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Long-Term Effects of Natural Enclosure: Carbon
Stocks, Sequestration Rates and Potential for
Grassland Ecosystems in the Loess Plateau

The aim of this study was to better understand the effects of grassland restoration on
carbon sequestration at the total carbon stock (plant and soil) scale. The objective of the
study was to investigate the temporal carbon sink and sequestration dynamics of
grassland ecosystems with five different succession communities, namely, Stipa grandis,
Stipa bungeana, Artemisia sacrorum, Thymus mongolicus, and cropland succession in the
hilly-gully region of the Loess Plateau, China. Twenty-four research papers were analyzed
to form the basis of the subsequent field survey conducted at the Yunwu Observatory for
Vegetation Protection and Eco-environment in Ningxia. Following the conversion of
cropland to grassland, carbon sequestration values all increased at deeper soil depths of
40–100 cm; carbon stocks within the 0–40 cm profile were largely unchanged. Five time
intervals, 0 (cropland) 23, 35, 58, and 78 years yielded carbon stocks of 7.69, 14.58, 16.25,
19.22, and 19.95 kg/m2 at the total carbon stock scale. The main finding indicates that
the conversion of cropland to grassland results in significant changes to ecosystem
carbon pool properties. This finding has broad implications for the anthropogenic
management of terrestrial carbon sequestration at the regional scale.
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1 Introduction
That concentrations of global atmospheric carbon dioxide (CO2) have
increased during the last several decades and continue to do so [1, 2],
mainly due to the combustion of fossil fuels [3, 4]. The extent to which
this rise in atmospheric carbon dioxide contributes to global climate
change will likely be debated for some time to come. The same will
probably be true with respect to both the anticipated and realized
positive and negative effects of said change on human activities and
terrestrial vegetation [5, 6].
The largest terrestrial pool of organic carbon is stored in the world’s

soils [7]. Land-cover change can alter the amount of organic carbon
stored in the soil [8]. Carbon stocks in soils and vegetation respond to
changes in land use – and by implication, its management, and to be
able to fully realize the potential for terrestrial sequestration is
an attractive means of CO2 offset and greenhouse gas (GHG) reduction
in the near term [9]. Brown et al. [10] assert that carbon sequestration
through land usemodification andmanagement has been consistently
identified as an essential component of a comprehensive GHG

management strategy. Within such a framework, one option was to
restore degraded drylands and desert fringes to their original carbon
content, or where economically feasible, by increasing their carbon

storage capacity [10]. Terrestrial sequestration has the advantage of

providing multiple environmental and economic benefits [11] begin-
ning with linking the cost of carbon storage with that of ecosystem
restoration. The majority of these restoration efforts have been on
non-agricultural or newly abandoned cropland [12]. The restoration
of abandoned cropland achieves the goal of reducing to a fraction
the amount of carbon otherwise emitted and thus shares in the overall
cost of both restoring drylands and reducing atmospheric carbon.
However, the potential for carbon sequestration is restricted or limited
by land use change, especially the conversion from arable land to
semi-natural vegetation. Given that a sufficient surface of arable land
is needed to ensure food security; in short, because China needs
enough cropland to feed its population, the present limitation is
unlikely to change.
In China, the Loess Plateau has suffered from chronic erosion [13]

as a consequence of the fact that the plateau soils are now barren [14].
To simultaneously reduce land degradation and control soil and
water losses, the central government has carried out extensive
vegetation restoration throughout the past three decades [15]. Several
studies have addressed the effects of restoration on, for example,
water storage [16], aggregate formation and stability [17], vegetation
effects on C and N stocks [15], influences of vegetation restoration
on soil properties [14] and changes in above- and belowground
vegetation characteristics [18]. Within this context, previous research
on soil organic carbon stocks has mainly focused on the upper soil
layer [14, 19]. Little research effort has been reported regarding the
influence of ecosystem restoration on the production of soil organic
carbon at lower depths. Yet, understanding the carbon sequestration
dynamics of ecosystems is important for vegetation restoration,
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especially when converting cropland to grassland or reforested
plantation. More specifically, on the Loess Plateau, because of the
area’s very sparse natural vegetation, it is necessary to understand
the process of natural vegetation recovery and its importance to
ecological rehabilitation. A fuller appreciation of this process will
help guide ongoing vegetation restoration in western China [14].
In semi-arid hilly-gully loess regions, in which a hilly region

