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Abstract: The semi-arid grasslands in Inner Mongolia, China have been degraded by long-term grazing. A series of ecological restora-
tion strategies have been implemented to improve grassland service. However, little is known about the effect of these ecological resto-
ration practices on soil carbon and nitrogen storage. In this study, characteristics of vegetation and soil properties under continued graz-
ing and exclusion of livestock for six years due to a nationwide conservation program—'Returning Grazing Lands to Grasslands
(RGLG)' were examined in semi-arid Hulun Buir grassland in Inner Mongolia, China. The results show that removal of grazing for six
years resulted in a significant recovery in vegetation with higher above and below-ground biomass, but a lower soil bulk density and pH
value. After six years of grazing exclusion, soil organic C and total N storage increased by 13.9% and 17.1%, respectively, which could
be partly explained by decreased loss and increased input of C and N to soil. The effects of grazing exclusion on soil C and N concentration
and storage primarily occurred in the upper soil depths. The results indicate that removal of grazing pressure within the RGLG program was
an effective restoration approach to control grassland degradation in this region. However, more comprehensive studies are needed to evalu-
ate the effectiveness of the RGLG program and to improve the management strategies for grassland restoration in this area.
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1 Introduction

With the increase in atmospheric carbon dioxide, exten-
sive work has been conducted to improve our under-
standing of global carbon and nitrogen cycles and iden-
tify the possibility of various potential carbon sinks. Soil
is the largest organic C reservoir in the terrestrial bio-
sphere, storing more than twice the amount of carbon
than the vegetation or the atmosphere (Lal, 2004; Wang
et al., 2011; Liu et al.,, 2013). Grasslands cover ap-
proximately 25% of the terrestrial surface and play a
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critical role in the global C and N cycles and storage
(Lal, 2004; Cui et al., 2005; Wu et al., 2013). On a
global scale, grasslands store 109%—-30% of global soil
organic carbon (SOC) and have been estimated to se-
quester C in soil at a rate of 0.5 Pg C/yr, which is about
one-fourth of the potential C sequestration in the world
soils (Follett and Reed, 2010; Qiu et al., 2013). How-
ever, grazing by domestic livestock, one of the major
human activities in grassland around the world, has been
found to have significant effects on C and N cycles and
storage (Cui et al., 2005; Su et al., 2005; Klumpp et al.,
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2009; Mcsherry and Ritchie, 2013).

Approximate 40% of the total land area in China was
covered by grasslands, which account for about 6%—8%
of the total world grassland area and contain 9%—16%
of the world's total grassland carbon stocks (Ni, 2002).
However, by the end of the 20th century, most of these
grasslands were degraded as a consequence of a rapid
expansion in livestock numbers and economic reforms
initiated in the late 1970s, especially for the semi-arid
grasslands in Inner Mongolia (Chen and Wang, 2000;
He et al., 2008; Wu et al., 2010). Thereafter improved
grassland management strategies have been imple-
mented with the aim to control grassland degradation.
Especially, a nationwide conservation program—'Retur-
ning Grazing Lands to Grasslands (RGLG) was
launched by the Chinese government in 2003. Grazing
exclusion, which has
throughout the world to improve grassland service, was
one of most common practices for grassland restoration

been extensively employed

in this program. In recent years, intensive studies con-
cerning the effects of grazing exclusion on vegetation
succession and community structure have been con-
ducted (Wu et al., 2009; Cheng et al., 2011; He et al.,
2011), whereas only a few studies were focused on its
effects on soil carbon and nitrogen storage in semi-arid
grassland of Inner Mongolia, particularly referring to the
RGLG program. Although there is a growing number of
studies pointing out that grazing exclusion could in-
crease the storage of soil C and N (Cui et al., 2005; He

et al., 2008; Qiu et al., 2013), some other studies have
shown that grazing exclusion has no impact on soil C
storage (Shrestha and Stahl, 2008; Medina-Roldan ez al.,
2012) or even cause a reduction in soil C and N storage
(Reeder et al., 2004; Liu et al., 2012). Therefore, under-
standing the dynamics of soil C and N storage following
grazing exclusion is essential to evaluate the benefit of
the RGLG program and to improve the management
practices for grassland restoration.

