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Grasslands  cover  about  40%  of  China’s  land  area.  This  paper  synthesizes  133 papers  from  China  on the
impacts of  land  use  conversion  and  improved  management  practices  on soil  organic  carbon  (SOC)  in
China’s  grasslands.  The  synthesis  finds  that overgrazing  and conversion  of freely  grazed  grassland  to
cropland  lead to  an  annual  average  decline  of 2.3–2.8%  in SOC,  and  have  caused  a loss  of 30–35%  of
total  grassland  SOC  in  China.  Improved  management  practices  may  reverse  the  loss  of  SOC.  Exclosure  of
degraded  grassland  from  grazing  and  conversion  of cropland  to abandoned  fields  (i.e.  natural  restoration)
increased  carbon  content  by  34% and  62%  on  average.  Carbon  sequestration  rates  were  greatest  during  the
first 30  yr after  treatments  began  and  tended  to be  greatest  in  the  top  10  cm of  soil.  Carbon  sequestration
potential  was  negatively  related  to initial  carbon  and  nitrogen  concentrations  in  soils.  Exclosure  from
razing
ultivation
asture

grazing  and  the  conversion  of cropland  to  abandoned  fields  resulted  in  average  carbon  sequestration
rates  of  130.4  g C  m−2 yr−1 for  0–40  cm soil  and  128.0  g  C  m−2 yr−1 for 0–30  cm  soil,  representing  annual
average  increases  of  5.4–6.3%.  Based  on  our results,  achievement  of the  national  objective  to  exclude
grazing  livestock  from  150  million  ha  of  China’s  grasslands  and  to establish  30  million  ha  of cultivated
pasture  by  2020  would  sequester  over  0.24  Pg  C yr−1, which  is equivalent  to about  16%  of  fossil  fuel  CO2

emissions  in  China  in  2006.
. Introduction

Land-use change is identified as a cause of soil carbon (C) losses
nd has been a significant source of atmospheric carbon dioxide
CO2) over the last two centuries (Esser, 1987, 1995; Houghton
t al., 1999; Smith et al., 2000; Wu  et al., 2003; Xie et al., 2007).
tmospheric CO2 concentrations have increased by 31% since 1750,
nd the current increase of approximately 1.5 mL  L−1 yr−1 is pre-
ominantly due to fossil fuel combustion and land use changes
IPCC, 2007). Soil is the largest organic C reservoir in the terres-
rial biosphere, about two times larger than that of vegetation or
he atmosphere (Schlesinger, 1997). Even a minor change in SOC

torage could result in a significant alteration in atmospheric CO2
oncentration (Callesen et al., 2003; Wynn et al., 2006). There-
ore, enhancing carbon sequestration in terrestrial ecosystems is
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hina. Tel.: +86 10 88256371; fax: +86 10 88256415.
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an important strategy for controlling the rise in atmospheric CO2
concentration.

Grasslands are one of the world’s most widespread vegetation
types, covering nearly 20% of the world’s land surface (Scurlock
and Hall, 1998). Soil organic matter (SOM) in temperate grasslands
averages 331 Mg  ha−1, and grasslands contain 12% of the earth’s
SOM (Schlesinger, 1997). China’s grasslands cover about 40% of
China’s total land area (Chen and Fischer, 1998), which accounts
for approximately 6–8% of the total world grassland area and con-
tain 9–16% of the world’s total grassland carbon stocks (Ni, 2002).
Given their large surface area and carbon stocks, changes in Chi-
nese grasslands may have significant effects on regional climate
and regional to continental carbon cycles.

Grassland SOC can be strongly influenced by management
(Conant et al., 2001). SOC losses due to conversion of ‘native’ or
freely grazed grassland (FGG) to cropland or poor pasture man-

agement have been observed (Davidson and Ackerman, 1993;
Milchunas and Lauenroth, 1993; Guo and Gifford, 2002). However,
historical SOC losses can potentially be reversed, and atmospheric C
sequestrated, through improvements in agricultural management

dx.doi.org/10.1016/j.agee.2011.06.002
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:niuhs@gucas.ac.cn
dx.doi.org/10.1016/j.agee.2011.06.002
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Smith et al., 2008). Since the techniques for accomplishing this
re well-known, restoring soil carbon pools through changes in
anagement is a rapidly deployable strategy for partially offset-

ing atmospheric CO2 increases. Smith et al. (2008) estimated the
lobal technical mitigation potential from agriculture by 2030 at
pproximately 5500–6000 Mt  CO2 equiv. yr−1, of which more than
0% is due to improved grazing land management. However, effects
f management on SOC are variable across different conditions, and
ore systematic analysis is required (Christopher et al., 2009; Luo

t al., 2010).
Conant et al. (2001) synthesized the effects of improved man-

gement on SOC changes through analysis of data from 115
nternational publications. Of these publications, only two  reported
n measurements in the Euro-Asian steppe, and only 24 reported
easurements in developing countries, where the driving forces of

and use change may  differ from those in developed countries. This
aper contributes to filling that gap by reporting results of an analy-
is of reports from 133 papers published in the last 10 years on the
ffects on soil carbon of grassland management and related land
se conversions in China. On the basis of the evidence synthesized,
hree issues are addressed: (1) how grazing and cultivation affects
OC, (2) how land use change affects SOC, and (3) the potential for

 sequestration through improved management of grasslands in
hina.

. Methods

.1. Background information and logical structure of the synthesis

Only paired design experiments were surveyed in the paper.
hese experiments began with different background conditions
e.g. FGG or cropland), which are called “initial condition” or “ini-
ial management” below. New land use or management practices
e.g. exclosure, abandoning cropping) were brought in at some time
n one plot, while the initial management or land use remained
nchanged in another plot. After several years or decades, soil
arbon was compared between the initial and subsequent land
anagement practices or land uses. This was the most common
ethod for deriving data in the experiments synthesized. The

ffects of grazing on soil carbon were most commonly evaluated
y comparing FGG with exclosures, and occasionally by compar-

ng between different grazing intensity levels through controlled
xperiments.

Grazing is the main land use practice of grasslands in China,
nd most grasslands have been grazed for between several decades

o hundreds of years, hence our use of the term FGG rather than
native’ or ‘natural’ grassland. About 9% of the studies related to
razing (Table 1). Grazing levels in most studies were narratively
escribed, and only a few authors explained the criteria used to

able 1
umber of studies and data points summarized by type of management change impleme

Treatmenta Studies 

Exclosure from grazing 45 

Grazing 15 

Conversion: FGG to cultivated pasture 15 

Conversion: FGG to cropland 19 

Conversion: FGG to shrubland 3 

Conversion: cropland to abandoned field 18 

Conversion: cropland to cultivated pasture 21 

Conversion: cropland to shrubland 4 

Conversion: bare sand to vegetation 10 

Fertilization 7 

Burning 2 

Mowing 3 

Total  162 

a FGG denotes freely grazing grassland.
d Environment 142 (2011) 329– 340

judge whether a pasture was heavily or lightly grazed, such as
percentage intake of above ground biomass. Driven by the percep-
tion that overgrazing is the main cause of rangeland degradation in
China, several recent policies have been implemented that promote
exclusion of grazing animals from grasslands by fencing degraded
plots for natural restoration (Yeh, 2005). Such exclosures (Aerts
et al., 2009) rarely have any other management practice applied.
Studies of exclosures provided the largest number of data points
of any single management practice analyzed (ca. 28% of studies).
Conversion of FGG to croplands has been common in many of north
China’s grassland areas since at least the 17th century (Ho, 2000),
and large areas were converted in the 1960s. Conversion of FGG
to cultivated pasture or cropland (22.8% of studies) was gener-
ally halted about 10 years ago when legal restrictions became well
enforced. Due to concerns with soil erosion, conversions from crop-
land to abandoned field (i.e. natural restoration to grassland) or
to cultivated pasture or to shrubland in arid and semi-arid areas
have been common since the implementation in 2000 of the ‘Grain
for Green Program’ (Liu et al., 2008), and studies of these conver-
sions accounted for 26.5% of the total number of studies. A final
type of land conversion synthesized involves cultivating high qual-
ity perennial forages on FGG using intensive agronomic procedures
such as plowing, sowing, and in some cases irrigation and fertiliza-
tion. In the last 10 years some FGG has been converted to this type
of land use, which we  term ‘cultivated pasture’ in this synthesis.
There were 15 reports of the effects on SOC of conversion of FGG to
cultivated pasture (Table 1).

