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Abstract

Understanding the effects of land use changes on the spatiotemporal variation of soil organic carbon (SOC) can provide
guidance for low carbon and sustainable agriculture. In this paper, based on the large-scale datasets of soil surveys in
1982 and 2009 for Pinggu District — an Urban-rural Ecotone of Beijing, China, the effects of land use and land use
changes on both temporal variation and spatial variation of SOC were analyzed. Results showed that from 1982 to 2009
in Pinggu District, the following land use change mainly occurred: grain cropland converted to orchard or vegetable land,
and grassland converted to forestland. The SOC content decreased in region where the land use type changed to grain
cropland (e.g., vegetable land to grain cropland decreased by 0.7 g kg'l; orchard to grain cropland decreased by 0.2 g
kg'l). In contrast, the SOC content increased in region where the land use type changed to either orchard (excluding
forestland) or forestland (e.g., grain cropland to orchard and forestland increased by 2.7 and 2.4 g kg™, respectively;
grassland to orchard and forestland increased by 4.8 and 4.9 g kg'l, respectively). The organic carbon accumulation
capacity per unit mass of the soil increased in the following order: grain cropland soil < vegetable land/grassland soil <
orchard soil < forestland soil. Therefore, to both secure supply of agricultural products and develop low carbon agriculture
in a modern city, orchards has proven to be a good choice for land using.
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1. Introduction

Soil is the largest reservoir of carbon in the terrestrial biosphere. The total stores of soil carbon is 3.3-fold larger
than the atmospheric carbon pool and 4.5-fold greater than the biological carbon pool, and the soil organic carbon
(SOC) pool accounts for more than half of the soil carbon pool (Lal 2004). Therefore, a small variation in soil
carbon pool could lead to marked change in the CO, concentration of atmosphere (Smith and Fang 2010; Luo et
al. 2010). There is sufficient evidence that land use/land cover change (LUCC) is a major driving factor for the
balance of SOC stocks and the global carbon cycle in terrestrial ecosystems (Watson et al. 2000; Wilson et al.
2008; Luo et al. 2010; Poeplau et al. 2011; Dunn et al. 2013; Gerber et al. 2013). In particular, changes among
land use types such as cropland, forestland, and pastureland will result in clear changes in SOC reserves (Smith
2008; Poeplau et al. 2011). According to an Intergovernmental Panel on Climate Change (IPCC) report, 1.6 Pg
carbon is emitted into the atmosphere in association with LUCC each year, which is the second largest
atmospheric carbon source after the carbon emitted from the combustion of fossil fuels (7.2 Pg C/year) (Solomon
et al. 2007). Numerous studies reported decreasing SOC stocks after a land use change from natural or
semi-natural ecosystems (forestland and grassland) to cropland, and a cultivation induced SOC decline of about
20-60% when forestland and grassland were converted to cropland (Murty et al. 2002; Guo and Gifford 2002;
Poeplau et al. 2011; Oberholzer et al. 2014; Wiesmeier et al. 2012, 2015). Also, the SOC stocks increased by 20—
50% after land use changes from cropland to grassland or forestland reported by Guo and Gifford (2002), who
also indicated that wherever one of the land use changes decreased soil C, the reverse processusually increased
soil carbon and vice versa. However, the results of changes between grassland and afforestation land are uncertain.
This land use change could result in either a slight decrease in net SOC sequestration rate or an increase in net
SOC sequestration rate (Soussana et al. 2004; Davis et al. 2007; Ritter 2007). Moreover, the recovery rate of SOC
is greater at the early stage after a land use change than during the later stages (Coleman et al. 1997).

City suburb is an urban-rural transition zone. The rapid progression of the urbanization process in recent years
has resulted in constant increases in the degree of agricultural intensification and land use intensity. In particular,
the progression of urbanization has resulted in relatively large changes in land use types and management
practices for agricultural lands, which will have important impacts on SOC content (Fu et al. 1999). The Pinggu
District, located in a northeastern suburb of Beijing, China, has evolved from an agricultural area that mainly
focused on grain production to an important fruit and vegetable production base for Beijing. Thus, the Pinggu
District is highly representative of an urban-rural ecotone. Hence, an evaluation of the effect of land use change
on the spatiotemporal variation in organic carbon in this area is of utmost significance for implementing urban
low-carbon and sustainable agriculture.

To date, numerous researchers have used geostatistical methods to study the spatial variability of SOC.
Field-scale studies have mainly revealed the effects of random factors, such as agricultural management practices,
on the spatial variation of SOC (Cambardella et al. 1994; Yanai et al. 2005). Regional-scale studies have mainly
revealed the effects of structural factors, such as climate, terrain, soil type, cropping system and land use type, on

the spatial variation of SOC (Sun et al. 2003; Huang et al. 2007; Liu et al. 2014). However, there have been few
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studies on the spatiotemporal variation of SOC in an urban-rural ecotone, particularly the effects of land use
change on the spatiotemporal variation of SOC. In addition, many studies have only conducted parallel
comparisons for SOC contents among different land use types (Rodr fuez-Murillo 2001; Davy and Koen 2013),
but neglected the longitudinal historical processes associated with the land use change dynamics over different
time periods (Schulp and Verburg 2009). Therefore, the results of these studies cannot satisfactorily assess the
effects of time and changing process on SOC.

