfamily (27,314 individuals, 35.0%), and finally the Geotrupidae family (7608 individuals, 9.7%). The
most dominant species was Nimbus obliteratus, with 16,540 individuals collected, which was 21% of all
individuals. In total, 18 species accounted for nearly 95% of the total abundance, while 39 species accounted
for less than 1% (Appendix A Table A1).

Our models did not reveal a significant effect of locality on species richness (p = 0.116), abundance (p
= 0.383), or diversity (p = 0.145), while habitat had an effect on diversity (p = 0.001), but no effect on species
number (p = 0.070) nor abundance (p = 0.302). Both dung type (p(sp) = 0.024, p(abu) = 0.001) and season
(p(sp) < 0.001, p(abu) = 0.022, p(div) < 0.001) had a significant effect. However, we did not find an effect of
dung type on diversity (p = 0.473).

Considering habitat types, 32,917 individuals of 41 species were recorded from forests, 20,724
individuals of 47 species from wood pastures, and 24,490 individuals of 53 species from grasslands. Species
richness and Shannon diversity were lower in forests than in pastures. In the case of wood pastures, these
values were between the two distinct habitats. There was no difference in abundances between the three
habitats (Figure 1).

Pairwise comparisons of species richness, abundances, and Shannon diversities between habitat types
revealed several significant differences between forests and pastures, while wood pastures exhibited an
intermediate position (e.g., species richness for sheep dung during spring and summer), except for one
case (spring abundance on cattle dung) where wood pasture dung beetle number was lower than in both
habitats (Figure 2, Appendix A Table A2).
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Figure 1. Summarised dung beetle species richness, abundance, and Shannon diversity per habitat types.
Box plots show medians (thick line), lower, and upper quartiles (boxes), whiskers include the range of
distribution without outliers. Different letters above the boxes show the significant differences between
habitats.

Figure 2. Habitat effect on dung beetle species richness, abundance, and diversity separately for dung type
(columns) and seasons (rows). Box plots show medians (thick line), lower, and upper quartiles (boxes),
whiskers include the range of distribution without outliers. Different letters above the boxes show the
significant differences between habitats within a given season and dung type, applying generalised linear
mixed models (GLMMs), linear mixed models (LMMs), and their pairwise comparisons. F.: forest, Wp.:
wood pasture, and P.: pasture.
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For composition of dung beetle assemblages, the seasonal distinction was the most noticeable effect
according to the NMDS analysis (Figure 3A, PERMANOVA test: R2 = 0.237, p = 0.001). There was no
overlap between forest and grassland dung beetle samples, but wood pastures had an intermediate position
between the two other habitat types (Figure 3B, PERMANOVA test: R2 = 0.109, p = 0.001). Furthermore,
assemblage composition showed significant differences among the three localities in Hungary (Figure 3C,
PERMANOVA test: R2 = 0.081, p = 0.001), but the effect of locality was smaller compared to the effect of
season and habitat. Dung type had no significant effect on the composition of dung beetle assemblages
(Figure 3D, PERMANOVA test: R2 = 0.017, p = 0.322).

The analysis of indicator species regarding habitat, dung type, and season showed that 12 species
were linked to pastures, 6 to forests, and only one to wood pastures (Table 1). Only cattle feces had three
indicator species, while the other two dung types had none. Spring had 20 indicator species, while summer
and autumn had less than half of that (Table 1).

Table 1. Dung beetle species with significant indicator values for habitat, dung type, and season.

Species Indicator Value p-Value Habitat

Anoplotrupes stercorosus 0.664 0.000 Forest
Melinopterus pubescens 0.251 0.011 Forest
Onthophagus coenobita 0.606 0.002 Forest
Plagiogonus arenarius 0.341 0.028 Forest
Planolinus fasciatus 0.404 0.000 Forest

Volinus sticticus 0.778 0.000 Forest

Caccobius schreberi 0.398 0.002 Pasture
Chilothorax distinctus 0.249 0.003 Pasture
Colobopterus erraticus 0.290 0.001 Pasture
Euoniticellus fulvus 0.642 0.000 Pasture

Melinopterus consputus 0.294 0.022 Pasture
Onthophagus illyricus 0.628 0.000 Pasture
Onthophagus medius 0.252 0.021 Pasture
Onthophagus ovatus 0.655 0.000 Pasture

Onthophagus ruficapillus 0.606 0.000 Pasture
Onthophagus taurus 0.665 0.000 Pasture
Onthophagus vacca 0.259 0.001 Pasture

Otophorus haemorrhoidalis 0.311 0.002 Pasture

Onthophagus joannae 0.248 0.003 Wood pasture

Species Indicator Value p-Value Dung Type

Aphodius fimetarius 0.287 0.002 Cattle
Otophorus haemorrhoidalis 0.238 0.025 Cattle

Teuchestes fossor 0.185 0.009 Cattle

Species Indicator Value p-Value Season

Acrossus depressus 0.333 0.000 Spring
Acrossus luridus 0.630 0.000 Spring

Colobopterus erraticus 0.264 0.001 Spring
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Table 1. Cont.

