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Abstract: Accounting for one quarter of China’s land area, the endorheic Shiyang River basin is a
vast semi-arid to arid region in China’s northwest. Exploring the impact of changes in land use on
this arid area’s carbon budget under global warming is a key component to global climate change
research. Variation in the region’s soil carbon storage due to land use changes occurring between
1973 and 2012 was estimated. The results show that land use change has a significant impact on the
soil carbon budget, with soil carbon storage having decreased by 3.89 Tg between 1973 and 2012.
Grassland stored the greatest amount of soil carbon (114.34 Mg ha−1), whereas considerably lower
carbon storage occurred in woodland (58.53 Mg ha−1), cropland (26.75 Mg ha−1) and unused land
(13.47 Mg ha−1). Grasslands transformed into cropland, and woodlands degraded into grassland
have substantially reduced soil carbon storage, suggesting that measures should be adopted to
reverse this trend to improve soil productivity.

Keywords: arid area; land use change; soil carbon storage; global carbon balance; the Shiyang
River Basin

1. Introduction

With soil organic carbon (SOC) representing 2- to 3-fold the carbon pool of vegetation or
atmosphere, soil is the terrestrial biosphere’s largest carbon sink [1,2]. The SOC is an important factor
controlling other soil attributes, which, in turn, are responsible for the sustainable maintenance of soil
quality [3,4]. Intrinsically related to the productivity of vegetation, the SOC is accordingly very sensitive
to natural and human disturbances. Given its enhancement of global climate change, losses of soil
carbon to the atmosphere will likely adversely affect food security. Accordingly, reducing SOC losses
has become an important strategy in climate change mitigation and food security enhancement [5–7].

Recent studies indicate that climate change is a major driver of shifts in land use and land
cover; accordingly, it has a major impact on the global biogeochemical cycle. This is particularly
reflected in changing soil carbon storage (SC), net primary productivity, and soil respiration [8,9].
In turn, the impact of shifts in land use on SC further contribute to global warming.

Reflecting the human-land relationship over the long period of human development, alterations
in the earth’s surface through anthropogenic shifts in land use have become a concern and a topic
of research [10]. In 1995, the “Land Use and Land Cover Change” (LUCC) research program,
jointly proposed by the International Geosphere-Biosphere Program (IGBP) and International Human
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Dimensions Programme on Global Environmental Change (IHDP), made land-use change a focus
of global climate change studies [11]. Studying the impact of land-use change on SC is of particular
significance in helping to address climate change on a global scale. Such studies are especially critical
for arid and semi-arid regions because these areas are more sensitive to warming and bear little soil
moisture, and would thus be more prone to greater SOC decline through faster decomposition [12].

Over the past two decades, many studies [13–16] have focused on the effect of land-use change on
the SOC of terrestrial ecosystems at regional or global scales. In China, the impact of land use change
on carbon cycling brought on by land management policies has become increasingly apparent in recent
years [17–19]. For example, Lü et al. [20] investigated soil carbon storage and water consumption in
an oasis-desert ecotone facing land use change. Zhao et al. [21] researched the impact of shifts in land
use on SC in an agro-pastoral ecotone of Inner Mongolia. Li et al. [22] estimated the impact of land use
change on SOC sequestration in China from 1985 to 2005. However, the effect of shifts in land use on
carbon budget in China’s arid and semi-arid regions, such as the Shiyang River Basin, has received
little attention, which limits our understanding of the mechanisms by which land use change affects
the carbon cycle.

Located in the northwest arid and semi-arid region of China, the endorheic Shiyang River Basin is
subject to both a high population density and a high level of water resources utilization [23]. Under the
region’s rapid socioeconomic development land use changes are more constant, and the type of land
development and utilization has become more diversified [24]. The process of land use change in this
area has resulted in concerns, and many scholars have conducted in-depth studies on the trend of such
changes [24,25]. However, few studies have focused on the temporal scale of variation in SC caused
by land use change. In this paper, our aims are: (i) to explore the long-term effect of shifts in land
use on SC; and (ii) to put forward a sustainable land use plan to address a series of environmental
issues—especially CO2 emissions—in order to achieve a global carbon balance.

2. Methods

2.1. Study Area

One of three endorheic river basins in China, the Shiyang River Basin (Figure 1), is located
in the eastern portion of the Hexi Corridor (101◦22′–104◦04′ E, 37◦07′–39◦27′ N), covers an area of
about 41.6 × 103 km2 and is home to 2.3 million people. Receiving inputs from eight tributaries,
the 300 km long Shiyang River has a yield area of 11.1 × 103 km2 and a mean annual runoff volume
of 1.56 × 109 m3. The river’s middle and lower reaches are characterized by a temperate continental
climate, with an annual mean temperature of 7.7 ◦C, and mean annually cumulated precipitation and
evaporation of 115–158 mm y−1 and 1963–2637 mm y−1, respectively. Soils in this area (soils in this
area were classified according to the Chinese soil type designations) can be classified into gray-brown
desert, saline and meadow soils (on the banks of rivers and lakes), and non-zonal wind sand soil
(oases and the edge of the Gobi Desert).
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Figure 1. The geographic location of the Shiyang River Basin in China. 

