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A B S T R A C T   

To increase vegetation coverage and improve ecosystem services, the government has promulgated and imple
mented the “Grain for Green” policy since 1999. How and where vegetation cover increases and how land use/ 
land cover (LULC) changes determine regional water resources and hydrological regimes. On the Chinese Loess 
Plateau (LP), an arid and semiarid area with fragmented topography and the transitional vegetation nature, 
accurately predicting LULC and vegetation change is particularly important. We employed a simple habitat 
analogy approach, and the Soil and Water Assessment Tool (SWAT) to predict potential vegetation restoration 
and LULC change and investigated their impact on the hydrological regime in a watershed of Liujiahe. Results 
showed that the maximum recoverable vegetation cover of the Liujiahe watershed is 71.1%, of which 9.2% still 
has potential for vegetation cover and 36.4% of the area vegetation continued to improve in the future. Future 
suitable afforestation areas are limited to 46.06 km2, which will result in cropland will decrease by 47.4%, and 
grassland and forestland will increase by 15.8% and 0.7%, respectively. However, SWAT results showed that 
vegetation restoration between the 1980 s and 2020 s has already reduced the annual mean runoff and soil water 
content (SW) by 44.2% and 43.9%, respectively, while evapotranspiration (ET) has increased by 12.6%; LULC 
changes in the next 30 years will further reduce runoff and SW by 15.6% and 11.1% respectively, and increase ET 
by 1.2%. Overall, large-scale vegetation restoration has greatly affected hydrological regimes on the LP. The area 
still has potential for vegetation enhancement; however, considering the limited rainfall and water-carrying 
capacity, the vegetation restoration of this watershed should be based on natural restoration or low water 
consumption grasses and shrubs to avoid a water resource crisis. These results provide a perspective for 
modelling LULC changes in areas with fragmented terrain and highly influenced by human activities, and pro
vide an important basis for sustainably managing natural resources on the LP under long-term ecological 
restoration.   

1. Introduction 

Land use/land cover (LULC) change is fundamentally important to 
the study of global environmental change (Chen et al., 2020) and is 
closely associated with the hydrological processes in watersheds in 
terms of canopy interception, infiltration and evapotranspiration (ET), 
which may eventually change the runoff volume, peak flow and flow 

routing time (Laurance, 2007; Zhang et al., 2008a; Zhang et al., 2018; 
Chen et al., 2020; Obahoundje and Diedhiou, 2022). Therefore, under
standing the future LULC and its impact on the hydrological regime is 
beneficial for the government to formulate ecological protection stra
tegies, achieve sustainable management of land and water resources and 
and improve ecosystem services (Qiu et al., 2017, Cao et al., 2009, Chen 
et al., 2020). 
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The Chinese Loess Plateau (LP) has become one of the global hot
spots of soil erosion due to a combination of fragmented topography, 
high-intensity precipitation, poor vegetation conditions and intense 
human activity over the centuries, and its erosion rate was once as high 
as 25,000 t t km-2 y-1 before the 1980s (Chen et al., 1988). To control 
soil erosion, many ecosystem restoration programs have been imple
mented since the 1950s (Liu et al., 2020; Yan, et al. 2018; Cao, et al. 
2009); the most representative programs include the integrated soil 
conservation project of small watersheds, which has been implemented 
since the 1970 s (Yao, et al. 2005) and the GFG program, which was 
started in 1999 (Cao, et al. 2009). LULC has dramatically changed since 
these ecosystem restoration programs were initiated. The vegetation 
cover of the LP has increased from an estimate of approximately 56% in 
2000 to approximately 77% in 2017 (Yang et al., 2020). At the same 
time, these ecosystem restoration programs have had considerable im
pacts on hydrological functioning (Hu et al., 2021). It has been esti
mated that the average streamflow across the Yellow River decreased 
from 42.6 billion m3 in 1919–1959 to nearly 30 billion m3 in 2010 (Liu 
et al., 2019). Therefore, prediction of the LULC and its impact on the 
hydrological regime is particularly important to the ecological protec
tion and high-quality development of the LP. 

Many researchers had developed LULC prediction models in recent 
decades. Markov chains was constructed by Andrey Markov in 1907 and 
have been applied to study land use dynamics since the 1970s (Iacono 
et al., 2015), and a system dynamics model (SD) was constructed by Jay 
W. Forester in 1961 (Forrester, 1961). These models mainly predict the 
areas of various LULC types based on the average changing rates along 
time series, but it is difficult to connect LULC spatial distribution (Muller 
and Middleton, 1994; Michael et al., 2015; Qiao et al., 2022). In 1951, 
John von Neumann created the cellular automata (CA) model (von 
Neumann 1951). It relies on empirical statistics to simulate the spatial 
pattern of land use (Liu et al., 2017a; Liang et al., 2021). However, it 
cannot incorporate socioeconomic factors (El Yacoubi and El Jai, 2002; 
Qiao et al., 2022). Although the Conversion of land use and its Effects at 
Small regional extent (CLUE-S) model considers both natural and socio- 
economic factors (by Peter H. Verburg in 2002) (Verburg et al., 2002), it 
is only valid for the dominant land use types (Verburg et al., 2002; Qiao 
et al., 2022), and its non-spatial module needs help of other models and 
has to ignore the interaction between different models (Liu et al., 
2017b). Due to the fragmented topography, high impact of human ac
tivities, strong landscape heterogeneity and obvious transitional char
acteristics on the Loess Plateau (Chen et al., 1988), the above models 
were not able to precisely consider the complex characteristics of LULC 
in the region. It is important to develop a rational and practical method 
to predict the LULC of the Loess Plateau for future ecological restoration. 

