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ABSTRACT

Soils, an important component of the global carbon cycle, can be either net sources or net sinks of
atmospheric carbon dioxide (CO2). In this study, we use the first and second national soil surveys of
China to investigate patterns and changes in soil organic carbon storage (SOC) during the period from
the 1960s to the 1980s. Our results show that there is a large amount of variability in SOC density
among different soil types and land uses in the 1980s. The SOC density in the wetlands of Southwest
China was the highest (45 kg m−2), followed by meadow soils in the South (26 kg m−2), forest and
woodlands in the Northwest (19 kg m−2), steppe and grassland in the Northwest (15 kg m−2), shrubs in
the Northwest (12 kg m−2), paddy lands in the Northwest (13 kg m−2), and drylands in the Northwest
(11 kg m−1). The desert soils of the Western region ranked the lowest (1 kg m−2). The density of SOC
was generally higher in the west than other regions. Eastern China had the lowest SOC density, which
was associated with a long history of extensive land use in the region. The estimation of SOC storage
for the entire nation was 93 Pg C in the 1960s and 92 Pg C in the 1980s. SOC storage decreased about
1 Pg C during the 1960s–1980s. This amount of decrease in SOC for the entire nation is small and
statistically insignificant. To adequately characterize spatial variations in SOC, larger sampling sizes
of soil profiles will be required in the future analyses.

1. Introduction

World soils contain an important pool of active car-
bon (C) that plays a major role in the global carbon
cycle (Lal, 1995; Melillo et al., 1995; Prentice et al.,
2001). Soils store two or three times more carbon than
exists in the atmosphere as CO2 (Davidson et al., 2000)
and 2.5 to 3 times as much as that stored in plants (Post
et al., 1990; Houghton et al., 1990). Through increases
in organic matter, soils may sequester atmospheric car-
bon dioxide emitted by anthropogenic sources (Post
et al., 1982, 1990; Tian et al. 1998; 1999; 2002). At
present, the uncertainty in understanding the role of
soils in the global carbon cycle is mainly due to the
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poor understanding of the spatial distribution and dy-
namics of soil organic carbon (Torn et al., 1997). The
large, unknown C sink (1.8 Pg) in the global balance
of CO2 in Earth’s atmosphere suggests a role for the
world soils in the further understanding of the pro-
cesses involved in carbon emissions and sequestration
(Lal et al., 1995a,b; Melillo et al. 1995). Land use and
soil management practices can significantly influence
soil organic SOC dynamics and C flux from the soil
(Paustian et al., 1995; Batjes, 1996; Post and Kwon,
2000; Tian et al. 1999, 2003; McGuire et al., 2001),
although the mechanisms and processes of C seques-
tration in soil are not completely understood (Lal et al.,
1995b; Bajracharya et al., 1998). Spatially distributed
estimates of SOC pools and flux are important require-
ments for understanding the role of soils in the global C
cycle and for assessing potential biospheric responses
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to climatic change or variation (Schimel et al., 1994;
2000).

Estimations of soil C stocks have been made at the
national level (Kern, 1994; Tarnocai and Ballard, 1994;
Rozhkov et al., 1996) and the global level (Bohn, 1978;
Post et al., 1982; Eswaran et al., 1993; Batjes, 1996).
For example, spatial patterns of SOC in the contiguous
U.S.A. were estimated by aggregating soil character-
ization data by ecosystem, soil great group, and by
the UN soil map of the world soil units (Kern, 1994).
Tarnocai and Ballard (1994) characterized the spatial
patterns of SOC in Canada by linking the map of the
Canadian Soil Landscape with SOC values calculated
from soil characterization data. On a global scale, sci-
entists have used soil characterization data, in con-
junction with ecosystem types across the globe, to es-
timate SOC pools (Schlesinger, 1984; Post et al., 1982;
Zinke et al., 1984). Li and Zhao (2001) used data from
the second national soil survey to estimate that about
28.7 ± 8.2 Pg of SOC are stored in the upper 1 m of
soils in the 215 × 106 ha of tropical and subtropical
China. These broad-scale analyses show that estimates
of SOC at national and global scales are often accom-
panied by a large range of SOC due to soil spatial
variability and lack of reliable field measurement.

