Catena 194 (2020) 104722

Contents lists available at ScienceDirect

Catena
journal homepage: www.elsevier.com/locate/catena

Changes of soil organic carbon stocks from the 1980s to 2018 in northern
China’s agro-pastoral ecotone

T

⁎

Xuyang Wanga,b, Yuqiang Lia,c, , Xiangwen Gongd, Yayi Niua,b, Yinping Chene, Xiaoping Shie,
Wei Lif, Jing Liua
a

Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000, China
University of Chinese Academy of Sciences, Beijing 100049, China
c
Naiman Desertiﬁcation Research Station, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Tongliao 028300, China
d
Wan Sheng Mining of Chongqing Conservation and Repair of Ecological Environment Observation and Research Station, Chongqing Institute of Geology and Mineral
Resources, Chongqing 400042, China
e
School of Environmental and Municipal Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China
f
Northwest Agriculture and Forestry University, Yangling 712100, Shaanxi, China
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Soil organic carbon (SOC)
Total SOC stock
Climate change
Land use/cover change
Agro-pastoral ecotone

Soil carbon sequestration and potential sequestration are key issues in global carbon research, as the size of the
soil organic carbon (SOC) stocks and their changes over time are important for understanding their role in
climate change. In northern China’s agro-pastoral ecotone, we compared SOC data derived from 238 sampling
sites during China’s National Soil Inventory in the 1980s with the results of ﬁeld surveys at 644 sites in 2018 to
calculate the changes in SOC stocks between the 1980s and 2018. We found that the mean SOC stock to a depth
of 30 cm decreased signiﬁcantly, from 4.48 kg C m−2 in the 1980s to 3.60 kg C m−2 in 2018, and the total SOC
stock decreased from 2793.17 Tg to 2248.34 Tg. This amounted to an average decrease of 27.74 g C m−2 yr−1
over the 30-year study period. Furthermore, we used a land use and cover change transition matrix to quantify
the amount of SOC change caused by these transitions; the SOC reduction could be mainly ascribed to overgrazing, grassland reclamation for agriculture, and grassland desertiﬁcation. Large-scale ecological restoration
projects have increased SOC reserves, but not enough to compensate for the loss of SOC caused by factors such as
desertiﬁcation and ecosystem degradation. We also performed regression analysis for the relationship between
the change in the SOC stock and the rates of temperature and precipitation change. We found that increasing
temperature non-signiﬁcantly decreased SOC, whereas precipitation was signiﬁcantly (P < 0.05) related to SOC
change, but the R2 was very low (0.01). Our analysis suggests that humans have aﬀected SOC in northern China’s
agro-pastoral ecotone more strongly than climatic factors.

1. Introduction
Soil is the largest carbon pool in terrestrial ecosystems. About 1400
to 1500 Pg carbon is stored in the soil in the form of organic matter,
accounting for two-thirds to three-quarters of the total carbon pool in
terrestrial ecosystems (Post et al., 1982; Schlesinger, 1990). Due to the
soil’s huge capacity to store soil organic carbon (SOC), even a slight
change in SOC pools could signiﬁcantly inﬂuence the atmospheric
carbon dioxide (CO2) concentration, which in turn will aﬀect global
climate change (Were et al., 2015). The massive global emissions of
greenhouse gases such as CO2 have become the main cause of global
warming since the mid-20th century, and changes in SOC pools have

huge potential for mitigating or exacerbating atmospheric levels of
greenhouse gases (Davidson and Janssens, 2006; Novaes et al., 2017;
Raich and Potter, 1995). Hence, many scholars have studied the relationship between SOC dynamics and atmospheric CO2 accumulation
(Jobbagy and Jackson, 2000; Smith et al., 2008; Valtera and Šamonil,
2018; Wang et al., 2018).
Under the United Nations Framework Convention on Climate
Change, soil carbon sequestration plays an important role in decreasing
levels of atmospheric CO2, thereby mitigating global warming (Ingram
and Fernandes, 2001; Schlesinger, 2001). Precise estimates of the SOC
stock are required to evaluate potential sequestration. Therefore, research has been performed on the spatial patterns and stocks of SOC at
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sequester a total of 102 Tg C, and that sequestration has beneﬁted from
an increase in the area of woodland, from conversion of arable land into
permanent grassland from 1925 to 2007, and from the SOC gains that
resulted from land-use change that oﬀset losses caused by climate
change. Deng and Shangguan (2017) found that SOC to a depth of
100 cm increased at 0.23 g kg−1 yr−1 following aﬀorestation based on
compilation and analysis of published data from 512 observations at 61
sites in China.
Northern China’s agro-pastoral ecotone is a typical ecologically
fragile semi-arid zone that has undergone severe desertiﬁcation. The
ecosystem degradation has been caused by natural factors, such as a dry
climate (high rates of evaporation), inadequate precipitation, and
strong winds. These factors have been exacerbated by intensive cultivation and overgrazing over large areas (Wang et al., 2019). For example, in the agro-pastoral ecotone of Inner Mongolia Autonomous
Region, the degraded grassland covered 2.1 × 105 km2 in 1983, and
this increased to 3.9 × 105 km2 in 1995, representing an increase
(linear) of about 7% per year (Zhao et al., 2002). To mitigate these
problems, the government has implemented a range of restoration
projects since 1975, including the Ecological Compensation Mechanism
(Wan et al., 2005), the Three Norths Shelter Forest Program (Wang
et al., 2010), and other grassland protection policies. However, even
though the region remains highly ecologically fragile, it has high potential as a carbon sink (Nosetto et al., 2006). Thus it has become a
region of interest for evaluating the eﬀects of desertiﬁcation control and
the carbon sequestration potential of degraded ecosystems through
strategies such as grazing exclusion (Su et al., 2003) and aﬀorestation
(Li et al., 2013, 2017; Zhang et al., 2004). However, no research has
quantiﬁed the long-term SOC changes for the whole region, and there is
little knowledge of the region’s SOC dynamics or of how climatic and
anthropogenic factors have aﬀected the long-term SOC changes.
To provide some of the missing knowledge, we developed the present study to describe the changes that have occurred since the 1980s
National Soil Survey. Our speciﬁc objectives were to (1) evaluate the
current total SOC stock in northern China’s agro-pastoral ecotone, (2)
detect changes in the total SOC stock between the 1980s and 2018 in
the study area at site and regional scales, and (3) analyze the eﬀects of
climatic and anthropogenic factors on SOC changes during the last
30–40 years.

