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a b s t r a c t
Natural vegetation restoration and tree plantation are the two most important measures for ecosystem restoration on the Loess Plateau of China. However, few studies have compared the effects of the two contrasting measures on soil organic and inorganic carbon (SOC and SIC) sequestration or have further used SOC and SIC isotopes
to analyze the inherent sequestration mechanism. This study examined a pair of neighboring small watersheds
with similar topographical and geological backgrounds. Since 1954, natural vegetation restoration has been conducted in one of these watersheds, and tree plantation has been conducted in the other. The two watersheds have
now formed completely different landscapes (naturally restored grassland and artiﬁcial forestland). Differences
in soil bulk density, SOC and SIC content and storage, and SOC and SIC δ13C values were investigated in the two
ecosystems in the upper 1 m of the soil. We found that SOC storage was higher in the grassland than in the forestland, with a difference of 14.90 Mg ha−1. The vertical changes in the δ13CSOC value demonstrated that the two
ecosystems have different mechanisms of soil surface organic carbon accumulation. The SIC storage in the grassland was lower than that in the forestland, with a difference of 38.99 Mg ha−1. The δ13CSIC values indicated that
the grassland generates more secondary carbonate than the forestland and that SIC was most likely transported
to the rivers from the grassland as dissolved inorganic carbon (DIC). The biogeochemical characteristics of the
grassland were favorable for the formation of bicarbonate. Thus, more DIC derived from the dissolution of root
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and microbial respired CO2 into soil water could have been transported to the rivers through ﬂood runoff. It is
necessary to study further the transportation of DIC from the grassland because this process can produce a
large potential carbon sink.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction
Anthropogenic CO2 emissions into the atmosphere represent the
largest human contribution to climate change in the past 100 years
(Canadell et al., 2007). Accumulating carbon in the terrestrial biosphere
is considered a promising option for mitigating the buildup of atmospheric CO2 (Schlesinger, 1999; Scholes and Noble, 2001; Lal, 2004a).
Soil is the largest carbon pool in terrestrial ecosystems, storing approximately 1550 Pg (1 Pg = 1015 g) of soil organic carbon (SOC) and 950 Pg
soil inorganic carbon (SIC) (Batjes, 1996), more than three times the
quantity of carbon in the biota or the atmosphere (Lal, 2004a). Previous
studies have shown that the carbon sequestration potential of global
soils is 0.4–1.2 Pg C yr−1, or 5–15% of global fossil fuel emissions (Lal,
2004a). However, there is uncertainty about the size and global distribution of the pools and ﬂuxes of carbon in the soil (Houghton, 2003).
To assess the carbon sequestration potential of terrestrial ecosystems
for mitigating global climate change, it is important to have a comprehensive understanding of the magnitudes of the carbon sink and accumulation mechanisms operating under different vegetation and
ecosystem management strategies (Schimel et al., 2001; Ciais et al.,
2008; Huang et al., 2010; Pan et al., 2011).
Natural vegetation restoration and tree plantation are two important measures for the remediation of degraded ecosystems. Many previous studies have demonstrated that both measures can signiﬁcantly
promote soil carbon storage (Houghton et al., 1999; Lal, 2004b;
Woodbury et al., 2007; Piao et al., 2009; Huang et al., 2012). Compared
with tree plantation, natural vegetation restoration requires a longterm process to restore the function of the ecosystem. Therefore,
many countries, especially developing countries, have chosen tree plantation as a priority method of promoting ecosystem restoration and
carbon sequestration (Watson et al., 2000). In China, for example,
28 million ha of plantations was established from 2000 to 2005
(Chazdon, 2008), and a commitment has been made to increase forest
area by 40 million ha from 2006 to 2020 to reduce the associated carbon
footprint (Yin et al., 2010; Cao et al., 2011). In humid regions, it is appropriate to use tree plantation to promote ecosystem restoration and carbon sequestration, although this method has raised grave concerns in
arid and semiarid regions (Cao et al., 2010; Wang and Cao, 2011). Currently, there is a great need to compare the effects of natural vegetation
restoration and tree plantation on soil carbon storage and distribution.
The resulting information will help in assessing the carbon beneﬁts
resulting from various restoration measures.
SOC is the focus of most studies in terrestrial carbon research because of its importance in regulating ecosystem function and the greenhouse effect (Lal, 2004a). However, the soil carbon pool includes two
principal components, SOC and SIC (Schlesinger, 1982; Batjes, 1996).
Because SIC is the most common form of carbon in arid and semiarid regions, the SIC pool and its dynamics are much more important than previously recognized (Schlesinger, 1999; Lal and Kimble, 2000; Emmerich,
2003; Mi et al., 2008; Wang et al., 2010). For example, Xie et al. (2009)
have found that inorganic carbon absorption by saline/alkaline soils in
northwest China could be as high as 62–622 g C m−2 yr−1, orders of magnitude greater than the previously reported carbonate accumulation rates
of desert ecosystems (Schlesinger, 1982, 1985; Lapensis et al., 2008). Although this result has been questioned (Stone, 2008; Schlesinger et al.,
2009), this uncertainty also indicates that a better understanding is needed
for SIC dynamics and processes in arid and semiarid regions.
The SIC pool comprises two components: lithogenic inorganic carbon (LIC) and pedogenic inorganic carbon (PIC). The former is inherited

