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A B S T R A C T

Understanding the spatiotemporal distribution of soil organic carbon (SOC) and its controlling factors is ex-
tremely important for improving soil quality and developing sustainable management practices. We quantified
spatiotemporal variations in SOC in three typical regions (Shuyang, Rugao, and Shanghai) in southeastern China
during 1981–2011, by using geographically weighted regression (GWR), and explored the drivers with a geo-
graphical detector method. A total of 219 topsoil samples were collected in the three regions to measure the SOC
in 2011, and a total of 109 SOC data for 1981 were obtained from the soil survey reports of Shuyang, Rugao, and
Shanghai, which involved in the database of the second national soil survey of China. The results showed that the
mean SOC contents in 2011 were 14.68 g kg−1, 9.55 g kg−1, and 18.00 g kg−1 in Shuyang, Rugao, and
Shanghai, respectively. The topography (q = 0.60) and the sand content of the soil (q = 0.70) were the main
drivers of the spatial variability in the SOC in Shuyang and Rugao, while the carbon inputs (q = 0.68) pre-
dominantly explained the spatial heterogeneity of the SOC in Shanghai. Significant increases in SOC storage
occurred in Shuyang and Rugao from 1981 to 2011, with increase rates of 0.55 t ha−1 yr−1 and 0.26 t ha−1

yr−1, respectively. Land use change (dryland farming to rice cultivation) was identified as the largest driver of
the SOC increases in Shuyang and Rugao (q values of 0.16 and 0.09, respectively), followed by increasing carbon
inputs (0.14 and 0.07). However, the SOC storage in Shanghai rapidly decreased at a rate of −0.38 t ha−1 yr−1

during 1981–2011. The land use change from wetlands to rice cultivation was the primary reason for the de-
creasing SOC (q = 0.24), and a net decrease in carbon inputs between 1981 and 2011 was another main driver
of the reduction in the SOC in Shanghai (q = 0.14). Our results from this study provide important information
on the spatiotemporal changes in SOC and its drivers to the scientific community and decision-makers, for the
development of management strategies to sustain soil fertility in many areas with rapid economic development
and increasing populations.

1. Introduction

Soil organic carbon (SOC) is commonly considered as a basic in-
dicator of soil fertility (kononova, 1966; Ondrasek et al., 2019; Tiessen
et al., 1994), which not only affects crop production (Fernandes et al.,
2019; Liu et al., 2011; Wood et al., 2018) and soil functions (Jensen
et al., 2019), but also plays a critical role in maintaining sustainable
development of terrestrial ecosystems (Lehmann and Kleber, 2015; Liu
et al., 2017b). The accumulation or loss of SOC mainly depends on
inherent factors such as the soil physical and chemical properties, and
external environmental factors that directly or indirectly affect the

balance between the organic inputs (e.g., straw/residue return) and
outputs (e.g., soil microbial decomposition) (Frouz, 2018; Fujisaki
et al., 2018; Hancock et al., 2019). Thus, understanding the spatio-
temporal distribution of changes in SOC and its drivers is extremely
essential for guiding the management of soil nutrients, assessment of
soil quality, and formation of agricultural policy.

Numerous methods have been used to estimate the spatiotemporal
distribution of changes in SOC based on the relationships between SOC
and its associated drivers. Geographically weighted regression (GWR),
which was developed by Brunsdon et al. (1996) and Fotheringham et al.
(2002), is one of the widely-used methods because it provides the
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advantage of varying local estimations of regression coefficients at
different spatial locations. For example, Costa et al. (2018) compared
and evaluated the accuracy of multiple linear regression (MLR) and
geographically weighted regression (GWR) models to predict SOC, and
demonstrated that the GWR model showed a better performance for the
prediction of the SOC in the southeast of Brazil. Moreover, through the
use of a mixed GWR model (MGWR), Zeng et al. (2016) revealed the
spatial distribution patterns and the accuracy of SOC predictions in two
typical study areas of China. They found that the errors produced by
MGWR were lowest when compared with other methods such as or-
dinary kriging and multiple linear regression, indicating that MGWR
was highly competitive for SOC prediction. However, with differences
in these studies focusing on predictive approaches, multiple factors that
affect spatiotemporal changes in SOC have drawn increased amounts of
attention in recent years, including natural factors such as soil texture,
topography, and vegetation (Singh et al., 2019; Takata et al., 2007;
Zheng et al., 2019), and anthropogenic factors such as framing practices
(e.g., tillage, fertilizer, and straw/residue return) (Magdoff and Weil,
2004; Zhao et al., 2018).

