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Abstract

Understanding the spatiotemporal changes in soil organic carbon (SOC) and their driving factors is an important prerequisite for
decision-making in maintaining sustainable agricultural development and addressing climate change. A total of 1219 cropland
topsoil SOC data (0-20 cm) collected from southern Jiangsu Province of China in 1980, 2000, and 2015, and geostatistical
sequential Gaussian simulation were used to identify the changes in the spatiotemporal patterns of SOC during the period of
1980-2015. Results showed that the changes in SOC within the different time periods were significantly different, with a net
increment of 3.65 g kg-1 during the period of 1980-2000 and a net decrement of 2.32 g kg-1 during the period of 2000-2015.
Significant SOC accumulation occurred throughout the study area during 1980-2000, while SOC decline became predominant
in the southeast during 2000-2015. Overall, the SOC contents for 60% of the study area increased significantly over the entire
35-year period. The SOC increase during the first two decades (1980-2000) was largely attributed to the increasing soil C
input that resulted from the enhanced crop productivity by chemical fertilizers, while the stagnant soil carbon inputs associated
with the rapid urban expansion were the primary reason for constraining cropland SOC accumulation in the subsequent 15
years (2000-2015). These findings highlight the importance of balancing agricultural development and urbanization processes
to maintain SOC levels, and may also provide some guidance for planning cropland soil C management strategies in many areas

that are undergoing similar urbanization processes.

Introduction

Soil organic carbon (SOC), as a critical component of soil fertility, not only affects soil quality and crop
production (Vagen & Winowiecki, 2013; Jiang et al., 2014; Zhao et al., 2018), but also plays an important
role in the global carbon cycle (Wei et al., 2011; Borrelli et al., 2018). The SOC levels are influenced by
natural factors and human activities (Bolinder et al., 1997; Wang et al., 2015a; Fujisaki et al., 2018; Fan et
al., 2019), while management practices usually have more profound influences on the cropland SOC levels
(Nandwa, 2001; Li et al., 2016; Sandeep et al., 2016). For example, unreasonable management practices (i.e.,
overuse of chemical fertilizers and straw burning) may cause soil nutrient imbalances, and further accelerate
cropland SOC loss in a short time (de Blécourt et al., 2019; Keel et al., 2019; Yang et al., 2019). Consequently,
information and knowledge on the spatiotemporal changes in cropland SOC and their driving factors are
extremely important for developing effective management practice recommendations and addressing climate
change.

Multiple factors affect the spatiotemporal changes in cropland SOC, including natural factors such as climate,
soil types, and topography (Meersmans et al., 2011; Ou et al., 2017; Yang et al., 2019), and anthropogenic
factors such as agricultural management practices (i.e., tillage, fertilization) (VandenBygaart et al., 2004;



Han et al., 2018; Zhou et al., 2019) and land use change (Guo & Gifford, 2002; Luo et al., 2019). The
systematic review of existing SOC studies (Schillaci et al., 2018; Ramesh et al., 2019; Wiesmeier et al.,
2019) shows that natural factors are generally recognized as important contributors to spatial variability of
SOC in cropland. For example, Li et al., (2018b) found that topographic factors such as slope and aspect
significantly influenced the spatial distributions of cropland SOC in central Iowa and explained more than
62% of the spatial variability of SOC in that area. The spatial prediction of topsoil SOC with the random
forest model in an intensively cultivated area in eastern China demonstrated that soil properties, climate, and
geographic locations were the most important predictors for mapping SOC distributions (Deng et al., 2018).
However, numerous studies have indicated that anthropogenic factors, in particular management practices
and land use changes, have even more profound influences on the spatiotemporal changes in cropland SOC
(Bas et al., 2010; Leifeld et al., 2013; Zhao et al., 2018; Shi et al., 2019), because anthropogenic activities
usually alter the balance between soil carbon inputs and decomposition over a relatively short time period
(Jiang et al., 2014). For example, a significant difference in the annual SOC change rates across different
agricultural regions of China (-2.0% to 0.6% yr™!) was mainly caused by regional differences in management
practices, such as cultivation, fertilization, and straw/residue return rate (Yan et al., 2011). The CENTURY
model analysis of the SOC changes in the agricultural soils of northeastern Spain also revealed that the soil
carbon inputs associated with management practices were the primary reasons for SOC increases (rate of
0.27 Mg C ha™! yr') over the period of 1977-2007(Alvaro-Fuentes et al., 2011). Qiu et al., (2013) identified
spatiotemporal changes in SOC in eastern China over the period of 1979-2006, and found that the changes
in SOC were closely related to the conversion from croplands to urban lands due to rapid urban expansion.

