J. Mt. Sci. (2023) 20(3): 779-791 e-mail: jms@imde.ac.cn http://jms.imde.ac.cn

https://doi.org/10.1007/s11629-021-7232-2

Original Article

Effects of long-term grazing exclusion on vegetation structure, soil water

holding capacity, carbon and nitrogen sequestration capacity in an alpine

meadow on the Tibetan Plateau

YANG Yong-sheng!2
ZHANG Fa-wei'-2
XIE Xian-rong3
WANG Jun-bang4”
LI Ying-nian2*
HUANG Xiao-tao2
LI Hui-ting3
ZHOU Hua-kun®2

*Corresponding author

https://orcid.org/0000-0001-7972-1377; e-mail: ysyang@nwipb.cas.cn
https://orcid.org/0000-0003-0693-7956; e-mail: mywingg63@126.com

https://orcid.org/0000-0002-0048-7723; e-mail: 492645302@qq.com

https://orcid.org/0000-0001-5169-6333; le-mail: jbwang@igsnrr.ac.cn
https://orcid.org/0000-0002-1538-687X; S e-mail: ynli@nwipb.cas.cn
https://orcid.org/0000-0002-0127-5757; e-mail: xthuang@nwipb.cas.cn
https://orcid.org/0000-0001-6595-2625; e-mail: 597727505@qq.com

https://orcid.org/0000-0002-7853-7110; e-mail: hkzhou@nwipb.cas.cn

1 Key Laboratory of Adaptation and Evolution of Plateau Biota and Key Laboratory of Restoration Ecology in Cold Region
of Qinghai Province, Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining 810008, China

2 Qinghai Haibei National Field Research Station of Alpine Grassland Ecosystem, Xining 810008, China

3 Xi Ning Municipal Beishan Forestry Farm, Xining 810003, China

4 Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China

Citation: Yang YS, Zhang FW, Xie XR, et al. (2023) Effects of long-term grazing exclusion on vegetation structure, soil
water holding capacity, carbon and nitrogen sequestration capacity in an alpine meadow on the Tibetan Plateau. Journal of

Mountain Science 20(3). https://doi.org/10.1007/s11629-021-7232-2

© Science Press, Institute of Mountain Hazards and Environment, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract: Grazing exclusion is one of the primary
management practices used to restore degraded
grasslands on the Tibetan Plateau. However, to date,
the effects of long-term grazing exclusion measures
on the process of restoring degraded alpine meadows
have not been evaluated. In this study, moderately
degraded plots, in which the vegetation coverage was
approximately 65% and the dominant plant species
was Potentilla anserina L, with grazing exclusion for
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2 to 23 years, were selected in alpine meadows of
Haibei in Qinghai-Tibet Plateau. Plant coverage, plant
height, biomass, soil bulk density, saturated water
content, soil organic carbon (SOC) and total nitrogen
(TN) were evaluated. The results were as follows: (1)
With increased grazing exclusion duration,
aboveground biomass and total saturated water
content at 0-40 cm depth, the average SOC and TN
contents in moderately degraded alpine meadows
increased as a power function, and the plant height
increased as a log function. (2) The average soil bulk
density at 0-40 cm depth first decreased and then
increased with increasing grazing exclusion duration,
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and the minimum value of 0.90 g-cm3 was reached at
15.23 years. The plant coverage, total belowground
biomass at 0-40 cm depth, total aboveground and
belowground biomass first increased and then
decreased, their maximum values (80.49%, 2452.92
g-m=2, 2891.06 g-m=2) were reached at 9.41, 9.46 and
10.25 years, respectively. Long-term grazing exclusion
is apparently harmful for the sustainable restoration
of degraded alpine meadows. The optimal duration of
grazing exclusion for the restoration of moderately
degraded alpine meadows was 10 years. This research
suggests that moderate disturbance should be allowed
in moderately degraded alpine meadows after 10
years of grazing exclusion.

Keywords: Long-term grazing exclusion; Soil water
holding capacity; Soil carbon and nitrogen
sequestration; Biomass; Alpine meadow

1 Introduction

The total area of grassland on the Tibetan Plateau
(TP) is 1.52x10°® km2, which accounts for
approximately one-third of the grassland in China.
The sustainability of these grasslands plays a very
important role in traditional means of livelihood
associated with animal husbandry, protecting
biodiversity and maintaining ecological balance (Wen
et al. 2012; Li et al. 2006a). As one of the main
components of water source conservation, alpine
meadows are a widespread land cover type and
contain the representative vegetation type for the TP
(Cao et al. 2004). Due to the harsh environment and
vulnerable biomes in alpine meadow regions (Sun et
al. 2020), alpine meadow ecosystems are extremely
sensitive to climate change and human activities. By
the end of the 20t century, due to the combined
effects of global warming and disturbance from
human activities (e.g., overgrazing, overexploitation,
development, etc.), the alpine meadows on the TP had
become seriously degraded (Shang and Long 2007).
Extremely degraded alpine meadows are common in
the headwaters of the Yangtze and Yellow Rivers of
the TP (Wang and Fu 2004), where they account for
approximately 30 percent of the alpine grassland
(Zhou et al. 2005; Shang and Long 2007). To restore
and improve the environmental quality in degraded
alpine meadows, the Chinese government has
invested substantial labour and material resources in
recent decades and has implemented many measures
to control alpine meadow degradation, including
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grazing exclusion (Wu et al. 2010); grazing reduction;
rodent, pest and poisonous weed control; and
comprehensive management (Shang et al. 2008).
Among these measures, grazing exclusion, which has
low investment costs and immediate benefits, has
been widely adopted by the local and central
government to restore degraded alpine grasslands
since 2003 (Wu et al. 2010; Sun et al. 2020).

Although there have been some studies on the
effects of grazing exclusion on vegetation structure,
species diversity (Shang et al. 2013; Zhang et al. 2015;
Yao et al. 2019) and soil physicochemical properties
(Yang et al. 2016; Li et al. 2017b) reported in recent
years, most of them have focused only on short-term
grazing exclusion (Wu et al. 2009, 2010). Little
research has been conducted on the effects of long-
term grazing exclusion on water conservation, soil
nutrients and vegetation structure in alpine meadows,
especially the effects of grazing exclusion durations
greater than 15 years. This shortcoming has seriously
limited the accurate assessment of the effects of
grazing exclusion duration on the restoration of
degraded alpine meadows.