In general, environmental factors are widely applied to describe the
spatial variability in SOC. For example, soil texture, particularly for clay
content, plays a significant role in protecting SOC by promoting the
stability of soil aggregation (Johannes et al., 2017). Topographic fea-
tures such as altitude and slope control the redistribution of hydro-
thermal conditions, thereby indirectly affecting the rate of SOC de-
composition (Fissore et al., 2017; Zhu et al., 2019a). Vegetation also
affects SOC because of the increased organic carbon inputs from plant
straw/residue and the exchange of carbon with the atmosphere (Wang
et al., 2019). However, human disturbance can directly affect temporal
changes in SOC by controlling the balance of inputs (straw/residue
inputs; manures and organic fertilizers) (Ogle et al., 2005; Wang et al.,
2015), and outputs such as tillage, which accelerates the rate of SOC
decomposition by breaking the soil aggregates (Jat et al., 2019). In
addition, the land use change induced by the process of rapid urbani-
zation is an important anthropogenic factor affecting spatial or spa-
tiotemporal changes in SOC. For example, Vasenev et al. (2014) re-
ported that the spatial distribution of soil organic carbon was closely
related to the continuing urban sprawl in Moscow, Russia, and ex-
plained more than 30% of the total variability. Similarly, Song et al.
(2019) also found that land use change has been an important driver of
soil organic carbon (SOC) change in the Yangtze River Delta in China,
where the urban areas exhibited higher SOC contents than the crop-
lands due to the input of green manure in urban-rural ecotones and high
carbon sequestration in urbanized lands (e.g., urban parks).

SOC has been widely investigated in the Jiangsu-Shanghai region of
China which has been experiencing intensive cultivation, significant
industrialization and rapid urban expansion since the 1980s (Fei et al.,
2019; Lu et al., 2017; Pan et al., 2009; Zhang et al., 2019a). However,
studies related to the spatial or spatiotemporal changes in SOC and its
drivers are still under-researched in areas with rapid economic growth
in China. To consider the effect of economic growth on the spatio-
temporal changes of SOC, we selected three typical cities (Shuyang,
Rugao, and Shanghai) that represented different levels of economic
development across the Jiangsu-Shanghai region. Specifically, soil
types among the three selected cities significantly differed (Fig. 1), the
Anthrosols was the main type in Shanghai, which had higher SOC
(Yang, 2017), while the Cambosols and Anthrosols were the main types
in Shuyang and Rugao, respectively, both of which had lower SOC
(Huang et al., 2017).

The objectives in this paper are to 1) predict the spatiotemporal
changes in the SOC in Shuyang, Rugao, and Shanghai during the period
of 1981–2011; 2) identify the possible factors affecting the spatial
distribution of SOC; 3) explore the potential factors dominating the
temporal changes in the SOC and in Shuyang, Rugao, and Shanghai.

2. Materials and methods

In this study, the basic framework for illustrating all steps of the
data analysis is shown in Fig. 2. First, the legacy SOC data (obtained
from the second National Soil Survey of China) and measurements of
SOC were used to delineate the spatial maps in 1981 and 2011, re-
spectively, and then the spatial patterns of the changes in SOC were
generated by subtracting the spatially-distributed SOC maps between
1981 and 2011. Finally, we analyzed the drivers controlling spatio-
temporal changes of SOC through a geographical detector model.

2.1. Study area

Soil samples were collected from two county-level cities in Jiangsu
Province (Shuyang and Rugao), and two typical districts in Shanghai
(Songjiang and Qingpu districts) (Fig. 1). Shuyang County is located
between the latitudes of 118°30′ E to 119°10′ E and the longitudes of
33°53′ N to 34°25′ N, covering 2298 km2 of land area. With a warm
temperate monsoon climate, the area has an average annual tempera-
ture of 14.1 °C and an annual rainfall of 918 mm (from 552 to 1480
mm). The gentle topography of the study area is characterized by low
elevations in most areas (fewer than 7 m above sea level), while the
areas with the highest elevation (approximately 43 m) were mainly
distributed in southwestern parts of the study area. Rugao covers ap-
proximately 1600 km2 between the longitudes of 32°00′ N to 32°30′ N
and the latitudes of 120°20′ E to 120°50′ E. Rugao has a subtropical
monsoon climate, with an average temperature of 14.6 °C and a mean
rainfall of 1060 mm (Huang et al., 2007). The elevations in the study
area varies from −13 to 30 m above sea level. Songjiang and Qingpu
located in western Shanghai also have a subtropical monsoon climate
with an annual average temperature of 17.6 °C and a mean precipita-
tion of 1173 mm (Fei et al., 2019). The altitude is between −48 m and
90 m. According to the Shanghai Statistical Yearbook, the total cov-
erage of Songjiang and Qingpu districts is 1275 km2 (Shanghai Bureau
of Statistics, 2010).

Soil samples in 1981 were compiled from typical soil profiles in
each county’s soil monograph, which were part of the second national
soil survey in China. The second national soil survey was carried out
during 1979–1994, covering over 2400 counties in China (Shi et al.,
2004). This nationwide survey provides the most comprehensive soil
data information that are widely applied for soil quality monitoring,
agricultural management, and ecosystems health assessment in China
(Guo et al., 2010; Yan et al., 2011; Zhao et al., 2018). Specifically, the
sample sites were selected by the rule that covered typical soil types and
topographic characteristics in each county. Soil samples were collected
to various depths and then were analyzed in laboratory to obtain data
on soil physicochemical properties such as soil texture, soil organic
matter (SOM), bulk density (BD). In addition, related background in-
formation (e.g., text descriptions of sampling locations, soil types, ve-
getation types, topography, and land use) was also recorded in detail. In
general, tens or hundreds of observations arrayed by soil type were
reported in soil monograph of each county (Han et al., 2018). In the
study area, the topsoil data (0–20 cm) on SOM and BD were used to
map spatial distributions of SOC in 1981.

