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Knowledge of the spatial pattern of soil organic carbon (SOC) and the factors influencing it in various landscapes
is essential for understanding carbon cycles. An arid region with an area of 100 km2 in northwestern China
consisted of desert, cropland and wetland was investigated. The vertical patterns of SOC density in the three
different landscapes and thehorizontal distributionof SOCdensity in the study areawere evaluated. Thedifferences
in SOC density among different landscapes and soil layers were analyzed, and the primary factors influencing SOC
densitywere determined. The density of SOCwas low and remained homogeneous in the profiles of desert soil. The
vertical distributions of SOC density in cropland and wetland were well described by logarithmic functions
(R2 = 0.97 and 0.92, respectively, P b 0.001). Geostatistical analysis showed that SOC density presented moderate
spatial variability and strong spatial dependence across all depths. Wetland and desert were easily recognized by
the highest and lowest SOC densities in the study area, respectively. The densities of SOC in the 3-m profiles
were 59.35, 149.6 and 174.4 Mg ha−1 for desert, cropland and wetland, respectively. The SOC in the 1–3 m layer
represented 67.0, 52.7 and 58.0% of the total SOC stored in the 0–3 m profiles of desert, cropland and wetland,
respectively. Clay and silt particles were the major determinant of SOC in the study area. The variability in SOC
density explained by clay + silt content increased with depth ranging from 46.0 to 82.2% in desert and from
45.3 to 76.7% in cropland. The variability in SOC density accounted for by clay + silt content decreased from
52.2% in the 0–0.3 m layer to 43.3% in the 0–1 m layer of wetland. The remaining SOC density variability could
be attributed to factors not included in this study, such as geography, vegetation and the degree of erosion. Errors
in the measurement of SOC concentration and the distribution of soil-particle size, however, may introduce
uncertainty in the determination of soil bulk density and thus the estimation of SOC density. The concentration
of SOC in the 0–0.3 m layer increased by 196.3% after the reclamation of native desert less than 40 years ago and
decreased by 5.3% after the cultivation of wetland as cropland for less than 30 years. Short-term cultivation is
insufficient to significantly alter SOC concentration in the deeper layers of desert and wetland soils. The results
of this study may be of further use in optimizing strategies for the protection of wetland, ecological restoration
of desertified land and the sustainable management of cropland in arid regions of northwestern China.

© 2014 Published by Elsevier B.V.
1. Introduction

Soil is generally recognized as a major reservoir in global carbon
cycling (Batjes, 1996; Lal, 2008). Much more organic carbon is seques-
tered in soils than in the atmosphere and vegetation combined (Grace,
2004). Changes in soil organic carbon (SOC) are responsible for varia-
tion in the physical, chemical and biological properties of soil and influ-
ence not only crop productivity and soil fertility (Maia et al., 2010), but
also regional and/or global carbon cycles (Post and Kwon, 2000). The
sequestration of SOC is therefore of great concern in research on carbon
vier B.V.
cycling. Understanding the spatial variability of SOC and the primary
factors influencing it are essential for evaluating the functioning of soil
and understanding the process of carbon sequestration in soil.

The SOC is controlled by various natural and anthropogenic factors.
For example, climate change influences themineralization of soil organ-
ic matter (SOM) and the flux of carbon from soil to the atmosphere
(Rustad and Fernandez, 1998). Topographical factors (e.g. elevation,
slope and aspect) determine the production and decomposition of
plant litter by controlling the soil–water balance and thus impact SOM
levels (Griffiths et al., 2009). The soil–water balance may be a critical
factor in determining SOC content because it integrates climate,
pedological properties, topographical features and management strate-
gies (Grigal and Ohmann, 1992). Soil–water stress may decrease, and
high temperatures enhance, the decomposition of SOM (Norton et al.,
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2008). Soil texture distinctly influences SOC because the silt and clay
particles and micro-aggregates can protect SOM from decomposition
(Zinn et al., 2005). Furthermore, the roles of clay and silt particles in
the availability of water (Schimel and Parton, 1986) and in plant pro-
ductivity (Hontoria et al., 1999) also impact SOM. Changes in land use
strongly impact soil fertility and the variation in SOC storage (Karhu
et al., 2011; Z. Wang et al., 2012), especially in arid and semiarid lands
where pools of SOC are susceptible to changes in land use and climate
(Su et al., 2009; West et al., 1994). Management strategies such as con-
servation tillage, crop rotation, residue return, balanced fertilization and
elimination of bare fallow, can increase SOC concentration or stocks
(Mishra et al., 2010; Yang et al., 2012). Soil erosion may represent a
source or sink of carbon due to the spatial variability resulting from
the translocation and burial of carbon (Lal, 2003; Quinton et al., 2010).
In addition to the individual influences, the combined effects of environ-
mental and anthropogenic factors on SOC have also been extensively
evaluated. For example, increased air temperature and land use change
in the Himalayan region of India resulted in a decline of SOC content by
0.3% from 1978 to 2004 (Martin et al., 2010). Elevation, slope, clay and
water contents of soil jointly explained 70.3% of the variability in SOC
in the upstream watershed of Miyun Reservoir, North China (S.F.
Wang et al., 2012).

Accurately evaluating SOC is difficult due to the complexity of site
properties. The SOC particularly varies in areaswith complex landforms
and frequent anthropogenic disturbances. The spatial distribution of
SOC and the factors influencing it have usually been studied in small
areas, e.g. tens of square meters or a few square kilometers (Don et al.,
2007; Han et al., 2010; Rossi et al., 2009;Wang et al., 2011). Directmea-
surements at regional scales are usually made at shallow soil depths
such as the top 0.3–1 m (Batjes, 2006; Zinn et al., 2005). Half of the car-
bon released in pastures after deforestation, however, is from layers
below 1 m (Batjes and Sombroek, 1997). In comparison, Batjes (1996)
reported that large amounts of organic carbon are stored in the 1–2 m
layer, andmuch of the carbon at depth is stable and does not contribute
much to CO2 emission. Organic carbon within deeper soils in regions
where soils are deep and where subsoils contain considerable amounts
of organic carbon should be considered.