Afforestation has been recognized as a potential major LULC change 
for the LP in the coming decades (The Central Committee of the 
Communist Party of China and the State Council, 2021), which means 
that the impacts of afforestation on hydrological regimes should be 
considered in watershed management planning. To develop an effective 
watershed management plan, it is necessary to accurately predict hy
drological responses using models. Numerous studies have studied 
variability in hydrologic regimes responses via hydrologic models (Park 
et al., 2013), such as the storm water management model (SWMM) 
(Huber and Dickinson, 2021), SWAT model (Arnold et al., 1998), and 
hydrological simulation program Fortran (HSPF) (Bicknell et al., 2001), 
which have been used to analyse the change in hydrologic responses 
under various physical conditions at different temporal and spatial 
scales. However, as far as the simulation accuracy is concerned, the 
SWAT model is relatively more suitable for long-term hydrological 
process simulation in small and medium-sized watersheds (Arnold et al., 
2012; Rathjens et al., 2015), and is categorized as a semidistributed 
model with a physical basis, which can reflect the time-scale change and 
spatial distribution characteristics of hydrological processes in water
sheds and describe the water balance, runoff and concentration mech
anism and evapotranspiration of the underlying surface; furthermore, it 

has a good simulation effect and stability. Therefore, the SWAT model is 
widely used in estimating the hydrological regimes response to LULC 
change (Kang et al., 2021; Yan et al., 2018). 

The Liujiahe watershed is located in the canter of the LP, which is a 
typical hilly and gully area with a fragmental landform. The fragmented 
terrain and extensive human activities in this region have caused very 
severe soil erosion, with an annual soil erosion modulus of 3000 ~ 
20000 t/km2/a in most areas (Ni, 2008). This region is a source area of 
flood and coarse sediment in the middle reaches of the Yellow River, as 
well as one of the key areas for soil and water conservation (Ran, 2006). 
A deep understanding of future LULC and its impact on hydrology in the 
Liujiahe watershed can provide an important reference for future 
ecological restoration work on the entire LP. Therefore, the specific 
objectives of this study include (1) to analyse the potential vegetation 
restoration; (2) to map vegetation suitability and predict the LULC of 
selected watersheds; and (3) to simulate changes in runoff, soil water 
content (SW) and ET from the Liujiahe watershed due to future LULC 
change. Answers to these questions are important for regional ecosystem 
restoration and ecological protection of the LP. 

2. Study area 

The Liujiahe watershed (36◦30′–37◦19′N; 107◦32′–108◦11′E) is sit
uated in the central LP, which is a typical hilly and gully area with an 
area of 7325 km2 (Fig. 1). The mean annual precipitation of the 
watershed is 473 mm, with a mean annual ET0 total of approximately 
950 mm (Zhang et al., 2022). The main soil type is cultivated loessial soil 
with a poor anti-erosion capability, accounting for 90% of the entire 
watershed. The mean annual sediment load exceeded 15,000 t km-2 
before 1980 (Chen et al., 2016). To control severe soil erosion, inte
grated soil conservation projects have been implemented in the Liujiahe 
watershed since the 1970s, while the GFG program was implemented 
widely in the 1990s. The afforested area in the Liujiahe watershed 
increased from 4% in the 1970s to 40% in 2019 (Zou et al., 2021) 
through the GFG program. Although the area under trees in the Liujiahe 
watershed increased dramatically over the years, grassland typically 
dominated the landscape (Zou et al., 2021), with overall vegetation 
cover representing a mixture of forested land, grassland, and cropland. 
Hence, LULC changes in the Liujiahe watershed were predominantly 
determined by the GFG program, making the watershed particularly 
suitable for investigating future trends in vegetation cover, LULC and 
streamflow under continued vegetation restoration. 

3. Data sources and methods 

3.1. Data collection 

3.1.1. Natural factors 
Daily meteorological data, including precipitation, sunshine dura

tion, air temperature, wind speed, and relative humidity, in the Liujiahe 
watershed from 1970 to 2020 were obtained from the National Climatic 
Center of the China Meteorological Administration (https://cdc.nmic. 
cn/) (Table 1). The potential evapotranspiration (ET0) for each meteo
rological station was calculated on a daily scale using the P-M method 
(Allen, et al. 1998). The spatial distribution of annual ET0 and precip
itation within the Liujiahe watershed was obtained based on regional- 
scale point data interpolated by the collaborative kriging interpolation 
algorithm (Hohn, 1988). The drought index is a composite reflection of 
rainfall and evaporation in an area, and it was calculated using Equation 
(1) (Fig. 2a): 

Dr = ET0/P (1)  

where Dr is the drought index; ET0 is the potential evapotranspiration 
(mm); and P is the precipitation (mm). According to the defined value of 
the traditional annual drought index and the principle of equal intervals 
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(Chen, 1974), the drought index was divided into five levels: [1.23–1.5], 
(1.5–1.75], (1.75–2.0], (2.0–2.25], and (2.25–2.5]. 

Digital elevation model (DEM) data (5 m × 5 m) were collected from 
the Geospatial Data Cloud (https://www.gscloud.cn) (Table 1). The 
terrain slope, aspect and hillslope shape of the Liujiahe watershed were 
obtained by the surface analysis tool in ArcToolbox in ArcGIS10.2 
(Fig. 2b, c, d), and the slope was classified into seven classes [0◦-3◦], (3◦- 
8◦], (8◦-15◦], (15◦-25◦], (25◦-35◦], (35◦-45◦], and >45◦ (Tang et al., 
2001) (Fig. 2b), classifying the aspect into north (0–22.5, 337.5–360], 
northeast (22.5–67.5], east (67.5–112.5], southeast (112.5–157.5], 
south (157.5–202.5], southwest (202.5–247.5], west (247.5–292.5], 
and northwest (292.5–337.5] (Fig. 2c). The hillslope shape was divided 
into concave and convex types according to the principle of curvature 
calculation (Fig. 2d). 

The soil type map (1:500000) was derived from the Loess Plateau 
Science Data Center (https://loess.data.ac.cn/) (Table 1). The study area 
mainly includes five soil types: cultivated loessial soils, dark loessial 
soils, red earths, alluvial soils, and aeolian soils (Fig. 2e). The soil 

property data for the soil types in the area were obtained from the 
Chinese Soil Database website: https://vdb3.soil. csdb.cn/. 