2.2. Soil sampling and analysis

A total of 109 topsoil data respectively on soil organic matter (SOM)
and bulk density (BD) in 1981 were obtained from the soil survey re-
ports of the three counties (39 in Shuyang (Soil Survey Committee of
Shuyang County, 1984), 49 in Rugao (Soil Survey Office of Rugao
County, 1987), and 21 in Shanghai (Soil Survey Office of Shanghai City,
1988)) (Figure S1). The text descriptions of the soil types and sampling
locations were also collected from these soil monographs. So far, these
materials are still the most detailed legacy data that are available for
extracting historical information on the soil properties of the study
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area.
A total of 219 topsoil samples were collected in 2011 for a relatively

thorough coverage of the study areas (72 in Shuyang, 88 in Rugao, and
59 in Shanghai). These sample sites almost covered all sample locations

in 1981, and we added more samples based on different soil types,
topography and land uses (Figure S1). All sample locations were re-
corded by a hand-held GPS. The soil types, topography, and land use
types were recorded as well.

The SOM contents were determined using the potassium dichromate
oxidation with external heating method, and the BDs were measured
using cutting ring method (ISSCAS, 1978). We transferred SOM into
SOC by the content of SOM multiplying 0.58 (Zhao et al., 2018). The
spatial distributions of BD in 1981 and 2011 were presented in Figure
S2.

Other soil properties were also determined. The soil pH was de-
termined by using the glass electrode method with a soil: water ratio of
1:2.5 (ISSCAS, 1978). The soil available P (Avp) was extracted with 0.5
mol L−1 NaHCO3 and then determined following the molybdenum blue
colorimetric method. The available K (Avk) in the soil was extracted
with 1 mol L−1 NH4OAc and determined with a flame photometer
(Zhao et al., 2008). The soil total phosphorus (TP) and total potassium
(TK) were all determined by the method of molybdate colorimetric
measurement after digestion with concentrated HClO4-H2SO4, and the
flame photometry method after melting with sodium hydroxide (Gao
et al., 2019; Shen et al., 2019). The soil particle-size distribution was
measured with the pipette extraction method (Indorante et al., 1990),
and was classified in terms of the percentages of clay content (< 0.002
mm) (denoted as Clay hereafter), silt content (0.002−0.05 mm) (de-
noted as Silt hereafter), and sand content (0.05−2 mm) (denoted as
Sandy hereafter).

Fig. 1. Geographic location with a relative elevation map of the study area (a). The soil types and soil sampling distributions respectively in Shuyang (b), Rugao (c),
and Shanghai (d) in 2011.

Fig. 2. A framework for the data analysis in this research.
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2.3. Spatial analysis of auxiliary variables

Soil properties (BD, pH, Avp, Avk, TP, TK, Clay, Silt, Sandy) were
interpolated into raster layers (spatial resolution of 300 m × 300 m),
which were considered as auxiliary variables for the prediction of the
spatial distribution of SOC. We also considered other environmental
variables such as topography (e.g., elevation, slope, and aspect) that
derived from digital elevation model (DEM)), vegetable indexes (e.g.,
normalized difference vegetation index (NDVI)), and net primary pro-
duction (NPP). The DEM was obtained from RESDC (2018a) with a
spatial resolution of 90 m. The 1 km × 1 km annual NDVI
(2005−2011) was obtained from Xu (2018). The 1 km × 1 km annual
NPP (2005−2011), which derived from RESDC (2018c), was used to
calculate the crop carbon input (C inputs) into agricultural soils using
the approach in Zhou et al. (2013) (e.g., estimate carbon input from
aboveground and belowground crop straw/residues based on the grain:
straw ratio of staple crop in the study area). The environmental vari-
ables of elevation, the NDVI, and C input were transformed into raster
layers with a resolution of 300 m × 300 m.

In this study, the relationships (Pearson correlation coefficients)
between the predicted factors and the SOC were shown in Table S1,
and the factors significantly related to SOC (p<0.05) were chosen to
predict the spatial distribution of SOC. The results indicated that in
Shuyang, the factors with p values< 0.05 were BD, Avk, TP, TK, Clay,
elevation, NDVI and C input. In Rugao, BD, Avk, Sandy, Silt, Clay,
elevation, and NDVI were selected. In Shanghai, the related factors
were BD, Silt, Clay, pH, and C input.

2.4. Mapping the spatiotemporal variations in SOC

2.4.1. Geographical weighted regression (GWR) for SOC in 2011
GWR as an extension of the traditional multiple linear regression,

has clearly reflected the spatial relationships between dependent and
independent variables (Zhang et al., 2011). Therefore, this model was
used to predict the spatial variability of SOC in Shuyang, Rugao, and
Shanghai in 2011. To understand how useful GWR model, cross-vali-
dation method was used to estimate the predictive accuracy of GWR
model. The result of model evaluation indicated that the GWR model
showed a better performance of SOC prediction in the study area when
compared with other methods (e.g., random forest model and regres-
sion kriging methods) (SM1 Model validation, Table S2).