Some research has shown that long-term grazing
exclusion (9 years) not only inhibited the regeneration
of plants and the formation of seedlings, decreased
the conversion of vegetation productivity (Risser
1993; Altesor et al. 2005) and the biodiversity of
plants (Yao et al. 2019), but also directly caused
mortality and injuries in a wide range of birds and
mammals (Rey et al. 2012; Jones et al. 2014), and
affected the reproduction of some wild animals (Said
et al. 2016; Jakes et al. 2018). More importantly, long-
term grazing exclusion inevitably reduced the income
of herders and hindered economic development in
pasture regions. Therefore, the sustainable economic
development of animal husbandry in grasslands and
the utilization and renewal of grassland resources in
pastoral areas should be comprehensively considered.
Many researchers believe that long-term grazing
exclusion in grasslands is unreasonable (Micchunas et
al. 1988; Agarwal et al. 1993; Adler et al. 2004), and
they propose that after a certain grazing exclusion
period, moderate grazing should be carried out in the
grazing exclusion region (Risser 1993; Sun et al.
2020). However, because there were great differences
in the climate, soil and plant conditions, and
degradation degree in different grasslands on the TP,
the optimal duration of grazing exclusion for the
restoration of degraded grassland is expected to be



different in different grasslands (Sun et al. 2020; Xu
et al. 2020). It is necessary to conduct specific
research on the optimal duration of grazing exclusion
for specific types of grazing lands, such as degraded
alpine meadows. Therefore, we hypothesized that
long-term grazing exclusion is likely not the most
beneficial approach for the sustainable restoration of
degraded alpine meadows on the TP. Furthermore,
grazing exclusion measures in degraded alpine
meadows probably have a certain time component
that can be determined through data analysis, and
moderate disturbances (e.g., seasonal grazing) should
be allowed in alpine meadows after the optimal
duration of grazing exclusion.

The objective of the present study was to quantify
the effects of long-term grazing exclusion on
vegetation structure, soil water holding capacity, and
carbon and nitrogen sequestration capacity in an
alpine meadow. Based on these analyses, we identify
the beneficial and harmful effects of grazing exclusion
in alpine meadows and the optimal duration of
grazing exclusion for the restoration of degraded
alpine meadows. We expect that these results will
provide an essential data for ecological conservation
and the sustainable development of animal husbandry
in alpine meadows.

2 Materials and Methods

2.1 Study sites

The experiment was conducted in August 2018 at
the Haibei alpine meadow research station (Haibei
station). The Haibei station is located in the
northeastern TP in a large valley oriented from NW-
SE and surrounded on all sides by the Qilian
Mountains, at latitude 37°29'-37°45'N and longitude
101°12"-101°23'E. The average elevation of the
mountain area is 4000 m, and the average elevation
of the valley area is 2900-3500 m. This area
experiences a typical plateau continental climate with
long severe winters and short cool summers. The
average air temperature is -1.7°C, with a maximum of
27.6°C and a minimum of -37.1°C. The average annual
precipitation ranges from 426 to 860 mm, 80% of
which is in the form of rain during the short summer
growing season from May to September. The annual
average amount of sunlight is 2462.7 hrs. The soil
type is mainly alpine meadow soil. The vegetation is
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typical of an alpine meadow and is dominated by
Kobresia humilis, Gentiana straminea Maxim, Stipa
aliena, Poa orinosa, Festuca ovina, and Elymus
nutans. Overgrazing had led to the degradation of
30% of pasturelands in the Haibei region before the
end of the 20t century (Zhao and Zhou 1999).

2.2 Experimental design

To study the effects of grazing intensity, grazing
exclusion, simulated warming and nutrient addition
on the ecosystem functions of the alpine meadows,
some grazing exclusion plots were established at
Haibei station from the end of the twentieth century
to the beginning of this century. Some of them were
selected as the research subject to explore the effect of
d long-term grazing exclusion on vegetation structure,
soil water holding capacity, carbon and nitrogen
sequestration capacity by using the substitution
method of space for time. In August 2018, 10 of these
grazing exclusion sites, whose duration of grazing
exclusion was 2, 6, 7, 11, 13, 15, 18, 19, 20, and 23
years, were selected for this study with the following
characteristics: 1) the area of the grazing exclusion
plot was at least 50 mz2; 2) before grazing exclusion,
the alpine meadow had degraded to the middle
degradation level, where the vegetation coverage was
approximately 65% (Zeng et al. 2013); the dominant
plant species was Potentilla anserina L, and the
associated plant species were Pedicularis kansuensis
and Ligularia virgaurea. A grazing plot that had
reached the middle degradation level was selected as a
control treatment (CK). The grazing intensity for the
control site was 5 sheep units per hm?, the grazing
time was from September to May of the following
year, and the grazing animal was Tibetan sheep.
Therefore, including 10 grazing exclusion sites and a
CK treatment, there were 11 treatments in the current
study. All 11 research sites were distributed within 8
km2 of Haibei station; therefore, the topography,
rainfall, temperature and other ecological factors were
generally consistent, and their basic information is
shown in Fig. 1.

2.3 Sample collection
Three 5 mx5 m (length x width) experimental
plots were established at the 11 research sites, and the

plant coverage and average plant height in each
experimental plot were measured in August 2018.
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(a) Location of the Haibei station in the Qinghai-Tibetan
Plateau

Grazing
Sampling exclusion Longitude Latitude Elevation.
sites duration (N) (E) (m)

(yr)
Site1(CK) 1 37°36'41.54"” 101°18’16.27” 3190
Site2 2 37°36'40.99” 101°18’13.86” 3191
Site3 6 37°36'30.92” 101°18’12.27” 3187
Siteq 7 37°36'37.84” 101°18'45.54" 3194
Sites 11 37°36'37.72"” 101°18’43.30” 3195
Site6 13 37°36'38.74"” 101°18’46.93” 3194
Sitey 15 37°36'47.91” 101°18’16.60” 3197
Site8 18 37°36'38.43"” 101°1843.82” 3195
Siteg 19 37°36'34.07” 101°18’20.36” 3190
Site10 20 37°36’37.03” 101°18'41.71” 3194
Site11 23 37°36'39.15” 101°18’46.03” 3190

(b) Location information of the sampling sites

Fig. 1 Locations and basic information of sampling
points. Site 1 (CK) was grazing plots that reached
moderate degradation levels. The grazing exclusion
duration for CK was set to 1 year, because the relevant
data could not be fit if their grazing exclusion duration
was set to 0 in the figure which is shown in the results
and analysis section.

Three sample locations (1 m x 1 m) were selected
randomly in each experimental plot, and undisturbed
soil cores were collected at depths of o to 10, 10 to 20,
and 20 to 40 cm using the standard cutting ring
method (Yang et al. 2016). The undisturbed soil cores
in the cutting ring were prepared for measurements of
soil bulk density and saturated water capacity.
Additional soils from the three layers were collected
in plastic Ziplock bags, and after careful removal of
the roots, the soils were air dried and sifted through a
1 mm sieve and prepared for measurements of soil
organic carbon (SOC) and total nitrogen (TN).

2.4 Measurements

2.4.1 Determination of plant coverage and
height

Five 0.5 m x 0.5 m (length x width) quadrats in
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the center and four diagonal corners of each
experimental plot were selected in August 2018, and a
point sampling frame (10 cm x 10 cm grid, 100 points
per 100 cm x 100 cm) was used to measure the plant
coverage in each experimental plot (Li et al. 2010).
Thirty plants were randomly selected in each
experimental plot to calculate the average height of
the plants. When the number of plants in a quadrat
was fewer than thirty, the height of all plants was
measured. The determination of plant coverage and
height at each experimental plot was replicated five
times.

2.4.2 Determination of aboveground and
belowground biomass

First, after removing litter from the soil surface in
the quadrats, the litter was carefully collected in paper
bags. Second, the aboveground parts of plants, which
were cut by shears, were collected in paper bags.
Third, the soil columns of the above quadrats were
collected from depths of 0 to 10, 10 to 20, and 20 to
40 cm by a root auger with a diameter of 8 cm, and
the soil columns were placed into nylon bags and
brought indoors. After carefully removing any small
stones, the soil columns were washed through a 1 mm
sieve, and the clean plant roots were collected in
paper bags. Finally, all collected aboveground parts
and underground roots were placed in a drying oven
at a temperature of 85°C to a constant weight, and
they were weighed with a precision of 0.01 g.

