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Abstract: Rapid urbanization results in the conversion of natural soil to urban soil, and consequently, the storage and density of the soil 
carbon pools change. Taking Chongqing Municipality of China as a study case, this investigation attempts to better understand soil car-
bon pools in hilly cities. First, the vegetated areas in the study area were derived from QuickBird images. Then, topsoil data from 220 
soil samples (0–20 cm) in the vegetated areas were collected and their soil organic carbon (SOC) densities were analyzed. Using the 
Kriging interpolation method, the spatial pattern of SOC was estimated. The results show that the SOC density exhibited high spatial 
variability in the urban topsoil of Chongqing. First, the SOC density in topsoil decreased according to slope in the order 2°–6° < 
25°–90° < 0°–2° < 6°–15° < 15°–25°. Second, the newly developed areas during 2001–2010 had a lower SOC density than the areas 
built before 1988. Third, urban parks and gardens had a higher SOC density in topsoil, residential green land followed, and scattered 
street green land ranked last. For hilly cities, the variability of terrain affects the distribution of SOC. The Kriging results indicate that 
Kriging method combining slope with SOC density produced a high level of accuracy. The Kriging results show that the SOC density to 
the north of the Jialing River was higher than the south. The vegetated areas were estimated to amount to 73.5 km2 across the study area 
with an SOC storage of 0.192 Tg and an average density of 2.61 kg/m2. 
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1  Introduction 

On a global scale, the soil organic carbon (SOC) pool is 
about 3.3 times the amount of the atmospheric carbon 
pool and 4.5 times the amount of the biotic carbon pool 
(Lal, 2004). The amount of carbon that can be stored in 
soils in the form of organic matter is approximately 
1400–1600 Pg (1 Pg = 1015 g) (Post et al., 1982; Es-
waran et al., 1993). The SOC pools of agricultural, for- 
est and grass ecosystems have been widely studied 

(Wang et al., 2000; Fang et al., 2001; Golubiewski, 
2006; Pan et al., 2008; Zhang, 2010), but that of urban 
ecosystems has received relatively little attention 
(Churkina, 2008). Since urban ecosystems have under-
gone vast changes with rapid urbanization, it is neces-
sary to investigate the storage, distribution and evolution 
of the SOC pool in urban ecosystem (Pataki et al., 2006; 
Pouyat et al., 2006).  

The distribution of SOC exhibits a high spatial vari-
ability in urban ecosystems, compared with natural 
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ecosystems. On the one hand, a large amount of vegeta-
tion cover has been converted to urban impervious sur-
faces such as buildings, roads, parking lots and roofs, 
which leads to loss of soil carbon through decreasing 
infiltration over soils (Cannell et al., 1999). On the other 
hand, physical disturbance, such as the burial or cover-
age of soil, transfer soil carbon from one place to an-
other, which is different from natural or cultivated soil 
(Beyer et al., 1995; Zhou et al., 2003). Existing studies 
have found that the SOC density exhibited a high varia-
tion over different land use zones in urban areas such as 
residential, industrial, commercial, and recreational 
zones (Pouyat et al., 2002; 2006; Sun et al., 2009). For 
example, the SOC density in urban parks was higher 
than that in residential areas or roadside green land (Liu, 
2009). Furthermore, owing to site-specific management 
practices and organic material input from human activi-
ties, the phenomenon of the accumulation of organic 
carbon in urban soil has been reported (Bian and Wang, 
2003; He and Zhang, 2006; Zhang and Zhou, 2006). 

