:' frontiers ‘ Frontiers in Environmental Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Arnaldo Marin,
University of Murcia, Spain

REVIEWED BY

Yu Liu,

Northwest AGF University, China
Dong Wang,

Henan University, China

*CORRESPONDENCE
Zhongju Meng,
mengzhongju@126.com

SPECIALTY SECTION

This article was submitted to
Conservation and Restoration Ecology,
a section of the journal

Frontiers in Environmental Science

RECEIVED 17 June 2022
ACCEPTED 06 September 2022
PUBLISHED 28 September 2022

CITATION

Wang N, Jing Y, Ren X, Qiao H, Zhang H,
Dang X and Meng Z (2022), Fine-scale
analysis of edge effect of shrub patch in
different grassland types.

Front. Environ. Sci. 10:971598.

doi: 10.3389/fenvs.2022.971598

COPYRIGHT

© 2022 Wang, Jing, Ren, Qiao, Zhang,
Dang and Meng. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Environmental Science

TyPE Original Research
PUBLISHED 28 September 2022
Dol 10.3389/fenvs.2022.971598

Fine-scale analysis of edge effect
of shrub patch in different
grassland types

Ning Wang?, Yupeng Jing?, Xiaomeng Ren?, Hui Qiao?,
Huimin Zhang?, Xiaohong Dang* and Zhongju Meng'*
!College of Desert Control Science and Engineering, Inner Mongolia Agricultural University, Hohhot,

China, ?Inner Mongolia Academy of Agriculture and Animal Husbandry Sciences, Hohhot, China, *Inner
Mongolia Autonomous Region Meteorological Bureau, Hohhot, China

Boundaries may have important effects on landscape patterns, landscape
change mechanisms, and dynamic processes. However, little is known about
the dynamic mechanism of patch boundary changes at a fine scale. To elucidate
the characteristics of grassland patches at fine scales and to provide a reference
for the mechanism of change and development direction of patchy landscapes.
In this paper, the patch of different grassland types in Xilingol League was
studied by NMDS, RDA, and SEM methods, to analyze the vegetation
community and soil characteristics of surface soil and the relationship
between them: The changes in soil vegetation community and soil
characteristics were completely different among the three grassland types,
and the abrupt changes of vegetation index and soil properties were different.
Vegetation index mostly ranged from =1 m to O m, and soil index mostly ranged
from —=0.5 m to 1 m. Fine-scale vegetation and soil boundaries are well defined,
vegetation boundaries are mostly between -1 and 0 m and soil boundaries are
mostly between —0.5-1m, and soil properties have a clear influence on plant
characteristics. The difference in organic matter, nitrogen, and phosphorus
content is an important factor affecting the change of patch boundary, the
distribution of the RDA results showed that the organic matter, nitrogen and
phosphorus contents in all three grasslands explained >70% of the
environmental factors. The emergence of annual vegetation involves a
process of succession, specifically, the nature of the underlying soil
determines the type of plants at the boundary. The dynamic characteristics
of the soil-plant mutual-feed mechanism determine the location and variation
of patch boundaries to adapt to disturbance states. The results of this study
provide insight into how boundaries respond to changes in environmental
conditions and drive dynamic changes at the landscape level.
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Introduction

In arid and semi-arid regions, the patchy distribution pattern
of grassland is the self-regulation of plant adaptation to water
conditions (Li and Zhang, 2018). In patches of grassland, there
will be more or less obvious boundaries between plant patches,
and more obvious boundaries between plant patches and bare
patches, the properties at the boundary are different from the
properties inside the patch on either side, and this is called the
“edge effect” (Liding et al,, 2004; Burst et al, 2020). As an
important ecological process, the “edge effect” has an
diversity,

evolution,

important relationship with species ecological

change process, community and ecological
restoration. Studies on edge effect are also divided into large
scale, medium scale, and micro-scale. In previous studies, the
large-scale scale was at the global scale, in which vegetation was
(Ni, 2001),

corresponding to each climate zone showed the zonal

divided based on climate and vegetation
distribution. The mesoscale edge effect usually refers to the
interlacing zone of two ecosystems (Ting and Shaolin, 2008),
which is usually the region with the most abundant biodiversity,
and the mesoscale edge effect is also the region with the most
studies at present. There have been extensive studies on forest
grassland and grass-thicket edge effects (Bai et al., 2015; Cao
et al, 2019). It was found that species diversity usually increases
in areas where different ecosystems intersect, while other
indicators fall between the two ecosystems (Erdés et al., 2019).
Marginal intersections are considered as local biodiversity
research hotspots (Batori et al., 2018). Raphael K’s (Didham
and Lawton, 1999) study even proposed that the edge structure of
patches inside the forest would determine the scope and degree of
edge effect and also affect the microclimate in this region. Other
research shows that the scholars’ conclusions are the same edge
effect, therefore, the edge effect more focused on different
community studies on the mesoscale, and the study of
different ecological edge effect, there are few studies on patch
boundaries of the same site conditions and environmental
characteristics, for example, in the grass, in the same
ecological system is less. By studying more detailed data on
soils and vegetation in different patches, it is possible to reveal
their soil properties and vegetation patterns and the relationship
between them, as well as to have a clearer role in the influence of
fine-scale changes in edge effects on larger-scale processes of
landscape dynamics.

