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Land use change is one of the dominant driving factors of hydrological change at the watershed scale. Thus,
understanding the hydrological responses to land use changes can facilitate development of sustainable water
resource management. The land use of the Wei River (the largest tributary of the Yellow River) Basin (WRB) has
changed greatly due to the large-scale ecological restoration program in the Chinese Loess Plateau (e.g., grainfor-green program), causing dramatic impacts on the water cycle. This study was to simulate the impacts of land
use and land cover change (LUCC) on the key hydrological components, using the Soil and Water Assessment
Tool (SWAT). We investigated the spatiotemporal changes of LUCC from 1980 to 2010 in terms of four subregions (i.e., three subbasins and one mid-downstream area) and three landforms (i.e., mountain, hill, and
plain), respectively. Then, we quantified the spatial heterogeneity of hydrological responses to land use change
scenarios. Our LUCC analysis showed that cropland declined by about 0.8%, from 58,776 km2 in 1980 to 57,519
km2 in 2010, whereas the forest and grassland areas correspondingly increased 552 km2 and 16 km2, respec
tively. The urban area changed more dramatically in the middle and lower reaches of the Wei River owing to the
faster socioeconomic development in this region than the rest areas. In mountain area, the main types of land use
were forest and grassland, and the main transformation was from cropland to forest land and grassland. The area
of cropland in plain could be over 50%, and it was mainly converted to urban land. The hydrological simulation
indicated that LUCC from 1980 to 2010 caused 5.3% of decrease in the water yield and 6.2% increase in soil
water content, but there was nearly no change in evapotranspiration (ET). Scenarios about slopping land use
conversion (SLC) program showed that the conversion of cropland to grassland or forest (i.e., grain-for-green)
resulted in negative effects on soil water content and water yield, with a greater effect by the reforestation. In
addition, we found that the change of ET was clear in areas where cropland with slope > 15◦ was converted to
grassland or forest, suggesting slope is also an important factor for hydrological responses to LUCC. This study
can provide valuable decision support for land use planning and water resources protection in the WRB.
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1. Introduction
Water scarcity is one of the most pervasive problems afflicting people
throughout the world (Jiang, 2009; Mekonnen and Hoekstra, 2016).
Problems associated with water are expected to grow worse in the
coming decades, especially the water shortage in the arid and semi-arid
regions, with wide-ranging consequences for human societies and eco
systems (Conrad et al., 2019; Shannon et al., 2010; Wang et al., 2019).
Water availability in river basins are mainly determined by the
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underlying surface conditions, such as soil types, terrain slope, and
plants (Deng et al., 2019). Land use activities, including the conversion
of natural landscapes for human use and the changes of human domi
nated land management, have greatly transformed the global underlying
surface (Fan and Shibata, 2015). These activities can influence different
hydrological processes such as infiltration, groundwater recharge, ET,
soil water content, and water yield (Foley et al., 2005; Liu et al., 2010).
Many studies have proved that severe human activities could change the
land use patterns, thereby affecting water cycle and water resources
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(Gentine et al., 2012; Liu et al., 2013; Yao et al., 2014). Thus, land use
changes and its impacts on hydrology are becoming one of the hottest
topics in the global environment change field (Morán-Tejeda et al.,
2010; Yang et al., 2015; Yao et al., 2012).
Nowadays, the study about the influence of land use and land cover
change (LUCC) on watershed hydrology is attracting an increasing
attention, and three major methods (paired watershed method, hydro
logical characteristics analysis, and hydrological modeling) were
adopted to study hydrological impacts of LUCC at different scales such
as nation, region, urban, and river basin (Gwenzi and Nyamadzawo,
2014; Teutschbein and Seibert, 2012). For hydrological modeling, the
Soil and Water Assessment Tool (SWAT) had been proved to be one of
the most suitable and efficient models to simulate the hydrological re
sponses to LUCC (Devia et al., 2015; Wang et al., 2014). Using an
improved SWAT model, Zhang et al. (2020) found that afforestation in
North Johnstone River catchment could decrease surface runoff and
increase ET. In addition, hydrological model is an effective tool for
quantitative assessment of hydrological responses to environmental
changes, but many previous studies took the watershed as a whole,
regardless of the spatial heterogeneity of LUCC and their impacts as well
(Wang et al., 2013). In fact, the natural environment conditions and
socioeconomic development strategies, such as landforms, slope, and
urbanization level, could result in the heterogeneity of LUCC and the
hydrological consequences (Li and Zhou, 2014, 2015). Huang et al.
(2013) showed that water storage initially rose but then fell sharply with
the slope increased from 8.8% to 36.4% using the simulated rainfall
experiments. Definitely, a better understanding of hydrological re
sponses to the LUCC and their spatial heterogeneity would be greatly
helpful for more accurate water resources management and optimiza
tion (Ghaffari et al., 2010).
The northwest China is one of the most water scarcity region in the
world. According to statistics, the annual average amount of water re
sources in northwest China only accounts for 5.84% of the national
amount (Chen et al., 2014; Cheng, 2002). With the population growth
and fast-growing cities and industries, northwest China has experienced
intensive land-use changes (Cao et al., 2009; Chen et al., 2018). The
LUCC impacts on the water cycle, together with the increasing con
sumption of water resources due to social development caused the se
vere water shortage in this area (Cao et al., 2009; Chen et al., 2018;
Wang et al., 2012a, 2012b; Yin et al., 2017; Zhai and Tao, 2017). At the
end of the 20th century, the government has implemented various soil
and water conservation practices to mitigate the insufficient water re
sources and sever soil erosion in the Chinese Loess Plateau (CLP) (Feng
et al., 2016; Li et al., 2016b; Zhou et al., 2012). As a result, this region
has experienced significantly changes of land use and hydrological cycle
because of human activities (Wu et al., 2014; Zhang, 2005). It was re
ported that the vegetation coverage rate of the CLP increased from 6.5%
in the 1970s to 51% in 2010 because of large-scale ecological restora
tion, resulting in a significant decrease in streamflow in the middle
Yellow River (Feng et al., 2016; Leng et al., 2016; Wang and Qin, 2017).
The Wei River Basin (WRB), a typical catchment located in a semihumid and semi-arid transition zone in northwest China, has experi
enced dramatic land use and hydrological changes in the past few de
cades (Zhao et al., 2015). Dong et al. (2015) found that agricultural land
and water body had the greatest effect on direct runoff generation. Li
et al. (2018a) presented an alternative approach of time-varying pa
rameters in SWAT and found that LUCC had significant impacts on the
watershed streamflow, especially on the streamflow during the dry
season. The changed hydrological processes by the intensive human
activities in the WRB have resulted in ecological problems (Xu et al.,
2017; Zhang et al., 2019). Although there are studies on the impacts of
land use change on hydrological processes, they mostly focused on the
whole basin or a single subbasin without investigating the differences
between sub-regions and landforms, which are very important for hy
drological characteristics. In fact, owing to policies, economic devel
opment, and topographical conditions, the sub-regions of the WRB have

