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Soil contains the majority of terrestrial carbon; however, most studies only focus on soil organic carbon (SOC) in
the ﬁrst meter or even shallower layers, and soil inorganic carbon (SIC) and root-derived carbon (RDC) are often
overlooked. Here, we investigated the distribution of soil carbon at a depth of 0–3.0 m over a 46-year revegetation chronosequence on moving sand dunes and evaluated the potential inﬂuence of soil water content on
soil carbon. The SOC density increased signiﬁcantly along the 0–3.0 m proﬁle, and showed a faster increasing
rate in shallow layer (0–0.4 m) than that of the deep layers below 0.4 m. Although the SIC density did not
increase signiﬁcantly, it accounted for > 65% of the total soil carbon in shallow layer and at least 82% in deep
layer. The live and dead RDC increased signiﬁcantly over the chronosequence in both shallow and deep layers.
The RDC accounted for a small amount of the total soil carbon at an average of 3.19%. The SOC was closely
linked with live RDC in both the shallow and deep layers. The soil water content was only positively correlated
with the SOC in the shallow layer. The SOC storage in the shallow layer required 57.4 years to reach the level at
the natural vegetation site, whereas the storage in the deep layers required > 100 years. Our results indicated
that soil carbon accumulation is a slow process in both shallow and deep layers after revegetation, and the most
notable increase in soil carbon was accounted by SOC. We suggest that SOC, SIC and RDC should be considered
when assessing the eﬀects of revegetation on soil carbon in water-limited ecosystems.
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1. Introduction
Soil represents an important and eﬀective carbon reservoir in terrestrial ecosystems, and it is expected to have a more substantial sink
capacity than the associated vegetation; thus, soil has a considerable
ability to sequester carbon for the mitigation of elevated atmospheric
CO2 (Schlesinger, 1990; Batjes, 1996; Lal, 2004a, 2004b; Schmidt et al.,
2011). Soil in water-limited ecosystems, which account for 47.2% of the
global terrestrial surface, is estimated to contain approximately 241 Pg
soil organic carbon (SOC) in the top one meter and an even larger soil
inorganic carbon (SIC) pool (Eswaran et al., 2000). Therefore, the soil
carbon storage in these ecosystems must be quantiﬁed and its potential
response to environmental changes, e.g. vegetation and soil changes,
should be determined.
Complete assessments of the SOC, SIC, and RDC pool are particularly lacking, especially in water-limited ecosystems. Due to the faster
sequestration rate of SOC, most studies have focused on SOC, only a few
studies have documented the distribution and dynamics of SIC (Diaz-