Changes in vegetation and soil are usually consistent and
interact at different patch boundaries (Zhu et al., 2012). In
general, the soil has a great influence on the growth of plants,
and in the same way, the growth of plants affects the properties of
the soil (Liu et al., 2003; Zhongming, et al., 2010; Chandra, et al.,
2016). Therefore, the formation and dynamic change of
vegetation patterns are limited by soil properties, and in the
same way, the dynamic feedback of vegetation also causes the
change in soil properties (Fenu et al., 2013; Dovéiak and Brown,
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2014). The study by Mason (Mason et al., 2016) et al. showed that
in the transition from forest to grassland in the Midwest of the
United States, soil characteristics suitable for grassland growth
are found under the forest deciduous layer, while in the transition
from grassland to forest, the soil parent layer also retains soil
characteristics that should be forest, indicating that the
succession of vegetation is influenced by soil properties. Laura
M’s (Ladwig et al, 2021) study also showed that in the
interspersed areas of grassland and scrub, soil properties
influenced the fungal populations in the growing areas of the
plant communities and that the fungal populations determined
the growth condition as well as the species of the vegetation. His
research also showed that in the grassland-shrub crisscross area,
the flora of the shrub growth area included not only the flora of
the grassland but also the flora of the grassland. Shrub species are
more abundant than grassland species while retaining some
of them.

Others have also argued that changes in communities and
plant species are sometimes more influenced by abiotic factors,
such as sudden changes in the landscape within a region (Yuan
etal,, 2019), or changes in moisture (Kim et al., 2017), all of them
can affect the change of vegetation pattern and even the change of
edge effect. In addition, the interaction between biological factors
can also influence the formation and expansion of boundaries,
and, in some cases, the intensity and frequency of human
disturbance (grazing or fire) (Teague et al, 2011; Veldman
and Putz, 2011), It can also affect the composition of plant
community inside the boundary and thus affect the edge effect.
Therefore, based on the summary of previous studies, it can be
concluded that in the study of boundary effects at various scales,
the large scale determinants are often determined by regional
climate, topography, or regional hydrological conditions (Parks
and Mulligan, 2010). However, the causes of mesoscale
boundaries are more complex, and in addition to the
interaction of soils, topography, and growing vegetation, they
may also be caused by human interference (Botha et al., 2020).
There are many factors involved, so most studies are not sure
how much factors affect the relationship between soil and
vegetation (Miiller et al., 2012). Under the same topographic
and water conditions, the relationship between soil and
vegetation can be revealed by investigating their coupling
characteristics and their relationship with the edge effect. All
the above studies indicate that it is necessary to study edge effects
at a finer scale. Within a defined area, changes in boundary effects
can lead to changes in many other properties within this area, for
example, Y.H. Cao et al. (Cao et al.,, 2019) scholars have studied
annual and perennial patches within saline lands in the
Northeast. The results showed that the changes in species
richness and coverage of vegetation patches were obviously
influenced by soil changes, but the changes were not
consistent with all soil changes. Soil properties limit the
formation and change of plant patterns. The authors explain
that this is because the process of plant succession in the study
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area superimposed soil conditions, resulting in different patterns
in the staggering area. Therefore, it is important to study the edge
effects of different types of grassland patches under fine-scale
conditions to understand the relationship between soil and
vegetation, and even its change direction, and to clarify the
vegetation succession direction of this area in advance. The
Xilinguole League grasslands have a more comprehensive
range of grassland types in China, and it is also an important
place for the implementation of ecological and environmental
projects, so the study area was set in Xilinguole League.

The grassland in Xilingol League is one of the four grasslands
in the north of Inner Mongolia. From the northeast to southwest
of Xilingol League, the grassland type also changes from meadow
grassland to typical steppe to desert steppe (Guo, 2016). In recent
decades, due to human grazing and unrestrained mowing, patch
vegetation of different sizes has appeared in different grassland
types in Xilingol League, and the grassland landscape is seriously
fragmented, and the edge effect is also very obvious in visually
abrupt boundaries. These patches of vegetation provide a good
environment for the study of micro-scale edge effects, all biotic
and abiotic factors, and the small dynamics of their relationship
with the environment are highly relevant, this relationship can
greatly affect the vegetated landscape in the study area, resulting
in a landscape pattern that now varies in patch size. (Ferro and
Morrone, 2014; Oliveras and Malhi, 2016; Cao et al., 2019). And
this association will have a great impact on the vegetation
landscape in the study area, resulting in the formation of the
current patch size of the landscape pattern. The dynamic change
of landscape pattern is mainly due to the change of patch and its
boundary, and will also affect the vegetation coverage in this
region.

This
boundaries in different grassland types in Xilingol League

study will take typical perennial-bare patch
as the research object, mainly using plant community
indexes and related soil indexes, to reveal the following
issues:1. The coupling relationship between vegetation and
soil was studied by quantifying the fine-scale of patch
boundary; 2. Studied the mechanism of boundary location
determination and change; 3. By its direction of change, the
differences in soil and plant communities at the boundaries of
different grassland types are clarified. To provide more
practical suggestions for improving the grassland ecological

environment.