However, for urban ecosystems, poor data availability 
of soil survey and measurements makes it problematic 
to assess the soil carbon pools across different places. 
Researchers need to collect a large amount of data 
through soil surveys for specified areas (Zhang et al., 
2007; Rawlins et al., 2008; Sun et al., 2009), but this is 
time-consuming and of high cost. Thus a few research-
ers have attempted to investigate the spatial variability 
based on limited soil samples using geostatistical meth-
ods, such as the commonly used Kriging method (Jiang 
et al., 2005; Fan et al., 2011). Most studies have con-
centrated on cities on the plains (Pouyat et al., 1995; Xu 
et al., 2011), and attention has rarely been paid to hilly 
cities (Tong and Dong, 2007; Zhang et al., 2007). In 
hilly cities, the spatial distribution of green land is more 
uneven, and the urban soil in the green land is highly 
spatially variable considering the impacts of the eleva-
tion, slope, microclimate or soil parent materials (Zhang 
et al., 2007). For the purpose of saving cost, it is feasi-
ble to use the Kriging method to estimate the distribu-
tion of SOC pools across the entire city, based on 
site-specific soil samples and available spatial variables.  

This paper aims to quantify the SOC pool across hilly 
cities, taking Chongqing Municipality in the southwest 
of China as a study case. The main objectives were to 
investigate the co-variables of slope, urbanized periods 

and types of green land in mapping the spatial pattern of 
SOC density, using Kriging method and accuracy as-
sessment. The interpolated results of SOC density are 
necessary for better estimations of soil carbon pools for 
hilly cities.  

2  Materials and Methods 

2.1  Study area and data sources 
Chongqing′s urban core with an area of 238 km2 

(29°28'47"–29°38'25"N, 106°26'01"–106°36'04"E) was 
chosen as study area (Fig. 1). It is located between the 
two parallel north-south trending ranges of Zhongliang 
Mountain and Tongluo Mountain. The elevation of the 
study area ranges from 160 m to 560 m, and the terrain 
includes flat areas, hilly areas and low mountains. The 
flat areas with a slope of less than 6° amount to 42% of 
the total study area, the hilly areas with a slope of 
6°–25° amount to 49%, and the low mountains with a 
slope of >25° amount to 9%. The study area includes 
both the old downtown and the newly developed urban 
areas, accounting for about half of the urban areas of 
Chongqing. Chongqing has a unique mountain city 
landscape in Southwest China, being influenced by ter-
rain constraints and river separation. Since economic 
reforms, Chongqing has accelerated its urban expansion 
and evolved toward a ′polycentric′ and ′multi-nuclei′ 
urban pattern. As a hilly city, Chongqing has many for-
ested small hills, remnant forests in higher mountainous 
ranges, and planted greenbelt along roads and rivers, 
which inhibit the continuous urban development be-
tween main center and multiple sub-centers. Conse-
quently, urban green space offers a heterogeneous habi-
tat for urban soil. Moreover, accompanying this rapid 
urbanization is the conversion of suburban open space to 
urban areas, and that of natural or cultivated soil to ur-
ban soil. The vegetation cutting or planting makes the 
development of urban soil and accumulation of SOC 
become diverse within the city.  

The data from the soil samples were collected from 
October 2010 to June 2011. Other datasets include digi-
tal elevation model (DEM) data, roads network data, 
and Landsat Thematic Mapper (TM) images. DEM data 
with a spatial resolution of 5 m were obtained from to-
pographic mapping at the 1∶10 000 scale, provided by 
Chongqing Institute of Surveying and Mapping, which  
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could reflect the micro-sitting in the complex terrain of 
a hilly city. Roads network data were sourced from the 
vector map of land use, provided by the Chongqing 
Planning and Design Institute. Chongqing′s Landsat TM 
images (path: 128; rows: 39 and 40) in the years 1988, 
2001 and 2010 were downloaded from the database of 
United States Geological Survey. Based on ENVI 4.6 
software, urban patches were delineated from those im-
ages, using supervised classification. The land survey 
data collected in 1996 and 2009 were employed to cor-
rect classification errors in interpreted maps. Accuracy 
assessment based on 61 randomly selected samples dis-
covered that the overall classification accuracy was as 
high as 91.8%, and the Kappa coefficient was 0.76.  