⁎

Hernandez et al., 2003; Hirmas et al., 2010; Chang et al., 2012).
However, SIC is a main constituent of soil carbon in these ecosystems,
and recent studies have suggested that SIC sequestration through both
biological and non-biological processes may be underestimated
(Wohlfahrt et al., 2008; Lal, 2009; Li et al., 2015). Root system is also a
frequently neglected carbon reservoir. Actually, the cumulative contribution of RDC is comparatively larger and the residence time of root
tissues in soil is longer than other plant tissues (Rasse et al., 2005;
Pierret et al., 2016). Considering the high belowground production of
root systems, which are normally large and deep in water-limited
ecosystems (Chapin et al., 1993), RDC should not be overlooked when
assessing soil carbon.
Most individual studies and large-scale investigations only focused
on the ﬁrst meter of soil (Batjes, 1996), or at even shallower depths,
generally due to diﬃculties and costs associated with deeper sampling.
However, many previous studies have detected larger amounts of soil
carbon in deeper soil proﬁles in water-limited ecosystems (Harrison
et al., 2011; Rumpel and Kogel-Knabner, 2011; Harper and Tibbett,
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2013); thus, deeper sampling is necessary. Furthermore, carbon turnover in deep soils is commonly slow, implying deep organic carbon has
a longer residence time (Pierret et al., 2016). In water-limited environments, soil water is a key factor that controls the soil carbon stock
and dynamics via its eﬀects on plant carbon allocation, microbial activities, and soil aggregate formation (Jobbágy and Jackson, 2000; Rey
et al., 2005; Moyano et al., 2013). In general, increased soil water will
stimulate plant production in both aboveground and belowground
parts, thereby beneﬁting SOC accumulation. Thus, soil water is involved in contributing new carbon to the SOC pool, as well as retaining
the available SOC (Norton et al., 2012; Zhou et al., 2012; Mi et al.,
2014; Verburg et al., 2014). Soil water is also a necessary participant in
the deposition, dissolution and leaching of SIC (Lal, 2009). Former
studies have investigated the relationships between soil water and SOC
(Wynn et al., 2006; Yang et al., 2008), but few studies have mentioned
SIC and considered the diﬀerent soil carbon components simultaneously in deep soil.
In this study, we took advantage of a 46-year-old revegetation
chronosequence on sand dunes of the Tengger Desert to quantify the
distribution and dynamics of diﬀerent soil carbon components (SOC,
SIC and RDC). Long-term studies conducted in this area have documented improvements in the topsoil conditions, such as increases in
ﬁne soil particles and soil nutrient availability (Duan et al., 2004; Li
et al., 2007a), and enhanced biogeochemical processes in the topsoil
(Wang et al., 2006). The revegetated soil system changes occurred
along with a signiﬁcant decrease in the soil water content in the deep
layer over the 46-year succession (Li et al., 2014). However, the eﬀects
of decreased soil water content on the soil carbon storage via alterations
to the revegetated soil system remained unclear. To enhance our
knowledge-base on this topic, this study aimed to (1) investigate the
temporal changes of carbon in soil along 0–3.0 m proﬁle over a 46-yearold revegetation chronosequence; (2) analyze the relationships between
SOC, SIC, RDC, and soil water content; (3) evaluate the revegetation
success based on the rate of soil carbon sequestration. To achieve these
issues, we collected soil samples from three revegetation sites (with
ages of 20, 29, and 46 years) and compared the results with those from
a moving sand dune and a naturally vegetated site.
2. Materials and methods
2.1. Study sites
The study was conducted along the southeastern fringe of the
Tengger Desert in northwestern China. This area is characterized as a
transitional zone from sandy desert to steppe. Because of the considerable groundwater depth (> 80 m), it is not available to vegetation;
therefore, precipitation is the sole source of soil water in the study area
(Li et al., 2004). Along the transitional zone, ﬁve study sites were set up
from east to west (Fig. 1).
Shapotou (37°32′ N, 105°02′ E, at an elevation of 1300 m AMSL) is a
typical temperate desert region. The annual mean temperature is 10 °C,
and the mean January and July temperatures are −6.9 and 24.3 °C,
respectively. The annual mean wind velocity is 2.9 m s−1, and the annual mean precipitation is 186 mm, of which 80% falls between May
and September. Large and dense reticulated barchans sand dune chains
are typical of the landscape, and an aeolian sandy soil is the main soil
type. Moving sand dunes are dominated by Hedysarum scoparium Fisch.
& C. A. Mey. and Agriophyllum squarrosum (L.) Moq., which provide
cover of < 1%. Since the 1950s, a 16 km long, 500 m wide rain-fed
revegetation protective system was established along both sides of the
Baotou-Lanzhou Railway in this region to stabilize the moving sand
dunes and prevent desert encroachment. Xerophytic shrubs were
planted following the establishment of the sand barrier. Subsequently,
revegetation was further developed in 1964, 1981, and 1990. After
long-term revegetation eﬀorts, a diversiﬁed ecosystem composed of
planted xerophytic shrubs (mainly Artemisia ordosica Krasch., Caragana