In this paper, we chose the Pinggu District in Beijing City, China, as a typical urban-rural ecotone for the
following aims: (1) to investigate the temporal variation and spatial variation of SOC content in the Pinggu
District from 1982 to 2009. (2) to evaluate the effects of different land use types and dynamic land use changes on
the spatiotemporal variability of SOC content from 1982 to 2009. The results can provide guidance for the

implementation of low-carbon and sustainable agriculture in an urban-rural ecotone.
2. Results
2.1. Characteristics of spatiotemporal changes of land use

Generally, the changes in land use between two time periods can be classified into two types: (1) the original type
of land use is maintained, i.e., maintained land (denoted by the symbol “—”); or (2) there is a change in land use
type, i.e., changed land (denoted by the symbol “—”’). The transfer of land use matrix was generated by
overlaying the maps of land use in Pinggu District for 1982 and 2009 (Table 1). In the urban-rural ecotone of
Beijing, there were three major land use types, including: urban building land, ecological regulation land (mainly
forestland and grassland), and agricultural production land (mainly grain cropland, vegetable land, and orchard).
This study focuses primarily on the effects of land use dynamics on SOC content in the ecological regulation land
and agricultural production land.

The main land use type in Pinggu District in 1982 was grain cropland (Table 1 and Fig. 1). Grain cropland
covered 472.1 km?, which accounted for approximately half of the land area of the Pinggu District and was mainly
distributed in the plains region. The secondary land use type in 1982 included grassland and forestland, and the
former covered an area of 257.4 km?, while the latter covered 123.0 km? Both the lands were mainly distributed
in the mountainous region in the north of Pinggu. Vegetable land and orchard were only found scattered
throughout Pinggu District and together covered a total area of less than 20 km?. In order to support the overall
economic development and eco-environmental improvement of Beijing, the agricultural planting structure in
Pinggu District has been substantially altered in recent decades. Large areas of grain cropland have been changed
to other land use types. In 2009, the areas covered by grain cropland, vegetable land, orchard, forestland, and
grassland were 114.6 km?, 15.9 km? 220.8 km?, 345.2 km? and 92.6 km?, respectively. Compared to 1982, the
areas of grain cropland and grassland decreased by 76% and 64%, respectively, whereas the areas of orchard,
vegetable land, and forestland increased by 1171%, 137%, and 181%, respectively. From 1982 to 2009, 37%, 3%,
13%, and 4% of grain cropland changed to orchard (mainly in the piedmont transition zone), vegetable land
(mainly in the plain), forestland, and grassland (mainly in the mountainous region and the protected forest of the
plain region). For grassland, 68% of the grassland area switched to forestlands (mainly in the mountainous region).

The total area that underwent a land use change was 639.5 km?, which accounted for 67% of the total land area.



The following land use change mainly occurred during this time period: grain cropland—orchard and vegetable

land or grassland—forestland.
2.2. Overall characteristics of SOC content of samples

The Kolmogorov—Smirnov test result demonstrates that the SOC contents in 1982 and 2009 both followed a
lognormal distribution (p>0.05) (Table 2). In 1982, the SOC contents ranged from 1.8 g kg™ to 27.6 g kg™ with the
mean of 7.3 g kg™'. While in 2009, the SOC contents ranged from 1.0 g kg™ to 27.9 g kg™* with the mean of 9.6 g
kg™, which increased by 2.3 g kg™ from 1982 to 2009. The coefficients of variation (CV) of the SOC contents in
1982 and 2009 were 0.41 and 0.40, respectively, showing an intermediate level of variation in both 1982 and
20009.

Moreover, the SOC contents of different land use types in 1982 and 2009 were both analyzed by analysis of
variance (Table 3). In 1982, the SOC contents in the grain cropland, vegetable land, orchard, forestland, and
grassland soils were 6.6, 6.4, 7.5, 12.9, and 11.4 g kg™, respectively. The SOC contents in semi-natural ecological
regulation land (forestland and grassland) were significantly higher than those of the agricultural production land
(grain cropland, vegetable land, and orchard), whereas there was no significant difference among the SOC
contents of the grain cropland, vegetable land and orchard (least significant difference (LSD), p<0.05). In 2009,
the SOC contents of the cropland, vegetable land, orchard, forestland, and grassland soils were 8.2, 7.9, 10.2, 12.9,
and 14.2 g kg™, respectively, which differed significantly among all of the land use types, except between the
grain cropland and vegetable land soils. From 1982 to 2009, the SOC contents increased by 1.5-2.8 g kg™ for all
of the land use types, except that the SOC content of the forestland soil basically remained the same. In contrast,

the SOC content of the orchard soils increased the most.
2.3. Effects of land use changes on the temporal variation of SOC content

The effects of land use dynamics on SOC content were analyzed based on the overlaying of the land use change
map and the distribution map of sampling sites. The results reveal that from 1982 to 2009, the SOC contents
decreased in association with the following land use changes: vegetable land—grain cropland, orchard—grain
cropland, grassland—grain cropland, and forestland—orchard, whereas the SOC contents increased by 1%-75%
for other land use changes (Table 4). The SOC contents in the areas characterized by original land use types of
grain cropland, vegetable land, orchard, forestland, and grassland increased by 38%, 38%, 23%, -10%, and 31%,
respectively. Among the land use changes converted from the same original land use types, the SOC contents
increased the most in association with the following land use changes: grain cropland—orchard (by 39%),
vegetable land—orchard (by 75 %), orchard—orchard (by 40%), forestland—forestland (by 1%), and
grassland—forestland (by 46%).