The vegetation zone is a comprehensive reflection of macroclimate 
(precipitation, temperature, dryness, etc.), and the Loess Plateau vege
tation zone data were obtained from the Loess Plateau Science Data 
Center (https://loess.data.ac.cn/) (Table 1). According to the vegetation 
zone division, the Liujiahe watershed spans from the forest steppe 
vegetation zone in the southeast to the typical grassland vegetation zone 
in the northwest (Fig. 2f). 

3.1.2. Vegetation cover data 
The vegetation cover data (2001 ~ 2020) were available from the 

MODIS data (MCD43A4, MOD09A1) derived from the International 
Scientific Data Service Platform (https://datamirror.csdb.cn/) with 500 
m resolution. The corresponding vegetation coverage (annual 
maximum) was derived from the NDVI using the ternary linear mixed 
model (Guerschman et al., 2009). Based on a comparison with the 
ground truth data in 2020, the estimation accuracy (R2) was 0.83 

Fig. 1. Location of the Loess Plateau (a) and Liujiahe watershed (b).  

Table 1 
Description of the driving factors.  

Category Data Data source Spatial 
resolution 

Reason for use 

Climate Daily precipitation, sunshine duration, air 
temperature, wind speed, and relative 
humidity 

National Climatic Center of the China 
Meteorological Administration (https://cdc.nmic. 
cn/) 

30 m Construction of similar habitats area and 
SWAT model  

Potential Evapotranspiration data P-M method and interpolated by the collaborative 
kriging interpolation algorithm 

30 m Construction of similar habitats area and 
SWAT model  

Drought index data Calculated and interpolated by the collaborative 
kriging interpolation algorithm 

30 m Construction of similar habitats area 

Terrain DEM Geospatial Data Cloud (https://www.gscloud.cn) 5 m Suitability mapping of afforestation, 
construction of similar habitats area and SWAT 
model, LULC simulation  

Slope, Aspect and Hillslope shape Using spatial analysis tools of ArcGIS10.2 5 m Suitability mapping of afforestation, 
construction of similar habitats area and SWAT 
model, LULC simulation 

Soil Soil type data Loess Plateau Science Data Center (https://loess.da 
ta.ac.cn/) 

50 m Construction of similar habitats area and 
SWAT model  

Soil property Data Chinese Soil Database website: https://vdb3.soil. 
csdb.cn/. 

None Construction of SWAT model 

Vegetation MODIS images International Scientific Data Service Platform 
(https://datamirror.csdb.cn/) 

500 m Vegetation restoration potential analysis  

Vegetation zone Loess Plateau Science Data Center (https://loess.da 
ta.ac.cn/) 

30 m Construction of similar habitats area and 
suitability mapping of afforestation 

LULC Landsat images Google Earth Engine (GEE) platform. 30 m LULC simulation and construction of SWAT 
model 

Runoff Daily runoff data Hydrological Bureau of the Ministry of Water 
Resources of the People’s Republic of China (http 
s://www.mwr.gov.cn/) 

None Construction of SWAT model 

Note: “None” indicates that the data type is point data and there is no accuracy or spatial resolution, “LULC” indicates that land use/land cover. 
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(Table 1) (He et al., 2020), which meets the research accuracy 
requirement. 

3.1.3. LULC data 
LULC affects the degree of vegetation restoration in the future and 

indirectly dominates the water cycle (Zhang et al., 2013). Landsat im
ages with 30 m resolution covering the basin in approximately 2020 
were collected from the Google Earth Engine (GEE) platform. According 
to the national land use classification system standard, the LULC map of 
the study area was obtained. To verify the accuracy of LULC interpre
tation, 981 points were randomly deployed in the study area and veri
fied by high-resolution images in Google Earth software, and the 
verification results showed an overall correct rate of 92.85% and a 
Kappa coefficient of 0.90 (Table 1), with reliable classification results 
(Zou et al., 2021). 

3.1.4. Runoff data 
We collected observed daily runoff data for the Liujiahe gauging 

station (Fig. 1b) from the Hydrological Year Books (1970–2019) pub
lished by the Hydrological Bureau of the Ministry of Water Resources of 
the People’s Republic of China (https://www.mwr.gov.cn/). Primary 
quality control was implemented to check the accuracy of the data 
before they were used. Annual runoff was derived by aggregating daily 
data. 

3.2. Data processing methods and analysis framework 

3.2.1. Analysis framework 
The study aimed to analyse the potential for future vegetation 

restoration and suitable areas for afforestation and, on this basis, to 
predict the future changes in LULC and evaluate its impact on runoff. 

Fig. 3 shows the framework of this research. After processing the ac
quired original data, the vegetation coverage, LULC, climate, terrain and 
vegetation zone data were used to analyse the potential vegetation 
restoration by the similar habitat method. Then, based on the LULC, 
topography, soil type and vegetation zone data, the spatial distribution 
of suitable afforestation areas was analyzed (Table 1). On this basis, the 
current land use status and China’s vegetation restoration policy for the 
next 30 years were considered, and the results of the potential vegeta
tion restoration and afforestation suitability analysis were used to pre
dict future LULC. Finally, the runoff, LULC, slope and soil type data were 
used to construct and validate the SWAT model suitable for the Liujiahe 
watershed to quantitatively analyze and predict the impact of LULC 
change on the runoff, SW and ET (Table 1). Detailed explanations of 
each step are provided in the subsequent sections. 

3.2.2. Construction of similar habitats 
Vegetation growth is usually affected by climatic conditions (e.g., 

precipitation, temperature, ET0 and humidity), terrain conditions (e.g., 
elevation, slope, and aspect), and soil and geological conditions (e.g., 
soil type and landform) (Gao et al., 2017). Generally, under the same 
natural conditions, the vegetation coverage should be similar (Nauman 
et al., 2017; Zhao et al., 2021). If vegetation coverage differences exist 
within the same natural conditions, then there is potential for vegetation 
coverage to increase. On the basis of the above concepts, the drought 
index, topography, soil type and vegetation elements were divided into 
different classes and used to construct similar habitats (Fig. 2). Through 
the combination of these layers, 2083 similar habitats were formed in 
the whole study area. The average value of the vegetation cover within 
each habitat area from 2001 to 2020 was calculated, and to avoid sta
tistical errors, the vegetation cover value at the 90% quantile was taken 
as the potential vegetation growth for a similar habitat area. 