different LUCC and hydrological responses spatially. Table A1 showed
that the middle and lower reaches of the Wei River (MLWR) experienced
faster urban development than other sub-regions. Although Li et al.
(2016a) analyzed the spatial runoff responses to land use change at both
yearly and seasonal scales and indicated that the winter runoff
decreased in the Jing River Basin but increased in other basins in the
scenario of returning farmland to forest, the spatial characteristics of
hydrological effects caused by LUCC within the WRB is poorly under
stood. Therefore, it is of importance to assess hydrological responses to
heterogeneous LUCC for more accurate watershed management (Peng
et al., 2013; Qiu et al., 2011).
This study employed an acceptable calibrated and validated
physically-based SWAT hydrological model over the WRB, aiming to
identify responses of hydrological processes to land use scenarios with
three periods of LUCC over the past thirty years. We used four hypo
thetical land conversion scenarios based on the soil and water conser
vation practices, respectively, in terms of four sub-regions (the upper
reach of the Wei River (UWR), the Jing River subbasin (JR), the North
Luo River subbasin (NLR), and the MLWR) and three landforms
(mountain, hill, and plain). The specific objectives of this study were to:
1) analyze the spatial characteristics of LUCC patterns and compare the
changes in terms of sub-regions and different landforms, respectively, 2)
investigate the spatiotemporal changes of the key hydrological compo
nents as a result of LUCC, and 3) predict the potential effects of the
sloping land conversion (SLC) program on the water cycle. The results
can support policy makers and planners in proposing suitable manage
ment practices to reasonably allocate water resources and put forward
effective measures in achieving coordinated development of society,
economy, and ecological environment (Li et al., 2015; Sun et al., 2020).
2. Materials and methods
2.1. Study area
The Wei River is the largest tributary of the Yellow River. The WRB is
located in the southeastern part of the CLP with a drainage area of
134,800 km2 (Fig. 1). According to the classification system of basic
geomorphic types (Li et al., 2008), the WRB was divided into mountains,
hills and plains, accounting for 28.1%, 30.8%, and 41.1% in area,
respectively (Fig. A1). Also, we divided the WRB into four sub-regions
(UWR, JR, NLR, and MLWR) (Fig. A1). Among them, the JR and the
BR are the two large tributaries of the Wei River, accounting for 34% and
20% of the total area of the WRB. Based on the past 50-year
(1965–2014) hydro-climatic data, the annual mean temperature (T) is
9.7 ◦ C, and the annual mean precipitation and annual runoff depth are
559 mm and 57 mm, respectively. Besides, about 78% of precipitation
occurs in summer and autumn. In the WRB, there are three main land
use types – cropland, grassland, and forest, accounting for 43.6%, 37%,
and 16.2%, respectively.
2.2. Data
The 90 m Digital Elevation Model (DEM) was obtained from USGS/
NASA Shuttle Radar Topography Mission (SRTM) Digital Elevation
Database (http://srtm.csi.cgiar.org/). Land use maps (1980, 1995, and
2010) with 1 km resolution were collected from Data Center for Re
sources and Environmental Sciences Data Center (RESDC), Chinese
Academy of Sciences (CAS) (http://www.resdc.cn/). The topographic
data were collected from the Institute of Geographic Sciences and Nat
ural Resources Research, Chinese Academy of Sciences (http://www.
igsnrr.ac.cn/). Soil data at 1 km resolution were from the Cold and
Arid Regions Sciences Data Center at Lanzhou (http://westdc.westgis.
ac.cn). Historical climate data from 21 national meteorological sta
tions during 1951–2016 were provided by the China Meteorological
Administration (CMA), including daily precipitation, temperature, wind
speed, relative humidity and solar duration. Streamflow data of three
2
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Fig. 1. Location of the Wei River Basin (WRB), monitoring stations, and four sub-regions (the upper reach of the Wei River (UWR), the Jing River subbasin (JR), the
North Luo River subbasin (NLR), and the middle and lower reaches of the Wei River (MLWR)).

hydrological stations (Linjiacun, Huaxian, Zhuangtou) in the WRB
covered 1971–1990 were obtained from the Hydrology Bureau of the
Yellow River Conservancy Commission. The ET data were obtained from
the MODIS MOD 16 A3 data products (http://www.ntsg.umt.
edu/project/modis/mod16.php).