 
2.2  Collection and analysis of soil samples 
To avoid sampling bias, the vegetation cover of Chong-
qing was obtained prior to soil sample collection. Cloud- 
free QuickBird images with a spatial resolution of 0.6 m 
were chosen for vegetation classification. Based on a 
vegetation system including tree, bush and lawn, the 
vegetation map was extracted by using supervised clas-

sification with the help of ENVI 4.6 software. Two hun-
dred and eight points were then randomly chosen to 
evaluate the accuracy of image classification, and it was 
found that the Kappa coefficient was 87.5%, indicating 
a high accuracy. Vegetation densities in each cell of   
100 m × 100 m were calculated and shown in Fig. 2. 

Second, soil sampling sites were designed in the 
vegetation map based on the grid point sampling tech-
nique with a size of 1 km (Fig. 2). Two hundred eighty- 
nine 0–20-cm samples were collected from October 
2010 to June 2011, and bulk density was measured in 63 
of them. Finally, only 220 valid topsoil samples were 
chosen for analysis. With the help of a Global Position-
ing System, soil sampling sites were located and terrain, 
vegetation cover, soil type, and soil environment were 
documented. The soil samples were air-dried, homoge-
nized by hand, and passed through a 1-mm sieve. Big 
intrusive materials, such as part of a tree branch, wood 
chips and insects were separated manually from soil. 
Following that, approximately 5 g of soil samples were 
ground in an agate mortar and sieved using a 100-µm 
nylon sieve, for SOC analysis by the potassium dichro- 

 

 
 

Fig. 1  Location of study area in Chingqing Municipality 
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Fig. 2  Spatial pattern of vegetated areas and location of soil 
sampling sites in study area 

 

mate volumetric method (LY/T 1237-1999). Soil bulk 
density was obtained by the gravimetric method (NY/T 
1121.4-2006). 

 
2.3  Calculation of SOC density and storage 
SOC density measures the content of SOC in a fixed 
horizon, such as 0–20 cm. The SOC density was calcu-
lated by the equation as follows (Xu et al., 2007; Ni et 
al., 2009): 

SOCD = SOC × γ × H × 10–2              (1) 

where SOCD is the SOC density (kg/m2); SOC refers to 
SOC (g/kg); γ represents bulk density (g/cm3); H is 
depth of soil (cm). 

More intense soil sampling results in better estimated 
values, but is expensive. Spatial interpolation schemes 
allow a robust estimation of the SOC density to be ob-
tained across the study area based upon the samples. 
Since the variables of slopes, types of green land or ur-
banized periods would cause spatial variability in SOC 
density in urban topsoil, those variables, easier to meas-
ure than the SOC density, can be used as geographic 
assistant information in the Kriging interpolation 
method. Three models of Kriging were tested to inter-
polate the value of the SOC density: using slopes, green 
land types, and urbanized periods as an assistant covari-

ate. The SOC density of a sample was divided into two 
parts, the average value and the residuals for each sam-
ple type, which was calculated as follows (Fan et al., 
2011):  

SOCDkj = μk + rkj  (2) 

where SOCDkj is the SOC density (kg/m2) of sample j 
for soil sample type k (k = 1, 2, 3, …, n); μk is the aver-
age SOCD value (kg/m2) for soil sample type k; and rkj 
is the residuals of sample j for soil sample type k. In 
ArcGIS 9.3 software, residuals rkj was used as a new 
variable to produce a Kriged map of residual results. 
The estimated SOCD of sample j was the sum of the 
Kriged residuals and the average SOCD value of sample 
j (Fan et al., 2011):  

SOCD*
kj= μk+ r*

kj                            (3) 

where SOCD*
kj is the estimated SOCD (kg/m2) of sam-

ple j for soil sample type k (k = 1, 2, 3, …, n); μk is the 
average SOCD value (kg/m2) for soil sample type k; and 
r*

kj is the Kriged residuals of sample j for soil sample 
type k. Assessment of Kriging accuracy in the GIS En-
vironment is to compare the cross-validation results for 
three Kriging models as follows: the mean prediction 
error should be near zero; the root-mean-square error 
(RMSE) should be as small as possible; the RMSE 
should be near average standard error (ASE); the root- 
mean-square standardized error (RMSSE) should be 
approximately 1 (Jiang et al., 2005). Random samples 
were used to observe the deviation of the Kriging results, 
and less deviation produced the better results.  