from the parent material of the soil; the latter is formed through the dissolution and precipitation of carbonate parent material and consumes a
mole of atmospheric CO2 during carbonate dissolution, but it liberates
an equal amount during pedogenic carbonate precipitation (Wu et al.,
2009):
CaCO3 þ H2 O þ CO2 →2HCO3
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Eqs. (1) and (2) indicate that pedogenic carbonate formation cannot
produce a net increase in SIC. However, if the DIC formed through the
dissolution of root- and microbial-derived CO2 into soil water (CO2–
H2O) and carbonate (CaCO3–CO2–H2O) was transported to rivers primarily through surface and subsurface runoff, this type of carbon transportation could produce a large potential carbon sink (Liu et al., 2010).
Moreover, the process of calcrete reservoir weathering can also lead to
the sequestration of atmospheric CO2 on land. This process consumes
two moles of atmospheric CO2 for every mole released during the precipitation of pedogenic carbonate (Wu et al., 2009):
2CO2 þ 3H2 O þ CaSiO3 →H4 SiO4 þ 2HCO3
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In recent years, an increasing number of studies have found that soil
δ13C analysis is helpful in interpreting the mechanisms of SOC accumulation (Leavitt et al., 1994; Bird and Pousai, 1997; Ehleringer et al., 2000;
Wynn et al., 2006; Wei et al., 2012). Surface soil generally has a much
lower δ13C value due to the inﬂuence of a high input of new carbon
and the Suess effect (the decline of 13C atmospheric CO2 values with
the burning of fossil fuels since the Industrial Revolution) (Friedli
et al., 1986; Yu et al., 2005; Alewell et al., 2011). With increasing
depth, plant carbon input decreases and the content of 13C-enriched stable carbon increases, producing a sensitive indicator of changes in the
value of δ13C (Ehleringer et al., 2000). Wei et al. (2012) have indicated
that soil δ13C is a more sensitive index than SOC content for analyzing
the dynamics of SOC, which are comprehensively controlled by soil carbon input and decomposition. In addition to soil organic δ13C, soil inorganic δ13C can be used to analyze the weathering and precipitation
process of carbonate (Karim and Veizer, 2000; Das et al., 2005; Li
et al., 2008; Renforth et al., 2009). The above analysis shows that the
SIC pool is composed of LIC and PIC and that the two different pools
have different δ13C values. The LIC pool is inherited from parent material
and generally presents high δ13C values, whereas the PIC pool results
from the precipitation of carbonate ions derived from root and microbial respiration and calcium ions yielded by weathering reactions and
generally presents low δ13C values (Cerling et al., 1989; Boutton,
1991; Rao et al., 2006; Li et al., 2013). Therefore, the soil inorganic
δ13C value can be of substantial assistance in analyzing the inherent
mechanism of SIC sequestration and transformation.
The Loess Plateau of China is a unique geographical unit characterized by extensive loess distribution, serious soil erosion, low vegetation
coverage, and high soil carbonate content. Since the 1950s, the Chinese
government has made great efforts to control soil erosion and restore
vegetation, including large-scale tree plantation in the 1970s, integrated
soil erosion control in the 1980s and 1990s, and the “Grain for Green
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Project” in the 2000s (Chen et al., 2007; Zhou et al., 2013; Zhao et al.,
2013). Currently, the ecological restoration of the Loess Plateau has produced remarkable achievements: an increase in vegetation coverage, a
decrease in soil erosion, and an enhancement of ecosystem services
(Lü et al., 2012; Feng et al., 2013). Soil carbon sequestration is a critical
index for evaluating the efﬁciency of ecological restoration. Previous
studies have unanimously indicated that ecological restoration signiﬁcantly promotes soil carbon storage (e.g., Chen et al., 2007; Wei et al.,
2009; Chang et al., 2011; Wang et al., 2011; Feng et al., 2013; Qiu
et al., 2013; Zhan et al., 2013). However, most of these studies have focused on SOC, with only a few investigating SIC (Zhang, 2012; Chang
et al., 2012; Tu et al., 2012). The results of these studies show that the
mean density and storage of SIC in the 0–100 cm soil layer on the
Loess Plateau are more than twice that of the SOC pool (Liu et al.,
2011; Zhang, 2012) and represent 21.66% of the total SIC storage in
China (Mi et al., 2008). Therefore, the SIC pool of the Loess Plateau
may make an important contribution to the national carbon budget.
Moreover, natural vegetation restoration and tree plantation are the
two most important measures for ecosystem restoration. However,
few studies have compared the effects of the two contrasting measures
on SOC and SIC sequestration or have further used soil organic and inorganic carbon isotopes to analyze the inherent sequestration mechanism.
This study examined two neighboring small watersheds on the Loess
Plateau with similar topographical and geological backgrounds. Since
1954, natural vegetation restoration has been conducted in one of