China has been experiencing rapid economic growth since the 1980s (Bao et al., 2019). Meanwhile, in the
rapidly urbanizing area, the urban expansion and the industry-dominated economic growth have caused a
significant shrinkage of cropland area and a decrease of economic investment in cropland management (Bren
d’Amour et al., 2017; van Vliet et al., 2017; Zhong et al., 2020). However, the impacts of these changes on
the spatiotemporal changes of SOC and their implications remain unclear, in particular over different time
periods. Therefore, the specific objectives of this study were (1) to map the spatial distribution of cropland
SOC in a representative area that has been experiencing rapid urbanization; (2) to quantify the changes in
SOC spatial distributions over different time periods while considering the associated mapping uncertainties;
and (3) to identify the primary driving factors of the SOC spatiotemporal changes.

2. Material and methods

<Fig. 1>

2.1 Study area

The study area is located in southern Jiangsu Province of southeastern China, including three prefecture-
level cities (Suzhou, Wuxi, and Changzhou) and two county-level cities (Danyang and Dantu), with a total
land area of 18,700 km? (Fig. 1a). The area has a subtropical monsoon climate with a mean annual rainfall
of 900-1200 mm, and an average temperature of 15.6 °C (Song et al., 2019). Most parts of the study area
are lowlands with elevations ranging from 0 to 10 m above sea level, while the mountains with elevations
>100 m are mainly located in the southwest (Fig. 1b). Paddy soil (Stagnic Anthrosols) is the dominant soil
type, and fluvo-aquic soil (Aquic Cambosols) and yellow brown soil (Ferri-Udic Argosols) are the other two
major soil types (Fig. 1c¢). The parent materials for paddy soils in the area were mainly composed of alluvial
materials, loess, and lacustrine deposits, while the fluvo-aquic soils in the northern parts of the study area
were developed from the Yangtze River alluvium. Yellow brown soils derived from residual and slope deposits
were mainly distributed in the low-mountain areas.

Southern Jiangsu Province has thousand years of agriculture planting history, while the rapid urbanizati-
on only began in the early 1980s. The rapid urbanization process and economic growth due to industrial



development have greatly influenced the soil quality in the area (Liu et al., 2010).

2.2 Soil sampling and analysis

Cropland topsoil data (0-20 cm) in 1980 were collected from the soil survey reports of each city within the
study area (Fig. 1a). These legacy data have been further checked for quality control, such as the correction
of likely wrong samples and outlier detection (Schillaci et al., 2019), resulting in a total of 399 data on soil
organic matter (SOM) being collected. The SOM in 1980 was determined by using the potassium dichromate
oxidation method with external heating (Institute of Soil Science Chinese Academy of Sciences, 1978), and
was converted to SOC by the SOMx0.58 based on the Van Bemmelen factor (Yan et al., 2011) (denoted
as SOCygs¢ hereafter). Soil data recorded in these soil survey reports, including the text descriptions of the
soil type, topography, bulk density, rock fragments with the fraction >2 mm (coarse fraction), and sampling
locations, were the findings of the second National Soil Survey of China. So far, these legacy data were still
the most comprehensive and detailed historical data that were available for extracting information about
the soil properties of the study area in 1980.

In 2000, a total of 413 topsoil samples were collected for better coverage of the study area. These sampling
locations were chosen to (i) match the 1980’s sampling locations as closely as possible, (ii) be on the identical
soil types and topographic characteristics, and (iii) have the most typical cropping systems around the sites.
In 2015, the sampling locations were determined by the same rules as the sampling campaign in 2000.
However, because of the significant changes in land use (i.e., cropland converted to urban land over the
period of 2000-2015), some sampling locations in 2015 were slightly different from those in 2000, resulting in
a total of 407 soil samples being collected in 2015. Hand-held GPS (global positioning system, positioning
error <10 meters) was used to record the sample locations in 2000 and 2015, and the related information such
as soil types, land use, and topographic characteristics were also recorded in detail. The average sampling
density over the three sampling campaigns is approximately one sample per 33 km?. And the SOC contents
in 2000 and 2015, which were denoted as SOCsyq9p and SOCsqg15 hereafter, were all determined by the same
method as SOCgg.