In this study, we investigated the changes in soil or-
ganic carbon and total nitrogen (TN) storage and other
characteristics of three fenced sites relative to the paired
adjacent grazed sites in the Hulun Buir grassland of In-
ner Mongolia, China. The main objectives of this study
were to better understand the mechanisms of effects of
grazing exclusion on soil C and N storage in semi-arid
grasslands in the northern China, and to assess whether
the RGLG program could advance soil C and N storage
in this area.

2 Materials and Methods

2.1
This study was conducted in the Hulun Buir grassland
of Inner Mongolia, China (47°05-53°20'N, 115°31'—
126°04'E) (Fig. 1), which is located in the western part
of Da Hinggan Mountains with a relatively flat topog-
raphy ranging from 650-700 m above sea level. The
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and —2.2°C, respectively. Edaphic characteristics (phy-
sical traits and chemical nutrition) are heterogeneous
and the main soil types are chernozem and chestnut in
the study area (Liu et al., 2010; Wu et al., 2013).
Gradually decreasing precipitation from east to west
results in floristically distinct land cover types in this
region, including arid steppe (dominated by Allium
polyrhizum), typical steppe (dominated by Serratula
centauroides, Salsola collina, Chenopodium glaucum
and Carex korshinskyii) and meadow steppe (dominated
by Leymus chinensis, Stipa baicalensis and Carex kor-
shinskyii) (Liu et al., 2010).

2.2 Field sampling and laboratory analysis

We established three experiment sites in meadow steppe
with similar soil type, plant species and land use history
within the Hulun Buir grassland (Fig. 1). At each site,
one paired long-term free grazing plot and adjacent
grazing exclusion plot were selected. The area of each
plot was about 1.0 ha and the distance between plots in
each site ranged approximately 100-200 m. The grazing
exclusion plots were fenced since 2005 at all three sites
due to the RGLG program. The dominated species at
three sampling sites are Leymus chinensis and some
sedge species (e.g., Carex pediformis). Vegetation
measurements and soil sampling were carried out in
August 2011, which is a typical period of peak above-
ground biomass. In each plot, 5 sampling quadrats (1 m x
1 m) were established at a 15-m interval along a random
transect. The aboveground biomass in these quadrats
was determined by clipping the plants at ground level,
drying at 60°C for 48 h, and weighting. Then, above-
ground biomass of all plant community was divided into
four different functional types: gramineous species,
sedge species, leguminous species and forbs species.
The belowground biomass was determined by sampling
5 cm diameter soil cores to a depth of 30 cm (five sam-
pling points for each quadrat), passing through a 2-mm
sieve, washing by water, drying at 60°C for 48 h, and
weighting.

Soil samples were collected by using a soil sampler
(4 cm diameter) at 4 depths: 0-10, 10-20, 20-30 and
3040 cm. A composite soil sample was obtained for
each depth using the soil collected at 3 sampling points
within each quadrat. Therefore, within each experimen-
tal plot, 5 composite soil samples were collected for
each soil depth, yielding a total of 120 composite soil

samples for all plots and depths. All the samples were
air-dried at room temperature and hand-sieved through a
0.2-mm sieve to remove roots and other debris before
determination of the SOC and TN concentrations. Soil
bulk density was measured by using the soil cores (100
cm’ volume) obtained from the 4 depths, with 5 repli-
cates for each plot. These measurements of bulk density
at different depths were used to estimate the mass of
SOC and TN at each plot. The pH of 0—10 cm soil sam-
ples were measured ina 1 © 2.5 water suspension.

The organic C concentrations in soil samples were
determined by using the Walkley-Black dichromate
oxidation procedure (Nelson and Sommers, 1982). The
soil TN concentrations were measured using the modi-
fied Kjeldahl wet digestion procedure (Gallaher et al.,
1976). Then the total SOC storage (TSOC) and total soil
nitrogen storage (TSN) were calculated according to the
method of He et al. (2008) on a ground area basis up to
a 40-cm depth as follows:

4
TSOC = D, x P, xOM, )

i=1

4
TSN =Y D, x P.xTN, )
i=1

where 7SOC and TSN are the total soil C and N storage,
respectively; D; is the soil thickness of the ith soil depth
(cm); P; is the soil bulk density of the ith soil depth
(g/em’); OM; and TN; are the soil organic C and TN
concentrations (%) of the ith soil depth, respectively. In
this study, i =1, 2, 3, and 4.