2.2. Data Sources 

Data regarding the Shiyang River Basin land use changes from 1973 to 2008 was drawn from 
Jia et al. [25], while data on 2008 to 2012 changes was drawn from Sun et al. [26]. Both previous 
studies were based on remote sensing technology drawing on Landsat imagery. 

According to the characteristics of mountain—oases—desert in the study area, land use in the 
study area was categorized into seven types: (i) cropland; (ii) woodland; (iii) grassland; (iv) water, 
i.e., rivers, reservoirs and ponds; (v) urban land; (vi) unused land, such as desert, Gobi and naked 
land; (vii) glaciers and permanent snow. 

2.3. Research Methods 

Soil carbon storage was calculated as [27]:  

SC = SOC × ρ × T × S (1) 

where SC is the total soil organic carbon storage (Mg), SOC is soil organic carbon content across a 
given soil depth (%), in this case 20 cm, S is the area of a given land use (km2), T refers to the depth 
to which SC is calculated (cm), and ρ is soil bulk density (g cm−3). 

Values of soil bulk density of grassland, cropland, and unused land were drawn from Zhou et 
al. [28],Yu et al. [29], and Li et al.[30], respectively, while the values of ρ for woodland came from 
sand-fixing forest soil in Minqin Oasis [31]. Values of soil organic matter were drawn from Zhou et 
al. [28], Wang et al. [31, Yu et al. [29], Li et al. [30], and Yang et al. [32].  

Soil organic matter (SOM) bears roughly 58% (the “van Bemmelen factor”) carbon [33]; 
accordingly, on a gravimetric basis: 

SOM = 1.724 × SOC (2) 

3. Results 

3.1. Land Use Change in the Shiyang River Basin 

Based on Jia et al. [25] and Sun et al. [26], shifts in land use varied in different periods over the 
last 40 years, but in general, croplands, urban lands, and glacier and permanent snow-covered 
lands increased (Figure 2). The more than doubling of cropland acreage from 1973 to 2008, resulted 
in the areal proportion of cropland rising from 7.07% in 1973 to 20.06% in 2012 (+0.325% y−1). The 

Figure 1. The geographic location of the Shiyang River Basin in China.

2.2. Data Sources

Data regarding the Shiyang River Basin land use changes from 1973 to 2008 was drawn from
Jia et al. [25], while data on 2008 to 2012 changes was drawn from Sun et al. [26]. Both previous studies
were based on remote sensing technology drawing on Landsat imagery.

According to the characteristics of mountain—oases—desert in the study area, land use in the
study area was categorized into seven types: (i) cropland; (ii) woodland; (iii) grassland; (iv) water,
i.e., rivers, reservoirs and ponds; (v) urban land; (vi) unused land, such as desert, Gobi and naked land;
(vii) glaciers and permanent snow.

2.3. Research Methods

Soil carbon storage was calculated as [27]:

SC = SOC × ρ × T × S (1)

where SC is the total soil organic carbon storage (Mg), SOC is soil organic carbon content across a given
soil depth (%), in this case 20 cm, S is the area of a given land use (km2), T refers to the depth to which
SC is calculated (cm), and ρ is soil bulk density (g cm−3).

Values of soil bulk density of grassland, cropland, and unused land were drawn from
Zhou et al. [28], Yu et al. [29], and Li et al. [30], respectively, while the values of ρ for woodland
came from sand-fixing forest soil in Minqin Oasis [31]. Values of soil organic matter were drawn from
Zhou et al. [28], Wang et al. [31], Yu et al. [29], Li et al. [30], and Yang et al. [32].