617

these watersheds and tree plantation in the other. The watersheds
have now formed completely different vegetation landscapes (DZG:
grassland; YJG: forestland). The objectives of this study were to (1) examine the difference in SOC and SIC sequestration between natural vegetation restoration and tree plantation and (2) identify the inherent
mechanism of carbon cycling using the soil organic and inorganic carbon isotope method.
2. Materials and methods
2.1. Study site
This study was conducted in the Nanxiaohe Basin, located in the
Xifeng District of Qingyang city, Gansu province (Fig. 1). The region
has a semi-arid continental climate with a mean annual temperature
of 9.3 °C and an average annual precipitation of 556.5 mm. The precipitation from June to September represents 67.3% of the annual precipitation. The area has a hilly loess landscape with elevations varying from
1050 m to 1423 m. The soil layer is approximately 250 m thick, and
the soil type is silt loam (Li, 2006).
In the basin, a pair of small neighboring watersheds with similar topographical and geological backgrounds, Dongzhuanggou (DZG) and
Yangjiagou (YJG), was selected to compare the effects of natural vegetation restoration and tree plantation on soil carbon storage and distribution. DZG is 1.6 km long and has an area of 1.15 km2. Since 1954, DZG

Fig. 1. Map showing the location of the study area in Xifeng District, Qingyang City, Gansu Province, including the Dongzhuanggou (DZG) watershed and the Yangjiagou (YJG) watershed.
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has been subject to natural vegetation restoration measures, and it now
supports grassland vegetation. The principal grass species are Arundinella
hirta, Agropyron cristatum, and Artemisia argyi. YJG is 1.5 km long and has
an area of 0.87 km2. The principal afforestation activities in the YJG
occurred in 1954–1958, and the current timber volume is 4000 m3 (Li,
2006). The principal planted species are Robinia pseudoacacia, Platycladus
orientalis, Pinus tabuliformis, Prunus sibirica, Populus davidiana, and Salix
matsudana. After 60 yr of vegetation restoration and construction, the
two small watersheds have formed completely different vegetation
landscapes (DZG: grassland; YJG: forestland). The original purpose of
the two small watersheds was to compare the effects of ecological management and non-management on soil erosion. However, the contrasts
also provide an opportunity to examine the difference in soil organic
and inorganic carbon sequestration.

