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H I G H L I G H T S

• Topsoil of the northern grasslands in
China remained an overall neutral C
sink between the 1980s and 2000s, but
the change of SOC exhibited large re-
gional variability.

• Inventory-machine learning technique
is a more promising method than tradi-
tional method (i.e., Kriging) in SOC
change monitoring.

• Climate and its change could have a par-
tial control over SOC dynamics and this
controls varied among different vegeta-
tion types.
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The grasslands of northern China store a large amount of soil organic carbon (SOC), and the small changes in SOC
stock could significantly affect the regional C cycle. However, recent estimates of SOC changes in this region are
highly controversial. In this study, we examined the changes in the SOC density (SOCD) in the upper 30 cmof the
grasslands of northern China between the 1980s and 2000s, using an improved approach that integrates field-
based measurements into machine learning algorithms (artificial neural network (ANN) and random forest
(RF)). The RF-generated SOCD averaged 5.55 kg C m−2 in the 1980s and 5.53 kg C m−2 in the 2000s, and the
change ranged from −0.17 to 0.22 kg C m−2 at the 95% confidence level, suggesting that the overall SOCD did
not vary significantly during the study period. However, the change in SOCD exhibited large regional variability;
the topsoil of the InnerMongolian grasslands experienced significant C loss (4.86 vs. 4.33 kg Cm−2),while that of
the Xinjiang grasslands exhibited an accumulation of C (5.55 vs. 6.46 kg Cm−2). Furthermore, the topsoil C in the
Tibetan alpine grasslands remained relatively stable (6.12 vs. 6.06 kg Cm−2). A comparison of the different grass-
land types indicated that SOCD significantly decreased in typical steppe,whereas it increased inmountainmead-
ow, and remained stable in the other grasslands (alpine meadow, alpine steppe, mountain steppe and desert
steppe). Climate change could partly explain the changes in the SOCD of the different grassland types. Increases
in precipitation could lead to SOC accumulation in temperate grasslands and SOC loss in alpine grasslands, while
climate warming is likely to cause SOC loss in temperate grasslands. Overall, our study suggests that the grass-
lands of northern China remained a neutral SOC sink between the 1980s and 2000s.
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1. Introduction

Soil is the largest carbon (C) pool in the terrestrial ecosystem (Batjes,
1996), and even a few percent changes in stored C can have profound
impacts on terrestrial C cycling (Johnson et al., 2007). Previous studies
have shown that climate warmingwill likely accelerate the decomposi-
tion of soil organic C (SOC) bymicroorganism and induce greater carbon
dioxide (CO2) emissions into the atmosphere, thus promoting positive
C-climate feedback (Cox et al., 2000; Davidson et al., 2000; Knorr
et al., 2005; Prietzel et al., 2016). However, this C loss from soil might
be offset if the increased C input from vegetation exceeds the increase
in decomposition, which would promote negative C-climate feedback
(Davidson and Janssens, 2006). Hence, accurately unraveling SOC dy-
namics under climate change is crucial to determiningwhether positive
C-climate feedback is occurring.

Grasslands are widely distributed in the temperate regions of the
world, and account for approximately 22% of the global soil C stock
(Jobbágy and Jackson, 2000). Therefore, the SOC dynamics of grasslands
have attracted considerable attention in recent decades (e.g., Hanegraaf
et al., 2009; Mestdagh et al., 2009; Yang et al., 2010). However, soil pro-
duces the largest amount of uncertainty when estimating the terrestrial
C budget (Ciais et al., 2013; Toddbrown et al., 2013). For example, using
a repeated soil inventory, Bellamy et al. (2005) reported that soils in En-
gland and Wales, including grassland soils, had experienced significant
C loss from 1978 to 2003, but Emmett et al. (2010) analyzed a large-
scale survey of soil profiles and found that the topsoil C concentration
in Great Britain did not change as much as that reported by Bellamy
et al. (2005) for the same study period. As an important component of
global grassland ecosystems, the natural grasslands in China cover
N40% of the country, ranking the third in the world in terms of area,
and the soil C accounts for about 96.6% grassland ecosystem C stock in
this area (Fang et al., 2010). Additionally, this region contains various
grassland biomes, and thus providing a unique opportunity to study
the grassland soil C dynamic. However, studies estimating the change
in SOC in the grassland of China have reported contrasting results.
Using the Terrestrial Ecosystem Model, Yan et al. (2015) suggested
that Tibetan alpine grasslands sequestered C over the past 50 years at
an annual rate of 10.1 Tg C. In contrast, Yang et al. (2008, 2010) demon-
strated that the SOC stock in the grasslands of northern China did not
change considerably between the 1980s and 2000s. These conflicting
results suggest that intensive investigations and appropriate methodol-
ogy are required to accurately assess the SOC dynamics of the grasslands
in northern China.

In this study, we used repeated observations from two periods in the
1980s and 2000s and two advanced machine learning algorithms, arti-
ficial neural network (ANN) and random forest (RF) algorithms, to

estimate long-term SOC changes in grasslands of northern China. The
ANN and RF approaches consider the spatial relationships between
study sites and the influence of climatic and edaphic parameters and
could thus producemore accurate predictions comparedwith tradition-
al spatial interpolation approaches, such as process-based models or
Kriging-based spatial interpolations (Grimm et al., 2008; Li et al.,
2013; Sreenivas et al., 2014; Yang et al., 2014). Specifically, we aimed
to answer the following three questions: (1) Do these new approaches
produce different estimates of SOCD and spatial heterogeneity com-
pared with those obtained from previous studies? (2) How do the
changes of SOC vary spatially across the grasslands of northern China?
and (3) How are these changes are associated with climatic factors
and vegetation types?

2. Materials and methods

2.1. Soil inventories

Soil profile data in the 1980s were obtained from the National Soil
Inventory (Wu, 1991; Hou and Zeng, 1992; Feng and Wang, 1993;
Zhao, 1993; Gong, 1994; Liu, 1995) and were used to assess the histor-
ical status of the SOC density (SOCD) in the grasslands of northern
China. The soil inventory recorded the physical and chemical properties
of the soils, such as geographical location, land cover, layer thickness,
bulk density, proportion of rock fragments, and soil organic matter
(SOM) concentration, which was determined using the Walkley-Black
method (Nelson et al., 1982); we used a constant value of 0.58 to con-
vert SOM to SOC (Wu et al., 2003; Xie et al., 2007; Yang et al., 2010). A
detailed description of the inventory soil profiles can be found in Yang
et al. (2010).

The soil data in the 2000s were obtained from field sampling cam-
paigns conducted from 2001 to 2005 across the grasslands of northern
China (Yang et al., 2010). The SOC concentration was determined fol-
lowing the same methodology as the National Soil Inventory (i.e.,
Walkley-Black method), soil texture was analyzed based on the per-
centage of clay, silt and sand content of soil sample. Further, site-level
SOCD observation in the top 30 cm was calculated by Eq. 1 to provide
a consistent comparison with China's National Soil Inventory from the
1980s.

SOCD ¼
Xn

i¼1

Ti � BDi � SOCi � 1−Ci=100ð Þ=100; ð1Þ

where SOCD, Ti, BDi, SOCi, and Ci are SOCD (kg C m−2), soil thickness
(cm), bulk density (g cm−3), SOC (g kg−1), and percentage of the rock
fraction N2 mm, respectively.

Fig. 1. Location of the study area and sampling sites during the 1980s and 2000s shown the background of China's vegetation map (Chinese Academy of Sciences, 2001).
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