LAND DEGRADATION & DEVELOPMENT
Land Degrad. Develop. 28: 1311-1319 (2017)
Published online 2 June 2016 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/1dr.2536

WARM-SEASON GRAZING BENEFITS SPECIES DIVERSITY CONSERVATION
AND TOPSOIL NUTRIENT SEQUESTRATION IN ALPINE MEADOW

Wu Gao-Lin'*, Wang Dong'?, Liu Yu'?, Ding Lu-Ming®, Liu Zhen-Heng"

'State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation, Northwest A&F University,
Yangling, Shaanxi 710020, PR China
2Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water Resources, Yangling, Shaanxi 710020, PR China
3State Key Laboratory of Grassland Agro-Ecosystem, School of Life Sciences, Lanzhou University, Lanzhou, Gansu 730000, PR China
*Maqu Alpine Grassland Workstation, Maqu 747300, Gansu, PR China

Received: 22 January 2016, Revised: 15 April 2016, Accepted: 16 April 2016

ABSTRACT

Seasonal grazing is one way of the moderate grazing regimes, but little information is available on compared study of seasonal grazing in
alpine meadow. We studied the aboveground and belowground properties among warm-seasonal grazing meadows and cold-seasonal grazing
meadows on the Qinghai—Tibetan Plateau. Results showed that the warm-seasonal grazing increased forb functional group proportion, plant
density and evenness index but decreased root biomass, plant height and graminoid functional group proportions. Grazing seasons affected
variation in soil bulk density, soil water content, pH and soil nutrient content, and the variations caused the various of soil carbon and nitrogen
density. The highest values of soil carbon and nitrogen contents and densities in the warm-season grazing meadow occurred at the top 10-cm
soil, while the highest values in the cold-season grazing meadow occurred at the depth of 30- to 50-cm soil. Our results indicated that the
warm-season grazing is suitable for the species diversity conservation and the nutrient sequestration at the topsoil. However, the cold-
season grazing is suitable for the nutrient sequestration at the deep soil. This study implied that the warm-season and cold-season grazing
might be exchanged regularly to practice continuous carbon and nitrogen sequestration. Periodic cold-season and warm-season grazing would
be the suitable grazing regime to keep alpine meadow sustainability. Copyright © 2016 John Wiley & Sons, Ltd.

KEY WORDS:  productivity; plant diversity; root biomass; soil carbon and nitrogen; seasonal grazing

INTRODUCTION herders and the government to achieve sustainable animal
production and to maintain the health of the grassland eco-
system (Conant et al., 2001; Watkinson & Ormerod,
2001), because overgrazing was widely occurred and re-
sulted in degradation of plant community structure, soil
physical and chemical properties, water infiltration features
and even soil erosion in grassland ecosystem (Cerda &
Lavee, 1999; Sarah & Zonana, 2015).

Grazing exclusion by fencing was conducted as an effec-
tive grassland restoration and management regime to restore
soil structure (Prosdocimi et al., 2016; Wu et al., 2010),
nutrients and return grazing potential (Xie et al., 2007,
Seymour et al., 2010; Wang et al., 2014; Keesstra et al.,
2016). However, grazing exclusion could also result in loss
of plant density and species richness in high-productivity
grassland (Oba ef al., 2001), which may result from greater
competition for canopy resources, for example, light (Borer
et al., 2014) or/and nutrient availability (Van der Wal et al.,
2004). Species diversity plays an important role in maintain-
ing ecosystem resilience. And it is necessary to graze at a
moderate stocking rate for restoring and maintaining a high
level of biodiversity and ecosystem function (Bai et al.,
2004, 2007; Tilman et al., 2006; Shang et al., 2008; Wu
et al., 2009; Cong et al., 2014; Qian et al., 2014). Further-

Grazing is a common land use practice in grasslands that in-
fluences soil properties (Augustine & Frank, 2001; Klumpp
et al., 2009; Xie et al., 2014; Costa et al., 2015) and plant
community characteristics (Zhu et al., 2012; Tarhouni
etal., 2015; Alvarez-Martinez et al., 2016). With increasing
human population, the demands on grasslands are increas-
ing. It is necessary to raise the profile of the issues involved
and to improve our understanding of the applied ecology re-
quirement for successful management (Watkinson &
Ormerod, 2001; Wang et al., 2002). However, because of
raising of intensive livestock, grassland appeared wide-
spread vegetation and soil degradation, such as reducing
plant species diversity (Alvarez-Martinez et al., 2016;
Angassa, 2014), net primary productivity and vegetation
cover (Buttolph and Coppock, 2004; Cingolani et al.,
2005; Pulido et al., 2016) and changing soil structure and
soil nutrients (Gass & Binkley, 2011; Jiang et al., 2011;
Mcsherry & Ritchie, 2013; Fivez et al., 2014; Lu et al.,
2015; Palacio et al., 2014). So seeking a rational grassland
management regime is an urgent issue for professionals,
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more, grazing exclusion might result in slowing down the
rates of carbon (C) and nitrogen (N) cycling and reduction
of soil C stocks (Hafner et al., 2012). Therefore, reduction
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of grazing intensity without excluding grazing would be
considered a regime for restoring degraded grassland
(Buttolph & Coppock, 2004; Medina-Roldan et al., 2012;
Papanastasis et al., 2015).

The Qinghai-Tibetan Plateau is susceptible to climate
change and anthropogenic perturbation, because of its frag-
ile ecosystem, which plays a vital role in mediating future
global carbon cycling. Grassland soil on the Qinghai—
Tibetan Plateau stores a huge amount of organic carbon,
which is about 2-5% of the global soil C pool (Wang
et al., 2002; Xie et al., 2014). Animal husbandry represents
the traditional land use on Qinghai—Tibetan Plateau (Hafner
et al., 2012). A proverb that ‘Habitat is constructed follow-
ing water and grass’ showed mobility is a feature of animal
husbandry on Qinghai—Tibetan Plateau. Animals are usually
moved by herders onto the meadow that grows very well.
The grazing mode is ‘pure nomad’, and animals are moved
constantly year-round (Long et al., 2008). Because of the in-
creasing disturbance from the increase of livestock numbers
over the last 50years and one-third of grassland was de-
graded, grazing regime adjustments (including grazing in-
tensity and grazing season) were potential effective
strategies to increase soil nutrients on the Tibetan grasslands
(Chang et al., 2014). However, previous studies focused on
potential for C and N sequestration only at the topsoil pro-
file, and few studies addressed the vertical distribution of
soil C, N and water contents, bulk density at the depth of
0- to 100-cm soil (Liu et al., 2012; Chang et al., 2014).
Moreover, it is essential to identify the main factors (such
as root biomass, soil water content, soil texture and bulk
density) that influenced the soil C and N vertical distribution
(Gass & Binkley, 2011).