2.3 SOC change mapping and uncertainty assessment

The geostatistical ordinary kriging (OK) may reflect the mechanism of spatial variations in soil properties
and is relatively transparent and straightforward, compared to the complicated algorithm such as machine
learning (Veronesi & Schillaci, 2019). Therefore, the OK method was employed to map the spatial distribu-
tions of SOC19g0, SOCsg0, and SOCsg15, and then, the spatial patterns of the SOC changes over the three
time periods were determined by subtracting the OK-predicted SOCiggg from the OK-predicted SOCsqqo,
the OK-predicted SOCsqgg from the OK-predicted SOCsg15, and the OK-predicted SOC1ggg from the OK-
predicted SOCy15, respectively.

During the OK prediction, the experimental variogram that summarized the spatial relations in SOC data
was first calculated. For a set of SOC data z(z; ) at location z;(i=1,2,...n), the semivariance y (h ) for a
spatial distance h can be estimated by using the following equation (Veronesi & Schillaci, 2019):

(1),

where N (h ) is the number of pair observations z(z; ) and z(z; +h ) that separated by the spatial distance
h . The experimental variogram can be fitted by some theoretical variogram models such as spherical,
exponential, and Gaussian models. The sill of the fitted model is the semivariance value at which the
fitted variogram model first flattens out (represents the spatial variance of the data), and the range is the
distance at which the variogram reaches the sill (represents the distance at which the data are no longer
auto-correlated), while the nugget is the model-fitted semivariance value when the distance is zero (represents
the influences of measurement error and/or small-scale variations).



In this study, the variogram models were fitted to the experimental variograms of SOCg9g9, SOCoggg, and
SOCsq15, respectively, and then the optimal model for each of the three sampling dates was chosen according
to the goodness of fit (the value of R?) of spherical, exponential, and Gaussian models (Goovaerts, 1997).
Sequential Gaussian Simulation (SGS) was used to generate equiprobable realizations of SOC for quantifying
the uncertainties associated with the OK-predicted SOC. Based on the best-fitted variogram models from
the OK method, the SGS was first conducted 1000 times for each of the SOCi9g9, SOCz2000, and SOCa15
values, and then, random subtractions of the 1000 times SOC1gg9 maps from the 1000 times SOCsg99 maps
were used to obtain the 1000 equiprobable realizations of the SOC changes during 1980-2000. This process
was repeated to generate the SOC change realizations for the periods of 2000-2015 and 1980-2015. Finally,
the realizations of the SOC changes were used to quantify the uncertainty intervals of the SOC changes.

Ensure that the sample data are normal or approximately normal distribution, and the SGS algorithm used
in this study was summarized as follows (Webster & Oliver, 2007):

1. Model the variogram model of the SOC data.

2. Define a random path visiting all grid nodes across the study area.

3. For each un-sampled node, determine a searching window to obtain the conditional dataset (sample
data and simulated values within the searching window) for the node.

4. Estimate the mean and variance of SOC for the node location using kriging and the conditional dataset,
and build the conditional cumulative distribution function (ccdf) of SOC based on the assumption of
Gaussian behavior;

5. Draw a simulated value randomly from the ccdf and add the simulated value to the conditioning
dataset;

6. The calculation proceeds to the next node until all grid nodes have been simulated.

Since the sampling locations in 1980 were recorded by text descriptions, some location errors may have
occurred; thus, the assumption of a 500 m location description error was applied during the SGS of SOCjggg
based on our field-work experiences in the area. Specifically, the SOCj9gp sampling locations were first
perturbed randomly within a buffer circle of 500 m in diameter, and then the SGS was conducted to generate
200 SOCgggrealizations. A total of 1000 SGS-generated SOCigggrealizations were obtained by repeating
this procedure 5 times (the sampling locations in SOCjggp were randomly perturbed 5 times). Thus, the
uncertainties resulting from the location description error of SOC;g9g9 were considered in this study. While
for SOCqp0p and SOCsq15, the SGS method was directly used.