generate CO2 (Ning et al., 2006). Carbon isotope ratios (δ13C) were determined using an MAT-252 gas source mass spectrometer with a dual
inlet system. The CO2 gas was extracted and puriﬁed cryogenically,
and the isotope composition of the extracted CO2 gas was analyzed
with the spectrometer. The 13C/12C ratio was expressed in δ notation
as parts per thousand deviations (‰) from the Pee Dee Belemnite
(PDB) standard:
13

δ C¼

h

i
Rsample −Rstandard =Rstandard  1000

ð7Þ

where R is the 13C/12C ratio. The analytical precision with the running
standard (MAT-252) was 0.2% (Wei et al., 2012).
2.3. Statistical analyses

2.2. Soil sampling and laboratory analysis
Soil sampling was performed in May and September, 2013. To obtain
the average content and vertical distribution of SOC and SIC, 14 sampling sites were established in the DZG-grassland and 14 in the YJGforestland. The sampling sites were randomly distributed on the gully
slopes, and soil samples were collected to a depth of 1 m. Soils were
sampled at intervals of 10 cm using a hand-held auger (6 cm in diameter), and 10 soil samples were obtained at each site. Accordingly, 140
soil samples were obtained in the grassland and 140 in the forestland.
Three soil proﬁles at a depth of 0–100 cm were established in the grassland and three in the forestland to measure the soil bulk density (BD)
and δ13C values. Three replicate samples at intervals of 10 cm were
taken for soil BD analysis using a soil corer (a stainless steel cylinder
100 cm3 in volume) for each proﬁle. Soil samples at the same distance
intervals were collected and used to analyze soil organic and inorganic
δ13C.
All the collected soil samples were air dried in the laboratory, and
gravel and roots in the soil were carefully removed. The air-dried soil
samples were ground in an agate mortar and passed through a
0.15 mm sieve. For the determination of SOC content, the soil samples
were digested in K2Cr2O7–H2SO4 solution using a heated oil bath, and
the organic carbon concentration was then determined by titration
(Bao, 1999). The SIC content was analyzed using the CM140 Total Inorganic Carbon Analyzer (UIC, Inc. Rockdale, Illinois, USA), which combines a self-contained unit for the acidiﬁcation of a sample (to evolve
CO2) with a highly sensitive CO2 detector and allows the direct measurement of total inorganic carbon in a wide variety of sample matrices
and concentrations. The soil samples for BD were dried at 115 °C for
24 h. The SOC and SIC storage (Mg ha− 1) values were calculated as
follows:
SOC ¼

n
X

Di  BDi  OCi =10

An independent-samples t-test was performed to test the signiﬁcance of the differences in soil BD, SOC and SIC content, and storage at
an alpha level of 0.05 (a = 0.05) between the DZG-grassland and YJGforestland. All statistical analyses were performed with the Statistical
Program for Social Sciences (SPSS 11.0, SPSS Inc., 2001). The ﬁgures
were processed in Excel 2003 and Grapher 8.
3. Results
3.1. Soil bulk density
The soil BD differed between the DZG-grassland and YJGforestland (Fig. 2). The soil BD in the forestland increased gradually
from 1.29 g cm−3 in the top layer to 1.51 g cm−3 in the deepest layer,
whereas the soil BD in the grassland ﬂuctuated. In the entire soil proﬁle,
the soil BD of the forestland (mean BD = 1.45 g cm−3) was greater than
that of the grassland (mean BD = 1.34 g cm−3).
3.2. SOC content and storage
The SOC content showed substantial differences between the DZGgrassland and the YJG-forestland (Fig. 3). In contrast to the soil BD, the
SOC content of the forestland was lower than the SOC of the grassland,
averaging 5.22 and 3.84 g kg− 1, respectively. The vertical changes in
SOC content showed that most of the SOC accumulated in the surface
soils and that the SOC content decreased signiﬁcantly in the 0–30 cm
soil layers. The grassland stored more SOC than the forestland. The

