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Abstract: Overgrazing has caused vegetation destruction and soil degradation in Leymus chinensis
grassland, the widely distributed type of grassland in northern China. To restore the degraded
ecosystem, grazing exclusion was implemented in 1979, 1999, and 2004. However, changes in the
vegetation and soil organic carbon (SOC) in different years of grazing exclusion have not been
thoroughly elucidated. This paper examines the changes in vegetation characteristics (i.e., biomass,
cover, richness, degree of succession, and shannon diversity index) and SOC under free of grazing
(FG), 6 years (6 GE), 11 years (11 GE), and 31 years (31 GE) of grazing exclusion plots in the Xilin River
Basin, China. The results indicate that the vegetation characteristics and SOC increased during the
restoration process. Both the vegetation characteristics and SOC in 6 GE did not differ significantly
from FG (p > 0.05), while these indexes in 11 GE were significantly higher than in FG. The differences
between the vegetation characteristics and SOC in 11 GE and those in 31 GE were not significant.
To meet the tradeoff between ecosystem conservation and utilization, further studies with multi-year
observation should be conducted to identify the optimal duration of grazing exclusion and the
grazing exclusion time threshold in L. chinensis grassland. This study provides valuable insights into
sustainable grassland management in northern China.
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1. Introduction

As a main type of terrestrial ecosystem, grassland plays a crucial role in providing substantial
and effective ecosystem services [1,2]. However, grassland degradation is globally becoming a major
ecological problem due to human activities, climate change, and poor management [3]. Among
these, overgrazing is regarded as a dominant factor in causing grassland degradation [4]. Previous
studies have shown that degraded grassland induced by overgrazing is characterized by reductions
in vegetation coverage, biodiversity, and biomass [5,6]. Moreover, heavy grazing has resulted in soil
vulnerability to water and nutrient loss while also decreasing the plant available water [7]. In addition,
the physical and chemical properties of soil, particularly soil organic carbon, dramatically deteriorated
under excessive livestock grazing [8-10]. Both vegetation and soil degeneration have a negative impact
on productivity, ecological functions, and ecosystem services [11]. Effective ecological actions must
therefore be taken to restore the degraded ecosystem and improve the environment.

Grazing exclusion is an ecological management measure that excludes grazing and damage
practices, allowing the grassland to enter a state of self-recovery [2]. Grazing exclusion was widely
carried out in order to restore vegetation and soil properties in grassland ecosystems. Numerous
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studies have demonstrated that both vegetation characteristics and soil properties have improved after
grazing exclusion in recent years [6,12,13]. For example, several studies demonstrated that vegetation
coverage, height, and species richness increased following grazing exclusion in arid areas of the Loess
Plateau, China [14]. Other studies found grazing exclusion to improve soil fertility in grassland [15].
However, the duration of grazing exclusion required to significantly improve the vegetation and soil
varies among different types of grassland [6]. Soil nutrient, plant coverage, and richness significantly
increased after grazing exclusion eight years in duration in the Junggar Basin and after five years in the
desert of Hexi Corridor, China [16,17]. Examining the effectiveness of grazing exclusion on vegetation
and soil and determining the duration required for significant improvement would provide valuable
insights into grassland restoration and management.

Leymus chinensis grassland is the dominant component of the Eurasian steppe, which plays an
essential role in maintaining ecosystem functions and a stable environment in arid northern China [18].
L. chinensis is the C3 plant and dominant grass specie in the study area. In particular, L. chinensis
grassland has provided multiple ecosystem services, including culture, regulatory, and supporting
services for local residents [19]. In recent decades, L. chinensis grassland has been severely degraded
due to heavy grazing. In order to protect the grassland, grazing exclusion has been conducted since
the late 1970s. The national projects Grain-for-Green (GFG), which has been in place since 1998, and
Returning Grazing Land to Grass (RGLG), which began in 2003, were first implemented by China’s
central government. It is thus essential to investigate the effects of grazing exclusion on grasslands,
including the integrated characteristics of both the vegetation and soil. Meanwhile, how long after
grazing exclusion the vegetation characteristics and soil organic carbon significantly improved remains
unclear. In light of the trade-offs between meeting pastoralists’ need for income and maintaining
ecosystem function for the provision of services, investigating the effects of grazing exclusion on
vegetation and soil recovery is likely to offer insights valuable for the sustainable management of
grassland in this region.