The GWR model takes the spatial locations of samples into con-
sideration and ensures that the regression coefficients are local esti-
mates, thus generally leads to the following equation (Fotheringham
et al., 2002):

∑= + +
=

y β m n β m n x ε( , ) ( , )j j j
i

k

i j j ij j0
1 (1)

where (mj,nj) is the coordinates of the sample point at jth location, yj
represents the value of the dependent variable at location (mj,nj),
β0(mj,nj) is the regression intercept at the location (mj,nj), βi(mj,nj) is
the regression coefficient at the location (mj,nj), k is the total number of
independent variables, εj is the random error at the jth location, and Xij

is the ith independent variable at location (mj,nj). Nevertheless, the
parameters in the GWR model area are estimated by the following
weighting function:

=∧ −β m n m n m nX W X X W Y( , ) [ ( , ) ] ( , )j j j j j j
T T1 (2)

where W(mj,nj) is the matrix of spatial weights at the location (mj,nj), X
is an independent data matrix, XT is its transpose, and Y is a dependent
data vector. The weights were determined by the spatial kernel method.
In this research, a typical weighting function (Gaussian function) was
used for the SOC prediction (Yang et al., 2019), which can be written as
follows:

= − ×W
d
b

exp[ 0.5 ( ) ]ij
ij 2

(3)

where Wij, a weighting function representing the influence between
location i and j, is the Gaussian distance-decay function, dij represents
the Euclidean distance between location i and j, and b represents the
kernel bandwidth that describe the extent to which the resulting local
calibration results are smoothed (Fotheringham et al., 2002). In this
study, the bandwidth is an adaptive number that corresponds to the
number of nearest neighborhoods. Therefore, the bandwidth is the key
parameter controlling the GWR results (Kang and Dall’erba, 2016;
Wang et al., 2020).

2.4.2. A soil type–based method (ST) for SOC in 1981
As the Global Positioning System (GPS) was not available in the

early 1980s in China, positions of all sampling sites were recorded by
text descriptions in 1981. For example, the village name of a specific
point was usually recorded, combined with the direction and distance
of this point to the center of the village. Thus, the positions of sampling
sites can only be determined imprecisely. The soil type-based (ST)
method, which is used to map spatial distributions of SOC in 1981, is to
consider the mean SOC value of samples from one specific soil type as
the SOC value of this soil type based on the soil map of the study area
(Meersmans et al., 2011; Zhao et al., 2014b). Since the ST method is
only considered the linkage between the mean SOC contents and soil
types, accurate spatial location information is not necessary (Zhao
et al., 2006).

2.4.3. Changes in the distribution of SOC over the period of 1981–2011
Based on the spatial distribution of SOC (Shuyang, Rugao, and

Shanghai) in 1981 and 2011, the overall changes in the SOC in
Shuyang, Rugao, and Shanghai during 1981–2011 were determined by
subtracting the predicted SOC maps for 2011 from the predicted SOC
maps for 1981.

The spatial predictions of the SOC in Shuyang, Rugao, and Shanghai
were carried out using R software (Version 3.6.1), and the GWR method
was implemented in the GWmodel package (Brunsdon et al., 1996).
Spatial maps of the SOC were generated with ArcGIS 10.2 software.

2.5. Estimation of SOC storage changes

SOC storage in topsoil (0−20 cm) was calculated using Eqs. (4)–(6)

= × × × −SOCD SOC BD Depth RF(1 )/10 (4)

∑= ×
=

SOCS A SOCD
i

n

i i
1 (5)

= −ΔSOCS SOCS SOCS2011 1981 (6)

where SOCD is the soil organic carbon density (t ha−1), SOC is the soil
organic carbon content (g kg−1), BD is bulk density (g cm−3), Depth is
the thickness of the layer (20 cm), and RF is the volume fraction of rock
fragments (> 2 mm). SOCS is the total soil organic carbon storage. i is
the number of soil grid in the study area (i = 1, 2, …, n). Ai is the
surface area of each soil grid, and SOCDi is the soil organic carbon
density of each soil grid. △SOCS is the change of soil organic carbon
storage in 1981 (SOCS1981) and in 2011 (SOCS2011).

2.6. Geographical detector method to determine the drivers

The geographical detector method that was developed by Wang and
Xu (2017) has been widely applied to detect the spatial stratified het-
erogeneity in the geographical variable Y (SOC) and to explore the
influencing factors X behind it, with a hypothesis that the higher si-
milarity of X and Y in the spatial distribution increases the importance
of X (the influencing factors) (Qiao et al., 2019; Shi et al., 2018; Wang
and Hu, 2012; Zhu et al., 2019b). The spatial stratified heterogeneity of
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SOC can be quantified by Q-statistic values (q), and the factor detector
module can be used to calculate the influence of these factors on the
spatial distribution of SOC. The Q-statistic value was defined as follows:

= −
∑ =q

N σ
Nσ

1 h
L

h h1
2

2 (7)

where q represents the Q-statistic value, L represents the number of
strata, N represents the total number of field samples, Nh represents the
number of samples in strata h, σh

2 is the variance of the geographical
variable (SOC) in strata h, and σ2 is the variance of the SOC in the
whole study area. The geographical detector method was executed with
the Geodetector software (Wang et al., 2016).

Based on previous studies (Liu et al., 2018a; Shi et al., 2014; Zhao
et al., 2018), socioeconomic development is a significant contributor to
SOC change, particularly for areas moving toward intensive urbaniza-
tion. Thus, the changes in population density (Resource and
Environment Data Cloud Platform, Chinese Academy of Sciences
(RESDC, 2018e), GDP change (the change in Gross Domestic Product)
(Resource and Environment Data Cloud Platform, Chinese Academy of
Sciences (RESDC, 2018d), and density change in cropland areas re-
presenting the effects of economic growth (Resource and Environment
Data Cloud Platform, Chinese Academy of Sciences (RESDC, 2018b),
together with the changes in carbon inputs that were driven by eco-
nomics and policy (Zhao et al., 2018), were chosen to quantify the
degrees of influence on the temporal changes in SOC.