Species Indicator Value p-Value Habitat

Copris lunaris 0.763 0.000 Spring
Esymus pusillus 0.922 0.000 Spring

Eudolus quadriguttatus 0.444 0.000 Spring
Euoniticellus fulvus 0.411 0.002 Spring

Euorodalus paracoenosus 0.593 0.000 Spring
Onthophagus coenobita 0.941 0.000 Spring
Onthophagus illyricus 0.607 0.001 Spring
Onthophagus joannae 0.204 0.014 Spring
Onthophagus lemur 0.573 0.000 Spring

Onthophagus medius 0.481 0.000 Spring
Onthophagus vacca 0.163 0.043 Spring

Onthophagus verticicornis 0.960 0.000 Spring
Oxyomus sylvestris 0.454 0.000 Spring

Phalacronothus biguttatus 0.208 0.006 Spring
Plagiogonus arenarius 0.782 0.000 Spring

Sisyphus schaefferi 0.672 0.000 Spring
Volinus sticticus 0.604 0.000 Spring

Acanthobodilus immundus 0.200 0.033 Summer
Bodilus lugens 0.259 0.001 Summer

Caccobius schreberi 0.327 0.017 Summer
Geotrupes spiniger 0.633 0.000 Summer

Onthophagus grossepunctatus 0.471 0.012 Summer
Onthophagus taurus 0.444 0.036 Summer
Trypocopris vernalis 0.701 0.000 Summer

Chilothorax distinctus 0.249 0.004 Autumn
Chilothorax paykulli 0.222 0.002 Autumn

Melinopterus consputus 0.593 0.000 Autumn
Melinopterus prodromus 0.911 0.000 Autumn

Nimbus obliteratus 0.926 0.000 Autumn
Nobius serotinus 0.222 0.004 Autumn

Planolinus fasciatus 0.443 0.000 Autumn
Sigorus porcus 0.148 0.029 Autumn
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Figure 3. Assembly composition of dung beetles according to (A) season, (B) habitat, (C) locality, and (D)
dung type, applying nonmetric multidimensional scaling (NMDS).

4. Discussion

Our main question concerned whether wood pastures have distinct dung beetle assemblages compared
to forests and pastures. Using various types of analyses to process data on around 80,000 individuals,
we found that assemblages in wood pastures showed an intermediate or transient position between the
assemblages of forests and pastures, which were distinct. In Central Europe, the majority of dung beetle
species inhabit open or semiopen grasslands, and there are fewer woodland species [50] (Scarabaeinae:
mostly grassland species, Geotrupidae: mostly forest species, Aphodiinae: both forest and grassland
species [15]). Our study showed similar patterns. Dung beetle assemblages on wood pastures showed
an intermediate position between forest and pasture assemblages in composition, species richness, and
Shannon diversity. In general, this position was present in all but one comparison when broken down
according to seasons and dung types. This transient position is also supported by the distribution of the
indicator species, wherein we found only one dung beetle (Onthophagus joannae) species specific for the
wood pastures from the total of 57 dung beetle species and total of 19 habitat indicator species. This pattern
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in assemblage characteristics probably had an effect on the decomposition function of dung beetles, as
Buse and Entling [28] showed.

The role of habitat in structuring dung beetle assemblages is well-known. Several studies found
differences in various parameters between forest and pasture assemblages. Ríaz-Díaz et al. [51] found
significant differences in species composition between forest and grassland habitats. Jugovic et al. [52]
found significant differences in species composition, species richness, and abundance among grazed and
overgrown sites. Numa et al. [53] found significant differences for species composition, species dominance,
and abundance between sites with wild versus livestock herbivory. All of these studies showed a strong
effect of habitat on the structure of dung beetle assemblages. In our case, we also found significant
differences between forests and pastures in species richness and Shannon diversity, but not for wood
pastures and forests or wood pastures and pastures. This pattern is remarkable, as based on the literature.
We may expect three different assemblages in the three different habitats. Similar studies, where forest,
pasture, and a transitional habitat (usually shrubland) were involved, found significant differences between
habitats, indicating that neither was in a transitional position [29,54]. It seems that this is the general
pattern, as this was found for other taxa as well. For example, spider [37] and ground-dwelling beetle
assemblages [55] of open pasture habitats and scattered trees (and other habitats) were statistically distinct.
Lövei et al. [56] categorised carabids to the forest edge and matrix species as these habitats had distinct
assemblages. The transitional position of wood pastures between forests and pastures is interesting, if
compared to forest, forest edge, and grassland patterns. Such studies showed that all three habitats had
different assemblages for carabids [57], ants and spiders [58], and millipedes [59]. Therefore, the habitat
effect in the forest, wood pasture, and pasture system seems to be rather different from forest, edge, and
pasture (or grassland) systems, highlighting the uniqueness of the former system.