The rate of change of soil organic matter con-
tent with changing in management is dependent on
the previous history of management and environmen-
tal conditions at local, regional and national scales
(Melillo et al., 1995; Lal, 1999). From the 1960s to
the 1990s, China experienced significant social, eco-
nomic and natural changes. China also experienced
accelerated rates of land-use/cover change and urban
development because of increased cultivation of land
for crops and governmental changes in land use pol-
icy. Land use/cover changes and natural disturbances
(i.e. wildland fires and floods) can cause changes in
SOC (Houghton and Skole, 1990; Houghton, 1995;
Tian et al., 1999; 2000; 2002). Therefore, there is an
important need to assess impacts of changing human
activities on changes of SOC.

In recent years, global climate change has focused
great attention and research efforts on the study of the
soil carbon cycle. While the important role of soils
in the global C cycle is increasingly recognized, sig-
nificant uncertainty exists in the estimation of SOC
at the national level. The SOC storage in Chinese
soils had been studied in many locations (Cai, 1996;
Li and Zhao, 2001), but there have been few re-
gional or national-scale assessments. Regional stud-
ies of SOC storage can improve the accuracy of es-

timates of global SOC, and they are valuable in as-
sessing the role of land use/cover change in the global
carbon cycle (Li and Zhao, 2001). The objectives of
this paper are to estimate China’s SOC storage and its
change between the 1960s and the 1980s, and to pro-
vide a basis for environmentally sound management of
SOC.

2. Materials and methods

2.1. Data sources

The first and second national soil surveys of China
include records of 236 and 2473 typical soil profiles in
the1960s and 1980s, respectively (Xiong and Li, 1978;
National Soil Survey Office, 1993; 1994a,b; 1995a,b;
1996; 1998). From 1958 to 1963, China launched the
first national soil survey that specially emphasized the
impacts of agricultural production on soil, with a fo-
cus on arable land. Historical data that characterize
the chemical and physical properties for only 236 soil
profiles exist from the first national soil survey. Start-
ing in 1980, China’s soil scientists began the second
national soil survey to map and characterize soils for
the country. The analyses presented here are based on
the databases of soil profiles from the two national soil
surveys. In both databases, soil physical and chemical
measurements are recorded for suborders by soil hori-
zon. These databases seek to characterize the diversity
of agricultural and non-agricultural soils which span
temperate, tropical and boreal systems. We use infor-
mation on taxonomic classification, geographic loca-
tion, vegetation, land-use, soil depth, organic content,
bulk density, area, principal properties, pH, texture and
physio-chemical data. The second national soil survey
collected data classified by soil species, which is an
important base classification unit in Chinese Soil Tax-
onomy, and is defined as a soil association composed
of soil pedons with the same or similar characteristics
(Li and Zhao, 2001).

The total soil area of China was estimated after re-
moval of the land area associated with surface waters,
glaciers, perennial snow, bare rock and gravel hills.
The total soil areas were 878.67 × 106 and 877.63
× 106 ha for the first and second national soil sur-
vey, respectively. This area represents 91% of the to-
tal land area of China (National Soil Survey Office,
1998). The two national soil surveys did not cover the
Taiwan province, which has an area of about 23.95 ×
106 ha.
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Fig. 1. Flow diagram of SOC density and storage calculation (H, depth; B, bulk density; O, organic content).

2.2. Calculation of SOC

Many scientists estimate SOC based on soil carbon
density and soil type or ecosystem type area (Post et al.,
1982; Sampson et al., 1993; Kern, 1994; Foley, 1995;
Fang et al., 1996; Tian et al., 2000). In this study,
we used various physio-chemical properties of every
horizon from all soil profiles for the calculation of
soil carbon density. We calculated SOC content as a
portion of soil organic matter (Post et al., 1998). A
conversion coefficient of 0.58 was used in this study,
which suggested by other investigators (Nelson and
Sommers, 1982; Fang et al., 1996; Post et al., 1998;
Scott et al., 1999; Li and Zhao, 2001). Soil profile
data were aggregated from soil order, soil suborder
and great group levels of classification. To derive the
average SOC content for each soil profile, we used the
thickness of each horizon as the weighting coefficient
(Fig. 1).