a global scale (Batjes, 2014; Eswaran et al., 1993; Scharlemann et al.,
2014; Tashi et al., 2016). This research has also been conducted at
regional and national scales, such as in North and South America
(Batjes, 2000), Brazil (Bernoux et al., 2002), France (Arrouays et al.,
2010; Martin et al., 2014), Denmark (Krogh et al., 2003), India
(Bhattacharyya et al., 2000), Japan (Matsuura et al., 2012), and China
(Yang et al., 2007), as well as at subnational scales (Gelaw et al., 2014;
Li et al., 2018; Sheikh et al., 2009). However, these studies mainly
focused on the spatial distribution and stocks of SOC during a limited
period. Long-term studies of SOC dynamics at large (regional or national) scales are rare, so these dynamics are poorly understood. Such
research would require high sampling densities and suﬃciently long
time periods to observe SOC changes despite the large spatial variation
of this parameter and its slow rates of change (Minasny et al., 2011).
Unfortunately, achieving a high sampling density is expensive and timeconsuming. Thus, monitoring of SOC dynamics has been limited to
studies based on long-term trials with low sampling intensity and small
spatial extent (Smith et al., 1997).
It is possible to study large-scale SOC dynamics in countries or regions with a rich monitoring infrastructure, such as Germany (Capriel,
2013), France (Arrouays et al., 2002), and the United Kingdom
(Bellamy et al., 2005a, 2005b). Based on SOC data derived from China’s
National Soil Inventory during the 1980s, Yang et al. (2009,
2010a,2010b) conducted soil surveys in the grasslands of Tibet and
northern China from 2001 to 2005 to detect the changes in the SOC
stock since the 1980s, and found that grassland SOC stocks remained
relatively stable during the two decades before their study. Similarly,
Dai et al. (2014) estimated that the SOC stock increased by 7.00 g
C·m−2·yr−1 in the grasslands of Inner Mongolia from the 1980s to the
2010s, but the change was not statistically signiﬁcant. In contrast, Chen
et al. (2017) found a signiﬁcant increase at a rate of 4.66 g C·m−2·yr−1
from 2002 to 2011 in the SOC stocks of Tibetan grasslands. However,
these estimates were limited to grasslands rather than a range of ecosystems. A comprehensive assessment of SOC dynamics in a large
geographical area that includes a variety of land use and cover types
has not yet been performed in China. Fortunately, China’s National Soil
Inventory in the 1980s provides a strong basis on which to perform such
an assessment and detect changes in the subsequent 30–40 years.
Researchers consider climate and human activity (e.g., cultivation,
grazing, aﬀorestation) to be the two major groups of factors that aﬀect
SOC. Large amounts of SOC can be sequestered through aﬀorestation,
as well as by conversion of cultivated land to grassland and by controlling desertiﬁcation. In contrast, SOC stocks will decrease during
desertiﬁcation or the conversion of a natural landscape into intensively
managed cropland (Gelaw et al., 2014; Lal, 2001). Temperature and
precipitation control the balance between carbon inputs from plant
residues and carbon outputs through their eﬀects on plant growth and
on decomposition of SOC by soil microorganisms (Post et al., 1982).
The eﬀects of climate on SOC have been well characterized in recent
years, and researchers have generally found that SOC was negatively
correlated with temperature and positively correlated with precipitation (Chen et al., 2017; Davidson and Janssens, 2006; Jobbagy and
Jackson, 2000; Smith et al., 2008).
Lal (2004) reported that 78 ± 12 Pg C were contributed to the
atmosphere since the industrial revolution by depletion of the global
SOC pool, mainly caused by unreasonable land use practices, including
cultivation, deforestation, conversion of natural to agricultural ecosystems, and biomass burning, whereas the global potential SOC sequestration rate could reach 0.9 ± 0.3 Pg C yr−1 if restorative land use
practices and improved management practices were implemented.
Bellamy et al., 2005a, 2005b) and Yang et al. (2009) suggested that
climate warming may lead to a loss of soil carbon based on their analysis of numerous ﬁndings from small-scale laboratory incubations,
ﬁeld experiments, and modeling studies. However, little evidence has
been available from large-scale observations based on soil inventory
data (Yang et al., 2009). Bell et al. (2011) found that the UK's soils