2.4.3 Determination of soil bulk density and
saturated water capacity

The undisturbed soil cores at depths of 0 to 10, 10
to 20 and 20 to 40 cm were placed in a square plastic
basin, and water was poured into the plastic basin
until the water level was flush with the surface of the
undisturbed soil cores. When undisturbed soil cores
were saturated completely, the undisturbed soil cores
were carefully removed from the water and instantly
weighed. Then, the undisturbed soil cores were placed
in an oven at 105°C until they reached a constant
weight. The soil bulk density and saturated water
capacity were calculated using the equations included
in Yang et al. (2018).

2.4.4 Determination of SOC and TN

After the soil samples were air-dried, the roots
and gravel in the soil samples were carefully removed
and sifted through a 0.25 mm sieve. The SOC content
was measured using the heated dichromate/titration



method, and the TN concentration was determined by
the semimicro Kjeldahl method (Wang et al. 2011).

2.5 Data analyses

Data are expressed as the mean + standard error.
Data were analysed for significance with one-way
analysis of wvariance and the least significant
difference test in SPSS 12.0 software (SPSS Inc.,
Chicago, IL, USA), with significance set at P < 0.05.
The analysis of correlations among the different index
values was performed in SAS 9.0 (SAS Institute, Inc.,
Cary, North Carolina).

3 Results and Analyses

3.1 Dynamic changes in plant coverage and
height

With increasing duration of grazing exclusion,
plant coverage of degraded alpine meadows first
increased to a point and then decreased (Fig. 2).
According to the regression equations for plant
coverage, the maximum value of plant coverage
(80.49%) was reached after grazing exclusion for 9.41
years. The plant height in the moderately degraded
alpine meadow increased as a log function with
increasing duration of grazing exclusion (Fig. 2).
From the CK plot to the plot that had grazing
exclusion for 2 years, the plant height was
significantly increased by 110.61% (P < 0.05), and the
increase rate was 3.65 cm-yrl. From the 6 year
grazing exclusion plot to the 23 year grazing exclusion
plot, the plant height gradually increased, but the
degree of increase did not reach a significant level
(P> 0.05).

00 ¢ 50
¢
80 ¥ /4{,_/_\,\. 40
// e

_ t \{§\5 _
Z60 s } 08
E T =
5 )
2 1 z i B
3 40 ~ I—% — = = 205
E - —~4 + s £
E A ~

20 #Coverage y=-0.1141 +2.1479x + 7038 R =0.3097 10

Height  ,— 4 0068In(x) + 9.2029 R=0.7937
0 L L L L 0
0 5 10 15 20 25

Grazing exclusion duration (years)

Fig. 2 Variation of plant coverage and plant height with
grazing exclusion duration. Bars mean standard errors.
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3.2 Dynamic changes in aboveground and
belowground biomass

The total belowground biomass at 0-40 cm depth
and the total aboveground and belowground biomass
in the moderately degraded alpine meadow first
increased and then decreased with increasing
duration of grazing exclusion (Fig. 3a), and their
maximum values (2452.92, 2891.06 gm=) were
reached at 9.46, 10.25 years, respectively. The
aboveground biomass in the moderately degraded
alpine meadow increased as a power function with
increasing duration of grazing exclusion. From CK to
grazing exclusion for 7 years, the aboveground
biomass of the moderately degraded alpine meadow
significantly increased by 49.95%, and from grazing
exclusion for 11 years to 23 years, the aboveground
biomass showed no significant changes, which were
generally stable at approximately 464.56 g-m-2. The
belowground biomass was significantly greater than
the aboveground biomass in the alpine meadow, and
the belowground biomass accounted for 82.86% of
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Fig. 3 Variation of above ground biomass, total below
ground biomass, total above and below ground biomass
(a) and below ground biomass at 0-10, 10-20, and 20-
40 cm depths (b) with grazing exclusion duration. Bars
mean standard errors.
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the total aboveground and belowground biomass.

With increasing soil depth, the belowground
biomass significantly decreased (Fig. 3b), and the
belowground biomass was mainly concentrated at o-
10 cm depths. The belowground biomass at 0-10 cm
accounted for 82.90% of the total belowground
biomass at 0-40 cm depth. The belowground biomass
at 0-10, 10-20 and 20-40 cm depths first increased
and then decreased with increasing duration of
grazing exclusion, reaching maximum values of
2057.99, 244.17 and 154.12 g'm= at 9.29, 12.04 and
8.48 years, respectively.

3.3 Dynamic changes in saturated water
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The saturated water content at 0-10, 10-20, and
20-40 cm depth and the total saturated water content
at 0-40 cm depth increased as a power function with
increasing duration of grazing exclusion (Fig. 4).
From CK to grazing exclusion for 7 years, the
saturated water content at 0-10, 10-20, and 20-40 cm
and the total saturated water content at 0-40 cm
significantly increased by 22.31%, 20.48%, 16.31%
and 18.93%, respectively (P < 0.05), and from grazing
exclusion for 11 years to grazing exclusion for 23
years, the saturated water content at different depths
gradually increased in fluctuation, but the degree of
increase did not reach a significant level (P > 0.05).
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Fig. 4 Variation of saturated water content at 0-10, 10-20, and 20-40 cm depths (a) and total saturated water content
of the 0-40 cm depth (b) with grazing exclusion duration. Bars mean standard errors.
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3.4 Dynamic changes in soil bulk density

The effects of grazing exclusion duration on the
soil bulk density of the alpine meadow were different
due to the difference in soil depths (Fig. 5a). The soil
bulk density at 0-10 cm depth decreased with
increasing duration of grazing exclusion, with a
decreasing rate of 0.02 g-cm3-yrt. The soil bulk
density at 10-20 and 20-40 cm first decreased and
then increased with increasing duration of grazing
exclusion, and the minimum values of the soil bulk
density at 10-20 and 20-40 cm (0.91 and 1.02 g-cm-3)
were reached at 13.82 and 14.68 years, respectively.
The average soil bulk density at 0-40 cm depth first
decreased and then increased with increasing
duration of grazing exclusion (Fig. 5b), reaching a
minimum value of 0.90 g-cm3 at 15.23 years.

J. Mt. Sci. (2023) 20(3): 779-791

3.5 Dynamic changes in SOC and TN

The extent of the influence of grazing exclusion on
SOC content and TN content gradually decreased with
increasing soil depth (Fig. 6a; Fig.7a). The SOC
content and TN content at 0-10 and 10-20 cm
increased as a power function with increasing grazing
exclusion duration, and the increase rates of SOC
content and TN content at 0-10 cm (2.36 g-kgtyr,
0.26 g-kgtyrt) were significantly greater than those
at 10-20 cm (0.70 g'kgtyr?, 0.14 gkgtyr?) (P <
0.05). From CK to grazing exclusion for 2 years, the
SOC content and TN content at 20-40 cm depth
significantly increased. Later, they showed no
significant change with increasing duration of grazing
exclusion and were generally stable at approximately
30.76 and 3.32 g-kg, respectively. The average SOC
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Fig. 6 Variation of SOC content at 0-10, 10-20, and 20-40 cm depths (a) and average SOC content of the 0-40 cm
depth (b) with grazing exclusion duration. Bars mean standard errors.
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content and TN content at 0-40 cm increased as a
power function with increasing duration of grazing
exclusion (Fig. 6b; Fig.7b), and their annual increase
rates were 1.14 and 0.16 g-kg*-yr, respectively.