For an individual soil pedon with n layers, its SOC
density (Cd) was calculated as:

Cd =

n∑

i=1

0.58Hi Bi Oi

n∑

i=1

Hi

(1)

where Hi is the thickness (cm) of horizon i, Bi is the
bulk density (g cm−3) of horizon i, Oi is the soil organic
content (%) in horizon i. The average bulk density
value of soil suborder is used for soil pedons with no
bulk density data. Grouping data by suborder provides
a better estimate than by orders because suborders give
more indications of climate, drainage and soil textures,
which are important factors for the accumulation of
SOC (Li and Zhao, 2001).

The average SOC density (Cdj) was calculated as:

Cd j =

n∑

k=1

SkCdk

n∑

k=1

Sk

, (2)

where k denotes the given soil species, Cdk is the carbon
density of soil species k (kg m−2), and Sk is the distri-
bution area of soil species k (106 ha2). SOC masses for
each soil suborder were obtained by multiplying the
carbon content for each soil suborder by the area of the
respective soil suborder. The total carbon quantity of a
given soil suborder in the upper 1 m was calculated as:

SOCt =
n∑

j=1

Cd j S j (3)

where j denotes the given soil suborder, SOCt is the
carbon storage (Pg), Sj is the distributional area of the
soil suborder j (106 ha2), and Cdj is the average SOC
density (kg m−2) of the soil suborder j.

Based on each profile’s location (e.g. longitude, lat-
itude and elevation) and vegetation, we grouped soil
suborders into different land use types (Hou, 1982).
We assigned soil profile data for each classification cat-
egory. Soil profiles without detailed vegetation infor-
mation were excluded from the analysis. The standard
deviation was calculated for SOC content for each soil
suborder. Each map unit (1:4 000 000) on the Major
Soil Regions of the Chinese map (Tian et al., 1996)
was assigned a SOC density which is different be-
tween first and second national soil survey.

We calculate the confidence interval (CI) for the
mean carbon density for each suborder based on sam-
ples sizes. For a large sample (n ≥ 30), we determine
confidence interval for mean carbon density (µ) as:

x − zα/2(SD/
√

n) < µ < x + zα/2(SD/
√

n), (4)

where z is a standard unit or z-score. x is the mean
for samples (n) and SD is the standard deviation of
soil carbon density for soil suborder. The value of zα/2

is 1.96, corresponding to a 95% confidence interval
(CI). For a small sample (n < 30), we determine the
confidence interval for mean carbon density (µ) as:

x − tα/2(SD/
√

n) < µ < x + tα/2(SD/
√

n). (5)

The degree of confidence is 1 − α and the only differ-
ence between this confidence interval formula and the
large sample formula is that t a/2 takes the place of za/2
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The value of t a/2 for a 95% confidence interval (CI)
for mean carbon density varies from one soil order to
another, which depends on the number of samples.

For the national level, we used all samples to deter-
mine means and confidence intervals of bulk density,
organic content, and carbon density in the 1960s and
the 1980s. Finally, we used the paired t-test to test if
the difference in SOC storage between first and second
soil surveys can be distinguished from zero.

3. Results and discussion

3.1. Density and storage in SOC for the 1980s

Our results indicate that SOC density varies from
2 kg C m−2 in grey–brown desert soils to 45 kg C
m−2 in Brown coniferous forest soils (Table 1). The
SOC density in forest soils ranges from 10 kg m−2

(with 95% CI: 8, 12) in grey forest soils to 45 kg m−2

(with 95% CI: 38, 52) in brown coniferous forest soils.
For mean forest SOC density, our result appears to
have larger variation than those reported by previous

Table 1. The comparison of SOC density of main soil suborders in the second soil survey