characterized by loess (slit-loam Aeolian deposits) has many gullies
due to water erosion, natural grasslands on degraded land were
rehabilitated to hold soil and water [20]. Over time the restoration
efforts developed different patterns of secondary succession.
Therefore, the objective of the field work was to investigate the
carbon sequestration dynamics of grassland ecosystems in five
different succession communities, namely, Stipa grandis, Stipa
bungeana, Artemisia sacrorum, Thymus mongolicus and cropland. The
study hypothesized that the carbon sequestration characteristics of
local grassland ecosystems, both plant and soil, were largely the
result of plant succession along a vegetation restoration chronose-
quencewhichmade differences between grazed and enclosed natural
grassland an important component of the research.

2 Materials and methods

2.1 Study method

A common method for studying vegetation restoration is to monitor
plants and soils under similar climatic and soil type conditions
following the sequence of vegetation development [21]. This
chronological method is widely adopted in applied ecosystem
research [22] and considered a “retrospective” research method
because it compares existing conditions with original conditions and
treatments [23]. The substitution of “space” for “time” is an effective
way of studying changes over time [23, 24]. Sites stabilized through re-
vegetation for different periods of time offer an ideal opportunity
to understand vegetation succession processes in extreme environ-
ments, because before re-vegetation, soil conditions are largely driven
by soil erosion.

2.2 Study site

The study was carried out in a grassland region of the Loess Plateau
(Fig. 1) where the Yunwu Observatory for Vegetation Protection and
Eco-environment, Ningxia, China is situated (1800–2148m a.s.l.). The
altitude of most of the land ranges between 1800 and 2040m and is
crisscrossed with steep gulleys. Hilly land makes up 90%, rivers and
villages 4%, and land suitable for intensive farming 6%. The region is
characterized by a semi-arid climate with heavy seasonally
distributed rainfall resulting in seasonal local floods and droughts.
The soil type in the study area is Aeolian soil (silt loam), and soil pH
ranged from 7.99 to 8.20 [19]. The study area’s Aeolian soil(s) receive
an annual mean precipitation of approximately 410.7mm (1960–
2010), which, for the most part, is distributed between July and
September. The area’s semi-arid temperate continental monsoon
climate produces an annual mean temperature of 6.7°C (1960–2010),
an annual mean total of 2518.2 sunshine hours, an annual mean
evaporation of 1600mm, and 137 frost-free days per year on
average. The main herbaceous plants are S. bungeana, T. mongolicus,
A. sacrorum, Potentilla acaulis, S. grandis, Androsace erecta, Heteropappus
altaicus, Artemisia capillaries, and A. frigid, of which, S. bungeana is the
most widely distributed.

The only remaining grassland on the Loess Plateau is found in this
region. It is protected by fencing and is more than 100 years old. In
the region, five sites on which vegetation has been allowed to
naturally rehabilitate for different periods of time according to the
process of plant succession [19] (Tab. 1) were chosen for investigation.
Fenced in 1980, the region covers approximately 1000ha. Before the
region was fenced its lands were cropland. In terms of their natural
succession times, the plant communities under study were: S. grandis
(78 years), S. bungeana (58 years), A. sacrorum (35 years), T. mongolicus
communities (23 years), and cropland (0 year). Grazed grasslands
are those grasslands outside the fenced area. These are mostly
degraded S. bungeana community grasslands. In the grazed grass-
lands, A. capillaries and A. frigid were the dominant species.