Our second question was on the potential effects of locality, dung type, and season on assemblages.
We found that dung beetle assemblages are similar across three distant locations in Hungary for all studied
measures, namely for species number, abundance, Shannon diversity, and composition. The similarity of
the three localities is probably linked to the overwhelming role of locally relevant factors in shaping dung
beetle assemblages (and decomposition in general); thus, differences between habitat or management
types are expected to be larger than differences between locations [60,61]. This similarity of dung beetle
assemblages across locations indicates that our results are relevant to other locations (at least in the
Pannonian region), which supports the wider applicability of our findings. The habitat effect and lack
of locality effect on dung beetle assemblages are probably linked to vegetation characteristics. Several
studies showed that vegetation structure (e.g., plant diversity [62]), fine-scale heterogeneity in grazing
intensity [63], or vegetation cover [64] highly influenced dung beetle assemblages. Our results on habitat
and locality can be explained on the assumption that differences between forests or pastures or wood
pastures are smaller across locations than among the three habitat types within a given location.

The majority of Palearctic dung beetle species are considered to be generalists, feeding on various
types of dung available. This suggests that a dung type effect on assemblage structure is likely weak.
Indeed, we could not clearly identify distinct dung beetle assemblages across the three dung types, which
is supported also by a low number of indicator species associated with each dung type. However, we
found a significant effect of dung type on abundance and species number, indicating that even generalist
species can show different preferences if they have a choice of several dung types [65].

Season seems to be a profound factor in shaping dung beetle assemblages. We already know
from several studies that dung beetle species appear in a determined phenological order during the
year [52,66,67]. We found a clear distinction in assemblage composition in spring, summer, and autumn
for all assemblage measures. Indicator species are also in line with former results [68]. In autumn, the
wood pasture samples were more distinct from forests and pastures, while both the spring and the summer
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samples showed a greater similarity among dung beetle assemblages in the three habitats, suggesting that
the seasonality influenced the effect of habitats on dung beetles.

Dung beetle assemblage composition was different in this study for habitats, seasons, and dung types.
It seems that composition is a sensitive measure of differences in dung beetle assemblages across a range
of conditions [51,69].

The third aim of this study was to provide information for nature conservation management. Dung
beetle assemblages of Hungary and the Pannonian biogeographic region are still understudied. During
this one-year sampling in three locations, nearly half of the species of Hungarian dung beetle fauna were
recorded; this seems to be outstanding for the results of the mosaic-like structural complexity of the
studied habitats. The conservation of dung beetles should focus on maintaining compositional diversity,
as different species have different roles, and the loss of a species cannot be compensated by the presence of
others [70]. Species-specific thermal tolerance is very important [71], as is poor flight capacity limiting
dispersal that potentially leads to local extinctions if habitats are further degraded (e.g., Storck-Tonon
et al. [72]). The provisioning of fresh dung throughout the year—irrespective of what livestock species
produces it—is of major importance for all habitats. The manure of wild ungulates is not sufficient to
ensure the conservation of the regional dung beetle species pool [73]. From a practical point of view, this
means that if we want to maintain species-rich communities and the associated ecosystem services, we
can do so by increasing the availability of the right amount and quality of manure throughout the year.
Extensive animal husbandry (i.e., grazing livestock from spring to late autumn) is one way to enhance the
habitat for dung beetles. It is imperative for the conservation of diverse assemblages that grazing take
place in the long term. Grazing continuity has a positive effect on species numbers both for generalists and
specialists [74]. The use of veterinary medical products needs to be reconsidered to avoid harm to dung
beetles [14]. Long-term conservation needs to consider climate change effects and connectivity of suitable
dung beetle habitats to provide dispersal possibilities. Active conservation planning is needed, as only
sufficiently stable and abundant populations as well as diverse assemblages of dung beetles are able to
perform their ecological functions that benefit people [15,75].

5. Conclusions

We concluded that wood pastures are key habitats for dung beetle conservation, as they harbor dung
beetle assemblages that show a transition between forest and grassland assemblages. Wood pastures
should not be viewed as a refuge for all forest species [76], but as a transitional habitat where some forest
and pasture species can be conserved into one habitat. Therefore, wood pastures must be maintained and
their characteristically large trees need to be conserved and replaced if needed. Proper management by
grazing livestock is also essential not only for dung beetles but for various ecologically important taxa.
The conservation of such ecosystems should be a priority. Throughout Europe, there are already several
completed or ongoing projects aimed at the restoration and conservation management of wood pastures.
Such actions should be funded more widely for the benefits they provide both in terms of their unique
biodiversity and local livelihoods not only in Europe, but worldwide.

135



Forests 2021, 12, 25

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/12/1/25/s1, Sampling
locations (KMZ file).

Author Contributions: Conceptualization, L.S.; methodology, L.S.; field and lab work, L.S. and R.Á.; data curation, L.S.,
R.Á., and V.S.; formal analysis, V.S.; writing—original draft preparation, L.S., V.S., G.B., R.Á. and A.B.; writing—review
and editing, L.S., V.S., G.B., R.Á. and A.B.; supervision, A.B.; funding acquisition, A.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Doctoral School of Environmental Sciences of the Szent István University,
the “Sustainable use of ecosystem services—research for mitigating the negative effect of climate change, land use
change and biological invasion” project (GINOP-2.3.2-15-2016-00019), and partly by the EU H2020 project SUPER-G
(https://www.super-g.eu, grant agreement N. 774124). V.S. was funded by the National Research, Development and
Innovation Office (FK 123813).