Soil organic carbon (SOC), which has been identified as a major soil nutrient factor, has been
shown to be closely related to soil productivity, soil water retention capacity, and long-term yield
stability [20,21]. We thus selected SOC as an indicator of soil properties. In this study, three L. chinensis
grassland experiment sites that were subjected to grazing exclusion for different representative
numbers of years (6, 11, and 31 years) and a controlled free grazing experiment site were established
in the Xilin River Basin located in Inner Mongolia, northern China. The objectives of this study were
to employ the space-for-time substitution method [22] to: (1) examine the effect of grazing exclusion
on vegetation characteristics (coverage, diversity, and biomass) and soil organic carbon; and (2) to
determine the appropriate duration for significant improvement in the vegetation characteristics and
SOC under long-term grazing exclusion.

2. Materials and Methods

Our study was conducted in typical steppe in the Xilin River Basin of Inner Mongolia, China
(116°42" E, 43°38' N). The elevation in this area ranges from 1250 to 1260 m. The area is characterized
by a temperate continental climate with a mean annual precipitation of 279 mm. The mean annual
air temperature is 2.4 °C, and the mean monthly air temperature ranges from —21.6 °C in January to
19.0 °C in July. The growing season is from May to September. The soil is classified as dark chestnut
(Calcic Chernozem, according to ISSS Working Group RB, 1998) [19]. The vegetation is dominated by
L. chinensis, Stipa grandis, and Carex tristachya, which are widely distributed in this region (Table 1).
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Table 1. The vegetation conditions at experimental sites.

Sampling Site Enclosure Time (Years) Hight/cm Dominant Species
FG 0 14.48 + 11.01 Leymus chinensis + Stipa grandis
6 GE 6 20.77 £ 11.32 L. chinensis + S. grandis
11 GE 11 28.48 + 15.51 L. chinensis + Carex. tristachya
31 GE 31 30.69 + 13.34 L. chinensis + C. tristachya

Three enclosure experiment sites subjected to representative numbers of grazing-excluded years
were selected. The earliest enclosure site with an area of 24 ha was constructed by the Inner Mongolia
Grassland Ecosystem Research Station in 1979. Two enclosure sites with an area of 1 ha each were
constructed in 1999 after the GFG project and in 2004 after the RGLG project, respectively. The
enclosed area that was established on the traditional grazing fields had been grazed by sheep. We also
established a grazing experiment site adjacent to the grazing sites, which has been moderately grazed
by sheep at a density of four sheep/ha year-round. These sites were placed in a similar landscape
position and adjoined with each other. The terrain is relatively flat, with no spatial differences. The
enclosure year spans are 31, 11 and 6 years, in addition to the free of grazing period, denoted as 31
GE, 11 GE, 6 GE, and FG for the experiment sites. An east-west transect was established with three
equal-sized replicate quadrants (each 5 m x 5 m) at each experimental site. In each quadrant, two
sampling plots (1 m x 1 m each) were established in order to measure vegetation parameters and
collect soil samples. Field sampling was conducted in mid-August 2010, when the biodiversity and
biomass peaked during the year. The mean precipitation and air temperature in 2010 amounted to 278
mm and 2.7 °C, similar to long-term average values.

2.1. Sampling and Analyses

Total vegetation cover (Cover, %) was estimated with a 1 m x 1 m frame (with 100 equally
distributed grids) placed above the canopy. The height of plants was also measured in each plot.
Species richness (Richness) was defined as the number of species in each plot [23].

Richnessindex (R): R = S (1)

The degree of succession (DS) value can be used to reflect the development of the vegetation
community. A higher value of DS is indicative of good development in a vegetation community [24].
The DS was calculated for each plot according to the following formula:

DS = (Zn: dl/n) v )
i=1

where [ is the categorized life span of each species related to Raunkier’s life-form, # is the number of
species in a plot, and v is vegetation coverage of each plot.