The variations in the SOC contents of changed and maintained land were comparatively analyzed. From 1982
to 2009, SOC of the maintained grain cropland increased by 2.2 g kg™, while SOC of the changed grain cropland
increased by 2.6 g kg™, which has an increase by 18% (0.4 g kg™) than the former. Specifically, compared to grain
cropland maintained, the variable quantity of SOC contents increased by 23% and 9%, respectively, for the grain
cropland—orchard and grain cropland—forestland land use changes but decreased by 5% for grain

cropland—vegetable land. SOC of the maintained vegetable land increased by 3.3 g kg™, while SOC of the



changed grain cropland increased by 1.9 g kg™, which has decrease by 42% (1.4 g kg™) than the former.
Specifically, compared to vegetable land maintained, the variable quantity of SOC content increased by 61% for
the vegetable land—orchard land use change but decreased by 121% for the change from vegetable land— grain
cropland. SOC of the maintained orchard increased by 3.1 g kg™, while SOC of the changed grain cropland
(orchard—grain cropland) decreased by 0.2 g kg™, which has decrease by 106% than the former. There was a
small change of SOC for both maintained and changed forestland with the variable quantity increased by 0.1 g
kg™ for the former and decreased by 1.3 g kg™ for the latter. However, there was a large variation of SOC change
between maintained and changed grassland. The SOC of the former increased by 1.0 g kg™ and the latter
increased by 4.0 g kg™ from 1982 to 2009. Specifically, compared to grassland maintained, the variable quantity
of SOC content increased by 380% and 390%, respectively, for the grassland—orchard and grassland—forestland
land use change but decreased by 110% a result of grassland—grain cropland.

Overall, the SOC content decreased in areas where the land use type changed to grain cropland (e.g., vegetable
land to grain cropland decreased by 0.7 g kg™*; orchard to grain cropland decreased by 0.2 g kg™). In contrast, the
SOC content increased in area where the land use type changed to either orchard (excluding forestland) or
forestland (e.g., grain cropland to orchard and forestland increased by 2.7 and 2.4 g kg™, respectively; grassland to
orchard and forestland increased by 4.8 and 4.9 g kg™, respectively). The organic carbon accumulation capacity
per unit mass of the soil increased in the order of grain cropland soil<vegetable land soil/grassland soil<orchard
soil<forestland soil.

2.4. Effects of land use changes on the spatial variability of SOC content

Spatial structure analysis of SOC content The semivariogram analysis indicates that the SOC content data
was fitted with a spherical model for 1982 and an exponential model for 2009 (Table 5). The nugget to sill ratio
Co/(Co+C,) for the SOC contents in 1982 and 2009 were 0.45 and 0.50, respectively, demonstrating an
intermediate degree of spatial heterogeneity arising from random components to that the total spatial
heterogeneity in both 1982 and 2009. The spatial correlation range in 2009 (143.67 km) was greater than that in
1982 (26.09 km).

Spatial distribution patterns of SOC content Fig. 2 presents the spatial distributions of the SOC contents in
1982 and 2009. Overall, in both 1982 and 2009, the SOC contents in the northern region were greater than those
in the southern region. In 1982, the patch of each SOC fraction was smooth and uniform, whereas the patch of
each SOC fraction was relatively fragmented in 2009, indicating that the landscape pattern of the distribution of
SOC gradually changed from a simple and continuous distribution to a complex, heterogeneous and discontinuous
patch mosaic. Regionally, the areas with the highest SOC contents (> 12 g kg™) were distributed in the
northeastern mountainous region in 1982, whereas the areas with lowest SOC contents (< 6 g kg™) were largely
distributed in the southern and southwestern plain regions. By 2009, the total area with SOC contents < 6 g kg™
had decreased significantly, and these areas were distributed only as scattered locations in the southwestern
marginal region. The total area with SOC contents > 10 g kg™ increased, and these areas were mainly distributed
in the northern region.