Soil carbon density (kg C m−2)Bulk
Samples Organic Depth density

Soil type (N) (%) (cm) (g cm−3) Mean 95% CI

Latosols 23 1.33 97 1.18 8.86 8.1 9.62
Latosolic red earths 30 1.4 112 1.35 12.28 10.97 13.59
Red earths 132 1.24 103 1.37 10.18 9.86 10.5
Yellow–brown earths 32 1.87 92 1.31 11.41 10.22 12.6
Brown earths 87 1.4 102 1.42 11.46 10.5 12.42
Dark brown earths 65 3.18 85 1.13 17.55 16.23 18.87
Brown coniferous forest soils 9 7.54 79 1.3 44.61 37.56 51.66
Dark brown earths 65 3.18 85 1.13 17.55 16.23 18.87
Black soils 37 1.87 113 1.31 17.03 14.17 19.89
Grey forest soils 8 2.3 58 1.28 10.25 8.09 12.41
Chernozems 69 1.97 115 1.29 17.99 15.83 20.15
Dark castanozems 22 1.69 112 1.24 13.61 10.12 17.1
Castanozems 20 1.01 129 1.24 9.37 6.95 11.79
Light castanozems 15 0.82 123 1.24 7.25 4.4 10.1
Brown caliche soils 19 0.64 95 1.4 4.86 3.33 6.39
Sierozems 34 0.75 113 1.35 6.71 5.51 7.91
Grey desert soils 11 0.6 86 1.25 3.73 0.09 7.37
Grey–brown desert soils 10 0.37 84 1.25 2.23 0.12 4.34
Aeolian soils 46 0.27 102 1.51 2.41 1.99 2.83
Sierozems 34 0.87 118 1.35 8.04 6.84 9.24
Frigid calcic soils 8 1.17 87 1.25 7.38 6.82 7.94
Cold brown calcic soils 4 5.43 91 1.2 34.39 31.8 36.98
Dark felty soils 69 4.03 73 1.2 20.48 18.32 22.64
Cold calcic soils 25 1.59 88 1.25 10.14 8.66 11.62

estimates, ranging from 11 kg m−2 (Wang, 1999) to 19
kg m−2 (Zhou, 1998). This difference is in part because
we took into account widely spatial heterogeneity in
soil properties across the nation. The large variability
in the estimations of SOC density might also result
from different data sources and calculation methods.

Both climate and human activities have influenced
SOC density across China. SOC density in Alpine
soils, mostly located in northeast and southeast of the
Tibet altiplano, is also high. In the northeast and south-
east Tibet plateau, low temperature and high soil mois-
ture lead to a low rate of decomposition and a relatively
high content of soil organic matter. In the sparsely pop-
ulated western region (e.g. the Qingzang plateau) the
natural vegetation is still intact or only slightly im-
pacted (Li and Zhao, 2001). The high productivity of
the turf vegetation contributes to the development of
a thick A horizon and high SOC. In densely popu-
lated east, on the other hand, the land cover is highly
fragmented, showing the mosaic of crops, secondary
vegetation and natural vegetation (Li and Zhao, 2001).
The SOC density in the Loess Plateau and Huanghuai-
hai Plain, for example, was low, since there is a long
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history of cultivation. Extensive agricultural land use
in the past and the continuing conversion of other land
cover to agriculture has strongly disturbed a large part
of the native vegetation and reduced the SOC.

To further understand the effect of land use change
on SOC storage, we estimated the SOC density un-
der different land use types according to vegetation
description of soil profiles in the 1980s. As there is
a clear difference in climate, geography, land use and
social economy, we divided the whole nation into six
large sub-regions: Northeast, North, Northwest, East,
South and Southwest (Fig. 2). Some islands were ex-
cluded because of their small areas. Based on a vegeta-

Fig. 2. SOC density for major land use types in the six sub-regions of China. Numbers 1–8 represent the desert, dryland,
steppe and grassland, shrubs, meadow, forest and woodland, wetland and paddy land, respectively.

tion map (1:4 000 000), (Hou, 1982), we classified land
use of the whole region into eight categories: dryland,
paddy land, forest and woodland, shrubs, steppe and
grassland, meadow, wetland and desert. The results of
the average SOC content and 95% confidence interval
(CI) of the land use types that occur in China are listed
in Table 2, and the spatial distribution of SOC density
in six sub-regions is shown in Fig. 2.