In addition, the Shannon diversity index (SHDI) was estimated as a means of describing vegetation
diversity [23]. The formula was as follows:

n

SHDI = — Z (pi) logp; 3)
i=1

where 7 is the total number of species in the grassland community and Pi is the mass ratio of the
species to the total biomass.

Above-ground biomass (ABG, g- m~2) samples were clipped to ground level in each 1m x 1 m
plot. Surface litter and standing dead plant biomass were brushed away by hand in order to bare
the sampling area subsequently. Three below-ground biomass (BGB, g- m~2) samples were randomly
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collected from the ground surface to a depth of 60 cm at 10-cm intervals using a stainless steel auger
(8 cm in diameter). Thereafter, samples were placed in mesh bags and then rinsed in water to remove
soil and remnants. The biomass samples were oven-dried for 48 h at 60 °C to a constant weight and
then weighed. Total biomass (TB, g m™2) is the sum of ABG, BGB, and litter.

Soil samples were collected ina 1 m x 1 m plot adjacent to the plot measuring biodiversity and
biomass. Three soil samples were randomly collected using a soil auger (3 cm in diameter) at a depth
of 0-20 cm at 10-cm intervals. We mixed samples from the same layer together from one plot and then
air-dried and sieved these through a 2-mm screen. Soil organic carbon (SOC, g- kg ~!) was measured
by means of the dichromate oxidation method [25].

2.2. Statistical Analysis

A one-way ANOVA was conducted to explore significant differences in these factors among
different exclusion year sites. A least significant difference test was used to compare the means of the
indexes. Significant differences were determined at a 0.05 level. A Pearson correlation was conducted
to determine the relationship between SOC and vegetation characteristics. Statistical analyses were
conducted using SPSS 20.0.

3. Results

3.1. Effect of Grazing Exclusion on Vegetation Characteristics

The ABG and litter generally increased from FG to 31 GE. The ABG increased from 175.53 g- m~2
in FG to 431.65 g- m 2 in 31 GE grassland. The litter increased from 25.54 g- m~2 in FG to 181.07 g- m 2
in 31 GE grassland. One-way ANOVA showed that the 6 GE grassland had greater ABG and litter
compared to FG, but the difference between the two plots was not significant (p > 0.05). Both ABG
and litter in 11 GE grassland were significantly higher than in FG (p < 0.05) and showed no significant
difference with 11 GE (p > 0.05). The BGB and TB increased in 6,11 GE while showing a slight decrease
in 31 GE (Figure 1).
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Figure 1. Dynamic variations in (a) above-ground biomass (AGB, g m—2); (b) litter (Litter, g m~2);
(c) below-ground biomass (BGB, g- m~2) and (d) total biomass (TB, g m~2)in plots with different
numbers of enclosed years.
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The vegetation characteristics (i.e., cover, richness, DS, and SHDI) for the grassland totally
increased during the process of recovery (Figure 2). These indexes in 6 GE did not differ significantly
from those of FG (p > 0.05). However, the vegetation indexes in 11 GE and 31 GE were significantly
higher than those in FG and 6 GE (p < 0.05). Additionally, no significant difference was found between
11 GE and 31 GE (p > 0.05).
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Figure 2. Dynamic variations in (a) cover (Cover, %); (b) species richness (R); (c) degree of succession
(DS); and (d) the Shannon diversity index (SHDI) at varying numbers of years enclosed.

3.2. Effect of Grazing Exclusion on Soil Organic Carbon

The SOC also increased from FG to 31 GE. The SOC for FG, 6 GE, 11 GE, and 31 GE amounted to
1.41,1.74,1.81, and 2.07 g- kg !, respectively. The 11 GE grassland had a significantly greater SOC
than FG (p < 0.05). Although the SOC in 31 GE was higher than that in 11 GE, there was no significant
difference between the two plots (p > 0.05) (Figure 3).
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Figure 3. Dynamic variation in soil organic carbon (SOC, g- kg 1) at the surface soil layer (0-20 cm).
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3.3. Relationships between Vegetation Characteristics and the SOC

Correlation analysis showed significant positive correlations among AGB, litter, BGB, Cover, DS,
and SOC. This result indicates a significant relationship between vegetation characteristics and SOC
(Table 2). Interactions between vegetation and soil may be attributed to changes in vegetation and
SOC during the restoration process.