Acknowledgments: We would like to thank the two anonymous reviewers for their valuable comments. We would
also like to thank Krisztián Harmos (Bükk National Park) for field assistance, as well as Brigitta Palotás and Anikó
Zölei for their help in preparing the paper.

Conflicts of Interest: The authors declare no conflict of interest.

136



Forests 2021, 12, 25

A
p

p
e
n

d
ix

A

T
a
b

le
A

1
.

L
is

t
of

d
u

ng
be

et
le

sp
ec

ie
s,

an
d

th
ei

r
ab

u
nd

an
ce

s
ac

co
rd

in
g

to
ha

bi
ta

ts
at

th
e

th
re

e
re

gi
on

s
in

H
u

ng
ar

y
(B

—
B

al
at

on
ak

al
i,

H
—

H
ol

ló
kő
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Abstract: Habitat fragmentation threatens terrestrial arthropod biodiversity, and thereby also leads to
alterations of ecosystem functioning and stability. Predation on insects and seeds by arthropods are two
very important ecological functions because of their community-structuring effects. We addressed the
effect of fragment connectivity, fragment size, and edge effect on insect and seed predation of arthropods.
We studied 60 natural fragments of two grassland ecosystems in the same region (Hungarian Great
Plain), 30 forest-steppes, and 30 burial mounds (kurgans). The size of fragments were in the range
of 0.16–6.88 ha for forest-steppe and 0.01–0.44 ha for kurgan. We used 2400 sentinel arthropod preys
(dummy caterpillars) and 4800 seeds in trays for the measurements. Attack marks on dummy caterpillars
were used for predator identification and calculation of insect predation rates. In the case of seeds,
predation rates were calculated as the number of missing or damaged seeds per total number of exposed
seeds. Increasing connectivity played a role only in generally small kurgans, with a negative effect on
insect and seed predation rates in the edges. In contrast, fragment size moderated edge effects on insect
and seed predation rates in generally large forest-steppes. The difference between edges and centres
was more pronounced in small than in large fragments. Our study emphasizes the important role of
landscape and fragment-scale factors interacting with edge effect in shaping ecosystem functions in
natural grassland fragments of modified landscapes. Managing functional landscapes to optimize the
assessment of ecosystem functions and services needs a multispatial scale approach.

Keywords: arthropod predation; connectivity; dummy caterpillar; ecosystem function; edge effect;
forest-steppe; fragment size; kurgan; landscape-scale; seed predation

1. Introduction

Habitat loss and fragmentation are among the most relevant threats to arthropod biodiversity [1].
Agricultural expansion, afforestation with exotic tree species, and urbanization are the primary drivers of
loss of natural or seminatural habitats and their insect communities [2], leading to small habitat fragments
and decreased connectivity between them [3]. Classical island biogeography theory attempted to explain
the effect of island size and distance from mainland sources on the diversity of species [4]. This concept was
applied for terrestrial habitat fragments and the differences between oceanic islands, and isolated habitat
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fragments are now well-recognized [5,6]. The predictive power of habitat area was also demonstrated for
arthropods of terrestrial islands [7,8].

The effect of decreasing connectivity on arthropods is highly taxon-specific. Habitat generalists
and highly mobile species may cover large distances in a strongly modified landscape matrix [3]. The
spatial proximity of suitable habitat fragments is more important for arthropods that are habitat specialists
and have low mobility; thus, they may form isolated populations [9]. Furthermore, the conversion of
a continuous habitat into disjunct habitat fragments usually increases the length of the edges between
fragments and the surrounding matrix, which may significantly change the characteristics of edges, and
the plant and animal diversity of communities [10,11].

Spillover is the movement of organisms across habitat edges [12]. Its effect is more pronounced near
edges than in the central part of the habitat [13]. Most of the studies focused on how the influx of predators
from seminatural habitats relates to the pest control services in agricultural fields [14–16]. Only a few
studies found spillover from natural habitats [17,18]. For example, Madeira et al. [19] argue that spillover
from adjacent crop habitats shapes carabid, rove beetle, and spider assemblages in fragmented seminatural
grasslands.

Small habitat fragments are important biodiversity refuges [20] and may harbour a large proportion
of the regional species pool in arable landscapes [21]. Species richness and density of arthropods in small
fragments can be as high as in large ones [22,23]. However, there are some species that are disadvantaged
in small habitats [24]. Changes in species richness and community composition can lead to alterations
of ecosystem functioning and stability [25,26]; consequently, habitat fragmentation may broadly affect
species interactions [27–29]. Furthermore, the effect of fragmentation on different ecosystem functions
depends on the specific function and species identity [30]. Species of certain functional groups, such as
larger body size or higher trophic level, may be more vulnerable to habitat loss, and this may have an effect
on ecosystem functioning, resulting in a weaker top down effect in food webs [31]. However, the net effect
of fragmentation remains controversial [32]. Large variation exists in how plant and animal species and
species interactions respond to fragmentation. For example, Tong et al. [33] found that seed predation of
acorn weevils (Curculio glandium Marsham) was high in large, less isolated fragments. In contrast, Elzinga
et al. [34] found higher rates of seed predation on white campion (Silene latifolia Poir.) by the specialist
moth lychnis (Hadena bicruris Hufnagel) in small fragments.