2. Materials and methods
2.1. Study area
Northern China’s agro-pastoral ecotone is a transitional zone in
which agricultural cultivation and grazing are interlaced with natural
grasslands and deserts. It lies in the ecological transition zone between
the eastern farming and northwestern pastoral areas of northern China.
The study area covers nine provinces with an area of 654 564 km2, and
the Inner Mongolia Autonomous Region accounts for the largest proportion (61.4%) of the total study area (Fig. 1a). The study area ranges
between 36°01′N and 51°36′N and between 105°45′E and 128°42′E
(Fig. 1b). The eastern section is more than 300 km wide, and includes
the foothills of the Daxing'anling Forest Region, the Hulunbeier grassland, and the Horqin Sandy Land. The middle of the study area is about
200 km wide, and includes the Hunshandake Sandy Land. The Mu Us
Sandy Land and China’s Loess Plateau occupy the southwestern section,
which is 100 to 150 km wide. Long-term mean annual precipitation
ranges from 300 to 450 mm, of which more than 60% falls from June to
August. Due to the wide span of 15° in latitude, the mean annual
temperature (MAT) varies greatly. MAT is between 6.0 and 9.0 °C in the
southwestern section, but decreases to between 0 and 1.0 °C in the
middle part, and then increases to between 3.0 and 7.0 °C in the
northeastern region. Mean annual wind velocity is between 3.0 and
3.8 m s−1, and the frequency of gales (when the wind velocity exceeds
8 m s−1) ranges from 30 to 100 days annually.
2
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Fig. 1. (a) Locations of the Inner Mongolia Autonomous Region and the agro-pastoral ecotone of northern China. (b) Locations of the sampling sites in the agropastoral ecotone of northern China, and their relationships with the land use and cover types in 2015. H-grassland, M−grassland, and L-grassland refer to grassland
with high, medium, and low vegetation cover (more than 50%, 20% to 50%, and 5% to 20%, respectively). The dataset was provided by the Data Center for
Resources and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn).

in our study area that were included in the National Soil Survey during
the 1980s, we used the soil properties that determine this parameter:
SOM (g·kg−1), soil bulk density (BD; g·cm−3), the volume of coarse
fragments > 2 mm (% of total), and the measurement depth (cm).
SOM was converted to SOC by multiplying SOM by 0.58 (Pribyl, 2010).
Because BD was not recorded for many of the proﬁles in the 1980s, the
empirical relationship [Eq. (1), Fig. 2a] was developed between the
SOC concentration to a depth of 30 cm and BD using measured data
from our 2018 ﬁeld survey, then the formula was used to calculate BD
for the sites from the 1980s that lacked this data. The measured BD
values in the topsoil during the 1980s was used to validate the prediction accuracy of the following model (Fig. 2a):

2.2. National soil survey data
In China, a comprehensive National Soil Survey was carried out
during the 1980s (from 1979 to 1989). Researchers collected a total of
34 411 soil proﬁles from 2444 counties, 312 national farms, and 44
forests throughout China. The inventory described soil chemical and
physical properties for each horizon. Analyses of the samples included
chemical properties (e.g., soil organic matter [SOM], pH, exchangeable
bases), physical properties (e.g., bulk density, texture, particle size
distribution), and fertility (e.g., total N, P, K) (Shi et al., 2004). In addition, the researchers recorded details of the geographic location, layer
thickness, soil type, and land use or cover type for each proﬁle.

BD = 1.4955exp−0.013x (R2 = 0.705, P < 0.001)

2.3. Data acquisition for SOC and bulk density in the 1980s

(1)
−1

Where x represents the SOC concentration (g·kg ). Fig. 2b shows
that the predicted BD increased linearly with the measured values and

To calculate the SOC stock (SOCS; kg·m−2) at the 238 sample sites
3
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a 2-mm mesh to remove roots and other coarse debris. The remaining
samples were then ground to pass through a 0.25-mm mesh before
determination of the SOC concentration. To be consistent with the SOC
measurement method used in China’s National Soil Survey, the
Walkley-Black dichromate oxidation method was used to determine the
SOC concentration (Nelson et al., 1996). Soil BD was determined from
the soil cores as the ratio of the oven-dry (at 105 °C) soil mass to the
container volume (Klute, 1986).
2.5. Estimation of SOCS and the total stock
For the data obtained from the two soil surveys, the same method
was used to calculate the SOC stock to a depth of 30 cm (SOCS, in kg
C·m−2) for each soil sample by Eq. (2), then the total SOCS (in Tg) was
estimated from SOCD using Eq. (3):

SOCS = SOC × BD × D × (1 − cf ) × 0.01
Total SOCS =

(2)

SOCS × A
1000

(3)
−1

Where SOC represents the elemental concentration (g C kg ), BD
represents the soil bulk density (g·cm−3), D represents the thickness of
the layer (cm), cf represents the volumetric fraction occupied by coarse
fragments > 2 mm (%), A represents the area of a given region (in
km2), and 0.01 and 1000 are unit conversion factors.
2.6. Climatic and land use data
To analyze the eﬀects of climatic and anthropogenic factors on SOC
dynamics during the study period, we obtained a gridded dataset
(1 km × 1 km) for annual precipitation and mean annual air temperatures from 1980 to 2015, and interpolated values using the
smoothing splines method provided by the ANUSPLIN software (Liu
et al., 2008). The gridded climatic datasets were available from the
Data Center for Resources and Environmental Sciences, Chinese
Academy of Sciences (http://www.resdc.cn). The statistically signiﬁcant changes in the annual temperature and precipitation from 1980
to 2015 were detected by the nonparametric Mann-Kendall method
(Mann, 1945). The null hypothesis H0 for these tests is that there is no
trend in the series. The three alternative hypotheses are that there is a
negative, non-zero, or positive trend.
The Mann-Kendall test statistic (S) is given by

Fig. 2. Relationships between the soil organic carbon (SOC) concentration to a
depth of 30 cm and bulk density (BD) were obtained from ﬁeld measurements
in 2018. (a) Development of a predictive equation for BD as a function of SOC.
(b) To evaluate the accuracy of this empirical relationship, we used the measured BD values from the 1980s. The dashed red line represents y = x, and the
nonsigniﬁcant P value for the slope test indicates that the regression slope did
not diﬀer signiﬁcantly from 1.

there was no signiﬁcant diﬀerence between the slope of the validation
line and 1.0, suggesting that this equation provided an acceptable estimate of the missing BD values from the 1980 s. The box plot of SOCS
for diﬀerent land use during the 1980s is shown in Supplementary
Figure S1.