Soil organic matter (SOM) bears roughly 58% (the “van Bemmelen factor”) carbon [33];
accordingly, on a gravimetric basis:

SOM = 1.724 × SOC (2)

3. Results

3.1. Land Use Change in the Shiyang River Basin

Based on Jia et al. [25] and Sun et al. [26], shifts in land use varied in different periods over
the last 40 years, but in general, croplands, urban lands, and glacier and permanent snow-covered
lands increased (Figure 2). The more than doubling of cropland acreage from 1973 to 2008, resulted
in the areal proportion of cropland rising from 7.07% in 1973 to 20.06% in 2012 (+0.325% y−1).
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The proportion of urban land more than doubled over the same period: from 0.15% in 1973 to
0.37% in 2012 (+0.0055% y−1) augmentation. Meanwhile the area of glaciers and permanent snow
cover increased slowly (Figure 2a). However, the area of woodlands, grasslands, water bodies and
unused lands declined. Grasslands and woodlands showed the greatest decrease in area, 743.6 km2

for the former, and 460.73 km2 for the latter. From 1973 to 1987, the area of woodlands declined by
608.21 km2, but subsequently increased after 1994. Before 1987, the area of water bodies increased,
and then decreased sharply from 1987 to 1994, their decline then slowing down. Although the area of
unused lands also decreased, it still accounted for 80.0% of the total land area (Figure 2b).
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Figure 2. The area of urban land, waters, glaciers and permanent snow (a) and grassland, woodland,
cropland, and unused land (b) in 1973, 1987, 1994, 2001, 2008 and 2012, respectively.

Due to the influence of human activities and economic development in the Shiyang River Basin
over the period of 1973 to 2008, 659.55 km2 of grasslands were converted to cropland, while 455.65 km2

degraded into unused land. Meanwhile, 267.46 km2 of woodlands degraded into grassland during the
same period [25] (Figure 2b).

3.2. The Change of Soil Carbon Storage in the Shiyang River Basin

As the four land uses of grasslands, woodlands, croplands and unused lands accounted for more
than 90% of the land area in the Shiyang River Basin, the present study focused on these land uses.
Overall, the total SC (Equation (1)) first declined, then increased. From 1973 to 2012, the SC decreased
by 3.89 Tg. The SC under different land uses was ranked in the order: unused land > cropland >
grassland > woodland (Table 1).

Table 1. Soil carbon storage in the Shiyang River Basin from 1973 to 2012.

Land Cover Types SOC (%) ρ (g cm−3) T (cm) SC (Mg ha−1)
Soil Carbon Storage (Tg)

1973 1987 1994 2001 2008 2012

Grassland 5.15 a 1.11 20 114.34 10.01 8.15 5.67 6.29 1.51 4.55
Woodland 2.15 a 1.36 20 58.53 4.06 0.50 0.24 0.71 1.36 1.02
Cropland 0.85 b 1.57 20 26.75 3.59 5.92 6.71 7.83 8.84 10.17

Unused land 0.45 b 1.51 20 13.47 21.44 21.22 21.24 20.49 20.42 19.46
Total — — — — 39.09 35.79 33.87 35.32 32.13 35.20

Note: Different lower-case letters show differences at p < 0.05 level.
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4. Discussion

4.1. Reasons for Land Use Change in the Shiyang River Basin in the Last 40 Years

From 1973 to 2012, the expanse of unused lands changed slowly as these lands were of little
economic value; however, the small reduction their area in recent years reflect a rising intensity
in the development and utilization of oases within the basin [25]. From 1973 to 2008, following
China’s 1978 reforms, the Shiyang River Basin’s agrarian population increased rapidly, and the region’s
economic development proceeded apace. This stimulated the demand for land, ultimately resulting in
grasslands, unused lands, and waters being converted to croplands and urban areas, thereby increasing
overall water consumption. With excessive exploitation of groundwater resources and land resources,
land desertification occurred, and the area of abandoned/unused lands increased [25,34]. In response,
an afforestation policy was implemented by central and local governments in 1994, to achieve
regional sustainability.

After 1994, the area of woodlands accordingly increased. The population increased slowly too,
suggesting that the implemented policies were succeeding in resolving regional sustainability issues,
and that urban expansion had leveled off. However, in these arid areas, changes in land use or land
cover can affect soil moisture, leading to fluctuations in groundwater tables [35,36]. Although the
effect on soil water of land use changes brought on by afforestation have yet to be investigated
within the Shiyang River Basin, many studies in other similar regions (e.g., Nosetto et al. [37];
Cao et al. [38]; Cao and Zhang [39]; Peng et al. [40]) have suggested that afforestation can worsen
water resource shortages. The higher leaf area index and lower albedo of forested lands allow a greater
absorption of solar radiation at the earth’s surface and therefore greater evapotranspiration, while trees’
deeper roots provide better access to deep water resources, raising soil water consumption [40,41].
Besides unrestricted and wasteful irrigation during the period of 2001 to 2008, afforestation may have
also contributed to the reduction in area of water bodies. However, after 2008, this trend was reversed,
mainly due to a change in irrigation practices from flood irrigation to drip irrigation, while well
irrigation was prohibited.