Insect and seed predation are important ecological functions because of the associated
community-structuring effects [35,36]. Measuring species interactions such as insect and seed predation is
challenging. Instead of measuring the function itself, studies often use densities of predators as a proxy [37],
which can be misleading [38,39]. Here, we aimed to study the effects of fragmentation (i.e., increasing
isolation, decreasing fragment size, and edge effect) directly on predation in two grassland ecosystems.

We chose forest-steppes and kurgans due to their intense exposure to fragmentation and their special
role in nature conservation in the steppe zone [40]. Both types of steppe fragments have the potential to
preserve the natural flora, fauna, and act as local biodiversity hotspots [40,41]. Forest-steppes are mosaics
of grassland and forest fragments at the contact zone between closed-canopy temperate forests and steppe
grasslands. They are among the most complex ecosystems in Eurasia, and their elements play a key
role in landscape dynamics [41]. Kurgans (burial mounds) are artificial formations and were developed
for burial purposes by steppic people (mainly in the range of IV–I millennia BC) by piling soil on the
grave of an important person. The height of the kurgans ranges between half and a few meters, with
the diameter between a few meters and 100 m [42]. These relatively small landscape elements represent
important refuges for Eurasian steppe wildlife [43]. Both ecosystems are of high natural conservation
value, harbouring numerous rare and protected plant and animal species. The fragment size and landscape
structure of the two ecosystems are in different scales: small-scale landscape structure and relatively large
fragment size in the case of forest-steppes, and large-scale landscape and small fragment size for kurgans.
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However, the landscape matrix between fragments was relatively homogeneous and highly modified for
both ecosystems. Our aim was to compare the two systems, and we expected different responses to the
local and landscape factors.

We expected all studied fragmentation effects to be important determinants of insect and seed
predation; however, the magnitude and relative importance of these effects, as well as their interaction, is
not known. We tested the following hypotheses: (1) Predation rates are higher when connectivity decreases
in the landscape, because isolation can enhance the spillover of generalist predators from the matrix. (2)
Predation rates are higher in the edges than in the centres of a fragment, as a consequence of the edge effect.
(3) Predation rates are lower in small than in large fragments, as functional groups of higher trophic levels
are expected to be more sensitive to area loss. We aimed to reveal the similarities and differences of these
questions in the two investigated fragmented grassland ecosystems of the same region using standardized
methods.

2. Materials and Methods

2.1. Study Region and Sampling Design

We conducted our study on 60 natural grassland fragments in two different regions of the Hungarian
Great Plain. We sampled 30 forest-steppe fragments in the central part of the Kiskunság region and
30 kurgans in southern Hungary. The investigated fragments were scattered around four settlements
(Dévaványa, Kunágota, Makó, and Szentes) in the case of kurgans, and around three villages (Pirtó, Bócsa,
and Kunfehértó) in the case of forest-steppes (Supplementary Material Figure S1). We established two
transects of sentinel prey, and two trays of seeds in each centre and edge of every fragment (Figure 1B).
Both areas are characterized by a continental climate with 500 to 550 mm mean annual precipitation, and
9.5 and 10 ◦C mean temperature, respectively [40,44]. Forest-steppes comprise extensive dry grasslands
dominated by Festuca vaginata Waldst. and Kit ex Willd., Stipa borysthenica Klokov ex Prokudin, and
relatively small forest fragments of poplar (Populus alba L.) and hawthorn (Crataegus monogyna Jacq.) [41].
Our study focused on dry steppic grasslands. The potential vegetation of kurgans consists of pannonic
loess steppic grasslands [40] dominated by crested wheatgrass (Agropyron cristatum (L.) Gaertn.) and
forage kochia (Kochia prostrata (L.) Schrad.) [45].
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Figure 1. (A) Location of study regions in Hungary, Europe. (B) Sampling design. Light green represents
the area of grassland fragment. Transects of sentinel preys and seed predation trays were minimum of 10 m
away from each other, even in same transect position. (C) Sentinel prey. (D) Seed predation tray.