3. Results

3.1 Descriptive statistics of the SOC contents

<Fig. 2>

Descriptive statistics of the SOC contents on the three sampling dates (Fig. 2) showed that the mean topsoil
SOC contents increased from 13.34 g kg™! in 1980 to 16.99 g kg™! in 2000, and then decreased to 14.67 g kg™!
in 2015. The net increment of SOC contents during the period of 1980-2000 was 3.65 g kg™, while the net
decrement during the subsequent 15 years (2000-2015) was 2.32 g kg''. The ranges between the minimum
and maximum values for SOC1950, SOCa000, and SOCag15 were 35.22 g kg'!, 29.29 g kg'!, and 30.62 g kg!,
respectively. The coefficients of variation (CV) for SOCjgs0, SOCa000, and SOCag15 were all moderate (CVs
ranging from 25% to 36%). However, all CVs exceeded 20%, indicating considerable variations in the SOC
contents among the three sampling dates. The value distribution of SOCi9g9 was slightly positively skewed,
with a skewness of 1.39. While for SOCsyq99 and SOCsgq15, their value distributions were symmetrical, with
small skewness values of 0.36 and 0.06, respectively. The normal Q-Q graphs further indicated that SOCazggg
and SOCsyy15 were both approximately normal distributions, while the value distribution of SOCi9gy was
approximately normal after 2 outliers were removed (Figure S1).



The experimental variograms of SOC in the three sampling dates were presented in Fig. 3. Fig. 3 showed
that the nugget to still ratios for the SOC contents in 1980, 2000, and 2015 were 38%, 55%, and 84%,
respectively, indicating an overall trend of decreasing SOC spatial autocorrelation over the past 35 years.
The range of the spatial autocorrelation continuously decreased from 38km in 1980 to 33km in 2015 (35km
in 2000), and the R-squared values for the fitted variogram models of SOC19g9, SOCag00, and SOCa15 were
0.95, 0.83, and 0.29, respectively. Therefore, compared to the spatial structures of SOC;gggand SOCsgg,
the relatively short range of spatial autocorrelation and the worse goodness of fit for SOCs15 indicated that
external factors, such as anthropogenic activities, may have a significant impact on the spatial variability of
8002015 in the area.

<Fig. 3>

3.2 Spatial distribution patterns of SOC

<Fig. 4>

The spatial distribution maps of the SOC contents derived by the OK method were presented in Fig. 4, with
a kriging error range of 1.16-3.67 g kg'', 1.11-4.41 g kg'!, and 1.57-2.29 g kg™* for SOC19809, SOCa000, and
SOCs015, respectively (Figure S2). Overall, the SOC distribution patterns on the three sampling dates were
similar, with high SOC contents in the southeast (mainly surrounding Taihu Lake) and low SOC contents
in other parts of the study area. However, differences in the local details of the spatial patterns of SOC
still existed among the three sampling dates. The high-value areas with SOC19gp exceeding 18 g kg™! were
mainly distributed in the southeast of the study area, while the low-value areas with SOCjgg9< 10 g kg™!
were scattered along the southern side of the Yangtze River and the areas near the western boundary of the
study area. The SOC1ggo in most parts of the study area ranged from 10 to 18 g kg™'. However, in 2000, the
high-value areas with SOC > 18 g kg™! expanded significantly across the study area; these areas were located
throughout the whole southeastern parts of the study area and in several small areas in Jiangyin, Yixing,
and Jintan city. The areas with moderate values of SOCygg0 between 10-18 g kg™ were observed in the
northwest (Dantu, Danyan), in the southwest (Liyang, Jintan), and near the Yangtze River (Zhangjiagang,
Taicang). In 2015, the SOC contents in most parts of the study area varied from 10 g kg™* to 18 g kg™!,
while the high-value areas with SOCag15 > 18 g kg™! were very limited and were only distributed in Yixing
and southwestern Changshu.