Fig. 2. Distribution of different elemental characteristics of the Liujiahe watershed (a: drought index; b: slope; c: aspect; d: hillslope shape; e: soil type; f: vege
tation zone). 
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To reflect the restoration potential of the Liujiahe watershed, the 
regional vegetation recovery potential index (IVCp, 0–1) was calculated 
based on the current vegetation cover (VC, %) and the maximum 
recoverable vegetation cover (VCm, %) in 2020: 

IVCp = (VCm − VC)/VCm (2) 

The closer the IVCp is to 1, the greater the future vegetation recovery 
potential is, while the closer the IVCp is to 0, the closer the vegetation 
restoration is to the upper limit of vegetation cover. 

3.2.3. Plantation suitability and scenarios 
Afforestation is an important part of ecological construction, and 

suitable afforestation is the key to reclaiming ecological functions. As 
the Liujiahe watershed is predominantly an arid and semiarid environ
ment, the distribution of vegetation in the area is primarily influenced 
by precipitation and landforms, such as aspect, slope, and hillslope 
shape, as those factors affect the availability of soil moisture and 
incoming solar radiation (Yang and Shao, 2000; McVicar et al., 2007b; 
Zhang et al., 2008b). 

The extent of soil moisture availability defined by local factors is 
dependent upon precipitation (Zhang et al, 2008b). Vegetation growth 
in forested vegetation zones is little affected by local factors because of 
relatively high precipitation. However, in a typical grassland vegetation 
zone with limited precipitation, vegetation suitability is determined by 

local topography. Generally, there are obvious differences in soil mois
ture storage on different slopes, and the soil water content increases in 
the order of southwest face < south face < southeast face < west face <
east face < northwest face < north face < northeast face in the Northern 
Hemisphere (Day et al., 1974). Concave hillslopes have a higher ca
pacity for collecting and conserving water in soil than convex hillslopes 
(Jiang et al., 1987). In addition, the suitable slope gradient for affores
tation is considered to be between 25 and 45◦ (Tang et al., 1998); 
however, due to the strong wind at the top of a mountain, the soil 
evaporation is strong, and the slope of the mountain receives external 
runoff recharge infiltration. The steeper the slope is, the higher the soil 
moisture content in the middle and at the bottom of the slope (Jiang 
et al., 1987). In addition, as the forest-steppe vegetation zone is between 
the forest vegetation zone and the typical steppe vegetation zone, it has 
typical transitional characteristics, i.e., the closer to the forest zone an 
area is, the weaker the influence of landforms on afforestation, and the 
closer to the typical steppe vegetation zone an area is, the stronger the 
control of landforms on afforestation. To reflect this transition, the 
forest-steppe zone was divided into 16 subzones according to the prin
ciple of equal spacing, and the influence of moisture on afforestation 
under the combination of landforms was considered according to the 
sequence of the slope direction, slope type and slope to show the dif
ference in the influence of landforms on moisture and afforestation in 
the transition zone in a more uniform way; detailed screening rules are 

Fig. 3. Analysis framework of future LULC change and its impact on the hydrological regime (LULCC = land use/land cover change, FVC = vegetation coverage, SW 
= soil water content, ET = evapotranspiration). 
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shown in Table 2. 

3.2.4. LULC scenario simulation 
The Liujiahe watershed is in the middle reaches of the Yellow River 

Basin, which is characterized by fragmented topography and strong 
human interference, and its LULC changes are influenced not only by 
natural factors but also by government policies and thus, we focused on 
the future development orientation and strategies of the GFG policy for 
the next 30 years as outlined in “Outline of the Yellow River Basin 
Ecological Protection and High-Quality Development Plan”, and com
bined the results of afforestation suitability and the potential vegetation 
restoration areas, the LULC was predicted by applying the following 
criteria. 

Incorporation of current land limits. Under the current LULC, we 
defined areas where future land change should not occur and used 
forestland, construction land and water bodies based on the LULC 
database mapped in 2020. 
Identification of areas with vegetation restoration potential (see 
Section 3.1). Areas with IVCp < 0.1 are considered to have vegeta
tion cover close to the maximum with little room for future LULC 
change, while areas with IVCp > 0.1 are considered to have potential 
for increased vegetation coverage in the future (Zhao et al., 2021), 
and these areas have a high probability of LULC change in the future. 

3) Determination of the suitable area for afforestation. In the areas 
with potential for vegetation restoration, according to the principle of 
suitable afforestation (see Section 2.2.2), the suitable area for affores
tation is determined, while the other areas are considered suitable for 
planting grass. 

4) The impact of the Chinese government’s vegetation restoration 
policy. Vegetation restoration in China’s GFG Program (The Central 
Committee of the Communist Party of China and the State Council, 
2021) is usually considered only in an area where sloping cropland has 
slopes that exceed 25◦. Therefore, we defined cropland with a slope less 
than 25◦ to be unchanged in the future (Liu and Lan, 2015). 

3.2.5. SWAT model 
The SWAT model was developed by the USDA-ARS in the 1990s to 

simulate the impact of watershed management and climate change on 
water and sediment in large ungauged watersheds (Arnold et al., 1998). 
The main working principle of the model is to divide the watershed into 
different subwatersheds, which are then further subdivided into hy
drologic response units (HRUs) based on the LULC, topography and soil 
type. In this watershed, the model divides the watershed into 63 sub
watersheds and 1227 HRUs. The simulation of runoff is mainly achieved 
by the soil water balance in the soil profiles at the HRUs. The soil water 
balance equation is used in the model: 

SWt = SWt− 1 +
∑t

i=1
(Ri − Qi − ETi − Pi − QRi) (3)  

where SW is the soil water content; i is the time of the day for the 
simulation period; R is the precipitation, Q is the runoff, ET is the 
evapotranspiration, P is the percolation and QR is the return flow. 