Our results show that there is a large amount of vari-
ability in SOC density among different land uses in the
1980s (Table 2). The SOC density in the wetlands of
Southwest China was the highest (45 kg m−2 with 95%
CI: 10, 80), followed by meadow soils in the South
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Table 2. SOC density under land use types of large regions in China

Soil carbon density (kg C m−2)
Samples Depth Organic Bulk density

Land use type (n) (cm) (%) g cm−3 Mean 95% CI

Northeast Desert NAa NA NA NA NA NA NA
Dryland 183 118 1.25 1.36 3.53 2.91 4.15
Steppe and grassland 32 97 1.32 1.37 6.68 2.4 10.96
Shrubs 9 69 1.44 1.44 2.49 0.9 4.08
Meadow 46 110 1.73 1.34 4.56 3.62 5.5
Forest and woodland 55 85 2.16 1.33 4.32 3.25 5.39
Wetland 18 105 14.23 1.04 29.48 13.08 45.88
Paddy land 20 84 1.4 1.32 2.75 2.14 3.36

North Desert 6 125 0.6 1.36 2.1 0.51 3.69
Dryland 268 116 0.83 1.38 2.41 2.2 2.62
Steppe and grassland 43 103 1.39 1.32 4.5 3.26 5.74
Shrubs 23 89 1.11 1.34 2.09 1.25 2.93
Meadow 27 96 1.75 1.32 3.81 2.16 5.46
Forest and woodland 19 100 2.54 1.35 5.81 3.58 8.04
Wetland 4 104 2.31 1.24 5.77 3.67 7.87
Paddy land NA NA NA NA NA NA NA

Northwest Desert 74 84 0.48 1.34 3.97 3.11 4.83
Dryland 231 129 1.07 1.32 10.88 9.99 11.77
Steppe and grassland 41 107 1.56 1.3 14.68 8.25 21.11
Shrubs 10 108 1.51 1.34 12.09 6.5 17.68
Meadow 20 77 3.8 1.25 21.01 14.13 27.89
Forest and woodland 31 95 2.66 1.29 19.04 13.85 24.23
Wetland 13 90 5.04 1.27 29.14 5.55 52.73
Paddy land 17 128 1.34 1.32 13.4 10.03 16.77

East Desert NA NA NA NA NA NA NA
Dryland 104 100 0.78 1.38 2.11 1.88 2.34
Steppe and grassland 31 81 1.57 1.38 3.65 2.22 5.08
Shrubs 41 80 1.45 1.33 3.1 2.22 3.98
Meadow NA NA NA NA NA NA NA
Forest and woodland 68 90 1.56 1.33 3.63 3.13 4.13
Wetland NA NA NA NA NA NA NA
Paddy land 213 91 1.42 1.33 3.42 3.02 3.82

South Desert NA NA NA NA NA NA NA
Dryland 75 95 1.17 1.34 3.23 2.83 3.63
Steppe and grassland 19 118 1.19 1.32 3.12 2.32 3.92
Shrubs 38 87 1.78 1.3 4.49 3.44 5.54
Meadow 3 85 8.81 1.24 26.39 8.96 61.74
Forest and woodland 67 98 1.57 1.31 3.95 3.46 4.44
Wetland NA NA NA NA NA NA NA
Paddy land 163 92 1.61 1.29 4.9 4.15 5.65

Southwest Desert 18 55 0.84 1.34 1.17 0.55 1.79
Dryland 178 82 1.77 1.33 4.13 3.64 4.62
Steppe and grassland 24 88 1.08 1.31 2.29 1.74 2.84
Shrubs 29 71 3.33 1.31 5.75 2.76 8.74
Meadow 28 69 4.14 1.21 6.99 4.29 9.69
Forest and woodland 51 84 4.02 1.24 7.77 5.81 9.73
Wetland 6 76 19.51 1.16 44.64 9.59 79.69
Paddy land 96 81 2.12 1.29 4.6 3.88 5.32

aNA indicates that kind of ecosystem is not precent in the region; CI, confidence interval.
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(26 kg m−2, with 95% CI: 9, 43), forest and wood-
lands in the Northwest (19 kg m−2, with 95% CI:
14, 24), steppe and grassland in the West (15 kg
m−2, with 95% CI: 8, 21), shrubs in the North-
west (12 kg m−2, with 95% CI: 7, 18), paddy lands
in the Northwest (13 kg m−2, with 95% CI: 10,
17), and drylands in the Northwest (11 kg m−2,
with 95% CI: 10, 12). The desert soils of the West-
ern region ranked the lowest (1 kg m−2, with 95%
CI: 0.6, 2).