Grassland fires are relatively rare events in China. Some
researchers have suggested that fire on grasslands need not be sup-
pressed if animals are kept in safety, and that fire even benefits soil
fertility by promoting nutrient cycling (Li and Jiang, 1994). Two
papers were synthesized on the effects of burning on soil carbon.
Mowing is a common land use in temperate grassland (e.g. in Inner
Mongolia) where hay provides a main source of fodder for livestock
in winter. Studies on the effects of mowing on soil carbon were few
and accounted for only 1.9% of the studies. Fertilization is also a
common management practice for cultivated pasture, but just 4.3%
of the studies reported fertilization effects (Table 1).

2.2. Survey data

Following the model presented by Conant et al. (2001),  we
compiled data from the published English and Chinese language
literatures on the influence on soil carbon of grassland manage-
ment practices, and of land use conversions from FGG to other

uses and from other uses to grassland or cultivated pasture. As
with Conant et al. (2001),  we analyzed only studies that had been
designed so that management was  the primary factor influencing
soil carbon. Literature searches were performed using the Chinese

nted.

Data points Percentage of total

205 27.8 (30.6)
69 9.2 (10.3)
53 9.2 (7.9)

103 11.7 (15.4)
6 1.9 (0.9)

63 11.1 (9.4)
67 13.0 (10.0)
13 2.5 (1.9)
54 6.2 (8.0)
22 4.3 (3.3)

9 1.2 (1.3)
5 1.9 (1.0)

669 100.0 (100.0)
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Table 2
Summary of environmental variables from the 133 articles used in the analysis.

Variable Mean Minimum Maximum SE

Latitude 39.2 24.4 49.0 4.1
Longitude 110.3 83.2 126.4 8.0
Altitude (m) 1756.8 150.0 4100.0 1111.7
Mean annual temperature (◦C) 3.8 −4.8 18.7 4.1
Mean annual precipitation (mm) 423.5 79.0 1664.0 166.1
S. Wang et al. / Agriculture, Ecosyste

ournal paper database with keywords relating to grasslands, pas-
ure, or grassland management, restoration of degraded grassland
r sand dunes, burning, mowing, soil organic matter (SOM) or soil
arbon. More than 200 articles in Chinese and English were eval-
ated, and 133 articles (of which less than half were in English)
ere selected as containing suitable data comparing soil carbon

or different management practices.
The management practices and land uses identified and ana-

yzed included grazing management (mostly grazing intensity, but
 small number of studies of rotational and seasonally controlled
razing), exclosure of grassland from grazing, mowing, burning,
nd conversions from FGG to cultivated pasture, shrubland or crop-
and, and from cropland to FGG, cultivated pasture or shrubland,
nd establishment of vegetation on bare sand dunes (Supporting
nformation and Table 1). If more than one management prac-
ice was evaluated within an article, each was compared with an
xplicitly specified control plot by author/s of source paper. In
ost cases the control plot was one or several fenced exclosures of

ifferent durations (years). For example, intensity of grazing man-
gement (64.3% of grazing studies) was compared with an ungrazed
r lightly grazed site if there was no ungrazed site reported. Exclo-
ure from grazing (i.e. inside a fenced plot from which livestock
ave been excluded) was compared with ‘freely grazed’ sites (i.e.
utside a fence). Mowing management was compared with free
r no grazing. From the 133 articles, 407 experimental treatments
ere identified.

Many of the papers reported data for multiple depths, per-
itting a soil carbon by depth comparison with 251 points from

6 of the articles. In addition to soil carbon, information on lat-
tude, longitude, soil texture (i.e. clay, silt and sand content),
itrogen concentration, duration of treatment, mean annual tem-
erature (MAT), mean annual precipitation (MAP), measurement
echniques, experimental design, and primary production were
ecorded when reported in the original paper. Summary informa-
ion about each data point is available in Supporting Information
Supporting Information and Table 1).

For comparability with the previous reports, when only data on
OM was presented, we  also assumed that SOM was  58% C (Nelson
nd Sommers, 1982; Conant et al., 2001). Other data shortcom-
ngs described in Conant et al. (2001) were also encountered when
xamining the data for China (e.g. reports as percent C by weight
ith no indication of bulk density) and we followed the same pro-

edure of standardizing both data with and without bulk density
easurements by calculating the annual percent change follow-

ng management change or conversion and the ratio of soil carbon
nder initial and final management scenarios. This requires the
ssumption that bulk densities were uniform between comparative
ites (Conant et al., 2001).

.3. Statistical analysis

Simple correlation and regression analyses were performed
sing SPSS Version 12.0 to evaluate the influence of initial carbon
oncentration and soil carbon stocks, initial nitrogen concentra-
ion and nitrogen content, initial soil texture (percent clay, silt and
and), and MAT, MAP, latitude, longitude, and altitude on soil car-
on response variables.

Meta-analysis was conducted on those studies that reported
ample size and standard error or standard deviation. Standard-
zed mean difference (SMD) was taken as the measure of the effect
ize of land use change on soil carbon content. Random-effect and
ixed-effect models were adopted for those cases without or with

oderators included, respectively. Meta-analysis was conducted

sing the R (version 2.11.0) package in METAFOR (version 1.1-0), a
oftware that has been widely used in published scientific papers
Viechtbauer, 2010).
Soil  depth (cm) 28.7 1.0 200.0 27.3
Duration (yr) 14.2 1.0 100.0 13.8

2.4. Quantities of the studies surveyed

The synthesis covers studies from 15 out of China’s 31
provincial-level administrative units (Fig. 1). About 95% of the stud-
ies were from temperate steppe (i.e. Inner Mongolia, Xijiang, Gansu,
Ningxia, Shaanxi, Shanxi, Hebei, Jilin, Liaoning) and alpine and sub-
alpine meadow (i.e. Qinghai, Gansu and Sichuan) (Table 2). Often
many treatments or studies with different soil depths were com-
pared in the same article, resulting in 162 studies with 669 data
points from 133 separate articles (Table 1). Many studies (53%)
used experimental treatments to control conditions, but a large
proportion (40.3%) evaluated using substitution of space for time
approaches.

The depths of soil samples ranged from 1 to 200 cm.  Soil sam-
ples were collected from only one depth in 62.4% of the studies.
The treatment duration ranged from 1 to 100 yr, and treatment
duration was ≤20 yr for 74.5% of the studies (Table 2). Most of
the treatment durations >20 yr were conversions from cropland to
cultivated pasture or grassland, or from grazing to exclosure.

3. Results

3.1. Changes in soil carbon in response to land use and
management practices

Grazing decreased soil carbon concentration, especially when
initial soil carbon concentration was higher than 2% (Fig. 2A). Com-
pared with no or light grazing, average soil carbon concentration
decreased in response to heavy grazing by 30.0%, and moderate
grazing by 17.0% Fig. 2A). For the 6 studies reporting C content (24
data points), it decreased on average by 16.2% in response to heavy
grazing and by 8.2% in response to moderate grazing (Fig. 3A). Bulk
density tended to increase by 6.2% in response to heavy grazing
compared with no or light grazing.