Table 2. Correlation coefficients of vegetation, biomass, and SOC.

AGB Litter BGB TB SOC Cover DS Richness SHDI

AGB 1.000
Litter 0.674 * 1.000
BGB 0.401 0.453 1.000
TB 0.874 **  (0.946 ** 0.515 1.000
SOC 0.882 **  (.735 ** 0.545 0.871 ** 1.000
Cover 0.703 * 0.895 ** 0.337 0.885 ** 0.700 * 1.000
DS 0.672 * 0.869 ** 0.176 0.846 ** 0.592 * 0.961 ** 1.000
Richness 0.400 0.727 ** 0.170 0.641 * 0.420 0.822 **  (0.812 ** 1.000
SHDI 0.413 0.712 * 0.170 0.637 * 0.361 0.843 **  (0.837 **  0.957 ** 1.000
* Correlation significant at 0.05 level (two-tailed). ** Correlation significant at 0.01 level (two-tailed). AGB,

above ground biomass; BGB, below ground biomass; TB, total biomass; SOC, soil organic carbon; DS, degree of
succession; SHDI, Shannon diversity index.

4. Discussion

4.1. Effect of Grazing Exclusion on Vegetation Characteristics and SOC

Grazing exclusion has been reported to be an effective practice to restore degraded grassland, as
vegetation characteristics and soil properties have been shown to improve under long-term grazing
exclusion [26,27]. In this study, we selected the biomass, cover, richness, DS, and SHDI to examine
the effect of long-term grazing exclusion on vegetation characteristics. The results indicated that
these characteristics increased in the process of restoration, which resulted from an increase in seed
germination and seed bank for annual and perennial species when livestock was excluded [27]. We
found the mean SOC storage in FG to be 14.12 + 0.17 g- kg ~!, which is similar to the average SOC for
the steppe in the Xilin River Basin, as reported by Wiesmeier et al. [28]. The SOC increased by 23% in
our plots subjected to six years of exclusion, a higher percentage than the 14%-16% increase in SOC in
plots subjected to three years of exclusion, as reported by Wiesmeier et al. [29], at the identical sites.
The SOC increased up to 46% (comparing 31 GE to FG), similar to the findings of a previous study on
30-year grazing exclusion in the same study area [30]. Furthermore, the interactions between plants
and the soil should be considered during the restoration succession process. The grazing process
may have an effect on biomass and biomass-related soil properties such as SOC storage [31]. For
one thing, organic materials of plants being returned to the soil led to faster SOC turnover via the
accumulation of litter [32], and SOC improvement was caused by microorganisms’ decomposition of
organic matter [15,32]. In this study, the SOC was shown to be significantly positively correlated with
ABG, TB, litter, and Cover. Increases in the SOC were closely related to plant resource improvement.
As a main factor of soil fertility, the SOC contributed to plant productivity. The SOC can increase
plant growth by providing plants with appropriate nutrients [33]. Meanwhile, the maintenance of
heterogeneous vegetation and associated topsoil structures is essential for the accumulation of SOC in
semi-arid grassland ecosystems [34]. Increases in SOC resulted in decreased soil erosion by wind in
this region due to increased vegetation cover, which enable nutrients to easily fix to the soil surface
after livestock exclusion [35]. Another reason was that grazing cessation enhanced the soil aggregation
as the physical protection of SOC [36]. The different species composition of the communities in
different plots was also possibly related to variations in cover and biomass between different enclosure
years [37,38].
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4.2. Duration of Grazing Exclusion Required for Significant Improvement