Even though arid regions have generally been regarded as potential
carbon sinks (Grünzweig et al., 2003), little information is available on
SOC in arid inland areas of northwestern China, where pools of SOC
are susceptible to wind erosion and to changes in land use and man-
agement practices. In the middle reaches of the Heihe River, native
desert has been transitioned to irrigated cropland in recent decades
to meet the food and economic demands of increasing populations
(Li et al., 2006). Excessive exploitation and unreasonable manage-
ment have led to soil degradation, such as severe erosion and salini-
zation. Ecological restoration has been implemented since 1975, and
some desertified land in marginal oases has been reclaimed to irri-
gated cropland (Su et al., 2007). In the southern part of this region,
economic demands have also driven the exploitation of meadow
wetland for irrigated cropland. Cropland reclaimed from native
desert has been cultivated for less than 40 years. Cropland in the
old oases on the banks of the Heihe River and in the southern part
of the study area has been continuously cultivated for more than
100 years. Cropland exploited from meadowwetland has been culti-
vated for less than 30 years. Information on the period of cultivation
of croplands has been collected by reviewing the literature (Su et al.,
2010) and by interviewing peasants and village elders. Changes in
land use substantially affect the level of SOC, andmay provide informa-
tion for the role of landscapes in carbon cycles. The detailed objectives
of this study were: (1) to investigate the vertical distribution of SOC
density in three different landscapes and its horizontal distribution
in the study area and (2) to analyze the differences in SOC density
among different landscapes and soil layers and to determine the
major factors influencing SOC in an arid region of northwestern
China.
2. Materials and methods

2.1. Study area

This study was conducted in the vicinity of the Linze Inland River
Basin Research Station, Chinese Ecosystem Research Network, located
in Linze County, Gansu Province, China. The area has a continental arid
climate. The mean annual precipitation is 117 mm, approximately 60%
of the precipitation occurs from July to September. The mean annual
temperature is 7.6 °C, and the mean annual potential evaporation is
2390 mm. The mean annual wind speed is 3.2 m s−1 and annual gale
days (wind speed varies from 17.2 to 20.7 m s−1) reach to 15 or more
(Su et al., 2007), and the sand-drifting mainly occurs from March to
May.

Our study covered an area of 100 km2 (20 × 5 km), with the length
from north to south and thewidth from east to west (39°12′30″–39°23′
28″N, 100°05′32″–100°10′01″E, 1372–1417 m a.s.l.). The northern part
of the study area includes the southern margin of the Badain Jaran
Desert. The Heihe River flows across the area from east to west. Zonal
soil in the northern marginal oasis is an Aridisol derived from diluvi-
al–alluvial materials (Su et al., 2010). Entisols form after the long-term
encroachment of drift sand from the Badain Jaran Desert and the depo-
sition of aeolian sand. In the old oases in the central and southern parts
of the study area, Siltigi-Orthic Anthrosols develop under long-term
irrigation from sediment-rich water, fertilization and cultivation (Su
et al., 2009). Inceptisols develop in meadow wetland in the southwest-
ern part of the study area with severe salinization occurring at the
soil surface. The desert vegetation consists of Halaxylon ammodendron
(C. A. Mey.) Bunge, Calligonum mongolicum Turcz., Tamarix chinensis
Lour., Nitraria sphaerocarpa Maxim and Reaumuria soongorica (Pall.)
Maxim. The predominant species in wetland are Common Reed
(Phragmites australis (Cav.) Trin. ex Steud.) and Common Leymus
(Leymus secalinus (Georgi) Tzvel.), interspersed with Achnatherum
splendens (Trin.) Nevski, Kalidium foliatum (Pall.) Moq. and Nitraria
tangutorum Bobr. The main crops of the irrigated cropland are maize
(Zeamays L.) for seeds, springwheat (Triticum aestivumLinn.), tomatoes
(Solanum lycopersicum) and sugar beets (Beta vulgaris). Fig. 1 presents
the location of the study area in China, the land use and the sampling
locations. The photographs of desert, cropland and wetland are repre-
sentative of the landscapes analyzed in this study.

2.2. Field investigation and sampling design

A regular grid of 126 sampling locations 1 × 1 km in size was origi-
nally designed, but six locations could not be sampled due to the pres-
ence of the river channel, reservoirs, an elevated water table, roads or
buildings. The remaining 120 locations (56, 43 and 21 locations for
desert, cropland and wetland, respectively) were sampled to a depth
of 1 m. Of the 120 locations, 112 (56, 42 and 14 for desert, cropland,
and wetland, respectively) and 102 (52 for desert, 38 for cropland,
and 12 for wetland) locations were sampled to depths of 2 and 3 m,
respectively. The position of each sample location was recorded with a
hand-held differential GPS receiver to an accuracy of 3–5 m. Disturbed
soil samples were collected with a hand auger 5 cm in diameter every
10 cm from the 0–1 m layer and every 20 cm from the 1–3 m layer
by pooling two 10-cm subsamples. Soil samples for the 0–10, 10–20
and 20–30 cm layers were taken with five subsamples randomly col-
lected from a 5 × 5 m plot. A total of 2285 soil samples were collected
and sealed in air-tight bags for measuring SOC concentration and the
mechanical composition immediately after transport to the laboratory.
Forty of the 120 locations in the study areawere selected as typical rep-
resentatives, 16 of which were from desert, 18 from cropland and six
from wetland locations. These locations were in the centers of each
landscape where the topography and vegetation were typical. Profile
was dug to a depth of 1.2 m at each of the representative locations.
Eleven undisturbed soil samples (10 for the 0–1 m layer and one for



Fig. 1. The location of the study area in China (a), the sampling locations in the 100 km2 study area (b) and the representative photographs of the three landscapes in the study area (c).
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the 1.0–1.2 m layer) were collected from each profile using stainless-
steel cutting ring (5.0 cm in length by 5.0 cm in diameter) for measur-
ing soil bulk density. All samples were collected from 20 April to 10
May 2011.