3.3 Temporal changes in SOC

<Fig. 5>

The spatial patterns of the SOC changes during the three time periods were presented in Fig. 5. In the
first two decades (1980-2000), the areas with relatively large SOC increments (> 5 g kg') were mainly
distributed in the north (along the Yangtze River) and southwest of the study area, while the areas with
relatively large SOC decrements (> 5 g kg'!) were scattered in the northeastern parts (brown areas in Fig.
5a). Changes in the SOC contents in the major croplands of the study area varied from -12.4 to 15.1 g
kg !. In contrast, the SOC contents for most of the study area decreased during the period of 2000-2015; in
particular, the areas with SOC decrements > 5 g kg™! expanded significantly (mainly located in the east, Fig.
5b). A slight decrease in the SOC contents (decrement< 3 g kg™!) across the study area could be intuitively
observed (yellow areas), while the increases in SOC mainly occurred in the northeastern, northwestern, and
southeastern parts of study area (green areas in Fig. 5b), with a small increment of less than 5 g kg™*.
Over the entire 35 years (Fig. 5¢), changes in the SOC contents in the topsoil of the major croplands varied
from -21.3 to 10.2 g kg'!, and the SOC for most parts of the study area increased, except for that in the
southeastern parts (close to Changshu city), where SOC declined significantly (with SOC decrement > 5 g

kg1,



3.4 Probability of SOC increase/decrease

<Fig. 6>

The probability maps for the increases/decreases in SOC over the three time periods were calculated based
on the SGS-generated SOC realizations (Text S1 and Fig. 6). During 1980-2000, the areas with significant
SOC increases were mainly distributed throughout the study area, except for several areas (green regions in
Fig. 6a) scattered around Taihu Lake. However, from 2000-2015, the probabilities of SOC increase in most
areas were less than 0.40, while the areas with higher probabilities (0.50-0.70) of SOC increase were mainly
distributed in the western parts and the northeastern corner of the study area (Fig. 6b). Over the entire
35-year period (1980-2015), the areas with significantly increased SOC were identified in the western and
northeastern parts near the Yangtze River (Fig. 6¢). However, for the probability of SOC decreases (Fig.
6d-f), a high probability of SOC decreases over the period of 2000-2015 in the southeastern parts of the study
area can be intuitively observed. Over the entire 35-year period (1980-2015), the areas with significantly
decreased SOC appeared to be very limited and were mainly located in northwestern Kunshan city.

Based on the uncertainty intervals of the changes in SOC (Fig. 7), the average area percentages of the
decreases in SOC over the periods of 1980-2000, 2000-2015, and 1980-2015 were estimated at 21%, 62%, and
40%, respectively. This global information on the area proportions of the SOC changes across the study area
implied that the SOC changes went through two distinct stages: SOC increases were predominant over the
first two decades (the SOC for 79% of the study area increased during 1980-2000, Fig. 7, left) while SOC
decreases became predominant in the subsequent 15 years (the SOC for 62% of the study area decreased
during 2000-2015, Fig. 7, middle). However, over the entire 35-year period (1980-2015), the SOC for 60%
of the study area increased (Fig. 7, right), indicating an overall trend of SOC accumulation in the area.

<Fig. 7>

4. Discussion

4.1 Driving factors of spatiotemporal changes in SOC

The differing parent materials or bedrocks of the soil types have a profound influence on SOC levels (Araujo
et al., 2017; Angst et al., 2018). Fig. 8a showed that the average SOC contents for the paddy soils (13.62
g kg, 17.73 g kgt and 14.79 g kgt in 1980, 2000, and 2015, respectively) were the highest among the
three predominant soil types in the area, followed by those of the yellow-brown soils (13.62 g kg™t, 17.73 g
kg, and 14.79 g kg! in 1980, 2000, and 2015, respectively) and the fluvo-aquic soils (10.31 g kg™!, 12.71
g kgt, and 13.39 g kgt in 1980, 2000, and 2015, respectively). The sorting order of the SOC contents for
each soil type remained unchanged among the different sampling dates, indicating that the influences of soil
types on the SOC levels in the area were still important. The paddy soils in southern Jiangsu Province
were mainly developed from alluvial materials and lacustrine deposits. The high SOC contents were mainly
caused by the waterlogged soils in paddy fields where the anaerobic conditions decreased the rate of SOC
decomposition (Liu et al., 2006; Li et al., 2018a). Moreover, the physical and chemical properties of the
paddy soils were significantly different from those of the other two soil types (fluvo-aquic soils and yellow-
brown soils) due to the generally more intensive agricultural activities in the paddy soils (Liu et al., 2006;
Liu et al., 2019). During the periodic submergence and drainage, a large amount of amorphous Fe and Al
oxides resulting from the frequent rice cultivation significantly enhanced the soil aggregate stability, thereby
promoting the accumulation of SOC in the paddy soils (Gong, 1999; Heng et al., 2010; Wei et al., 2017; Xue
et al., 2019). However, the fluvo-aquic soils and yellow-brown soils were saturated with water for a relatively
short time, and the amorphous Fe and Al oxides concentrations were significantly lower than those in paddy
soils (Li et al., 2003; Heng et al., 2010). Therefore, the average SOC in the fluvo-aquic and yellow-brown
soils was relatively low. In addition, compared to the fluvo-aquic and yellow-brown soils, the average SOC