It should be noted that both the vegetation characteristics and SOC were not significantly
improved after only six years of grazing exclusion. Similarly, a previous study showed that five
years of grazing exclusion could affect the soil properties in the same research area [10]. A favorable
shift occurred after 11 years of enclosure in this grassland. The vegetation characteristics and SOC
did not differ significantly between the 11 GE plot and the 31 GE plot. These findings indicate that at
least a decade of grazing exclusion is required for favorable improvements in plant cover, productivity,
biodiversity, and SOC in L. chinensis grassland in this region. This result is inconsistent with previous
findings in other areas. For example, plant cover and biomass significantly increased in an area in
the steppe in the Junggar Basin subjected to eight years of fencing [17]. Meanwhile, five years of
fencing was shown to significantly increase plant density, diversity, and biomass, while nine years of
fencing improved SOC in the desert of the Hexi Corridor, China [16]. In addition, a study investigating
the changes in plant community composition and soil properties under long-term grazing exclusion
suggested that both the vegetation and soil characteristics improved following 10-15 years of fencing
in the Loess Plateau, China [39]. There are several reasons for variations in the effective duration of
ecological shift in the restoration process in different grasslands. A first possible reason is related to
varied climatic conditions, especially in terms of precipitation and air temperature, and the physical
and chemical properties of the soil in different areas [13,40]. In addition, the species composition and
vegetation type varied in the different grasslands studied, and their response to grazing exclusion
differed [37,38], which could be another possible reason. Furthermore, variations in the intensity of
grazing and the extent of degradation of the grassland ecosystem prior to grazing exclusion contributed
to the variation in the duration of grazing exclusion required for significant improvement in grasslands.

4.3. Implications for Grassland Management

To restore the degraded L. chinensis grassland in northern China, several grazing exclusion projects
were carried out in 1979, 1999 (GFG), and 2004 (RGLG) [38]. Our results suggest that vegetation
characteristics and SOC improved considerably after 11 years of grazing exclusion. Clearly, the earliest
management practices and GFG project resulted in remarkable ecological benefits during long-term
grazing exclusion. However, grassland that was restored after RGLG projects under short-term
grazing exclusion also demonstrated excellent potential with regard to productivity, biodiversity, and
carbon sequestration.

In northern China, L. chinensis grassland provides basic and substantial production for local
pastoralists. However, the grassland was degraded due to overgrazing. Previous studies have
shown that degraded grassland has excellent potential for carbon storage but is very sensitive to
grazing management [36]. Adequate grazing management may balance provisioning and regulating
ecosystem services [41]. The tradeoff between ecosystem conservation and utilization should thus
be taken into consideration by local grassland managers. After a certain number of years of fencing,
appropriate management, such as rotational grazing and mowing, should be carried out. On the one
hand, moderate grazing can increase the community stability and biodiversity. On the other hand,
pastoralists have benefited directly from adding animals. Compared with the indefinite enclosure,
valid management could improve the grassland utilization efficiency and sustainable development of
the social-ecological system. Our results indicate that a stable state probably exists for vegetation and
SOC under grazing exclusion for between 11 years and 31 years. Nevertheless, multi-year observations
or studies of more plots with varying numbers of years enclosed should be conducted to determine the
optimal grazing exclusion duration and the grazing exclusion time threshold in L. chinensis grassland
in the future. Such research would provide valuable information about conservation and utilization
that is useful for grassland management in this region.
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5. Conclusions

This study investigates the effect of grazing exclusion on three L. chinensis grassland plots with
representative numbers of years of grazing exclusion in northern China. The findings suggest that
vegetation characteristics (cover, biomass, DS, and SHDI) and SOC increased under grazing exclusion.
In particular, vegetation characteristics and SOC significantly improved after a decade of grazing
exclusion. Long-term grazing exclusion thus appears to be an effective management practice for
restoring the vegetation and SOC in L. chinensis grassland in this region. Our results indicate that
vegetation characteristics and SOC did not differ significantly between the exclusion grasslands of
11 years and those of 31 years. Further studies with multi-year observation should be conducted
to identify the optimal duration of grazing exclusion and the grazing exclusion time threshold in
L. chinensis grassland. This study provides valuable insight into management strategies for sustainable
development in L. chinensis grassland in this region.
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