2.3 Data source

The study has collected data on the grassland vegetation and soils of
Yunwu Observatory, including soil organic carbon content (SOC), soil
organic matter (SOM), soil bulk densities (BD), above- and below-
ground biomass, root/shoot ratios, vegetation type, and restoration
period. For the purpose of the study, 24 different papers, all coming
from the Yunwu Observatory, accounting for 135 samples, published
between 2004 and 2012, were analyzed. Internationally, SOC usually
refers to the organic carbon stock at a medium depth (0–100 cm).
According to Powers et al. [25] field observations are sampled at
inconsistent depths that are typically only above 30 cm making it
difficult to draw reliable conclusions on land-use effects deeper in the
soil profile. Thus, somewhat typically, the published papers used in
this study had obtained values for the SOC or SOM at various depths
(0–200 cm). Consequently, for ease of comparison, the reported SOC
or SOM values were transformed into the SOC or SOM of one soil
layer. In the study, the SOC and SOM data all came from the collected
literature and the vegetation biomass came from both the collected
literature and our field survey.
In addition, in August 2011, four typical plots (T. mongolicus,

A. sacrorum, S. bungeana, and S. grandis) representing four restoration

Figure 1. Location of the Yunwu Observatory on the Loess Plateau.
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periods (23, 35, 58, and 78 years), were delineated. Each plot surveyed
five 1m� 1m quadrats. In each quadrat, the above- and belowground
biomass (0–100 cm) and soil BD at a depth of 0–100 cm soil (0, 5, 10, 20,
30, 50, 70, 100 cm) were observed.

2.4 Data processing

2.4.1 Data transformation

Of the literature-collected data, the biomass units of “kg/ha” and
“mg/ha” were transformed into “g/m2”. When the reported samples
only had SOM, their SOC was calculated using Guo and Gifford’s [26]
equation:

SOC ¼ 0:58 SOM ð1Þ

When the literature reported only above- or belowground biomass,
their above- or belowground biomass was estimated as follows: first,

according to the reported samples and our field survey data with both
above- and belowground biomass, to calculate the root/shoot ratios;
and then according to the mean values of the root/shoot ratios, to
estimate the above- or belowground biomass. Thus, in the end, every
sample had complete data for both above- and belowground biomass.
In addition, the study supposed that the carbon stock for cropland
vegetation was held to be zero because the crops had been harvested.

2.4.1.1 SOC

SOC ¼ SOC1 D1 þ SOC2 D2 þ � � � þ SOCi Di

D1 þ D2 þ � � � þ Di
ð2Þ

where SOC is the weighted mean soil organic carbon content in i soil
layer (g/kg); SOC1, SOC2,…, SOCi is soil organic carbon contents in soil
layers 1, 2, 3, and … (g/kg); D1, D2, …, Di is soil thickness of soil layers 1,
2, 3, etc., in cm.

2.4.1.2 Soil bulk density

BD ¼ BD1 D1 þ BD2 D2 þ � � � þ BDi Di

D1 þ D2 þ � � � þ Di
ð3Þ

where BD is the weighted mean bulk density in i soil layer (g/cm3);
BD1, BD2,…, BDi is soil bulk density in soil layers 1, 2, 3, and… (g/cm3);
D1, D2, …, Di is soil thickness of soil layers 1, 2, 3, etc., in cm. The study
collected the BD at a depth of 0–100 cm for the different restoration
periods from both the literature and fieldwork, and averaged them in
an arithmetic manner.

2.4.2 Carbon stock estimation

2.4.2.1 Vegetation carbon stock
The study used the following equation to calculate the vegetation
carbon stock [27]:

Cv ¼ BCf ð4Þ

where Cv is the vegetation carbon stock (g/m2), B is the vegetation
biomass (g/m2), and Cf is the plant biomass carbon coefficient. The
study set 0.45 as the plant biomass carbon coefficient for estimating
the vegetation carbon stock [27].Ta
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2.4.2.2 Soil carbon stock
The study used the following equation to calculate the soil organic
carbon stock [26]:

Cs ¼ BD � SOC� D
100

ð5Þ

where Cs is the soil organic carbon stock (kg/m2), BD is the soil bulk
density (g/cm3), SOC is the soil organic carbon content (g/kg), and D is
soil thickness (cm). In this study, we uniformly transformed the
collected SOC into organic carbon stocks at a depth of 0–100 cm. The
sum of carbon stocks of every soil layer in 0–100 cm soil were 0–
100 cm soil carbon stocks. In the literature-collected data the SOM or
SOC was mainly taken from the 0–40 cm soil depth rather than from
the 40–100 cm soil layer and thus, the values were transformed into
the SOC of the 0–100 cm soil layer, whichwere weight averaged as the

weightedmean SOC at a depth of 0–100 cm. The soil carbon stock at a
depth of 0–100 cmwas calculated using the weighted SOC and BD for
the 0–100 cm soil layer, and the carbon stocks for soil at a depth of 40–
100 cm were calculated by subtracting the carbon stock in the 0–
40 cm soil layer from the weighted average soil organic carbon stock
in the 0–100 cm soil layer.

2.4.2.3 Carbon sequestration rate
The carbon sequestration rate was estimated depending on changes
in ecosystem carbon stocks at different time sequences. The study set
the carbon stock of cropland as the baseline for calculating the
carbon sequestration rate throughout the restoration process
following its conversion into grassland. The study used the following
equation to calculate the carbon sequestration rate:

Cr ¼ Ct2 � Ct1
t2 � t1

ð6Þ

where Cr is the carbon sequestration rate (g/(m2 year)), Ct1 is the
carbon stock at time 1 (t1) (g/m

2), and Ct2 is the carbon stock at time 2
(t2) (g/m

2), and t2> t1.

2.4.2.4 Carbon sequestration potential
Grassland communities are the main vegetation types found on
barren hills and wasteland in China. Most of them are at different

stages of succession because of their different recovery rates.
Generally speaking, ecosystem carbon stocks increase with vegeta-
tion restoration [19, 28]meaning the higher carbon stock store is to be
found in the more advanced plant communities. Occupying the core
part of the region under study, the S. grandis community achieved the
highest vegetation succession stage under restoration. The carbon
stock of the S. grandis community was the highest realizable, so it was
defined as the reference point for estimating the carbon sequestra-
tion potential of other natural grasslands, including, by implication,
the succession vegetation of the restoration efforts. The formula used
to calculate carbon sequestration potential is as follows:

Cp ¼ Crel�mas � Crel�n ð7Þ

where Cp is the carbon sequestration potential possible in vegetation
type n (g/m2) that can be realized; Crel-mas is the highest achievable
carbon stock (g/m2); Crel-n is the realistic carbon stock of n vegetation
types (g/m2).

2.4.3 Data analysis

In terms of the length of the restoration period and land-use, the
study divided the data collected from the literature and its field
investigation into six categories: grazing land, cropland, T. mongolicus,
A. sacrorum, S. bungeana, and S. grandis. The study calculated carbon
sequestration stocks, rates, and potential for the grassland ecosys-
tems for the different restoration periods.
In the study, we did not collect an ideal soil dataset, in which every

sample has the full 0–100 cm SOC or SOM. Data from the deeper soil
layer (40–100 cm) was less available. There were only one or two ideal
data from the collected literature for some restoration stages. For
example, some samples have data for 0–20 and 20–40 cm, but they do
not have any data for the deeper soil layer (40–100 cm); however,

some samples only have data for 0–100 cm and the number of the
samples was less than three, so we could not calculate the variability
of the data. Therefore, we used the mean value of each soil layer in
each restoration stage to represent the soil organic carbon content of
each soil layer.

3 Results

3.1 Carbon stocks

3.1.1 Plant

The total dry organic matter (including aboveground and below-
ground biomass) carbon stocks showed a linear increase throughout
vegetation restoration (Fig. 2). Belowground biomass carbon stocks
were all higher than aboveground biomass carbon stocks. The total
biomass carbon stocks were separately 500.63, 601.45, 747.74, and
947.36 g/m2 for the different vegetation restoration stages. The above-
and belowground biomass carbon stocks appeared different (Fig. 2).
At the vegetation restoration stage typical of the S. bungeana
community, the aboveground biomass carbon stock was the lowest,
lower than those of the vegetation restoration stages typical of the
T. mongolicus and A. sacrorum communities; the belowground biomass
carbon stockwas highest at the vegetation restoration stage typical of