Using the zonal statistics in GIS, vegetation density Si 
and SOCD*

i at cell i with a size of 100 m by 100 m were 
calculated. The storage of SOC could be calculated 
through multiplying the vegetation fraction and the es-
timated SOC density, as follows: 

∑
=

×=
n

i
ii SOCDSSOCS

1

*                      (4) 

where SOCS represents the SOC storage (kg) across the 
study area; n is the number of cells with a size of 100 m 
by 100 m; Si is vegetated cover area of cell i (m2); and 
SOCD*

i is the estimated SOC density of cell i (kg/m2). 

3  Results 

3.1  Analysis of observed SOC density 
First, the variation of the SOC density across different 
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slopes was analyzed. Five types of slopes were reclassi-
fied: 0°–2° and 2°–6° for flat areas, 6°–15° and 15°–25° 
for hilly areas, and >25° for mountainous areas. Figure 
3a shows that the areas with a slope of 2°–6° had an 
average SOC density of 3.36 kg/m2, owing to 
site-specific management. The areas with a slope >25°, 
located in urban parks and natural preserved areas with 
dense trees and bushes, had an average value of 3.20 
kg/m2. In contrast, hilly areas with a slope of 15°–25° 
had a relatively low density (2.21 kg/m2), owing to loss 
of soil fertility from intense human activities on this 
fragile ecosystem.  

Second, the differences of SOC density were given 
among the urbanized periods of pre-1988, 1988–2001, 
and 2001–2010. Figure 4 disclosed urban land use con-
version based on interpreted results of Landsat TM im-
ages. It was found that Chongqing experienced rapid 
growth toward the north in the latest decades, especially 
in the Liangjiang New Area located north of the Jialing 
River. The results show that the SOC density was high 
in central urban areas and decreased in newly urbanized 
areas. The SOC density during the urbanized periods of 
pre-1988, 1988–2001, and 2001–2010 were 3.12 ± 1.73 
kg/m2, 2.57 ± 1.58 kg/m2 and 1.87 ± 1.03 kg/m2, respec-
tively. A simple calculation indicates that the average 
SOC density during 2001–2010 was lowest, 27.4% less 
than that during 1988–2001, and 40.2% less than that 
before 1988 (Fig. 3b).  

Third, the SOC density varied over different types of 
green land. Referring to the classification of urban green 
space (CJJ/T85-2002), the green spaces were divided 
into five types: transport green land, street green land, 

public open spaces, parks and gardens, and residential 
green land. As expected, the SOC density was relatively 
high in urban parks, with an average of 3.63 kg/m2. 
However, the variation is very high in urban parks: the 
highest value was in Chongqing Zoo, averaging 15.65 
kg/m2, whereas the lowest value was in Hong En Tem-
ple Park, a newly established park, averaging 1.28 
kg/m2. It is worth noting that residential green land had 
a low average of 2.73 kg/m2, which could be caused by 
compact living districts in hilly cities. Low density SOC 
was found in scattered transport and street green land, 
resulting from low fertilizing and watering (Fig. 3c). 

 
3.2  Estimation of Kriged SOC density 
The Kriging method was used to interpolate the residu-
als of the SOC density using slopes, green land types, 
and urbanized periods as an assistant covariate. The 
Kriging module provides alternative variogram models, 
such as spherical, exponential and Gaussian models. For 
these data, an exponential model was a good first choice, 
because its nugget/sill ratios between 25% and 75% 
suggest that the variable had a moderate spatial de-
pendence and local variations could likely be captured. 
Figure 5 presents the Kriging results showing that, for 
three methods, the residuals of the SOC density de-
creased from the south to the north of the Jialing River, 
and had positive residuals in parks and a negative one in 
the Liangjiang New Area, which conformed to the ob-
served pattern of the SOC density. However, there were 
differences from one Kriging method to another; for 
example, the Kriging pattern combined with slopes and 
green land types had a similar pattern (Fig. 5a, c), but  

 

 
 

Fig. 3  Means and deviations of SOC density of different kinds of soil samples 
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Fig. 4  Urban topsoil sampling site in different urbanized periods 

 
the Kriging pattern combined with urbanized periods 
had a more fragmented pattern in the north (Fig. 5b). 