2.3 Statistical analyses

Statistical analyses were carried out with SPSS 13.0 and
SigmaPlot 2000 (SPSS Inc., Chicago, USA). All data
were expressed as mean =+ stand error (SE) of mean. An
analysis of variance (ANOVA) was used to evaluate the
effect of grazing exclusion on soil C and N storage.
Correlations between soil variables were calculated us-
ing Pearson coefficient. Regression analyses were used
to assess the relationship between aboveground biomass
and soil C and N storage.

3 Results

3.1 Effects of grazing exclusion on vegetation and
soil properties
The effects of grazing exclusion on vegetation charac-
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teristics and soil bulk density are presented in Table 1.
The aboveground biomass in grazing exclusion plots
was significantly higher than that in long-term grazing
plots at all three sites (p < 0.05). In grazing plot at site
B, aboveground biomass was only 24.09 + 6.10 g/cm’,
which was more than 3 times lower as compared to the
grazing exclusion plot at the same site. At all three sites,
aboveground biomass of gramineous and sedge species
were significantly increased by grazing exclusion (p < 0.05,
Table 2). However, in most instances, grazing exclusion
had no remarkable effect on the aboveground biomass
of leguminous and forbs species. Removal of grazing
significantly increased belowground biomass at site C
(p < 0.05, Table 1). However, there were no significant
differences of belowground biomass between grazing
and exclosure plots at site A and B. Meanwhile, the
6-year grazing exclusion also altered soil properties in
this meadow steppe (Table 1). Fencing the grasslands
generally resulted in a decrease of soil bulk density and
pH, but statistical difference of bulk density (p < 0.05)
was only showed by the soils from site A.

3.2 Effects of grazing exclusion on soil organic
carbon and total nitrogen

In both grazing and exclosure plots at all three sites, soil
TN and SOC concentrations were generally significantly
declining with soil depth increase (Figs. 2 and 3). At
sites A and C, grazing exclusion significantly increased

Table 1 Characteristics of three experimental sites (Mean + SE)

SOC concentrations along the soil profile up to a 20-cm
depth (p < 0.05). However, removal of grazing only in-
creased SOC content significantly at 0—10 cm depth for
soils in site B (Fig. 2). Totally, similar trends were also
observed for soil TN concentration (Fig. 3). At 0-20 cm
depth, soil TN concentrations were significantly higher
in grazing exclusion plot than in long-term grazing plot
for all three sites. Although the grazing exclusion plots
generally have higher soil TN concentrations than graz-
ing plots when depth is higher than 20 cm, the differ-
ences were not statistically significant (p > 0.05).

The SOC storage in soil profile of 040 cm in grazing
exclusion plots was 75.29 + 1.50 Mg C/ha, which was
about 13.9% higher than that in long-term grazing plots
(» < 0.01). However, this significant difference of SOC
storage was mainly existed in the 0-30 cm soil depth
(Fig. 4a). Additionally, grazing exclusion also signifi-
cantly increased the soil TN storage in soil profile of
0—40 cm (p < 0.01, Fig. 4b). These results suggested that
grazing exclusion had the potential to sequester C and N
in soils, but short-term (6-year) grazing exclusion might
resulted in a higher C and N sequestration potential in
the upper soil.

3.3 Relationships among SOC, TN, C/N and
aboveground biomass

Significant positive correlations between the contents of
soil TN and SOC were observed in both grazing exclu-

Sampling . . . BD Aboveground Belowground
site Dominant species Soil type Treatment (gfom’) pH biomass (g/crm?) biomass (g/cm’)
Leymus chinensis Long-term grazing 1.17° 7.1+0.1 45.10+6.82 1095.13+167.64
Site A Chernozem "
Carex pediformis Exclosure since 2005 1.11 7.0+0.1 115.56+8.85 1328.71+196.20
Long-term grazing 1.20 7.3+0.2 24.09+6.10 891.11+157.63
Site B Leymus chinensis ~ Chernozem "
Exclosure since 2005 1.18 7.140.1 86.84+4.74 1248.61+£228.09
Long-term grazing 1.19 7.2%0.1 31.00+4.94 1153.02+158.32
Site C Leymus chinensis ~ Chernozem ” "
Exclosure since 2005 1.16 7.1+0.1 107.71+8.64 1475.26+36.35

Notes: BD: Bulk density of 0-10 cm soil depth. The locations of sampling sites A, B and C were shown in Fig. 1. *: p < 0.05; **: p <0.01

Table 2 Aboveground biomass of different functional types under grazing and exclosure treatments in different sampling sites (g/cm?)