Wetland had the greatest variability among regions
(Northeast, Northwest and Southwest China) as indi-
cated with a range of standard deviation (s.d.) from
33 to 39.There are broad ranges and heterogeneity of
types of soil within land use types. This also indi-
cates that the land use types are poor predictors of
the amount of SOC content because of the great soil
heterogeneity (Kern, 1994).

Of the various patterns of land use in all of China,
the SOC density was generally higher in the west than
in the east, and there were large variations in the area
of Chinese soils under various land uses (Table 2).
All types of land use showed considerable variation,
but generally the tendency had higher values for wet-
land, meadow and forest soils. Deserts tended to have
low SOC content. The soil units with the lowest SOC
content were arid soils (Tables 1 and 2). Soil units
from dry climates in western regions tended to have
a low SOC content, except for soil units with a mesic
climate in southern and eastern regions. The spatial
patterns of SOC, as characterized by the land use in
Fig. 2 and Table 2, displayed the greatest SOC content
in areas of extensive alpine wetland, meadow, moun-
tain forests and poorly drained soils, such as those
found in the eastern regions of the Tibet Plateau and
Northeast China (Tables 1 and 2). The eastern portion
of East and South China, with its extensive cultiva-
tion, had a relatively low SOC content. The north-
ern Northeast China had relatively high amounts of
SOC, probably because of high amounts of precip-
itation and cool temperatures (Wang et al., 2002).
SOC can be characterized by ecosystem zones on
very broad scales. This approach, however, ignores
local variations in parent materials (organic materi-
als, coarse fragment content and mineralogy) and soil
depth (Kern, 1994; Li and Zhao, 2001). There was
a great deal of heterogeneity of soil within land uses,
which made this method of data aggregation of limited
use.

For the whole of China, our results suggested that,
for the 1980s, the average SOC density in China was

10.53 kg Cm−2 (with 95% CI: 10.2, 10.86) and that
SOC storage for the nation was 92 Pg C (with 95%
CI: 89, 95) for a total soil area of 877.63 × 106 ha2.
Estimates of the global SOC storage vary from 1200
to 1600 Pg C (Prentice and Fung, 1990; Sombroke
et al., 1993; Post et al., 1982, 1990; Foley, 1995; King
et al., 1995; Batjes, 1996). Our analysis indicated that
SOC storage in China is about 6–8% of the global soil
organic carbon pool, noting that the area of land in
China is only 6.4% of the global land area (Fang et al.,
1996).

3.2. Historical changes in SOC storage
during 1960s–1980s

Our results indicate that SOC storage in the 1960s
was 93 Pg C (with 95% CI: 73, 113) for the con-
tiguous China, and that average SOC density was
10.61 kgCm−2 (with 95% CI: 6.21, 15.01) (Fig. 3).
Compared to the total SOC storage of 92 Pg (with 95%
CI: 89, 95) in the 1980s, our analysis suggests that, dur-
ing the 1960s–1980s, SOC storage in China decreased
by about 1 Pg C (Fig. 3). We used the paired t-test
to determine if the difference in SOC storage between
first and second soil surveys can be distinguished from
zero. The results from the t-test show that there is no
significant difference in SOC storage between two soil
surveys (with 95% CI).