Fig. 1. Location of the ﬁve study sites (Nat, R46, R29, R20, and MSD site
showed as blue points) in Hongwei and Shapotou region (showed by light
yellow circles). SDRES (showed as green points) is Shapotou Desert Research
and Experimental Station. Red dashed line is the Baotou-Lanzhou railway. A:
Location of SDRES on the map of China. B: Location of Hongwei and Shapotou
region along the Tengger Desert. C: Location of four sand dunes sites in
Shapotou region. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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2.3. Samples collection and laboratory analyses

korshinskii Kom., and H. scoparium), naturally occurring herbaceous
species (Eragrosti spoaeoides P. Beauv., Bassia dasyphylla (Fisch. & et
Mey.) O. Kuntze, Corispermum patelliforme Iljin, Salsola ruthenica Iljin,
and Aristida adscensionis L.), and biological soil crusts (BSCs) evolved on
sand-binding dunes. In this region, we chose three revegetation sites
that were initially established in 1964, 1981, and 1990 (46, 29, and
20 years old, respectively), and the three sites are referred to as R46,
R29, and R20, respectively. In addition, we also chose a control site on
moving sand dunes (MSD) (Fig. 1).
Hongwei (37°27′ N, 104°46′ E, at an elevation of 1570 m AMSL) also
lies in the vegetated protective system of the railway and it is characterized by undegraded native vegetation (referred as Nat) (Fig. 1) (Li
et al., 2007b). Hongwei has the same climate, landscape and soil type as
Shapotou, and the predominant plant species are shrubs, such as A.
ordosica, C. korshinskii, Ceratoides lateens (J. F. Gmel.) Reveal et
Holmgren, and Oxytropis aciphylla Ledeb., and herbaceous species, such
as Artemisia capillaries Thunb., Allium mongolicum Regel, S. ruthenica,
Stipa breviﬂora Griseb., Cleistogenes songorica (Roshev.) Ohwi, Scorzonera divaricata Turcz., and Iris tenuifolia Pall.

A regular soil auger (AMS, Inc., USA) was used to collect soil samples at 0.1 m depth increments down to 1.0 m and then at 0.2 m depth
increments down to 3.0 m. Each sample was divided into two subsamples, with one for soil carbon measurements and the other for soil
water content measurements. For the soil carbon measurements, the
soil samples collected from the same layer from two adjacent sample
points were mixed into a composite. Five repetitions were performed at
each site, and a total of 500 samples were obtained from all ﬁve sites.
The soil samples were air dried and then passed through a 1 mm mesh
to remove plant tissues and large sand particles. The SOC concentration
was determined using the dichromate oxidation method (Bao and Shi,
2005). The SIC concentration was determined by a modiﬁed pressure
calcimeter method (Sherrod et al., 2002). For the soil water content
measurements, the samples were immediately transported to the laboratory and dried at 105 °C for 48 h, and then the gravimetric soil
water content was measured. The results were then converted to the
volumetric soil water content using the soil bulk density. For the soil
bulk density measurement, the soil samples were collected by a specialized soil auger and a known weight cutting ring (0.05 m in depth
and diameter), and they were weighed after drying at 105 °C for 48 h.
After collecting soil samples from the ﬁve sites, ten neutron tubes were
installed in the sampling points of each site. From January 2011, the
volumetric soil water content was measured twice every month using a
time domain reﬂectometry system (Field Scout TDR 300 Soil Moisture
Meter, Spectrum Technologies, Inc.) in the upper 0.2 m layer and a
neutron probe (CNC502DR, Beijing Nuclear, Inc.) in the 0.2–3.0 m layer
(with 0.2 m increment). Rainfall was measured by standard tipping
bucket rain gauge (Adolf Thies GMVH & Co·KG, Germany). The data
from 2011 to 2013 are referenced in Fig. A1 and A2.
A homemade soil auger (0.1 m inner diameter and 0.2 m height)
with a ﬂat edge was used to collect soil samples that contained roots in
0.1 m increments down to 3.0 m. A total of 300 samples were collected
at each site. Because of the dry and loose sandy soils, the watering
method suggested by Zhang et al. (2009) was applied. The samples
were transported to the laboratory and wet sieved through a 0.3 mm
mesh to collect the live and dead roots and rhizosheath. Subsequently,
the roots were dried at 65 °C for 48 h, and then weighed and grounded.
The carbon concentration in the live and dead roots tissue was measured using a vario MACRO CUBE (Elementar Analysensysteme, Germany). The rhizosheath is produced by the expansion and contraction
of the rhizosphere mucilage following diurnal wetting and drying of the
root-soil interface, which pulls soil particles tightly together (McCully,
1999). In this study, rhizosheaths were washed, dried at 65 °C for 48 h,
weighed and then grounded. Since the main component of rhizosheaths
was calcium carbonate, the carbon concentration of calcium carbonate
was considered to be equal to inorganic carbon concentration. Thus, the
inorganic carbon concentration of the rhizosheath was determined by a
modiﬁed pressure calcimeter method (Sherrod et al., 2002).