2.5. Land use scenarios
Using three periods of land use data (1980, 1995, and 2010) and land
use transition matrix method (Appendix 2), this study reclassified land
use into six types (cropland, forest, grassland, water, urban land, and
barren) to analyze spatial and temporal heterogeneity of LUCC in the
WRB by these three aspects: (1) total land use change, (2) land use
change in different regions, (3) land use change based on landforms. To
compare the changes in different periods, we considered 1980–1995 as
the first period and 1995–2010 as the second period. Besides, we
assessed the hydrological impacts of changing land use in the past de
cades and hypothetical sloping land use conversion (SLC) scenarios in
space and time.

2.3. Model description and setup
The SWAT model has been widely used to simulate the impacts of
climate change and land management practices on river discharge,
water quality, and sediment yield in basins around the world (Gan and
Zuo, 2016; Tan et al., 2017; Zhao et al., 2020). The hydrological com
ponents in the SWAT is based on the water balance equation (Arnold
et al., 1998):
SW t = SW +

t
∑
(Ri − Qi − ET i − Pi − QRi )

2.5.1. Hydrological impacts of changing land use in the past decades
We conducted the spatiotemporal analysis of land use change using
three land use conditions (land use maps from 1980, 1995, and 2010,
corresponding to S1980, S1995, and S2010, respectively) to understand
the historical land use change of the WRB. The land use of 1980 rep
resented lower human activity, the land use of 1995 indicated primary
economic developing of rural area, and 2010 land use represented result
due to urban construction and ecological reconstruction. Firstly, the
changes of specific land use types were identified by overlaying the land
use maps for different years. To isolate the impact of LUCC and climate
change, we fixed the climate data from 1971 to 2015 when we ran the
SWAT model. Then, we assessed the main hydrological components (ET,
soil water, and water yield) under different land use conditions at the
HRU level.

(1)

i=1

where SW is the soil water content, i is the time t (days) for the
simulation period, R (mm), Q (mm), ET (mm), P (mm), and QR (mm) are
the daily amounts of precipitation, runoff, actual evapotranspiration,
percolation, and return flow, respectively. The main outputs of SWAT
are surface runoff, lateral flow, baseflow, ET, soil water, water yield,
sediment load, and nutrient loads. Further details about SWAT are
available in its theoretical documentation (Neitsch et al., 2011). The
well-established SWAT model has been increasingly used to address
numerous watershed issues especially under climate shifts and land use
changes. Based on the DEM and digital stream network information, the
WRB was divided into 196 subbasins and 4,629 HRUs using a threshold
of 4%, 5%, and 5% for land use, soil type, and slope, respectively.

2.5.2. Hydrological impacts of hypothetical slopping land use conversion
(SLC) program
For a long time, forest reclamation and improper cultivation caused
serious soil erosion. One of the counter actions taken by the government
to halt the environmental degradation in the CLP was the introduction of
the Slope Land Conversation Program/Crop conversion Program in
1999, stopping agricultural activities in slope areas, recovering forest
based on principle of suitable land and tree (Ostwald and Chen, 2006).
The program required that on the basis of stopping cultivation of sloping
cropland which was easy to cause soil erosion and desertification,
appropriate tree species should be selected according to local conditions
for afforestation and vegetation restoration to achieve the effect of soil
and water conservation. And reclamation on steep slope above 25◦ was
prohibited (Chen et al., 2015). Based on these policies, we divided the

2.4. Model calibration and validation
The Sequential Uncertainty Fitting version 2 (SUFI-2) algorithm was
adopted for the parameter optimization. The monthly streamflow data
were available for 20 years (1971–1990), from which the first ten-year
(1971–1980) record of monthly streamflow was used to calibrate the
model, and the other ten-year (1981–1990) record was used for vali
dation. We used a series of numeric criteria to evaluate the model per
formance, including the Nash-Sutcliffe efficiency (NSE), coefficient of
determination (R2), and percentage bias (PB). More details about model
calibration and validation were shown in Appendix 1. According to
Moriasi et al. (2007), model performance could be evaluated as ‘satis
factory’ if NSE > 0.5, R2 > 0.5, and PB <±25% for monthly simulations.
3
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slope into the following five levels: 0◦ –6◦ , 6◦ –15◦ , 15◦ –25◦ , 25◦ –35◦ , and
>35◦ (Fig. A2). Then we set up four hypothetical land conversion sce
narios to depict the potential land use pattern. Scenarios S1 and S2
involved the conversion of cropland on slopes >25◦ to forest and
grassland, and Scenarios S3 and S4 involved the conversion of cropland
on slopes >15◦ to forest and grassland.

> 0.5) (Moriasi et al., 2007), the model performance could be rated as
‘very good’ in both calibration and validation periods. The simulation
results of Zhuangtou (Fig. 2b) and Huaxian (Fig. 2c) were also within an
acceptable range according to the above criteria. The simulated ET in
different land use types against the MODIS ET were shown in Fig. 3. We
found that the R2 for cropland, forest, and grassland were 0.50, 0.74,
and 0.76, respectively, and the |PB| were no >10%. Therefore, both
visual comparison and numerical evaluation demonstrated that the
SWAT model performed well for simulating the hydrological processes
in the WRB.