Compared with the grazing exclusion and heavy grazing,
moderate grazing and periodic resting could increase the an-
nual net primary productivity, improve community compo-
sition and increase belowground C input; therefore,
moderate grazing had a positive effect on soil C stock in al-
pine meadows (Cingolani et al., 2005; Garcia et al., 2008;
Hafner et al., 2012; Cui et al., 2014). Seasonal grazing with
periodic resting was the main way of using grassland.
Traditonally, it was often divided into two seasons for
grazing, with the warm-season grazing and the cold-season
grazing (Cui et al., 2014). On one hand, seasonal grazing
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may be a good management strategy to maintain species
composition and soil texture in alpine meadow. And on
the other hand, it could yield benefits to livestock productiv-
ity (Buttolph & Coppock, 2004; Cingolani et al., 2005).
However, few studies have focused on the relative influence
of seasonal grazing on the plant—soil interface, plant com-
munity composition, diversity and productivity and other
soil properties in alpine meadow.

Based on the previous studies, we address the following
questions: Is the warm-season or the cold-season grazing
favourable to the aboveground and belowground ecological
properties in alpine meadow ecosystem? The main objec-
tives of this study were (i) to explore the relative influence
of seasonal grazing on the aboveground and belowground
ecological properties and (ii) to provide valuable insight into
the plant—soil interface process with important implications
for grazing management of the alpine meadow. This study
will contributed to keep alpine meadow sustainability by
the suitable grazing regime in the Qinghai—Tibetan Plateau.

MATERIAL AND METHODS

Study Site and Experimental Design

The study habitat was situated in the eastern part of the
Qinghai-Tibetan Plateau, within the Maqu county, Gansu
Province, PR China (Figure 1). The mean altitude was about
3,500m, and the physionomy of the Qinghai-Tibetan
Plateau was typical altiplano. According to data available
for the period 2003-2012 at the study site from the National
Meteorological Information Center of China, the mean an-
nual air temperature was 2-6 °C, ranging from —7-7°C in
January to 12-0°C in July. The annual precipitation was
628-3 mm, approximately 80% falling during the short, cool
summer. Cloud-free solar periods represent about 2,511 h.
The soil type of the study area was mainly Mat Cryi-gelic
Cambisols (alpine meadow soil, Cambisols in Food and
Agriculture  Organization/United Nations Educational,
Scientific and Cultural Organization taxonomy), and grazer
was mainly Tibetan sheep and yaks (Xie et al., 2014).
The vegetation was typically an alpine meadow (Wu
et al., 2009), and it consisted mainly of arctic—alpine and
Chinese Himalayan plants and was dominated by aboriginal
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Figure 1. Sampling sites of the four warm-season grazing meadows (WG) and the four cold-season grazing meadows (CG) in Maqu county. [Colour figure can
be viewed at wileyonlinelibrary.com]
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constructive species, sedges (Kobresia) and grasses (e.g. Agrostis,
Elymus, Festuca, Poa and Stipa).

The alpine meadow was divided into two seasons for
grazing, with the warm-season grazing from June to October
and the cold-season grazing in the other months from 2003
(Cui et al., 2014). A one-way factorial design (season
grazing) was used by two treatments with four replicates:
the warm-season grazing meadow (WG) and the cold-season
grazing meadow (CG). We selected a 100 x 100 m block for
each replicate and one plot (60 x 80 m) randomly established
in each plot. The grazing intensity was 2—2-5 Tibetan sheep
per hectare of WG and 1-1-5 Tibetan sheep per hectare of
CG. The rate of herbage utilization is about 30% for
warm-season and cold-season grazing intensities (Dong
et al., 2015). In mid-September 2013, when community bio-
mass and root biomass peaked, selected five sampling quad-
rats (0-5x0-5m) at 20-m intervals along a 100-m line
transect in each plot (Wu et al., 2011). In total, we surveyed
plant cover and height, aboveground and belowground bio-
mass and soil samples in 0- to 100-cm soil cores at 40 quad-
rats in this experiment.

Community Sampling

In each quadrat, all green aboveground plant parts for each
individual species were cut, collected and put into envelopes
and tagged. Aboveground biomass was divided into three
functional groups: graminoid species, forb species and le-
gume species. Belowground biomass was carried out three
times at six soil layers, 0-10, 10-20, 20-30, 30-50, 50-70
and 70-100cm depth using a 9-cm diameter root auger in
each quadrat. The majority of roots were found in soil sam-
ples, thus obtained and then isolated using a 0-5-mm sieve.
The root tissue and aboveground plant were dried at 65 °C
for at least 48 h and weighed to determine dry matter mass.

Plant density (N, m~?) was the total number of the individ-
ual plants per square metre. Richness index (R, m~2) was the
total number of the species per square metre. Shannon—
Winener’s diversity index (H) and Pielou’s evenness index
(E) of each quadrat were calculated (Wu ef al., 2009).

Soil Sampling and Determination

Composite soils consisting three soil cores were taking using
a soil auger (4 cm inner diameter) from the same quadrats af-
ter the aboveground plant harvested in six soil layers as the
root samplings. All soil samples were air-dried and then
passed through a 0-14-mm sieve. Soil pH was determined
using a soil-water ratio of 1:5, and soil water content before

air drying was obtained by the oven-drying method. Soil
bulk density (gcm ) of different soil layers was measured
using the soil cores (volume, 100cm?) by the volumetric
ring method. Soil organic carbon was assayed by dichromate
oxidation (Nelson & Sommers, 1982), soil total nitrogen
using the modified Kjeldahl method (Bremner, 1996). Soil
C, N density (kgm>) and volumetric water content
(mmm~") were calculated by multiplying soil C, N and wa-
ter content by soil bulk density. Soil C, N stocks (kgm™?)
and water stocks (mm) per depth were calculated by soil
C, N density and volumetric water content by soil depth.
Summing up the soil C and N stocks of the different soil
layers resulted in the cumulative soil C, N and water stocks
(Cong et al., 2014).

Statistical Analyses

All data were expressed as mean + standard error of mean in
20 quadrats. One-way analysis of variance was performed to
test for differences in biomass, functional group proportions,
plant diversities, soil properties, soil C, N and water densi-
ties and stocks between the WG and the CG to assess the ef-
fects of seasonal grazing on vegetation components and soil
characteristics. Pearson’s correlation coefficients were
achieved to explore the potential correlations between plant
and soil characteristics. Non-normal data were log-
transformed before analysis, and all effects and comparisons
were considered significant at the 0-05 level. All statistical
analyses were performed using the software programme
Spss, version 12-0 (SPSS Inc., Chicago, IL, USA), and
figures were calculated using SIGMAPLOT version 8-0 (Systat
Software Inc., San Jose, CA, USA).

RESULTS

Effects of Seasonal Grazing on Community Structure and
Diversity

Compared with the CG, 10-year WG resulted in some
changes in biomass (Table I), functional group proportions (
Table II) and plant diversities (Table III). Warm-season
grazing had the significantly lower aboveground net primary
production (£, 33=5-02, p=0-03), root biomass (0-100 cm,
Fy 33=927, p<0:01) and plant height (F} 35=15-08,
p <0-01), but no change in cover (F, 33=0-33, p>0-05),
and the ratio of root to shoot (£, 33=0-40, p >0-05) were
found. Biomasses at the all six soil layers in WG were sig-
nificantly lower than in CG (Figure 2a). Belowground

Table I. The mean values (SE) of community properties in grazing meadows (n=20)

Treatment ANPP (g m?) BGB (g m~?) Height (cm) Cover (%) R/S

CG 246-61 (16-72) 2,899-76 (247-99) 3490 (1-94) 96-10 (1-55) 13-83 (1-92)
WG 192-44 (17-47) 2,009-60 (154-82) 22-12 (2-66) 94-65 (1-97) 12-32 (1-40)
Fy a3 502 93 15-08 0-34 0-40

P 0-03 <0-01 <0-01 0-57 0-53

ANPP, aboveground net primary production; BGB, root biomass; R/S, the ratio of root to shoot; WG, warm-season grazing meadows; CG, cold-season grazing

meadows; SE, standard error.