Figure 2. Dry organic matter carbon stocks of grassland vegetation at four
different vegetation restoration stages. Restoration stages: GG, grazed
grassland; TM, T. mongolicus; AS,A. sacrorum; SB,S. bungeana; and SG,
S. grandis. The error bars indicate standard error. The number of the
samples are given in Tab. 1.
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the S. bungeana community (Fig. 2). The aboveground carbon stock
increased at the vegetation restoration stage typical of the S. grandis
community, but the belowground had decreased at this stage,
compared with the vegetation restoration stage typical for the
S. bungeana community. All four restored grasslands had higher
carbon stocks than did grazed grassland, and for the T. mongolicus
and A. sacrorum communities, it did not always differ from grazed
grassland.

3.1.2 Soil

Following the conversion of cropland to grassland, carbon stocks
increased in the different soil layers (Fig. 3a). The organic carbon
stocks in the 0–100 cm soil depth gradually increased as the
vegetation restoration was underway. In the 0–20 and 20–40 cm soil
layers, the organic carbon stocks were almost unchanged with
vegetation restoration (Fig. 3a). In the 0–20 cm soil layer, the organic
carbon stock of the grazed grasslands (4.38 kg/m2) was higher than
that of the T. mongolicus community, but lower than that of the other
three grassland communities (A. sacrorum, S. bungeana, S. grandis)
under natural enclosure. However, the organic carbon stocks in soil
below a depth of 20 cm and in the 0–100 cm soil layer were both lower
than that of either the fenced or fully restored grasslands.
After the conversion of cropland to grassland, the relative

contribution of SOC stocks in the 0–20 and 20–40 cm soil layers to
soil organic carbon stock in the 0–100 cm soil layer decreased with
vegetation restoration. At the early vegetation restoration stage (<35
years), the organic carbon stock was higher in the 0–40 cm soil layer
than in the 40–100 cm layer, but the opposite situation appeared in

later stages of succession (>35 years). The proportion of the SOC stock
in the 40–100 cm layer to soil organic carbon stock in the 0–100 cm
layer increased (Fig. 3b). In the grazed grassland, the SOC stock was
also distributed mainly in the 0–40 cm depth (Fig. 3b).

3.2 Total carbon stock

Following the conversion of cropland to grassland total carbon stocks
(plant carbon stock and 0–100 cm soil carbon stock) increased with
vegetation restoration (Fig. 4). The carbon stocks at the different
restoration stages were 7.69, 14.58, 16.25, 19.22, and 19.95 kg/m2. The
ecosystem carbon stock of the grazed grassland was lower than that
of the fenced grassland (Fig. 4) and the carbon stock was 11.56 kg/m2.

3.3 Carbon sequestration rate

3.3.1 Plant

At the different restoration stages, the carbon sequestration rates of
the vegetation fluctuated with vegetation restoration (Fig. 5). The
carbon sequestration rate of vegetation was highest in the early

successional stage (0–23 years), reaching 21.77 g/(m2 year) (Fig. 5). The
changes in the vegetation biomass (Tab. 1) resulted in the carbon
sequestration rate of the vegetation first decreasing and then
increasing as the length of time over which the restoration of
vegetation increased. The carbon sequestration rate of the A. sacrorum
(23–35 years), S. bungeana (35–58 years), and S. grandis (58–78 years)
community stages were 8.40, 6.36, and 9.98 g/(m2 year), respectively
(Fig. 5).

3.3.2 Soil

With vegetation restoration, SOC stocks increased in the different
soil layers when compared to that of the cropland. Moreover, the SOC
stocks were all higher at a depth of 40–100 cm than at a depth of 0–
40 cm (Fig. 6). The SOC stocks for each of the vegetation restoration
stages were 6.38, 7.96, 10.78, 11.31 kg/m2. When compared to

Figure 3. Distribution of soil carbon stocks at four different vegetation
restoration stages. Restoration stages: SF, sloping farmland; GG, grazed
grassland; TM, T. mongolicus; AS,A. sacrorum; SB,S. bungeana; and SG,
S. grandis.