3. Results
3.1. Model performance evaluation
A visual and numerical comparison of the simulated monthly
streamflow against the observed data during the calibration
(1971–1980) and validation (1981–1990) periods was shown in Fig. 2.
The evaluation indicators NSE, R2, and PB of Linjiacun flow gaging
station for the UWR were 0.78, 0.79, and 3.9% for the calibration, and
0.82, 0.84, and 7.3% for validation, respectively (Fig. 2a). According to
evaluation criteria for a monthly step (NSE > 0.75, PB <±10%, and R2

3.2. LUCC in the Wei River basin from 1980 to 2010
3.2.1. Total land use change
Fig. A1 showed that the cropland is mainly located in the south
eastern part of the basin, the grassland is relatively evenly distributed,
and the forest is mainly distributed in the Qinling Mountain region and
the southern contiguous area of the Jing River and the North Luo River

Fig. 2. Monthly streamflow simulation at (a) Linjiacun, (b) Zhuangtou, and (c) Huaxian gaging stations during the ten-year (1971–1980) calibration and ten-year
(1981–1990) validation periods.
4
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Fig. 3. Comparison of the simulated and remotely sensed evapotranspiration (ET) in the three main land use types ((a) cropland, (b) forest, (c) grassland) dur
ing 2000–2014.

subbasins. Farmland, grassland, and forest were the main land use types
(Table S1), accounting for >96% of the WRB. Table 2 listed the land use
transition matrix in two periods (1980–1995 and 1995–2010). We found
that in the first period (1980–1995), cropland was mainly converted into
grassland, with the conversion area of 16,278 km2, followed by forest
and urban land. The forest was mainly converted into grassland and
cropland, with the conversion area of 4874 km2 and 2706 km2,
respectively. Grassland was mainly converted into cropland and forest,
with conversion area of 16,057 km2 and 4795 km2, respectively. The
transfer direction between different land use types in the second period
(1995–2010) was the same as the first period. In addition, urban land
mainly came from cropland, and water and barren mainly turned into

cropland and grassland. The distribution direction and gravity center of
different land use types can reflect the spatial evolution process of the
land use change and the transformation characteristics of various land
types clearly. From the spatial variation map of the WRB (Fig. S1),
cropland mainly transferred to the eastern part of the basin during the
period of 1980–2010, and its discretization pattern changed slightly.
Forest mainly transferred to the northern part of the basin with a
discrete distribution especially in the northern of the WRB, and the
center of gravity of grassland mainly moved to the northeastern part of
the basin. As for urban land, it mainly shifted to the southeastern part of
the WRB and represented a centralized trend.

5
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Table 1
Slope characteristics of each land use type at baseline and under different slope land conversion scenarios (unit: km2).
Scenarios

Landform

BS (2010)

Plain
Hill
Mountain

S1 (>25◦ , C-F)

Plain
Hill
Mountain

S2 (>25◦ , C-G)

Plain
Hill
Mountain

S3 (>15◦ , C-F)

Plain
Hill
Mountain

S4 (>15◦ , C-G)

Plain
Hill
Mountain

Slope

Cropland

Forest

Grassland

Water

Urban land

Barren

<15
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦

25,964
3783
424
12,904
4787
316
6546
2243
476

3069
1784
377
2230
1167
95
5456
4988
3162

9921
5298
771
13,084
5785
477
7375
4894
2188

606
40
7
105
25
5
114
12
13

2989
102
8
317
80
3
297
32
8

73
2
1
46
23
5
9
3
7

<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦

–
–
0
–
–
0
–
–
0

–
–
801
–
–
411
–
–
3638

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦

–
–
0
–
–
0
–
–
0

–
–
–
–
–
–
–
–
–

–
–
1195
–
–
793
–
–
2664

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦

–
0
0
–
0
0
–
0
0

–
5567
801
–
5954
411
–
7231
3638

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦
<15◦
15◦ –25◦
>25◦

–
0
0
–
0
0
–
0
0

–
–
–
–
–
–
–
–
–

–
9081
1195
–
10,572
793
–
7137
2664

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

◦

Note: “–” used in columns 4–9 means no change compared to the baseline (BS with 2010 land use), C-F means the conversion of cropland to forest, and C-G means the
conversion of cropland to grassland.
Table 2
Transition matrix of land use types in the WRB from 1980 to 2010 (unit: km2).
Period

Land use

Cropland

Forest

Grassland

Water

Urban land

Barren

1980–1995

Cropland
Forest
Grassland
Water
Urban land
Barren

37,506
2706
16,057
389
1932
56

2342
14,089
4795
59
88
40

16,278
4874
28,493
197
365
37

437
48
160
237
28
7

2149
105
310
36
666
6

55
12
92
8
1
80

1995–2010

Cropland
Forest
Grassland
Water
Urban land
Barren

36,753
2256
16,041
426
1974
60

2992
14,088
5135
49
106
16

16,024
4899
28,441
157
308
94

401
50
184
249
33
8

2422
111
411
34
848
1

54
9
32
2
3
69

3.2.2. Land use change in different sub-regions
As described previously (see Section 2.1), we divided the WRB into
four sub-regions to study the spatial heterogeneity of land use changes
(Fig. 1). The main land use types of these four sub-regions were

cropland, forest, and grassland (Fig. 4). From Fig. A1, we found that
forest and grassland were mainly distributed in the marginal area of
each region, cropland was mainly distributed in the low altitude area,
and urban land was mainly located near the river channel. The area of
6
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Fig. 4. Area percentage and relative changes of different land use types in the upper reach of the Wei River (UWR, (a) and (b)), the Jing River subbasin (JR, (c) and
(d)), the North Luo River subbasin (NLR, (e) and (f)), and the middle and lower reaches of the Wei River (MLWR, (g) and (h)). The gap in the bar chart indicates the
breakpoint in the Y-axis.