2.3. Laboratory analysis

Each soil core was oven dried at 105 °C for 48 h and the dry weight
of the soil was used to calculate the bulk density. Disturbed soil samples
were air-dried and divided into two subsamples. One was sieved
through a 2-mm mesh for particle-size analysis by laser diffraction
using a Mastersizer 2000 analyzer (Malvern Instruments, Malvern, En-
gland). The other was passed through a 0.25-mmmesh for determining
SOC concentration by dichromate oxidation (Walkley and Black, 1934).

As an important physical property of soil, bulk density is indispens-
able for the assessment of SOC density. The measurement of soil bulk
density for deeper layers is usually labor intensive and time consuming.
Pedotransfer functions based on easily obtained soil properties offer an
alternative for estimating soil bulk density. Previous studies developed
various pedotransfer functions using SOM content (De Vos et al.,
2005), SOC content (Meersmans et al., 2009a) or the combination of
SOC content and soil texture (Kaur et al., 2002) as predictor variables
in soils where OM has a dominant effect on soil bulk density. Texture
or other properties may significantly contribute to bulk density in soils
where OM is a minor component. An equation specific for each range
of soils relevant to a particular study is recommended for estimating
bulk density with high accuracy and precision, rather than relying on
generalized pedotransfer functions (Harrison and Bocock, 1981). Of
the 40 representative locations in this study, 16, 18 and six belonged
to desert, cropland and wetland, respectively. Correlations among the
distribution of soil-particle size, SOC concentration and bulk density in
the 1.2-m profiles of each landscape were analyzed. Stepwise multiple
linear regressions using SOC concentration and clay, silt and sand con-
tents as independent variables and bulk density as a dependent variable
were conducted for desert, cropland andwetland, respectively. Once the
pedotransfer function for each landscape was satisfactory, bulk density
in each layer was estimated, and SOC density for a profile with n layers
was calculated (Batjes, 1996):

Density of SOCh ¼
Xn

i¼1

SOCCi � BDi � Di � 1−Sið Þ
10

ð1Þ

where density of SOCh is the total amount of SOC over depth h per unit
area (Mg ha−1); n is the number of soil layers considered; SOCCi, BDi

and Di represent SOC concentration (g kg−1), bulk density (g cm−3)
and thickness (cm) of the ith layer, respectively, and Si is the volume



Table 2
Correlation coefficients between soil bulk density and soil organic carbon concentration
(SOCc), clay, silt and sand contents at the 40 representative locations for the three
landscapes in the study area.

Variable a Clay Silt Sand SOCc
(g kg−1)

(%)

Bulk density
(g cm−3)

Desert 0.338⁎⁎ b 0.214⁎⁎ −0.330⁎⁎ 0.170⁎

Cropland −0.132 −0.308⁎⁎ 0.345⁎⁎ −0.418⁎⁎

Wetland −0.280⁎ −0.611⁎⁎ 0.498⁎⁎ −0.786⁎⁎

a Bulk density, clay, silt and sand contents and soil organic carbon concentration for
desert, cropland and wetland are all normally distributed (P N 0.05).

b ⁎⁎ and ⁎, the correlations are significant at the 0.01 and 0.05 levels, respectively.
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of the fraction of coarse fragments N2 mm in the ith layer. Si is negligible
due to the very low contents of coarse fragments in the soils of the study
area (Zhang et al., 2012).

2.4. Statistical and geostatistical analyses

The Kolmogorov–Smirnov (K–S) test examined the normality of the
distribution of soil properties. The raw dataset of SOC density in each
layer of the entire study area or of individual landscapes was skewed.
The data were normalized by logarithmic (log10) transformation. Lati-
tude, longitude and elevation were normally distributed. The bulk den-
sity, sand, clay and silt contents in the different layers of each landscape
were all normally distributed. One-way analyses of variance (ANOVA)
were performed on SOC concentration, SOC density and clay + silt con-
tent among landscapes or soil layers. Pearson correlation coefficients
determined the strength of possible relationships among the distribu-
tion of soil-particle size, SOC concentration andbulk density at represen-
tative locations of each landscape and between SOC density and the site
variables at all sampling locations. Statistical analyses were performed
using SPSS software (version 17.0, SPSSlnc.) The spatial structure of
SOC density was analyzed with geostatistical software (GS+, version
7.0, Gamma Design Software). Kriging was used for interpolation and
for producing maps with ArcGIS for desktop (version 9.3, ESRI).

3. Results

3.1. Estimation of SOC density

Wetland had the highest clay and silt contents, the highest SOC con-
centration and the lowest sand content in the profiles of the representa-
tive locations and at all locations (Table 1). Desert had the lowest SOC
concentration and clay and silt contents and the highest sand content.
The representative wetland locations had the lowest soil bulk density,
while the desert locations had the highest (Table 1). Bulk density, SOC
concentration and clay and silt contents were positively correlated,
and sand content and bulk densitywere negatively correlated, at thede-
sert representative locations. In contrast, SOC concentration and clay
and silt contents were negatively correlated with bulk density at the
cropland and wetland representative locations (Table 2). Application
of the stepwise regression analysis to the representative locations
allowed the inclusion of different variables in the regression models
for the three landscapes (Table 3). For desert, the 2nd-order polynomial
regression model used clay, silt and sand combined, and clay and SOC
concentration combined as predictor variables. For cropland, the 3rd-
order polynomial model confirmed sand, clay and sand combined, and
SOC concentration and clay combined as predictor variables. For wet-
land, only SOC concentration and silt and SOC concentration combined
remained as predictor variables in the 2nd-order polynomial model.
Adjusted R2 values of the regression models revealed that the 2nd-
order, 3rd-order and 2nd-order polynomial regressionmodels accounted
for 34, 41 and 68% of the variability in soil bulk density for desert,
Table 1
The mean values of soil properties at the 40 locations selected as representatives of the three l

Variable Representative locations

Desert Cropland Wetlan

n a 16(176) 18(198) 6(66)
Clay (%) b 8.27 ± 10.3 29.2 ± 11.1 30.8 ±
Silt (%) 10.1 ± 11.2 41.1 ± 13.2 47.7 ±
Sand (%) 81.6 ± 20.8 29.8 ± 22.1 21.4 ±
SOCc (g kg−1) c 1.09 ± 0.67 5.09 ± 3.26 5.66 ±
BD (g cm−3) 1.59 ± 0.06 1.55 ± 0.15 1.49 ±

a Data out of the brackets is the number of locations for each landscape, and data in the brack
tative locations and in the 3 m profiles for each landscape among the 120 locations.

b Mean ± standard deviation.
c SOCc, soil organic carbon concentration. BD, bulk density.
cropland and wetland, respectively. The unstandardized coefficients
for the predictor variables were all significant (P b 0.001, Table 3).
Furthermore, the standard errors of estimates for the polynomial re-
gression models were low (Table 3). The polynomial regressionmodels
were regarded as representative of the associations among soil bulk
density, SOC concentration and the distribution of particle size. This
concurs with the result that polynomial regression models reflected
the association between bulk density and basic soil properties better
than general linear model (Kaur et al., 2002). The densities of SOC in
the different layers of each landscape were thereby estimated.