For conversion of freely graze grassland (FGG) to cultivated pas-
ture, cropland or shrubland, the soil carbon concentration results
were mixed. Of 50 data points on conversion from FGG to cultivated
pasture, 37 data points showed an increase in carbon concentra-
tion (Fig. 2B). The average increase was small at 4.9%. By contrast,
among the 104 data points on conversion from FGG to cropland,
89 showed decrease, with average carbon concentration decreas-
ing by 35.7% after FGG was converted to cropland (Fig. 2B). Six out
of seven data points on conversion from FGG to shrubland resulted
in a decrease in average soil carbon concentration, decreasing on
average by 59.0% (Fig. 2B).

Similar to the results of carbon concentrations, soil carbon con-
tent increased when FGG was  converted to cultivated pasture and
decreased when FGG was  converted to cropland or shrubland. 27
out of 37 data points on conversion of FGG to cultivated pasture
showed increased soil carbon content (Fig. 3B), with an average
increase of 11.0%. 35 out of 43 data points on conversion of FGG

to cropland showed a decrease (Fig. 3B), with an average decrease
in soil carbon content of 36.0%. There were only 3 data points on
conversion from FGG to shrubland, all of which showed a decrease,
by 58.4% on average.
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Fig. 1. National di

For burning, 7 out of 9 data points from 2 articles showed that
urning decreased soil carbon concentration by 24% (Fig. 2C). Mow-

ng increased soil carbon concentration by 103% compared to free
razing, but decreased soil carbon concentration by 8% compared
o no-grazing (Fig. 2C).

Among the 133 articles synthesized, 27 studies with 190 data
oints were suitable for the conduct of meta-analysis because they
eported both sample size and either standard error or standard
eviation. Of the 190 values of effect size (ES) measured by standard
ean difference, 63.2%, 34.7% and 2.1% were positive, negative and

ero, respectively. In the test of ES with a random-effects model
ithout moderators, the p-value was 0.0032. In the test of ES with

 mixed-effects model with duration (years) and soil depth (cm)
s moderators, the p-value of ES was 0.1171. Duration had a far
rom significant effect on ES (p = 0.5839) while soil depth had an
pparently significant but negative effect on ES (p = 0.0744).

.2. Changes in soil carbon with improved management

The management changes synthesized here covered the most
ommon grassland management practices in northern China. Sev-
ral management practices are oriented to restoration of degraded
rasslands. Exclosures are widely implemented for long periods
o increase plant coverage. Some croplands have been reverted
ack into grassland or shrubland to protect soil from wind ero-
ion. This is commonly done either by simply abandoning cropland
o allow vegetation grow, or by planting abandoned cropland with
egumes or grasses. In practice, fertilization is restricted to culti-
ated pasture, but 3 papers were synthesized reporting the results
f fertilization on FGG as a viable procedure for restoring degraded
rasslands. Establishing vegetation on bare sand dunes has been
idely adopted to protect infrastructure such as railways or high-
ays from being buried by sand flows. This is mostly done by
lanting grasses or shrubs in gridded patterns on bare sand dunes.
ogether these management practices are referred to as ‘improved
anagement practices’ and ‘restoration-oriented land use conver-
ions’.
Soil carbon increased following adoption of improved manage-

ent and restoration oriented land use conversions for 86.2% of
hose data points that reported changes in C concentration, and for
tion of study sites.

84.8% of data points reporting C content (Figs. 4 and 5). Increased
soil carbon concentration was reported in response to exclosure for
169 out of 205 data points, while 32 out of 205 data points showed
a decrease (Fig. 4A). Converting cropland to grassland, cultivated
pasture or shrubland increased soil carbon concentration in 115
out of 143 data points, but decreased C concentration in 22 data
points (Fig. 4B). Fertilization (Fig. 4C) and establishing vegetation
on bare sand dune (Fig. 4D) increased soil carbon concentration. For
those studies that documented soil carbon content, exclosure, con-
version of cropland to grassland, cultivated pasture or shrubland,
and fertilization increased C content in 87.5%, 80.4% and 88.9% of
data points, respectively (Fig. 5).

The average change for concentration data was an increase of
116.0% and the average for C content data was a 68.0% increase. For
studies that showed an increase in soil carbon, soil carbon concen-
tration increased on average by 144.3% (20–582%) and soil carbon
content increased by an average of 138.2% (8–356%). The 6% of
the data points with the smallest increase averaged 20% for soil
carbon concentration, and these were responses to fertilization.
The average increase for the 16% of data points with the largest
increase was  582%, which were due to establishing vegetation on
bare sand dunes. Although this rate of increase is extremely high,
it must be noted that the initial C concentrations on bare sand
dunes were very low. For C concentration data, exclosure from graz-
ing (46% of data points) and conversions of cropland to grassland,
cultivated pasture or shrubland (32% of data points) increased on
average 55% and 52%, respectively. Among land use conversions,
conversion from cropland to cultivated pasture gave the smallest
increase (26%), and conversion of cropland to shrubland gave the
largest increase (111%). Natural restoration of formerly cultivated
croplands showed a 62% increase in soil carbon concentration. For
those studies with a net loss of carbon after adoption of improved
management, soil carbon concentration decreased on average by
14% (range of 5–23%). For studies reporting soil carbon content
data, exclosure from grazing (52% of the data points reporting car-
bon content) caused the smallest increase (on average 34%), while

establishing vegetation on bare sand dunes (4% of the data points)
resulted in the largest increase (on average 356%).

Restoration-oriented land use conversions (44% of data points)
increased soil carbon content by an average of 104%. Soil car-
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Fig. 2. (A) Soil carbon concentration for no-grazing or light grazing vs. moderate or
heavy grazing; black filled points denote no-grazing vs. light grazing; blue unfilled
points denote no or light grazing vs. moderate grazing; red unfilled points denote no
or  light grazing vs. heavy grazing. (B) FGG vs. conversion of FGG to cultivated pasture
(red) or shrubland (blue) or cropland (black). (C) Free grazing or no-grazing vs. mow-
ing (black filled) and burning (blue unfilled). Soil carbon concentration increased for
points above the line and decreased for points below the line. All data are in percent
carbon. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of this article.)
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Fig. 3. (A) Soil carbon content for no-grazing or light grazing vs. moderate (blue
unfilled) or heavy grazing (red unfilled); black filled point denotes no-grazing vs.
light grazing. (B) FGG vs. conversion to shrubland (blue unfilled), cropland (black
unfilled) or cultivated pasture (red unfilled); CP denotes cultivated pasture. Soil

carbon content increased for points above the line and decreased for points below
the line. All data are in t C ha−1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

bon content increased by only 8% for conversion of cropland to
cultivated pasture (16% of data points), but by 62% for natural
restoration of abandoned cropland (25% of data points), and by up
to 130% for conversion of cropland to shrubland (2% of data points).
Conversion from cropland to shrubland generally took place in
arid areas with sandy soils, where the initial soil carbon was very
low (Fig. 4B). The finding that soil carbon was more significantly
increased by natural restoration than by conversion to cultivated
pasture might be explained by the difference in duration of the
two processes. In the studies synthesized, the abandoned croplands
have been uncultivated for an average of 16.7 yr, while the dura-
tion of cultivated pastures converted from croplands averaged only
4.0 yr.

3.3. Annual change in soil carbon

Generally, grazing resulted in an annual decrease of soil carbon
concentration by 4.4% (Table 3), and average annual carbon con-
tent decrease of 2.3% (Table 4). However, moderate grazing caused
an annual increase of 1.1% in soil C concentration and 1.6% in soil

carbon content. Average soil carbon concentration and carbon con-
tent decreased by 2.5% and 2.8% per annum for the conversion
of FGG to cropland or shrubland, but increased by 6.4% and 7%
per annum for conversion to cultivated pasture (Tables 3 and 4).