Cross-validation allows comparison of estimated and 
true values using the information available in a sample 

dataset. The RMSE of the Kriging method combined 
with slopes was as low as 1.503, whereas the method 
combined with urbanized periods and green land types 
was higher, being 1.517 and 1.524, respectively. The 
ASE of the first method (1.533) was more than the 
RMSE, and the RMSSE (0.979) was less than 1, which 
indicated possibly higher estimated residuals than the 
true ones. In all, the first method would be a good 
choice. Accuracy assessment was further carried out 
based on ten random samples, and the deviation of esti-
mated and true values was as low as ±0.006 kg/m2. After 
that, both inverse distance weighting (IDW) and the 
Kriging method without assistant information were 
tested for comparison. The RMSEs of Kriging and IDW 
were 1.55 and 1.52, respectively, being higher than the 
previous methods. 

 
3.3  Estimation of SOC storage 
The storage of SOC is determined by the vegetation 
coverage and the estimated SOC density. The SOC pool 
in green land topsoil is considered here, while the SOC 
pool covered by impervious surfaces is neglected, since 
the covered soil lacks sources of nitrogen input com-
bined with slow decomposition rates. The results of 
vegetation subtraction indicates that urban green land 
was mainly distributed around parks, open spaces, hilly 
areas and the undeveloped areas north of the ring road 

 

 
 

Fig. 5  Mapped SOC density residuals in urban topsoil 
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(Fig. 2). The vegetation cover accounted for 30.9% of 
the total area, with an area of 73.5 km2. The green land 
area was 35.5% of the urban built-up areas in Chong-
qing in 2010, as reported by the Chongqing Bureau of 
Parks and Woods. Considering the high density of buil-
dings, the figure of vegetation coverage was probably 
reliable. Using Equation (3), the estimated SOC density 
was calculated by the Kriging model with slopes as a 
secondary variable. From Equation (4), the result of cell 
calculation demonstrated that the storage of SOC in ur-
ban topsoil was 0.192 Tg (1 Tg = 1012 g) for all green 
land across the study area, with an average SOC density 
of 2.61 kg/m2. As reported by Huang et al. (2005), pur-
ple and yellow soil are the most common soil types in 
Chongqing, with an average SOC density of 2.21 kg/m2 
and 3.88 kg/m2, respectively, which is in accordance 
with the present results. The whole of Chongqing, with 
an area of 82 400 km2, had 0.273 Pg storage of SOC in 
topsoil to 0–20 cm, according to the results estimated by 
Huang et al. (2005). The storage of SOC in this study 
area occupied approximately 0.07% of the SOC pool in 
the whole of Chongqing. However, urban soil manage-
ment has become a growing concern when considering 
its potential effects on the environment during rapid 
urbanization.  

4  Discussion 

The SOC density in topsoil of hilly cities is likely to be 
lower than that of cities on the plains. The results of this 
study show that 15°–25° slope areas accounted for 
nearly half of the study area, but the SOC density in 
those areas was as low as 2.21 kg/m2 and less than the 
average value of 2.61 kg/m2. This reflects the fact that 
human activity can exacerbate the risk of soil erosion 
and make soil less able to hold water and nutrients, es-
pecially for the sloping areas such as hills, gullies, and 
mountainous fringes. More evidence was the low den-
sity SOC in the residential green land of Chongqing, 
only being 2.73 ± 1.90 kg/m2, which could be explained 
by dense buildings and sparse, scattered vegetation in 
residential zones. The SOC density in residential spaces 
of cities on the plains would be much higher. For exam-
ple, Baltimore and Chicago in the United States had an 
SOC density of 12.2 ± 1.1 kg/m2 and 16.3 ± 1.6 kg/m2, 
respectively, in 0–20 cm of residential grass (Pouyat et 
al., 2006), and Shanghai had a density of 23.9 kg/m2 in 