Surface runoff, groundwater and evapotranspiration are affected by 
26 parameters in the SWAT model (Ahn and Merwade, 2017). The 
sequential uncertainty fitting (SUFI2) module of the SWAT Calibration 
Uncertainty Program (SWAT-CUP) (Abbaspour et al., 2007) was devel
oped to efficiently analyse the sensitivity of these parameters and 
determine the best combination of parameter values by iterative SWAT 
model runs. The performance of the SWAT model simulations was 
evaluated by the coefficient of determination (R2), Nash-Sutcliffe coef
ficient (NSE), root mean square error-observations standard deviation 
ratio (RSR) and percent bias (PBIAS). The equations are given as follows 
((4)–(7)): 

R2 =

( ∑n
i=1(oi − ō)(mi − m̄))

2

∑n
i=1(oi − ō)2∑n

i=1(mi − m̄)
2 (4)  

NSE = 1 −
∑n

i=1(oi − mi)2

∑n
i=1(oi − ō)2 (5)  

Table 2 
Screening rules for landform suitable for afforestation.  

Note: “Sub”, means sub-belt of vegetation zone. Green block represents that landscape suitable for afforestation. 
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RSR =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(oi − mi)2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(oi − ō)2

√ (6)  

PBIAS =

∑n
i=1(oi − mi)*(100)

∑n
i=1(oi)

(7)  

where Oi is the measured data; mi is the simulated data; Ō is the mean of 
the measured data; m̄ is the mean of the simulated data; and n is the 
number of compared values. 

Table 3 shows the general performance rating of the SWAT model 
according to the research evaluating model accuracy (Moriasi et al., 
2007). 

4. Results 

4.1. Potential vegetation restoration in the Liujiahe watershed 

Vegetation coverage inferred from the MODIS images taken in 
approximately 2001–2020 was used to investigate the current status of 
vegetation coverage and its restoration potential in the Liujiahe 
watershed. 

The MODIS 2020 images showed that the average vegetation cover 
of the Liujiahe watershed in 2020 was 62.3% (Fig. 4a), while the results 
of vegetation recovery potential using the similar habitat method 
showed that the maximum vegetation cover in the hilly gully area was 
estimated to be 71.8%, with an improvement of approximately 9.2% in 
the future (Fig. 4b). 

The vegetation restoration potential index (IVCp) in the Liujiahe 
watershed was calculated by Equation 2 to further analyse the spatial 
variation in vegetation restoration potential. Fig. 3c shows that there is a 
large spatial variation in vegetation restoration potential in the Liujiahe 
watershed in the future, and the high IVCp values (>0.1) are more 
concentrated in the northwest of the watershed, while low IVCp values 
(<0.1) are more likely to appear in the southeast of the watershed. 
Statistics from the whole watershed indicate that the vegetation in 
36.4% of the area will continue to improve in the future, while the 
remaining area has relatively low vegetation restoration potential. 

4.2. LULC scenario simulation 

4.2.1. Suitability mapping of afforestation 
To predict the future changes in forestland, suitability maps for 

afforestation were developed (Fig. 5) based on the threshold settings and 
the definition of suitable areas described in Section 2.2.2 and using the 
data shown in Fig. 2. Due to the dry climate and low precipitation rates 
in the Liujiahe watershed, the suitable areas for future afforestation are 
mainly distributed on scattered landforms with sufficient soil moisture 
and solar radiation conditions, and the statistics show that the area 
suitable for afforestation is only 46.06 km2. The area suitable for 
afforestation becomes increasingly patchy and sparse from southeast to 
northwest, which indicates that less than 1% of the Liujiahe watershed 

provides conditions that should be targeted for afforestation activity, 
and a large area of returned cropland in the hilly gully area is suitable for 
natural restoration or grassland. 

4.2.2. LULC change in the future 
Good knowledge of current LULC trends is important to understand 

future development. The major land cover units in the Liujiahe water
shed include grassland, forestland, cropland, construction land and 
water bodies (Fig. 6a). Grassland is the dominant LULC type in the 
watershed, with an area of 3802.39 km2, which accounted for more than 
50% in 2020 (Table 4). The second most prominent types are forestland 
and cropland, and their areas are 2135.97 km2 and 1302.78 km2, ac
counting for 29.1% and 17.8% of the study area, respectively (Table 4). 
Smaller areas belong to construction land and water bodies, with areas 
of 80.18 km2 and 3.67 km2, accounting for 1.1% and 0.1% of the study 
area, respectively (Table 4). 

According to the GFG policy implemented by the Chinese govern
ment and considering the results of afforestation suitability and the 
potential vegetation restoration area, the LULC was predicted. As shown 
in Fig. 6b, the grassland, forestland and cropland in the Liujiahe 
watershed are still the major land cover units in the future LULC 
structure, with areas of 4410.37 km2, 2150.62 km2 and 680.16 km2, 
respectively (Table 4). Compared with 2020, the area of cropland de
creases most significantly (decrease of 622.63 km2, i.e., 47.8%) and is 
concentrated in the northwestern region of the study area, but owing to 
continuous conversion of sloping cropland with slopes that exceeded 
25◦, the expansion of grassland at a large scale is conspicuous, totalling 
607.98 km2. However, due to the dry climate and limited rainfall in the 
Liujiahe River region, the area suitable for afforestation is small, 
resulting in a small change in forestland in the future (Fig. 6c), 
increasing by only 0.7% compared with that in 2020 (Table 4). 

4.3. Spatial patterns of hydrological regimes to LULC 

4.3.1. Calibration and validation of the SWAT model 
The SWAT model was used to simulate the impacts of regional hy

drology under changing LULC conditions described in Section 3.2.2. 
The sensitivity analysis using the SWAT-CUP program shows that the 

parameters CN2, SOL_AWC, HRU_SLP, SOL_K, ESCO, GW_REVAP, 
CH_K2, and ALPHA_BF are more sensitive to runoff than the other pa
rameters. A general description and final values of the 8 parameters are 
shown in Table 5. 

