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Abstract Based on the data from China’s second

national soil survey and field observations in

northwest China, we estimated soil organic car-

bon (SOC) storage in China and investigated its

spatial and vertical distribution. China’s SOC

storage in a depth of 1 meter was estimated as

69.1 Pg (1015 g), with an average density of

7.8 kg m–2. About 48% of the storage was con-

centrated in the top 30 cm. The SOC density

decreased from the southeast to the northwest,

and increased from arid to semi-humid zone in

northern China and from tropical to cold-tem-

perate zone in the eastern part of the country.

The vertical distribution of SOC differed in

various climatic zones and biomes; SOC distrib-

uted deeper in arid climate and water-limited

biomes than in humid climate. An analysis of

general linear model suggested that climate,

vegetation, and soil texture significantly influ-

enced spatial pattern of SOC, explaining 78.2% of

the total variance, and that climate and vegeta-

tion interpreted 78.9% of the total variance in the

vertical SOC distribution.

Keywords Climate � Spatial distribution � Soil

organic carbon � Soil texture � Vegetation �
Vertical distribution

Introduction

Soil is the largest organic carbon reservoir in

terrestrial biosphere, containing more carbon

than vegetation and the atmosphere (Schlesinger

1997), and thus plays a crucial role in the

terrestrial carbon cycle (Johnston et al. 2004).

Although a number of studies on soil organic

carbon (SOC) storage have been reported (Post

et al. 1982; Batjes 1996; Jobbágy and Jackson

2000; Bellamy et al. 2005; Liu et al. 2006), its

density, regional patterns and environmental

controls remain to be a large source of uncer-

tainties in understanding the global carbon cycle

(Torn et al. 1997; Jobbágy and Jackson 2000).

China, with a broad geographical span and a

large climatic range extending from tropical to

alpine and from arid to humid and diverse biomes

from desert to rainforest, has provided a unique

field for examining distribution of the SOC

density and its relationship with environmental

factors.

During the past 10 years, China’s SOC storage

has been estimated using the data either from

global soil database (Peng and Apps 1997; Ni

2001) or from China’s national soil survey (Fang

Y. Yang � A. Mohammat � J. Feng � R. Zhou �
J. Fang (&)
Department of Ecology, College of Environmental
Sciences, and Key Laboratory for Earth Surface
Processes of the Ministry of Education, Peking
University, Beijing 100871, China
e-mail: jyfang@urban.pku.edu.cn

123

Biogeochemistry (2007) 84:131–141

DOI 10.1007/s10533-007-9109-z



et al. 1996; Wang et al. 2003; Wu et al. 2003a).

According to these estimates, total SOC storage

in China varies from 70.3 to 185.7 Pg C. The large

difference between these estimates may be

resulted from the following reasons: (1) differ-

ence in data used for the estimation; (2) the small

number of soil profiles from the Tibetan Plateau

and other northwestern regions (the area of these

regions totals about 1/3 of China’s total area) in

the second national soil survey which have been

widely used to estimate China’s SOC storage

(Fang et al. 1996; Pan et al. 2003; Wang et al.

2003; Wu et al. 2003a); and (3) different soil

depths used in the different estimations, which

made these estimates incomparable to each other

and with other studies in the world. Overcoming

these shortages is the key for the accurate

estimation of China’s SOC storage and the

distribution of SOC density.

In this study, we first establish relationship

between SOC density and soil depth for each soil

type in China to estimate SOC density for differ-

ent soil depths. We then use general linear model

(GLM) to explore the relationships between SOC

density and environmental variables (climate,

vegetation and soil texture). Therefore, the objec-

tives of this study are to (1) estimate China’s SOC

storage for a depth of 1 m, (2) investigate the

spatial and vertical SOC distribution, and (3)

examine the factors controlling SOC stocks in

China.

Data and methods

Data sources

National soil survey data

From 1979 to 1985, China conducted the second

national soil survey across the country (National

Soil Survey Office 1993, 1994a, b, 1995a, b, 1996,

1998). The survey provides information on taxo-

nomic classification, bulk density, soil organic

matter, thickness, soil area, volume percentage of

the fraction >2 mm, and so on, for 2473 soil

profiles, which were sampled in the middle of

each horizon (National Soil Survey Office, 1998).