S=

n−1

n

∑k =1 ∑ j=k +1 Sgn (xj − xk )

(4)

Sgn (x j − xk ) = 1 if x j − xk > 0
Sgn (x j − xk ) = 0 if x j − xk = 0

2.4. Field survey and laboratory analysis in 2018

Sgn (x j − xk ) = - 1 if x j − xk < 0

To detect changes in SOCS in the agro-pastoral ecotone of northern
China, we obtained soil samples at 644 sites distributed throughout the
study region (Fig. 1b) from April to July 2018. At each sampling site,
the soil samples were collected randomly at 15 sampling locations at
depths of 0 to 20 and 20 to 30 cm using a 2.5-cm-diameter soil auger.
This approach agrees with the depth range used in most previous studies (Arrouays et al., 2010; Bellamy et al., 2005a, 2005b; Chen et al.,
2017; Sleutel et al., 2010; Yang et al., 2009), and therefore facilitates
comparison of our results with previous research. These samples were
combined to produce a single composite sample at each depth, yielding
a total of 1288 composite samples. In addition, three sampling points
(replicates) at each site were selected to determine the soil BD for the 0
to 20 cm and 20 to 30 cm layers, and the samples were collected using a
soil auger equipped with a stainless-steel cylinder (5.5 cm in diameter
and 4.2 cm in height). Then the three BD values were averaged to
produce a single mean value for each sampling site.
In the laboratory, the soil samples were air-dried and sieved through

(5)

Where n is the length of the time series, Sgn represents the sign
function (i.e., whether the value is positive, zero, or negative), and xj
and xk represents sequential data values.
Under the null hypothesis, there is no trend in the data, and the
distribution S is expected to have a mean of zero and a variance of

Var (S ) =

n (n − 1)(2n + 5)
18

(6)

In addition, Z values were calculated to indicate the trend’s signiﬁcance level using the following equations:

Z=

S−1
Var (S )

if S > 0

Z = 0 if S = 0
Z=

4

S +1
Var (S )

if S < 0
(7)
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Thus, when performing a two-sided signiﬁcance test, the null hypothesis H0 would be rejected at signiﬁcance level p if |Z| ≥ Z(1−p/2). A
positive value of Z represents an increasing trend, whereas a negative
value indicates a decreasing trend. When the absolute value of Z is
greater than or equal to 1.28, 1.64, and 2.32, the test is signiﬁcant at p
less than 0.10, 0.05, and 0.01, respectively.
The land use and cover raster data (1 km × 1 km) for 1980 and
2015 were available from the Data Center for Resources and
Environmental Sciences, Chinese Academy of Sciences (http://www.
resdc.cn). The main land uses in the study area include cropland, forest,
and H-grassland, M−grassland, and L-grassland with high, medium,
and low vegetation cover (i.e., more than 50%, 20% to 50%, and 5% to
20%, respectively). Furthermore, it includes small areas of sandy land,
construction land, and unused land (e.g., saline land, gobi desert,
marshland). To explore the changes in land use and cover type between
the 1980s and 2015, the raster data from both times was used to generate a land transfer matrix (i.e., a matrix that shows the area of a given
land use or cover type that changed to a diﬀerent use or type) using the
Spatial Analyst tool in version 10.3 of the ArcGIS for Desktop software
(http://www.esri.com). In addition, the data on the annual number of
livestock (cattle, sheep, and goats) in the region from 1980 to 2017 was
available from the National Bureau of Statistics of China (http://www.
stats.gov.cn/tjsj/).

function developed by SOC concentration and BD measured data during
2018 ﬁeld survey, the signiﬁcance of the diﬀerence between the slope
of the validation line and 1.0 was tested using the smatr standardized
major axis regression package for the R software (R Development Core
Team, 2008).

2.7. Spatial aggregation of SOC data

Table 1 summarizes the statistical characteristics of SOCS to a depth
of 30 cm for the soil surveys in the 1980 s and in 2018. The mean value
of SOCS in the 1980s (3.82 kg C·m−2) was higher than that in 2018
(3.63 kg C·m−2). SOCS was highly variable, and ranged from 0.17 to
13.48 kg C·m−2 in the 1980 s and from 0.16 to 18.47 in 2018. In addition, SOCS was positively skewed in the 1980 s and 2018 because the
corresponding skewness was greater than 0; to account for this, we logtransformed the data before interpolation.

2.8. Uncertainty analysis of SOCS estimation
The uncertainties in SOCS estimation and comparisons between the
1980 s and 2018 for site-level database of 882 paired samples were
conducted by Monte-Carlo simulation (Ogle et al., 2003;
Vandenbygaart et al., 2004; Beilman et al., 2008; Yang et al., 2010a,
2010b). Speciﬁcally, we randomly extracted data of SOCS with bootstrapping techniques to estimate SOC stock and its changes (Potvin and
Roﬀ, 1993). We conducted 10 000 model analyses and summarized
model outputs for each run. From these 10 000 estimates, we obtained
the 2.5% and 97.5% as a description of uncertainty of SOCS and its
changes (i.e., 95% conﬁdence interval) (Ogle et al., 2003; Yang et al.,
2010a, 2010b).
3. Results
3.1. Descriptive statistics

To detect changes in the regional distribution of SOCS between the
1980s and 2018, it’s necessary to deﬁne the corresponding spatial
pattern of SOCS. To accomplish this, we used ordinary kriging interpolation in version 10.3 of the ArcMap software (http://www.esri.
com), with the measured SOCS values in the two periods used as inputs,
then this data was converted into raster datasets at a spatial resolution
of 1 km × 1 km. The semi-variograms were used to quantify the spatial
variation of SOC in this study:

r (h) =

1
E [z (x ) − z (x + h)]2
2

3.2. Semi-variogram analysis of SOCS
The isotropic exponential model provided the best ﬁt for the semivariograms in both time periods, with the MSE nearest to zero and
RMSSE nearest to 1 (Table 2). The nugget was also smallest using the
exponential model in the 1980s and 2018, with nugget sizes of 0.22 and
0.17, respectively. The nugget to sill ratios for SOCS were 56.9 and
41.8% in the 1980s and 2018, respectively, indicating that SOCS exhibited moderate spatial dependence based on the criteria of
Cambardella et al. (1994), and the spatial dependence of SOCS decreased from the 1980s to 2018. The range is the distance at which the
semi-variogram model reaches its limiting value (the sill). Beyond that
range, the dissimilarity between points becomes constant with increasing lag distance. The range of SOCS in 2018 was less than that in
the 1980s.