It is evident from the maps of the variation in the SOC content in 1982 and 2009 that, in the majority of

locations, the SOC content increased (Fig. 3). The SOC content increased by more than 4 g kg™ in large areas in



the northwestern region. However, the SOC contents exhibited a decreasing trend in the northeastern region.
Effects of land use change on the spatial variation of SOC content Table 6 lists the statistical results for the
regions of the SOC fractions obtained by overlaying land use change map and SOC maps. Regions where the
SOC contents increased included the following: the region where grain cropland was maintained (grain
cropland—grain cropland, area: 103.5 km?), the region where grain cropland—orchard (area: 176.0 km?), the
region where grain cropland—forestland (area: 61.4 km?), the region where forestland was maintained
(forestland—forestland, area: 94.9 km?), the region where grassland was maintained (grassland—grassland, area:
55.8 km?), and the region where grassland—forestland (area: 174.1 km?). Regions with SOC contents greater than
4 g kg™ included the following: the region where grain cropland—orchard (area: 11.5 km?), the region where
forestland was maintained (forestland—forestland, area: 9.2 km?), the region where grassland was maintained
(grassland—grassland, area: 6.2 km?), and the region where grassland—forestland (area: 12.2 km?). Regions with
SOC contents of 2-4 g kg™ included the following: the region where grain cropland was maintained (grain
cropland—grain cropland, area: 36.9 km?), the region where grain cropland—orchard (area: 102.4 km?), the
region where grain cropland—forestland (area: 21.2 km?), the region where forestland was maintained
(forestland—forestland, area: 22.7 km?), the region where grassland was maintained (grassland—grassland, area:
23.5 km?), and the region where grassland—forestland (area: 46.4 km?). Regions with SOC content of 0-2 g kg™
included the following: the region where grain cropland was maintained (grain cropland—grain cropland, area:
62.9 km®), the region where grain cropland—orchard (area: 52.4 km?), the region where grain
cropland—forestland (area: 28.8 km?), the region where forestland was maintained (forestland—forestland, area:
29.5 km?), the region where grassland was maintained (grassland—grassland, area: 16.9 km?), and the region
where grassland—forestland (area: 53.9 km?). Regions where the SOC content decreased included the following:
the region where forestland was maintained (forestland—forestland, area: 33.5 km?) and the region where

grassland—forestland (area: 61.6 km?).
3. Discussion

In this study, the SOC contents in the semi-natural ecological regulation land (forestland and grassland) were
greater than those in the agricultural production land (grain cropland, vegetable land, and orchard). The SOC
content decreased when an ecological regulation land changed to an agricultural production land, which is
consistent with the results of numerous studies (Murty et al. 2002; Guo and Gifford 2002). This phenomenon is
attributed to the fact that the forestland and grassland soils has a relatively higher quantity and quality of litter
inputs which can improve stability of SOC, whereas the soils of grain cropland, vegetable land, and orchard has a
lower net productivity with the residues removed and it is also frequently disturbed by human activities, which
increases soil erosion and soil bareness to accelerate the decomposition of SOC. In this study, the SOC contents
decreased in areas where the land use type changed to grain cropland. In contrast, the SOC contents increased in
areas where the land use type changed to either orchard (excluding forestland) or forestland. The organic carbon
accumulation capacity per unit mass of the soil increased in the order of grain cropland soil<vegetable land
soil/grassland soil<orchard soil<forestland soil. The occurrence of these phenomena is attributed to the fact that,
driven by economic interests, orchard and vegetable farmers have had active attitudes towards production and

been relatively highly devoted. According to the survey statistics, relatively large quantities of organic fertilizers



are used in orchards and vegetable land. The organic fertilizer input level was 1,500-3,750 yuan RMB ha™ for 59%
of the orchard and over 1,500 yuan RMB ha™ for 73% of the vegetable land, but organic fertilizers were not used
or only rarely applied to 90% of grain cropland (Wang et al. 2008).

From 1982 to 2009, the landscape pattern of the spatial distribution of SOC gradually changed from a simple
and continuous distribution to a complex, heterogeneous and discontinuous patch mosaic. This change was
associated with the implementation of the household contract responsibility system in the 1980s in China. Lands
were divided into smaller units and, subsequently, relatively large variations in land management modes were
implemented among various farmer households. As evident in the map of variation in SOC, the regions in which
the organic carbon contents increased the most are mainly distributed in Dahuashan Town in the northwest of the
Pinggu District. Dahuashan Town has the largest planting area and the highest yield of peaches among all the
villages and towns of Beijing and, consequently, Dahuashan Town has been honored as the “first peach town in
Beijing suburbs”. The continuous input of large amounts of organic fertilizers into the orchards has resulted in the
continuous accumulation of SOC. Areas in which the organic carbon contents decreased are mainly distributed in
the northwestern mountainous region, as well as a small area of semi-natural ecological regulation land that was
switched to agricultural production land. The majority of the area in the northwestern mountainous region
underwent one of the following types of land use change: grassland—forestland or forestland—forestland.
However, the SOC contents exhibited increasing trends in other portions of the study area where changes between
forestland and grasslands occurred (e.g., grassland—forestland), indicating that changes between forestland and
grassland can either reduce or increase SOC contents, which is consistent with previous findings (Post and Kwon
2000; Soussana et al. 2004; Davis et al. 2007; Ritter 2007). In addition, the spatial correlation range of
semivariogram of SOC in 2009 was larger than that in 1982. This decreasing trend would be due to decreasing of
SOC in the northeast region where the initial SOC value was highest in 1982 and increasing of SOC in the
southwest where the initial SOC value was lowest (Fig. 2 and Fig. 3), which enhance the correlation of SOC
between neighbor sampling sites.