2.2. Sampling layout
Sampling was conducted in August 2010. At each site, ten
10 m × 10 m plots for the shrub survey were arranged along a line
transect. The line transects at each site covered four typical geomorphologic types of sand dunes (all including dune crests, hollows between dunes, windward and leeward slopes), and the sample points
were located on each topographic type at least twice. Here, four topographic types were served as four blocks and experiment design was
modiﬁed as blocks within plot to avoid pseudo-replication. The means
of soil carbon of each site were calculated from observations of four
topographic types. In the present study, there were at least two plots in
each topographic type. Three 1 m × 1 m quadrates for the herbs survey
were set randomly within each shrub plot. In each shrub plot, one
sample point for soil sampling was located near the center of the plot
and one sample point for root sampling was located approximately 2 m
away.
In each shrub plot, the height, density, and crown diameters (east to
west and north to south) of each shrub were measured. The shrub cover
in each quadrate was calculated as the sum of the cumulative canopy
projected area of all shrubs assuming that crowns have an elliptical
shape. The shrub biomass was estimated using a pre-built regression
between the biomass of individual shrubs with the bulk canopy volume
(from stem base to top of canopy). Speciﬁcally, we measured and
mowed at least ﬁve individuals of dominant shrub species outside the
revegetation protective system in Shapotou and Hongwei, and established numerical relations between shrub biomass and bulk canopy
volume for each shrub species. In each herb quadrate, the density and
cover were measured and then the aboveground components were
mowed and weighed after 48 h of drying in an oven at 65 °C (Table 1).

Table 1
Vegetation properties of the study sites (mean ± se). / denotes that no shrubs were found at the MSD site. The numerical relations between aboveground biomass
(kg, y) and bulk canopy volume (m−3, x) of three dominant shrubs in revegetation protective system: C. korshinskii, y = 0.594x; A. ordosica, y = 0.143x; C. lateens,
y = 0.317x.
Site

Shrubs

Herbs

Density (/100 m
MSD
R20
R29
R46
Nat

/
24.0
28.3
26.5
37.4

±
±
±
±

5.55
4.69
6.61
6.89

−2

)

Cover (%)

Biomass (g m

/
20.6
17.0
17.2
21.0

/
67.5 ± 13.5
97.2 ± 13.3
74.5 ± 14.9
125 ± 12.3

±
±
±
±

4.62
2.58
3.98
5.77

−2

)

Total

Density (/1 m
4.39
23.6
17.2
10.9
24.7

±
±
±
±
±

−2

1.88
8.20
7.24
3.78
5.33

30

)

−2

Cover (%)

Biomass (g m

)

0.441 ± 0.202
6.83 ± 1.76
4.57 ± 1.30
4.01 ± 1.12
6.77 ± 1.50

0.174 ± 0.0947
324 ± 64.8
544 ± 74.4
335 ± 67.1
112 ± 11.0

Cover (%)

Biomass (g m−2)

0.441 ± 0.202
27.4 ± 4.06
21.6 ± 2.29
21.1 ± 3.85
27.5 ± 1.78

0.174 ± 0.0947
391 ± 58.2
641 ± 77.6
409 ± 75.7
236 ± 20.8
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proﬁle of Nat site was 3.12 kg m−2 and signiﬁcantly higher than that at
MSD, R20, R29, and R46 sites (1.24, 1.25, 1.67, 1.71 kg m−2, respectively). In 0–0.4 m layer, the SOC density at Nat site was signiﬁcantly
higher than that at MSD and R20 sites. The SOC ratios in the shallow
layer (0–0.4 m) increased from 14.3% (MSD) to 30.4% (R46)
(P < 0.01), whereas those in the deep layer (1.0–3.0 m) decreased
from 64.8% (MSD) to 51.6% (R46) (P < 0.001) (Fig. 3, Table A.1 and
A.2). There were no diﬀerences observed in SIC density and its ratios
among the ﬁve sites (Fig. 2, Table A.1 and A.2). The SIC ratio of deep
layer at each site was > 65%, where the ratio of shallow layer was <
14% (Fig. 3).