ð5Þ

i¼1

SIC ¼

n
X

Di  BDi  ICi =10

ð6Þ

i¼1

where Di, BDi, OCi, and ICi represent the soil thickness (cm), bulk density
(g cm− 3), organic carbon content (g kg− 1), and inorganic carbon
content (g kg−1), respectively, of the ith horizon of the soil proﬁle.
For the determination of the SOC isotope composition, approximately 5 g of sieved soil sample was steeped in 2 M HCl for 24 h to remove
the inorganic carbon. The samples were then washed with distilled
water until the pH exceeded 5 and were dried at 40 °C. The dried samples were combusted for 2 h at 850 °C in an evacuated sealed quartz
tube in the presence of silver foil and cupric oxide (Wei et al., 2012).
For the determination of the SIC isotope composition, the sieved soil
sample was allowed to react with 100% H3PO4 for 2 h at 75 °C to

Fig. 2. Differences in soil bulk density between the DZG-grassland and the YJG-forestland.
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Fig. 3. Differences in SOC content between the DZG-grassland and the YJG-forestland.

amounts of SOC to a depth of 1 m in the forestland and in the grassland
were 52.94 and 67.84 Mg ha−1, respectively (Fig. 4a). In the 0–100 cm
soil layer, the SOC stored in the top 30 cm represented 53.54% and
49.59% of the totals for the forestland and grassland, respectively
(Fig. 4b).
3.3. SIC content and storage
The SIC content also differed between the DZG-grassland and the
YJG-forestland (Fig. 5). The forestland showed a higher SIC content
than the grassland. The mean values were 15.97 and 14.55 g kg−1 for
YJG and DZG, respectively. The SIC content in the forestland gradually
increased with depth, whereas the SIC content of the grassland ﬂuctuated in the deep soil layers. The forestland stored more SIC than the grassland. The amounts of SIC in the ﬁrst 1 m of soil in the forestland and in
the grassland were 233.28 and 194.29 Mg ha−1, respectively (Fig. 6a).
The proportion of SIC storage changed little among soil layers (Fig. 6b).
3.4. δ13C values of SOC and SIC
13

The δ C values of SOC and SIC differed between the DZG-grassland
and YJG-forestland (Fig. 7). The grassland showed higher δ13CSOC values
than the forestland. These values ranged from −22.09‰ to −20.32‰
and from 23.08‰ to − 21.48‰, respectively. The vertical changes in
δ13CSOC showed that the grassland displayed a marked increase in soil
δ13C values in the top 20 cm; in the forestland, however, the δ13CSOC
values varied relatively little. The δ13C values of SIC showed that the
grassland had lower values of δ13CSIC than the forestland, with values
ranging from − 5.87‰ to −6.19‰ and from 5.11‰ to 5.48‰, respectively. The grassland showed an evident decrease of δ13CSIC values
with depth, whereas the forestland showed a slight increasing trend
(Fig. 8).

Fig. 4. Storage of SOC (a) and various soil layer distribution proportions (b) in the DZGgrassland and the YJG-forestland.

4. Discussion
4.1. The effects of natural vegetation restoration and tree plantation on SOC
sequestration and the implications of δ13CSOC for the mechanism of SOC
accumulation
In the areas investigated by this study, natural vegetation restoration
and tree plantation have formed completely different landscapes in the
DZG and YJG after 60 years of vegetation restoration and construction.
Currently, the DZG watershed is a forestland ecosystem, whereas the
YJG watershed is a grassland ecosystem. The patterns of the soil carbon

Fig. 5. Differences in SIC content between the DZG-grassland and the YJG-forestland.
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Fig. 7. Changes in soil δ13CSOC values with depth in the DZG-grassland and the YJGforestland.