Regional field survey data

Because very scarce soil profiles were surveyed in

the Tibetan Plateau and other northwestern

regions during the second national soil survey,

we have supplemented 810 soil profiles from 270

sites (3 soil profiles for each site) during 2001–2004

(Fig. 1). For each profile, soil was sampled at each

mid-depth of different layers (0–10, 10–20, 20–30,

Fig. 1 Distribution of soil
profiles used in this study.
Solid points are profiles
from field investigation,
and open points are
profiles from the national
soil survey
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30–50, 50–70, and 70–100 cm). Soil samples were

taken to laboratory and air-dried, weighed, and

sieved (2 mm mesh). One sub-sample was oven-

dried at 105�C to a constant mass. Bulk density

was estimated by the oven-dry soil mass and core

volume (100 cm3). The left sub-sample was hand-

picked to remove the fine roots and then ground

on a ball mill for carbon analysis. The SOC

concentration was measured by a wet combustion

with K2Cr2O7 (Nelson and Sommers 1982).

Soil map and soil texture

A soil map of China with a scale of 1:4,000,000

(Tian et al. 1996) was used to document the

information on distribution of soil types. Because

soil taxonomy used in the second national soil

survey was not fully consistent with that of the

soil map, we merged some similar soils according

to the principle of approximation (Li et al. 2001).

Soil texture was derived from a digitized map of

soil texture of China (Deng 1986), which was then

aggregated to grid cells at a resolution of 0.1 · 0.1

degrees. Soil texture for each soil type was

obtained by overlaying the map of soil texture

over the soil map of China.

Climate data

Monthly mean air temperature and precipitation

data at a resolution of 0.1 · 0.1 degrees were

obtained from the 1970–1999 climate database of

China (Piao et al. 2003). Climate data for each

soil type was obtained from this climate dataset.

Because of significant correlation between mean

annual temperature (MAT) and annual precipi-

tation (AP) (P < 0.05) in China, we used humid-

ity index (H) (Eq. 1) (Tuhkanen 1980) as a

bioclimatic index to explore the relationship

between SOC and climate. According to three

H ranges (0–20, 20–40, and 40–80), we catego-

rized the country into three climatic regions: arid,

semi-arid/semi-humid, and humid region.

H ¼ AP

MATþ 10
ð1Þ

where MAT and AP are mean annual tempera-

ture and annual precipitation, respectively.

Calculation of SOC storage

SOC density (SOCD) decreases with soil depth

(Jobbágy and Jackson 2000). We used the follow-

ing method to estimate SOCD. We first calculated

SOCD at different soil depths, then regressed the

relationship between SOCD and soil depth, and

further calculated SOCD for 1 m depth. Their

calculations were conducted by the following

equations (Eqs. 2–4).

SOCDh ¼ 0:58� BDh � SOMh � ð1� ChÞ=100

ð2Þ

SOCD(h) ¼ a� expb�h ð3Þ

SOCD ¼
Zh2

h1

SOCD(h)d(h)� 10 ð4Þ

where h is soil depth (cm), SOCDh is SOCD (g

cm–3) at h (cm), 0.58 is the Bemmelen index that

converts organic matter into organic carbon, and

BDh, SOMh, and Ch represent bulk density

(g cm–3), soil organic matter (%), and volume

percentage of the fraction >2 mm at h (cm),

respectively; a and b are coefficients; and SOCD is

SOC density for 1 m deep for each soil type (kg

m–2), and h1 and h2 are depths of soil profile (cm).

The parameters in Eq. 3 are listed in Table 1.

Considering the lack of bulk density data in

some profiles, we developed an empirical rela-

tionship between soil organic matter and bulk

density (Fig. 2), to estimate bulk density for these

profiles. Because of the lack of soil data from the

Taiwan province, we used the organic carbon

density of corresponding soil types in China’s

mainland as a substitute (Wu et al. 2003a). After

excluding areas with waterbody, glaciers, peren-

nial snow, and rock hills, total soil area used in

this study amounted to 880.37 · 104 km2. China’s

total SOC storage (SOCS) was calculated by the

following equation:

SOCS ¼
Xn

i¼1

Areai � SOCDi ð5Þ
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where n is the number of soil types, and Areai and

SOCDi are soil area and SOCD for soil type i.