3.6 Correlation analyses

Based on correlation analyses (Table 1), the plant
coverage, total belowground biomass, total
aboveground and belowground biomass were not
correlated with grazing exclusion duration, but the
other indicators were significantly correlated with
grazing exclusion duration. The average SOC was
significantly positively associated with the average
TN. The total saturated water content was
significantly positively associated with plant height,
aboveground biomass, average SOC and average TN.
The average soil bulk density was significantly
negatively associated with plant height, aboveground
biomass, total saturated water content, average SOC
and average TN.

4 Discussion

4.1 Effects of long-term grazing exclusion on
vegetation structure in alpine meadows

The results of this research indicate that the root
biomass at different grazing exclusion durations
decrease with increasing soil depth, and the root
biomass at 0-10 cm depth accounts for 82.90% of the
total belowground biomass at 0-40 cm, which was
consistent with previous studies (Jing et al. 2014).
This is because with the increase in soil depth, the soil
moisture, soil temperature, soil nutrients and porosity

were reduced, and the soil compaction increased,
which inhibited the growth of roots and directly
reduced the root biomass (O’Grady et al. 2005; Mello
et al. 2007). Wu et al. (2009) found that grazing
exclusion measures could significantly enhance the
aboveground and belowground biomass, while other
researchers found that grazing exclusion had no
significant effect on the belowground biomass in
meadow steppes (Sun et al. 2015). The results of our
research showed that grazing exclusion did not simply
increase or have no effect on biomass in alpine
meadows, but its effects mainly depended on the
duration of grazing exclusion. At the early stages of
grazing exclusion, because grazing exclusion
prevented livestock from trampling and grazing on
plants, and plants with relatively high light and
nutrient competition capacity (for example, grasses
and sedges) rapidly recovered (Wei et al. 2017), plant
coverage increased, plant height was higher,
aboveground and belowground biomass increased.
With further increase in the duration of grazing
exclusion, evidence suggests that the amount and
thickness of litter in the grazing exclusion region will
gradually increase, too (Zou et al. 2016). A thick and
undecomposed litter layer forms due to the
accumulation of litter, which inhibits the contact
between seeds and soil, reduces the plant germination
rate and affects the growth of seedlings (Wainwright
et al. 2017). And litter coverage greatly decreases the
light intensity at the bottom of a plant community,
which inhibits the light competition capacity of some
dwarf weeds, and these plants gradually disappear as
their living space gradually decreases (Wu et al.
2009). In this study, it is believed that these effects
caused the plant coverage and the belowground

Table 1 Correlation coefficients between soil physicochemical properties, vegetation structure and grazing exclusion

duration
GED PC PH AGB

GED 1
PC -0.31 1
PH 0.66** 0.19 1
AGB 0.53%* 0.06 0.53%* 1
TBGB -0.34 0.39*  0.07 -0.24
TABGB -0.25 0.41* 0.17 -0.06
TSWC 0.56%* 0.27 0.72%* 0.67*%*
ASBD -0.66** -0.25 -0.82%* -0.56%*
ASOC 0.63** 0.10 0.64%* 0.56%*
ATN 0.68** -0.12 0.50** 0.55%*

TBGB TABGB TSWC ASBD ASOC ATN
1

0.98** 1

-0.08 0.04 1

-0.05 -0.16 -0.87%* 1

-0.18 -0.08 0.57**  -0.70** 1

-0.17 -0.08 0.47**  -0.53** 0.65** 1

Notes: ** denotes probabilities (P<0.01); * denotes probabilities (0.01<P<0.05); GED=grazing exclusion duration,
PC=Plant coverage, PH=Plant height, AGB=Aboveground biomass, TBGB=Total belowground biomass, TABGB=Total
above- and belowground biomass, TSWC=Total saturated water content, ASBD = Average soil bulk density; ASOC=

Average SOC, ATN=Average total nitrogen.
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biomass at 0-40 cm to first increase and then
decrease, and the aboveground biomass gradually
stabilized with the increase in the duration of grazing
exclusion. Because the total aboveground and
belowground biomass was mainly composed of the
belowground biomass, the variation trend of the total
aboveground and belowground biomass was
consistent with that of the belowground biomass (Fig.
2), and their correlation reached a significant level
(Table 1).

4.2 Effects of long-term grazing exclusion on
SOC and TN in an alpine meadow

C and N are important elements in grassland
systems, mainly stored in soils. The results of our
research showed that the SOC content and TN content
at 0-40 cm in the moderately degraded alpine
meadow increased as a power function with
increasing duration of grazing exclusion, which was
consistent with Wu et al. (2010). The reasons for low
SOC and TN contents in the moderately degraded
alpine meadow are: (1) when the alpine meadow
becomes moderately degraded, the relatively weak
vegetation conditions (Fig. 2) result in little plant
residue entering the shallow (0-10 c¢m) soil; (2) Only
10-25% of the vegetation roots, which are the main
source of SOC and soil nitrogen (Cao et al. 2004; Liu
et al. 2012) in an alpine meadow, are distributed at
10-40 cm depths (Wang et al. 2008). This condition
leads to low SOC and TN contents in the 10-20 and
20-40 cm soil layers; (3) Alpine meadow degradation
increases soil respiration (Wang et al. 2002), which
accelerates the loss of SOC and nitrogen (Wang et al.
2009). With the implementation of grazing exclusion
measures, the SOC content at 0-40 c¢m significantly
increases, especially at the early stage of grazing
exclusion. This result occurs because: (1) the roots
and litter of vegetation increases after grazing
exclusion (Zou et al. 2016), and the soil water content
in the topsoil of the grazing exclusion region is greater
than that of the grazing region (Jia et al. 2017), which
increases the decomposition rate of the surface litter
under grazing exclusion (Estavillo et al. 2002). These
effects increase the return of organic matter to the soil
(Shahzad et al. 2015; Xiao et al. 2016), especially to
the shallow soil (0-10 c¢cm); (2) The coverage and
height of the alpine meadow vegetation rapidly
increases after grazing exclusion, and the soil
temperature is reduced in an alpine meadow (Zhu et
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al. 2016), which inhibits the activity of soil microbes.
The decomposition rate of the mineralized SOC is
naturally reduced, which results in the accumulation
of SOC (Leifeld et al. 2005); (3) The improvement of
vegetation conditions increases the proportions of silt
and clay in the soil (Li et al. 2006b), which indirectly
improves the SOC content (Hu et al. 2012); (4) With
increasing duration of grazing exclusion, the
proportion of grasses and sedges with dense, fibrous
root systems gradually increase (Yao et al. 2019; Dai
et al. 2021), which induce the formation and
accumulation of soil organic matter (Reeder and
Schuman 2002) in the grazing exclusion region; (5)
Although there are few plant roots distributed in the
deep soils, the input of dissolved organic carbon
leaching from shallow (0-10 c¢cm) soil to deep (20-40
cm) soil increase in alpine meadows after grazing
exclusion (Yang et al. 2016), which directly enhance
the SOC content in the deep (20-40 c¢m) soil. With the
further increase in the duration of grazing exclusion,
the SOC content in deep soil gradually stabilizes. This
phenomenon could be explained by the fact that after
long-term grazing exclusion, the soil bulk density in
the deep soil gradually increases, and its porosity
naturally decreases, which directly reduces the input
of dissolved organic carbon leaching from shallow soil
to deep soil (Yang et al. 2016). The soil TN content is
significantly correlated with the SOC content (Moges
and Holden 2008; Fu et al. 2010), and the variation
trends for soil TN content at different depths in the
present research are basically consistent with those of
SOC content. These results indicate that grazing
exclusion is an important way to improve the carbon
and nitrogen holding capacity in degraded alpine
meadows, and they also indicate that with the
extension of the alpine meadow ecosystem restoration
process, the soil carbon and nitrogen holding capacity
of these ecosystems will gradually decrease and finally
reach a relatively stable condition.