cropland in the UWR was greater than that of grassland and forest, and
the cropland increased in the first period (during 1980–1995) and then
decreased (during 1995–2010) (Fig. 4a and b). In the Jing River, the
area of cropland and grassland was basically equal, and the variation of
cropland was basically the same with that in the UWR (Fig. 4c and d).
Cropland was mainly distributed around the urban land and on the
banks of the Jing River and the Wei River (Fig. A1). The area of grass
land in NLR was obviously greater than that of cropland and forest
(Fig. 4e). As for MLWR, the urban land was obviously greater than that
in other three sub-regions, and the area continued to increase in past 31
years (1980–2010) (Fig. 4g and h). In general, the area of cropland in all
sub-regions represented a decreasing trend during 1980–2010, espe
cially in the MLWR. The forest both in UWR and MLWR increased first
and then decreased. The change of grassland area in MLWR was larger
than other regions, with an increase in the first period and a decrease in

the rest. Besides, urban land increased in all sub-regions, especially in
the MLRB, which was mainly transferred from cropland (Table S2).
About 1,299 km2 of cropland was converted to urban land during
1995–2010, which was>1,114 km2 during 1980–1995.
3.2.3. Land use change based on landforms
As described previously (see Section 2.1), we divided the WRB into
three landforms (i.e., mountain, hill, and plain) to study the spatial
heterogeneity of land use changes (Fig. A1). Fig. 5 represented the
composition of land use area in each of the three landform zones. The
main types of land use in mountain area were forest and grassland, ac
counting for >70%. The cropland and grassland were major land use
types both in hill and plain area, and the cropland area in plain can be
>50%. During the 31-year study period, the area of forest and urban
land among these three parts showed an increasing trend. However, the
7
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3.3. Hydrological impacts of LUCC
3.3.1. Hydrological impacts of the past land use changes
We fixed the input DEM, soil data, and climate data (1951–2016) for
the SWAT model, and got the hydrological results from 1956 to 2016
(warm-period was 1951–1955) based on land use data for three periods
(1980, 1995, and 2010). Then we processed the annual mean ET, soil
water, and water yield on HRU level and showed the results in Fig. 7.
Based on S1980, S1995, and S2010, we found that the soil water content
increased slightly by 6.2% and water yield decreased by 5.3% with the
land use change from 1980 to 2010, while ET had nearly no change. We
found that in comparison with the northwestern part, the southeastern
part of basin had a higher ET value, which is consistent with the spatial
distribution of precipitation. Compared with 1980, ET increased mainly
in the north part of WRB (in NLR and Jing River) under the 2010 land
use condition. Higher soil water content was found in the eastern part
with an increasing gradient from the west to the east, and it decreased in
most part of the southern WRB under 2010 land use condition. The
spatial distribution of water yield indicated that water resources were
more abundant in the southern part, while less water would be in the
NLR and the Jing River. The comparison between 1980 and 2010
showed that water yield tended to decline in the areas where ET
increased sharply. From Table 3, we found that ET increased slightly in
the NLR and the Jing River, and soil water content showed an obvious
increasing tread in the same regions. However, the result of water yield
was opposite, showing a strong decreasing trend. This phenomenon was
greatly related to the large-scale changes of forest. Because the water
consumption of forest was greater than other land use types, the affor
estation/reforestation would reduce streamflow.
3.3.2. The sloping land conversion (SLC) program
According to the Slope Land Conversation Program/Crop conversion
Program, we set up four scenarios that transformed cropland of > 25◦
and > 15◦ into forest and grassland in mountain, hill, and plain
(Table 1). We calculated the annual mean hydrological processes in the
baseline condition (S2010) and four scenarios, then we compared the
results based on three landforms (Fig. 8). Fig. 8 showed that the hy
drological effects of the conversion of cropland into forest were greater
than that of the conversion into grassland. The expanding area of the
forest and grassland would increase the ET because ET in both scenarios
was greater than that in the baseline period (2010), and ET under the
conversion of forest scenario was slightly larger than that converted to
grassland. The consumption of water resources in forest is obviously
larger than that in grassland, so soil water content under the two sce
narios of conversion to forest and grassland was significantly lower than
that in the baseline period, and soil water content under forest scenario
was the lowest. Forest had a greater effect on reducing water yield than
grassland because forest canopy and litter layer have good ability to
intercept and conserve water and forest could consume more water than
grass. Consequently, forest would significantly reduce streamflow. Slope
also played an important role for hydrological responses to LUCC, that
is, the hydrological effects when cropland with slopes > 15◦ was con
verted into grassland or forest was more significant than with slopes >
25◦ was converted. From Fig. 8a, we found that the increase of ET of
slope > 15◦ was more dramatic that of slope > 25◦ . Fig. 8b showed that
soil water content declined by a greater amount in the scenario of slope
> 15◦ .