Vertical distribution of SOC

We investigated vertical distribution of SOC

within 1 m at five 20 cm intervals for three

different climatic zones (arid, semi-arid/semi-

humid, and humid zone). To evaluate effects of

vegetation on the vertical SOC distribution, soil

profiles were categorized corresponding to five

biomes: forest, steppe, meadow, desert, and

cropland. The relative SOC density for each

depth interval was used to eliminate the effect

of entire SOC density in a soil profile on the

vertical distribution. The vertical distribution was

represented by the proportion of the 0–20 cm

layer to entire SOC density in the first meter. Low

proportion of the 0–20 cm layer means deep SOC

distribution, while high proportion means shallow

SOC distribution (Jobbágy and Jackson 2000).

Statistical analysis

One-way ANOVA was used to evaluate whether

the vertical SOC distribution significantly differed

among various climatic zones and vegetation

types. The general linear model (GLM) was

conducted to assess the variances in SOC

explained by climate, vegetation and soil texture.

All analyses were performed by software package

R (R Development Core Team 2005).

Results

SOC storage

Table 1 lists the organic carbon density and

storage for major soil types in China. SOC density

for different soil types showed a large difference,

ranging from 1.6 to 57.2 kg m–2, with an average

of 7.8 kg m–2, for a depth of 1 m. Of them, 30–

81% was stored in the top 30 cm deep. Total

China’s SOC storage was estimated as 69.1 Pg C.

Spatial SOC distribution

SOC density decreased from the southeast to the

northwest, with a minimum in northwestern desert

(Fig. 3). In northern China, it increased from 1.6–

4.5 kg m–2 in arid zone to 9.9–11.3 kg m–2 in semi-

humid zone; and in eastern part of China, it

increased from 7.8–10.5 kg m–2 in tropical zone to

12.7–23.2 kg m–2 in cold-temperate zone. High

SOC stock appeared in southeastern Tibet under

cold and humid climate (Fig. 3).

Vertical SOC distribution

Different vertical SOC patterns were observed in

three climatic zones (Fig. 4). The percentage of

SOC in the top 20 cm (relative to the first meter)

in arid zone was significantly lower than those in

semi-arid/semi-humid zone (P = 0.001) and hu-

mid zone (P < 0.001). However, no significant

variation was found between semi-arid/semi-

humid zone and humid zone (P > 0.05). Similarly,

different vertical SOC distribution was found

among five biomes (Fig. 5). The proportion of

SOC in the top 20 cm averaged 42%, 48%, 34%,

32%, and 34% for forest, meadow, steppe, desert,

and cropland, respectively.

Environmental factors affecting SOC patterns

The GLM analysis showed that three environ-

mental factors (humidity index, vegetation and

soil texture) used in this study all contributed to

spatial and vertical distribution of SOC (Table 2).

They explained 84% of total variation for the

spatial SOC pattern and 83.4% of total variation

for the vertical carbon distribution, but climate

Fig. 2 Relationship between bulk density (y) and soil
organic matter (x). The line is fit by
y = 0.29 + 1.2033exp–0.0775x, which is used to estimate bulk
density for soils without bulk density
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was the most important for the former (explaining

57.5%) and vegetation was the leading factor for

the latter (explaining 42.7%).

Discussion

SOC estimates

Soil is the largest carbon pool in the terrestrial

biosphere, and hence minor changes in SOC

storage could have significant impacts on atmo-

spheric CO2 concentration (Johnston et al. 2004).