LULC data from the 1980s and 1990s were used for the calibration 
and validation of the SWAT model, respectively, because LULC was 
more stable during this period. Correspondingly, the runoff dataset from 
1975 to 1994 was divided into two segments for calibration 
(1975–1984) and validation (1985–1994) of the model. A comparison of 
the observed and simulated runoff is shown in Fig. 7. The NSE and R2 
values for the calibration and validation periods exceed 0.60 (Fig. 7), 
which indicates a good correlation between the simulated and observed 
runoff at the annual scale. In addition, the statistical parameters RSR and 
PBIAS indicate that the simulation produces “good” or even “very good” 
results (Fig. 7). The observed and simulated mean annual runoff depths 
for the calibration period were 30.7 mm and 31.4 mm, respectively, and 
the observed and simulated mean annual runoff depths for the valida
tion period were 38.5 mm and 41.8 mm, respectively. Although the 
simulated annual runoff was slightly higher than the measured runoff 
(Fig. 7), overall, the calibrated model was reliable and acceptable in 
simulating the response of hydrology to LULC changes in the Liujiahe 
watershed. 

4.3.2. Spatial pattern of hydrological responses to LULC 
We fixed the input DEM, soil type and climate data (1970–2020) for 

the SWAT model and obtained the runoff results ET and soil water 
content (SW) for 1970–2020 (1970–1975 for the warm period) based on 
LULC data for six periods (1980, 1990, 2000, 2010, 2020 and future 

Table 3 
SWAT model general performance rating.  

Performance 
Rating 

R2 NSE RSR PBIAS (%) 

Very good – 0.75 < NSE ≤
1.00 

0.00 ≤ RSR ≤
0.50 

PBIAS < ±10 

Good – 0.65 < NSE ≤
0.75 

0.50 < RSR ≤
0.60 

±10 ≤ PBIAS <
±15 

Satisfactory R2 >
0.6 

0.50 < NSE ≤
0.65 

0.60 < RSR ≤
0.70 

±15 ≤ PBIAS <
±25 

Unsatisfactory R2 
<0.6 

NSE ≤ 0.50 RSR > 0.70 PBIAS ≥ ±25  
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LULC scenarios) and further investigated the runoff response to LULC 
changes in the Liujiahe watershed. 

Fig. 8a shows that the average annual runoff was 30.8, 42.5, 25.8, 
19.1 and 17.8 mm in the 1980s, 1990s, 2000s, 2010s and 2020s, 
respectively. The spatial variation in runoff showed that the average 
runoff of all subwatersheds was high in the southeast and low in the 
northwest in the 1980s–2020s. However, it should be noted that for the 

1990s, the situation was quite different, and the average runoff in all of 
the subwatersheds increased by 38% compared with 1980, though the 
increase mostly occurred in the northwest area of the watershed. 
Compared to the 1990s, the average runoff in the 2000s decreased by 
39.2%, with the largest decrease occurring in the northwest at 78.1% 
and the smallest decrease in the southeast at 0.7%. However, the 
average runoff decreased by approximately 26.1% from the 2000s to 
2010s throughout the entire watershed, and the runoff reduction rate in 
some subwatersheds in the northwest even reached 67.2%. In addition, 
compared to that in the 2010s, the average runoff in 2020s decreased by 
6.5% with a maximum decreasing rate of 20.5% and a minimum of 
3.2%. 

Fig. 8b shows that the average ET of all subwatersheds generally 
increased from the 1980s to 2020s in the Liujiahe watershed, and the 
spatial distribution of the ET in the watershed formed a pattern of low in 
the southeast and high in the northwest. In the 1980s, the annual ET was 
419.3 mm, with a minimum of 263.2 mm and a maximum of 488.5 mm. 
In the 1990s, the annual ET increased to 423.2 mm, an increase of 0.93% 
over the 1980s. Approximately 81.5% of all subwatersheds had ET in the 

Fig. 4. Vegetation cover in 2020 (a, VC), maximum recoverable vegetation cover (b, VCm) and its restoration potential index (c, IVCp) in the Liujiahe watershed.  

Fig. 5. The plantation suitability map of the Liujiahe watershed.  

Fig. 6. LULC status (a), future LULC (b) and its change scenarios (c) in the Liujiahe watershed.  

Table 4 
Comparisons of current and future LULC areas in the Liujiahe watershed.  

LULC Cropland Forestland Grassland Construction 
land 

Water 
body 

2020 / (km2)  1302.78  2135.97  3802.39 80.18 3.67 
LULC scenario 

simulation/ 
(km2)  

680.16  2150.62  4410.37 80.18 3.67 

Change/ 
(km2)  

− 622.63  14.65  607.98 0 0 

Percentage/%  − 47.79  0.69  15.99 0 0  
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range of 420–440 mm, and these areas were mainly located in the 
northwest; and central areas of the watershed. The ET increased rapidly 
with a growth rate of 3.7% during the 2000s of GFG implementation. Up 
to 86.2% of the total watershed had an annual average ET concentrated 
in the range of 430–450 mm and widespread throughout the watershed. 
After 2010, the ET increased to 456.2 mm, with the largest increase 
occurring in the southeast at 11.9%. From 2010s to 2020s, the average 
annual ET continued to increase and the change rate was 3.5% with a 
minimum of 395.9 mm and a maximum of 562.9 mm. 

Similar to the spatial variation in ET, the average SW of all sub
watersheds showed a distribution of low in the southeast and high in the 
northwest in the 1980s–2020s (Fig. 8c). In the 1980s, the annual SW was 
49.5 mm, with a minimum of 20.3 mm and a maximum of 88.8 mm. 
From the 1980s to 1990s, the average annual SW decreased by 11.7%, 
and the SW in approximately 66.9% of the watershed was concentrated 
in the range of 30–50 mm. Compared to the 1990s, the average annual 
ET decreased substantially by 15.5% in the 2000s. The areas with 
relatively low SW were distributed in the central and southeast regions 
of the study area, while areas with relatively high SW were mainly 
distributed in the northwest of the study area. With the continued 
implementation of reforestation, the average annual SW decreased to 
32.4 mm with a change rate of 12.4% in the 2010s, with a minimum of 
12.2 mm and a maximum of 83.7 mm, and the areas with the most 
significant reduction in ET were generally concentrated in the central 

and southeast areas of the study area. In the 2020s, the average annual 
SW continued to decrease with a change rate of 14.1% and showed a 
similar pattern of spatial variability to that in the 2010s. 