Figure 4. Total carbon stocks (plant total biomass and 0–100 cm soil
carbon stocks) at four different vegetation restoration stages. Restoration
stages: SF, sloping farmland; GG, grazed grassland; TM, T. mongolicus;
AS, A. sacrorum; SB, S. bungeana; and SG, S. grandis.
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cropland, the percentage of increase was 82.96, 103.51, 140.18, and
147.07%, respectively.
On the whole, SOC stocks decreased at different soil depths at

different stages of vegetation restoration (Fig. 7). SOC stock was
largest in the early vegetation restoration stage (0–23 years), reaching
6.38 kg/m2. As the vegetation restoration progressed, the sequestering
of carbon decreased. The SOC stocks of the A. sacrorum (23–35 years),
S. bungeana (35–58 years), and S. grandis (58–78 years) community
stages were 1.57, 2.82, and 0.54 kg/m2, respectively. At the different
vegetation restoration stages, sequestration was higher at the 40–

100 cm depth than that of the 0–40 cm layer.
Following the conversion of cropland to grassland, the soil carbon

sequestration rates decreased with vegetation restoration (Fig. 5).
However, the soil carbon sequestration rates differed in the different
soil layers (Fig. 5). At the early vegetation restoration stage (0–23

years), the soil carbon sequestration rate was the highest, reaching
277.7 g/(m2 year). At other stages, the carbon sequestration rates
decreased. The carbon sequestration rates for the A. sacrorum (23–35
years), S. bungeana (35–58 years), and S. grandis (58–78 years)
communities were 131.2, 122.7, and 26.8 g/(m2 year), respectively.
The soil carbon sequestration rates in the different soil layers differed
(Fig. 5). Overall, the carbon sequestration rates were higher at a depth
of 40–100 cm than in the 0–20 and 20–40 cm soil layers.

3.4 Total carbon stock

Following the conversion of cropland to grassland, the total stocks’
(plant and 0–100 cm soil) carbon sequestration rates decreased with
vegetation restoration (Fig. 5). The carbon sequestration rates of
T. mongolicus (0–23 years), A. sacrorum (23–35 years), S. bungeana (35–
58 years), and S. grandis (58–78 years) were 299.1, 139.6, 129.0, and
36.8 g/(m2 year), respectively.

3.5 Carbon sequestration potential

With vegetation restoration, the potential for vegetation and soil
carbon sequestration decreased. Both the vegetation and soil carbon
sequestration potential of the grazed grassland was the highest
(Tab. 2). At the various stages of restoration, the soil carbon
sequestration potential in the different soil layers also differed.
The carbon sequestration potential was higher at a depth of 40–
100 cm than at a depth of 0–40 cm at the different stages of vegetation
restoration. With vegetation restoration, the potentials for total
carbon sequestration were shown in Tab. 2. The total carbon
sequestration potential of the grazed grassland was the highest
(Tab. 2).

4 Discussion
Vegetation biomass is closely related to vegetation carbon
storage [29]. Thus, vegetation carbon stock is dominated by vegetation
biomass. The study showed a significantly recovered vegetation

Figure 6. Carbon sequestration compared to sloping farmland in the
different soil layers at the different vegetation restoration stages.
Restoration stage: TM, T. mongolicus, AS, A. sacrorum, SB, S. bungeana,
SG, S. grandis.

Figure 7. Soil carbon sequestration at the different vegetation restoration
stages. Restoration periods: SF to TM, sloping farmland to T. mongolicus,
TM to AS, T. mongolicus to A. sacrorum, AS to SB, A. sacrorum to
S. bungeana, SB to SG, S. bungeana to S. grandis.