Beijing has a population of more than 20 million, the land in this region has an increasingly important role of its
ecological regulation services. In this study, the land use of orchard has proven to be a good choice to develop low
carbon and sustainable agriculture in Beijing. Moreover, it is also suggested that the grain cropland should been
enhanced the organic fertilization inputs, especially encouraging farmers to develop green manures and return

straws to fields to increase the SOC contents in grain croplands.
4. Conclusion

Our results revealed the land use from 1982 to 2008 in Pinggu District has been mainly changed as follow: grain
cropland changed to orchard and vegetable land, and grassland changed to forestland. The soil organic carbon
(SOC) contents of the natural or semi-natural ecological regulation land (forestland and grassland) were
significantly greater than those of the agricultural production land (grain cropland, vegetable land, and orchard).
Our findings indicated that the SOC contents decreased in the region where the land use type changed to grain
cropland, while the SOC contents increased in the region where the land use type changed to either forestland or
orchard (excluding forestland). The organic carbon accumulation capacity per unit mass of the soil increased in

the order of grain cropland soil<vegetable land soil/grassland soil<orchard soil<forestland soil. Therefore, to both



secure supply of agricultural products and develop low carbon agriculture in a modern city, orchards has proven to

be a good choice for land using.
5. Materials and methods
5.1. Study location

A typical urban-rural ecotone, the Pinggu District of Beijing in China, was selected as the study area. The Pinggu
District (116°55”E-117°24”E, 40°02”N—40°22"N) is located between two major central cities, Beijing and Tianjin,
in China. It is 70 km southwest of the Beijing urban area and 90 km east of the Tianjin urban area. The altitude of
the region gradually decreases from northeast to southwest and ranges from 13 to 1,230 m. The Pinggu District is
surrounded by mountains to the north, east, and south, while the center and southwest of the region are composed
of diluvial-alluvial fans and have flat terrain (Fig. 4). The soil types are classified as Leptic Luvisols, Chromic
Luvisols and Eutric Cambisols, according to IUSS Working Group WRB (2006). The Leptic Luvisols and Eutric
Cambisols account for 98.4% of the total area of the district. The Pinggu District has a warm temperate monsoon
climate. The mean annual temperature is 11.5 °C and the mean annual precipitation is 644 mm. The seasonal
distribution of the precipitation is uneven, with 70% of the precipitation concentrated from July to September.
Since the 1980s, in order to support the overall economic development and eco-environmental protection of
Beijing, the degree of land intensification in Pinggu District has been continuously increasing, and the agricultural
planting structure has also been substantially readjusted. The agricultural production structure in this region has
been gradually transforming from one dominated by grain crops to one that includes economic crops (e.qg., fruits

and vegetables) as the main crops cultivated and grain crops as minor crops.
5.2 Data sources and laboratory analysis

The SOC data for 1982 were obtained from the Second National Soil Survey conducted in the Pinggu District.
Site positioning was performed based on the descriptions of the site positions and the soil types to which these site
positions belonged, which were recorded in paper format, and a total of 651 effective sampling sites were
collected. In 2009, sampling was conducted at the same field of 1982 sampling sites or within a distance of 30 m
around the 1982 sampling sites. Besides, about 90 new sites in the typical land, where the land use type has been
changed from 1982 to 2009, were also sampled in 2009. The GPS receiver was used to locate the latitude and
longitude for each sampling location. A group of four samples were collected within radius of 5 m surrounding a
GPS location and then homogenized by hand mixing, extracted about 1-1.5 kg by quarter method, air-dried and
sieved through 2 mm openings for laboratory analysis. A total of 740 samples were collected in final (Fig. 4). The
SOC contents in 1982 and 2009 were both determined using the potassium dichromate digestion method (Nelson
and Sommers 1982).

5.3 Data processing and analysis

Geostatistical methods described in Isaaks and Srivastava (1989) were used to calculate the semivariogram as

follow:



0= 2 [2(%)-2 (5 +)] W

where Z(X) and Z (X +h) represents the observed value for a soil property at the location X, and X +h,
respectively, 7 (h) represents the semivariogram of a lag distance h between Z (X ) and Z(x +h), and
N (h) is the number of data pairs separated by h.The y(h) of SOC in 1982 and 2009 were calculated and
different theoretical semivariance models were used to fit the calculated values. The best model was selected and
finally the cross-validation method was used to validate the parameters of the model (Isaaks and Srivastava, 1989)
The ArcGIS 9.3 software (ESRI, The Redlands, CA, USA) was used for geostatistical analysis consisting of,
variogram calculation, crossvalidation, ordinary kriging and mapping. The SPSS 16.0 (SPSS Inc, Chicago, USA)
software was used for conventional statistical analysis, Kolmogorov — Smirnov test and analysis of variance
(ANOVA).

Acknowledgments

This research was supported by the Hundred Talent Program of the Chinese Academy of Sciences (Wenjiang
Huang), the Innovation “135” Program from Chinese Academy of Sciences (Y3SG0100CX) and the Science &
Technology Basic Research Program of China (2014FY210100).