We selected the study sites on the basis of the size of the fragments and along a landscape configuration
gradient by performing preliminary field visits and GIS calculations. We calculated Hanski’s connectivity
index [46] and hostile matrix percentage to quantify landscape configuration and composition using
Google aerial photographs (captured in 2019), the basic ecosystem map of Hungary, and Quantum GIS 3.6.1
software [47]. Since kurgans and forest-steppes had two different spatial resolutions (i.e., kurgans were
situated in large-scale agricultural landscapes and forest-steppe fragments were in a matrix of relatively
small-scale forest plantations), we performed GIS calculations within a 1000 m radius buffer around the
kurgans, and within a 500 m radius buffer around the forest-steppes. For connectivity calculations, we
considered all habitat fragments (other forest-steppe fragments and open-sand grasslands for forest-steppes,
closed and alkali grasslands for kurgans) that were located around the focal fragment. As we applied
the connectivity index to entire predator communities containing many taxa, scaling parameters α and β

were set to the value of 0.5 [48]. For hostile matrix calculations, we considered all nonhabitat fragments
(coniferous and deciduous plantations, clear-cut areas, young afforestation for forest-steppes, and arable
lands for kurgans) and calculated their pooled percentage cover in a buffer around each site. As we
found significant correlations between hostile matrix percentage and connectivity in both habitat regions
(forest-steppes: Pearson r=−0.64, p < 0.001; kurgans: Pearson r=−0.95, p < 0.001; i.e., proportion of hostile
matrix significantly decreased with increasing connectivity), we used only connectivity as landscape-level
variable in further analyses. Lastly, we selected 15 small (0.16–0.48 ha for forest-steppe; 0.01–0.10 ha
for kurgan) and 15 large (0.93–6.88 ha for forest-steppe; 0.20–0.44 ha for kurgan) grassland fragments.
Connectivity values of the selected fragments ranged from 0 (isolated) to 2637 (connected) for kurgans
(mean = 689) and 24 to 811 for forest-steppes (mean = 394).
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2.2. Sentinel Prey

We assessed the predatory activity of carnivorous insects with dummy green caterpillars of moths
made of plasticine, exposed for seven days. This method of sentinel prey is easy to use and appropriate to
assess in situ predation pressure [39,49]. Dummy caterpillars were 25 mm long and 5 mm in diameter,
and made from light green nontoxic modelling plasticine (Fimo Soft®, Staedtler Mars GmbH & Co. KG,
Nuremberg, Germany). All caterpillars were covered by PlastiDip® (PlastiDip International, Blaine, MN,
USA) silicon spray to avoid drying and eliminate the smell of plasticine [50]. We fixed all caterpillars to 5
cm long wooden sticks with superglue for easier handling.

We attached them to the ground by pushing the end of the stick into the soil. We placed dummy
caterpillars in transects, 1 m distance from each other. We used 2400 sentinel preys altogether (2 regions
× 30 study sites × 2 transect positions × 2 transects × 10 caterpillars; Figure 1). The transects of sentinel
preys were at a minimum of 10 m away from each other even in the same transect position. We installed
dummy caterpillars on 21–27 June and collected them from 28 June to 4 July 2019. Potential predators
were identified by the attack marks that they left on dummy caterpillars. We inspected the marks by using
magnifying glasses and microscopes in the laboratory, following the methods described by Low et al. [51].
Multiple attack marks by the same predator group were assumed to originate from the same predator.
Signs by different predator types were considered independent attacks.

2.3. Seed Predation

We exposed seeds in transparent, plastic trays to assess seed predation. Placing the seeds in shallow
containers in the ground is a simple and established way for assessing seed predation [52,53]. We placed
10 seeds of Triticum spelta L. as large, and 10 seeds of Festuca rubra L. as small seeds in each tray. We used
the different sizes to increase attractiveness for a wider range of seed predator arthropods. The trays
were round plastic containers, 10 cm in diameter (Figure 1D). We fixed the container to the ground by
attaching a plastic stick to the container and dug it into the soil. We excluded birds and rodents by closing
the containers with transparent lids and creating 1 × 1 cm openings on their sides (only for arthropods).
Altogether, we had 2 regions × 30 study sites × 2 transect positions × 2 trays, resulting in a total of 240 seed
predation trays (Figure 1). The containers were a minimum of 10 m away from each other. We installed
trays from 31 May to 6 June and collected them from 7 to 13 June 2019. Thus, all trays were exposed for 7
days. Seed predators were assumed to be responsible for missing seeds. We counted the remaining seeds
in each tray and inspected them for further predation marks in the laboratory. We considered multiple
attack marks on the same seed as one predation event. Several oligo- and monophagous specialist seed
predator insects were present on our study sites, but their seed-predation effect was not included in our
data.

2.4. Statistical Analysis

Insect predation rates were calculated as the number of sentinel prey items showing signs of predation
per total number exposed per transect. Seed predation rates were calculated as the number of missing seeds
and remaining seeds with predation marks per total seed number exposed per transect. To test whether
connectivity, fragment size, transect position, and their second-order interactions (fixed factors) had a
significant effect on insect and seed predation rates, we used generalized linear mixed-effects models with
the model averaging method. Models were fitted with binomial distribution. Connectivity ranged between
0 and 1. We used lmer (lme4) [54] models with fragment ID within village as a nested random-effect
term. We used seed size as an offset variable in models of seed predation rates. We calculated Akaike’s
information criteria corrected for small sample sizes (AICc) to rank candidate models. The models with <6
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ΔAICc of the best model (i.e., the model with the lowest AICc) were used for model averaging [55,56] with
the R package MuMIn [57].