0–30 cm (Liu, 2009). Furthermore, the average SOC 
density in the study area during 2001–2010 (the period 
of most rapid urbanization) was lowest, 27.4% less than 
that during 1988–2001, and 40.2% less than that before 
1988. Chongqing has a more fluctuated SOC density 
than Shanghai (Xu et al., 2011), since the average SOC 
density during 2000–2005 in Shanghai was only 6.80% 
less than that during 1980–2000, and 36.90% less than 
that before 1980 (Xu et al., 2011). This reflects that ur-
ban development and its land use conversion puts inten-
sive influences on the SOC pool in hilly cities. Strate-
gies of accumulating SOC in Chongqing should integrate 
nutrient management and waste recycling for restoring 
soil with green coverage increment, toward the objective 
of national model cities for environmental protection.  

Second, the high spatial variability of the SOC den-
sity for hilly cities means that Kriging results need to be 
improved by incorporating assistant information such as 
terrain. In general, urban soils consist of various parent 
materials owing to soil mixing, waste material importing 
and contamination. They are also highly disturbed when 
native vegetation is cleared or destroyed during urban 
development (Pouyat et al., 2002; Lorenz et al., 2006). 
For the purpose of saving cost and enhancing accuracy, 
the easily measured variables could be used as geo-
graphic assistant information in the Kriging interpola-
tion method. The results of three Kriging models indi-
cate that variables such as terrain, vegetation and human 
activities are appropriate. The Kriging results combined 
with slope had especially good performance compared 
with the results of IDW or Kriging without a secondary 
covariate. It is worth noting that estimation of the SOC 
pool in rural soils could be calculated by the SOC den-
sity and the percentage of soil types (Ni et al., 2009), 
while it is not appropriate in the estimation of the urban 
SOC pool as mixed disturbances and input of industrial 
organic waste and garbage diversify the sources of the 
urban SOC pool (Xu et al., 2011). There could be an 
uncertainty in this paper, considering the high variability 
of urban topsoil and the significant but neglected vari-
ables. In addition, the relationship between soil sample 
density and the estimated accuracy still needs to be 
studied (Fan et al., 2011).  

5  Conclusions 

Based on soil sample collection and remote sensing, the 
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storage and density of SOC in urban topsoil were esti-
mated and the following conclusions were drawn:  
(1) The SOC density exhibited high spatial variability in 
the urban topsoil of Chongqing, varying between dif-
ferent slopes, different types of green land and different 
urbanized periods. The flat areas with a slope of 2°–6° 
had a high SOC density in topsoil (averaging 3.36 
kg/m2), the hilly areas with a slope of >25° averaged 
3.20 kg/m2, and the sloping areas of 15°–25° ranked last 
(averaging 2.21 kg/m2). The newly developed areas 
during 2001–2010 to the north of the Jialing River had a 
lower SOC density than the existing areas before 1988 
in the south, which can be indicated from an average 
SOC density of 1.87 kg/m2 and 3.12 kg/m2 , respectively. 
Urban parks and gardens had a high SOC density (av-
eraging 3.63 kg/m2) than other green lands, and residen-
tial green land had a low average of 2.73 kg/m2.  

(2) For hilly cities, the variability of terrain pattern 
affects the distribution of SOC. The Kriging method 
combining slope with SOC density had a high accuracy, 
with a RMSE as low as 1.503, while the method com-
bining green land types with SOC density had a higher 
RMSE. The interpolated results show that the SOC den-
sity to the north of the Jialing River was higher than that 
in the south. The vegetated areas were estimated to amo-
unt to 73.5 km2 across the study area, with an SOC stor-
age of 0.192 Tg and an average density of 2.61 kg/m2. 