2.4. Data analysis
For an individual layer, the SOC density (kg m−2) and SIC density
(kg m−2) were calculated from the soil carbon concentration and soil
bulk density:
n

∑ SOCi × BDi × Di /100

SOC density =

i=1
n

SIC density =

∑ SICi × BDi × Di /100
i=1

where n is the number of horizons; SOCi and SICi are soil organic and
inorganic carbon concentrations (g kg−1) for layer i, respectively; BDi is
soil bulk density (g cm−3) for layer i; and Di is the thickness (cm) of
layer i. In the 0–0.4 m layer, Di is 10 cm, and in the layer below 0.4 m, Di
is 20 cm.
In each layer, the RDC density (kg m−2) of the live and dead roots
and rhizosheath were calculated from the carbon concentration, respectively:

3.2. Distribution of root-derived carbon
The live and dead RDC density decreased as soil depth increased.
Higher values were found in the 0–0.1 m, except for the live and dead
RDC of MSD site in 2.4–2.5 and 2.5–2.6 m, respectively (Fig. A.4). The
RDC density of rhizosheath at Nat site had the highest value in the
0–0.1 m layer and decreased along the vertical proﬁle, while other sites
were in deep layers.
The minimum value of total RDC in 0–3.0 m proﬁle were
0.0114 kg m−2 at MSD site, and the maximum values was 0.299 kg m−2
at R46 sites (Fig. 2). The live and dead RDC density in three diﬀerent
layers of the 0–3.0 m proﬁle increased signiﬁcantly along the revegetation chronosequence (from MSD to R46 and Nat sites) (Fig. A.5).
The ratios of live and RDC in 0–0.4 m layer increased signiﬁcantly from
MSD to R46 sites (from 21.6% to 64.7% and 12.6% to 64.0%, respectively), whereas ratios of dead roots in 1.0–3.0 m layer decreased signiﬁcantly from 80.0% (MSD) to 18.6% (Nat) (Fig. 4). The ratios of the
rhizosheath RDC in the deep layer of each site were > 50%.

n

RDC density =

∑ (Mi × Ci/1000000)/S
i=1

where n is the number of horizons; Mi is the mass (g) of roots with
diﬀerent diameters or rhizosheaths for layer i; Ci is the organic carbon
concentration (g kg−1) of the roots with diﬀerent diameters or inorganic carbon concentration (g kg−1) of the rhizosheaths for layer i;
and S is the cross-sectional area (m−2) of the auger used for root
sampling. The total RDC in each layer is the sum of the RDC for the
roots and rhizosheaths.
Data on the soil carbon and RDC in the layers (0–0.4, 0.4–1.0, and
1.0–3.0 m) and the cumulative amounts (0–3.0 m), and corresponding
ratios were compared among the ﬁve sites via a one-way ANOVA followed by Tukey's post hoc comparisons for signiﬁcant diﬀerences.
Regression analyses with linear, exponential, and logarithmic curves
were used to quantify the relationships between RDC and soil carbon,
and between soil water content and soil carbon and RDC. Because soil
carbon accumulation is a long-term process, the averaged soil water
contents monitored over three years (2011−2013) were used to perform regression analyses with SOC, SIC, and RDC. The linear, exponential, and logarithmic curves were also used to ﬁt the relationships
between the SOC density and revegetation age, and time required for
the SOC in the revegetated soil to reach the level at the Nat site was
estimated by the ﬁtted model. Since degraded soil properties may not
show a full recovery (Sparling et al., 2003), the time required to reach
90% of the value at the Nat site was also calculated. Statistical analyses
were performed using SPSS 16.0 software (SPSS Inc., Chicago, USA),
and graphs were created using Origin 8.0 software (Origin Lab,
Northampton, USA).