Fig. 5. Proportion of land use in different landforms (plain, hill, and mountain)
of the WRB from 1980 to 2010. The gap in the bar chart indicates the break
point in the Y-axis.

area of cropland had an opposite trend, especially in the plain area
where cropland was mainly converted to forest (the major conversion
outcome), grassland, and urban land. Grassland showed an increasing
trend in mountain and plain area because of the conversion of cropland,
while the grassland of hill showed a decreasing trend because of the
conversion of grassland area to forest area. Table S3 showed the area
percentage of three landform conditions in each sub-region of the WRB,
and we found that the topographical features of the UWR was mainly
hill, the MLWR were mainly mountain and plain area, and hill and plain
area were the main parts of the Jing River and the NLR. From Fig. 6, we
found that the area of cropland in the hill of the UWR could be >50%,
and its area increased first (1980–2010) and then decreased from 1995
to 2010. The proportion of cropland and grassland area in hill and plain
of the Jing River was larger than other land use types, the sum of which
was >80%. The area of cropland continued to decrease, while area of
grassland decreased in the first period (1980–1995) and then increased
from 1995 to 2010. The area of urban land constantly increased, and the
growth rate was getting faster during the study period.

4. Discussion
4.1. Driving forces of land use changes in different sub-regions and
landforms
Land use change is a direct manifestation of the combination of na
ture, society and ecosystems in Earth’s Critical Zone, reflecting the in
tensity of human activities and changes in natural factors over time
8
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Fig. 6. Area percentage of different land-use types under three landforms (plain, hill, and mountain) in four sub-regions: (a) the upper reach of the Wei River (UWR),
(b) the Jing River subbasin (JR), (c) the North Luo River subbasin (NLR), and (d) the middle and lower reaches of the Wei River (MLWR).

(Banwart et al., 2013; Liu et al., 2014). The driving forces of LUCC
mainly include natural driving factors (e.g., landform and natural
disaster), and socioeconomic driving forces (e.g., population growth,
industry development, and government behavior) (Dang and Kawasaki,
2017; Liu et al., 2010). The natural driving factors are relatively more
stable and have cumulative effects, and the socioeconomic driving fac
tors are more active, with direct impacts on land use change (Ni, 2005;
Serra et al., 2008; Xie et al., 2014). In the WRB, precipitation reduces
from southeast to northwest, and previous studies have shown that
vegetation coverage is positively correlated with precipitation (Huang
et al., 2015). We found that cropland was mainly distributed in the
MLWR, because this region had more precipitation than other three sub-

regions. The forest and grass areas in the NLR, located in the eastern part
of the WRB, was larger than that in the UWR. Besides, some extreme
meteorological events can also lead to the changes of land use types.
Several serious droughts in the UWR during 1980 ~ 2010 caused many
trees to die in the mountainous areas, and a certain range of forest was
mainly converted into grassland, resulting in a decrease in forest and an
increase in grassland (Chang et al., 2016; Huang et al., 2014).
In addition, the socio-economic driving factors played an important
role in the spatial heterogeneity of land use change. The UWR and Jing
River are mainly located in Gansu Province, and the NLR and MLWR are
mainly located in Shaanxi. During 1980–1995, China implemented the
family contract responsibility system in rural areas, leading to the
9
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Fig. 7. Simulated ET, soil water, and water yield under the different land use scenarios (S1980, S1995, and S2010 in the left panel) and the difference of each
variable between 1980 and 2010 (the right panel).

Table 3
Simulated ET, soil water content, and water yield in the four sub-regions under different land use scenarios.
Region
NLR
JR
UWR
MLWR

ET

Soil water content

Water yield

S1980/mm

S2010/mm

Change rate /%

S1980/mm

S2010/mm

Change rate /%

S1980/mm

S2010/mm

Change rate /%

496.54
444.38
421.62
503.24

505.34
449.48
422.47
502.33

1.8
1.2
0.2
− 0.2

342.08
299.56
111.48
346.09

378.93
335.96
113.4
339.29

10.8
12.2
1.7
− 2.0

46.6
54.16
69.27
105.1

37.78
48.52
68.64
105.73

− 18.9
− 10.4
− 0.9
0.6

Note: UWR, JR, NLR, and MLWR represent the upper reach of the Wei River, the Jing River subbasin, the North Luo River subbasin, and the middle and lower reaches of
the Wei River, respectively.

the reform of the rural economic system, the market demand for agri
cultural products tended to be diversified, and the production and life of
farmers began to shift from the relatively simple production of culti
vated land to the diversification of agriculture, forestry and animal
husbandry (Li et al., 2018b). The population growth, acceleration of
urbanization, and implementation of the national policy of the grain-forgreen program after 1998 led to a rapid decline in cropland, rapid
growth in urban land, and different trends in forest and grassland
(Zhang et al., 2013). In the NLR, the grain-for-green has been vigorously
promoted, resulting in the rapid growth of forest area in the mountain
area, hills, and plains (Wu et al., 2014). The rapid growth of forest and
the construction of a large number of check dams in the late 1990s have
greatly reduced the grassland area (He et al., 2016; Zhao et al., 2013),
and thus caused the reduction of grassland area in the entire WRB.
Land use has both natural and social attributes, and the changes in its
use patterns will also have a certain impact on the natural ecological
environment and human activities (Ananda and Herath, 2008; Antipova
et al., 2011). Generally speaking, during the periods of 1980–1995 and
1995–2010, the transfer direction of land use was mainly the mutual
transformation of cropland, forest and grassland. Compared with other
landforms, the conversion of cropland mainly occurred in the plains. The
area of forest and grassland showed a trend of rising in mountain area
and hills, where the ecological environment was more vulnerable.