3.2. Vertical distribution of SOC density

The vertical distributions of SOC density in the 3-m profiles at 20-cm
intervals for the three landscapes are shown in Fig. 2. The densities of
SOC in the profiles ranged from 3.64 to 4.48, 6.70 to 20.31 and 8.27 to
19.57 Mg ha−1 for desert, cropland andwetland, respectively. The den-
sity of SOC was relatively high in the 0–20 cm layer of desert soil
(4.48 Mg ha−1) and was low and remained homogeneous (ranging
from 3.64 to 4.13 Mg ha−1) in deeper layers. The densities of SOC in
cropland and wetland decreased logarithmically with increasing depth
(R2 = 0.97 and 0.92, respectively, P b 0.001, Fig. 2).

3.3. Spatial variability and distribution of SOC density

The coefficients of variation for SOC density in different layers indi-
catedmoderate spatial variability, which decreasedwith depth, ranging
from 77.0 (0–0.3 m) to 60.3% (2–3 m) in the study area. The SOC in sur-
face layers wasmore susceptible to changes in climate, vegetation, land
use and management practices, and the interspersion of different land-
scapes in the study area created a complex landscape pattern. The
spatial heterogeneity of the site properties contributed remarkably to
SOC density variability in the shallow layers.

The spatial variability of SOCdensitywas determined by geostatistical
analysis. Anisotropy was not detected in the directional semivariograms
of SOC density because the anisotropic ratios (ranging from 1.04 to 1.80,
Table 4) were less than 2.5 (Wang et al., 2010). The isotropic spherical
models fit the experimental semivariograms best, with the highest
andscapes and at all 120 locations in the study area.

All locations

d Desert Cropland Wetland

56(1100) 43(833) 21(354)
9.52 12.5 ± 14.5 26.9 ± 13.8 31.5 ± 12.1
8.32 15.7 ± 16.4 37.6 ± 15.8 45.0 ± 12.1
15.6 71.8 ± 29.8 35.5 ± 27.7 23.5 ± 21.7
3.05 1.22 ± 0.79 3.66 ± 2.56 4.38 ± 2.67
0.17 – – –

ets is the sample number in the 1.2 m profiles for each landscape among the 40 represen-



Table 3
The stepwisemultiple linear regression of soil bulk densitywith soil organic carbon concentration, clay, silt and sand contents at the 40 representative locations for the three landscapes in
the study area.

Landscape n a Predictor variable b Unstandardized coefficient Adjusted R2 S.E. of estimate P

Desert 16(176) Constant 1.58⁎⁎⁎ c 0.34 0.05 b0.001
Clay 9.18 × 10−3⁎⁎⁎

Silt*Sand 5.18 × 10−5⁎⁎⁎

Clay*SOCc concentration 2.14 × 10−3⁎⁎⁎

Cropland 18(198) Constant 1.36⁎⁎⁎ 0.41 0.12 b0.001
Clay2*Sand 1.21 × 10−5⁎⁎⁎

Sand3 3.61 × 10−7⁎⁎⁎

SOCc2*Clay 3.00 × 10−5⁎⁎⁎

Wetland 6(66) Constant 1.80⁎⁎⁎ 0.68 0.10 b0.001
SOCc2 3.00 × 10−3⁎⁎⁎

Silt*SOCc 1.59 × 10−3⁎⁎⁎

a The number of representative locations for each landscape (data out of the brackets) and the number of samples in the 1.2 m profiles at representative locations of each landscape
(data in the brackets).

b Clay, clay content (%); Silt, silt content (%); Sand, sand content (%); SOCc, soil organic carbon concentration (g kg−1).
c ⁎⁎⁎, the coefficient is significant at the 0.001 level.
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values of R2 and the lowest residual sum of squares (Table 4). The low
nugget values indicated a weak field or random variability, and low
nugget-to-sill ratios (5.51–17.8%) suggested a strong spatial dependence
of SOC density in the four soil layers (Cambardella et al., 1994). These
results indicated that SOC density may be controlled by the intrinsic
variations in soil properties, such as parent material, soil texture and
mineralogy (Cambardella et al., 1994; Wang et al., 2010). The areas of
wetland were derived from alluvial materials and exhibited high levels
of pedogenic development and high fractions of fine particles. Cropland
presentedmoderate levels of pedogenic development and loamyparen-
tal materials. Desert soils were developed from aeolian sand and
consisted mainly of well-sorted medium-fine sand (Su et al., 2010).
The increasing nugget-to-sill ratios indicated that the spatial depen-
dence of SOC density decreased with depth. The 2–3 m layer had the
largest nugget and the smallest sill, indicating the highest random vari-
ation and the lowest spatial dependence of SOC density. Range reflects
the largest separation distance within which soil property is spatially
related. The ranges of SOC density in the four soil layers varied from
5.24 to 5.65 km, and were larger than the sampling interval (1 km).
The sampling density was thus sufficiently intensive to obtain informa-
tion on the spatial variability of SOC density. The similar ranges of SOC
density among the different soil layers indicated that the zones of influ-
ence of the site variables on SOC were relatively uniform and were not
depth dependent.