References

Cambardella C A, Moorman T B, Parkin T B, Karlen D L, Novak J M, Turco R F, Konopka A E. 1994. Field-scale variability of soil
properties in central lowa soils. Soil Science Society of America Journal, 58, 1501-1511.

Coleman K, Jenkinson D S, Crocker G J, Grace P R, Klir J, K&schens M, Poulton P R, Richter D D. 1997. Simulating trends in soil
organic carbon in long-term experiments using RothC-26.3. Geoderma, 81, 29-44.

Davis M, Nordmeyer A, Henley D, Watt M. 2007. Ecosystem carbon accretion 10 years after afforestation of depleted subhumid
grassland planted with three densities of Pinus nigra. Global Change Biology, 13, 1414-1422.

Davy M C, Koen T B. 2013. Variations in soil organic carbon for two soil types and six land uses in the Murray Catchment, New
South Wales, Australia. Soil Research, 51, 631-644.

Dunn J B, Mueller S, Kwon H Y, Wang M Q. 2013. Land-use change and greenhouse gas emissions from corn and cellulosic ethanol.
Biotechnology for Biofuels, 6, 51.

Fu B, Ma K, Zhou H, Chen L. 1999. The effect of land use structure on the distribution of soil nutrients in the hilly area of the Loess
Plateau, China. Chinese Science Bulletin, 44, 732-736.

Gerber S, Hedin L O, Keel S G, Pacala S W, Shevliakova E. 2013. Land use change and nitrogen feedbacks constrain the trajectory
of the land carbon sink. Geophysical Research Letters, 40, 5218-5222.

Guo L B, Gifford R M. 2002. Soil carbon stocks and land use change: a meta analysis. Global Change Biology, 8, 345-360.

Huang B, Sun W, Zhao Y, Zhu J, Yang R, Zou Z, Ding F, Su J. 2007. Temporal and spatial variability of soil organic matter and total
nitrogen in an agricultural ecosystem as affected by farming practices. Geoderma, 139, 336-345.

Isaaks E H, Srivastava R M. 1989. An introduction to applied geostatistics. Oxford University Press, New York, pp 140-398.1USS
Working Group WRB. 2006. World reference base for soil resources 2006. World Soil Resources Reports No. 103. FAO,
Rome.

Lal R. 2004. Soil carbon sequestration impacts on global climate change and food security. Science, 304, 1623-1627.

Luo Z, Wang E, Sun O J. 2010. Soil carbon change and its responses to agricultural practices in Australian agro-ecosystems: A

review and synthesis. Geoderma, 155, 211-223.



Liu L L, Yan Zhu, Liu X J, Cao W X, Xu M, Wan, X K, Wang E L. 2014. Spatiotemporal changes in soil nutrients: a case study in
taihu region of China. Journal of Integrative Agriculture, 13, 187-194.

Murty D, Kirschbaum M U, Mcmurtrie R E, Mcgilvray H. 2002. Does conversion of forest to agricultural land change soil carbon
and nitrogen? A review of the literature. Global Change Biology, 8, 105-123.

Nelson S R, Sommers L E. 1982. Total carbon, organic carbon, and organic Matter. In: Page AL, Miller RH, Keeney D R (ed)
Methods of soil analysis, Part 2. Chemical and microbiological properties. American Society of Agronomy, Inc., Soil Science
Society of America Inc. Madison, WI, pp 539-594.

Oberholzer H R, Leifeld J, Mayer J. 2014. Changes in soil carbon and crop yield over 60 years in the Zurich Organic Fertilization
Experiment, following land - use change from grassland to cropland. Journal of Plant Nutrition and Soil Science, 177, 696—
704.

Poeplau C, Don A, Vesterdal L, Leifeld J, Van Wesemael B A 'S, Schumacher J, Gensior A. 2011. Temporal dynamics of soil organic
carbon after land - use change in the temperate zone—carbon response functions as a model approach. Global Change Biology,
17, 2415-2427.

Post W M, Kwon K C. 2000. Soil carbon sequestration and land - use change: processes and potential. Global Change Biology, 6,
317-327.

Ritter E. 2007. Carbon, nitrogen and phosphorus in volcanic soils following afforestation with native birch (Betula pubescens) and
introduced larch (Larix sibirica) in Iceland. Plant and Soil, 295, 239-251.

Rodr guez-Murillo J C. 2001. Organic carbon content under different types of land use and soil in peninsular Spain. Biology and
Fertility of Soils, 33, 53-61.

Schulp C, Verburg P H. 2009. Effect of land use history and site factors on spatial variation of soil organic carbon across a
physiographic region. Agriculture Ecosystems & Environment, 133, 86-97.

Smith P. 2008. Land use change and soil organic carbon dynamics. Nutrient Cycling in Agroecosystems, 81, 169-178.

Smith P, Fang C. 2010. Carbon cycle: A warm response by soils. Nature, 464, 499-500.