Table A1
Comparison of social and economic development in the upper reach of the Wei
River (UWR), the Jing River subbasin (JR), the North Luo River subbasin (NLR),
and the middle and lower reaches of the Wei River (MLWR).
Sub-region

Population density

GDP

Number of ordinary high schools

JR
NLR
UWR
MLWR

Low
Low
Middle
High

Middle
Middle
Low
High

Low
Middle
Low
High

conversion of most grassland and natural forest into cropland (Cheng
et al., 2009; Zhen et al., 2005). Therefore, the cropland area in the UWR,
Jing River, and NLR showed an increasing trend. The MLWR, as the core
area of Shaanxi’s economy, is mainly located in the Guanzhong Plain.
During this period, the government encouraged urban development,
causing great progress in urban construction and city size. The largescale conversion of cropland into urban land led to an increase in the
area of urban land, especially in the plain area. From 1995 to 2010, with
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Further, the vegetation coverage increased significantly, which was
beneficial to prevent soil erosion in the vulnerable areas. It can be seen
that the land use pattern of the WRB has been increasingly optimal over
the past 30 years, which is conducive to the harmonious development of
human-land relations.
4.2. Hydrological effects of land use change
Fig. 7 showed that the ET under 2010 land use condition was
significantly higher than that in 1980, while the water yield was
reduced. At the same time, the changes were particularly obvious in the
NLR and JR (Table 3). This might be because of the increase in area of
forest and grassland after the implementation of some soil and water
conservation practices. Under SLC scenarios, increases in grassland and
forest converted from cropland with slop > 15◦ or > 25◦ had positive
effects on ET, and negative effects on soil water and water yield. Wang
et al. (2013) found that grass cover types cannot protect the soil surface
from solar radiation, leading to greater water loss via direct evaporation.
Forest could capture more rainfall and uptake more water than other
land use types (e.g., cropland), resulting in a lower water yield
(Crockford and Richardson, 2000; Li et al., 2017). This result was similar
with Yang and Lu (2018), who found that the Grain-for-Green Pro
gramme reduced the runoff by 13.8% and the sediment load by 50.7% in
Yanhe River basin. However, Li et al. (2018a)showed that the shrinkage
of woodland would cause decrease of soil water, thus contributing to a
small increase in streamflow during the dry season in the WRB. The
hydrological effects of conversion of cropland into forest were greater
than those of grassland. Compared with grassland, the large canopy, big
leaf area, and deep root of forest would result in greater ET (Qubaja
et al., 2020; Wang, 2000). Besides, canopy interception and root water
absorption could lead to more reduction of soil water in the forest land
(Marimon-Junior et al., 2020; Nepstad et al., 1994). Jia et al. (2017)
collected soil moisture content data within the 5-m soil profile and found
that artificial forests intensified soil moisture decline on the Loess
Plateau, inducing dry soil layer formation. Such type of land use shift
would reduce water yield (streamflow) in forest area. Therefore, forest
might lose more water through ET compared with other land use types
(Wang et al., 2011). This pattern was evident from the change in soil
water content, with less amount in forest than in other areas.
Four SLC scenarios were proposed to demonstrate the hydrological
impacts of land use change. Under the land conversion from farmland
with slope > 15◦ or > 25◦ to grassland/forest, there was a negative
impact on soil water and water yield and a positive impact on ET.
Additionally, after the GGP was implemented, the area with steep slope
has less obvious changes of ET than areas with gentle slope. Thus, be
sides the variability of climate and soil, topographic factors also played
important roles in the spatial heterogeneity of the water balance (Luo
et al., 2020; Reggiani et al., 2000). Combined SWAT and water-energy
coupling framework to detect the hydrology heterogeneity, Yang et al.
(2019) found that the contribution of land surface change on hydrology
shifts in the arid alpine region of Heihe River Basin was gradually
increasing because of the strengthening effect of land surface change.
Previous studies have found that revegetation can cause soil water
shortages in both the near-surface soil and deep soil layers, which might
result in soil desiccation (Feng et al., 2016; Jia and Shao, 2013; Jian
et al., 2015). Vegetation restoration plays an important role in pro
longing concentration time and reducing water yield on the hillslopes
(Jia et al., 2020). From an artificial rainfall experiment, Gu et al. (2020)
found that vegetation cover, the decrease in soil bulk density, and the
increase in belowground root biomass were the primary causes of runoff
and sediment yield reduction on the slopes with vegetation restoration.
Consequently, watershed management should consider all hydrological
components, and optimize vegetative structure and management mea
sures in order to improve hydrological functions and promote sustain
able development in terms of socioeconomics and ecology.

Fig. 8. Changes of ET (a), soil water (b), and water yield (c) under different
land-use conversion scenarios when compared to the baseline condition (S2010,
black line) (see Table 1 for definitions of scenarios).
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4.3. Limitations and uncertainties

of LUCC over the past thirty years and four hypothetical land conversion
scenarios based on the soil and water conservation practices. Our
analysis showed that the soil water content increased slightly by 6.2%
and the water yield decreased by 5.3% for 2010 when compared to
1980. The water yield in NLR and Jing River declined obviously, by
18.9% and 10.4%, respectively, though the ET had nearly no change. In
terms of the spatial analysis, ET increased significantly in the north part
of WRB (mainly in the NLR and the Jing River), and the decline of water
yield was more severe in the same area. The scenarios about SLC pro
gram showed that the conversion of cropland to grassland or forest
exerted negative effects on soil water and water yield, and the negative
effects were more evident in the scenario of afforestation. The conver
sion of land use types with different slopes also had different hydro
logical effects. We found that the function of increasing ET was more
effective when cropland with slopes > 15◦ was converted into grassland
or forest than with slopes > 25◦ was converted. In summary, this study
provided useful information for land use planning and soil and water
conservation on the Loess Platea. The quantitative assessment of LUCC
and their impacts on hydrology can provide valuable information for
optimization of land use planning, soil and water conservation, and the
eventual sustainable watershed management on the Loess Plateau.