Copyright © 2016 John Wiley & Sons, Ltd.
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Table II. The mean values (SE) for biomass proportions of three
functional groups in grazing meadows (n=20)

Treatment Forb Legume Graminoid
CG 35-87 (2:50) 8-13 (2-10) 56-00 (2-54)
WG 48-71 (4-46) 578 (1-53) 45.52 (4-29)
Fi 3 6-30 0-82 4.43
P 0-02 0-37 0-04

WG, warm-season grazing meadows; CG, cold-season grazing meadows;
SE, standard error.

biomass of the 0- to 20-cm soil profile was more than 90%
of the belowground biomass in 100-cm soil (Figure 2b).
The dominant species proportions under CG were graminoid
functional group (graminoid species, 56-00%), whereas in
WG, forb functional group (forb species, 48-71%) was dom-
inant. Legume functional group proportions (legume
species) of CG and WG were similar. Plant density (N)
and evenness index (F) increased from 1,393-80 to 2,063-30
(F1, 38=10-33, p<001) and 0-65 to 0-69 (F;, 33=4-76,
p=0-04) under WG compared with CG, respectively. Species
richness (R) and Shannon—Winener’s diversity index (H) were
similar between WG and CG.

Overall, the warm-season grazing increased forb func-
tional group proportion, plant density and evenness index
by 36%, 48% and 7%, respectively, but decreased above-
ground net primary production, root biomass, plant height
and graminoid functional group proportions by 22%, 31%,
16% and 37%, respectively.

Table III. Comparisons of diversity in grazing properties (n =20)
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Effects of Seasonal Grazing on Topsoil Properties

Soil properties showed the different advantages between the
cold-season grazing and the WGs (Figure 3). Soil bulk den-
sity of WG at the surface 10-cm soil was significantly higher
than CG. But CG had a significantly higher bulk density at
the depth of 30-50cm. Soil pH value in WG was higher at
the depth of 0- to 50-cm soil and lower at the depth of 50—
100 cm than the CG. Soil water contents in WG were higher
than CG at all the six soil depths. Soil organic carbon con-
tent at the surface 10-cm soil was significantly greater in
the WG than in CG. Total nitrogen content was also slightly
higher at the depth of 0—10cm in WG. But soil organic C
and N were significantly lower in WG than CG at the 30-
to 50-cm soil depth.

Soil C density and soil N density of CG were lower only
at the depth of 0—10cm, but higher at the 10-100cm than
WG at the same soil layers (Figure 4). Volumetric water
content of CG was lower at the depth of 0-30 and 50—
100 cm and higher only at the depth of 30-50 cm compared
with the other soil layers (Figure 4). The lower density of
soil C, N and water at the surface 10-cm soil in CG was both
due to the lower surface soil (0—10cm) bulk density in CG
compared with WG (0-95 vs 1-03gcm ™ in CG and WG
treatments, respectively) and the lower contents of C, N
and water in the surface 10 cm of the soil profile in CG than
in WG (Figure 3). Correspondingly, the higher density of C,
N and water at the depth of 30- to 50-cm soil was due to
both the higher soil bulk density in CG and higher contents

Treatment N H E

CG 17-45 (1-19) 1,393-80 (104-74) 1-81 (0-05) 0-65 (0-01)
WG 16-45 (0-84) 2,063-60 (180-20) 1-92 (0-06) 0-69 (0-02)
Fy 3g 0-47 10-33 1-85 4.76

P 0-50 <0-01 0-18 0-04

S, species richness; AV, the total number of the individual plants; /, Shannon—Winener’s diversity index; £, Pielou’s evenness index; WG, warm-season grazing

meadows; CG, cold-season grazing meadows.
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Figure 2. Averaged profiles for root biomass (a) and root biomass proportional (b) distributions in the top 100 cm of soil at the WG and CG meadows. Error
bars express standard error of the mean (n = 20). Note: WG, the warm-season grazing meadows; CG, the cold-season grazing meadows. p < 0-01; p < 0-05;
no symbol, no significant difference. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3. Averaged profiles for soil properties and distributions in the top 100 cm of soil at the WG and CG meadows. Bulk density (BD, a), soil water content

(SWC, c), soil carbon content (SOC, d) and soil total nitrogen (Ty, e). Error bars express standard error of the mean (n =20). Note: WG, the warm-season

grazing meadows; CG, the cold-season grazing meadows. p < 0-05; no symbol, no significant difference. [Colour figure can be viewed at
wileyonlinelibrary.com]

of C, N and water at the depth of 30- to 50-cm soil in CG
than WG.

Soil C, N, water content and soil C, N and water density
sharply decreased with the soil depth, while the soil bulk
density and pH increased with soil depth both at the warm-
season grazing and the CGs (Figure 3,4). The correlation
matrix showed significant positive correlations among soil
C content, soil N content, soil water content and the below-
ground biomass (p < 0-01, Table IV). The soil bulk density
and soil pH showed the negative correlations with the soil
C, N and water contents (p <0-01, Table IV).

Effects of Seasonal Grazing on Topsoil C, N and Water
Stocks

Soil C stock at the surface 30-cm soil included about 61%
and 68% of the 0- to 100-cm soil C stock in the CG and
WG, respectively (Figure 4). Cumulative soil C stocks at
the depth of 0—10 and 10-20cm soils in WG were signifi-
cantly larger than CG (0-92 vs 0-65kgm~2). However, the
cumulative soil C stocks at 0-50cm (0-52kg m’z), 0-
70cm (1-05kgm~2) and 0-100cm (1-07 kgm ) soil depth
in CG were larger than the WG. Compared with those in
WG, cumulative soil N stocks in CG were —0-06, —0-04,

Copyright © 2016 John Wiley & Sons, Ltd.

—0-03, 0-09, 0-15 and 0-15kg m~2 at depths of 0-10,
0-20, 0-30, 0-50, 0-70 and 0-100cm, respectively. Soil
water stocks at the WG were higher at the six cumulative
soil depths and around 24 mm higher than CG at the depth
of 0-100 cm.