(8)

Where r(h) represents semivariance, E is the statistical expectation,
and z(x) and z(x + h) represent the paired data values being compared
over a lag distance of h (Allan Reese 2001). The semi-variogram includes three ﬁtting models (exponential, spherical, and Gaussian), each
of which can be described by the range, sill, and nugget parameters. To
choose the optimal model, the mean standardized error (MSE) and the
root-mean-square standardized error (RMSSE) were calculated:

MSE =

n
∑i = 1 [Z ̂(x i ) − Z (x i )]/ δ ̂(x i )

RMSSE =

(9)

n
n
∑i = 1 {[Z ̂(x i ) − Z (x i )]/ δ ̂(x i )}2

n

(10)

3.3. Spatial patterns of SOCS

Where n represents the sample size, Z ̂(x i ) and Z (x i ) represent the
predicted and measured values of sample i at location x , respectively,
and δ ̂(x i ) represents the standard error of the prediction. Furthermore,
the 238 sampling points from the 1980 s were used to extract the
corresponding values from the 2018 raster dataset to obtain the SOCS
values of 238 paired samples. In the same way, for the 644 sampling
sites in 2018, the past values of SOCS were extracted from the 1980s
raster dataset to provide an additional 644 paired samples. Thus, a total
site-level database of 882 paired samples was established to describe
SOCS changes at the same sampling sites. The SOCS of 882 samples
between the two sampling periods were compared using paired t-tests.
Statistical signiﬁcance was deﬁned at P < 0.001. The statistical analysis was performed using version 19.0 of the SPSS software (https://
www.ibm.com/analytics/spss-statistics-software). The correlations between parameters were displayed using version 12.5 of SigmaPlot
(https://systatsoftware.com/). To test the reliability of the empirical

SOCS showed generally consistent spatial patterns during the 1980s
and in 2018 (Fig. 3a, b). SOCS increased from the southwest to the
central part of the study area, decreased again towards the northeast,
Table 1
Statistical characteristics of the soil organic carbon stock (SOCS) for the two soil
surveys in the agro-pastoral ecotone of northern China.
Year

1980s
2018

N

238
644

SOCS (kg C m−2)
Mean

Min.

Max.

SD

3.82
3.63

0.17
0.16

13.48
18.47

2.76
2.72

CV

Ske

Kur

72.23%
74.83%

1.27
1.88

1.14
4.34

N, sample size; Min., minimum; Max., maximum; SD, standard deviation; CV,
coeﬃcient of variation; Ske, skewness; Kur, kurtosis.
5
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Table 2
Semi-variogram parameters for the spatial distribution of the soil organic carbon stock (SOCS) for two soil surveys in the agro-pastoral ecotone of northern China.
Years

Model

Nugget

Partial sill

Sill

Nugget/sill

Range (km)

MSE

RMSSE

1980s

Exponential
Spherical
Gaussian
Exponential
Spherical
Gaussian

0.22
0.23
0.25
0.17
0.21
0.24

0.17
0.16
0.15
0.23
0.18
0.15

0.39
0.39
0.40
0.40
0.39
0.39

56.90%
59.90%
62.65%
41.77%
54.46%
62.09%

355.80
305.19
265.16
215.48
189.34
164.94

0.02
0.03
0.04
0.09
0.10
0.10

1.08
1.09
1.09
0.95
0.97
0.96

2018

ME and RMSSE represent the mean standardized error and the root-mean-square standardized error, respectively.

and increased again to the north. The areas with a low value (< 2 kg
C·m−2) were mainly located in the Loess Plateau and Mu Us Sandy Land
in the southwest, and in the Horqin Sandy Land in the east, which were
dominated by degraded grasslands and severely desertiﬁed sandy land.
The highest SOCS values (> 10 kg C·m−2) were mainly found in the
Hulunbeier grassland and Daxing'anling forest region in the northernmost part of the study area, which represented areas of well-preserved
grassland and mountain forest. The SOCS change during the study
period showed high spatial heterogeneity. In total, 31.2% of the pixels
exhibited an increasing trend from the 1980s to 2018, but the remaining 68.8% showed a decreasing trend (Fig. 3c, d). Moreover, pixels
with a decrease between 0 and 0.5 kg C m−2 per decade accounted for
the largest proportion (46.8%) of the pixels.

Table 3
Ninety-ﬁve percent conﬁdence intervals of SOC stock (SOCS) and its changes in
the agro-pastoral ecotone of northern China., estimated by a Monte-Carlo simulation.
Item

Mean

Lower 2.5%

Upper 97.5%

SOCS1980s (kg·m−2)
SOCS2018 (kg·m−2)
SOC change (kg·m−2)
Relative SOC change (%)

4.27
3.49
−0.79
−18.41%

4.06
3.30
−0.98
–23.04%

4.49
3.67
−0.59
−13.79%

Relative SOC change is equal to SOC change divided by mean SOC stock during
the two sampling periods. SOC, soil organic carbon.