334 S. Wang et al. / Agriculture, Ecosystems and Environment 142 (2011) 329– 340

Table 3
Summary of mean annual change (%) of soil carbon concentration for pooled data from studies with different soil depths and durations under different treatments.

Treatmenta Data points Mean Maximum Minimum SE

Grazing 69 −4.4 16.0 −19.4 0.8
Conversion: FGG to cultivated pasture 53 6.4 41.7 −26.5 1.7
Conversion: FGG to cropland 103 −2.5 10.0 −22.6 1.2
Conversion: FGG to shrubland 6 −2.8 2.6 −9.8 1.6
Burning 9 −13.2 11.5 −35.1 5.4
Mowing 5 0.3 0.1 0.7 0.1
Exclosure from grazing 205 6.3 123.2 −15.7 1.0
Conversion: cropland to abandoned field 63 5.4 57.5 −3.8 1.2
Conversion: cropland to cultivated pasture 67 6.4 42.7 −26.0 1.4
Conversion: cropland to shrubland 13 11.3 96.0 −2.3 7.1
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Conversion: bare sand to vegetation 54 

Fertilization 22 

a FGG denotes freely grazed grassland.

urning decreased carbon concentration by 13.2% per annum, and
ompared with free grazing mowing increased carbon concen-
ration and carbon content by 0.3% and 28.6%, respectively, per
nnum (Tables 3 and 4). Most improved management practices
nd restoration-oriented land use conversions increased soil car-
on concentration and content on average (Tables 3 and 4). The
ighest average annual percentage increases in soil carbon con-
entration and soil carbon content were reported for establishing
egetation on bare sand dunes and conversion of cropland to shrub-
and (Tables 3 and 4).

Decreases in soil carbon concentration mainly happened in the
rst several years for heavy grazing and for conversion of FGG
o cropland, after which annual rates of decrease declined, show-
ng almost no change after 30-yr (Fig. 6A and B). Year explained
50% of the variation in soil carbon concentration and content with
ogarithmic functions (Fig. 6A and B). Similarly, after adoption of
mproved management practices, increases in soil carbon concen-
ration and content occurred mostly in the first several years, and
lmost ceased after 50-yr of implementing improved management
Figs. 7 and 8). The net annual loss or sequestration of soil carbon
as mostly within the surface layer (0–30 cm), and especially in

he 0–10 cm layer (Figs. 6 and 8C). Sample depth explained about
5–34% of the variation in soil carbon concentration and content
ith logarithmic functions (Figs. 6 and 8C).

Exclosure resulted in an average carbon sequestration rate
f 80.1 g C m−2 yr−1 for 0–20 cm soil and 130.4 g C m−2 yr−1 for
–40 cm soil over a 3–28 yr period (Table 5). Conversion of crop-

and to grassland by natural restoration on abandoned fields
equestered on average 53.7 g C m−2 yr−1 for 0–5 cm soil and
28.0 g C m−2 yr−1 for 0–30 cm soil over 5–60 years. For the con-
ersion of cropland to perennial legume pastures, the average
arbon sequestration rate was 56.5 g C m−2 yr−1 for 0–20 cm soil

nd 156.3 g C m−2 yr−1 for 0–200 cm soil over 2–4 years (Table 5).
hese results indicate that the potential carbon sequestration is
reater in the surface soils than in the subsoil, and that improved
anagement can greatly increase soil carbon stocks.

able 4
ummary of mean annual change (%) of soil carbon stocks for pooled data from studies w

Treatmenta Number M

Grazing 24 

Conversion: FGG to cultivated pasture 37 

Conversion: FGG to cropland 43
Conversion: FGG to shrubland 3 

Mowing 4 

Exclosure from grazing 104 

Conversion: cultivation to abandoned field 57 

Conversion: cultivation to cultivated pasture 36 

Conversion: cultivation to shrubland 4 

Conversion: bare sand to vegetation 9 

a FGG denotes freely grazed grassland.
42.8 183.3 −3.2 4.8
5.0 21.6 −4.6 1.3

3.4. Factors controlling the annual change of carbon
concentration in soils

Initial soil texture and initial chemical components in soils sig-
nificantly affected the annual change of carbon concentration in
soils (Table 6). Negative correlations between initial carbon and/or
nitrogen concentrations in soils and the annual change of soil car-
bon concentration were found for the conversion of cropland to
cultivated pasture, fertilization and establishment of vegetation on
bare sand dunes (Table 6). This indicates that soil carbon seques-
tration rates may  be greater when the initial soil carbon and/or
nitrogen concentrations are lower. Grazing and conversion of crop-
land to cultivated pasture caused lower annual average change (i.e.
lower annual decrease) in soil carbon concentration when initial
soil carbon and/or nitrogen concentrations were higher. Initial soil
texture (i.e. initial soil clay, silt and sand content) was  the main fac-
tor controlling the rate of soil carbon decrease for the conversion
of FGG to cropland (Table 6). Initial soil nitrogen concentration is a
key factor controlling soil carbon sequestration rates. A relationship
between annual variations in soil carbon and nitrogen was identi-
fied (Fig. 9), and annual variation in soil nitrogen concentration
explained 26% of the annual variation in soil carbon concentration.

4. Discussion

4.1. Effects of management on changes in soil carbon stocks

Grasslands in China are distributed mostly in the northern tem-
perate region and on the Tibetan Plateau, which together account
for about 78% of the total grassland area in China (Chen and Wang,
2000). Data points synthesized here in general gave a good geo-
graphical coverage of northern China, although western parts of the

country remain under-represented (Fig. 1). The main management
measures historically and currently common in China’s grassland
areas were covered in this synthesis, though some common man-
agement practices were under-represented (Table 1). Initial carbon

ith different soil depths and durations under different treatments.

ean Maximum Minimum SE

−2.3 4.0 −16.5 1.1
7.0 42.1 −19.8 2.0

−2.6 1.7 −22.1 0.8
−2.8 −2.1 −3.7 0.5
28.6 56.3 7.9 10.3

4.4 44.8 −4.9 0.8
5.9 39.1 −9.5 1.0
2.4 32.3 −14.9 1.4
7.4 10.4 5.7 1.1

12.5 15.5 −0.8 2.7
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Fig. 4. (A) Soil carbon concentration for grazing vs. exclosure from grazing. (B) Cropland vs. conversion to shrubland (black cross), to cultivated pasture planted grasses (blue
u  cultiv
v oncen
A gure 

c
b
c
v
o
l
l
s

l
2

T
M

nfilled  circle) or legumes (red unfilled circle) or abandoned (black star); CP denotes
egetation with grasses (blue unfilled) or with legumes (red unfilled). Soil carbon c
ll  data are in percent carbon. (For interpretation of the references to color in this fi

oncentration for 20 cm soil depth was greater before grazing,
urning and converting FGG to cropland compared to initial carbon
oncentrations for exclosure of grassland from grazing and con-
ersion of cropland to abandoned fields (i.e. natural regeneration)
r cultivated pasture (Table 7). Since initial soil carbon for these
atter three treatments can be taken to represent degraded grass-
ands, this confirms that inappropriate land management causes

oil carbon losses.