4.3 Effects of long-term grazing exclusion on
water conservation in an alpine meadow

Soil bulk density is considered to be an important
factor affecting soil water holding capacity, and it is
mainly affected by soil texture, soil structure and land
use patterns (Zhao et al. 2016). The results of our
research confirmed that the effects of grazing
exclusion on the soil bulk density of the moderately
degraded alpine meadow mainly depends on the
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duration of grazing exclusion. When the duration of
grazing exclusion is less than 15 years, the average soil
bulk density at 0-40 cm in the moderately degraded
alpine meadow decreases with increasing duration of
grazing exclusion, which is consistent with Yang et al.
(2016). This may occur because: (1) grazing exclusion
prevents livestock from trampling and grazing on
plants, this effect significantly improves the plant
coverage, aboveground and belowground biomass of
grass and sedge, which has good palatability for
livestock (Yao et al. 2021). These effects improve soil
porosity within the root zone of the vegetation and
enhance the functions of root structure and
mechanisms (Li et al. 2017a); (2) Grazing exclusion
increases the SOC content at different depths, and the
increasing SOC content characteristically results in a
decrease in bulk density (Haynes and Naidu 1998);
(3) Grazing exclusion decreases soil compaction by
preventing livestock trampling (Castellano and
Valone 2007). When the duration of grazing exclusion
was greater than 15 years, the soil bulk density at 0-10
cm still decreased with increasing duration of grazing
exclusion, while the soil bulk density at 10-40 cm
increased with increasing duration of grazing
exclusion. This phenomenon could be caused by the
following: (1) after long-term grazing exclusion, the
proportion of grasses and sedges (e.g., Elymus
nutans, Poa crymophila, Stipa purpurea) with a
fibrous root system, whose roots are mainly
distributed at 0-10 cm, gradually increases (Yao et al.
2019; Dai et al. 2021); (2) After long-term grazing
exclusion, the SOC content at 10-40 cm is relatively
low and basically stable with the increase in duration
of grazing exclusion, especially the SOC content at 20-
40 cm, while the SOC content at 0-10 cm is relatively
high and gradually increases with increasing duration
of grazing exclusion; (3) Grazing exclusion increases
the plant height in alpine meadows, which increases
the interception of dust and fine particles by plants
(Ma et al. 2016), thereby increasing the ratio of silt to
clay content in the shallow soil (Yang et al. 2018).
These effects directly decrease the soil bulk density
(Heuscher et al. 2005) at depths of 0-10 cm. Overall,
the average soil bulk density at 0-40 cm in the
moderately degraded alpine meadow first decreases
and then increases with increasing duration of grazing
exclusion. In contrast to our results, other researchers
found that grazing exclusion had no significant effect
(Li et al. 2013) or reduced (Wu et al. 2010) the soil
bulk density in alpine meadows. These contradictory
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results could be related to differences in the duration
of grazing exclusion. The duration of grazing
exclusion in the present study was 23 years, but it was
only 9 years and 3 years in the studies by Wu et al.
(2010) and Li et al. (2013), respectively. This
indicated that the difference in the duration of grazing
exclusion could lead to contradictory results when
determining the effects of grazing exclusion on soil
bulk density, as demonstrated by our previous study
(Yang et al. 2016).

Soil saturated water content can directly reflect
soil water-holding capacity, which is the key to
determining the water conservation function of alpine
meadow ecosystems. In our research, the soil
saturated water content at 0-40 cm in the moderately
degraded alpine meadow increased as a power
function with increasing duration of grazing
exclusion, especially at 0-10 ¢cm, which agrees with
findings by Li et al. (2016). This phenomenon could
be explained by the following reason: (1) there is a
decrease in soil bulk density and an increase in SOC
in the 0-40 cm depth, especially in the shallow soil (o-
10 c¢m), with the increase in the duration of grazing
exclusion (Fig. 5, Fig. 6); (2) The improvement of
vegetation conditions increases the proportions of silt
and clay in the soil (Li et al. 2006b), which directly
improves the soil water retention capacity (Rawls et
al. 2003). This result is also an indication that the soil
infiltration and water retention capacity of the
degraded alpine meadow would improve with
increasing duration of grazing exclusion, which
indirectly reveals the reason that alpine meadows are
an important functional zone for water conservation
on the TP.

4.4 Beneficial or harmful effects of grazing
exclusion in alpine meadows

The present research found that the plant
coverage, plant height, plant biomass, soil water
holding capacity, carbon and nitrogen sequestration
ability of the moderately degraded alpine meadow
were quickly restored at the early stage of grazing
exclusion, while with increasing duration of grazing
exclusion, the restoration rates of plant height,
aboveground biomass, saturated water content,
carbon and nitrogen sequestration ability gradually
decreased. Even the plant coverage, belowground
biomass, soil bulk density, total aboveground and
belowground biomass deteriorated after grazing



exclusion for 9.41, 9.46, 15.23 and 10.25 years,
respectively. These results indicate that grazing
exclusion for too long is harmful to the restoration of
degraded alpine meadows; grazing exclusion
measures have a time component. Further analysis
found that after 9.41, 9.46 and 10.25 years of grazing
exclusion, the plant coverage, belowground biomass,
and total aboveground and belowground biomass all
decreased with increasing duration of grazing
exclusion. In other words, these indices decreased
after 10 years of grazing exclusion. Although the plant
height, aboveground biomass, soil saturated water
content, soil bulk density, SOC and TN content still
improved after 10 years of grazing exclusion, the
degree of improvement was very limited (Fig. 2 to Fig.
7). Therefore, we contend that the optimal duration of
grazing exclusion for the restoration of the
moderately degraded alpine meadow is 10 years. To
maintain the positive condition of energy flows and
material circulation in the alpine meadow ecosystem,
moderate disturbances (e.g., seasonal grazing) should
be applied in long-term grazing exclusion alpine
meadows. Research from Inner Mongolia (Li et al.
2008) found that moderate grazing in spring and
winter could effectively remove litter, reduce growth
redundancy, promote tiller formation, regenerate the
pasture (Li et al. 2019) and be beneficial to nutrient
circulation, humus formation and carbon
sequestration in grassland soils (Reeder and Schuman
2002), which was in accordance with the grazing
optimization hypothesis (Belsky 1986).