DISCUSSION

Plant Community Response to Seasonal Grazing

Our results indicated the multiple advantages of the alterna-
tive utilization of cold-season grazing and the warm-season
grazing. Generally, continuous warm-season grazing re-
duced source size of carbon assimilating organs and intensi-
fied re-translocation of root carbohydrates to shoot
meristems than that at the cold-season grazing (Gao ef al.,
2008). And thus, the CGs showed a greater root biomass
compared with the WGs. Plant function group composition
may influence soil decomposer diversity through the differ-
ences of substrates and habitats (Porazinska et al., 2003),
and these effects exerted by controlling the timing and dura-
tion of favourable periods for plant growth (Perez-Camacho
et al.,2012). Pulido et al. (2016) also showed that the heavy

LAND DEGRADATION & DEVELOPMENT, 28: 1311-1319 (2017)
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Figure 4. Averaged profiles for soil carbon, nitrogen, water density and stocks distributions in the top 100 cm of soil at WG and CG meadows. Error bars

express standard error of the mean (n =20). Note: WG, the warm-season grazing meadows; CG, the cold-season grazing meadows; SOCD, TND and VWC

represent the soil carbon, total nitrogen density and volumetric water content; SCS, SNS and VWS represent the soil carbon, total nitrogen and water stock.
“p < 0-05; no symbol, no significant difference. [Colour figure can be viewed at wileyonlinelibrary.com]

grazing results in the reduction of legumes proportion in
rangelands of SW Spain. Graminoid had predominantly pos-
itive responses, whereas forb species mostly showed nega-
tive responses to cold-season grazing (Diaz et al., 2007).
The current results recommended that graminoid function
group proportions, biomasses benefit from the cold-season
grazing.

Plant density and evenness index significantly increased,
while biomass decreased at the WGs. The relationship be-
tween biomass and species richness had been described as
a hump-back response model (Oba et al., 2001), and the

optimum richness might be corresponded to a biomass level
belowground the aboveground biomass at this study sites.
Angassa (2014) also reported that herbaceous species rich-
ness was highest at an intermediate level of biomass and
seems to decline as biomass increases. The quality of C
entering soil is a key controlling factor for belowground trans-
formation processes that primarily depend on the composition
of plant communities (Klumpp et al., 2009; Breulmann et al.,
2012; Cong et al., 2014). The nutrient that was input to soil
may be greater in more diverse communities, because high
plant diversity may enhance soil fertility or improve

Table IV. Pearson’s correlation coefficients matrix of soil properties both at the warm-season grazing and the cold-season grazing

meadows

SOC TN SWC pH BD
TN 0-950%* — — — —
SWC 0-784%* 0-769%* — — —
pH —0-397%* —(0-343%:* —0-405%* — . —
BD —0-504%3* —0-457%* —0-366%* 0-141 —
RB 0-674%* 0-660%** 0-513%* —0-161* —0-405%*

SOC, carbon content; TN, total nitrogen content; SWC, soil water content;

*significant effects at p < 0-05.
**significant effects at p < 0-01.
***significant effects at p < 0-001.

Copyright © 2016 John Wiley & Sons, Ltd.

BD, bulk density; RB, root biomass.
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ecosystem stability and productivity (Dybzinski et al., 2008;
Steinbeiss et al., 2008; Isbell et al., 2015). The results
indicated that the warm-season grazing might be an optimal
grassland regime for the conservation of species diversity.

Soil Paramenters Response to Seasonal Grazing

Overall, the warm-season grazing could increase soil C, N
contents and soil C, N density only at the top 0- to 10-cm
soil, increase soil bulk density at the top 0- to 30-cm soil,
decrease pH at the top 0- to 50-cm soil and increase soil
water content at the 0- to 100-cm soil compared with cold-
season grazing. The cold-season grazing significantly
increased soil C, N content and C, N density at the depth
of 30-50cm soil. The reasons for the higher soil nutrient
at the upper 10-cm soil by warm-season grazing might be
the following: First, trampling by animals at the WGs had
a larger physical breakdown, and acceleration of the decom-
position process by fragmenting plant material and mingling
of the litter in the soil than the CGs (Naeth et al., 1991;
Zacheis et al., 2002). Second, livestock dung deposition
and urine input as well as nitrification rates increased at
the WGs, while the CGs slowed down the decomposition
process of nutrient cycling and microbial activity because
of the lower temperature (Augustine et al., 2003; Bardgett
& Wardle, 2003; Gass & Binkley, 2011; Wu et al., 2012;
Fivez et al., 2014). Finally, the WGs had a higher plant den-
sity and plant diversity, which were the principal factors de-
termining soil nutrient dynamics via enhancing N
mineralization through the diversity of substrates and habi-
tats they provide (Porazinska et al., 2003; De Deyn ef al.,
2008; Cong et al., 2014). Plant trait composition influenced
soil decomposer diversity, and decomposer diversity in turn
can affect soil nutrient cycling through functional comple-
mentarity (Héttenschwiler et al., 2005; Wardle, 2006). The
CG meadows had the higher soil C, N contents at the depth
of 10-100cm soil than the WG meadows, which might be
caused by the greater root density, higher rates of root
exudate (Frank ef al., 1995; Augustine ef al., 2003; Klumpp
et al., 2009). This indicated that the topsoil was more active
in carbon and nitrogen sequestering at the WGs but it was
the deep soil in the CGs.

Seasonal grazing also influenced the soil physical charac-
teristics and soil pH and soil water content, and those effects
might change the soil carbon and nitrogen. Soil bulk density
were lower at the CGs because of the reduction of compac-
tion influence from animal trampling for the frozen soil,
compared with the WGs (Shi ef al., 2013). The marginally
decreased of soil water content at the CGs was in line with
previous studies, as the cold-season grazing often decreased
surface roughness length and snow capture resulted in a
reduction of the insulation of the soil, snow cover and win-
tertime water retention (Wu et al., 2012). Our results found
that pH was higher at the WGs at the top 50-cm soil, while
larger at the CGs at the 50- to 100-cm soil. The pH differ-
ence caused by seasonal grazing might result from different
root biomass and the livestock dung deposition and urine
input (Van der Wal et al., 2004).

Copyright © 2016 John Wiley & Sons, Ltd.

Soil Nutrient Habitats Response to Seasonal Grazing

The decreasing in soil C, N, water contents and soil C, N,
water densities in the alpine meadow with the increase of
soil depth was in agreement with the previous published
results on the Qinghai-Tibetan Plateau (Yang et al., 2010;
Liu et al., 2012). The root was also mainly distributed at
the top 20cm and sharply decreased with soil depth. The
vertical distribution of soil nutrients was attributed to the
distribution of roots in the soil and the related soil processes
(Chen et al., 2007; Liu et al., 2014), which was illustrated
by the increased rhizodeposition at the topsoil and subse-
quent increase in soil organic matter turnover (Hafner
et al., 2012). Root turnover was faster in surface than in
deeper soil layers and played an important role in carbon
storage and turnover in alpine meadow ecosystem (Wu
et al., 2011). Furthermore, soil water content was the most
important parameter for the vertical variation of soil nutri-
ents, and the belowground biomass was the main source of
soil C, N (Liu et al., 2014). As a consequence, the signifi-
cantly higher C, N density in the upper 30-cm soil layers
was due to the higher root biomass, soil water content and
subsequently enhanced C, N stocks in soil (Rasse et al.,
2005). Soil C, N contents and densities declined dramati-
cally with depth deepening suggested that the large potential
for improving soil C, N contents existing in alpine meadow
of the Qinghai-Tibetan Plateau by grassland regime adjust-
ment, particularly in the topsoil.