Grazing may  have either positive or negative effects on grass-
and soil attributes (Milchunas and Lauenroth, 1993; Conant et al.,
001). The effects of hoof action under grazing management have

able 5
ean annual carbon sequestration rates (g C m−2 yr−1) of different treatments within 20 

Treatment Soil depth (cm) Number 

Exclosure from grazing 0–20 13 

0–40  10 

Conversion of cropland to abandoned field 0–5 9 

0–30  7 

Conversion of cropland to cultivated pasture 0–20 4 

0–40  21 
ated pasture. (C) No fertilization vs. fertilization. (D) Bare sand dune vs. establishing
tration increased for points above the line and decreased for points below the line.
legend, the reader is referred to the web version of this article.)

been found to affect near-surface soil physical conditions (Donkor
et al., 2002) and grazing intensity and urine and dung deposition
may  affect potential nutrient storage and cycling (Russelle, 1992;
Carran and Theobald, 2000). Conant et al. (2001) found that grazing
tended to increase soil carbon most in warm dry regions, espe-
cially those with high potential evapotranspiration. The average
annual rate of soil carbon content increase was 7.7% for studies

with a long history of grazing (Conant et al., 2001). Some stud-
ies have reported that long-term heavy grazing increased SOC and
total nitrogen content in surface soils compared with less intense
grazing management (Frank et al., 1995; Schuman et al., 1999;

and 40 cm soil depths.

Mean (range) Years SE Reference

80.1 (23–330) 3–28 22.0 Wang et al. (2005),  Wei  et al.
(2005),  Wang et al. (2006), Wu
et al. (2008), Yan and Tang
(2008),  Shan et al. (2009)

130.4 (63–269) 3–28 21.3
53.7 (34–96) 5–60 7.2 Liu et al. (2006), Wang et al.

(2006),  Li et al. (2007), Wang
and Zhang (2007), Zhao et al.
(2008)

128.0 (60–204) 5–60 18.7
56.5 (40–73) 2 8.7 Zhang et al. (2008)

156.3 (41–302) 4 18.3 Su (2007)
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Table 6
Relationships between mean annual change of soil carbon concentration (%) and initial soil concentrations of carbon and nitrogen and soil texture.

Variable All CCP Fertilizer Grazing EVSD CFGGC FGGCP

Initial soil carbon concentration −0.286** ns −0.699** −0.503** −0.369** ns −0.416**

(n = 669) (n = 23) (n = 69) (n = 73) (n = 51)
Initial  soil nitrogen concentration −0.301** −0.456* ns −0.526** −0.457** ns ns

(n  = 319) (n = 26) (n = 32) (n = 32)
Initial clay content ns ns ns ns 0.570* 0.563** ns

(n = 18) (n = 21)
Initial  silt content −0.337** ns ns ns ns 0.572** ns

(n  = 59) (n = 21)
Initial  sandy content ns ns ns ns ns −0.575** ns

(n = 21)

ns: non-significant at  ̨ = 0.05. CCP: conversion to cultivated pasture from cropland; EVSD: establishing vegetation on bare sand dunes; CFGGC: conversion to cropland from
f  gras
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reely  grazed grassland; FGGCP: conversion to cultivated pasture from freely grazed
* Statistically significant at  ̨ = 0.05.

** Statistically significant at  ̨ = 0.01

eeder et al., 2004; Liebig et al., 2006). However, Shi et al. (2009)
ound that all grazing intensities on average decrease grassland
oil carbon content in China. Long-term overgrazing in particu-
ar usually causes declines in net primary production (Milchunas
nd Lauenroth, 1993; Wang et al., 2003) which decreases the car-
on input to soils. We  also found that grazing mostly decreased
OC, but that under certain conditions moderate grazing increased
OC in the Inner Mongolian steppe (Wang et al., 1998; Wei  et al.,
005; Li et al., 2008) and alpine meadow (Gao et al., 2007). In addi-
ion, long-term exclusion of grazing livestock may  increase the risk
f wild fire due to litter accumulation, which may  increase car-
on emissions from the ecosystem (Bird et al., 2000; Ward et al.,
007).

Land use conversions may  also cause significant carbon losses.
arge areas of steppe in Inner Mongolia were converted into crop-
and during the 1960s–1990s. Consistent with Wu  et al. (2003)
nd Xie et al. (2007),  the papers synthesized here suggest that
he conversion of FGG to cropland causes about 36% SOC loss in
urface soils (0–20 cm). Semi-arid regions typically have limited
io-productivity, in addition to which agricultural management
ractices may  further promote carbon losses and limit inputs to
oils. In Inner Mongolia, a significant proportion of agricultural
esidues is removed from soils and used as domestic fuel and ani-
al  fodder (Liu and Mu,  1988), so organic matter input to soils is

epressed. Furthermore, mineralization of organic matter is inten-
ified by tillage which decreases the amount of physical protection
or the decomposition of organic matter (Post and Kwon, 2000) and
oil erosion is accelerated by tillage which increases soil exposure
o wind and rain thus promoting SOC loss (Lal, 1995; Wang et al.,

006). Long-term cultivation of previously untilled grasslands has
een documented to cause more than 50% SOC loss (Post and Kwon,
000; Guo and Gifford, 2002). Because tillage, in addition to mixing
nd stirring soil, breaks up aggregates and exposes mineral surfaces

able 7
ean initial soil carbon concentration (%) for pooled data from studies with different trea

Treatmenta Number M

Grazing 43 2
Conversion: FGG to cultivated pasture 34 2
Conversion: FGG to cropland 64 2
Conversion: FGG to shrubland 3 1
Burning 6 2
Mowing 3 1
Exclosure from grazing 107 1
Conversion: cropland to abandoned field 9 0
Conversion: cropland to cultivated pasture 64 0
Conversion: cropland to shrubland 12 0
Conversion: bare sand to vegetation 39 0
Fertilization 18 1

a FGG denotes freely grazed grassland.
sland.

otherwise inaccessible to decomposers (Post and Kwon, 2000), this
results in a reduction in the amounts of intra-aggregate light frac-
tion of organic carbon and mineralized SOC. By contrast, conversion
of FGG to cultivated pasture mostly increases SOC because peren-
nial pasture increases bio-productivity compared with degraded
grasslands. This is particularly the case for degraded grasslands
with a lower baseline SOC, such as ‘black beach’ in alpine meadow
regions (Wang et al., 2005; Han et al., 2007). No-till management
also protects soil from erosion and decreases decomposition of SOM
(Post and Kwon, 2000). Additional management, such as perennial
legumes like alfalfa which fixes nitrogen from the atmosphere and
thus mitigates nitrogen-limitation for bio-production, and fertil-
ization using livestock manure, promote increases in SOC (Conant
et al., 2001).

Total soil carbon storage in China’s grasslands has been esti-
mated to be 41.03 Pg C, of which ca. 54% is in alpine regions and ca.
31% in temperate regions, together accounting for ca. 85% of total
grassland soil carbon in China (Ni, 2002). Li (1997) reported that
towards the end of the last century about 50% of northern China’s
grasslands were degraded to different degrees between the 1960s
and 1990s, of which ca. 43% was  moderately or heavily degraded.
Based on the balance between the decreased soil carbon due to
heavy grazing (29.3%) and the increased soil carbon due to moder-
ate grazing (12.8%), and assuming 50% of the total degraded area
was heavily degraded, we  estimate that the net loss of SOC due to
grazing was approximately 1.24 Pg carbon over this period. During
the same period, about 6.67 × 106 ha of FGG, equivalent to 1.67% of
northern China’s FGG, was converted into cropland (Li, 1997). Based
on a 36% decrease in soil carbon content due to the conversion

of FGG to cropland, this caused a loss of approximately 0.25 Pg C
from the 1960s to 1990s. Therefore, we estimate that in total about
1.49 Pg C was lost due to overgrazing and the conversion of FGG to
cropland, which compares well with previous estimates of 1.50 Pg C

tments within 20 cm soil depth.

ean Maximum Minimum SE

.74 9.06 0.30 0.4

.74 8.39 0.17 0.4

.31 8.50 0.19 0.2

.94 1.94 1.94 0.0

.07 2.48 1.66 0.2

.00 1.74 0.54 0.4

.13 4.04 0.13 0.1

.41 1.34 0.03 0.1

.69 5.04 0.10 0.1

.24 0.35 0.10 0.0

.02 0.05 0.01 0.0

.12 2.02 0.17 0.2
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eported by (Xie et al., 2007) using data from the Second State Soil
urvey of China completed in the early 1980s.