Fig. 6. Storage of SIC (a) and various soil layer distribution proportions (b) in the DZGgrassland and the YJG-forestland.

cycle in the two ecosystems clearly differ, but the magnitude of the
difference is poorly understood. Our results showed that the DZGgrassland stored 14.90 Mg ha− 1 more SOC than the YJG-forestland
(Fig. 4a). This result indicates that naturally restored grassland is more
beneﬁcial to surface SOC sequestration than tree plantation. This ﬁnding
is in agreement with the results of many previous studies. For example,
Lugo and Brown (1993) found that tropical grasslands could accumulate more SOC than the adjacent forests; Tate et al. (2000) reported
that the SOC storage in the total proﬁle was 13% higher in a grassland
than in a forest; a review by Conant et al. (2001) reported that conversion from native land cover (primarily rain forests) to grassland increased the soil carbon content in nearly 70% of the reviewed studies;
Guo and Gifford (2002) indicated that soil carbon stocks could be higher
under natural grassland than under natural forest. On the Loess Plateau,
many studies have found similar results. In native grassland and adjacent woody lands of the northern Loess Plateau, Wei et al. (2009)
found that the native grassland was more effective in soil surface organic carbon accumulation. Moreover, Wang et al. (2011) found that the
ecological succession of grassland communities had a signiﬁcant effect
on SOC sequestration, whereas no such effect was detected for forests
in the central Loess Plateau. Through a comparative study of the

western Loess Plateau, Wei et al. (2012) found that naturally restored
grassland would be a more effective vegetation type for SOC sequestration due to a higher carbon input from roots.
A large number of studies have demonstrated that the measurement
of δ13CSOC values with depth could provide more detailed information
than SOC content in analyzing the mechanisms of SOC accumulation.
For a soil proﬁle, the variation in soil δ13C values with depth is primarily
inﬂuenced by SOC decomposition, the mixing of new carbon with old,
and the Suess effect (Friedli et al., 1986; Nadelhoffer and Fry, 1988;
Ehleringer et al., 2000; Alewell et al., 2011). Wei et al. (2012) reported
that the Suess effect was minimal on the Loess Plateau and that SOC decomposition and the mixing of new carbon with old were the principal
factors controlling the vertical changes in the δ13CSOC value. In general,
plant litter has a relatively low δ13C value. Thus, the input of plant carbon can produce lower δ13CSOC values (Trolier et al., 1996; Yu et al.,
2005). At the soil surface, most of the carbon is derived from the aboveground litter and, therefore, shows the most negative values of δ13CSOC;
with increasing depth, the plant carbon input decreases, and the