The cumulative soil C, N and water stocks vertical distri-
bution revealed that the cumulative C and N stocks were sig-
nificantly distributed at the top 30-cm soil in both CG and
WG and the carbon and nitrogen sequestrations might be
mainly concentrated at the topsoil after the suitable grass-
land regimes (Liu et al., 2012). And the cumulative soil C
and N stocks at depths of 0-10, 0-20 and 0-30cm soil
layers were larger at WG than CG, but at depths of 0-50,
0-70 and 0-100 cm soil layers, they were higher at CG than
WG. When we compared the soil C, N and water stocks,
deep soil cannot be neglected. Finally, soil water stocks
were larger under WG than CG at all soil layers, and the
warm-season grazing was beneficial for the soil water stock.

CONCLUSIONS

Seasonal grazing is a key factor for the plant biomass, plant
height, plant diversity and plant function groups on the
Qinghai-Tibetan Plateau. The warm-season grazing is more
suitable for the species diversity conservation and the nutri-
ent sequestration at the topsoil. However, the cold-season
grazing is more suitable for the nutrient sequestration at
the deep soil. The WGs and the CGs should be used alterna-
tively yearly or more for protecting plant diversity and
improving soil texture and soil C and N stocks. The warm-
season and cold-season grazing might be exchanged
regularly to practice continuous carbon and nitrogen seques-
tration. Periodic cold-season and warm-season grazing would
be the suitable grazing regime to achieve sustainability of
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alpine grassland ecosystems. Further researches should be
carried out to derive optimal prescribed rotation grazing
strategies at different seasons, and which should incorporate
more holistic evaluations of the effects of management
change on the social and economic viability.

ACKNOWLEDGEMENT(S)

We thank the editor and two anonymous reviewers for their
comments and suggestions and thank David Warrington for
improving this manuscript. This research was funded by the
National ~ Natural  Science Foundation of China
(NSFC41371282, 41525003), the ‘Light of West China’
Program of CAS (XAB2015A04) and Project of Natural
Science Foundation of Shaanxi Province (2014KJXX-15).

REFERENCES

Alvarez-Martinez J, Gémez-Villar A, Lasanta T. 2016. The use of goats
grazing to restore pastures invaded by shrubs and avoid desertification:
a preliminary case study in the Spanish Cantabrian Mountains. Land
Degradation & Development 27: 3—13. DOI:10.1002/1dr.2230.

Angassa A. 2014. Effects of grazing intensity and bush encroachment on
herbaceous species and rangeland condition in Southern Ethiopia. Land
Degradation & Development 25: 438—451. DOI:10.1002/1dr.2160.

Augustine DJ, Frank DA. 2001. Effects of migratory grazers on spatial hetero-
geneity of soil nitrogen properties in a grassland ecosystem. Ecology 82:
3149-3162. DOI:10.1890/0012-9658(2001)082[3149:EOMGOS]2.0.CO;2.

Augustine DJ, McNaughton SJ, Frank DA. 2003. Feedbacks between soil
nutrients and large herbivores in a managed savanna ecosystem. Ecolog-
ical Applications 13: 1325-1337. DOI:10.1890/02-5283.

Bai YF, Han XG, Wu JG, Chen ZZ, Li LH. 2004. Ecosystem stability and
compensatory effects in the Inner Mongolia grassland. Nature 431:
181-184. DOI:10.1038/nature02850.

Bai YF, Wu JG, Pan QM, Huang JH, Wang Q, Li F, Buyantuyev A, Han
XG. 2007. Positive linear relationship between productivity and diver-
sity: evidence from the Eurasian Steppe. Journal of Applied Ecology
44: 1023-1034. DOI:10.1111/j.1365-2664.2007.01351.x.

Bardgett RD, Wardle DA. 2003. Herbivore-mediated linkages between
aboveground and belowground communities. Ecology 84: 2258-2268.
DOI:10.1890/02-0274.

Borer ET, Seabloom E, Gruner D, Harpole WS, Hillebrand H, Lind E, Ad-
ler P, Alberti J, Anderson TM, Bakker J, Biederman L, Blumenthal D,
Brown C, Brudvig L, Buckley Y, Cadotte M, Chu C, Cleland E, Crawley
M, Daleo P, Damschen E, Davies K, DeCrappeo N, Du G, Firn J, Hautier
Y, Heckman R, Hector A, HilleRisLambers J, Iribarne O, Klein JA,
LaPierre K, Li W, MacDougall A, Melbourne B, Moore J, Mortensen
B, O’Halloran L, Orrock J, Pascual JS, Prober S, Pyke D, Risch A,
Schuetz M, Smith M, Stevens C, Sullivan L, Williams R, Wragg P,
Wright J, Yang L, McCulley RL, Mitchell CE. 2014. Herbivores and nu-
trients control grassland plant diversity via light limitation. Nature 508:
517-520. DOI:10.1038/nature13144.

Bremner JM. 1996. Nitrogen-total. In Methods of soil analysis, part 3,
Sparks DL (ed). American Society of Agronomy: Madison; 1085-1121.

Breulmann M, Schulz E, Weilhuhn K, Buscot F. 2012. Impact of the plant
community composition on labile soil organic carbon, soil microbial ac-
tivity and community structure in semi-natural grassland ecosystems of
different productivity. Plant and Soil 352: 253-265. DOI:10.1007/
s11104-011-0993-6.

Buttolph LP, Coppock DL. 2004. Influence of deferred grazing on vegeta-
tion dynamics and livestock productivity in an Andean pastoral system.
Journal of Applied Ecology 41: 664-674. DOI:10.1111/.0021-
8901.2004.00921 .x.

Cerda A, Lavee H. 1999. The effect of grazing on soil and water losses
under arid and mediterranean climates: Implications for desertification.
Pirineos 153-154: 159-174.

Chang XF, Zhu XX, Wang SP, Cui SJ, Luo CY, Zhang ZH, Wilkes A.
2014. Impacts of management practices on soil organic carbon in

Copyright © 2016 John Wiley & Sons, Ltd.

degraded alpine meadows on the Qinghai—Tibetan Plateau. Biogeosci-
ences 11: 3495-3503. DOI:10.5194/bg-11-3495-2014.

Chen LD, Gong J, Fu BJ, Huang ZL, Huang YL, Gui LD. 2007. Effect of
land use conversion on soil organic carbon sequestration in the loess hilly
area, Loess Plateau of China. Ecological Research 22: 641-648.
DOI:10.1007/s11284-006-0065-1.

Cingolani AM, Posse G, Collantes MB. 2005. Plant functional traits, herbi-
vore selectivity and response to sheep grazing in Patagonian steppe
grasslands. Journal of Applied Ecology 42: 50-59. DOIL:10.1111/
j-1365-2664.2004.00978 .x.

Conant RT, Paustian K, Elliott ET. 2001. Grassland management and con-
version into grassland: effects on soil carbon. Ecological Applications 11:
343-355. DOI:10.1890/1051-0761(2001)011[0343:GMACIG]2.0.CO;2.

Cong WF, van Ruijven J, Mommer L, De Deyn GB, Berendse F, Hoffland
E. 2014. Plant species richness promotes soil carbon and nitrogen stocks
in grasslands without legumes. Journal of Ecology 102: 1163-1170.
DOI:10.1111/1365-2745.12280.