Fig. 3. Spatial patterns of the changes in soil organic carbon stock (SOCS) to a depth of 30 cm in (a) the 1980s and (b) 2018. (c) Change trends and (d) rate of change
from the 1980s to 2018. Negative values represent decreases in SOCS.
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Table 4
The soil organic carbon stock (SOCS) and total SOCS in the top 30 cm of the soil for the major land use and cover types in the study area, and the corresponding
changes from the 1980s to 2018. SOCS values represent mean values ± standard deviations. Negative values represent decreases since the 1980 s. H-grassland,
M−grassland, and L-grassland refer to grassland with high, medium, and low vegetation cover (i.e., more than 50%, 20% to 50%, and 5% to 20%, respectively).
Land use or cover
type

1980s

2018
2

Cropland
Forest
H-grassland
M-grassland
L-grassland
Sandy land
Unused land
Construction land
Total study area

Area (km )

SOCS (kg C m

171,006
90,749
119,997
117,785
45,827
30,187
36,033
11,938
623,522

3.66
5.61
5.33
4.87
3.28
2.38
5.01
3.66
4.48

±
±
±
±
±
±
±
±

−2

)

1.84
2.67
2.83
3.65
2.55
1.69
3.00
1.54

Changes (2018 value minus 1980s value)
−2

2

Total SOCS (Tg
C)

Area (km )

SOCS (kg C m

625.60
508.83
639.00
573.28
150.24
71.93
180.57
43.73
2793.17

187,298
102,992
101,485
98,968
45,881
30,261
38,817
18,669
624,371

3.26
5.12
4.62
2.77
2.17
1.88
3.94
3.12
3.60

±
±
±
±
±
±
±
±

1.56
2.96
2.38
1.50
0.99
1.09
2.39
1.38

)

Total SOCS (Tg
C)

Area (km2)

SOCS (kg C
m−2)

Total SOCS (Tg
C)

610.59
526.91
469.01
273.66
99.74
57.03
153.11
58.28
2248.34

16,292
12,243
−18512
−18817
54
74
2784
6731
—

−0.40
−0.49
−0.70
−2.10
−1.10
−0.50
−1.07
−0.54
−0.88

−15.01
18.08
−169.98
−299.62
−50.49
−14.90
−27.46
14.55
−544.83

3.4. Changes in SOCS and total SOCS between the 1980 s and 2018
The results of paired t-tests showed that SOCS decreased signiﬁcantly from the 1980s to 2018 (df = 881, t = 8.941, P < 0.001).
Mean SOCS from 882 sites was estimated to be 4.27 and 3.49 kg C m−2
for the 1980 s and the 2000 s, with 95% conﬁdence intervals of 4.06 to
4.49 and 3.30 to 3.67 kg C m−2, respectively (Table 3). SOC change
over the 30-year study period amounted to −0.79 kg C m−2, with 95%
conﬁdence interval of −0.98 to −0.59 kg C m−2. Thus, SOC dynamics
between 14% and 23% loss could not be detected by site-level comparison (Table 3).
Table 4 shows that for the whole study area, SOCS to a depth of
30 cm totaled 2793.17 Tg in the 1980 s and 2248.34 Tg C in 2018, with
mean SOCS values of 4.48 and 3.60 kg C m−2, respectively. The total
SOCS decreased by 544.83 Tg, which amounted to an average decrease
of 27.74 g C m−2 yr−1 during the 30-year study period. The SOCS in the
top 30 cm of the soil for all land use and cover types decreased during
the study period (Table 4). The M−grassland had the largest decrease,
at 2.10 kg C m−2, whereas cropland had the smallest decrease, at
0.40 kg C m−2. The total SOCS showed the greatest decrease (520.09
Tg) for the total of the three types of grassland (H-grassland, M-grassland, and L-grassland), and this accounted for 95.5% of the total decrease in the total SOCS. The rates of decrease of the grassland total
SOCS during the study period were in the following order (g C m−2
yr−1): M-grassland (84.79) > H-grassland (47.22) > L-grassland
(36.73). SOCS decreased most in the M-grassland (by 2.54 kg C m−2).
SOCS decreased by 0.09 kg C m−2 in cropland, whereas SOCS increased
by 0.20 kg C m−2 in forest.

Fig. 4. Changes of soil organic carbon stock (SOCS) caused by diﬀerent land use
and cover type changes. Increases are shown as green bars, whereas decreases
are shown as yellow bars. H-grassland, M-grassland, and L-grassland refer to
grassland with high, medium, and low vegetation cover (i.e., more than 50%,
20% to 50%, and 5% to 20%, respectively).

degradation accounted for 37%, grassland reclamation for cropland
accounted for 13%, grassland desertiﬁcation accounted for 7%, and
other activities accounted for 4%), whereas the contribution of forest
degradation or conversion to other uses was 17%, and the contribution
of cropland degradation or conversion was 12%.

3.5. SOC changes caused by land-use conversion

3.6. The relationship between SOC and climate change

During the 30 years covered by the present study, the conversion of
sandy land to forest under the government’s Three Norths Shelter Forest
Program had the highest impact on the SOC sequestration potential,
which increased by 2.73 kg C m−2 for the conversion of sandy land to
forest. In contrast, SOCS decreased by 3.72 and 2.35 kg C m−2 for the
conversion of forest to sandy land and cropland, respectively (Fig. 4).
We further analyzed the conversions between land use and cover types
between the 1980 s and 2018, and calculated the change of the total
SOCS for diﬀerent land use and cover type changes (Fig. 5). Speciﬁcally,
for the areas in which the total SOCS increased, representing an increase of 64.8 Tg total SOCS in northern China’s agro-pastoral ecotone,
the contribution of aﬀorestation was 53% (32% for cropland aﬀorestation, 15% for grassland aﬀorestation, and 6% for other activities),
versus 40% for grassland construction (20% for returning cropland to
grassland, 19% for planting grass in sandy land, and 1% for other activities). Of the total reduction of 544.83 Tg SOC, the contribution of
grassland degradation or conversion to other uses was 61% (grassland