Site A Site B Site C
Functional type
Grazing Exclosure Grazing Exclosure Grazing Exclosure
Gramineous species 21.7 80.5" 18.1 69.2" 17.8 853"
Sedge species 13.8 212" 32 10.6™ 53 12.17
Leguminous species 23 78" 1.1 32 3.0 43
Forbs species 7.3 6.1 1.7 2.8 49 6.0

Note: ** indicates p < 0.01
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sion and long-term grazing plots (p < 0.01, Table 3). The
soil C/N ratios were generally positively correlated with
SOC (p < 0.01), but have weak correlations with soil TN
contents. Moreover, the relationship between above-
ground biomass and SOC storage exhibited significant
linear relationship at 0-30 cm soil depths (p < 0.01)
(Fig. 5). Similarly, aboveground biomass was signifi-
cantly correlated with soil TN storage within upper 0-30
cm soil depths.

4 Discussion

4.1 Effects of grazing exclusion on vegetation and
soil properties

Our study showed that the 6-year grazing exclusion had
resulted in a significant recovery in vegetation with

higher aboveground biomass, but a lower soil bulk den-
sity and pH value, which are consistent with earlier re-
searches (Wu et al., 2009; Chen et al., 2012). The re-
duced perturbation had a direct effect on the above-
ground biomass, demonstrating that grazing exclusion is
an effective practice to improve vegetation productivity
in degraded grassland (Tanentzap et al., 2009; Zhou et
al., 2011). The substantial increase of aboveground
biomass in our study sites was mainly due to the sig-
nificant recovery of gramineous and sedge species after
grazing exclusion, which is in agreement with other
studies (Wu et al., 2009). Moreover, grazing exclusion
decreased the proportion of forbs species aboveground
biomass in our meadow steppe sites, indicating that
grazing exclusion practice in the RGLG program had
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Table 3 Correlation coefficients between SOC, TN and C/N for
different treatments (incorporating all depths, N = 60)

Treatment Parameter TN C/N
soc 0.934" 0.487"
Grazing
TN 0.152
soc 0.959" 0.409™
Exclosure
N 0.148

Note: ** indicates p < 0.01

advantages for restoring degraded grassland in this
area. Besides the aboveground biomass, removal of
grazing also resulted in an increase of belowground
biomass at our three experiment sites, which is consis-
tent with other studies (Cheng et al., 2011; Qiu et al.,
2013). However, some studies reported that grazing ex-
clusion had insignificant or even negative effects on
belowground biomass (Reeder et al., 2004; Niu et al.,
2011). The inconsistency of these results might be due
to complicated factors, such as the degree of degrada-

tion before grazing exclusion, the soil and vegetation
types, the duration of grazing exclusion and the regional
climatic conditions (Pineiro et al., 2009; Wu et al.,
2009; Cheng et al., 2011). The lower soil bulk density
after grazing exclusion might mainly due to the reduced
trampling by livestock (Su et al., 2005).

SOC and TN storage in long-term free grazing plots
are approximately 66.1 Mg C/ha and 6.9 Mg N/ha, re-
spectively, which are similar to values previously re-
ported for medium degradation grasslands in Inner
Mongolia (He et al., 2008; Liu et al., 2012). A 6-year
grazing exclusion, as shown by this study, could in-
crease the SOC and TN storage by 13.9% and 17.1%,
respectively, in the 0—40 cm soil depth. By summarying
133 papers on the impacts of management and land use
change on soil carbon in the northern China’s grass-
lands, Wang et al. (2011) found that exclosure of de-
graded grassland from grazing can significantly increase
soil carbon content. Several potential mechanisms could
be the reasons for the increased SOC and TN storage in
the enclosed grasslands. Firstly, in the present study
aboveground biomass was found to have a significantly
positive correlation with SOC and TN storage in the
upper soil (Fig. 5), suggesting that the higher SOC and
TN storage in grazing exclusion plots could be partly
attributed to the increased aboveground biomass. As
grazing exclusion reduced the outflow of energy and
nutrient from soil-plant system to livestock, the input of
C and N into soils could be increased. Secondly, the
increased belowground biomass might be another possi-
ble explanation for the accumulation of C and N in soils,
since plant root residues are the primary source of soil
organic matters (Reeder et al., 2004). Thirdly, the de-
creased loss of C and N from soils could also lead to the
accumulation of SOC and TN after grazing exclusion.
Because grazing is known to simulate soil mineraliza-
tion, nitrification and ammonification, which in turn
resulted in higher soil respiration rates and N,O emis-
sions (Polley et al., 2008; Giese et al., 2013). These
losses of SOC and TN are thought to be reduced when
the disturbance is stopped by grazing exclusion (Qiu et
al.,2013).