Methods

Study area and patch characteristics
Samples were collected from the typical steppe, desert steppe,

and typical steppe - desert steppe transition zone in Xilingol

League. The sampling area of the typical steppe is located in East
Uzhumgqin Banner, the sampling area of the desert steppe is
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located in Suniteyou Banner, and the sampling area of the typical
steppe and desert steppe transition zone is mainly located in
Abaga Banner near Sunitezuo Banner. XilinGol League is located
115°13'-117°06'E, 43°02'-44°52'N, The climate is temperate
continental, with cold and dry winters and an average annual
of 0-3°C,
decreasing from

temperature annual
380-135 mm,

Precipitation is mostly concentrated in July, August, and

average precipitation

southeast to northwest.
September, with high annual evapotranspiration, the average
is between 1500 and 2700 mm, about 7-10 times the annual
precipitation. The main soil types in the study area are
chernozem, chestnut, and calcareous brown soil (Lv, 2010;
Bao, 2018).

Sampling was conducted at the junction of bare ground and
vegetated scrub where there was a clear. The main vegetation type
of the plot is the perennial herbaceous community patch, and the
patch area is about dozens of square meters. Vegetation patches
are in a stable stage.

Sampling design and measurement
methods

In late August 2021, soil and plant sampling was
conducted simultaneously at three sample plots, and no
precipitation events occurred before or during sampling. A
total of nine representative patches were randomly selected in
each type of grassland. Patches are about 2 m in diameter,
vegetation patches, and bare ground patches are included, and
the shrub patches included Gramineae, annual herbs, and
perennial herbs, with regular shapes, the vegetation patches
are all herbaceous perennials in the interior and annuals at the
boundaries, indicating that they were gradually formed. The
grasslands in the sampling area were all composed of staggered
perennial patches and bare patches, and the landscapes
presented were also staggered distribution of bare and
perennial. The patches were all about 2 m in diameter, and
generally there were 1-2 shrubs. A sample strip of about 4 m
perpendicular to the boundary was set up for each patch,
including both bare ground and vegetation patches. Each
sample strip is composed of 13-15 adjacent rectangular
samples, each rectangular sample is 50 x 50 cm in size.
Among them, 7-9 quadrats were located in the community
patch, 5-7 quadrats were located in the bare patch, and the
middle quadrat was located at the boundary between the bare
patch and vegetation patch (Figure 1E). For recording and
subsequent convenience, the transect was defined as an axis,
and the midpoint of the middle quadrat was 0, the bare patch
was negative, the community patch was positive, and the
midpoint of the bare patch adjacent to the middle quadrat
was defined as -1, the community patch adjacent to the middle
patch was defined as 1, and so on. In several sets of replicated
sample strips, samples at the same location are independent
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FIGURE 1
Sampling points and field sampling photos of three different types of grasslands: typical grassland (A), transition zone (B) and desert grassland

(C). Sampling scene photos, rectangles indicate the 13-15 plant sampling locations along the sampling zone, these points illustrate the locations
sampled in each sample square, sample location relative to the boundary is indicated by positive sample distances within perennial patches and
negative sample distances outside bare patches (E). Study area map (D).

replicates, and each indicator is averaged using the sampled
sample strips.

All plant species within each quadrat were identified, all
plant species within each quadrat were identified, their
coverage, number, height were recorded and then averaged
as species richness at the plot level, above-ground biomass was
measured by clipping the above-ground portion, and soil
samples were collected from the 0-20 cm soil layer in the
center of each sample plot. When sampling, the vegetation in
the sample was first identified and counted for individual plant
species. After that, all the plants in the quadrat were collected
in the aboveground part and brought back to the laboratory for
weighing to obtain fresh weight, then bake in the oven at 70°C
to constant weight and continue weighing to obtain dry
weight. Soil samples were taken by soil auger at a
depth of <10 cm and stored in plastic bags to be taken back
to the laboratory, and remove stones and some plant
roots were by hand before analysis. The soil samples
were dried naturally, and Soil organic matter and soil
physical and chemical properties were measured by a 2 mm
soil sieve.

The data analysis

In this study, the Shannon-Wiener index, species richness
index, evenness, and biomass were used to describe vegetation
community characteristics. Shannon-Wiener index can be
calculated by:

H = —z (P,) x (InP;) )

Where Pi is the proportion of the number of individuals of
species i to the total number of individuals of all species in the
community. Species richness refers to the number of species in a
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community and is represented by S. The calculation formula of
the Pielou index is:

E=H'/InS )

where H is the Shannon-Wiener index and is the species richness.
Determination of soil organic matter by potassium
dichromate oxidation - external heating method,
determination of soil fast-acting nitrogen by alkaline
method, determination of available
by 0.5M sodium bicarbonate method,

determination of soil available potassium by NH4OAc

diffusion soil

phosphorus

leaching, flame photometer, determination of total nitrogen
by H,50,4-H,0, elimination cooking method, determination
of total phosphorus by vanadium-molybdenum yellow
absorbance spectrophotometry, determination of total
potassium by flame photometry.

According to previous studies, the number of species will
be affected by the factors

distribution pattern, and there is a certain correlation

of vegetation community

between the factors of the distribution pattern. In this
study, three methods: Non-metric multidimensional scaling
(NMDS), Canonical (RDA),

Structural Equation Modeling (SEM), were used to study

Correlation  Analysis
the correlation between plaque distribution patterns and
their influencing factors.