Fig. 4 shows that more than 36.4% of the Liujiahe watershed could 
be targeted for revegetation in the future, and extensive revegetation 
would affect the runoff, ET and SW in the Liujiahe watershed. The SWAT 
simulation results show that, compared to the 2020s, the average runoff 
in all the subwatersheds will decrease by 15.6% in the future, with a 
maximum decrease of 31.7% occurring in the southern part of the 
watershed and a minimum decrease of 1.3% prevailing throughout the 
watershed (Fig. 8a). The future ET showed a continuous decreasing 
trend from 472 mm in the 2020s to 480 mm, and the ET showed a spatial 
variation from high in the northwest to low in the southeast throughout 
the watershed (Fig. 8b). Correspondingly, the SW will decrease contin
uously with the increase in the area of the forestland and grassland, the 
average annual SW will be 24.7 mm with a decrease of 11.1% compared 
with the 2020s, and the areas with relatively low SW will be distributed 
in the central and southeast regions of the study area (Fig. 8c). 

5. Discussion 

5.1. Future vegetation restoration measures in the Liujiahe watershed 

Water conditions are the main limiting factor for vegetation resto
ration on the LP (McVicar et al., 2010), and vegetation restoration 
measures should be “adapted to water conditions”. However, related 
studies showed that among the three major vegetation restoration 
measures of closure, grass planting and afforestation on the LP, affor
estation measures accounted for 73.6% (Gao et al., 2017). Although 
revegetation areas on the LP initially led to active growth due to the 
exploitation of antecedent water stored in the soil matrix (Liu et al., 
2005; McVicar et al., 2007a), this active growth usually precludes 
recharging of the soil stores and leads to the formation of dry soil layers 
3 to 8 m deep (Jia et al., 2017). Not enough available water to maintain 
vegetation growth can lead to the death of vegetation or severely impede 
its normal growth rate, forming “little old man trees” (He et al., 2003; 
McVicar et al., 2007a). 

In this paper, we simulated suitable areas for future tree planting, 
based on the availability of soil moisture. The results presented in Fig. 5 
show that the suitable planting area in the Liujiahe watershed is 46.06 
km2 (Fig. 5), and the future grassland area will account for more than 
60% of the regional area (Fig. 6 and Table 4), indicating that large areas 
of returning cropland in the hilly gully area are not suitable for affor
estation, especially in the north of the watershed. Previous studies have 

Table 5 
Basic description, initial value range and final value of sensitive parameters.  

Parameters Description Range Fitted 
value 

CN2.mgt Soil conservation service (SCS) runoff 
curve number 

− 1–1 − 0.03 r 

SOL_AWC.sol Soil available water capacity (mm/ 
mm) 

0–1 +0.28 r 

HRU_SLP.hru Average slope steepness (m/m) − 1–1 +0.30 r 
SOL_K.sol Soil saturated hydraulic conductivity 

(mm/h) 
− 3–3 +0.04 r 

ESCO.hru Soil evaporation compensation factor 0–1 0.42 v 
GW_REVAP. 

gw 
Groundwater delay time (day) 30–450 319.40 v 

CH_K2.rte Effective hydraulic conductivity 
(mm/h) 

− 0.01–500 322.34 v 

ALPHA_BF. 
gw 

Baseflow alpha factor (day) 0–1 0.22 v 

Note: the superscripts “r” and “v” in the column of fitted value indicate the 
percent changes based on initial values and replaced parameter values, 
respectively. 

Fig. 7. Observed and simulated annual runoff of the Liujiahe watershed during the calibration (1975–1984) and validation (1985–1994) periods.  
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Fig. 8. Spatial patterns of the annual runoff (a), evapotranspiration (b) and soil water content (c) in the Liujiahe watershed in different years.  
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found that the region is more suitable for herbaceous plants due to its 
latitude and continental climate, resulting in deteriorating precipitation 
and temperature conditions (Zhang et al., 2006). Based on the above 
results, and considering that the Liujiahe watershed is an area with 
limited water resources where the annual potential evapotranspiration 
(947 mm y-1) is greater than the annual precipitation (500 mm y-1) 
(Zhang et al., 2022), we propose that future vegetation restoration in 
this watershed should be natural restoration or artificial restoration 
based on low-water-consuming grasses and shrubs. 

5.2. Hydrological responses to the past LULC change 

Our results showed that the annual runoff and SW demonstrated a 
decreasing trend while ET demonstrated an increasing trend over the 
study period in all subwatersheds of the Liujiahe watershed (Fig. 8). 
Zhang et al. (2022) found that there was no significant trend in annual 
precipitation in the Liujiahe watershed during 1958–2019, and Yan et al 
(2017) found that the spatial distribution and change patterns of runoff, 
SW and ET were closely associated with the land use in the northwestern 
area of the Liujiahe watershed, which suggests that the runoff, SW and 
ET changes could be mainly attributed to the change in LULC caused by 
human activities in the Liujiahe watershed. In the 1980s, the Chinese 
government implemented integrated small watershed management on 
the LP (Xu et al., 2004), while a larger-scale GFG program was initiated 
in 1999 (Zhang et al., 2017). The GFG project has converted large areas 
of cropland to forest and grassland; these ecological measures increased 
the vegetation cover of the Liujiahe watershed from 23% in 1970 to 70% 
in 2019 (He et al., 2020). However, the restored vegetation can intercept 
more precipitation and produce more evapotranspiration than farmland 
due to large forest canopies, large leaf areas and deep root systems (Li, 
2001). In addition, the increase in vegetation creates a thick apoplastic 
cover and forest root system, which results in greater deadfall storage 
and water holding capacity than cropland, and helps to intercept surface 
runoff generated under high-intensity precipitation events and maintain 
precipitation in the soil profile (Marimon-Junior et al., 2019; Zhu et al., 

2020), thereby reducing runoff. Moreover, vegetation restoration affects 
soil physical properties, such as the water-stable aggregates, soil 
porosity and saturated hydraulic conductivity (Lyu et al. 2022; Qiu 
et al.2022) and thus enhances soil permeability and water storage ca
pacity (Gasch et al. 2014; Zhao et al. 2010), which may lead to a 
decrease in runoff and SW and an increase in ET in the Liujiahe 
watershed. 