3. Results

3.1. Sentinel Prey

Overall, 72.13% (1731/2400) of the dummy caterpillars were attacked. On the basis of the identification
of attack marks, 87.52% of the predators were ants, 7.93% beetles, 5.21% reptiles, 3.40% wasps, 3.17% birds,
1.25% mammals, and 0.79% were bees. The effect of landscape and local variables was not unequivocal
for the two ecosystems. Fragment size, transect position, and their interaction had the highest relative
importance for insect predation in forest-steppes (Table 1). We detected higher predation rates in edges in
the central transects of small forest-steppes; however, we detected the opposite pattern in large fragments
(Figure 2A). We found no interaction effect between fragment size and transect position in kurgans (Table 1,
Figure 2B). Variables that best explained insect predation in kurgans were connectivity, transect position,
and their interaction according to relative importance values (Table 1). Increasing connectivity had a
negative effect on the predation rates of edges but not in kurgan centres (Figure 2D).

Table 1. Summary table for GLMM results after multimodel averaging of the best candidate models
showing relative importance of each explanatory variable (fragment size: large (L) vs. small (S), transect
position: centre (C) vs. edge (E), and connectivity), and their interactions on insect and seed predation rates
in forest-steppes (FS) and kurgans (KU).

Model a Variable
Relative Importance

(%) b Multimodel Estimate ± 95% c

Insect predation
(FS) Fragment size (L/S) 100 −0.215 ±0.538

Transect (C/E) 100 −0.449 ±0.427 *
Fragment size × transect 100 0.895 ±0.538 **

Connectivity 36 0.050 ±0.928
Connectivity × transect 8 0.300 ±1.140

Connectivity × fragment size 7 0.251 ±1.689
Insect predation

(KU) Connectivity 67 −0.418 ±1.887

Transect (C/E) 62 0.405 ±0.651
Connectivity × Transect 49 −1.303 ±1.014 *

Fragment size (L/S) 33 −0.258 ±1.087
Fragment size × transect 4 −0.077 ±0.573

Connectivity × Fragment size 4 −0.425 ±3.402
Seed predation (FS) Fragment size (L/S) 100 −0.521 ±0.651

Transect (C/E) 100 0.208 ±0.313
Fragment size × Transect 100 0.635 ±0.387 **

Connectivity 38 0.071 ±1.203
Connectivity × transect 8 0.164 ±0.827

Connectivity × fragment size 8 −0.380 ±2.125
Seed predation (KU) Connectivity 100 1.281 ±1.589

Transect (C/E) 100 0.098 ±0.439
Connectivity × transect 100 −1.731 ±0.872 ***

Fragment size (L/S) 42 0.064 ±1.037
Fragment size × transect 15 0.227 ±0.469

Connectivity × Fragment size 11 −0.547 ±2.797
a Models fitted with binomial distribution (number of candidate models, ΔAIC < 6). b Each variable’s importance within
best candidate models (ΔAIC < 6). c Significance levels: *: <0.05, **: <0.01, ***: <0.001.
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Figure 2. Insect predation. Interacting effect of (A) fragment size and edge effect on insect predation in
forest-steppes; (B) fragment size and edge effect on insect predation in kurgans (mean ± SE); (C) connectivity
and edge effect on insect predation in forest-steppes; and (D) connectivity and edge effect on insect predation
in kurgans. Green, centre position; orange, edge position. Significance levels: *: <0.05, **: <0.01.

3.2. Seed Predation

In total, 77.58% (3724/4800) of the seeds had predation marks or been carried away. Similar to the
results of insect predation, we found a significant interaction between fragment size and edge effect in
case of forest-steppes, but not in kurgans (Table 1, Figure 3A,B). We found higher seed predation rates in
edge in centre transects in forest-steppes, and this difference was more pronounced in small than in large
fragments (Figure 3A). Connectivity and transect position did not affect seed predation in forest-steppes
(Table 1, Figure 3C); however, seed predation in kurgans was affected by connectivity, transect position,
and their interaction (Table 1, Figure 3D). In kurgans, we found a negative effect of connectivity on seed
predation rates in edge and positive effect in centre transects (Figure 3D).
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Figure 3. Seed predation. Interacting effect of (A) fragment size and edge effect on seed predation in
forest-steppes; (B) fragment size and edge effect on seed predation in kurgans (mean ± SE); (C) connectivity
and edge effect on seed predation in forest-steppes; and (D) connectivity and edge effect on seed predation
in kurgans. Green, centre position; orange, edge position. Significance levels: **: <0.01, ***: <0.001.

4. Discussion

We addressed the effect of connectivity, fragment size, edge effect, and their interactions on insect and
seed predation of arthropods. The predation rates of forest-steppes and kurgans responded differently to
the effects of fragmentation depending on the fragmented grassland ecosystem. Predation pressure was
higher in the edges of small fragments of forest-steppes and in the edges of more isolated landscapes of
kurgans. Thereby, our results emphasize the differences of the two fragmented grassland ecosystems.