RDA (Chen et 2021)is  the of
correspondence analysis and multiple regression analysis. The

al., combination
important values of the factors affecting vegetation community
patterns were sorted to find out the most important factors. . The
main purpose of NMDS is to identify and explain the distribution
pattern of each factor of the quadrat, reflect the sequential
relationship between them, and find gradient information that
demonstrates the sources of variation (Li et al., 2019). The RDA
and NMDS were conducted with the canoco 5 software
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FIGURE 2

Species richness (A1,A2,A3), Shannon-Wiener index (B1,B2,B3), plant above-ground biomass (C1,C2,C3), and Pielou index (D1,D2,D3). The
graphs with the same letter indicate no significant difference between each other, and with different letters, there is a significant difference.

(Microcomputer Power, United States). SEM is the simplification
of multiple study data of multiple vegetation and soil multiple
indicators of the sampled area communities into a low-
dimensional space for analysis and categorization. But at the
same time, the original relationship between the indexes is
the
community and soil indexes in the patch distribution. The
SEMs were conducted with the Amos 22.0 software package
(SmallWaters Corporation, United States). All of drawing was
completed with GraphPad Prism 8 (GraphPad Software,
United States).

retained, which can reflect relationship ~ between
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Therefore, the present study is based on the situation that
there is no need to study the dynamic change characteristics of
vegetation, RDA/NMDS/SEM were used to identify the
differences between the two patch boundaries, and the
change of the patch boundary between vegetation and bare
land was analyzed by combining the growth gradient and
distance of flora. At the
correlations among the factors are then analyzed in
conjunction with the individual factors of change to
understand the micro-scale characteristics of the boundary
effects of different grassland types of patches.

same time, the potential
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Result
Spatial pattern of plant variables

This study investigated the community characteristics of
plants, including richness (Figure 2A), Shannon-Wiener
index, (Figure 2B), plant above-ground biomass (Figure 2C),
and Pielou index (Figure 2D). As can be seen from the figure,
species richness and plant Shannon-Wiener index in the desert
steppe, typical steppe, and transition zone are the largest at the
junction of the two types of patches, All the changes were
different from the Pielou index and biomass, but the evenness
was the largest at the patch edge boundary of the typical steppe.
Within 0.5-3.5 m from the edge of the patch, the Pielou index
decreases with the increase of the distance from the edge of the
patch (Figure 2D1). The Pielou index of vegetation patches in
desert steppe and transition zone increased. Within 0.5-3.5 m
from the edge of the patch, the Pielou index of the transition zone
between the two grasslands was continuously increasing
(Figure 2D2). However, the increasing trend of desert
grasslands is becoming more and more stable (Figure 2D3).

The biomass of the three types of steppe increased gradually,
but the biomass of the transition zone of the two steppes was the
largest, which was 52.14 g/m* (Figure 2C2), 36.54 g/m” for typical
grassland (Figure 2C1), and 43.87 g/m* for desert grassland
(Figure 2C3), but the overall difference between the three is
not much.

The Shannon-Wiener index of the typical steppe was
the lowest, with a maximum of 0.32 (Figure 2B1). There
was little difference between the transition region and the
desert steppe, with a maximum of >0.35 (Figures 2B2,B3).
However, the Shannon-Wiener index at the patch boundary
of the desert steppe was 2.2 times that at 3.5m, and the
Shannon-Wiener index at the transition zone was 2 times
that at 3.5 m.

The species richness of the typical grassland is the largest
among the three (Figure 2A1), while the richness of the typical
grassland increases further away from the patch boundary and
only starts to decrease at 3 m from the boundary. In contrast,
the trends of desert grassland and transition zone are different
from those of typical grassland, both of them have the highest
species richness near the boundary and then gradually decline
(Figures 2A2,A3), and the richness indices at the boundary of
both (0 m) are two and five times higher than those at 3.5 m,
respectively.

The Pielou index of the typical grassland is the largest at
the boundary, and then decreases steadily and tends to
stabilize (Figure 2D1); while the Pielou index of the desert
grassland and the transition zone both increase with the
distance from the boundary, the transition zone shows a
trend of increasing all the time, while the desert grassland
starts to increase at 2.5 m from the boundary with a slower
increase (Figures 2D2,D3).
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Distribution patterns of plant types

In this study, the species richness of all sample areas showed a
sudden and large jump at the patch boundary. The species
richness of typical grasslands began to change gradually at
-1.5m but tended to be the same at —1-0m, 0.5-1.5m,
2-2.5m, and 3-3.5m. The dominant species in the typical
steppe transect are Allium ramosum, Achnatherum splendens,
and Leymus chinensis. Meanwhile, the richness of typical
grassland was the highest in this survey, with six species, and
the sample variability of all vegetation patches was not significant
(p < 0.001). The richness of the desert steppe and transition zone
increased to the highest at first, and the richness of 3.5 m farthest
from the patch boundary was the lowest. The dominant species in
the transition zone was Leymus chinensis, and the patch richness
showed a gradual decline with no significant difference (p <
0.001).

In all survey plots, Poaceae showed dominance, with a
greater proportion of perennial Poaceae and a peak of absolute
dominance at the boundary. The average proportion of
82.86%, the
percentage of miscellaneous grasses was 17.14%; the average

Poaceae in typical grasslands was and
percentage of Poaceae in desert grasslands was 58.82%, and
the percentage of miscellaneous grasses was 41.18%; the
average percentage of Poaceae in transition areas was
62.50%, and the percentage of miscellaneous grasses was

37.50%.