The Mann-Kendall test was used to detect signiﬁcant trends in the
annual temperature and precipitation from 1980 to 2015 in the study
area. It was found that the annual average temperature increased signiﬁcantly, at a rate of 0.36 °C·10 yr−1 in the past 30 years (Z = 3.64,
P < 0.01), but that the annual precipitation did not change signiﬁcantly, despite a decrease of 14.44 mm·10 yr−1 (Z = −1.38,
P > 0.05) (Supplementary Figure S2). Almost the entire study area
showed a warming trend, and only a small part of the eastern area
showed a cooling trend (Fig. 6a). Furthermore, most of the study area
showed decreasing precipitation, especially in the northern and eastern
regions, but a small area showed an increasing trend in the southwestern region (Fig. 6b). Overall, the climate became warmer and drier
in the entire study area. We performed regression analysis for the relationship between the change in SOCS and the rates of temperature
and precipitation change. It was found that the increasing temperature
non-signiﬁcantly decreased SOCS, whereas increasing precipitation was
signiﬁcantly (P < 0.05) related to SOC change, but the R2 was very
7
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Fig. 5. Changes in the total soil organic
carbon stock (SOCS) for diﬀerent land use
and cover type changes. Increases are shown
as green bars, whereas decreases are shown
as yellow bars. H-grassland, M-grassland,
and L-grassland refer to grassland with high,
medium, and low vegetation cover (i.e.,
more than 50%, 20% to 50%, and 5% to
20%, respectively). (For interpretation of
the references to colour in this ﬁgure legend,
the reader is referred to the web version of
this article.)

those in other regions, such as in the alpine meadow of Tibet (5.13 to
8.60 kg C m−2), mainly because Tibet’s cold climate inhibits the decomposition of SOM, resulting in an increase in SOC accumulation
(Chen et al., 2017). Our values were also lower than the SOCS for
grassland in Austria (10.7 kg·m−2; Liski et al., 2012), Belgium
(8.0 kg·m−2; Meersmans et al., 2015), and Japan (11.4 kg·m−2;
Matsuura et al., 2012). A major cause of this diﬀerence is the widespread desertiﬁcation that has occurred in northern China’s degraded
grasslands, and particular in the Mu Us Sandy Land, Horqin Sandy
Land, and Hunshandake Sandy Land (Fig. 1b). Desertiﬁcation directly
decreases SOCS by eliminating many of the plants that are the source of
SOC. The sandy land in our study area also experiences frequent wind
erosion due to the high frequency of gale days. The severe wind erosion
removes organic matter that has been provided as litter and removes
ﬁne particles from the topsoil, thereby decreasing the soil’s ability to
retain organic matter, resulting in the lowest SOCS in the sandy land
(Lal, 1998; Li and Shao, 2014).

low (0.01) (Fig. 7).
4. Discussion
4.1. SOCS for diﬀerent land use and cover types
SOCS showed consistent relative values for each land use in the
1980 s and 2018. Forest and H-grassland showed high SOCS levels
compared with other land uses in both periods, which can be attributed
to the large amounts of aboveground biomass and abundant roots in
these vegetation types, which promote the accumulation of SOM
(Chang et al., 2012; Fu et al., 2010). In contrast, cropland had relatively
low SOCS, mainly because the plant residues are removed during harvesting, resulting in low inputs of organic matter during the year
(Wiesmeier et al., 2013). For grassland, there was a signiﬁcant positive
correlation between SOCS and vegetation cover, which was mainly
attributed to the litter deposition caused by the increase of plant biomass, as a result of its beneﬁt for the accumulation and retention of SOC
(Jian et al., 2000; Xin et al., 2015). SOCS in the grassland of northern
China’s agro-pastoral ecotone (2.17 to 4.62 kg C m−2) was lower than

Fig. 6. Spatial distribution of the changes in (a) temperature and (b) precipitation per decade from 1980 to 2015 in northern China’s agro-pastoral ecotone.
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Fig. 7. The relationship between the change in soil organic carbon stock (SOCS) and the rates of (a) temperature and (b) precipitation change.

human activities and has retained relatively stable grassland vegetation
during our study period. In contrast, the grasslands of northern China’s
agro-pastoral ecotone have been severely degraded by human activities
(e.g., overgrazing).
The total SOCS of cropland decreased slightly, by 2.93 g C m−2 yr−1
in the present study, indicating that the SOC remained relatively stable
compared with the other land use and cover types. This diﬀers from the
situation in Belgium, where the cropland total SOCS decreased at a rate
of 608 kt C yr−1 in the 1990s in Belgium, mainly due to insuﬃcient
organic C inputs caused by reduced use of farmyard manure (Sleutel
et al., 2010). In contrast, cropland in the United States showed an increasing total SOCS (1.3 Tg yr−1) under the federally funded Conservation Reserve Program, which promoted the conversion of farmland into grassland (Ogle et al., 2010a,2010b), and as a result of
decreased tillage intensity in the central United States (West et al.,
2008). Liao et al. (2010) reported that the topsoil total SOCS (to a depth
of 20 cm) in China’s Jiangsu Province increased at a rate of 16.00 g C
m−2 yr−1 between 1982 and 2004, mainly due to the increased agricultural production from paddy management. In the present study,
which covers the period since China’s reforms and opening up to the
West under Deng Xiaoping, a massive migration of farmers to cities
caused rural labor shortages, making it diﬃcult to return large amounts
of plant residues to the ﬁelds. Thus, farmers began to burn straw
starting in the 1980s. Although Chinese farmers are more inclined to
use large amounts of fertilizer to increase crop yields, thereby directly
increasing inputs of organic matter to the soil, straw burning greatly
reduced these inputs and decreased SOC accumulation (Zhao et al.,
2018). Furthermore, most cropland in this region has been recently
reclaimed from saline and alkaline lands in the vast North China Plain,
where vegetation productivity is extremely low and organic C inputs
are correspondingly low. This may explain the low level of current
farmland SOC in the study area. Because the increasing burning of crop
residues created severe air pollution, leading to closures of airports and
highways in some areas, the Chinese government introduced a policy in
1999 to return crop residues to the ﬁeld, which directly increased organic matter inputs to the soil (Gale, 2014). This compensated to some
extent for the SOC loss that had been caused by straw burning. The
combination of these factors led to relatively stable SOC from the 1980s
to 2018 in the crop ecosystem of northern China’s agro-pastoral ecotone.