in the paddy soils differed significantly among the three sampling dates, indicating a stronger influence of
agricultural management practices on the SOC changes in the paddy soils in the area.

Agricultural management practices, in particular the application of chemical fertilizers, play an essential role
in affecting SOC changes (Lu et al., 2009; Alavaisha et al., 2019). For example, the use of chemical fertilizers
has been identified as one of the dominant anthropogenic contributors to SOC accumulation on the North
China Plain (Han et al., 2018), in the Yellow River basin (Gong et al., 2011), in the Loess Plateau region (Guo
et al., 2011), and on the Huang-Huai-Hai Plains of China (Kong et al., 2013). However, in southern Jiangsu
Province, chemical fertilizer inputs to the soils went through two distinct stages over the past three decades.
The application of chemical fertilizers, including synthetic N fertilizers, increased continuously before 2000,
and declined thereafter (Fig. 8b). An increase in the inputs of chemical fertilizers (in particular synthetic
N fertilizers) before 2000 made a significant contribution to the increased SOC because the enhanced crop
biomass resulted in proportionally increased soil carbon inputs from the aboveground residues and roots
over the first two decades (Li et al., 2013; Zhao et al., 2018). Since 1999, the chemical fertilizer inputs in the
area have continuously declined, which was closely related to the decreased cropland areas due to the rapid
urbanization process (Lu et al., 2017). Consequently, the importance of the changes in soil carbon input
resulting from the land use change should not be overlooked when identifying the dominant driving factors
of the SOC change in the area.

<Fig. 8>

Crop-derived carbon is the major source of carbon input in cropland soils (Wiesmeier et al., 2014; Wang
et al., 2015b). Fig. 9a showed that the average soil carbon inputs in the major croplands in the area went
through two distinct stages over the past three decades. The soil carbon inputs from the crops (straw/stover
returned to the soils plus roots) increased continuously before 2000, and fluctuated greatly thereafter. The
rapid increase of carbon inputs before 2000 was the significant contributor to SOC accumulation over the
first two decades because the initial SOC content (13.34 g kg™') in 1980 was still relatively low. In 2000,
the SOC levels in the area reached a relatively high level (16.99 g kg™!). However, the cropland areas have
decreased significantly since 2000 due to the rapid urban expansion, resulting in the strong fluctuations in
the soil carbon inputs in the area. The mean soil carbon inputs of 1.44 t ha™! yr! after 2000 may still
be insufficient for maintaining the high SOC levels in 2000. The soil carbon inputs after 2000 differed
significantly among the 14 county-level cities (Fig. 9b), with increased carbon inputs occurring in the west
(Danyang, Liyang, Jintan, Yixing), while the areas with declining carbon inputs mainly surrounded Taihu
Lake (Wujiang, Kunshan, Wuxian). This regional difference in soil carbon inputs was closely related to the
rapid urbanization process in the study area (Fig. 10a).

Urban expansion may lead to fragmentation of the cropland landscape, which was a dominant factor limiting
soil carbon inputs (Liu et al., 2011; Hao, 2012; Xia et al., 2017). Fig. 10b showed that the ratio between
urban land area and cropland area was negatively correlated with the soil carbon inputs during the period
of 2000-2015, indicating that the cropland soil C inputs in the areas with higher urbanization rates were low.
Moreover, socioeconomic development actively pushes forward the marketization process of land use (Bao et
al., 2019), particularly for industries and tertiary industries, resulting in the reduction of agricultural invest-
ment. For example, the number of people employed in agriculture in the area declined significantly during
2000-2015 (from 2.85 million to 1.42 million), while the employees in the tertiary industry increased by two
times, and was almost 6 times higher than those in agriculture in southern Jiangsu Province (Jiangsu Bureau
of Statistics, 2001-2016), implying that staple food agriculture in the area was becoming less important. This
also caused poor management of the cropland soils. Therefore, although the increasing soil C input resulting
from the enhanced crop productivity due to chemical fertilizers benefited the SOC accumulation over the
first two decades, the stagnant soil carbon inputs associated with rapid urbanization and economic growth
constrained the SOC accumulation in the subsequent 15 years (2000-2015).