Spatial patterns of soil properties

In general, there was no pattern in the content of soil
properties in this study. The organic matter content of the
typical grassland is the largest among the three grassland
types, with a maximum value of 27.98 g/kg (Figure 3D1),
while the desert grassland and the transition zone are only
just >10 g/kg (Figures 3D2,D3). Among them, the organic
matter content of typical grasslands has been increasing from
bare patches to vegetation patches, while the organic matter
content of transition zones and desert grasslands shows a
trend of first increasing, maximizing at the junction of patches,
and then decreasing. The trend of fast-acting phosphorus was
also basically the same, both showed a trend of increasing and
then decreasing, and the maximum values were at the junction
of the patches. The size of the quick-acting phosphorus
content did not vary much among the three, all varying
between 10 and 16 g/kg (Figure 3B). The trends of soil
nitrogen were different again: the nitrogen content of the
three was desert grassland > typical grassland > transition
zone. The highest content of nitrogen was 110.95 g/kg in the
desert steppe (Figure 3A3), which was 7-10 times that in the
desert steppe and transition zone. The nitrogen content in
desert grassland was increasing all the time, and there was a
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great difference between bare patches and vegetation patches.
Typical grasslands first show an increasing trend and then
start to decrease around 3-3.5 m (Figure 3A1). The transition
zone showed an increasing-then decreasing trend, and the
alkaline nitrogen content was greatest at the junction of the
patches (Figure 3A2). The difference in soil fast-acting
potassium content between desert grassland and typical
grassland is small, but the difference between the transition
zone and both is large, and both are 10 times larger than the
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transition zone. The overall change trend of the three
grasslands is also different, and the typical grassland shows
a steady increase trend from bare patch to vegetation patch
(Figure 3C1); the transition zone showed a trend of first
growth and then decrease, and the maximum value was
near the junction, and the maximum value was only
0.038 g/kg (Figure 3C2). In contrast, the desert grassland
showed a continuous decreasing trend from bare ground
patches to vegetated patches (Figure 3C3).
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Relationship between plant and
environmental characteristics

NMDS was used to analyze the change characteristics of
communities and soils with the change of patch boundaries,
combined with the RDA method to analyze the potential changes
and correlations of vegetation community and soil
characteristics. The axis extracted by RDA represents the
change directly related to environmental variable factors.

Among the changes in typical grassland, the first two axes
of the RDA method accounted for 89.6% of the seven
The final

allocation showed that the independent contribution value

environmental factors. results of variation
of organic matter was 76.8%, followed by soil total phosphorus
at 11.9%. The independent contribution values of soil nitrogen
and total nitrogen were 2.7% and 1.6%, respectively, and the
independent contribution values of other environmental
factors were all <1% (Figure 4A2). Soil organic matter,
alkali-hydrolyzable

contents

nitrogen, and available potassium

were most positively correlated with patch
distance and biomass, combined with NMDS analysis
(Figure 4A1), with the increase of the distance from the
the

decreased, biomass and Pielou index of high organic

bare patch, distance from the vegetation patch
matter, high nitrogen, and high available potassium content
increased, while richness decreased.

In the transition zone between typical grassland and desert
grassland, the first two axes of RDA accounted for 91.2% of the
The
allocation showed that available potassium accounted for

seven environmental factors. results of variation
51.1% of the total nitrogen, followed by total phosphorus,
available potassium, and total potassium, 7.9%, 3.0%, 1.9%,
and 1.1%, respectively, and nitrogen <1% (Figure 4B2).
Combined with NMDS

positively correlated with total nitrogen, total phosphorus,

analysis patch biomass was
and total potassium with the increase of forwarding distance
from the patch boundary, the correlation between total
nitrogen and total nitrogen is smaller than the first two.
There was no correlation with organic matter, but a high
negative correlation with nitrogen, available potassium, and
available phosphorus (Figure 4B1).

In the desert grassland data, the first two axes explained
93.10% of these seven environmental factors. The results of
variation allocation showed that the independent contribution
value of organic matter was the highest at 77.6%, followed by
total nitrogen at 13.9% and total phosphorus at 4.2%, and the rest
of the environmental factors had independent contribution
values < 1%. The contents of organic matter, nitrogen, and
total phosphorus were positively correlated with patch
distance and biomass. Total nitrogen, available phosphorus,
and total potassium had little correlation with patch distance
and biomass, while available potassium had a negative
correlation with patch distance and biomass (Figure 4C2).
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Combined with NMDS plot analysis, it is clear that with
decreasing distance from vegetation patches, high organic
high
phosphorus content and low effective potassium content,

matter, alkaline soluble nitrogen and high total

biomass and Pielou index increased (Figure 4C1).

Boundary description

The discontinuous positions of the peaks and their
the
to plant characteristics

variations are derived from Euclidean distance

calculations applied and soil
properties. The results of the study showed that mutations
occurred in different locations of each indicator (Figure 5).
However, the location of mutations in different types of
grasslands in this study showed differently.