Although there is no significant decrease in SOC
for the nation during the 1960s–1980s, regional vari-
ations in the change of SOC storage still exist. The
largest change in SOC storage occurred in Northeast
China and the Tibet Plateau. In Northeast China, SOC
density in the eastern wetland region decreased from
40–60 to 25–40 kg m−2 during the period from the
1960s to the 1980s. Because primary forests have been
protected in the eastern and northern mountains since
the 1970s, the SOC content of mountain forests in-
creased by about 5–10 kg m−2. During the 1960s–
1970s, many people immigrated into Northeast China
for agricultural development forced by the Cultural
Revolution. The SOC density of the Songnen Plain de-
creased from 16–25 to 10–16 kg m−2, most of which
occurred in the black soils region. In the western grass-
land region, the SOC density of grassland decreased by
3–10 kg m−2. In the central plain region, wetland and
grassland were converted to farmland and urban devel-
opments. These human disturbances reduced the soil
fertility. In the southeast region of the Tibet Plateau,
the SOC density of alpine meadow decreased by
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Fig. 3. Differences in bulk density (a), organic (b), carbon density (c) and carbon storage (d) between the first national soil
survey in 1960s and the second national soil survey in 1980s. (Histograms and error bar show the mean and 95% confidence
interval.)

10–20 kg m−2. Following changes in agrarian reform
policies in 1959, Tibet entered a new era of rapid agri-
cultural development. Alpine steppe and meadow were
converted to farmland in the southeast region. As a
result, the SOC content of the southeast region was
reduced.

In the northern and southern regions, the SOC den-
sity was reduced by 0–3 kg m−2 due to the expansion of
agricultural land. In the grassland region of Inner Mon-
golia, however, the SOC density was reduced largely
from 2.15–5 to 0–2.15 kg m−2due to desert expansion
and soil degradation. In the large areas of semi-arid
and arid regions of West and Northwest China, SOC
storage was reduced by about 0–3 kg m−2, in part be-
cause the climate was drier and vegetation could not
survive. In the mountain region, the SOC density of
the steppe decreased because of the development of
animal husbandry.

Our estimates of soil carbon storage and its change
are comparable to other studies. Houghton (1995;
1999) estimated that, due to deforestation and other
land-use changes, the total net flux of carbon to the at-
mosphere from terrestrial ecosystems in China was
about 9.0 Pg C for the time period from 1850 to
1980 (Houghton, 1995) and 9.4 Pg C from 1850
to 1990 (Houghton, 1999), and that the annual flux
was about 0.07 Pg C from 1950 to 1980, including
the loss of vegetation and soil carbon. From 1900
to 1994, Tian et al. (1999) estimated that the nat-
ural ecosystems in the coterminous US lost a total

of 4.8 Pg SOC due to cropland expansion and ur-
banization, about 0.051 PgC yr−1. The land areas of
China and the US are almost identical, indicating that
the loss of the Chinese SOC pool was small rela-
tive to the US and global SOC loss for the study
period.

3.3. Uncertainty

Much uncertainty still exists in the assessment of
SOC storage. Uncertainty arises from a variety of
sources, including different methods, unreliable data,
and missing and incomplete data (Lal et al., 1995b).
Moreover, the heterogeneity of SOC concentration and
its dynamic nature make it unfeasible to obtain esti-
mates of SOC changes on annual or finer time scales
from direct measurement (Post et al., 1998). For ex-
ample, our study was based on soil sample data de-
rived from different research projects. These projects
adopted different criteria for soil classification, map-
ping scales and degree of representatives of soil pro-
files between two national soil surveys. The lack of
standardized sampling methods is also a source of sam-
pling error. Furthermore, the lack of sufficient data
on bulk density of soil horizons, climate and land-
use/land-cover, insufficient depth of soil profiles (<1
m) and the limited number of soil pedons on natu-
ral soils (as compared to cultivated soils) also lim-
its the accuracy of the results (Eswaran et al., 1993;
Kern, 1994; Li and Zhao, 2001). In addition, although
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large numbers of soil profile data in the 1980s can
make a reliable estimate for contemporary SOC stor-
age, the small numbers of soil profiles in the 1960s
can bias our estimate of SOC for that time period
and hence the change in SOC during the 1960s–
1980s.