<Fig. 9>
<Fig. 10>



4.2 Challenge for soil carbon sequestration

Our results, together with the existing studies in the area, provide more details on the regional differences
of the changes in SOC during the period of 2000-2015 (Fig. 11), which may provide more insights into the
future C sequestration in the area. Fig. 1la showed that a continuous decline in SOC during the period
of 2000-2015 mainly occurred in the eastern part of the study area (i.e., Changshu, Wujiang), where the
reduction in cropland area was more severe than that in the western parts, although the SOC levels in the
west decreased first and then increased steadily (i.e., Jintan, Yixing) (Fig. 11b). The trend of the SOC
changes in the western parts of the study area can be attributed to the large-scale implementation of the
crop straw/stover return policy since 2000 (Zhao et al., 2018).

Moreover, the SOC stock in croplands of the study area increased from 30.95 t ha™' in 1980 to 42.12 t halin
2000, and then decreased to 37.53 t ha™' in 2015, which was highly consistent with the changes in SOC
contents (Table 1,Text S2 , and Figure S3). The increase rate of SOC stock over the past 35 years was
0.19 t hatyr!, which was slightly higher than the estimate of Jiangsu Province (0.16 t ha™t yr!) by (Liao
et al., 2009) and the estimate of Chinese cropland soils (0.14 t ha’ yr'!) by (Zhao et al., 2018), indicating a
considerable SOC sequestration potential in the study area. However, although cropland SOC accumulation
can be achieved through enhancing the C input (i.e., improving the straw/stover management), future
SOC sequestration in the area is still facing big challenges, in particular the balance between agricultural
development and the urbanization process for ensuring soil carbon input to maintain the SOC levels. A high
SOC level not only benefits the biodiversity of agroecosystems (Wiesmeier et al., 2019), but also improves
key soil functions, such as the capacity for acid buffering (Ritchie & Dolling, 1985), which are especially
important for areas with accelerated soil acidification, e.g., this study area (Xie et al., 2019). Therefore,
management practices and policies for enhancing the soil carbon input should still be given the top priority
for maintaining the stability of SOC levels.

<Fig. 11>

4.3 Implications and limitations

Our study explored the spatiotemporal changes of cropland SOC in a rapidly urbanizing area and identified
their primary drivers. We found that, although the enhanced soil C input benefited the cropland SOC accu-
mulation during 1980-2000, the rapid urban expansion and industrial economic growth during the subsequent
15 years may lowering SOC due to the decreased soil C input. The urbanizing and industrializing area may
overlook the development of agriculture, and the low economic investment in cropland management often
caused decreased C input in cropland soils, which implied that the coordinated development of industry,
agriculture, and urbanization process is particularly important for cropland SOC sequestration.

Our study investigated the spatiotemporal changes of SOC at a time scale of more than 10 years. However,
using the geostatistical method to explore changes in SOC over a shorter time period (i.e., a time period of
fewer than five years) may be not feasible, because the detectable changes in SOC still can not be directly
measured due to the high stability of SOC pools and slow turnover time of SOC (Yang et al., 2015; Yang et
al., 2020). Therefore, the development of new methodologies for incorporating SOC dynamical mechanism
into the geostatistical mapping framework (i.e., through the “space for time” method) is necessary.