3. Results

3.1. Soil organic carbon contents

In 2011, the descriptive statistical results of the SOC contents in the
areas of Shuyang, Rugao, and Shanghai are presented in Fig. 3. Overall,
the median (min-max) of SOC contents in Shuyang, Rugao, and
Shanghai were 13.60 (1.48–29.72) g kg−1, 9.15 (3.59–16.25) g kg−1,
and 17.15 (5.65–32.63) g kg−1, respectively. Coefficients of variation
(CV) of the SOC content among the three study areas ranged from 29 %
to 41%, at a moderate level (10–100% (Yu et al., 2019)). Compared to
the mean SOC content in the topsoil (0–20 cm) that was estimated by
Zhao et al. (2014a), the average SOC content in Rugao was slightly
lower than that in Jiangsu Province (10.62 g kg−1), while the mean
SOC contents in Shuyang and Shanghai were relatively high.

3.2. Spatial distribution of SOC and its drivers in topsoil

3.2.1. Spatial distribution of SOC
In Shuyang, the areas with high values of SOC were mainly dis-

tributed in the north (over 8 g kg−1 and 18 g kg−1 in 1981 and 2011,
respectively), while the SOC contents in other parts of the study area
were relatively low (e.g., < 6 g kg−1 in 1981 and< 14 g kg−1 in 2011
in the southern areas) (Fig. 4 and Figure S3). However, there were
local differences in the spatial distributions of SOC contents between
the two dates. In 1981, the areas with high SOC contents (9.16 g kg−1)
were located in northwestern Shuyang (In the Typic Dark-Aquic Cam-
bosols, Table S3). However, the areas with SOC lower than 10 g kg-1 in
2011 were very limited, where only located in the southwest (5.1 g
kg−1–10.0 g kg−1). The SOC contents in most areas of Shuyang were
more than 14 g kg−1, particularly in the northeastern parts, where the
SOC contents varied from 18.0 g kg−1 to 23.7 g kg-1 (e.g., in the Clay
Loam Anthrostagnic Ochri-Aquic Cambosols, Table S3).

In Rugao city, the overall spatial distribution patterns of SOC con-
tents were represented as high values of SOC in the southeast, and re-
latively low values of SOC in other parts, with ranges from 5.5 g kg−1 to
8.6 g kg−1 in 1981 and from 7.3 g kg−1 to 12.2 g kg−1 in 2011, re-
spectively. In 1981, the SOC contents in most areas were less than 6 g
kg−1, excluding the southern parts of the study area (near the Yangtze
River) where the SOC contents exceeded 8 g kg−1 (In the Loam Calcaric
Ochri-Aquic Cambosols, Table S3). In 2011, the SOC contents ranged
from 8 g kg−1 to 10 g kg−1 in most areas, except for SOC areas with
SOC<8 g kg−1 in the southwest of the study area (mainly in the Typic
Fe-leachic Stagnic Anthrosols, Table S3).

In contrast, the spatial patterns of the SOC in Shanghai differed
significantly between the two dates. In 1981, the areas with SOC>20 g
kg−1 were mainly located in the middle of the study area (21.8 g
kg−1–24.6 g kg−1) (mainly in the Fe-accumulic Gleyi-Stagnic
Anthrosols and the Endogleyic Fe-accumuli-Stagnic Anthrosols, Table
S3), while the lowest-SOC areas showed a scattered distribution, with
the SOC contents varying from 14.6 g kg−1 to 15.0 g kg−1. However, in
2011, the SOC contents across the whole study area ranged from 15.0 g
kg−1 to 22.4 g kg−1, with a higher level of SOC content (> 20 g kg−1)
identified in the southwest (mainly in the Endogleyic Fe-accumuli-
Stagnic Anthrosols, Table S3), and a low level of SOC content (< 18 g
kg−1) in the northeast (e.g., in the Typic Fe-accumuli-Stagnic
Anthrosols, Table S3).

3.2.2. Drivers of spatial variability of SOC
Our results indicated that the terrain attributes (e.g., elevation), soil

properties, vegetation (e.g., the NDVI), and human activities (e.g., crop
carbon input) had different degrees of influence on the SOC in Shuyang,
Rugao, and Shanghai. Therefore, these drivers were interpolated and
divided into six classes with ArcGIS software (version of 10.2). Then,
the geographical detector model was applied to quantify the im-
portance of the predictors. As shown in Fig. 5, the variables of elevation
(0.60) and Avk (0.57) played major roles in the spatial stratified het-
erogeneity of the SOC in Shuyang; the Sandy (0.70), BD (0.61), and
elevation (0.51) could also predominantly explain the spatial variability
of SOC in Rugao, while in Shanghai, the carbon inputs (0.68) and pH
(0.65) were the main factors for the spatial distribution of SOC.