Accurate estimate of SOC storage is required to

assess the role of soil in the global carbon cycle,

particularly the effect of soil on atmospheric

composition (Garnett et al. 2001). Most of previ-

ous studies on the SOC estimation divided soil

profile into several layers to calculate SOC density

for each layer, and then summed up these densities

to obtain total carbon density for the soil profile

(e.g. Wu et al. 2003a). Compared with this method,

based on continuous decrease in SOC density

(SOCD) with soil depth (Jobbágy and Jackson

2000), we proposed a new method described above

(Eqs. 2–4), which is called as continuous SOCD

method, to estimate SOCD at any given depths.

Using this method, we estimated China’s average

SOC density in the first meter was 7.8 kg m–2. The

estimate is smaller than the global mean

Fig. 3 Spatial
distribution of SOC
density in China

Fig. 4 Vertical SOC distribution for different climatic
zones. (A) arid zone (0 < H < 20), (B) semi-arid/semi-
humid zone (20 < H < 40), (C) humid zone (40 < H < 80).
Black bars indicate the proportional distribution of total

organic carbon in the first meter in 20 cm intervals. Letters
indicate significant differences among different climatic
zones at each depth interval (Tukey test, P < 0.05). Error
bars represent one standard error of the mean
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(10.8 kg m–2) reported by Post et al. (1982), likely

due to the extensive arid and semi-arid regions and

intensive agricultural activity in China (Wang et al.

2003; Wu et al. 2003a, b).

Table 3 lists estimates of China’s SOC storage

in this study and the previous estimations. Our

estimate (69.1 Pg C) is significantly lower than the

estimates based on the global soil database (Peng

and Apps 1997; Ni 2001), perhaps due to higher

carbon densities in the global soil database (Wu

et al. 2003a), and is also lower than those based

on the national soil survey data by Fang et al.

(1996) and Wang et al. (2003), probably because

of errors of bulk density, soil depth, rock frag-

ment, and soil area in their studies. However, our

estimate is close to the value (70.3 Pg C) by Wu

et al. (2003a), although two estimations used

different soil depths (we used a depth of 1 m for

Fig. 5 Vertical SOC
distributions for different
biomes. Black bars
indicate the proportional
distribution of total
organic carbon in the first
meter in 20 cm intervals.
Letters indicate
significant difference
among different biomes at
each depth interval
(Tukey test, P < 0.05).
Error bars express one
standard error of the
mean

Table 2 Explanatory percentage for the relationship
between SOCD and proportion of 0–20 cm layer (relative
to the first 1 m) and environmental variables (climate,
biome and soil texture) derived from general linear models

Item d.f. m.s. % s.s.

SOCD
Humidity index 1 341.5** 57.5
Biome 3 41.0** 20.7
Clay 1 25.6* 4.3
Silt 1 8.6 1.5
Residuals 17 5.6 16.0

Proportion of 0–20 cm layer
Humidity index 1 0.040** 36.2
Biome 3 0.016** 42.7
Clay 1 0.004 3.4
Silt 1 0.001 1.1
Residuals 1 0.001 16.6

Notes:**P < 0.01, *P < 0.1, d.f. = degree of freedom,
m.s. = mean square, % s.s. = proportion of variances
explained by variable

Table 3 Comparisons of
China’s SOC storage
between this study and
previous estimates

Data source Soil depth
(m)

SOC storage
(Pg)

Reference

China’s first national soil survey Average depth 185.7 Fang et al. 1996
WOSCN database (Zinke et al. 1984) 1 101.1 Peng & Apps 1997
WOSCN database (Zinke et al. 1984) 1 119.8 Ni 2001
China’s second national soil survey 1 92.0 Wang et al. 2003
China’s second national soil survey Actual depth 70.3 Wu et al. 2003a
China’s second national soil survey

and field measurement
1 68.1 This study
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each soil profile, while they applied actual profile

depth reported in the national soil survey).

Despite a close estimate of total China’s SOC

storage, a large difference in the SOC density can

be observed in these two studies for some soil

types. For example, Wu et al. (2003a) used lower

SOCD for felty soils (9.5 kg m–2) and cold calcic

soils (7.4 kg m–2), and higher value for dark felty

soils (16.7 kg m–2) and dark loessial soils

(10.4 kg m–2), compared to our values of 13.9,

9.1, 13.4, and 8.8 kg m–2, respectively (Table 1).