5. Conclusion

Our results revealed that the mean topsoil soil organic carbon (SOC) contents in 1980, 2000, and 2015 were
13.34 g kg'', 16.99 g kg!, and 14.67 g kg™!, respectively. The SOC changes went through two distinct stages,
with a net increment of 3.65 g kg™ in the period of 1980-2000 and a net decrement of 2.32 g kg™! over the
period of 2000-2015. The areas with high SOC contents were identified in the southeast of the study area,
while the SOC contents in other parts of the study area were relatively low. The spatial patterns of the



SOC changes were significantly different, with an overall SOC increase throughout the study area during the
period of 1980-2000, the areas with declines in SOC were mainly distributed in the southeast during 2000-
2015. The SOC increase over the first two decades (1980-2000) was largely attributed to the enhanced soil
carbon inputs resulting from the increase in fertilizer application (in particular low-cost N fertilizers), while
the stagnation of soil carbon inputs associated with the rapid urbanization and economic growth constrained
the SOC accumulation in the subsequent 15 years (2000-2015).

With the rapid urbanization and socioeconomic development, significant regional differences in the SOC
change between the east and west of the study area occurred in the last 15 years (2000-2015). Thus, we
suggest that maintaining the stability of SOC by enhanced the soil carbon inputs is becoming a priority
issue and needs to be addressed not only in the scientific realm, but also within the policy arena. Scientific
management practices and powerful economic policy can be used as a guide for sustainable potential of SOC
sequestration, especially in areas experiencing rapid urbanization processes.
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Table

Table 1 Changes in SOC stock in the study area over the three time periods

Time period SOC stock change (t ha'') Annual changes (t ha™t yr)
1980-2000 11.17 0.56
2000-2015 -4.59 -0.31
1980-2015 6.58 0.19

Figure Captions

Fig. 1 The sampling location (a), elevation (b), and soil type map (c) in the study area.

Fig. 2 Histograms and descriptive statistics of the topsoil SOC contents (g kg-1) in 1980 (a),
2000 (b), and 2015 (c).

SD represents standard deviation, and CV represents coefficient of variation.

Fig. 3 The experimental (dots) and fitted semi-variograms (solid lines) of SOC in 1980, 2000,
and 2015.

Fig. 4 Spatial distribution maps of the cropland SOC in 1980 (a), 2000 (b), and 2015 (c).

Fig. 5 Spatial patterns of the SOC changes in cropland over the period of 1980-2000 (a),
2000-2015 (b), and 1980-2015 (c).

Fig. 6 Probability maps of the increases/decreases in cropland SOC over the three time periods

Fig. 6(a)-(c) represent the probability maps of the SOC increases over the period of 1980-2000, 2000-2015,
and 1980-2015, respectively; Fig. 6(d)-(f) represent the probability maps of the SOC decreases over the
period of 1980-2000, 2000-2015, and 1980-2015, respectively.
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Fig. 7 The cumulative frequency curves and uncertainty intervals of the SGS-generated SOC
changes over the period of 1980-2000 (a), 2000-2015 (b), and 1980-2015 (c).

Fig. 8 Average SOC contents for the different soil types (a) and the amounts of chemical
fertilizers use over the past three decades in southern Jiangsu Province (b).

In Fig. 8a, the bold values represent the average SOC contents, and the error bars represent the stan-
dard deviation of the SOC contents. In Fig. 8b, data was sourced from the Jiangsu Bureau of Statis-
tics,http://tj.jiangsu. gov.cn.

Fig. 9 Crop-derived carbon inputs over the period of 1980-2015 in southern Jiangsu Province
(a), in county-level cities (b ),

and the relationship between annual SOC change and carbon inputs among these county-level
cities (c).

In Fig. 9c, annual SOC change represents the average SOC changes over the past 35 years; carbon inputs
represent the average carbon inputs during 1980-2015; Carbon inputs were estimated using the crop yield
data recorded by county-level agricultural census (Zhao et al., 2018).

Fig. 10 Changes in the industrial and residential lands over the period of 2000-2010 (a), the
relationship between urban expansion and the annual carbon inputs during 2000-2015 (b) .

UL represents the area of urban land, CL represents the cropland area; land use data were obtained from
Xu et al., (2018).

Fig. 11 SOC contents from previous studies during 2000-2015 in the east of study area (a),
and in the west (b).

SOC data from previous studies were obtained from Ding, (2009), Gao et al., (2016), Gao et al., (2011), Gao
et al., (2005), Guo et al., (2007), Han et al., (2007), He and Cao, (2014), Hu et al., (2008), Liang, (2004),
Wan et al., (2006), Wu, (2014), Xie et al., (2009), Xu and Gong, (2014), Xu et al., (2006), and Zhang and
Wang, (2013).
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