Some classes in soil taxonomy have been changed
in China since 1978. The 1978 version of soil taxon-
omy was used in this study for the first national soil
survey and the 1994 version of soil taxonomy was
used for the second national soil survey (National Soil
Survey Office, 1998). The integration of soil and veg-
etation maps and soil survey data provides a basis to
estimate regional SOC storage and distribution (Kern,
1994; Li and Zhao, 2001). A better framework and
a good compromise for the level of detail, because
of aggregation at a more specific level such as sub-
group or family, would require extremely large pedon
databases (Kern, 1994). In this study, based on the
simple classification of land use for soil profiles, we
analyzed the SOC spatial characteristics in six sub-
regions under different land uses. However, the method
could produce a relatively large variation similar to the
ecosystem complexes method documented by Kern
(1994).

Traditionally, we estimate soil organic carbon reser-
voir based on organic content to a depth of 1 m (Post
et al., 1982; Foley, 1995; Lal, 1999). The subsoil be-
low 1 m has a lot of organic and inorganic carbon,
especially in tropical and subtropical soils (Sombroke
et al., 1993). Estimating SOC for the entire soil profile
provides a more accurate estimate of nation-wide SOC
than extrapolating SOC from a 1 m sampling profile.
How to extrapolate site data to regions is the criti-
cal question in the accurate estimation of soil carbon.
There is an urgent need to develop robust, science-
based, flexible and practical protocols for monitoring
and verifying temporal changes in soil carbon (Post
et al., 1998). It is obvious that there is still a need
to further develop methodology to derive more accu-
rate estimates of soil carbon. Nevertheless, this study
has presented a more accurate estimate of SOC by
considering the variations of different soil types, soil
depth, soil horizons and their corresponding soil or-
ganic matter content, which are based on a large num-
ber of sampled soil profiles across the country. Estab-
lishing a global database on soil profile samples would
certainly help to produce more realistic and represen-
tative results in soil carbon studies (Eswaran et al.,
1993; Kern 1994; Post and Kwon, 2000; Li and Zhao,
2001).

4. Conclusion

Based on soil profile data from two Chinese national
soil surveys, we have estimated soil organic carbon
storage in the 1980s and its change over the time pe-
riod from the 1960s to the 1980s for the nation. For
the 1980s, our results indicated that the SOC storage in
China was 92 Pg C (with 95% CI: 89, 95) for a total area
of 878 × 106 ha2, and that the average SOC density was
10.53 kg C m−2(with 95% CI: 10.2, 10.86) A total of
92 Pg C in China represents about 6–8% of global SOC
storage, given a global SOC pool of 1200–1600 Pg
in the upper 1 m soils of the world. For the 1960s,
our study showed that SOC storage in China was
93 Pg C (with 95% CI: 73, 113) for an area of 879 ×
106ha2, and that the average SOC density in China was
10.61 kg Cm−2 (with 95% CI: 6.21, 15.01). This result
suggests that the SOC pool decreased about 1 Pg dur-
ing the time period from the 1960s to the 1980s. This
amount of decrease in SOC for the nation was small
and statistically insignificant.

The density and change of SOC among sub-regions
exhibit significant variability because of the spatial
heterogeneity in natural environments as well as the
difference in land management. The density of SOC
was generally higher in the west than other regions,
which indicates a low human disturbance in the west.
Eastern China had the lowest SOC density, which was
associated with a long history of extensive land use
in the region. Northeast China appeared to experience
a much greater decrease in SOC density than other
regions because of intensive land exploitation during
that time period. Our results further imply that the stor-
age and change in SOC are obviously associated with
land use practices. Clearly, improving land use man-
agement is essential for increasing soil carbon storage
and hence sequestration of atmospheric CO2.

Uncertainty exists in our estimates on the storage
and change of SOC in China. Although the large num-
ber of soil profile data in the 1980s can lead to a reliable
estimate for contemporary SOC storage, the relatively
small number of soil profiles in the 1960s can bias
our estimate of SOC for that time period and hence
the change in SOC during the 1960s–1980s. We need
to explore ways to extrapolate site data to national
spatial scales. To adequately characterize spatial vari-
ations in SOC, larger sampling sizes of soil profiles
will be required in future analyses. Chinese terrestrial
ecosystems have experienced a rapid change in land
use/cover change and substantial climate variability.
An important need in the future will be to understand
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mechanisms controlling dynamics of SOC at a large
scale.
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