This study is subjected to some limitations that need to be resolved in
future work. On the one hand, the grid resolution of land use data was 1
km, which might be coarse for identifying land use conversion and
detecting hydrological responses. Therefore, the problem of land use
data may bring some uncertainties in assessing LUCC and their hydro
logical consequences. Mukundan et al. (2010) found that different data
resolutions would affect the delineation of HRUs and sediment and
nutrient predictions using SWAT.
On the other hand, the internal structure of the model determines
that some simulations are biased. The simulated streamflow showed
some deviation in the flood season, which may be related to the “mea
surement quality” and “model behavior” reasons. For example, SWAT
uses total daily precipitation and does not consider rainfall intensity
within a day. Thus, it may underestimate streamflow for some precipi
tation events (Qiu et al., 2017). Also, the use of runoff curve number to
simulate the surface runoff behavior dose not account for saturation
excess runoff or contributions from variable source areas (Easton et al.,
2008). In brief, the limitations mentioned above might compromise the
results of our study; however, the methodology and data used in our
study can definitely be accepted and support our conclusions. None
theless, addressing these limitations by comparing different datasets and
different models can be a good subject of future studies.
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5. Conclusions
In this study, we investigated the spatial heterogeneity of LUCC from
1980 to 2010 and its impacts on key hydrological components in the
WRB. The SWAT model performed satisfactorily with acceptable NSE,
R2, and PBIAS values.
The LUCC analysis results showed that cropland, forest, grassland
were the dominant land use types in study area. The cropland exhibited
a decreasing trend from 58,776 km2 in 1980 to 57,519 km2 in 2010,
leading to an increase in forest, grassland, and urban land. Among four
sub-regions, the cropland reduced most obviously in UWR, with a
decrease of 498 km2. The grassland area decreased in the UWR and the
NLR, but increased in the Jing River and the MLWR. Different landform
conditions also affected the distribution and transformation of land use.
The main types of land use in mountain area were forest and grassland,
and the main transformation was from cropland to forest land and
grassland. The area of cropland in plain could be over 50%, and it was
mainly converted to urban land. Based on the analysis of the charac
teristics and driving factors of land use dynamic change in 1980–1995
and 1995–2010, we found that the LUCC in the two stages showed
different characteristics because of different driving forces, and the
change degree in the latter stage was greater than that in the previous
stage.
The impacts of LUCC on the water balance components were
assessed quantitatively using SWAT setting scenarios with three periods
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Appendix 1. . Model performance assessment
To measure the model performance, the Nash-Sutcliffe Efficiency (NSE), the coefficient of determination (R2), and the percentage bias (PBIAS)
(Mandeville et al., 1970) were used in this study. These criteria were calculated as follows:
∑n
(Qm.i − Qs,i )2
NSE = 1 − ∑n i=1
(1)
2
i=1 (Qm.i − Qm,avg )
∑
2
[ n (Qm.i − Qm,avg )(Qs.i − Qs,avg )]
R2 = ∑n i=1
∑
2
2
n
i=1 (Qm.i − Qm,avg )
i=1 (Qs.i − Qs,avg )

(2)

∑n
PBIAS =

i=1 (Qs.i − Qm,i )
∑n
i=1 Qm.i

(3)

× 100%
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where Qm.i and Qs,i are measured and simulated streamflow at each time step i; Qm,avg and Qs,avg are the mean measured and simulated streamflow;
and n is the number of time steps. The NSE describes the explained variance for the observed values over time that is accounted for by the model
(Green and van Griensven, 2008), which ranges from − ∞ to 1. The R2, ranging from 0 to 1, is used to assess how accuracy the model tracks the changes
of the observation. And the PBIAS measures the average difference between observation and simulation. The closer NSE and R2 are to 1, and PBIAS to
0, the better the SWAT model performs.
Appendix 2. . Land use transition matrix
Land use transition matrix is a fundamental tool in analyses of land use change. It includes not only the static information of land use types in a
certain period, but also the dynamic conversion information of various land use types at the beginning and end of the period, which can better show
the transition of land use types (Mas et al., 2004). The mathematical expression of the transition matrix is as follows:
⃒
⃒
⃒ S11 S12 ⋯ S1n ⃒
⃒
⃒
⃒ S21 S22 ⋯ S2n ⃒
Sij = ⃒
(4)
⃒
⋯
⋯
⋯
⋯
⃒
⃒
⃒
⃒
Sn1 Sn2 ⋯ Snn
where S refers to the area or percentage of a certain land use type, Sii refers to the area or percentage of the land use type that remains unchanged in
a period of time, Sij refers to the area or percentage of the land use type transformed from i land use type to j land use type in a period of time, and n
refers to the type of land use type.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jhydrol.2020.125741.

Fig. A1. Three landforms, four sub-regions (the upper reach of the Wei River (UWR), the Jing River subbasin (JR), the North Luo River subbasin (NLR), and the
middle and lower reaches of the Wei River (MLWR)) and three-period (1980, 1995, and 2010) land use maps of the Wei River Basin.
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Fig. A2. Changes of land use area ratio with elevation and slope in the WRB.
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