3.3. Distribution of total carbon in soil
The density of soil total carbon (TC), including SOC, SIC, and RDC,
only increased signiﬁcantly along the revegetation chronosequence in
0–0.4 m layer (P < 0.05) (Fig. 2). In 0–0.4 m layer, the ratio of SOC
accounted in TC increased signiﬁcantly from the MSD (9.10%) to Nat
sites (30.0%), whereas the ratio of SIC decreased from 90.9% to 60.8%
along the revegetation chronosequence (Fig. 5). The ratio of RDC accounted little in TC, with average of 3.19%, and the highest value was
observed at Nat site (6.52%). Throughout the entire 0–3.0 m proﬁle,
SOC at the Nat site accounted for 19.3% of TC, and this value was
signiﬁcantly higher than other sites. The SIC density of Nat site was
lower than other sites, which presented values at > 87.0%.
3.4. Relationships of soil carbon, root-derived carbon and soil water content
Compared with the SIC, the RDC was more strongly related to the
SOC (Table A.3). Additionally, ﬁne root derived carbon had more positive relationships than dead root with SOC in both 0–0.4 m layer and
0–3.0 m proﬁle (P < 0.001) (Fig. 6). SOC density was only signiﬁcantly related to the soil water content in 0–0.4 m layer, which was
ﬁtted by exponential curve (R2 = 0.657, P < 0.001) (Fig. 7). Signiﬁcantly positive but weak correlations were found between live RDC
and soil water content in shallow layers, while between dead and rhizosheath RDC with soil water content in deep layers (Table A.4).

3. Results
3.1. Distribution of soil carbon
In each site, the SOC concentration of 0–0.1 m layer was higher than
that in the other layers, and the values increased gradually along the
revegetation chronosequence but remained nearly constant below
0.4 m (Fig. A.3). The SIC concentration in 0–0.1 m of the R29, R46, and
Nat sites was also higher than that of the other layers and increased
along the revegetation chronosequence. For the soil layers below 0.1 m,
it ﬂuctuated between the minimum and maximum values. The higher
SIC concentration of the MSD and R20 sites occurred in the 0.4–0.5 m
layer.
Along the revegetation chronosequence, the SOC density increased
signiﬁcantly in the three layers (0–0.4, 0.4–1.0, and 1.0–3.0 m) and the
whole proﬁle (0–3.0 m) (P < 0.001) (Fig. 2). The value in the 0–3.0 m

3.5. Estimation of the rate of soil organic carbon sequestration
The relationships between SOC and revegetated age were successfully ﬁtted by exponential curves, especially those of the 0–0.4 m and
0–3.0 m layers (P < 0.01) (Table 2). According to the estimation, the
SOC of the 0–0.4 m layer required 57.4 and 53.0 years to reach the full
and 90% level at the Nat site, respectively. As the depth increased, the
recovery time also increased to at least 100 years. For example, the SOC
in the 1.0–3.0 m of the revegetated sites required 176 years to reach the
31
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SOC (kg m-2)

5
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4 F = 17.0
P < 0.001
3
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0-3.0 m

F = 16.5
P < 0.001

F = 19.5
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F = 16.0
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c

a

2
1
a

a

ab

c
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a
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ab

c

b

b

a

b

a
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a

a

0

SIC (kg m-2)

30
F = 2.74
20 P = 0.079

F = 0.23
P = 0.916

F = 0.45
P = 0.773

F = 0.53
P = 0.714

F = 8.63
P < 0.01
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F = 8.38
P < 0.01
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RDC (kg m-2)

0

F = 5.34
0.3 P < 0.05

b

0.2
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0.1
0.0
30

TC (kg m-2)

c

0.4

a

bc

bc

ab

ab
b

ab

a

b

ab

a

a

F = 3.60
P < 0.05

F = 0.21
P = 0.929

F = 0.79
P = 0.552

F = 1.07
P = 0.412

20
10
a

ab

ab

ab

b

0
MSD R20 R29 R46

Nat

MSD R20 R29 R46

Nat

MSD R20 R29 R46

Nat

MSD R20 R29 R46

Nat

Site
Fig. 2. Comparisons of soil carbon in diﬀerent soil layers between the ﬁve sites. SOC, SIC, RDC, and TC represent soil organic carbon, soil inorganic carbon, root
derived carbon, and total carbon in soils. All values were mean ± se (the same as below). Values with diﬀerent letters are signiﬁcant at P < 0.05.