Although our results show that grazing exclusion sig-
nificantly increased both concentration and storage of
SOC and TN in semi-arid grasslands, the existing lit-
erature contains many inconsistent results. Several re-
searchers have found significant increase of SOC and
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TN storages in response to grazing exclusion (Su et al.,
2005; Wu et al., 2009; Zhou et al., 2011), whereas oth-
ers reported that grazed sites exhibited higher SOC and
TN storages or without statistically significantly differ-
ence compared with adjacent no grazed sites (Reeder et
al., 2004; Shrestha and Stahl, 2008; Liu et al., 2012).
These differences may partly due to whether grazing
pressure exceeds carrying capacity of a site and whether
it is sufficiently far beyond that capacity to reach the
ecological threshold (Sasaki et al., 2011). Additionally,
the discrepancies in duration of exclosure, climatic con-
ditions, original and post-grazing vegetation, soil prop-
erties from different studies were also found to be the
causes for the inconsistent results (Reeder et al., 2004;
Chen et al., 2012; Medina-Roldan et al., 2012).

4.2 Implications for grazing exclusion within
RGLG program

The effect of grazing on changes in SOC and TN stor-
ages in semi-arid grassland has received much attention,
but the accumulation of SOC and TN after grazing ex-
clusion has rarely been reported, especially for the
RGLG program. In our study, the grazing exclusion re-
sulted in an increase of SOC and TN at the rates of
1.5 Mg C/(hayr) and 0.19 Mg N/(ha-yr), respectively.
These values are greater than the estimated global SOC
sequestration rate of grassland (Lal, 2004), suggesting
that grazing exclusion may accelerate the sequestration
of SOC, at least in semi-arid grassland. Although our
results demonstrated a high potential for grazing exclu-
sion to increase SOC and TN storages, it would need
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decades to fully restore this degraded grassland to a sta-
ble or mature state as reported by He et al. (2008). Be-
cause several studies have indicated that after an initial
rapid increase following grazing exclusion, the seques-
tration rate generally decreased with duration of exclu-
sion (Zhou et al., 2011; Qiu et al., 2013). However, our
estimates might underestimate the actual sequestration
potential, since we did not include the C and N gain
from biomass and litter accumulation, or consider the
contribution of atmospheric deposition to the C and N
increase. If these factors were to be included into esti-
mates, the effect of grazing exclusion on C and N stor-
age could become more significant (Chen et al., 2012).
It is therefore necessary to comprehensively evaluate the
effect of grazing exclusion on ecosystem C and N stor-
age in this region after the implementation of the
RGLG program. Moreover, our study only analyzed the
changes of SOC and TN storage after 6 years of grazing
exclusion within the RGLG program. Thus, it is essen-
tial to conduct more long-term studies in order to de-
termine the changes in C and N allocation in the eco-
system with increasing exclosure duration and evaluate
the effectiveness of the RGLG program for restoring
degraded grasslands. Additionally, future conserva-
tion practices within the RGLG program should in-
clude both economic and biological considerations,
since C and N storage through grazing exclusion
might have a relatively lower trade off with the pre-
sent implementation costs (Wang et al., 2011).

5 Conclusions

Our results showed that the degraded grasslands in Hu-
lun Buir grassland of Inner Monglia, China appear to be
recovering and exhibiting high potential to sequester C
and N after the removal of grazing. Grazing exclusion
for 6 years resulted in significant increases of above and
below-ground biomass, SOC and TN contents and stor-
ages. The accumulation of SOC and TN after exclusion
of livestock could be partly explained by decreased loss
and increased input of C and N to soils. The effects of
grazing exclusion on SOC and TN concentration and
storage primarily occurred in the upper soil depths.
Therefore, it is apparent from this study that grazing
exclusion within the RGLG program is an effective res-
toration approach to control grassland degradation.
These findings are potentially important because more

than 6.0 x 10" ha degraded grasslands are included in
the nationwide RGLG program. Thus, more long-term
studies have to be carried out for different vegetation
types and exclosure duration under different climatic
conditions, and to enhance the comprehensive multidis-
ciplinary researches for better grassland management
strategies.
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