Fig. 8. Differences in soil δ13CSIC values between the DZG-grassland and the YJG-forestland.
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proportion of 13C-enriched microbial-derived carbon increases, producing an increase in δ13CSOC values (Ehleringer et al., 2000). In this study,
the SOC content in the forestland decreased markedly in the top
30 cm and then varied little in the deeper soil layers, indicating that
the principal carbon input was derived from the top soil layer. However,
the δ13CSOC values of the forestland showed relatively small variation
from the soil surface to a depth of 40 cm (Fig. 7), indicating that the
stored carbon in the top soil layer was not derived primarily from the
aboveground litter but, most likely, from the ﬁne roots of the understory
plants, which were primarily distributed in the surface layer of the soil.
Similar to the forestland, the grassland displayed a marked decrease in
SOC content in the surface soils (0–20 cm). However, in contrast to
the deep soils of the forestland, the deep soils of the grassland still
maintained a relatively high carbon content (Fig. 3), indicating that
the ﬁne grass roots densely distributed in the deep soil layers could
play an important role in subsurface SOC accumulation. Moreover,
the grassland displayed a marked increase in δ13CSOC values in the
top soil layers (0–20 cm) (Fig. 7), showing that the principal input
of surface soil carbon in the grassland is most likely derived from
the aboveground litter.
4.2. The effects of natural vegetation restoration and tree plantation on SIC
sequestration and the implications of δ13CSIC for the mechanism of SIC
transformation
SIC represents the largest soil carbon pool on the Loess Plateau. The
amount of SIC to a depth of 1 m is 10.20 Pg C, more than twice the corresponding SOC pool (Liu et al., 2011; Zhang, 2012). However, the factors affecting the dynamics of SIC are poorly understood. Recently,
Chang et al. (2012) examined the effects of land use conversion from
cropland to forest on SIC content in the central Loess Plateau and concluded that this type of land use change could redistribute SIC along
the soil proﬁle but would not affect the net SIC accumulation. Moreover,
Zhang (2012) investigated the effects of different vegetation types on
SIC content and found that the density of SIC in forestland and shrubland is higher than that in grassland and cropland. In this study, we
also found that forestland showed a higher content of SIC than grassland, a difference of 0.39 kg m−2. However, it is difﬁcult to conclude
that forestland has a greater potential as a SIC sink than grassland due
to the changes in SIC content because the SIC pool is composed of LIC
and PIC. Geochemical studies of loess have shown that the LIC and PIC
of the Loess Plateau have different δ13C values (Wen, 1989; Gu, 1991;
Ning et al., 2006). The LIC is transported from a region where dust originates, and it shows high δ13C values (Wang et al., 2005; Cao et al.,
2008), whereas the PIC results from the dissolution and precipitation
of carbonate parent material and presents low δ13C values (Wen,
1989). Therefore, the difference between the δ13C values of LIC and of
PIC can be used to analyze the dynamics of SIC.
In this study, we found that the grassland showed lower values of
δ13CSIC than the forestland. The average values were − 6.01‰ and
−5.30‰, respectively, indicating that the grassland generates more secondary carbonate than the forestland. It is clear that the dissolution and
precipitation of carbonate cannot result in net SIC accumulation, as a
mole of atmospheric CO2 is consumed during carbonate dissolution,
but an equal amount is liberated during pedogenic carbonate precipitation (Lal and Kimble, 2000; Emmerich, 2003; Wu et al., 2009; Zhang,
2012). Therefore, the two ecosystems should, theoretically, show the
same SIC content even if more LIC has been transformed into PIC. However, we found that the forestland had a higher SIC content than grassland, a result that contradicted the theoretical prediction. We speculate
that the missing SIC of the grassland is most likely transported to the
rivers through ﬂood ﬂow. Previous studies have shown that the soil
water regime of the grassland is superior to that of the forestland
(Huang et al., 1999; Wang et al., 2004). The good soil water condition,
dense ﬁne grass roots and abundant soil organic matter favor the formation of bicarbonate and thus accelerate the dissolution of carbonate in
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the grassland, especially during rainy periods. DIC moves readily via surface and subsurface runoff. The vertical changes in δ13CSIC illustrated
that the grassland displayed an obvious decrease in δ13CSIC values with
depth, whereas the forestland displayed a slightly increasing trend
(Fig. 8), indicating that the grassland is effective in DIC leaching. Moreover, the annual ﬂood runoff and sediment discharge of the grassland
were observed to be greater than that of the forestland (Fig. 9). Thus,
more DIC could have been transported to the rivers and, subsequently,
to the reservoir or ocean sediments to produce a long-term carbon
sink. Liu et al. (2010) reported that this new type of carbon sink might
play an important role in the global carbon cycle.
5. Conclusions
Natural vegetation restoration and tree plantation are the two most
important measures for ecosystem restoration on the Loess Plateau.
These restoration measures have produced completely different vegetation landscapes in DZG (grassland) and YJG (forestland) after 60 years
of vegetation restoration and construction. The results of this study
showed that the two ecosystems had completely different mechanisms
of SOC and SIC storage and distribution. The naturally restored grassland
stored more SOC than the artiﬁcial forestland, and the two ecosystems
had different mechanisms of surface soil carbon accumulation. In contrast to the results for SOC, the SIC results showed that the grassland
stored less SIC than the forestland, incorrectly indicating that the forestland has a greater potential as an SIC sink than the grassland. The δ13CSIC
values indicate that the grassland generates more secondary carbonate
than does the forestland and that the apparent SIC deﬁcit of the grassland is most likely the result of DIC transport to the rivers. DIC transport
and further sedimentation could produce a large potential carbon sink.
Accordingly, we preliminarily judge that naturally restored grassland
is more beneﬁcial than tree plantation to soil surface SIC and SOC sequestration on the Chinese Loess Plateau.
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