.2. Soil carbon sequestration rates and the potential of
rasslands to mitigate atmospheric carbon in China
The large and relatively rapid changes in SOC due to inappropri-
te land management practices indicate that there is considerable
otential to enhance soil carbon sequestration through improved
anagement activities that reverse the effects of grazing and
Fig. 6. Mean annual decrease of soil carbon concentration with year under grazing
(A)  and cultivation (B), and with soil depth under grazing and cultivation (C).

cultivation on SOC pools (Post and Kwon, 2000; Conant et al.,
2001). Our results for improved grazing and the conversion of
cropland to grassland or cultivated pasture (i.e. sequestration of
60–130 g C m−2 yr−1) compare well with the reports by Conant
et al. (2001) (35–101 g C m−2 yr−1) and Post and Kwon (2000)
(3–110 g C m−2 yr−1). Conant et al. (2001) found that the conversion
of cropland to cultivated pasture has a greater potential car-
bon sequestration rate (101 g C m−2 yr−1) than improved grazing
(35 g C m−2 yr−1). However, we  found that both grazing exclusion
(0–40 cm)  and the conversion of cropland to abandoned fields
(0–30 cm)  had almost the same potential carbon sequestration
rate (ca. 130 g C m−2 yr−1), and that this is similar to the seques-
tration rate of the conversion of cropland to cultivated pasture.
Our result for grazing exclusion (130.4 g C m−2 yr−1, 0–40 cm) is
slightly higher than the average for set-asides under the US Con-
servation Reserve Program (CRP) (120 g C m−2 yr−1, 0–30 cm)  (Ogle
et al., 2003). Since large changes were found to be more likely for

soils with low initial carbon and less likely for soils with initial
high carbon stocks, this difference is attributed to prior soil car-
bon depletion following overgrazing and cultivation of grasslands
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Fig. 8. Mean annual increase of soil carbon content with year under exclosure from

the other hand, some measures such as exclusion of grazing live-
rom grazing (EG) (A) and conversion of cropland to grassland, cultivated pasture or
hrubland (CCGPS) (B).

n China (Table 7). Shi et al. (2009) reported that carbon seques-
ration rates in response to exclusion of grazing livestock differed
mong grassland vegetation types (28, 37, 68 and 223 g C m−2 yr−1

or temperate desert steppe, typical steppe, temperate meadow
nd alpine meadow, respectively, averaging 89 g C m−2 yr−1). The
aximum value (330 g C m−2 yr−1) was found in ‘black beach’

a type of extremely degraded land in alpine meadow areas)
or 0–20 cm soils after 6-yr of grazing exclusion (Wang et al.,
005).

Although some estimates have been made (Lal, 2002; Guo et al.,
008), publicly available data on management activities in grass-

and areas of China are currently insufficient to enable a precise
stimate of the amount of carbon sequestered by adoption of
mprovement management practices at the national scale, or even
or the northern temperate region, in recent years. According to the

inistry of Agriculture’s National Grassland Conservation, Estab-
ishment and Utilization Master plan (Agricultural Planning Office
ocument No. 11, 2007), in addition to other improved manage-
ent measures (e.g. 60% of total national grassland area being

ut under moderate and rotational grazing), the plan proposes to
xclude grazing livestock from 150 million ha of China’s grasslands
nd to establish 30 million ha of cultivated pasture by 2020. Based
n our results, i.e. a carbon sequestration rate of 130 g C m−2 yr−1

n 0–40 cm soil for exclusion of livestock, and 156 g C m−2 yr−1

n 0–40 cm soil for perennial pasture cultivation, achievement of
his planned goal would sequester over 0.24 Pg C yr−1, which is
quivalent to about 16% of fossil fuel CO2 emissions in China in
006 (i.e. 1.5 Pg C yr−1) (Piao et al., 2009). This is a large con-
ribution compared to estimates of 0.025–0.037 Pg C yr−1 for the
equestration potential of no-tillage and agricultural residue man-

gement in China (Lal, 2002; Yan et al., 2007), and larger than the
.165 Pg C yr−1 potential identified for the technical sequestration
otential of afforestation in China (Zhang and Xu, 2003).
grazing (EG) (A), conversion of cropland to grassland, cultivated pasture or shrubland
(CCGPS) (B), and with soil depth under the above improved management practices
(C).

The estimate of soil sequestration potential from improved
grassland management above may  underestimate actual carbon
sequestration potential since average sample depth of the studies in
our synthesis was 28 cm (Table 1). Conant et al. (2001) suggests that
64% of soil C sequestration occurs in the top 50 cm.  Furthermore,
our estimate has not considered the carbon sequestration poten-
tial of other land use conversions and management improvements
promoted by current government ecological conservation plans. On
stock may  incur high implementation costs (e.g. fencing) and high
opportunity costs for herders. Carbon sequestration through culti-
vating pasture may  have a lower trade off with income generation
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y = 0.1411x + 0.8815
R2 = 0.26, p < 0.001

-40

-30

-20

-10

0

10

20

30

40

50

60

250200150100500-50-100

A
nn

ua
l c

ha
ng

e 
of

 so
il 

C
 c

on
ce

nt
ra

tio
n 

(%
/y

r)

Annual change of soil N concentration (%/yr)

F
c

f
s
o
o
t
g

a
s
e
t
r
l
t
t
i
s

5

u
C
t
n
s
r
m
t
t
h
i
S
l
i
a
c
e
p
r

A

t
B
N

ig. 9. Relationship between annual change of soil carbon concentration and annual
hange of soil nitrogen concentration.

or herders, since high quality perennial grasses and legumes may
ustain more animals per unit land area than FGG, while cultivation
f pasture sequesters more carbon in the soil than either cropland
r FGG (Figs. 2B and 5B). Economic studies that might contribute
o a better understanding of these tradeoffs in northern China’s
rasslands are very few.

Terrestrial ecosystems of the Northern Hemisphere have been
bsorbing atmospheric CO2 and storing C in both vegetation and
oils at a rate of 1–2 Pg C yr−1 over the past several decades (Ciais
t al., 1995; Fan et al., 1998). The potential for carbon sequestration
hrough ecological conservation and restoration in the grassland
egions of China may  therefore be conservatively estimated to be at
east 5–10% of the carbon accumulation in terrestrial ecosystems of
he Northern Hemisphere. Therefore, due to relatively high poten-
ial carbon sequestration rates and extensive grassland coverage,
mproved grassland management may  provide a substantial global
ink for atmospheric carbon.

. Conclusions

Grassland SOC can be strongly influenced by changes in land
se and management. Great losses of SOC have been observed in
hina during the last century due to overgrazing, conversion of FGG
o cropland, and poor pasture management. Estimates based on
ational plans for grassland management implemented in China
ince 2005 indicate that historical SOC losses can potentially be
eversed by sequestering atmospheric carbon. However, manage-
ent activity data is currently insufficient to precisely determine

he amount of carbon accumulating at the national scale or even in
he northern temperate region of China. Long-term grazing trials
ave been valuable for understanding soil carbon dynamics in graz-

ng ecosystems. Additional long-term experiments that address
OC dynamics when land is converted from cropland to other
and uses under perennial vegetation cover would be valuable in
mproving our understanding and predictive capacity over short
nd long time scales (Post and Kwon, 2000). The dearth of data on
osts of implementing improved grassland management practices,
specially on economic costs to herders in China’s pastoral areas,
oints to a clear need for further interdisciplinary collaboration in
esearch on grassland carbon sequestration.

cknowledgements
This research was funded by Special Program of Carbon Seques-
ration of Chinese Academy of Sciences (XDA05070205), National
asic Research Program in China (2010CB833502), the Chinese
ational Natural Science Foundation Commission (30871824), and
d Environment 142 (2011) 329– 340 339

the ‘Rewards for, Use of and Shared Investment in Pro-poor Envi-
ronmental Services’ (RUPES) project funded by IFAD to the World
Agroforestry Centre.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.agee.2011.06.002.