Costa C, Papatheodorou EM, Monokrousos N, Stamou GP. 2015. Spatial
variability of soil organic C, inorganic N and extractable P in a Mediter-
ranean grazed area. Land Degradation & Development 26: 103—109.
DOI:10.1002/1dr.2188.

Cui S, Zhu X, Wang SP, Zhang Z, Xu BL, Luo CY, Zhao L, Zhao XQ.
2014. Effects of seasonal grazing on soil respiration in alpine meadow
on the Qinghai-Tibetan Plateau. Soil Use & Management 30: 435-443.
DOI:10.1111/sum.12125.

De Deyn GB, Cornelissen JH, Bardgett RD. 2008. Plant functional traits
and soil carbon sequestration in contrasting biomes. Ecology Letters 11:
516-531. DOI:10.1111/1.1461-0248.2008.01164.x.

Diaz S, Lavorel S, Mclntyre SUE, Falczuk V, Casanoves F, Milchunas DG,
Skarpe C, Rusch G, Sternberg M, Noy-Meir I, Landsberg J, Zhang W,
Clark H, Campbell BD. 2007. Plant trait responses to grazing — a global
synthesis. Global Change Biology 13: 313-341. DOI:10.1111/j.1365-
2486.2006.01288.x.

Dong QM, Zhao XQ, Wu GL, Chang XF. 2015. Optimization yak grazing
stocking rate in an alpine grassland of Qinghai-Tibetan Plateau, China.
Environmental Earth Sciences 73: 2497-2503. DOI:10.1007/s12665-
014-3597-7.

Dybzinski R, Fargione JE, Zak DR, Fornara D, Tilman D. 2008. Soil fertil-
ity increases with plant species diversity in a long-term biodiversity
experiment. Oecologia 158: 85-93. DOI:10.1007/s00442-008-1123-x.

Fivez L, Vicca S, Janssens IA, Meire P. 2014. Western Palaearctic breeding
geese can alter carbon cycling in their winter habitat. Ecosphere 5:
art139-art139. DOI:10.1890/ES14-00012.1.

Frank A, Tanaka D, Hofmann L, Follett R. 1995. Soil carbon and nitrogen
of Northern Great Plains grasslands as influenced by long-term grazing.
Journal of Range Management 48: 470-474. DOI:10.2307/4002255.

Gao YZ, Giese M, Lin S, Sattelmacher B, Zhao Y, Brueck H. 2008. Below-
ground net primary productivity and biomass allocation of a grassland in
Inner Mongolia is affected by grazing intensity. Plant and Soil 307:
41-50. DOI:10.1007/s11104-008-9579-3.

Garcia C, Renison D, Cingolani AM, Fernandez-Juricic E. 2008. Avifaunal
changes as a consequence of large-scale livestock exclusion in the moun-
tains of Central Argentina. Journal of Applied Ecology 45: 351-360.
DOI:10.1111/5.1365-2664.2007.01388.x.

Gass TM, Binkley D. 2011. Soil nutrient losses in an altered ecosystem are
associated with native ungulate grazing. Journal of Applied Ecology 48:
952-960. DOI:10.1111/j.1365-2664.2011.01996.x.

Hafner S, Unteregelsbacher S, Seeber E, Lena B, Xu XL, Li XG,
Guggenberger G, Miehe G, Kuzyakov Y. 2012. Effect of grazing on
carbon stocks and assimilate partitioning in a Tibetan montane pasture
revealed by 13C02 pulse labeling. Global Change Biology 18: 528-538.
DOI:10.1111/j.1365-2486.2011.02557 .x.

Hittenschwiler S, Tiunov AV, Scheu S. 2005. Biodiversity and litter
decomposition in terrestrial ecosystems. Annual Review of Ecology and Sys-
tematics 36: 191-218. DOI:10.1146/annurev.ecolsys.36.112904.151932.

Isbell F, Tilman D, Polasky S, Loreau M. 2015. The biodiversity-dependent
ecosystem service debt. Ecology Letters 18: 119-134. DOL:10.1111/
ele.12393.

Jiang LL, Han XG, Dong N, Wang YF, Kardol P. 201 1. Plant species effects on
soil carbon and nitrogen dynamics in a temperate steppe of northern China.
Plant and Soil 346: 331-347. DOI:10.1007/s11104-011-0822-y.

Keesstra S, Pereira P, Novara A, Brevik EC, Azorin-Molina C, Parras-
Alcéntara L, Jordan A, Cerda A. 2016. Effects of soil management
techniques on soil water erosion in apricot orchards. Science of the Total
Environment 551-552: 357-366. DOI:10.1016/j.scitotenv.2016.01.182.

LAND DEGRADATION & DEVELOPMENT, 28: 1311-1319 (2017)


http://dx.doi.org/10.1002/ldr.2230
http://dx.doi.org/10.1002/ldr.2160
http://dx.doi.org/10.1890/0012-9658(2001)082%5b3149:EOMGOS%5d2.0.CO;2
http://dx.doi.org/10.1890/02-5283
http://dx.doi.org/10.1038/nature02850
http://dx.doi.org/10.1111/j.1365-2664.2007.01351.x
http://dx.doi.org/10.1890/02-0274
http://dx.doi.org/10.1038/nature13144
http://dx.doi.org/10.1007/s11104-011-0993-6
http://dx.doi.org/10.1007/s11104-011-0993-6
http://dx.doi.org/10.1111/j.0021-8901.2004.00921.x
http://dx.doi.org/10.1111/j.0021-8901.2004.00921.x
http://dx.doi.org/10.5194/bg-11-3495-2014
http://dx.doi.org/10.1007/s11284-006-0065-1
http://dx.doi.org/10.1111/j.1365-2664.2004.00978.x
http://dx.doi.org/10.1111/j.1365-2664.2004.00978.x
http://dx.doi.org/10.1890/1051-0761(2001)011%5b0343:GMACIG%5d2.0.CO;2
http://dx.doi.org/10.1111/1365-2745.12280
http://dx.doi.org/10.1002/ldr.2188
http://dx.doi.org/10.1111/sum.12125
http://dx.doi.org/10.1111/j.1461-0248.2008.01164.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01288.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01288.x
http://dx.doi.org/10.1007/s12665-014-3597-7
http://dx.doi.org/10.1007/s12665-014-3597-7
http://dx.doi.org/10.1007/s00442-008-1123-x
http://dx.doi.org/10.1890/ES14-00012.1
http://dx.doi.org/10.2307/4002255
http://dx.doi.org/10.1007/s11104-008-9579-3
http://dx.doi.org/10.1111/j.1365-2664.2007.01388.x
http://dx.doi.org/10.1111/j.1365-2664.2011.01996.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02557.x
http://dx.doi.org/10.1146/annurev.ecolsys.36.112904.151932
http://dx.doi.org/10.1111/ele.12393
http://dx.doi.org/10.1111/ele.12393
http://dx.doi.org/10.1007/s11104-011-0822-y
http://dx.doi.org/10.1016/j.scitotenv.2016.01.182

ABOVEGROUND AND BELOWGROUND RESPONSE TO SEASONAL GRAZING 1319

Klumpp K, Fontaine S, Attard E, Le Roux X, Gleixner G, Soussana JF.
2009. Grazing triggers soil carbon loss by altering plant roots and their
control on soil microbial community. Journal of Ecology 97: 876-885.
DOI:10.1111/j.1365-2745.2009.01549.x.