The mutation point of organic matter in typical steppe and
desert steppe is located at Om, but the transition zone is located
at —0.5 m. Except for organic matter, the mutation locations of all
soil indicators were within the vegetation patches. Soil nitrogen is
located at 0 m in both desert grassland and transition zone, but at
0.5 m in typical grassland; soil available phosphorus is located at
1 m in typical grassland, 1.5 m in the transition zone, and 0.5 m
in desert grassland. All three types of grassland available
phosphorus mutations are located at 0.5m, but among them,
the typical grassland mutation is not obvious. The total nitrogen
in typical grassland and desert grassland is then located at 0.5 m,
and the transition zone is at 0 m. Total potassium was located at
0.5 m in desert grassland and transition zone and was -0.5 m in
the typical grassland, available potassium, which is typically
located at 0 m for grasslands and transition zones and 0.5 m
for desert grasslands.

In general, mutation locations mostly occurred
at —0.5-1m, with 0.5m being the majority, so the peak
Euclidean distance indicates a different boundary between

plant and soil variables.

Discussion

Many previous studies have explored and demonstrated
the causes of boundary structure formation at large and
mesoscale, as well as the interaction between biological and
abiotic factors, but the direction of interaction has not been
shown. By analyzing the spatial variation of plant distribution,
community characteristics, and soil characteristic parameters
at a fine scale, we know that the community characteristic
parameters are affected by the change of soil characteristic
parameters, but they are not completely consistent with the
change of soil characteristic parameters. Therefore, it can be
concluded from the study that, This change can be explained
by superimposed plant-soil feedback mechanisms that
maintain soil conditions.
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FIGURE 5

Euclidean distance coefficients of plant species richness and Shannon-Wiener index indices and soil properties along with vegetation patches
and bare patches. The peak value of the curve is the place where the index changes the most, which is also the statistical identification boundary of

this study.

Spatial pattern of plant variables and soil
characteristics

The results of this study showed that the change of boundary
was closely related to the change of soil indexes, and usually, the
mutations in boundaries were at the locations where the changes
in soil indicators occurred. And these mutations hint at the
underlying relationship between soil and plants. According to the
results of this study, the contents of organic matter, total
phosphorus, and nitrogen were the biggest indexes affecting
boundary changes in all types of grassland.

These results are similar to those found in previous studies of
soil and vegetation indicators at the boundary (Cao et al., 2019,
Maas et al, 2016). Meanwhile, the results of this study found that
the changes in vegetation richness were most influenced by
organic matter, and the changes in vegetation richness and
organic matter were completely consistent in all types of
grasslands (Figure 2A, Figure 3D). According to previous
studies, this research result is also limited by the accumulation
of plant biomass (Bai et al., 2015; Ford et al., 2016), compared
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with this study, the conclusion is similar because the change of
biomass affects the mutation location of richness and thus the
mutation location of organic matter during the transition from
bare patch to vegetation patch. Specifically, places with high
richness also have more growth of perennial herbaceous plants
(Most of the articles are from Poaceae). Perennials are usually
more adaptable to the heterogeneity of soil and adapt to the
habitat by changing their morphological structure and growth
habits (Oom et al., 2010; Moore, 2015). They usually give priority
to areas that are relatively favorable to their growing
environment, which explains why vegetation richness is higher
at the boundary between bare patches and vegetation patches
than inside vegetation patches (Zhang et al., 2014; Mason et al.,
2016).

RDA analysis of three grassland types showed that soil
nitrogen and phosphorus content was the most important
predictor of plant richness and biomass change. This result is
consistent with the results of several current studies (Giisewell,
2004; Mariotte et al., 2020). The results of the study by DeMalach,
N confirmed that different nitrogen and phosphorus additions
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are the main factors influencing species richness, among which
the “nitrogen to phosphorus ratio hypothesis” is considered to be
more objective (DeMalach, 2018). This hypothesis proposes that
nitrogen and phosphorus contents above 10-20% of plant tissues
relative to biomass represent the “optimum balance” for the
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coexistence of nitrogen and phosphorus, but higher or lower
values than this limit it, suggesting that a more balanced nitrogen
and phosphorus content is better than the highest abundance.

It is also worth noting that several studies have shown that
soil pH is a key factor that directly affects soil organic matter
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and thus vegetation conditions (Moreno-de las Heras et al.,
2016; Osman et al., 2019). However, during the preliminary
experiments of this study, the pH did not vary much between
samples, and the variation between samples was <1, which was
not the same as the trend of organic matter, nor was it related
to nitrogen and phosphorus content, so the pH was not used as
one of the main research indicators in the subsequent
experiments. At the same time, a large amount of literature
was reviewed and it was found that the soil salinity-alkalinity
in the study area with a high pH influence had a great change,
while the changing trend of pH in this paper was too small to
be taken as one of the indicators. Therefore, nitrogen and
phosphorus were considered the most important influencing
factors in this study area. To test this idea, this study used SEM
to verify the relationship between some soil indicators and
community indicators.

In this paper, only one SEM diagram was presented for the
three grassland types, including nitrogen, phosphorus,
potassium, total nitrogen, total phosphorus, total potassium,
soil organic matter, and three vegetation community indexes
(biomass, richness, and Pielou index). Different soil indicators
and community indicators were selected to construct the
equations, and finally, the best equation effects were found
for nitrogen, phosphorus, potassium, and soil organic matter
with community indicators. SEM data showed that both
phosphorus and nitrogen had a significant effect on
richness in all three types of sample plots, nitrogen content
had a negative effect on the richness, but phosphorus
obviously had a positive effect on the richness (Figure 6).
One explanation is that an increase in nitrogen content
significantly promotes an increase in biomass, which leads
to species’ competitive exclusion, therefore it will reduce the
species richness (Zhao et al., 2019). The negative effects of
nitrogen on plant richness have been confirmed by
experiments, and the long-term accumulative effects on the
stability of the whole ecosystem have also been confirmed
(Melts et al., 2018). It has also been illustrated that it is the
combined effect of nitrogen and phosphorus that will have a
positive effect on plant abundance, rather than specific
nitrogen to phosphorus ratio (Zhang et al., 2022).