References

Aerts, R., Nyssen, J., Haile, M.,  2009. On the difference between “exclosures” and
“enclosures” in ecology and the environment. J. Arid Environ. 73, 762–763.

Bird, M.,  Veenendaal, E., Moyo, C., Lloyd, J., Frost, P., 2000. Effect of fire and soil
texture on soil carbon in a sub-humid savanna (Matopos Zimbabwe). Geoderma
94,  71–90.

Callesen, I., Liski, J., Raulund-Rasmussen, K., Olsson, M.,  Tau-Strand, L., Ves-
terdal, L., Westman, C., 2003. Soil carbon stores in Nordic well-drained forest
soils—relationships with climate and texture class. Glob. Change Biol. 9,
358–370.

Carran, R., Theobald, P., 2000. Effects of excreta return on properties of a grazed
pasture soil. Nutr. Cycl. Agroecosyst. 56, 79–85.

Chen, Y., Fischer, G., 1998. A new digital georeferenced data base of grassland
in  China. IIASA Interim Report (IR-98-062). Laxenburg (Austria): Interna-
tional Institute for Applied Systems Analysis (IIASA). http://www.iiasa.ac.at/
Publications/Documents/IR-98-062.ps.

Chen, Z., Wang, S., 2000. Typical Grassland Ecosystem in China. Science Press, Beijing,
p.  1.

Christopher, S., Lal, R., Mishra, U., 2009. Regional study of no-till effects on carbon
sequestration in the Midwestern United States. Soil Sci. Soc. Am.  J. 73, 207–216.

Ciais, P., Tans, P., White, J., Trolier, M.,  Francey, R., Berry, J., Randall, D., Sellers, P., Col-
latz, J., Schimel, D., 1995. Partitioning of ocean and land uptake of CO2 as inferred
by �13C measurements from the NOAA Climate Monitoring and Diagnostics
Laboratory Global Air Sampling Network. J. Geophys. Res. 100, 5051–5070.

Conant, R., Paustian, K., Elliott, E., 2001. Grassland management and conversion into
grassland: effects on soil carbon. Ecol. Appl. 11, 343–355.

Davidson, E., Ackerman, I., 1993. Changes in soil carbon inventories following culti-
vation of previously untilled soils. Biogeochemistry 20, 161–193.

Donkor, N., Gedir, J., Hudson, R., Bork, E., Chanasyk, D., Naeth, M.,  2002. Impacts of
grazing systems on soil compaction and pasture production in Alberta. Can. J.
Soil Sci. 82, 1–8.

Esser, G., 1987. Sensitivity of global carbon pools and fluxes to human and potential
climatic impacts. Tellus B 39, 245–260.

Esser, G., 1995. Contribution of monsoon Asia to the carbon budget of the biosphere,
past and future. Plant Ecol. 121, 175–188.

Fan, S., Gloor, M.,  Mahlman, J., Pacala, S., Sarmiento, J., Takahashi, T., Tans, P., 1998.
A  large terrestrial carbon sink in North America implied by atmospheric and
oceanic carbon dioxide data and models. Science 282, 442.

Frank, A., Tanaka, D., Hofmann, L., Follett, R., 1995. Soil carbon and nitrogen of North-
ern Great Plains grasslands as influenced by long-term grazing. J. Range Manage.
48, 470–474.

Gao, Y., Luo, P., Wu,  N., Chen, H., Wang, G., 2007. Grazing intensity impacts on carbon
sequestration in an alpine meadow on the eastern Tibetan Plateau. Res. J. Agric.
Biol. Sci. 3, 642–647.

Guo, L., Gifford, R., 2002. Soil carbon stocks and land use change: a meta analysis.
Glob. Change Biol. 8, 345–360.

Guo, R., Wang, X., Lu, F., Duan, X., Ouyang, Z., 2008. Soil carbon sequestration and its
potential by grassland ecosystems in China. Acta Ecol. Sin. 28, 862–867.

Han, F., Li, Y., Zhou, H., Wu,  B., Wang, X., Ran, F., Bao, S., 2007. Effects of manage-
rial measures on changes of soil enzyme and soil fertility in ‘black soil beach’
degraded grassland. Acta Pratacul. Sin. 16, 1–8.

Ho, P., 2000. The myth of desertification at China’s northwestern frontier. Mod. China
26, 348.

Houghton, R., Hackler, J., Lawrence, K., 1999. The US carbon budget: contributions
from land-use change. Science 285, 574.

IPCC, 2007. Summary for policymakers. In: Solomon, S., Qin, D., Manning, M.,  Chen,
Z.,  Marquis, M.,  Averyt, K.B., Tignor, M.,  Miller, H.L. (Eds.), Climate Change 2007:
The  Physical Science Basis. Contribution of Working Group I to the Fourth Assess-
ment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

Lal, R., 1995. Global soil erosion by water and carbon dynamics. In: Lal, R., Kimble,
J.M., Levine, E., et al. (Eds.), Soils and Global Change. CRC/Lewis Publishers, Boca
Raton, FL, pp. 131–142.

Lal, R., 2002. Soil carbon sequestration in China through agricultural intensification,
and restoration of degraded and desertified ecosystems. Land Degrad. Dev. 13,
469–478.

Li,  B., 1997. Degradation of northern temperate grasslands and protection strategies
in  China. Agric. Sci. China 30, 1–10.
Liu, N., Zhao, S., Yang, Y., Wang, H., Zhao, Y., Ji, X., Chao, L., 2006. Study on Water-
Holding Capacity of the Top Soil of a Steppe Reserve in the Yunwu Mountains
Guyuan Ningxia Hui Autonomous Region. Acta Agrestia Sinica 14 (6), 364–366.

Li,  Y., Li, X., Zhang, P., 2007. Effects of land use on organic carbon and nutrient
contents in desert soil. Journal of Gansu Agricultural University 42 (2), 103–107.

http://dx.doi.org/10.1016/j.agee.2011.06.002
http://www.iiasa.ac.at/Publications/Documents/IR-98-062.ps
http://www.iiasa.ac.at/Publications/Documents/IR-98-062.ps


3 ms an

L

L

L

L

L
L

M

N

N
O

P

P

R

R
S

S

S

S

S

S

S

S

40 S. Wang et al. / Agriculture, Ecosyste

i,  C., Hao, X., Zhao, M.,  Han, G., Willms, W.,  2008. Influence of historic sheep grazing
on  vegetation and soil properties of a desert steppe in Inner Mongolia. Agric.
Ecosyst. Environ. 128, 109–116.

i,  Z., Jiang, Q., 1994. The effects of fire on the nutrient states of steppe soil. Acta Sci.
Natur. Univ. NeiMenggu 25, 444–449.

iebig, M.,  Gross, J., Kronberg, S., Hanson, J., Frank, A., Phillips, R., 2006. Soil response
to  long-term grazing in the northern Great Plains of North America. Agric.
Ecosyst. Environ. 115, 270–276.

iu, J., Li, S., Ouyang, Z., Tam, C., Chen, X., 2008. Ecological and socioeconomic
effects of China’s policies for ecosystem services. Proc. Natl. Acad. Sci. U.S.A.
105,  9477–9482.