Figure 5. Vegetation, soil and total (plant and 0–100 cm soil) carbon
sequestration rates at four different vegetation restoration stages.
Restoration periods of time: SF to TM, sloping farmland to T. mongolicus,
TM to AS, T. mongolicus to A. sacrorum, AS to SB, A. sacrorum to
S. bungeana, SB to SG, S. bungeana to S. grandis.
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carbon stock over 78 years, particularly so in the first 23 years (Fig. 2).
That plant biomass increased with vegetation restoration is
consistent with the results of several long-term studies, which have
shown that vegetation restoration leads to plant biomass recovery [30,
31]. The study also found the trends of above-and belowground
biomass carbon stocks to be consistent with the above-and
belowground biomass (Tab. 1, Fig. 2), and that the aboveground
carbon stock was highest at the S. grandis community stage, but the
carbon stock of the belowground biomass was the highest at the S.
bungeana community stage (Fig. 2). This may indicate that grassland
biomass changes at the different restoration stages were the main
reason behind changes in vegetation biomass carbon stocks, which
agrees with Mitra et al.’s [29] study. The above- and belowground
biomass carbon stocks increased inconsistently although total
biomass carbon stocks increased (Fig. 2). This is probably related to
the root-shoot biomass allocations of different plant
communities [32]. Species compositions have a significant effect
on carbon allocation patterns due to above- and belowground niche
complementarily [32]. Gao et al. [32] reported that species composi-

tion had a significant effect on the carbon allocation pattern due to
above- and belowground niche complementarily. The S. bungeana
community allocated more biomass to its belowground growth, and
the S. grandis community allocated more biomass to its aboveground
growth because it had a higher aboveground height (Tab. 1); a finding
in keeping with the root-shoot biomass allocations of different plant
communities (Tab. 1). In addition, the study also found that the
carbon sequestration rate of the vegetation carbon pool fluctuated
with vegetation restoration, peaking at the early vegetation
restoration stage (0–23 years) (Fig. 5). After the conversion of
cropland to grassland, plants would quickly invade as they competed
for unlimited resources. Limited resources are the main factors that
determine plant community composition, plant diversity and
successional dynamics [33]. As plant succession advances, plant
resources become limited and plants reach a relatively stable balance
through competition. Therefore, the amount of resources available
for plants is a key factor determining the quantity of their biomass.
Biomass carbon stocks of the grazed grassland were lower than those
of the fenced natural grassland, which is consistent with the results
of several studies that reduced herbivore densities lead to the
recovery of plant community structure and composition [34, 35].
A plant community has an effect on soil processes, which are

correlated with successional plant dynamics [36]. It is generally
accepted that soil organic carbon increases over the period of
succession [37], although a few studies show limited organic carbon
change [38]. In our study, we found that soil carbon stocks were
increased in every soil layer in keeping with the restoration of

vegetation (Fig. 3). This is consistent with plant carbon stock
dynamics because soil changes are associated with increases in
belowground plant biomass [30]. Following the conversion of
cropland to grassland, plant biomass accumulation was mainly
attributed to belowground plant biomass rather than aboveground
biomass (Fig. 2), which led to a higher belowground carbon input. The
study found that the soil organic carbon stock was lower for the
grazed grassland than for the enclosed grassland (Fig. 3). This was
probably because overgrazing significantly reduced SOC concentra-
tion as it hampers/degrades vegetation cover and hence reduces plant
derived C input and makes the soil more vulnerable to soil
degradation (e.g. soil erosion) triggering higher levels of C
mineralization [39, 40].
Nutrients and soil organic matter accumulation on surface soil

result from complex interactions between plant-regulated biotic
processes and soil biota, and abiotic processes driven by atmospheric
and biochemical processes [41]. With the exception of climatic
factors, soil resource changes are important determinants of
vegetation characteristics at small spatial scales. Li et al. [23] reported

that rehabilitation and re-vegetation could improve soil environ-
ments for plant colonization and establishment. Measurements in
the desertified area of the Loess Plateau showed that soil properties
(including soil nutrients and texture) and vegetative characters
changed more rapidly at the early dune stabilization stage than at
later dune stabilization stages over a 50-year period [19], which
indicates that soil and vegetation recoveries following desertification
are slow processes [23]. The study showed a similar trend in that the
ecosystem (plant and soil) carbon sequestration rate was highest
during the early vegetation restoration stage (0–23 years) and
decreased later on (Fig. 5). As Izaurralde et al. [42] have suggested that
the carbon sequestration rate is greatest in the earlier stages of
restoration. An et al. [19], who also conducted research in the same
area, found that soil nutrients and microbial properties all increased
very quickly in the earlier vegetation restoration stage lasting as long
as 23 years, and were stable without significant fluctuation in later
years. Soil microorganisms increase following the availability of
increased organic inputs from re-vegetation [19, 43]. Soil nutrients
and organic matter probably increase following increases in soil
microbial. These are probably the reasons behind the changes
observed in both plant and soil carbon sequestration rates.
It is well documented that cropland to grassland conversion will