0-0.4 m

0.4-1.0 m
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Ratio of SIC (%)

Ratio of SOC (%)

100
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0

1.0-3.0 m

80
60
40
20
0

MSD

R20

R29

R46

Nat

MSD

R20

R29

R46

Nat

Site
Fig. 3. Ratios of SOC and SIC in diﬀerent soil layers accounted in the whole soil proﬁle (0–3.0 m) at the ﬁve sites.

4. Discussion

levels at the Nat site. In terms of the entire 0–3.0 m proﬁle, the recovery
time shortened but was still longer than that of the 0–0.4 m layer
(Table 2).

4.1. Eﬀects of revegetation on soil carbon accumulation
Revegetation performed on moving sand dunes in diﬀerent years
formed a valuable succession chronosequence for evaluating the potential eﬀects of revegetation on soil carbon accumulation in water32
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Ratio of RDC (%)
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potential reserve for the rapid accumulation of SOC. Similar conclusions have drawn by many previous studies (Huang et al., 2012; GarciaFranco et al., 2014), particularly in water-limited ecosystems
(Berthrong et al., 2012). According to our results, the most signiﬁcant
changes were contributed by SOC. On the one hand, such increase
should be related to the improved microenvironments induced by revegetation. The planted shrubs, naturally inhabited herbaceous species,
the colonization and development of BSCs both produce additional
organic matters, which increasing carbon input prior to the shallow
soils (Li, 2012). Also, the increased clay content and strengthened
biogeochemical cycles, such as nitrogen cycle will facilitate SOC accumulation (Jobbágy and Jackson, 2000; van Groenigen et al., 2006).
On the other hand, the continuous accumulation of SOC may have been
favored by the lower decomposition of SOC in dry environments
(Grunzweig et al., 2007). Although rapid accumulation of SOC was
observed, the full rehabilitation of SOC still required long time. The
results showed that 57.4 years are required to reach the SOC level in the
0–0.4 m layer of Nat site. Li et al. (2007a) indicated the time for SOC in
the 0–0.05 m layer to reach the 90% level of Nat site was 44-years. In
the 0.4–1.0 m and 1.0–3.0 m layers, > 100 years were required. These
results implicated that SOC accumulation rate is not only slow in
shallow layers, but also in deep layers.
In this study, SIC showed a negligible increase, although its ratios
showed a clear decreasing contribution to the total carbon over the
revegetation chronosequence. The SIC pool accounted for at least
79.2% of the total carbon in the 0–3.0 m proﬁle, which was similar to
the value of 84.0% in arid and semi-arid areas of China (Mi et al.,
2008). Generally, SIC maintains a relatively high concentration but a
low rate of formation and dissolution (Lal, 2009). A study from the
Loess Plateau reported that revegetation does not facilitate net SIC
accumulation but leads to the redistribution of SIC along the soil proﬁle
(Chang et al., 2012). In our study, the slower accumulation of SIC than
SOC was responsible for the declines in the SIC ratio. In dry soils, decreases in the soil water content or partial pressure of CO2 or increases
in the Ca2+ or HCO−3 concentration can lead to a favorable soil
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Fig. 7. Regression analyses between soil water content and SOC density in
0–0.4 m layer.

limited ecosystems. The results showed that only total carbon density of
the shallow layers (0–0.4 m) increased signiﬁcantly over the revegetation chronosequence (Fig. 2). In addition, the SOC ratio increased in the
shallow layers but decreased in the deep layers, whereas the SIC ratio
remained stable over the chronosequence (Fig. 3).
Prior land use was considered a primarily determinant of soil carbon
accumulation following revegetation (Paul et al., 2002). In the present
study, revegetation was conducted on sandy soils with poor productivity and commonly lack SOC. Thus, the soils may represent a