There are three important points worth noting
from the present research. First, the restoration of
degraded alpine meadows not only included the
recovery of plant coverage, biomass, soil water holding
capacity and soil nutrients, but also the recovery of
herbage growth rate, species nutrient competition and
soil microorganism change, especially the change in
plant species composition and plant functional group.
To accurately understand the role of long-term grazing
exclusion in the process of restoring degraded alpine
meadows, a more comprehensive study that consider
the effects of long-term grazing exclusion on
biodiversity, species nutrient competition and soil
microorganisms is needed to fill these research gaps.
Second, we only studied the effects of long-term
grazing exclusion on vegetation structure, soil water
holding capacity and soil carbon and nitrogen
sequestration in a moderately degraded alpine
meadow. These effects would likely be different from
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those in lightly, severely and extremely degraded alpine
meadows. Therefore, to comprehensively understand
the interactive effects of long-term grazing exclusion on
plant and soil ecosystems in alpine meadows at
different degrees of degradation, more field studies are
needed. Third, precipitation, especially growing season
precipitation, plays a key role in plant growth,
community composition, primary production, carbon
and water cycles of alpine grassland ecosystems on the
TP (Wu et al. 2013; Yan and Lu 2015), and it is well
known that there are great differences in precipitation
in different regions on the TP. Therefore, the optimal
duration of grazing exclusion for different alpine
grassland types would naturally be different, and a
series of special studies on the optimal duration of
grazing exclusion in specific areas on the TP are still
needed.

5 Conclusion

With increasing duration of grazing exclusion, the
aboveground biomass, total saturated water content at
0-40 cm depth, and average SOC and TN contents at 0-
40 cm depth in the moderately degraded alpine
meadow increased as a power function, the plant
height increased as a log function, the plant coverage,
total belowground biomass at 0-40 cm depth, total
aboveground and belowground biomass in the
moderately degraded alpine meadow first increased
and then decreased, and the average soil bulk density
at 0-40 cm depth in the moderately degraded alpine
meadow first decreased and then increased. Long-term
grazing exclusion is harmful for the sustainable
restoration of degraded alpine meadows on the
northeastern TP. The optimal duration of grazing
exclusion for the restoration of these moderately
degraded alpine meadows is approximately 10 years,
and moderate disturbances should be allowed in
following 10 years of grazing exclusion.

Acknowledgements

We are very grateful to the Dr Alan E. Watson
and anonymous reviewers for the insightful and
constructive comments that have greatly improved
this manuscript. This study was funded by the
National Natural Science Foundation of China
(32001149, U20A2006, 31971507), Applied Basic
Research Project of Qinghai Province (2022-ZJ-716),

789



J. Mt. Sci. (2023) 20(3): 779-791

Youth Innovation Promotion Association CAS
(2022436), Joint Grant from Chinese Academy of
Sciences-People's Government of Qinghai Province on
Sanjiangyuan National Park (LHZX-2020-07),

References

Adler PB, Milchunas DG, Lauenroth WK, et al. (2004)
Functional traits of graminoids in semiarid steppes, a test of
grazing histories. J Appl Ecol 41: 653-663.
https://doi.org/10.1111/j.0021-8901.2004.00934.X

Agarwal M, Shukla A, Pal VN (1993) Grazing of forested
grassland and its conservation. Ecol Model 69(1-2): 57-62.
https://doi.org/10.1016/0304-3800(93)90048-W

Alice A, Martin O, Elsa L, et al. (2005) Effect of grazing on
community structure and productivity of a Uruguayan
grassland. Plant Ecol 179: 83-91.
https://doi.org/10.1002/ecs2.16 56

Belsky AJ (1986) Does herbivory benefit plans, a review of the
evidence. Am Nat 127: 870-892.
https://doi.org/10.1086/284531

Cao GM, Tang YH, Mo WH, et al. (2004) Grazing intensity
alters soil respiration in an alpine meadow on the Tibetan
Plateau. Soil Biol Biochem 36: 237-243.
https://doi.org/10.1016/j.s0ilbi0.2003.09.010

Castellano MJ, Valone TJ (2007) Livestock, soil compaction and
water infiltration rate, evaluating a potential desertification
recovery mechanism. J Arid Environ 71: 97-108.

https://doi.org/10.1016/j.jaridenv.2007.03.009

Chaudhari PR, Ahire DV, Ahire VD, et al. (2013) Soil bulk
density as related to soil texture, organic matter content and
available total nutrients of coimbatore soil. Int J Sci Res Publi
3(2): 1-8.vhttps://doi.org/10.1.1.299.7022

Dai LC, Fu RY, Guo XW, et al. (2021) Long-term grazing
exclusion greatly improve carbon and nitrogen store in an
alpine meadow on the northern Qinghai-Tibet Plateau.
Catena 197: 104955.
https://doi.org/10.1016/j.catena.2020.104955

Estavillo JM, Merino P, Pinto M, et al. (2002) Short term effect
of ploughing a permanent pasture on N.O production from
nitrification and denitrification. Plant Soil 239: 253-265.
https://doi.org/10.1023/A:1015062304915

Fu XL, Shao MA, Wei XR, et al. (2010) Soil organic carbon and
total nitrogen as affected by vegetation types in Northern
Loess Plateau of China. Geoderma 155: 31-35.
https://doi.org/10.1023/A:1015062304915

Haynes RJ, Naidu R (1998) Influence of lime, fertilizer and
manure applications on soil organic matter content and soil
physical conditions, a review. Nutr Cycl Agroecosys 51: 123-
137. https://doi.org/10.1023/A:1009738307837

Heuscher SA, Brandt CC, Jardine PM (2005) Using soil physical
and chemical properties to estimate bulk density. Soil Sci Soc
Am J 69(1): 51-56. https://doi.org/10.2136/sssaj2005.0051a

Hu ZD, Liu SR, Shi ZM, et al. (2012) Soil particle composition
and its relationship with nutrient contents in a quercus
aquifolioides forest at different altitudinal gradient. Sci Silvae
Sinicae 48(3): 1-6. (In Chinese with English Abstract).

Jakes AF, Jones PF, Paige LC, et al. (2018) A fence runs through
it: A call for greater attention to the influence of fences on
wildlife and ecosystems. Biol Conserv 227: 310-318.
https://doi.org/10.1016/j.biocon.2018.09.026

Jia XH, Li YS, Wu B, et al. (2017) Effects of plant restoration on
soil microbial biomass in an arid desert in northern China. J
Arid Environ 144: 192-200.
https://doi.org/10.1016/j.jaridenv.2017.04.014

Jing ZB, Cheng JM, Su JS, et al. (2014) Changes in plant
community composition and soil properties under 3-decade
grazing exclusion in semiarid grassland. Ecol Eng 64: 171-178.
https://doi.org/10.1016/j.ecoleng.2013.12.023

Jones PF (2014) Scarred for life, the other side of the fence
debate. Hum Wildl Interact 8 (1): 150-154.

https://doi.org/10.26077/mppv-tt76

Leifeld J, Bassin S, Fuhrer J (2005) Carbon stocks in Swiss
agricultural soils predicted by land-use, soil characteristics,
and altitude. Agr Ecosyst Environ 105: 255-266.