3.3. Temporal changes in SOC and the drivers in topsoil

3.3.1. Temporal changes in SOC and SOC storage
Significant differences in the SOC changes among the three county-

level cities were observed, the SOC increased in Shuyang and Rugao,
and significantly decreased in Shanghai over the period of 1981–2011
(Fig. 6). The areas in Shuyang with SOC increases greater than 6 g kg−1

were distributed throughout most of the study area, and a more sig-
nificant increase in the SOC contents (increment> 10 g kg−1) in the
northeast were clearly observed (mainly in the Clay Loam

Fig. 3. Boxplots and descriptive statistics of the soil organic carbon contents in
the Shuyang, Rugao, and Shanghai regions in 2011. (The cross points and solid
lines in the boxes represent mean and median values; upper and lower edges
and bars in or outside the boxes represent 75th and 25th, 95th and 5th per-
centiles of all data, respectively).
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Anthrostagnic Ochri-Aquic Cambosols and Loam Typic Hapli-Stagnic
Anthrosols). Nevertheless, several areas with slight increases in SOC
were also very limited and were mainly scattered in the northwest
(green areas in Fig. 6), with increments less than 3 g kg−1. In Rugao, an
overall trend of relatively low increases in SOC (increments< 6 g
kg−1) occurred in the whole study area. The SOC contents in the
southwest of the study area slightly increased, with a range of 0–3 g
kg−1, while the areas with larger SOC increments (3–6 g kg−1 were
mainly identified throughout the whole study area (yellow areas) (e.g.,
in the Sandy Typic Hapli-Stagnic Anthrosols).

In Shanghai, the changes in the SOC contents across the study area
varied from −9.23 g kg−1 to 5.46 g kg−1. The spatial patterns of the
changes in SOC over the past 30 years were characterized by strong
decreases in the central and northern parts of the study area (e.g., in the
Endogleyic Fe-accumuli-Stagnic Anthrosols), but slight increases in the
southwest (e.g., in the Silt Loam Typic Hapli-Stagnic Anthrosols).

Over the last 30 years, the total soil carbon storage in topsoil in-
creased from 3.99 Mt to 7.70 Mt in Shuyang and from 2.55 Mt to 3.74
Mt in Rugao, but decreased from 6.20 Mt to 4.85 Mt in Shanghai
(Table 1). The mean SOCD in topsoil increased from 17.67 t ha−1 to
34.13 t ha−1 in Shuyang and from 16.63 t ha−1 to 24.34 t ha−1 in
Rugao, but decreased from 52.93 t ha−1 to 41.44 t ha−1 in Shanghai
(Figure S4). Overall, the average SOC sequestration rates in Shuyang
and Rugao over the past 30 years were +0.55 t ha−1 yr-1, +0.26 t ha−1

yr−1, respectively, which was significantly higher than that in Jiangsu
Province (0.16 t ha−1 yr−1) estimated by Liao et al. (2009) over the
period of 1982−2004. While in Shanghai, although the average SOC

sequestration rate was -0.38 t ha−1 yr−1, the annual SOC loss (0.05 Mt
yr−1) was consistent with prior studies, such as the result (0.08 Mt
yr−1) estimated by Zhang et al. (2010).

3.3.2. Drivers of SOC temporal changes
In the study area, the geodetector model was used to quantified the

effect intensities of the four drivers (the changes in population density,
GDP change, density changes of cropland areas, and the change of
carbon inputs) on the temporal changes of SOC. Compared to the
changes in population density, GDP change, and the change of carbon
inputs, the indicators of the change in the density of cropland areas in
Shuyang (q = 0.16), Rugao (q = 0.09), and Shanghai (q = 0.24), had a
higher degree of explanation for the changes in SOC (Fig. 7).

4. Discussion

4.1. Drivers of SOC spatial variability

In Shuyang, the elevation had a predominant influence on the
spatial distribution of SOC, as it might just match the spatial distribu-
tion of the soil types (Barthold et al., 2013; Xin et al., 2013). The Clay
Loam Anthrostagnic Ochri-Aquic Cambosols that were distributed in
the plains area were mainly developed from the alluvial materials and
lacustrine deposits, which usually have higher SOC contents (Huang
et al., 2017). However, the Loam Anthrostagnic Ochri-Aquic Cambosols
and the Sandy Calcaric Ochri-Aquic Cambosols located in the areas with
higher elevations were mainly derived from the Yellow River alluvium,

Fig. 4. Spatial distributions of the soil organic carbon (SOC) in Shuyang (a), Rugao (b), and Shanghai (c) regions in 2011.

Fig. 5. Q-statistic values in the Geodetector analysis of the predictor importance for soil organic carbon (SOC) in Shuyang (a), Rugao (b), and Shanghai (c). (All
variables in Fig. 5 showed strongly significant effects at p< 0.05).
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which is composed of sandy materials. The SOC contents in these soils
were lower compared to other parts of Shuyang (Huang et al., 2017).
Therefore, regional difference in the spatial distributions of the soil
types resulting from the topographic feature were the main reason for
the spatial variability of SOC in Shuyang.