These discrepancies are generated either by

different sample size (e.g., for felty soils) or by

various soil depths (e.g., for cold calcic soils).

Factors affecting spatial SOC distribution

The patterns and controls of SOC storage are

critical for understanding of the biosphere, given

the feedback of SOC storage to atmospheric

composition (Jastrow et al. 2005). Our capacity to

predict the sequences of climate and land cover

change partly depends on the understanding of

distributions and controls of SOC (Jobbágy and

Jackson 2000). In China, SOC density tends to

decrease from the southeast to the northwest and

to increase from arid to semi-humid zone in

northern regions and from tropical to cold-tem-

perate zone in eastern part of the country (Fig. 3).

The GLM analysis suggests that all three envi-

ronmental variables (humidity index, vegetation,

and soil texture) used contributed to the spatial

distribution of SOC, but climate is the most

significant factor, which explains 57.5% of the

variance in SOC (Table 2).

As many studies have suggested, climate has

significant impacts on the SOC stock (Post et al.

1982; Schimel et al. 1994; Jobbágy and Jackson

2000; Callesen et al. 2003; Wynn et al. 2006),

because it affects the balance of carbon inputs

from plant production and outputs through

decomposition in soil (Post et al. 1982). The

patterns of SOC stock in China are roughly

consistent with China’s climatic patterns. In-

creased precipitation leads to an increase in

vegetation productivity and thus an increase in

SOC density in northern China from arid to semi-

humid zone, while increase of SOC density from

tropical to cold-temperate zone in eastern part of

China is related to decreased mineralization

caused by decreased temperature from the south

to the north (Wu et al. 2003a).

In addition to climate, vegetation and soil

texture also play important roles in sharping the

SOC stock patterns, which together explained

25.1% of the variance in SOC (Table 2). Vegeta-

tion affects the SOC density through its production

(Buckman et al. 2004) and litter chemistry (Wynn

et al. 2006). The SOC density of forests

(10.5 kg m–2) is higher than that of steppe

(6.6 kg m–2) and desert (2.6 kg m–2). Soil texture

through its stabilization is attributed to the SOC

density at local scale (Torn et al. 1997; Buckman

et al. 2004; Wynn et al. 2006). High SOC density is

found in latosols, latosolic red earths, and yellow

earths, which are closely associated with their high

clay content (Wu et al. 2003a).

Factors affecting vertical SOC distribution

The vertical distribution of SOC is different

among climatic zones (Fig. 4) and vegetation

types (Fig. 5). The SOC in arid zone is deeper

than that in humid zone (P < 0.001) and shal-

lower in forest and meadow than in desert, steppe

and crop (P < 0.05). The GLM analysis on the

relationships between the proportion of the top

20 cm and environmental variables indicates that

the vertical SOC distribution is mainly deter-

mined by climate and vegetation (Table 2).

Vegetation alone explains 42.7% of the variance,

while climate accounts for 36.2% (Table 2).

The association of the vertical SOC distribu-

tion with climate may indeed be due to the

replacement of vegetation types (Jobbágy and

Jackson 2000; Wang et al. 2004). In addition,

vegetation, through root: shoot ratio and its

vertical root distribution, affects the vertical

SOC distribution (Jobbágy and Jackson 2000).

Deep root distribution in desert (Jackson et al.

1996) leads to deep SOC distribution, while

shallow root distribution in meadow (Zhou

2001) results in shallow SOC distribution. SOC

in forests is shallower than in grassland, consistent

with Jobbágy and Jackson (2000).

China’s average SOC density in croplands

(7.7 kg m–2) is lower than the global mean

(11.2 kg m–2) reported by Jobbágy and Jackson
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(2000), likely due to long-term agricultural activ-

ity in China. The cropland soils in China also have

a lower proportion of SOC in 0–20 cm (34%)

than the world average (41%) presented in

Jobbágy and Jackson (2000), which was mostly

based on U.S. soils. It suggests that agricultural

soils in China occur towards more arid extremes

than in the rest of the world. This could also

be expected from a much longer history of

agriculture in China than in other regions of the

world.
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