The distribution maps of SOC density in the 0–1, 1–2 and 2–3 m
layers are shown in Fig. 3. The 0–1 m layer stored more organic carbon
in each landscape. Wetland in the southwestern part of the study area
Fig. 2. The vertical distribution of soil organic carbon density for desert, cropland and
wetland.
and cropland adjoining the Heihe River could be easily recognized by
their high SOC densities in the three layers. Desert in the northern and
central parts was characterized by low SOC densities.

3.4. The variability of SOC density

3.4.1. Variability of SOC density among landscapes
Landscapes significantly affect the patterns of vertical distribution of

SOC density. The density of SOC was highest in wetland and lowest in
desert across all depths except in the 0–0.3 m layer where SOC density
in croplandwas the highest (Fig. 4). Differences in SOC density between
wetland and croplandwere not statistically significant in the 0–0.3, 0–1
and 2–3 m layers (P N 0.05, Fig. 4). The density of SOC in the 1–2 m
layer was significantly higher in wetland than in cropland (P b 0.05,
Fig. 4). The densities of SOC in wetland and cropland were significantly
higher than in desert across all depths (P b 0.05, Fig. 4). The densities of
SOC in the 0–0.3 m layer of desert, cropland and wetland were 6.39,
28.32 and 27.14 Mg ha−1, representing 32.7, 40.0 and 37.0% of SOC
densities of the 0–1 m layer, respectively. The uppermost 10 cm of
desert, cropland and wetland contained 38.7, 38.1 and 39.5% of SOC in
the 0–0.3 m soil, respectively. The densities of SOC in the 0–1 m layer
were 19.57, 70.83 and 73.33 Mg ha−1 for desert, cropland andwetland,
respectively. The associated values in the 1–2 and 2–3 m layers were
19.55 and 20.23 Mg ha−1 for desert, 42.60 and36.19 Mg ha−1 for crop-
land and 57.35 and 43.76 Mg ha−1 for wetland. The densities of SOC in
the 0–0.3, 0–1, 1–2 and 2–3 m layerswere an average of 4.3, 3.7, 2.6 and
2.0 times higher, respectively, in cropland and wetland than in desert.
The density of SOC in the 0–3 m layer of wetland was 174.4 Mg ha−1,
which was 2.9 and 1.2 times of that of desert (59.35 Mg ha−1) and
cropland (149.6 Mg ha−1), respectively. These results reflect the poten-
tial importance of wetland on the sequestration of SOC in arid regions.
The SOC in the 1–3 m layer of desert, cropland andwetland contributed
67.0, 52.7 and 58.0% of the total SOC stored in the 3-m profiles, respec-
tively. The proportional distribution (interval/reference depth) was
deepest in desert and shallowest in wetland.

3.4.2. Variability of SOC density among soil layers
The densities of SOC of desert ranged from 19.57 to 20.23 Mg ha−1

in the 0–1, 1–2 and 2–3 m layers, which were an average of 3.1-fold
of that in the 0–0.3 m layer and 33.0, 32.9 and 34.1% of those in the
0–3 m layer, respectively. The lack of significant differences (P N 0.05,
Fig. 4) in SOC density among the three layers reflects the homogeneous
distribution of low SOC in the desert soil (Fig. 2). The densities of SOC in
the 0–1, 1–2 and 2–3 m layers of cropland were 70.83, 42.60 and
36.19 Mg ha−1, respectively, representing 47.3, 28.5 and 24.2% of SOC
density in the 0–3 m profile, respectively. The 0–1 m layer, the main
activity zone of the root system and susceptible to agricultural practices,
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Table 4
Geostatistical parameters for soil organic carbon density in the 0–0.3, 0–1, 1–2 and 2–3 m soil layers in the study area.

Depth
(m)

n a Model Nugget (C0)
(Mg2 ha−2)

Sill (C + C0) Nugget/Sill (C0/C + C0)
(%)

Range
(Km)

R2 RSS b Anisotropy ratio

0–0.3 120 Spherical 8.8E−03 0.16 5.51 5.24 0.71 1.1E−02 1.80
0–1 120 Spherical 8.8E−03 0.13 6.95 5.65 0.71 7.4E−03 1.69
1–2 112 Spherical 6.8E−03 0.09 7.19 5.24 0.75 2.9E−03 1.20
2–3 102 Spherical 1.3E−02 0.07 17.8 5.33 0.59 2.8E−03 1.04

a n, the sample number.
b RSS, the residual sum of squares.
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stored significantly more SOC than did the deeper layers (P b 0.05,
Fig. 4). The densities of SOC in the 0–1, 1–2 and 2–3 m layers of wetland
were 73.33, 57.35 and 43.76 Mg ha−1, respectively, contributing 42.0,
32.9 and 25.1% of SOC density in the 0–3 m profile, respectively. Signif-
icantly more SOC was stored in the upper layers (P b 0.05, Fig. 4).

4. Discussion

The homogeneously low SOC density in the profile of desert soil was
consistentwith thefindings of Su et al. (2007),who reported a relatively
low and uniformdistribution of SOC concentration in the 0–1 m layer of
sandy soil. Even though an exponential decline of SOC concentration
with depth was usually reported (Meersmans et al., 2009a; Sleutel
et al., 2003), the vertical distributions of SOC density in cropland and
wetland in our study were best fit by logarithmic functions (R2 = 0.97
and 0.92, respectively, P b 0.001, Fig. 2). The density of SOC of cropland
decreased from 10.79 Mg ha−1 in the 0–10 cm layer to 8.01 Mg ha−1

in the 20–30 cm layer, which differed from the constant SOC density
Fig. 3. The spatial distribution of soil organic carbon density
at tillage depth (0–30 cm) of cropland in Flanders (Meersmans et al.,
2009a). This difference may be due to the distinct climates, soil types
and management practices between the two regions. The 1–3 m layer
of desert, cropland and wetland contained 67.0, 52.7 and 58.0% of the
total SOC, respectively. The pool of SOC in deeper layersmay be ascribed
to seepage by water transport, soil permeability, earthworm bioturba-
tion, leaching and vertical mixing of SOC (Don et al., 2007; Jobbágy
and Jackson, 2000), the decreasing SOC turnover (Trumbore, 2000;
Wei et al., 2012) and increasing root turnover with depth (Jobbágy
and Jackson, 2000). The desert area in this study was characterized by
larger pores and higher permeability, which contributed greatly to the
deepest proportional distribution of SOC. The infiltration and percola-
tion of irrigation water in cropland transports SOM and fine particles
to the deep layers. Leaching in wetland carries salts and SOM to the
deep layers where saturated water contents and high fractions of fine
particles protect SOC against oxidation. The deep pools of SOC in the
different landscapes raise important issues for the strategies of carbon
sequestration in arid regions.
in the 0–1, 1–2 and 2–3 m soil layers in the study area.