Soil texture could significantly affect the spatial distribution of SOC

as the clay and silt contents in soil texture mainly affect the formation
of aggregate and protect SOC from decomposition, thus contributing
SOC accumulation (Šimanský et al., 2019; Yost and Hartemink, 2019).
However, in Rugao, soil such as the Sandy Typic Hapli-Stagnic An-
throsols, the Calcaric Typic Hapli-Stagnic Anthrosols, the Typic Haplic-
Ustic Cambosols, and the Typic Fe-leachic Stagnic Anthrosols, which
were widely distributed in western, central, and northeastern areas,
were developed from alluvial materials (Fig. 1), causing relatively
coarse textures among these soil series (Huang et al., 2007). Due to low
silt and clay contents, the sandy soils (q = 0.70), which covered a large
part of the study area, were identified as the most important factor
affecting the spatial variation of SOC in Rugao, indicating the im-
portance of silt and clay fractions in soil texture for the spatial dis-
tribution of SOC (Gonçalves et al., 2017).

Additionally, the factors of Avk and BD also played important roles
in affecting the spatial variability of SOC in Shuyang and Rugao,

Fig. 6. Spatial patterns of the changes in soil organic carbon (SOC) during the period of 1981-2011 in Shuyang (a), Rugao (b), and Shanghai (c).

Table 1
Changes in SOC storage in the study area during 1981–2011.

County C storage in
1981
(Mt)

C storage in
2011
(Mt)

C storage
change
(Mt)

Annual
changes
(t ha−1 yr−1)

Shuyang 3.99 7.70 3.71 0.55
Rugao 2.55 3.74 1.18 0.26
Shanghai 6.20 4.85 −1.35 −0.38

Fig. 7. The impact of human activities on the changes in soil organic carbon (SOC) in Shuyang (a), Rugao (b), and Shanghai (c). The population density changes from
1995 to 2015 (POPD change), the Gross Domestic Product changes from 1995 to 2015 (GDP change), and density changes in cropland areas from 1980 to 2010 (CD
change) were obtained from RESDC (2018e), RESDC (2018d), and RESDC (2018b), respectively; the change of carbon input from 2000 to 2011 (Cinput change) was
estimated using net primary production (NPP) data. The NPP data were obtained from the NTSG (2015).
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possibly due to the influence of intensive anthropogenic activities such
as manure use (Nazeer and Malik, 2011), the use of chemical fertilizers
(Blanchet et al., 2017; He et al., 2015), and tillage (Gwenzi et al., 2008;
Nyamadzawo et al., 2007; Zhang et al., 2018). Farmers in the area rely
on these agricultural management to improve crop yields, which results
in the spatial variations of Avk and BD thus further affects the spatial
change of SOC. Therefore, although the factors of elevation and soil
types were the predominant drivers of the spatial distribution of SOC in
Shuyang and Rugao, the impacts of the human activities (e.g., agri-
cultural management practices) also have important contribution to
spatial variations of SOC.

In contrast, the crop carbon input was identified as the most sig-
nificant contributor to the spatial variability of SOC in Shanghai. SOC
accumulation largely depended on the balance between the inputs such
as the organic materials from aboveground and belowground parts of
plants (Godbold et al., 2006), and the outputs from soil decomposition.
The improvements from returning straw, above-ground residue, and
roots to soil can significantly contribute to the increase in labile organic
matter fractions through microbial decomposition and turnover,
leading to accelerated accumulation of SOC (Li et al., 2018b). Thus, the
quantity of straw return by different management practices may have
been the main factor effecting SOC accumulation, which was consistent
with the findings of previous studies (Sukhdev et al., 2011; Wang et al.,
2015; Zheng et al., 2015).

In addition, as one of the most developed metropolis in China,
Shanghai has experienced rapid urban expansion and industrialization
over the last three decades (Gu et al., 2019). Topsoil pH value in
Shanghai (6.57) was significantly lower than those in Shuyang (6.98)
and Rugao (7.31). In the acidic soil, the pH values can certainly affect
the process of SOC decomposition and turnover, including the decrease
in SOC solubility (Vance and David, 1991), the composition of micro-
bial species (Curtin et al., 1998; Motavalli et al., 1995; Shah et al.,
1990), and the soil microbial/enzymatic activities (Haynes and Swift,
1988; Higashida and Takao, 1986; Van et al., 1998). Therefore, the
contribution of soil pH to the predicted SOC was still very important
due to intensive anthropogenic activities (i.e., the enhanced industrial
emission and urban expansion).

4.2. Drivers of SOC temporal changes

Numerous studies have explored that land use change caused by
human activities had a significant influence on changes in SOC (James
et al., 2019; Jose et al., 2004; Meyer-Jacob et al., 2015; Wu et al.,
2003). However in this study area, the local details of land use change
differed significantly among the three county-level cities. In Shuyang,
the area of paddy fields rapidly increased from 5 × 104 hectares (ha) in
1984 to 8 × 104 ha in 2010 (Xin et al., 2013). A significant increase in
SOC was largely attributable to the change from dry land to paddy

fields, where the microbial decay constrained the rate of SOC decom-
position because of the anaerobic conditions during flooding seasons (Li
et al., 2018a). Similarly, the land use was also changed from dry land to
paddy fields in Rugao (Huang et al., 2007), thus resulting in slight in-
crease in SOC during 1981–2011.