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt K B, Miller H L. 2007. Climate Change 2007-the physical science basis:
Working Group | Contribution to the Fourth Assessment Report of the IPCC (Vol. 4). Cambridge University Press.

Soussana J F, Loiseau P, Vuichard N, Ceschia E, Balesdent J, Chevallier T, Arrouays D. 2004. Carbon cycling and sequestration
opportunities in temperate grasslands. Soil Use and Management, 20, 219-230.

Sun B, Zhou S, Zhao Q. 2003. Evaluation of spatial and temporal changes of soil quality based on geostatistical analysis in the hill
region of subtropical China. Geoderma, 115, 85-99.

Wang S, Yu T, Wang J, Yang L, Yang K, Liu P. 2008. Preliminary study on spatial variability and distribution of soil available
microelements in Pinggu County, Beijing, China. Agricultural Sciences in China, 7, 1235-1244.

Watson R T, Noble I R, Bolin B, Ravindranath N H, Verardo D J, Dokken D J. 2000. Land use, land-use change and forestry: a
special report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge.

Wiesmeier M, Sp&rlein P, Geuf3U, Hangen E, Haug S, Reischl A, Schilling B, von Lizow M, K&gel-Knabner 1. 2012. Soil organic
carbon stocks in southeast Germany (Bavaria) as affected by land use, soil type and sampling depth. Global Change Biology,
18, 2233-2245.

Wiesmeier M, von Litzow M, Sp&lein P, Geul3U, Hangen E, Reischl A, Schilling B, K&yel-Knabnera 1. 2015. Land use effects on
organic carbon storage in soils of Bavaria: The importance of soil types. Soil and Tillage Research, 146, 296-302.

Wilson B R, Growns I, Lemon J. 2008. Land-use effects on soil properties on the north-western slopes of New South Wales:
implications for soil condition assessment. Australian Journal of Soil Research, 46, 359-367.

Yanai J, Mishima, A, Funakawa S, Akshalov K, Kosaki T. 2005. Spatial variability of organic matter dynamics in the semi - arid

croplands of northern Kazakhstan. Soil Science and Plant Nutrition, 51, 261-2609.



Figures

Grain cropland Grain cropland

Bl Vegetable land Bl Vegetable land

B Orchard B Orchard

Bl Forestland Bl Forestland

[ Grassland [ Grassland
—— L % Unutilized land i % Unutilized land

W Other land W Other land

Fig. 1 Maps of land use types in 1982 (A) and 2009 (B) in Pinggu District.
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Fig. 2 Spatial distribution of soil organic carbon (SOC) contents in 1982 and 2009 in Pinggu District.
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Fig. 3 Spatial distribution of soil organic carbon (SOC) changes from 1982 to 2009 in Pinggu District.
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Fig. 4 The location of Pinggu District and distribution of elevation and sampilng sites.



Tables

Table 1 The transfer matrix of land use in Pinggu District from 1982 to 2009 (km?)

2009 Total
1982 Grain — Vegetable o ooy Forestland  Grassland  ZMUMIZEd iher jang (1982)
cropland land land
Grain 103.4 14.6 176.0 61.5 19.7 0 96.9 472.1
cropland (22%) (3%) (37%) (13%) (4%) (0) (21%)
Vegetable 1.7 0.9 0.5 0.4 0 0 3.2 6.7
land (25%)  (13%) (%) (6%) 0) 0) (48%)
Orchard 0.2 0.1 8.6 11 0.7 0 11 11.8
(2%) (1%) (73%) (9%) (6%) ) (9%)
Forestland 18 0 10.8 94.8 12.7 0 2.9 123.0
(2%) ) (9%) (77%) (10%) ) (2%)
Grassland 4.9 0 16.8 174.1 55.7 0 5.9 257.4
(2%) ©) (6%) (68%) (22%) ©) (2%)
Unutilized 0.6 0 3.3 1.0 0.3 1.0 3.8 10.0
land (6%) 0) (33%)  (10%) (3%) (10%) (38%)
Other land 2.0 0.3 4.8 12.3 35 0 46.2 69.1
(3%) (0%) (%) 18%) (5%) 0) (67%)
Total (2009) 114.6 15.9 220.8 345.2 92.6 1.0 160.0 950.1
Area change -357.5 9.2 209.0 222.2 -164.8 -9.0 90.9 —
Change -76% 137% 1771% 181% -64 % -90% 132% —
amplitude

Figures in brackets represent the percentages to total area in 1982.