4.1. Predation in Forest-Steppe

Connectivity did not affect predation (Hypothesis 1); however, our second and third hypotheses about
edge effect and fragment size, respectively, were partly supported, as the difference between edges and
centres was more pronounced in small than in large fragments. In the case of insect predation, we found
higher predation rates in the edges in the centres of small fragments, but we found the opposite pattern in
the case of large fragments. Seed predation was higher in the edges of both small and large fragments, but
the difference was more pronounced in small fragments.

Edge effects were stronger in small than in large fragments, which was in line with the findings
of Laurance and Yensen [58]. This was explained partly by the higher edge/area ratio, i.e., smaller
fragments had longer edges related to their area [59]. The edge effect on arthropod predation, and on other
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interspecific interactions and functional trait composition of arthropods, is relatively well-known [60–62].
Some of them measured with the very same sentinel prey method [40]. It is expected that resource
consumption in terrestrial arthropod communities is higher at fragment edges [63]. The abundance of
generalist predators increases near edges, which may alter food webs [64]. However, the response of
insect predation by arthropods to edges is highly variable. Although there is a general positive correlation
between the abundance of predators and predation rates [65,66], predation rates were found to be even
higher in the habitat interior than in the edges in some cases [40]. There are contradictory results for seed
removal ratios at edges vs. centres, with negative [67], or neutral [53] responses to edges. Fragmentation
may shape many attributes of edges [10,11]; landscape and fragment-scale factors may interact with edge
effects [63,67]. Our results emphasize that several effects may modify seed predation at edges, as we found
higher rates at edges than in centres, but this effect was modified by fragment size. The interaction of these
factors may explain the variability of predation responses to edges.

The main difference between forest-steppe and kurgan systems is the size of the fragments.
Forest-steppe fragments (0.16–6.88 ha) were an order of magnitude larger kurgan fragments (0.01–0.44
ha), presumably maintained by abundant predator and seed predator assemblages. This might have had
an effect on predation rates, which caused fragment size to override the effect of connectivity that we
expected in the hypothesis (1).

4.2. Predation in Kurgan

Our first hypothesis that predation pressure increases with decreasing connectivity was supported for
insect and seed predation in edges of kurgans. We found that increasing connectivity had a negative effect
on predation rates in the edges but had a minor effect in the centres of kurgans. In addition, predation rates
of edges mainly stayed under the rates of centres, in contrast to our presumptions during the hypothesis
(2). Presumably, spillover from arable lands to grasslands increased predation rates in the edges.

We assumed that predators of arable fields dominated the predator assemblages in the edges of
kurgans, therefore the decreasing amount of agricultural fields associated with increasing connectivity
in the matrix had a negative effect on predation in the edges. Spillover between agricultural fields and
natural habitats is recognised as an important mechanism shaping biodiversity, biotic interactions in
communities, and ecosystem functions [19,68,69]. In order to gain insight into these mechanisms, not
only should the number of species and individuals that move between adjacent habitats be observed, but
also the functional responses should be addressed directly [70]. Native herbivores in natural habitats
may experience increased predation pressure in landscapes with increasing habitat loss, due to spillover
of generalist predators from surrounding cropland habitats [71]. Agricultural landscapes appear to
augment generalist predators resulting in dramatically higher predator–prey ratios and reduced herbivore
abundance [72].

Seed predation also decreased in the edges of kurgans when connectivity increased. Granivorous
arthropods from the agricultural matrix may contribute greatly to seed predation rates in the edges of
grasslands. When the proportion of arable fields decreased in the surrounding matrix; i.e., connectivity
of habitat fragments increased, it led to a decrease in seed predation by arthropods. Our presumption
about the tendency of movement from arable field to the adjacent habitat is recognised for some seed
consumer carabids [73]. Furthermore, our results align with those of the study of Craig et al. [67], who
found that seed predator arthropods cause higher predation rates with decreasing connectivity in the
landscape. Taken together, connectivity had similar effects on insect and seed predation, presumably due
to the same phenomenon: spillover.

Connectivity moderated the edge effect on predation; however, we did not find an effect of fragment
size (Hypothesis 3), in contrast to in the forest-steppes. All kurgan fragments were relatively small.
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Presumably, the effect of connectivity overrode the effect of fragment size. These results are in line with
those of Rösch et al. [23], emphasising that connectivity is more important for small, isolated fragments,
whereas fragment size is more relevant for large fragments.

5. Conclusions

Landscape and fragment-scale factors interact in shaping predation pressure by arthropods in
natural grassland fragments. Thus, the edge effect was stronger in small forest-steppes and isolated
kurgan fragments. Although our data were obtained only during a single year, our study assessing
predation in seminatural grasslands improved our understanding of responses of predators to different
local and landscape factors. Our study emphasizes that a multispatial scale approach is needed for the
effective assessment of ecosystem functions, which may contribute to the conservation and maintenance of
high-value seminatural grasslands.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/12/1/54/s1, Figure
S1: (a) Sampling sites on forest-steppes; (b) Sampling sites on kurgans. Aerial image was obtained from Google Earth.
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