In Shanghai, the conversion from wetlands to cultivated lands (e.g.,
paddy field) resulted in SOC decrease during 1981–2011 (Ji, 2009). The
types of planted vegetation were also changed from aquatic vegetation
that requires special adaptations to live submerged in water (e.g., zi-
zania, bulrush, water hyacinth) to agricultural crops, such as rice. The
soil in the wetlands was saturated with water throughout the year,
leading to a sufficiently anaerobic environment to constraint the rate of
SOC decomposition compared with that in the paddy fields (Huang
et al., 2010; Liu et al., 2017a; Liu et al., 2018b). Furthermore, with
rapid urban expansion, a large area of cultivated lands have been fur-
ther replaced by building lands (Cui and Shi, 2012). The land use
changes resulting from rapid urbanization were a significant con-
tributor to the accelerated loss of SOC in the surface soil because of the
intensive human disturbance, which directly alters the stability of the
soil aggregates by exposing surface SOC to microbial decomposition
(Chen et al., 2014). Therefore, wetland reclamation and further de-
gradation of the cultivated lands disturbed the balance of carbon inputs
and outputs, leading to rapid decreases in SOC contents (Xu et al., 2019;
Zhang et al., 2019b).

The plant-derived carbon input was another main anthropogenic
factor affecting the SOC changes in Shuyang (q = 0.14), Rugao (q =
0.07), and Shanghai (q = 0.14) (Fig. 7). Across the field investigation
in the study area, carbon inputs, which were calculated with the
method from Zhao et al. (2018), from the period of 1981–2010 were
shown in Fig. 8. The root-derived carbon inputs per hectare were
characterized by minimal carbon inputs in 1981 and then continuous
increases in Shuyang and Rugao, while in Shanghai, the carbon inputs
have declined significantly since 2000. The net increments of carbon
inputs by the roots in Shuyang (1981–2010), Rugao (1981–2010), and
Shanghai (1987–2010) were 1.27 t ha−1, 0.88 t ha−1, and −0.24 t
ha−1, respectively, which was highly consistent with the temporal
changes in SOC.

Moreover, the initial SOC contents also had a profound effect on the
changes in SOC (Manns et al., 2007; Poirier et al., 2013). In the study
area, the initial SOC contents in Shuyang (6.47 g kg−1) and Rugao
(6.26 g kg−1) in 1981 were very low compared with those at the pro-
vincial level (9.60 g kg−1) (Zhao et al., 2014a), but croplands in
Shanghai had relatively high initial SOC contents (19.87 g kg−1). The
Steady increases in carbon inputs were the primary reasons leading to
the SOC increases in Shuyang and Rugao due to the low initial SOC
levels. However in Shanghai, with the implementation of the straw
return practice, although the carbon inputs increased rapidly, low-level
carbon inputs over a sufficiently long time period (1987–2007) could
not maintain high-level SOC content. The plant-derived carbon inputs
were quantitatively lower than carbon loss (e.g., soil microbial de-
composition). Therefore, the insufficient organic carbon inputs (which
imply excessive carbon loss), combined with the high-level initial SOC
content, may be one of the major reasons for significant decreases in the
SOC content in Shanghai (Zhao et al., 2018).

4.3. Implications and limitations

This paper confirms the differences on the spatiotemporal changes
of SOC in three areas with different levels of economic development
across the Jiangsu-Shanghai region. This work highlights that land use
change is the most dominant contributor in affecting SOC temporal
changes over the last three decades.

There are some limitations on the source of SOC data in 1981. As we
mentioned in the section of materials and methods, GPS was not
available in the early 1980s in China, and positions of all sampling sites
were only recorded by text descriptions in 1981. However, the source of

Fig. 8. Crop root carbon inputs since 1981 (carbon inputs by roots were esti-
mated using the crop yield data referenced by Zhao et al. (2018)).
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SOC data in 1981 are from the second national soil survey of China
which involved the most comprehensive and detailed historical soil
database to date (Zhao et al., 2018).

Compared to the application of interpolation method in 2011, the
ST method was used for mapping spatial distribution of SOC in 1981
when accurate position information was not considered. Uncertainties
associated with different prediction methods may have occurred in the
result. However, considering a lack of geographic coordinates for soil
samples in 1981 and the reliability of SOC prediction in 2011, the
subtraction from the ST-predicted SOC to the interpolation-predicted
SOC has been considered as a reasonable method for calculating the
SOC temporal changes. More importantly, these findings explored the
spatiotemporal changes of SOC in a long run and drivers in typical
economically developed areas in China, and to provide scientific sup-
port for agriculture policy making and environmental sustainable de-
velopment in the areas experiencing similar socio-economic develop-
ment.

5. Conclusion

Our results revealed that significant increases in SOC occurred in
Shuyang and Rugao, and the SOC decreased in Shanghai over the
period of 1981–2011. The spatial variability of SOC in this study was
largely attributed to natural factors, including the elevation in Shuyang
and the sand content in Rugao, while the variables of pH and carbon
input, which were driven by human activities (e.g., straw return), were
the main reasons for the spatial heterogeneity of SOC in Shanghai. The
changes in land use types were identified as the largest drivers of the
increases in SOC in Shuyang and Rugao (dryland farming to rice cul-
tivation), and the decreases in SOC in Shanghai (wetland to rice culti-
vation). In addition, plant-derived carbon inputs were another major
driver affecting the SOC changes in the cropland soils. Our results en-
riched our understanding of the regional differences in SOC changes
and suggested that reasonable land use and effective management
practices are essential for SOC accumulation, particularly in areas with
rapid land use change.
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