Boundary description

In all the grasslands studied in this study, geomorphic
changes between patches are very obvious. The mutation itself
is visually obvious, and it is accompanied by the mutation of
species richness and biomass, which forms a transition zone.
However, the mutation locations of the indicators in these
transition zones are not identical, nor are they completely
consistent in space. In the plot of soil indicator variables, the
peak is the mutation at the transition zone (Figure 5), the
mutation is the boundary, and most indicators peaked at
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0-1m, which is the junction between vegetation patches
and bare ground patches. Hobbs, E. R suggested as early as
1986 that there are two relatively different boundaries (Hobbs,
1986). One is the boundary between two different patches
(shrub-grassland, meadow-grassland, or bare land-grassland)
marked by geomorphic changes in vegetation, and they are
usually strongly related to the structure and properties of the
soil. However, there is also a kind of boundary that exists,
generally without abrupt changes in the landscape, but
identified by gradual changes in the dominant plant species,
and this kind of boundary generally exists in places with
large disturbances, such as long-term grazing, pressure
mining, etc.

The soils of the types of grasslands studied in this study are
relatively stable (undisturbed), so all properties reflect long-
term formation conditions and are much less sensitive to
short-term changes in certain indicators. In addition,
different vegetation community characteristics reflect the
underlying processes occurring at different boundaries
within such environments. Because plant community
than

characteristics, the joint action of different indicators

characteristics are much more variable soil
(mainly species richness and biomass) will determine the
location of boundaries. It can be seen that in determining
stable and healthy ecological boundaries, soil indicator
parameters are more suitable for reference than vegetation

community characteristics.

Landscape dynamic characteristics of the
patches

From the perspective of the landscape, the formation,
development, and reduction of patch boundaries on grassland
will determine the dynamic change of patch expansion or
disappearance (Jiakilaniemi et al, 2005; Cao et al, 2019).
When the patch expands or contracts dynamically, it changes
the location of the patch boundary. In the grassland landscape of
this study, patch boundaries are closely related to some soil
indexes, but not completely consistent. The dynamic direction of
the boundary is reflected in the succession pattern of the
boundary, and it can be found that the vegetation patches are
evolving to bare ground patches in this study. At the sampling
site, a few independent Poaceae appeared in bare patches, and
some Poaceae at the boundary were evolving into bare patches,
which is why the species richness at the boundary was higher
than that in the two patches. At the same time, this evolution is
more conducive to the dynamic growth of vegetation in the
patch. So underlying changes in soil properties set the direction
of community evolution. In this environmental change, micro-
scale interactions ultimately drive the development of patch
boundary formation and changes in landscape patterns
(Junhong et al.,, 2008; Lin et al., 2010).
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The direction of change in landscape
patches

This paper will combine the results of this study with the
conclusions of previous scholars to summarize the dynamic
process of patches in the landscape. Figure 7 summarizes a
conceptual model that can only characterize the patch
variation in the region at this stage of the study, only
examining the correlation between soil conditions and
species composition at this stage, and the interaction
between the two, resulting in a particular transition path
between the two patch types. The direction of vegetation
change is significantly correlated with the distance of each
environmental factor, and this result is also clearly verified by
SEM in Figures 6A-C. Our analysis of the characteristics of
plant species in the continuous quadrat also showed that
changes in species richness and distance had a very large
effect. Previous studies have confirmed that such changes in
species richness indicated that there had been a process of
succession and iteration in this region (Collins et al., 2009). A
clear successional trend in flora change can be seen: perennial
grasses-perennial grasses + annuals grasses-Bare. Therefore, it
can be seen that vegetation is developing into bare patches and
there is a process of planting restoration (Figure 7). In
combination with the field survey, one or several rare
annual plants oRDAsionally appeared in bare patches,
indicating that the succession of plants to bare patches was
similar to the spatial sequence of succession to the boundary of
vegetation patches. And conversely, the process of degenerate
succession can be summarized as Bare-perennial grasses +
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annuals grasses-perennial grasses. This area may have been
disturbed as the grassland degraded.