Acknowledgments 

The authors would like to thank Dr. Huang Jingnan, Dr. 
Ci En, Luo Jin, and the staffs in the Soil Fertility Labo-
ratory for their help and support in this research. 
 
References 
 
Beyer L, Blume H P, Elsner D C et al., 1995. Soil organic matter 

composition and microbial activity in urban soils. Science of 
the Total Environment, 168(3): 267–278. doi: 10.1016/0048- 
9697(95)04704-5 

Bian Zhenxing, Wang Qiubing, 2003. Study on urban park soil 
nutrients in Shenyang city's green areas. Chinese Journal of 
Soil Science, 34(4): 284–290. (in Chinese) 

Cannell M G R, Milne R, Hargreaves K J et al., 1999. National 
inventories of terrestrial carbon sources and sinks: The U.K. 
experience. Climatic Change, 42(3): 505–530. doi: 10.1023/ 
a:1005425807434 

Churkina G, 2008. Modeling the carbon cycle of urban systems. 

Ecological Modelling, 216(2): 107–113. doi: 10.1016/j.ecolmodel.  
2008.03.006 

Eswaran H, Berg E V D, Reich P, 1993. Organic carbon in soils 
of the world. Soil Science Society of America Journal, 57(1): 
192–194. doi: 10.2136/sssaj1993.03615995005700010034x 

Fan Shenglong, Huang Yanhe, Lin Jinshi, 2011. The optimized 
interpolation models and its relationship with soil sampling 
density on detecting spatial variability of farmland soil organic 
carbon. Research of Soil and Water Conservation, 18(6): 1–5. 
(in Chinese) 

Fang J, Chen A, Peng C et al., 2001. Changes in Forest Biomass 
Carbon Storage in China Between 1949 and 1998. Science, 
292(5525): 2320–2322. doi: 10.1126/science.1058629 

Golubiewski N E, 2006. Urbanization increases grassland carbon 
pools: Effects of landscaping in colorado's front range. Eco-
logical Applications, 16(2): 555–571. doi: 10.1890/1051-0761 
(2006)016[0555:uigcpe]2.0.co;2 

He Yue, Zhang Ganlin, 2006. Concentration and sources of or-
ganic carbon and black carbon of urban soils in Nanjing. Acta 
Pedologica Sinca, 37(1): 177–182. (in Chinese) 

Huang Xuexia, Ni Jiupai, Gao Ming et al., 2005. Estimating soil 
organic carbon pool of Chongqing area and its spatial distribu-
tion. Journal of Soil and Water Conservation, 19(1): 54–58. (in 
Chinese) 

Jiang Yong, Liang Wenju, Li Qi, 2005. Prediction and mapping of 
soil organic carbon in farmland using Kriging combined with 
regression. Journal of Soil and Water Conservation, 19(5): 
97–100. (in Chinese) 

Lal R, 2004. Soil carbon sequestration impacts on global climate 
change and food security. Science, 304(5677): 1623–1627. doi: 
10.1126/science.1097396 

Liu Weihua, 2009. Study on Soil Carbon Stock and Its Spatial 
Distribution, Physical and Chemical Properties in Shanghai′s 
Urban Greenbelt. Shanghai: Eastern China Normal University. 
(in Chinese) 

Lorenz K, Preston C M, Kandeler E, 2006. Soil organic matter in 
urban soils: Estimation of elemental carbon by thermal oxida-
tion and characterization of organic matter by solid-state 13C 
nuclear magnetic resonance (NMR) spectroscopy. Geoderma, 
130(3–4): 312–323. doi: 10.1016/j.geoderma.2005.02.004 

Ni Jiupai, Yuan Daoxian, Xie Deti et al., 2009. Estimation of soil 
organic carbon storage and the characteristic of carbon spatial 
distributions in karst area, Chongqing, China. Acta Ecologica 
Sinica, 29(11): 6292–6301. (in Chinese) 