Liu WJ, Chen SY, Qin X, Baumann F, Scholten T, Zhou ZY, Sun WJ,
Zhang TZ, Ren JW, Qin DH. 2012. Storage, patterns, and control of soil
organic carbon and nitrogen in the northeastern margin of the Qinghai—
Tibetan Plateau. Environmental Research Letters 7T: 035401.
DOI:10.1088/1748-9326/7/3/035401.

Liu WIJ, Chen SY, Zhao Q, Sun ZZ, Ren JW, Qin DH. 2014. Variation and
control of soil organic carbon and other nutrients in permafrost regions
on central Qinghai-Tibetan Plateau. Environmental Research Letters 9:
114013. DOI:10.1088/1748-9326/9/11/114013.

Long RJ, Ding LM, Shang ZH, Guo XH. 2008. The yak grazing system on
the Qinghai-Tibetan Plateau and its status. The Rangeland Journal 30:
241-246. DOI:10.1071/RJ08012.

Lu X, Yan Y, Sun J, Zhang X, Chen Y, Wang X, Cheng G. 2015. Short-
term grazing exclusion has no impact on soil properties and nutrients of
degraded alpine grassland in Tibet, China. Solid Earth 6: 1195-1205.
DOI:10.5194/se-6-1195-2015.

Mcsherry ME, Ritchie ME. 2013. Effects of grazing on grassland soil car-
bon: a global review. Global Change Biology 19: 1347-1357.
DOI:10.1111/gcb.12144.

Medina-Roldén E, Paz-Ferreiro J, Bardgett RD. 2012. Grazing exclusion af-
fects soil and plant communities, but has no impact on soil carbon storage
in an upland grassland. Agriculture Ecosystems & Environment 149:
118-123. DOI:10.1016/j.agee.2011.12.012.

Naeth M, Bailey A, Pluth D, Chanasyk D, Hardin R. 1991. Grazing impacts
on litter and soil organic matter in mixed prairie and fescue grassland
ecosystems of Alberta. Journal of Range Management 44: 7-12.
DOI:10.2307/4002629.

Nelson DW, Sommers LE. 1982. Total carbon, organic carbon and organic
matter. In Methods of soil analysis, Page AL, Miller RH, Keeney DR
(eds). American Society of Agronomy and Soil Science Society of
American: Madison; 1-129.

Oba G, Vetaas OR, Stenseth NC. 2001. Relationships between biomass and
plant species richness in arid-zone grazing lands. Journal of Applied
Ecology 38: 836-845. DOI:10.1046/j.1365-2664.2001.00638 .x.

Palacio RG, Bisigato AJ, Bouza PJ. 2014. Soil erosion in three grazed plant
communities in Northeastern Patagonia. Land Degradation & Develop-
ment 25: 594-603. DOI:10.1002/1dr.2289.

Papanastasis VP, Bautista S, Chouvardas D, Mantzanas K, Papadimitriou
M, Mayor AG, Koukioumi P, Papaioannou A, Vallejo RV. 2015. Com-
parative assessment of goods and services provided by grazing regulation
and reforestation in degraded Mediterranean rangelands. Land Degrada-
tion & Development . DOI:10.1002/1dr.2368.

Perez-Camacho L, Rebollo S, Hernandez-Santana V, Garcia-Salgado G,
Pavon-Garcia J, Gomez-Sal A. 2012. Plant functional trait responses to
interannual rainfall variability, summer drought and seasonal grazing in
Mediterranean herbaceous communities. Functional Ecology 26: 740-749.
DOI:10.1111/).1365-2435.2012.01967.x.

Porazinska DL, Bardgett RD, Blaauw MB, Hunt HW, Parsons AN, Seastedt
TR, Wall DH. 2003. Relationships at the aboveground-belowground in-
terface: plants, soil biota, and soil processes. Ecological Monographs 73:
377-395. DOI:10.1890/0012-9615(2003)073[0377:RATAIP]2.0.CO;2.

Prosdocimi M, Cerda A, Tarolli P. 2016. Soil water erosion on Mediterra-
nean vineyards: a review. Cafena 141: 1-21. DOI:10.1016/j.
catena.2016.02.010.

Pulido M, Schnabel S, Lozano-Parra J, Gonzdlez F. 2016. The impact of
heavy grazing on soil quality and pasture production in rangelands of
SW Spain. Land Degradation & Development. DOI:10.1002/1dr.2501.

Qian J, Wang Z, Liu Z, Busso CA. 2014. Belowground bud bank responses
to grazing intensity in the Inner-Mongolia steppe, China. Land Degrada-
tion & Development . DOI:10.1002/1dr.2300.

Rasse DP, Rumpel C, Dignac MF. 2005. Is soil carbon mostly root carbon?
Mechanisms for a specific stabilisation. Plant and Soil 269: 341-356.
DOI:10.1007/s11104-004-0907-y.

Sarah P, Zonana M. 2015. Livestock redistribute runoff and sediments in
semi-arid rangeland areas. Solid Earth 6: 433-443. DOI:10.5194/se-6-
433-2015.

Seymour CL, Milton SJ, Joseph GS, Dean WRIJ, Ditlhobolo T, Cumming
GS. 2010. Twenty years of rest returns grazing potential, but not palat-
able plant diversity to Karoo rangeland, South Africa. Journal of Applied
Ecology 47: 859-867. DOI:10.1111/j.1365-2664.2010.01833 x.

Copyright © 2016 John Wiley & Sons, Ltd.

Shang ZH, Ma YS, Long RJ, Ding LM. 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 Degradation & Development 19:
554-563. DOI:10.1002/1dr.861.

Shi XM, Li XG, Li CT, Zhao Y, Shang ZH, Ma Q. 2013. Grazing exclusion
decreases soil organic C storage at an alpine grassland of the Qinghai—
Tibetan Plateau. Ecological Engineering 57: 183-187. DOI:10.1016/j.
ecoleng.2013.04.032.

Steinbeiss S, BEBLER H, Engels C, Temperton VM, Buchmann N, Roscher
C, Kreutziger Y, Baade J, Habekost M, Gleixner G. 2008. Plant diversity
positively affects short-term soil carbon storage in experimental
grasslands. Global Change Biology 14: 2937-2949. DOI:10.1111/
j-1365-2486.2008.01697 .x.

Tarhouni M, Ben Hmida W, Neffati M. 2015. Long-term changes in plant
life forms as a consequence of grazing exclusion under arid climatic con-
ditions. Land Degradation & Development . DOI:10.1002/1dr.2407.

Tilman D, Reich PB, Knops JM. 2006. Biodiversity and ecosystem stability
in a decade-long grassland experiment. Nature 441: 629-632.
DOI:10.1038/nature04742.

Van der Wal R, Bardgett RD, Harrison KA, Stien A. 2004. Vertebrate her-
bivores and ecosystem control: cascading effects of faeces on tundra
ecosystems.  Ecography  27:  242-252.  DOI:10.1111/5.0906-
7590.2004.03688.x.