image of Fig.�3


Fig. 4. Comparisons of soil organic carbon density and of clay + silt content among different landscapes and soil layers. Letters above the bars are for comparing different landscapes for a
certain soil layer, and letters in the bars are for comparing different soil layers for a certain landscape. Different lowercase letters indicate significant differences (P b 0.05). The error bars
are one standard deviation of the means.
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The SOC is affected by various properties. The density of SOCwas not
correlatedwith latitude, longitude and elevation in the three landscapes
(P N 0.05, Table 5). The levels of explanation of SOC density variability
by latitude, longitude and elevation are random in this study. Latitude
and longitude varied little in this study and accounted individually or
in combination for 5.20, 2.60 and 13.2% of SOC density variability in
the 0–0.3 and 0–1 m layers of desert (Table 6) and the 0–1 m layer of
cropland (Table 7), respectively. Elevation affects SOC directly via its
influence on turnover rates or indirectly via its effects on the intensity
of weathering and on the formation of secondary clay minerals
(Powers and Schlesinger, 2002). Temperature declines with increasing
elevation, and lower temperatureswould reduce the rate of decomposi-
tion of SOM, leading to the accumulation of SOC. The concentration of
SOC increased by 0.75–2.1 mg g−1 per 100 m of increase in elevation
in agricultural soils of Switzerland (Leifeld et al., 2005). Elevation in
this study ranged from 1372 to 1417 m. The mean elevation of wetland
(1404 m) was higher than that of desert (1387 m) and cropland
(1390 m). Elevation, however, failed to account for SOC density variabil-
ity, except for the 0–0.3 m layer of desert where elevation accounted for
2.9% of the variability. This lack of association may be ascribed to the
narrow range of elevation and the counteracting effect of higher SOC
concentration and lower bulk density at higher elevation (Powers and
Schlesinger, 2002).

The density of SOC was typically high in fine-textured soils. This
result was consistent with international literature (Jobbágy and Jackson,
2000; Meersmans et al., 2008; Tan et al., 2004). Clay + silt contents
were significantly and positively correlated with SOC density at all
depths in desert and cropland soils and in the 0–0.3 and 0–1 m layers
in wetland soil (P b 0.01, Table 5). This result was in accordance with
the report of Zinn et al. (2005). The positive effects of clay and silt
particles on the accumulation of SOC are due to the stabilization of
SOM by clay particles and associated iron oxides (Lützow et al., 2006)
and the promotion of aggregation and physical protection of SOC from
Table 5
Pearson correlation coefficients between soil organic carbon density (SOC density) and site var

Variable a SOCD density (Mg ha−1) SOCC density (Mg

0–0.3 m 0–1 m 1–2 m 2–3.m 0–0.3 m 0

n 56 56 56 52 43 4
Latitude (°) −0.16 −0.19 −0.05 −0.04 −0.52⁎⁎ b −
Longitude (°) 0.08 0.02 −0.26 −0.26 −0.11 −
Elevation (m) 0.27⁎ 0.34⁎⁎ 0.13 0.09 0.45⁎⁎ 0
Clay + silt (%) 0.69⁎⁎ 0.84⁎⁎ 0.84⁎⁎ 0.91⁎⁎ 0.60⁎⁎ 0

a SOCD density, SOCC density, SOCW density, the logarithmically transformed SOC density fo
content.

b ⁎⁎, and ⁎, the correlations are significant at 0.01 and 0.05 levels, respectively.
oxidation by the relatively smaller spaces in the soil (Baritz et al.,
2010). Soil clay and silt particles appear to be the major determinant
of SOC density in desert and cropland, especially in deeper layers. This
result kept in line with Zinn et al. (2005), who reported a linear rela-
tionship between SOC concentration and clay + silt content, and
found that the textural control of SOC concentration varied predictably
with depth in the 0–1 m soil of Brazilian Cerrado. The variability in SOC
density explained by clay + silt content increased with depth by 46.0–
82.2% in desert (Table 6) and by 45.3–76.7% in cropland (Table 7). The
variability in SOC density accounted for by clay + silt content, however,
decreased from 52.2% in the 0–0.3 m layer to 43.3% in the 0–1 m layer
of wetland soil (Table 8). The clay + silt contents of wetland and crop-
land were generally 3.0- and 2.5-fold higher, respectively, than that of
desert across all depths. These differences were statistically significant
(P b 0.05, Fig. 4). The wetland soils are derived from alluvial materials
and exhibit high pedological development and high levels of clay + silt
particles. Cropland soils present loamy parentalmaterials andmoderate
pedogenic development. Agricultural practices dramatically alter the
soil-forming processes vital to soil structure and fertility. Desert soils
are developed from aeolian sand and consist mainly of well-sorted
medium-fine sand (Su et al., 2010). The lack of fine particles due to
long-term wind erosion and aeolian transportation of sand strongly
impacts the loose sandy structure. The differences in the fractions of
clay + silt particles between wetland and cropland were significant
only in the 0–0.3 m layer (P b 0.05, Fig. 4). The significantly lower
clay + silt content in the 0–0.3 m cropland soil could be ascribed to
wind erosion and improper agricultural management. The irrigation of
crops during the growing season has totally depended on groundwater
in recent decades, which has decreased the input of fine particles from
the silt-laden water of the Heihe River (Su et al., 2010). Infiltration and
percolation also cause the loss of fine particles from surface soil. Plowing
in the autumn does not return residues to the topsoil, but fine particles
are blownby severewinderosion andare deposited elsewhere inwinter
iables in different soil layers of the three landscapes in the study area.

ha−1) SOCW density (Mg ha−1)

–1 m 1–2 m 2–3 m 0–0.3 m 0–1 m 1–2 m 2–3 m

3 42 38 21 21 14 12
0.57⁎⁎ −0.10 0.10 0.13 0.07 −0.32 −0.18
0.08 −0.11 −0.09 −0.32 −0.41⁎ −0.16 −0.23
.44⁎⁎ −0.09 −0.24 −0.02 0.03 0.38 −0.01
.66⁎⁎ 0.79⁎⁎ 0.63⁎⁎ 0.65⁎⁎ 0.62⁎⁎ 0.14 0.40

r desert, cropland and wetland, respectively. n, sample number. Clay + silt, clay plus silt
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Table 6
Stepwise regression of soil organic carbon density (SOC density) with selected site variables in different layers of desert soil in the study area.