790

Chinese Academy of Science (CAS) “Light of West
China” Program (2018), “The effect of grazing on
grassland productivity in the basin of Qinghai Lake”.

https://doi.org/10.1016/j.agee.2004.03.006

Li CL, Hao XY, Zhao ML, et al. (2008) Influence of historic
sheep grazing on vegetation and soil properties of a desert
steppe in Inner Mongolia. Agr Ecosyst Environ 128: 109-116.
https://doi.org/10.1016/j.agee.2008.05.008

Li GY, Jiang GH, Cheng T, et al. (2019) Grazing alters the
phenology of alpine steppe by changing the surface physical
environment on the northeast Qinghai-Tibet Plateau, China. J
Environ Manage 248: 109257.

https://doi.org/10.1016/j.jenvman.2019.07.028

Li HQ, Zhang FW, Mao SJ, et al. (2016) Effects of grazing
exclusion on soil properties in Maqin alpine meadow, Tibetan
Plateau, China. Pol J Environ Stud 25(4): 1583-1587.
https://doi.org/10.15244/pjoes/62099

Liu JH, Wu JS, Su HB, et al. (2012) Storage, patterns, and
control of soil organic carbon and nitrogen in the
northeastern margin of the Qinghai-Tibetan Plateau. Environ
Res Lett 7: 035401.
https://doi.org/10.1088/1748-9326/7/3/035401

Li Q, Liu GB, Zhang Z, et al. (2017a) Relative contribution of
root physical enlacing and biochemistrical exudates to soil
erosion resistance in the Loess soil. Catena 153: 61-65.

https://doi.org/10.1016/j.catena.2017.01.037

Li W, Cao WX, Wang JL, et al. (2017b) Effects of grazing regime
on vegetation structure, productivity, soil quality, carbon and
nitrogen storage of alpine meadow on the Qinghai-Tibetan
Plateau. Ecol Eng 98: 123-133.
https://doi.org/10.1016/j.ecoleng.2016.10.026

Li X, Liu J, Fan J, et al. (2015) Combined effects of nitrogen
addition and litter manipulation on nutrient resorption of
Leymus chinensis in a semi-arid grassland of northern China.
Plant Biology 17: 9-15. https://doi.org/10.1111/plb.12172

Li XR, Jia XH, Dong GR (2006a) Influence of desertification on
vegetation pattern variations in the cold semi-arid grasslands
of Qinghai-Tibet Plateau, North-west China. J Arid Environ
64(3): 505-522.
https://doi.org/10.1016/j.jaridenv.2005.06.011

Li XR, Xiao HL, He MZ, et al. (2006b) Sand barriers of straw
checkerboards for habitat restoration in extremely arid desert
regions. Ecol Eng 28: 149-157.

https://doi.org/10.1016/ j.ecoleng.2006.05.020

Li XR, He MZ, Zerbe S, et al. (2010) Micro-geomorphology
determines community structure of biological soil crusts at
small scale. Earth Surf Proc Land 35(8): 932-940.
https://doi.org/10.1002/esp.1963

Li YY, Dong SK, Wen L, et al. (2013) The effects of fencing on
carbon stock s in the degraded alpine grasslands of the
Qinghai-Tibet an Plateau. J Environ Manage 128: 393-399.
https://doi.org/10.1016/j.jenvman.2013.05.058

Ma WM, Ding KY, Li ZW (2016) Comparison of soil carbon and
nitrogen stocks at grazing-excluded and yak grazed alpine
meadow sites in Qinghai-Tibetan Plateau, China. Ecol Eng 87:
203-211. https://doi.org/10.1016/j.ecoleng.2015.11.040

Mao SJ, Wu QH, Li HQ, et al. (2015) Effects of grazing intensity
on species diversity and biomass in alpine-cold forb meadow
on the Tibetan Plateau. J Glaciol Geocryology 37(5): 1372-
1380. (In Chinese with English Abstract).
https://doi.org/10.7522 /j.isnn.1000-0240.2015.0151

Mello SLM, Gongalves JLM, Gava, JL (2007) Pre-and
postharvest fine root growth in Eucalyptus grandis stands
installed in sandy and loamy soils. Forest Ecol Manag 246(2):
186-195. https://doi.org/10.1016/j.foreco.2007.03.060

Micchunas DG, Sala OE, Lauenroth WK (1988) A generalized
model of the effects of grazing by large herbivores on
grassland community structure. Am Nat 132: 11-23.
https://doi.org/10.10 86/284839

Moges A, Holden NM (2008) Soil fertility in relation to hillslope
position and agricultural land use, a case study of Umbulo



Catchment in southern Ethiopia. Environ Manage 42: 753-
763. https://doi.org/10.1007/s00267-008-9157-8

O’Grady AP, Worledge D, Battaglia M (2005) Temporal and
spatial changes in fine root distributions in a young
Eucalyptus globulus stand in southern Tasmania. Forest Ecol
Manag 214(1): 373-383.

https://doi.org/10.1016/j.foreco.2005.04.021

Rawls WJ, Pachepsky YA, Ritchie JC, et al. (2003) Effect of soil
organic carbon on soil water retention. Geoderma 116(1-2):
61-76.https://doi.org/10.1016/S0016-70 61(03)00094-6

Reeder JD, Schuman GE (2002) Influence of livestock grazing
on C sequestration in semi-arid mixed-grass and short-grass
rangelands. Environ Pollut 116(3): 457-463.
https://doi.org/10.1016/s0269-7491(01)00223-8

Rey A, Novaro AJ, Guichéon ML. (2012) Guanaco (Lama
guanicoe) mortality by entanglement in wire fences. J Nat
Conserv 20 (5): 280-283.
https://doi.org/10.1016/j.jnc.2012.05.004

Risser PG (1993) Making ecological information practical for
resource managers. Ecol Appl 3: 37-38.
https://doi.org/10.2307/1941789

Said MY, Ogutu JO, Kifugo SC, et al. (2016) Effects of extreme
land fragmentation on wildlife and livestock population
abundance and distribution. J Nat Conserv 34: 151-164.
https://doi.org/10.1016/j.jnc.2016.10.005

Shahzad T, Chenu C, Genet P, et al. (2015) Contribution of
exudates, arbuscular mycorrhizal fungi and litter depositions
to the rhizosphere priming effect induced by grassland
species. Soil Biol Biochem 80: 146-155.
https://doi.org/10.1016/j.soilbio. 2014.09.023

Shang ZH, Deng B, Ding LM, et al. (2013) The effects of three
years of fencing enclosure on soil seed banks and the
relationship with above-ground vegetation of degraded alpine
grasslands of the Tibetan plateau. Plant Soil 364(1-2): 229-
224. https://doi.org/10.1007/s1110 4-012- 1362-9

Shang ZH, Long RJ (2007) Formation causes and recovery of
the “Black Soil Type” degraded alpine grassland in Qinghai-
Tibetan Plateau. Front Agr China 1: 197-202.
https://doi.org/10.1007/s11703- 007-0034-7

Shang ZH, Ma YS, Long RJ, et al. (2008) Effect of fencing,
artificial seeding and abandonment on vegetation
composition and dynamics of ‘black soil land’ in the
headwaters of the Yangtze and the Yellow rivers of the
Qinghai-Tibetan plateau. Land Degrad Dev 19: 554-563.
https://doi.org/10.1002/1dr.861