significantly increase soil carbon sequestration [44, 45]. We found a
logarithmic increase since cropland abandonment (Figs. 3 and 6),
which was similar to the study by De Baets et al. [46]. We also found a
significant decline in carbon sequestration rates with vegetation
recovery (Fig. 5), which was consistent with observations made by

Table 2. Carbon sequestration potential of two grassland types compared to a climax community (S. grandis community) at four different vegetation
restoration stages

Restoration stage Vegetation (g/m2)

Soil depth (kg/m2)

Ecological system (kg/m2)0–20 cm 20–40 cm 40–100 cm 0–100 cm

Grazed grassland 454.95 0.26 1.37 6.30 7.94 8.39
Sloping farmland 947.36 0.68 0.96 9.67 11.31 12.26
T. mongolicus 446.73 0.37 0.65 3.92 4.93 5.38
A. sacrorum 345.91 0.21 0.34 2.81 3.36 3.7
S. bungeana 199.62 0.12 �0.00 0.42 0.54 0.73

Note: The other grasslands include grazed grassland, sloping cropland, T. mongolicus, A. sacrorum, S. bungeana; the S. grandis community is the
climax community.
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Zhou et al. [47], who found that after 20 years of recovery and as a
result of controlled grazing in a semi-arid ecosystem, soil C stocks
remained constant. The reason for the higher sequestration rate at
the early stage after cropland abandonment may have been that the
mineral soils were not (yet) saturated with carbon. Increased above-
and belowground carbon inputs and decreased erosion resulting
from permanent grass vegetation are likely to be the main factors
contributing to an increase in SOC [45]. Moreover, the study showed
that the rate of carbon sequestration was higher in the deeper soil
layer (40–100 cm) than that found in the upper layer (0–40 cm)
following the conversion of cropland to grassland (Fig. 5). Usually,
under conventional farming practices, higher amounts of carbon are
stored in the upper levels of cultivated soil due to increased organic
fertilizer input to the topsoil, and deeper soil does not usually have
many roots because of seasonal or annual crop removal. After
cropland converted to grassland, plant roots input significant
amounts of organic matter (roots, root exudates) into deeper soil.
Thus, deeper soils have a higher potential to increase their SOC
following the conversion of cropland to grassland.
The ecosystem carbon pool is composed of two parts, plant and soil.

The plant and soil dynamics of an ecosystem influence its structure
and function [48]. The study shows that of the grassland ecosystem,
both plant and soil carbon stocks increased with vegetation
restoration (Figs. 2 and 3), resulting in an increase in grassland total
carbon stocks. Since cropland abandonment, total carbon stocks
showed a logarithmic increase (Fig. 4), and the total carbon
sequestration rate decreased with vegetation recovery (Fig. 5). To
better explain the observed variation in carbon stocks, vegetation
density, vegetation composition, soil pH, soil moisture and soil
aggregate structure, soil microbes, etc. should be taken into account.
Overall, the results demonstrate that the terrestrial carbon sink
evolves over time. These findings are unique in twoways. Importantly,
they demonstrate that historical land-use change can be used to

illustrate the relationship between land-use change and soil carbon
stocks at the landscape scale, which can then be extrapolated to
regional-level policies and programs. Significantly, the transformation
of the soil organic carbon stocks into a uniform soil depth (0–100 cm)
allows reliable conclusions to be drawn about land-use effects deep
in the soil profile. By demonstrating how the terrestrial carbon
sink responds to changes in land use over time not only can
management policies and practices be more precisely tailored to
specific grassland communities, but estimates in the rate of offset
can be revised.
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