Dependent variable a Independent variables Unstandardized coefficient Adjusted R2 S.E. of estimate P

SOC0–0.3 density Constant 278.3⁎ b 0.54 0.15 b0.001
Clay+silt (%) 9.0E−03⁎⁎⁎

Elevation (m) 9.0E−03⁎⁎

Longitude (°) −2.90⁎

SOC0–1 density Constant 178.3⁎ 0.73 0.10 b0.001
Clay+silt (%) 8.0E−03⁎⁎⁎

Longitude (°) −1.77⁎

SOC1–2 density Constant 1.04⁎⁎⁎ 0.70 0.11 b0.001
Clay+silt (%) 6.0E−03⁎⁎⁎

SOC2–3 density Constant 1.02⁎⁎⁎ 0.82 0.09 b0.001
Clay+silt (%) 6.0E−03⁎⁎⁎

a The density of SOC in the 0–0.3, 0–1, 1–2 and 2–3 m soil layers, respectively, and the variables were logarithmically transformed.
b ⁎⁎⁎, ⁎⁎ and ⁎, the coefficients are significant at 0.001, 0.01 and 0.05 levels, respectively.
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and early spring. On the other hand, clay + silt content did not differ
significantly among the 0–1, 1–2 and 2–3 m layers in either cropland
or wetland (P N 0.05, Fig. 4). The significantly lower clay + silt content
in the 0–1 m desert soil (P b 0.05, Fig. 4) can be ascribed to the severe
wind erosion, which removes fine particles from the topsoil and leaves
behind coarse sand.

Vegetation, through patterns of above- and belowground allocation,
has an important effect on SOC (Jobbágy and Jackson, 2000). Ecological
restoration conducted since 1975 in the desertified land of the study
area has increased the fraction of fine particles, moisture content and
fertility of the soil (Su et al., 2007, 2012). Such soil amelioration benefits
the allocation and growth of annual herbaceous plants, which supply
most of the carbon input to the topsoil. The concentration of SOC in
the 0–10 cm layer of desert soil (1.57 g kg−1) was higher than the
reported value in the 0–20 cm sand land (0.90 g kg−1, Su et al., 2010).
Ecological restoration has effectively sequestrated carbon, and desert
soil has the potential to be a carbon sink. The concentration of SOC
in the 0–10 cm layer of desert soil in this study, however, was still
lower than that in the neighboring Gaotai County (3.1 g kg−1, Li
et al., 2009). The density of SOC in the 0–1 m layer of desert soil
(19.6 Mg ha−1) is still lower than the global average of 30 Mg ha−1

for the Yermosols of arid regions (Batjes and Sombroek, 1997). Marked
by densely distributed meadows and interspersed salt-tolerant shrubs,
wetland has relatively shallow root profiles. Roots produce highly
decomposable fine roots and root exudates, which can be rapidly
decomposed by microbes when exposed to more aerobic conditions,
contributing to the accumulation of SOC (Thomas et al., 1996).

The groundwater regime of wetland also controls the decomposi-
tion and accumulation of SOC (Baritz et al., 2010). The level of the
water table determines the occurrence depth of anaerobic conditions
(Harriss et al., 1982). High water tables or poor drainage produce shal-
low anaerobic conditions and reduce the oxidative capacity of SOC
(Meersmans et al., 2009b). Gases held in pore water and the matrix are
rapidly released when water tables are low (Moore and Dalva, 1993).
Even relatively small hydrological changes due to water diversions,
Table 7
Stepwise regression of soil organic carbon density (SOC density) with selected site variables in

Dependent variable a Independent variables Unstandardized co

SOC0–0.3 density Constant 0.85⁎⁎⁎ b

Clay+silt (%) 8.0E−03⁎⁎⁎

SOC0–1 density Constant 360.0⁎⁎⁎

Clay+silt (%) 6.0E−03⁎⁎⁎

Latitude (°) −1.46⁎⁎⁎

Longitude (°) −3.01⁎⁎

SOC1–2 density Constant 1.04⁎⁎⁎

Clay+silt (%) 8.0E−03⁎⁎⁎

SOC2–3 density Constant 96.4⁎

Clay+silt (%) 6.0E−03⁎⁎⁎

a The density of SOC in the 0–0.3, 0–1, 1–2 and 2–3 m soil layers, respectively, and the varia
b ⁎⁎⁎, ⁎⁎ and ⁎, the coefficients are significant at 0.001, 0.01 and 0.05 levels, respectively.
ditching and groundwater pumping can significantly affect the level of
groundwater and thus carbon cycles (Limpens et al., 2008). The SOM
contents of wetland in this study were 1.38 and 1.12% in the 0–10 and
10–20 cm layers, respectively, which were lower than the values of
1.80 and 1.40%, respectively, reported by Zhao et al. (2008). These dif-
ferences may be ascribed to the decline of groundwater level due to
the reliance on groundwater for crop irrigation in the study area.