Wang GX, Qian J, Cheng GD, Lai YM. 2002. Soil organic carbon pool of
grassland soils on the Qinghai—Tibetan Plateau and its global implication.
Science of the Total Environment 291: 207-217. DOI:10.1016/S0048-
9697(01)01100-7.

Wang D, Wu GL, Zhu YJ, Shi ZH. 2014. Grazing exclusion effects on
above- and below-ground C and N pools of typical grassland on the
Loess Plateau (China). Catena 123: 113-120. DOI:10.1016/j.
catena.2014.07.018.

Wardle DA. 2006. The influence of biotic interactions on soil biodiversity.
Ecology Letters 9: 870-886. DOI:10.1111/5.1461-0248.2006.0093 1 .x.
Watkinson AR, Ormerod SJ. 2001. Grasslands, grazing and biodiversity:
editors’ introduction. Journal of Applied Ecology 38: 233-237.

DOI:10.1046/j.1365-2664.2001.00621.x.

Wu GL, Du GZ, Liu ZH, Thirgood S. 2009. Effect of fencing and grazing
on a Kobresia-dominated meadow in the Qinghai-Tibetan Plateau. Plant
and Soil 319: 115-126. DOI:10.1007/311104-008-9854-3.

Wu GL, Liu ZH, Zhang L, Chen JM, Hu TM. 2010. Long-term fencing im-
proved soil properties and soil organic carbon storage in an alpine swamp
meadow of western China. Plant and Soil 332: 331-337. DOI:10.1007/
s11104-010-0299-0.

Wu YB, Wu J, Deng YC, Tan HC, Du YG, Gu S, Tang YH, Cui XY. 2011.
Comprehensive assessments of root biomass and production in a
Kobresia humilis meadow on the Qinghai-Tibetan Plateau. Plant and
Soil 338: 497-510. DOI:10.1007/s11104-010-0562-4.

Wu H, Dannenmann M, Wolf B, Han XG, Zheng X, Butterbach-Bahl K.
2012. Seasonality of soil microbial nitrogen turnover in continental
steppe soils of Inner Mongolia. Ecosphere 3: art34. DOI:10.1890/ES11-
00188.1.

Xie Z, Zhu J, Liu G, Cadisch G, Hasegawa T, Chen C, Sun H, Tang H,
Zeng Q. 2007. Soil organic carbon stocks in China and changes from
1980s to 2000s. Global Change Biology 13: 1989-2007. DOI:10.1111/
j-1365-2486.2007.01409.x.

Xie Z, Le Roux X, Wang CP, Gu ZK, An M, Nan HY, Chen BZ, Li F, Liu
YJ, Du GZ, Feng HY, Ma XJ. 2014. Identifying response groups of soil
nitrifiers and denitrifiers to grazing and associated soil environmental
drivers in Tibetan alpine meadows. Soil Biology and Biochemistry 77:
89-99. DOI:10.1016/j.s0ilbio.2014.06.024.

Yang YH, Fang JY, Guo DL, Ji CJ, Ma WH. 2010. Vertical patterns of soil
carbon, nitrogen and carbon: nitrogen stoichiometry in Tibetan grass-
lands. Biogeosciences Discussions 7(1-24): 2010. DOI:10.5194/bgd-7-
1-2010.

Zacheis A, Ruess RW, Hupp JW. 2002. Nitrogen dynamics in an Alaskan
salt marsh following spring use by geese. Oecologia 130: 600-608.
DOI:10.1007/s00442-001-0837-9.

Zhu H, Wang D, Wang L, Bai YF, Fang JY, Liu J. 2012. The effects of
large herbivore grazing on meadow steppe plant and insect diversity.
Journal of Applied Ecology 49: 1075-1083. DOI:10.1111/j.1365-
2664.2012.02195.x.

LAND DEGRADATION & DEVELOPMENT, 28: 1311-1319 (2017)


http://dx.doi.org/10.1111/j.1365-2745.2009.01549.x
http://dx.doi.org/10.1088/1748-9326/7/3/035401
http://dx.doi.org/10.1088/1748-9326/9/11/114013
http://dx.doi.org/10.1071/RJ08012
http://dx.doi.org/10.5194/se-6-1195-2015
http://dx.doi.org/10.1111/gcb.12144
http://dx.doi.org/10.1016/j.agee.2011.12.012
http://dx.doi.org/10.2307/4002629
http://dx.doi.org/10.1046/j.1365-2664.2001.00638.x
http://dx.doi.org/10.1002/ldr.2289
http://dx.doi.org/10.1002/ldr.2368
http://dx.doi.org/10.1111/j.1365-2435.2012.01967.x
http://dx.doi.org/10.1890/0012-9615(2003)073%5b0377:RATAIP%5d2.0.CO;2
http://dx.doi.org/10.1016/j.catena.2016.02.010
http://dx.doi.org/10.1016/j.catena.2016.02.010
http://dx.doi.org/10.1002/ldr.2501
http://dx.doi.org/10.1002/ldr.2300
http://dx.doi.org/10.1007/s11104-004-0907-y
http://dx.doi.org/10.5194/se-6-433-2015
http://dx.doi.org/10.5194/se-6-433-2015
http://dx.doi.org/10.1111/j.1365-2664.2010.01833.x
http://dx.doi.org/10.1002/ldr.861
http://dx.doi.org/10.1016/j.ecoleng.2013.04.032
http://dx.doi.org/10.1016/j.ecoleng.2013.04.032
http://dx.doi.org/10.1111/j.1365-2486.2008.01697.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01697.x
http://dx.doi.org/10.1002/ldr.2407
http://dx.doi.org/10.1038/nature04742
http://dx.doi.org/10.1111/j.0906-7590.2004.03688.x
http://dx.doi.org/10.1111/j.0906-7590.2004.03688.x
http://dx.doi.org/10.1016/S0048-9697(01)01100-7
http://dx.doi.org/10.1016/S0048-9697(01)01100-7
http://dx.doi.org/10.1016/j.catena.2014.07.018
http://dx.doi.org/10.1016/j.catena.2014.07.018
http://dx.doi.org/10.1111/j.1461-0248.2006.00931.x
http://dx.doi.org/10.1046/j.1365-2664.2001.00621.x
http://dx.doi.org/10.1007/s11104-008-9854-3
http://dx.doi.org/10.1007/s11104-010-0299-0
http://dx.doi.org/10.1007/s11104-010-0299-0
http://dx.doi.org/10.1007/s11104-010-0562-4
http://dx.doi.org/10.1890/ES11-00188.1
http://dx.doi.org/10.1890/ES11-00188.1
http://dx.doi.org/10.1111/j.1365-2486.2007.01409.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01409.x
http://dx.doi.org/10.1016/j.soilbio.2014.06.024
http://dx.doi.org/10.5194/bgd-7-1-2010
http://dx.doi.org/10.5194/bgd-7-1-2010
http://dx.doi.org/10.1007/s00442-001-0837-9
http://dx.doi.org/10.1111/j.1365-2664.2012.02195.x
http://dx.doi.org/10.1111/j.1365-2664.2012.02195.x