Patchy grasslands are formed by different vegetation left in
different successional stages, and these patchy boundaries are
the key to influencing the change of landscape patches in this
area (Arroyo-Rodriguez et al., 2017). Although the vegetation
types of the three different grassland types in this study are not
all the same, there are some parts of the same plant species.
This indicated that the direction of patch change was the same
from the perspective of landscape succession, even if the type
of grassland was different. Meanwhile, from the results of the
present study, soil nitrogen and phosphorus content may be
the main factor limiting the success of grassland patches in the
study area (Figures 6A-C). This may be because nitrogen and
phosphorus levels influence the carbon cycle, which affects
vegetation growth and interactions and may have unintended
effects on the landscape (Wassen et al., 2013; Hedwall et al.,
2017). Based on the data of community indicators and soil
properties of the patch boundaries, combined with the plant
species composition survey of the sample area showed that:
compared with patches with only perennial vegetation,
patches with annual and perennial vegetation had more
plant species, which created conditions for the restoration
of vegetation to bare patches. The scattered perennial patches
were random and irregular in all areas of this sampling. In the
course of patch succession, perennial vegetation excludes
other types of vegetation by factors such as nutrient level
(Sun et al., 2017). In particular, Poaceae, the most abundant
type in the study area, are not conducive to plant diversity, but
they spread easily and accelerate the process of succession
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(Bartha et al., 2014; Sojnekova and Chytry, 2015). At the same
time, soil, in turn, affects plant growth due to changes in soil
properties caused by plants, enabling the formation of a
reciprocal soil-plant feedback mechanism. Scholars studying
the Songnen Grassland have long concluded, that perennial
Poaceae plants are the dominant species in alkali-saline
grassland. They develop habitats by influencing boundaries
through vegetation-soil coupling mechanisms (Zhang et al.,
2014; Zhao, et al., 2017). However, this does not mean that
perennial herbs have no positive effect on succession, that
perennial Poaceae can improve soil conditions
feedback,

competition and promote succession. In general,

through

reduce
different
different
forming

vegetation-soil allowing species to
mechanisms of soil-vegetation formation act on
spatial scales, It promotes patch production,
dynamic boundaries.

Different

environmental

the
determine

conditions main abiotic
that

structure. We found that the boundary change interval of

soil are

factors patch  spatial
plant and soil properties is different. This result is different
from previous studies, which have shown that the boundary
between vegetation and soil changes in the same range (Good
et al,, 2013). The difference in the results suggests that our
above hypothesis is correct. That is, if the vegetation and soil
change almost identically, it means that the vegetation has not
changed much in the past. However, if the region is disturbed
and the balance of vegetation-soil feedback is disrupted, then
the transition zone of the patch tends to be a dynamic process
(Liu et al., 2016). According to the boundary dynamics view
(de Agar et al,, 2016), there are two more different extremes
between the patches, and the boundary also maintains a
balance in this extreme state. However, if disturbed, the
dynamic balance of the boundary is broken, and the patch
landscape will change. Specifically, the undisturbed state is
more conducive to the growth of perennial patches. However,
after the disturbance, the disturbance changed the richness of
vegetation, and then affected the change of soil index,
therefore, the boundary will move and the pattern of
patches will gradually change. According to this study, the
most important influencing factor should be nitrogen and
phosphorus content. To articulate the above relationships, this
study proposes a conceptual flow framework that attempts to
clarify the underlying mechanisms of the patch boundaries
(Figure 7). However, this study only provides a framework,
and further disturbance experiments on grassland patches are
needed to demonstrate that disturbance leads to changes in the
soil-vegetation feedback predicted by the framework, which in
turn changes the landscape of the boundary. The concept of
the framework is basically that the structure of the patch is
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mainly determined by the soil properties and the abundance of
plants is mainly determined by the species of the patch. Soil-
vegetation mutual feedbacks have an important influence on
plant succession and soil development within patches. At the
same time, the boundaries are dynamically changing and
the
reciprocal mutual feedback. This process will eventually

major abiotic factors constrain aforementioned
change the characteristics of patches, affect the change of
boundaries and drive the change of landscape pattern.
These findings are more useful for understanding the
process of patch boundary occurrence and have
implications for predicting changes in landscape patterns

and thus preventing such changes in advance.

Conclusion

There is no pattern in the location of mutations in
vegetation soil indicators of the three types of grasslands.
The biomass of the three grassland types increased with the
distance. The species richness of the typical steppe also showed
an increasing trend. The mutation position of species richness
in desert grassland and transition zone was between —1.5m
and 0 m. The mutation positions of the Pielou index of the
three grassland species ranged from -1 m to 0 m. And the
Shannon-Wiener index is almost the same, between —1 m and
0m. The organic matter in typical grassland increased
continuously, while in desert grassland and transition zone,
the variation ranged from —0.5-1 m. All available phosphorus
mutations were in the range of from -0.5-1m. Desert
grassland and typical grassland nitrogen showed an overall
increasing trend, but the transition zone mutation remained at
0-1 m. In contrast, the trends of the three types of fast-acting
potassium were completely different.

NMDS and RDA analysis charts showed that organic
matter contributed the most in typical grassland and desert
grassland, accounting for 76.8% and 77.6%, respectively.
Typical grasslands were 11.9% total phosphorus, 2.7%
alkaline nitrogen, and 1.9% total nitrogen. Desert grasslands
were 13.9% total nitrogen and 4.2% total phosphorus.
However, the transition zone was completely different from
the first two, with the highest contribution of 51.1% of fast-
acting phosphorus, followed by total nitrogen and phosphorus
with 7.9% and 3.0%, respectively. However, in terms of
distance, all three were the same, with high rates of
phosphorus and nitrogen as well as potassium positively
correlated with the increase in biomass.

The boundary peak calculated by Euclidean distance did not
coincide with the vegetation community characteristics and soil
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indexes. The boundary peak value of the community index
appeared between -1 m and 0m. The peak values of soil
indexes were between -0.5 and 1 m. Combined with NMDS
and SEM, it can be seen that soil indexes are the main factors
affecting the change in patch boundary, and the changes in
organic matter, nitrogen, and phosphorus are the most
important factors.
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