Changes in land use also strongly affected SOC. For cropland devel-
oped from native desert, the concentration of SOC increased by varying
degrees in different layers. Cultivation significantly increased the
fractions of fine particles and SOC concentration in the surface soil
(P b 0.05, Fig. 5a, c). An increase in SOC concentration and clay + silt
contents in surface soil has also been observed after the conversion of
native desert to irrigated cropland in the northern part of this study
area (Su et al., 2010) and in Gaotai County (Li et al., 2009). After conver-
sion, the clay + silt contents in reclaimed desert increased significantly
by 1.88-, 2.11- and 1.43-fold in the 0–0.1, 0.1–0.3 and 0–1 m layers,
respectively (P b 0.05, Fig. 5a). The concentration of SOC increased
significantly by 1.97-, 1.96- and 1.05-fold in the 0–0.1, 0.1–0.3 and
0–1 m layers, respectively (P b 0.05, Fig. 5c). Agricultural management,
however, was insufficient to significantly improve the soil in the deep
layers. Clay + silt content increased by only 27.2 and 31.1%, and SOC
concentration increased by 15.1 and 21.6%, in the 1–2 and 2–3 m layers,
respectively (Fig. 5a, c). Several decades of cultivationwere required for
SOC concentration in reclaimed desert to reach the level of cropland in
the old oases. The differences in clay + silt content between cultivated
desert and cropland in the old oases were not significant in the 0–0.1,
0.1–0.3 and 0–1 m layers (P N 0.05, Fig. 5a). The concentration of SOC,
however, was significantly lower in cultivated desert than in cropland
in the old oases across all depths (P b 0.05, Fig. 5c). The concentrations
of SOC of cropland exploited from native desert were 68.7, 67.0 and
51.6% of those of cropland in the old oases on the banks of the Heihe
River in the 0–0.1, 0.1–0.3 and 0–1 m layers, respectively. The differ-
ences were considerably lower (36.1 and 48.4%) in the 1–2 and 2–3 m
layers, respectively. Conventional tillage by mechanical equipment is
different layers of cropland soil in the study area.

efficient Adjusted R2 S.E. of estimate P

0.45 0.15 b0.001

0.64 0.12 b0.001

0.77 0.13 b0.001

0.63 0.14 b0.001

bles were logarithmically transformed.



Table 8
Stepwise regression of soil organic carbon density (SOC density) with selected site variables in different layers of wetland soil in the study area.

Dependent variable a Independent variables Unstandardized coefficient Adjusted R2 S.E. of estimate P

SOC0–0.3 density Constant 0.76⁎⁎⁎ b 0.52 0.13 b0.001
Clay+silt (%) 8.0E−03⁎⁎⁎

SOC0–1 density Constant 1.30⁎⁎⁎ 0.43 0.13 b0.001
Clay+silt (%) 7.0E−03⁎

SOC1–2 density –c – – – –

SOC2–3 density – – – – –

a The density of SOC in the 0–0.3, 0–1, 1–2 and 2–3 m soil layers, respectively, and the variables were logarithmically transformed.
b ⁎⁎⁎, ⁎⁎ and ⁎, the coefficients are significant at 0.001, 0.01 and 0.05 levels, respectively.
c The data do not exist.
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widely used in cropland in the study area, which tends to lead to inten-
sified and deep soil disturbance. The loss of SOM is thus accelerated via
rendering the soil more susceptible to oxidation and erosion. After
harvest, stalks are collected and removed for feeding livestock, no
residue is returned and farmyard manure is rarely applied. Cropland is
plowedwith amoldboard in the autumn and is kept bare before seeding
in the following April. Rational management (e.g. conservation tillage,
residues return, crop rotation and intercropping, manure application
and water-saving irrigation) should be introduced to minimize the loss
of SOC by wind erosion and to ensure the sustainable agricultural use.

The digging of ditches in wetland before cultivation to reduce salini-
zation has lowered the water table in the southern part of the study
area. After short-term cultivation, clay + silt content and SOC concen-
tration decreased in the soil profiles (P N 0.05, Fig. 5b, d). The concentra-
tions of SOC in the 0–0.1, 0.1–0.3, 0–1, 1–2 and 2–3 m layers of the
exploited wetland were 90.5, 98.9, 91.7, 66.5 and 82.4%, respectively,
of those of the wetland. Agricultural practices such as irrigation and
fertilization have increased SOC concentration in the surface soil as cul-
tivation has continued. The concentrations of SOC in cropland exploited
fromwetland formore than 100 years were 1.25-, 1.51- and 1.31-fold of
those of wetland in the 0–0.1, 0.1–0.3 and 0–1 m layers, respectively.
Fig. 5. Comparisons of clay + silt content (a and b) and of soil organic carbon concentration (c a
tinuously for more than 100 years. Different lowercase letters indicate significant differences
reclaimed for less than 40 years; C2, cropland cultivated for more than 100 years in the old o
from wetland for more than 100 years.
Exploited wetland after short-term cultivation has thus acted as a
carbon source, and the evolution of wetland soil toward cropland soil
has been slow under current management practices. Considering the
ecological influence of wetland on regional climate, water cycles and
biodiversity and its role as a carbon sink, newly exploited wetland
should be converted tomeadow grassland, and the current naturalwet-
land should be protected from exploitation.

5. Conclusions

Pedotransfer functions established for different landscapes effectively
estimated the soil bulk density in this region. The vertical distribution of
SOC density differed among landscapes. The strong spatial dependence
of SOC density was associated with the soil genesis in arid regions. The
fraction of clay + silt particles is the core determinant of SOC. Wetland
soil derived from alluvial materials with high pedological development
was characterized by the highest SOC density across all depths. Desert
soil developed from aeolian sand and with a loose structure had the
lowest SOC density across depths. The conversion of native desert to
irrigated cropland significantly increased SOC concentration in the
0–1 m layer. The cultivation of wetland for short-term period decreased
nd d) among desert (or wetland), newly cultivated cropland and cropland cultivated con-
(P b 0.05). The error bars are one standard deviation of the means. D, desert; C1, desert
ases; W, wetland; C3, wetland cultivated for less than 30 years; C4, cropland exploited

image of Fig.�5
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SOC concentration and the exploited wetland acted as a carbon source.
Rational management (e.g. no-till or minimum tillage, residues return,
crop rotation and intercropping, manure application and water-saving
irrigation) should be introduced to accelerate the evolution of reclaimed
desert soil toward agricultural soil and to maintain the sustainability of
the cropland ecosystem. Newly exploited wetland should be converted
to meadow grassland, and the current extent of natural wetland should
be protected from exploitation, to maintain its role of a carbon sink.
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