4.2. SOC changes between the 1980 s and 2018
In our research, the total SOCS to a depth of 30 cm in northern
China’s agro-pastoral ecotone decreased by 544.83 Tg C between the
1980 s and 2018. If we treat this decrease as a constant change, it
amounted to an average decrease of 27.74 g C m−2 yr−1 during the 30year study period. Our ﬁndings were consistent with the SOC change
across England and Wales between 1978 and 2003, with a mean decrease of 31.4 g C m−2 yr−1 (Bellamy et al., 2005a, 2005b). The rates of
decrease in grassland total SOCS were far greater than the decrease
(0.60 g C m−2 yr−1) in alpine grasslands of the Tibetan Plateau from
the 1980 s to 2004 (Yang et al., 2009). This is mainly because in the
alpine grasslands of the Tibetan Plateau, the increased soil C inputs due
to increased grass productivity during the study period may have
counteracted the loss of C associated with warming, resulting in a relatively stable total SOCS.
The total SOCS decreased at a rate of 27.74 g C m−2 yr−1 in
northern China’s agro-pastoral ecotone. In contrast, the total SOCS increased at a rate of 4.66 g C m−2 yr−1 from 2002 to 2011 in the alpine
grasslands across the Tibetan Plateau (Chen et al., 2017). Furthermore,
the topsoil (0 to 20 cm) total SOCS increased by 7.00 g C m−2 yr−1 in
the grasslands of Inner Mongolia from 1982 to 2012 (Dai et al., 2014).
These previous results are not consistent with our ﬁndings, in which the
dramatic decrease in the grassland total SOCS resulted mainly from
grassland degradation. The Inner Mongolia Autonomous Region is an
important animal husbandry area in China, and accounted for 61.4% of
the total study area (Fig. 1a). Changes in grazing pressure may explain
our results. Taking the Inner Mongolia Autonomous Region as an example, the annual number of livestock (cattle, sheep, and goats) in the
region from 1980 to 2017 (Fig. 8) were available from the National
Bureau of Statistics of China (http://www.stats.gov.cn/tjsj/). Although
the number of cattle remained relatively stable, the number of sheep
and goats increased greatly, from 25.53 million animals in 1980 to
61.12 million in 2017. Furthermore, the area and quality of grassland
have been decreasing since the 1980 s. The resulting long-term overgrazing decreased inputs of organic matter to the soil, resulting in a
decreasing SOC content (Shi et al., 2009). The grassland in the agropastoral ecotone has also been seriously degraded by long-term overgrazing. Thus, the increasing grazing intensity is one of the major
reasons for decreasing total SOCS in the study area. The discrepancies
between the observations in our study and those of Dai et al. (2014)
were mainly caused by diﬀerent locations (Inner Mongolia accounted
for only 61.4% of the present study area) and diﬀerent grassland types.
Dai et al. mainly studied natural grasslands in the central part of the
Inner Mongolia Autonomous Region, which has been less aﬀected by

4.3. Eﬀects of land use change on SOC
The conversion of cropland to forest and H-grassland and the restoration of desertiﬁed land were the main factors responsible for
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Fig. 8. Changes in the number of livestock (cattle, sheep, and goats) from 1980 to 2017 in China’s Inner Mongolia Autonomous Region.

and a program to return farmland to forests and grassland, which began
in 1999, as well as from other desertiﬁcation control projects. These
practices mainly included aﬀorestation and grazing exclusion in
northwestern, northern, and northeastern China.

increases of the total SOCS in the study area, whereas grassland conversion to cropland and grassland degradation were the main factors
responsible for decreases of SOCS. SOCS mainly beneﬁted from the
implementation of large-scale ecological protection projects, such as the
national Three Norths Shelter Forest Program, which began in 1979,
10
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4.4. Eﬀects of climate change on SOC
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Temperature and precipitation negatively and positively (respectively) aﬀected SOCS because they aﬀect the balance between carbon
inputs from plant residues and carbon outputs caused by microbial
decomposition of soil organic matter (Post et al., 1982). However,
neither climate factor aﬀected SOCS as strongly as anthropogenic land
use change. We speculate that the accumulation of SOC caused by increasing precipitation would oﬀset the losses of SOC caused by rising
temperature; that is, the trend towards a warmer and drier climate
would produce oﬀsetting eﬀects that weakened the impact of precipitation on SOC changes.
5. Conclusions
To better understand the current SOC reservoir and detect its
changes over time in northern China’s agro-pastoral ecotone, we conducted a ﬁeld survey in 2018 to update the regional SOC information
obtained during China’s National Soil Inventory in the 1980 s. By
comparing the measured SOCS in 2018 with the SOC values from the
1980 s, a large overall decline was found in SOCS to a depth of 30 cm,
although the stock increased for forests and construction land due to
(respectively) government aﬀorestation programs and an increase in
the area of construction land. The decreases could be mainly ascribed to
overgrazing, grassland reclamation for agriculture, and grassland desertiﬁcation. Large-scale ecological restoration projects have increased
SOC reserves to a certain extent, but not by enough to compensate for
the loss of SOC. In addition, the human inﬂuences on SOC change in
northern China’s agro-pastoral ecotone have been stronger than the
climatic factors. The problem of grassland degradation is still serious. In
the future, grassland protection and restoration should be strengthened
in northern China’s agro-pastoral ecotone to prevent further decreases
in SOC.
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