iu, X., Mu,  Z., 1988. Cultivation System in China. China Agricultural Press, Beijing.
uo, Z., Wang, E., Sun, O.J., 2010. Can no-tillage stimulate carbon sequestration in

agricultural soils? A meta-analysis of paired experiments. Agric. Ecosyst. Envi-
ron. 139, 224–231.

ilchunas, D., Lauenroth, W.,  1993. Quantitative effects of grazing on vegetation
and  soils over a global range of environments. Ecol. Monogr. 63, 327–366.

elson, D.W., Sommers, L.E., 1982. Total carbon, organic carbon, and organic matter.
In:  Methods of Soil Analysis, Part 2. Soil Science Society of American (SSSA), Inc.,
Publisher, Madison, WI,  pp. 539–579.

i, J., 2002. Carbon storage in grasslands of China. J. Arid Environ. 50, 205–218.
gle, S., Breidt, F., Eve, M.,  Paustian, K., 2003. Uncertainty in estimating land use and

management impacts on soil organic carbon storage for US agricultural lands
between 1982 and 1997. Glob. Change Biol. 9, 1521–1542.

iao, S., Fang, J., Ciais, P., Peylin, P., Huang, Y., Sitch, S., Wang, T., 2009. The carbon
balance of terrestrial ecosystems in China. Nature 458, 1009–1013.

ost, W.,  Kwon, K., 2000. Soil carbon sequestration and land-use change: processes
and potential. Glob. Change Biol. 6, 317–327.

eeder, J., Schuman, G., Morgan, J., LeCain, D., 2004. Response of organic and
inorganic carbon and nitrogen to long-term grazing of the shortgrass steppe.
Environ. Manage. 33, 485–495.

usselle, M., 1992. Nitrogen cycling in pasture and range. J. Prod. Agric. 5, 13–23.
chlesinger, W.H., 1997. Biogeochemistry: An Analysis of Global Change. Academic

Press, San Diego.
chuman, G., Reeder, J., Manley, J., Hart, R., Manley, W.,  1999. Impact of grazing

management on the carbon and nitrogen balance of a mixed-grass rangeland.
Ecol. Appl. 9, 65–71.

curlock, J., Hall, D., 1998. The global carbon sink: a grassland perspective. Glob.
Change Biol. 4, 229–233.

han, G., Xu, Z., Nian, F., Jiao, Y., 2009. Influence of seasonal exclosure on plant and
soil characteristics in typical steppe. Acta Prataculturaes Sinica 18, 3–10.

hi,  F., Li, Y., Gao, E., Wan, Q., Qin, Y., Ji, X., Liu, L., Wu,  Y.Y., 2009. Effects of manage-
ments on soil organic carbon of grassland in China. Pratacul. Sci. 26, 9–15.

mith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S.,
O’Mara, F., Rice, C., 2008. Greenhouse gas mitigation in agriculture. Philos. Trans.

R.  Soc. Lond. B, Biol. Sci. 363, 789.

mith, W.,  Desjardins, R., Pattey, E., 2000. The net flux of carbon from agricultural
soils in Canada 1970–2010. Glob. Change Biol. 6, 557–568.

u, Y., 2007. Soil carbon and nitrogen sequestration following the conversion of
cropland to alfalfa forage land in northwest China. Soil Till. Res. 92, 182–189.
d Environment 142 (2011) 329– 340

Viechtbauer, W.,  2010. Conducting meta-analyses in R with the metafor Package.
J.  Stat. Softw. 36, 1–48, The package available from http://www.metafor-
project.org (accessed 21.05.2011).

Wang, J., Zhang, X., 2007. Changes of carbon storage in vegetation and soil during
different successional stages of rehabilitated grassland. Acta Pratacul. Sin. 18,
1–8.

Wang, S., Wang, Y., Chen, Z., 2003. Management of Grazing Ecosystem. Science Press,
Beijing.

Wang, W.,  Wang, Q., Wang, C., Shi, H., Li, Y., Wang, G., 2005. The effect of land man-
agement on carbon and nitrogen status in plants and soils of alpine meadows
on  the Tibetan plateau. Land Degrad. Dev. 16, 405–415.

Wang, X., Oenema, O., Hoogmoed, W.,  Perdok, U., Cai, D., 2006. Dust storm erosion
and  its impact on soil carbon and nitrogen losses in northern China. Catena 66,
221–227.

Wang, Y., Chen, Z., Tieszen, L.T., 1998. Distribution of soil organic carbon in the major
grasslands of Xilinguole, Inner Mongolia China. Acta Phytoecol. Sin. 22, 545–551.

Ward, S., Bardgett, R., McNamara, N., Adamson, J., Ostle, N., 2007. Long-term con-
sequences of grazing and burning on northern peatland carbon dynamics.
Ecosystems 10, 1069–1083.

Wei, Z., Wu,  R., Dabu, X., Su, J.A., Yang, S., 2005. The influence of different grazing
systems on soil physical and chemical properties in desert steppe. Grassland
China, 6–10.

Wu,  H., Guo, Z., Peng, C., 2003. Land use induced changes of organic carbon storage
in  soils of China. Glob. Change Biol. 9, 305–315.

Wu,  L., He, N., Wang, Y., Han, X., 2008. Storage and Dynamics of Carbon and Nitrogen
in  Soil after Grazing Exclusion in Leymus chinensis Grasslands of Northern China.
J.  of Environ. Qual. 37, 663–668.

Wynn, J., Bird, M.,  Vellen, L., Grand-Clement, E., Carter, J., Berry, S., 2006.
Continental-scale measurement of the soil organic carbon pool with cli-
matic, edaphic, and biotic controls. Glob. Biogeochem. Cycles 20, GB1007,
doi:10.1029/2005GB002576.

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.
Glob. Change Biol. 13, 1989–2007.

Yan, Y., Tang, H., 2008. Restoration of degraded steppe and its contribution for carbon
sequestration with exclosure in the typical steppe of Nei Monggol in north China.
Prog. Nat. Sci. 18, 546–551.

Yan, H., Cao, M.,  Liu, J., Tao, B., 2007. Potential and sustainability for carbon seques-
tration with improved soil management in agricultural soils of China. Agric.
Ecosyst. Environ. 121, 325–335.

Yeh, E., 2005. Green governmentality and pastoralism in Western China: converting
pastures to grasslands’. Nomad. Peopl. 9, 9.

Zhang, X., Xu, D., 2003. Potential carbon sequestration in China’s forests. Environ.
Sci. Pol. 6, 421–432.

Zhang, X., Xu, B., Li, F., et al., 2008. Nutrient equilibrium and distribution along

soil profile of three legumes on highland Loess Plateau. Chinese J. Eco-agric.
16,  810–817.

Zhao, Y., Zhao, S., Cao, L., 2008. Soil structural characteristics and its effect on infil-
tration on abandoned lands in semi-arid typical grassland area. Trans. CSAE 24,
14–20.

http://www.metafor-project.org/

	Management and land use change effects on soil carbon in northern China's grasslands: a synthesis
	1 Introduction
	2 Methods
	2.1 Background information and logical structure of the synthesis
	2.2 Survey data
	2.3 Statistical analysis
	2.4 Quantities of the studies surveyed

	3 Results
	3.1 Changes in soil carbon in response to land use and management practices
	3.2 Changes in soil carbon with improved management
	3.3 Annual change in soil carbon
	3.4 Factors controlling the annual change of carbon concentration in soils

	4 Discussion
	4.1 Effects of management on changes in soil carbon stocks
	4.2 Soil carbon sequestration rates and the potential of grasslands to mitigate atmospheric carbon in China

	5 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