Table 2
Relationships between SOC density in diﬀerent soil layers and the age of revegetated dunes, and estimation of years needed to reach the full or 90% of SOC level
(asymptote) at the Nat site.
Soil layer

Relationship

R2

P

Asymptote (kg m−2)

Years to reach asymptote

90% of asymptote (kg m−2)

Years to reach 90% of asymptote

0–0.4 m
0.4–1.0 m
1.0–3.0 m
0–3.0 m

y = 0.175 ∗ exp. (0.0238x)
y = 0.234 ∗ exp. (0.00631x)
y = 0.710 ∗ exp. (0.00522x)
y = 1.10 ∗ exp. (0.00959x)

0.967
0.063
0.231
0.732

< 0.01
< 0.05
< 0.01
< 0.01

0.687
0.655
1.77
3.12

57.4
163
176
109

0.618
0.590
1.60
2.80

53.0
146
155
97.6
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5. Conclusions

environment for SIC change (Wilding et al., 1990; Mi et al., 2008). The
SIC distribution along a soil proﬁle is also closely related to the inﬁltration of rainfall (Schlesinger and Pilmanis, 1998). Generally, the
inﬁltration depth of rainwater depends on the rainfall characteristics
(amount, intensity, duration, and inter-event time) (Wang et al., 2008)
and soil surface conditions (such as BSCs) (Li, 2012). In this study, the
low and variable rainfall regime together with the well-developed BSCs
and topsoils with high water-holding capacity, resulted in a lack of
rainwater inﬁltration at soil depths below 0.4 m following long-term
revegetation (Wang et al., 2008; Li et al., 2010). These conditions
further restrain the formation, leaching, and precipitation of carbonates.

We investigated the changes in soil carbon storage along the
0–3.0 m soil proﬁle, including SOC, SIC, and RDC following revegetation with xerophytic shrubs in a desert area of China. Over the 46-year
revegetation chronosequence, SOC and total carbon in soils of the entire
0–3.0 m proﬁle increased signiﬁcantly. Our ﬁndings highlighted that
improvement of soil carbon was a slow process, especially in deep soils,
and predominant changes came from accumulation of SOC. SIC pool
was larger than SOC pool, which accounts > 65% of the total carbon of
soil in the shallow and 82% in the deep layers. In terms of the storage
time, SIC pool was more durable. Though accounting a small proportion
in the total carbon of soil, RDC closely linked with SOC, especially in
the shallow layer. We demonstrated that the relative superior condition
of soil water content in shallow layer lead to the accumulation of soil
carbon. Further studies are needed to analyze the dynamic contribution
of root-derived carbon to soil carbon, inﬂuences of soil properties on
soil carbon with innovative approaches in such water-limited ecosystems.

4.2. Contribution of root-derived carbon to soil carbon
The RDC content and its ratios in total soil carbon were much lower
than that of the soil carbon, and the average ratio of RDC to TC was
3.19% in the 0–0.4 m layer. However, RDC should not be overlooked
because root systems provide the primary input of organic carbon into
soil (Balesdent and Balabane, 1996; Rasse et al., 2005). As revealed by
Zhang et al. (2008, 2009), root systems of dominant plants in present
study area have a high turnover rate and will provide continuous
contribution to the soil carbon pool. Our results showed that both the
total RDC and its ratio to the total carbon increased over the chronosequence (Figs. 2 and 5). Available studies showed that most of the
accumulated soil carbon is derived from root turnover, and deep-rooted
species have considerable potential to sequester carbon in deep soil
layers (Fisher et al., 1994; Hu et al., 2016). In our study, the shrubs
selected for initial revegetation, such as C. korshinskii and H. scoparium,
are deeply rooted; whereas the dwarf shrub A. ordosica, which is a key
species in the latter successional phase, always distributes its roots
within shallow soil layers (Zhang et al., 2008, 2009). Shallow-distributed root systems and increased plant biomass allocated to shallow
layers may leave distinct imprints on the relative distribution of soil
carbon along with depth (Fig. 6).
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