Sun J, Liu M, Fu BJ, et al. (2020) Reconsidering the efficiency
of grazing exclusion using fences on the Tibetan Plateau. Sci
Bull 65(16): 1405-1414.
https://doi.org/10.1016/j.scib.2020.04.035

Sun ZJ, Zhang XH, Zheng W, et al. (2015) Influence of short-
term grazing exclusion on underground biomass and
distribution of meadow steppe in Zhaosu. Xinjiang Agr Sci
52(6): 1119-1125. (In Chinese with English Abstract).
https://doi.org/10.6048 /j.issn.1001-4330.2015.06.022

Wang XH, Fu XF (2004) Sustainable management of alpine
meadows on the Tibetan plateau: problems overlooked and
suggestions for change. Ambio 33(3): 153-154.
https://doi.org/10.1579/0044-7447-33.3.169

Wang GX, Qian J, Cheng GD, et al. (2002) Soil organic carbon
pool of grassland soils on the Qinghai-Tibetan Plateau and its
global implication. Sci Total Environ 291: 207-217.
https://doi.org/10.1016/S0048-9697(01)01100-7

Wang QJ, Li SX, Wang WY, et al. (2008) The despondences of
carbon and nitrogen reserves in plants and soils to
vegetations cover change on Kobresia pygmaea meadow of
Yellow and Yangtze Rivers source region. Acta Ecol Sin 28:
885-893. (In Chinese with English Abstract).
https://doi.org/1000-0933(2008)03-0885-10

Wang WJ, Qiu L, Zu YG, et al. (2011) Changes in soil organic
carbon, nitrogen, PH and bulk density with the development
of larch (Larix gmelinii) plantations in China. Global Change
Biol 17: 2657-2676.
https://doi.org/10.1111/j. 1365-2486.2011.02447.X

Wang WY, Wang QJ, Lu ZY (2009) Soil organic carbon and
nitrogen content of density fractions and effect of meadow
degradation to soil carbon and nitrogen of fractions in alpine
Kobresia meadow. Sci China Ser D Earth Sci 52(5): 660-668.
https://doi.org/10.1007/s11430-009-0056-5

Wei B, Lu N, Li JQ, et al. (2017) Effects of enclosure on plant
community composition and niche characteristic in alpine

J. Mt. Sci. (2023) 20(3): 779-791

meadow. Acta Bot Boreal Occident Sin 37(5): 0983-0991. (In
Chinese with English Abstract).
https://doi.org/10.7606/].issn.1000-4025.2017.05.0983

Wainwright CE, Dwyer JM, Mayfield MM (2017) Effects of
exotic annual grass litter and local environmental gradients
on annual plant community structure. Biol Invasions 19(2):
479-491. https://doi.org/10.1007/s10530-016-1303-2

Wen L, Dong SK, Li YY, et al. (2012) The impact of land
degradation on the C pools in alpine grasslands of the
Qinghai-Tibet Plateau. Plant Soil 368(1/2): 329-340.
https://doi.org/10.1007/s11104-012-1500-4

Wu GL, Du GZ, Liu ZH, et al. (2009) Effect of fencing and
grazing on a Kobresia-dominated meadow in the Qinghai-
Tibetan Plateau. Plant Soil 319: 115-126.
https://doi.org/10.1007/s11104-008-9854-3

Wu GL, Liu ZH, Zhang L, et al. (2010) Long-term fencing
improved soil properties and soil organic carbon storage in an
alpine swamp meadow of western China. Plant Soil 332(1-2):
331-337. https://doi.org/10.1007/s11104-010-0299-0

Wu JS, Zhang XZ, Shen ZX, et al. (2013) Grazing-exclusion
effects on aboveground biomass and water-use efficiency of
alpine grasslands on the northern Tibetan Plateau. Rangeland
Ecol Manag 66: 454-461.
https://doi.org/10.2111/REM-D-12-00051.1

Xiao L, Liu GB, Zhang JY, et al. (2016) Long-term effects of
vegetational restoration on soil microbial communities on the
Loess Plateau of China. Restor Ecol 24: 794-804.
https://doi.org/10.1111/rec.12374

Xu LJ, Nie YY, Chen BR, et al. (2020) Effects of fence enclosure
on vegetation community characteristics and productivity of a
degraded temperate meadow steppe in northern China. Appl
Sci 10(8): 2952. https://doi.org/10.3390/app10082952

Yan Y, Lu YY (2015) Is grazing exclusion effective in restoring
vegetation in degraded alpine grasslands in Tibet, China?.
Peer J 3: e1020. https://doi.org/10.7717/peerj.1020

Yang YS, Li HQ, Zhang L, et al. (2016) Characteristics of soil
water percolation and dissolved organic carbon leaching and
their response to long-term fencing in an alpine meadow on
the Tibetan Plateau. Environ Earth Sci 75: 1471.
https://doi.org/10.1007/s126 65-016-6178-0

Yang YS, Zhang L, Li HQ, et al. (2018) Soil physicochemical
properties and vegetation structure along an elevation
gradient and implications for the response of alpine plant
development to climate change on the northern slopes of the
Qilian Mountains. J Mt Sci 15(5): 1006-1019.
https://doi.org/10.1007/511629-017-4637-z

Yao XX, Wu JP, Gong XY, et al. (2019) Effects of long term
fencing on biomass, coverage, density, biodiversity and
nutritional values of vegetation community in an alpine
meadow of the Qinghai-Tibet Plateau. Ecol Eng 130: 80-93.

https://doi.org/10.1016/j.ecoleng.2019.01.016

Yao XX, Xiao F, Qi SZ, et al. (2021) Responses of plant
functional group traits and nutritional quality to fencing in an
alpine meadow. Acta Agrestia Sin 29: 208-217.
https://doi.org/10.11733/.issn.1007-0435.2021.Z1.024

Zeng C, Zhang F, Wang QJ, et al. (2013) Impact of alpine
meadow degradation on soil hydraulic properties over the
Qinghai-Tibetan Plateau. J Hydrol 478(25): 148-156.
https://doi.org/10.1016/j.jhydrol.2012.11.058

Zhang WN, Ganjurjav H, Liang Y, et al. (2015) Effect of a
grazing ban on restoring the degraded alpine meadows of
Northern Tibet, China. Rangeland J 37(1): 89-95.
https://doi.org/10.1071/RJ14092

Zhao XQ, Zhou XM (1999) Ecological basis of alpine meadow
ecosystem management in Tibet: Haibei alpine meadow
ecosystem research station. Ambio 28(8): 642-647.
http://www.jstor.org/stable/4314976

Zhou HK, Zhao XQ, Tang YH, et al. (2005). Alpine grassland
degradation and its control in the source region of the Yangtze
and Yellow Rivers, China. Gassland Sci 51: 191-203. (In
Chinese with English abstract).

Zhu JT, Zhang YJ, Liu YJ (2016) Effects of short-term grazing
exclusion on plant phenology and reproductive succession in
a Tibetan alpine meadow. Sci Rep 6: 27781.
https://doi.org/10.103 8/srep27781

Zou JR, Luo CY, Xu XL, et al. (2016) Relationship of plant
diversity with litter and soil available nitrogen in an alpine
meadow under a 9-year grazing exclusion. Ecol Res 31: 841-
851.
https://doi.org/10.1007/s11284-016-1394-3

791




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