Table 2 Descriptive statistics of SOC contents of sampling sites in Pinggu District

Maximu MeanaS

Yea n Skewne  Kurtos Distributionl;[ype (K-S M'?T']mu m D Cg}/
r ss is test™) 1 ((g (
(9kg?) kg'l) kg-g)Z)
128 615 0.52 4.27 Log-normal (0.053) 1.8 27.6 7.312.9 0'14
280 704 -0.58 4.33 Log-normal (0.064) 1.0 27.9 9.613.8 0(')4
1) K-S test, Kolmogorov—Smirnov test.
2) Mean3SD, meanzstandard deviation.
3) CV, coefficient of variation.
Table 3 SOC contents of sampling sites for static land use types in Pinggu District
1982 2009
Land use type ) ) SOC change
n Mean (g kg™) n Mean (g kg™)
Grain cropland 510 6.6b 229 8.2d 1.6
Vegetable land 27 6.4b 59 7.9d 15

Orchard 26 75b 408 10.2¢c 2.7



Forestland 24 129a 27 129b 0
Grassland 51 114 a 7 142 a 2.8

Means within a column with the same letters are not significantly different at p<0.05 according to LSD test
Table 4 Mean content of SOC for 1982 and 2009 in different land use changes in
Pinggu District

1982 2009 SOC Relative
Land use change® change Ch?_ngg change
(from 1982 t02009) n  Mean n Mean g amp(;tu ¢ amplitude
(9kg™) Okg) g (%) %)

Grain cropland
— Grain cropland 172 6.2 198 8.4 2.2 35
— Vegetable land 34 5.9 47 8.0 2.1 36 -5
— Orchard 285 7.0 323 9.7 2.7 39 23
— Forestland 10 6.8 8 9.2 24 35 9
Total of changed land 329 6.9 378 9.5 2.6 38 18
Total of all 501 6.6 576 9.1 2.5 38
Vegetable land
— Vegetable land 8 6.4 9 9.7 3.3 52
— Orchard 8 7.1 8 12.4 5.3 75 61
— QGrain cropland 9 59 10 5.2 -0.7 -12 -121
Total of changed land 17 6.5 18 8.4 1.9 29 -42
Total of all 25 6.4 27 8.8 2.4 38
Orchard
— Orchard 16 7.7 12 10.8 3.1 40
— Grain cropland 8 7.2 9 7.0 -0.2 -3 -106
Total of changed land 8 7.2 9 7.0 -0.2 -3 -106
Total of all 24 7.5 21 9.2 1.7 23
Forestland
— Forestland 8 14.7 8 14.8 0.1 1
— Orchard 16 12.0 25 10.7 -1.3 -11 -1400
Total of changed land 16 12.0 25 10.7 -1.3 -11 -1400
Total of all 24 12.9 33 11.6 -1.3 -10
Grass land
— Grassland 9 13.2 7 14.2 1.0 8
— Orchard 25 111 35 15.9 4.8 43 380
— QGrain cropland 8 115 9 114 -0.1 -1 -110
— Forest land 9 10.7 10 15.6 4.9 46 390
Total of changed land 42 111 54 15.1 4.0 36 300
Total of all 51 114 61 14.9 35 31
Y The symbol "—" represents maintained land, "—" represents changed land;

2 Relative change amplitude represents the increasing amplitude of SOC changes for changed land compared with
SOC changes for maintained land.

Table 5 Semivariogram parameters of SOC and its residuals in 1982 and 2009 in Pinggu District

Year Model Co C, Co/(Ce+C;)  Rang (km) R RMSSE”
1982 Spherical 0.053  0.065 0.45 26.09 0.97 1.01
2009  Exponential  0.129  0.129 0.50 143.67 0.96 0.95

Y RMSSE, root mean square standardized effect.



Table 6 Areas of SOC fractions in different land use changes from 1982 to 2009 in Pinggu District

(km?)
1 SOC fractions
Land use change < 2@k 2-0( 0—2( 2—4( Y Tota
(from 1982 to 2009) N B9 N N
) kg™) kg™) kg™) kg™)
Grain — QGrain 103.
0.2 2.3 62.9 36.9 1.2
cropland cropland 5
—
Vegetabl 0 0.2 9.0 5.4 0 14.6
e land
— 176.
2.3 7.4 52.4 102.4 115
Orchard 0
N
Forestlan 3.0 6.0 28.8 21.2 2.4 61.4
d
N
Grasslan 2.7 1.6 51 8.5 1.9 19.8
d
Vegetable —
land Vegetabl 0 0.3 0.5 0.1 0 0.9
e land
— Grain
0 0.3 1.2 0.3 0 1.8
cropland
N
0 0 0.3 0.2 0 0.5
Orchard
N
Forestlan 0 0 0.3 0.1 0 0.4
d
Orchard —
0 0 2.0 6.2 0.3 8.5
Orchard
— QGrain
0 0 0.1 0.2 0 0.3
cropland
N
Vegetabl 0 0 0 0.1 0 0.1
e land
N
Forestlan 0 0 0.2 0.9 0 11
d
— 0 0 0.2 0.5 0.1 0.8



Grasslan
d
Forestland —
Forestlan 13.1
d
— QGrain
cropland
N
Orchard

—

1.1

Grasslan 14
d
Grassland —

Grasslan 49
d
— QGrain

0.6
cropland

N
Orchard
— Forest
land

2.6

26.8

20.4

24

15

4.3

0.1

2.6

34.8

295

11

3.1

3.3

16.9

2.8

4.3

53.9

22.7

0.4

3.2

3.5

235

1.4

6.3

46.4

9.2

1.0

3.0

6.2

0.1

11

12.2

94.9

1.8

10.8

12.7

55.8

5.0

16.9

174.

Y The symbol "—" represents maintained land, "—" represents changed land.