Pan Genxin, Li Lianqing, Zheng Jufeng et al., 2008. Perspectives 
on cycling and sequestration of organic carbon in paddy soils 
of China. Acta Pedologica Sinca , 45(5): 901–914. (in Chinese) 

Pataki D E, Alig R J, Fung A S et al., 2006. Urban ecosystems 
and the North American carbon cycle. Global Change Biology, 
12(11): 2092–2102. doi: 10.1111/j.1365-2486.2006.01242.x 

Post W M, Emanuel W R, Zinke P J et al., 1982. Soil carbon 
pools and world life zones. Nature, 298: 156–159. doi: 10. 
1038/298156a0 

Pouyat R V, McDonnell M J, Pickett S T A, 1995. Soil character- 



34 Chinese Geographical Science 2013 Vol. 23 No. 1 

istics of oak stands along an urban-rural land-use gradient. 
Journal of Environmental Quality, 24(3): 516–526. doi: 10.  
2134/jeq1995.00472425002400030019x 

Pouyat R V, Groffman P, Yesilonis I et al., 2002. Soil carbon 
pools and fluxes in urban ecosystems. Environmental Pollution, 
116(S1): 107–118. doi: 10.1016/S0269-7491(01)00263-9 

Pouyat R V, Yesilonis I D, Nowak D J, 2006. Carbon storage by 
urban soils in the United States. Journal of Environmental 
Quality, 35(4): 1566–1575. doi: 10.2134/jeq2005.0215 

Rawlins B G, Vane C H, Kim A W et al., 2008. Methods for es-
timating types of soil organic carbon and their application to 
surveys of UK urban areas. Soil Use and Management, 24(1): 
47–59. doi: 10.1111/j.1475-2743.2007.00132.x 

Sun Yanli, Ma Jianhua, Li Can, 2009. Contents and densities of 
soil organic carbon in urban soil in different function districts 
of Kaifeng. Scientia Geographica Sinica, 29(1): 124–128. (in 
Chinese) 

Tong Chuan, Dong Yan, 2007. Characteristics of soil carbon pool 
in urban ecosystem. Chinese Journal of Ecology, 26(10): 
1616–1621. (in Chinese) 

Wang Shaoqiang, Zhou Chenghu, Li Kerang et al., 2000. Analy-
sis on spatial distribution characteristics of soil organic carbon 
reservoir in China. Acta Geographica Sinica, 55(5): 533–544. 

(in Chinese) 
Xu Xinwang, Pan Genxing, Cao Zhihong et al., 2007. A study on 

the influence of soil organic carbon density and its spatial 
distribution in Anhui Province of China. Geographical 
Research, 26(6): 1077–1086. (in Chinese) 

Xu Naizheng, Zhang Taolin, Wang Xingxiang et al., 2011. 
Analysis on evolution trend of soil organic carbon stock during 
the course of urbanization. Chinese Journal of Soil Science, 
42(3): 659–663. (in Chinese) 

Zhang Guilan, 2010. Changes of soil labile organic carbon in 
different land uses in Sanjiang Plain, Heilongjiang Province. 
Chinese Geographical Science, 20(2): 139–143. doi: 10.1007/ 
s11769-010-0139-4 

Zhang Mingkui, Zhou Cui, 2006. Characterization of organic 
matter accumulated in urban soils in the Hangzhou city. Chi-
nese Journal of Soil Science, 37(1): 19–21.  

Zhang H B, Luo Y M, Wong M H et al., 2007. Soil organic car-
bon storage and changes with reduction in agricultural activi-
ties in Hong Kong. Geoderma, 139(3–4): 412–419. doi: 10. 
1016/j.geoderma.2007.03.003 

Zhou Tao, Shi Peijun, Wang Shaoqiang, 2003. Impacts of climate 
change and human activities on soil carbon storage in China. 
Acta Geographica Sinica, 58(5): 727–734. (in Chinese) 

 