4.2. The Effect of Land Use Change on Soil Carbon Storage in Shiyang River Basin

According to Yang et al. [32], the SOM in Shiyang River Basin grasslands and woodlands was
over 2.5-fold that of croplands. However, in the present study, SOC in grasslands was 6 times that in
croplands, and SOC in woodlands was 2.5 times that in croplands. Grasslands and woodlands stored
more SOC than croplands, because grasslands and woodlands generated more plant litter residue
than croplands, and a larger proportion of it was returned to the soil. Plants and animal residues
can provide a good carbon source for microbial activity after entering the soil. Microbial activity is
conducive to carbon fixation from the atmosphere, thereby gradually increasing SOM content [42,43].
Unused lands were mostly barren and their surface had long been exposed; accordingly, their soils’
SOM content was low compared to other land uses [32].

From 1973 to 1994, the net increment in total SC in the Shiyang River Basin was negative,
brought on by shifts in land use from woodlands to cropland, and from grasslands to cropland.
As the implementation of the government afforestation policy limited the expansion of cropland,
the total SC increased slightly during the period of 1994 to 2001 [25]. Over the period of 2001 to
2008, total SC in grasslands decreased drastically, largely due to the poor management of these lands
leading to their degradation and carbon release [44,45]. Ge et al. [46], operating in China’s Xinjiang
region, similarly found that shifts in land uses from grasslands to cropland, as well as from woodlands
to grassland reduced the SC. In the Shiyang River Basin, the 2008 implementation of a vigorous
cropland to grassland conversion project along with a reforestation project, linked to a comprehensive
watershed treatment project, resulted in an increase in soil fertility and SC throughout the whole
basin [32]. The total SC of woodlands decreased significantly, because a large area of woodlands
degenerated into grasslands. The total SC of croplands has been increasing due to the application
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of organic fertilizers in recent years, but the total SC of unused lands has been declining due to
urbanization and continuous population growth.

4.3. Comparison of Soil Carbon Storage in Shiyang River Basin with Similar Ecosystems in Other Regions of
the World

Comparing SC in the Shiyang River Basin with that in similar ecosystems around the world,
total SC in the Shiyang River basin was found to be slightly lower than in the Sangong River watershed,
but higher than that in Botswana Kalahari and Tigray regions. Both the SOC and SC showed the same
trends (Table 2). However, present global SC stocks show a declining trend in all regions due to climate
change and shifting land use practices [47,48].

Table 2. Soil carbon storage in the Shiyang River Basin compared to other sites worldwide.

Region SC (Mg ha−1) SOC (%) Reference

Kalahari desert (Botswana) 13.97 0.13 [47]
Tigray (Northern Ethiopia) 31.60 - [48]
Sangong River watershed 67.00 3.43 [49]

Shiyang River Basin 53.27 2.15 This Study

As climate change and shifts in land use proceed, soil carbon pools may become “sources” of
atmospheric CO2. For example, it was estimated that release of carbon to the atmosphere due to these
reasons from the world’s soils are at 40–50 Pg C y−1, and over the last 150 years, the decline of soil
organic carbon has contributed 6–8% of the rise in atmospheric CO2 [50]. Carbon loss is not only driven
by change in land cover, but also could be driven by change in land management as confirmed by
Cao et al. [45]. In their study, they found that 0.41 Mg C ha−1 y−1 has been lost on the Qinghai-Tibetan
Plateau under the single-household (land) management pattern where grassland is enclosed and only
used by a single household, compared with multi-household (land) management where grassland
is not enclosed and commonly used by these households [45]. If we consider carbon loss caused by
change in land management in the Shiyang River basin, carbon loss would be larger, but this needs
further study. The increase or decrease of soil organic carbon storage is related to soil quality, and thus
continued carbon loss from soil will reduce or destroy, at a local scale, the productivity of land, and the
greenhouse effect will be intensified on a global scale.

5. Conclusions

Land use changes in the Shiyang River basin over the last 40 years were mainly restricted to
croplands, grasslands and woodlands. Cropland, urban, and glacier/permanent snow cover areas all
increased in relative area, whereas woodlands, grasslands, water bodies and unused lands declined.

Driven by natural and human activities, shifts in land use in this region have had a significant
impact on the carbon balance and sustainable development. Overall, the land use changes have
resulted in a 3.89 Tg decrease in total soil carbon storage from 1973 to 2012 in the basin.

In order to maintain the functional stability of the soil carbon pool in this region, measures that
could improve soil productivity and reduce the emission of greenhouse gases such as CO2 should be
adopted [51]. These should include local governments organizing the development of long-term land
use strategies, providing scientific guidance to people in the area, promoting and providing instruction
in advanced farming techniques, as well as enhancing people’s awareness of environmental protection.
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