In addition, our results showed that the spatial pattern of the changes 
in the hydrological components presented a gradient from northwest to 
southeast in the Liujiahe watershed (Fig. 8). This result may be due in 
part to differences in LULC types between the northwest and southeast, 
and the LULC in the southeast is mainly forest, while the northwest is 
mainly grassland and cropland (Zou et al., 2021), and forests produce 
greater evapotranspiration than grasslands and cropland due to their 
large canopies, large leaf areas, and deep roots systems (Nepstad et al., 
1994; Qubaja et al., 2020), which consume more soil water (Gates et al., 
2011), On the other hand, the climatic differences between the north
west and southeast may be one of the possible reasons for the spatial 
distribution of hydrological component changes in the Liujiahe water
shed, with the northwest being a typical grassland zone with little 
rainfall and the southeast having a relatively wet climate with some 
areas of forested grassland. Nevertheless, we cannot ignore the influence 
of extreme climate on the spatial pattern of hydrological components. 
For example, our results found that runoff was significantly higher in the 
1990s than in other years (Fig. 8), which could be attributed to the 1000- 
year return period extreme precipitation event on August 30, 1994 in 
Wuqi counties in the upper reaches of the Liujiahe watershed, when 6- 
hour precipitation reached 251 mm (Ran, 2006), and the extreme pre
cipitation caused fluctuations of the runoff in the Liujiahe watershed. 

5.3. Comparison with other studies 

Currently, many modeling tools and methods are used for LULC 
simulation, e.g., the CLUE-S model and CA model, which are widely 
used in the simulation of LULC spatial patterns (Qiao et al., 2022), 

Fig. 8. (continued). 
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however, the CLUE-S model estimates the probability of occurrence of 
each LULC type separately, ignoring the competition between different 
LULC types (Verburg et al., 2002; Qiao et al., 2022). In addition, the CA 
model requires two sets of LULC data to fit the transition probabilities 
from one LULC type to another for the given driving factors, which 
inevitably introduces error propagation from multiple LULC classifica
tions (Liu et al., 2017b). Moreover, the role of policies in long-term land 
use patterns is not well addressed in these models (Qiao et al., 2022). 
Other studies have focused on simulating LULC change under the in
fluence of human activities (Gustafson et al., 2000; Li and Ren, 2012), 
and can only simulate individual LULC dynamics, while different LULC 
change processes occur simultaneously and interact with each other 
(Qiao et al., 2022). For the Liujiahe watershed, many previous studies 
have focused on the analysis of the processes of historical LULC change 
(Yan et al., 2018, Zou et al., 2021). However, few studies have consid
ered the prediction of future LULC characteristics in the Liujiahe 
watershed. 

In our study, we used the “similar habitat” method, which can 
characterize the complex geomorphological features of the LP by 
combining different influencing factors, and efficiently assess the future 
vegetation restoration potential by studying the growth state of vege
tation in different habitats (Zhao et al., 2021). Based on the principle of 
“matching tree species with site”, the evaluation of the suitability of 
vegetation restoration takes into account the unique geomorphological 
and climatic characteristics of the LP, and can effectively identify the 
areas suitable for afforestation in the future (Mcvicar et al., 2010), based 
on which, combined with human influences such as the national policy 
of GFG in production, the scientific analysis of LULC change is accurate 
and reasonable. It is important to guide the future vegetation con
struction on the LP. 

5.4. Accuracy, limitations and uncertainties of results 

Data resolution affects the accuracy and resolution of LULC simula
tion results, for example, slope extracted from DEM data is a crucial 
terrain variable in land use simulation, especially in the LP with frag
mented topography, and some studies found that the slope generated 
based on low-resolution DEM deviates from the actual slope (Tang et al., 
2001), which will affect the simulation accuracy of LULC. In addition, 
the simulation results of LULC with coarser resolutions obtained from 
low-resolution data can seriously distort the spatial details of LULC type 
(Yu et al 2014; Li et al., 2022), thus limiting the application of LULC 
products. However, Li et al. (2022) found a logarithmic law between the 
spatial resolution of LULC products and the spatial details of the land use 
types, with a tipping point of the law around the 30 m resolution. 
Therefore, to ensure the resolution and accuracy of the LULC results, we 
used 30 m resolution data for the future LULC simulation. In particular, 
we used a 5 m resolution DEM, which is the ideal resolution scale to 
ensure the accuracy of topographic description of the LP (Tang et al., 
2001), to extract topographic elements such as slope, aspect and hill
slope shape. In addition, the LULC results with 30 m resolution further 
ensure the accuracy of the simulation results for hydrological response 
to future LULC in our studies. 

However, vegetation restoration potential, afforestation suitability, 
and LULC change are the result of a combination of environmental, 
social, and economic drivers, and the intricate interrelationships among 
these factors at different spatial and temporal scales constitute an 
extremely complex system, making the prediction results uncertain. 
Although the influence of climate and geographical factors, the national 
policy of returning cropland to forest (grassland), high-resolution 
remote sensing image data, reference materials and expert experience 
are considered in this paper, the results are still limited due to the 
multidimensional characteristics of the relationship between factors that 
influence the ecological system, the complexity of the Liujiahe water
shed and the availability of data. When discussing the suitability anal
ysis of afforestation, only biological measures are considered, but the 

planning and construction of engineering measures such as terraces and 
check dams are less considered, which will have some influence on the 
predicted LULC results. In addition, the prediction of LULC change in 
this paper is based on the premise that there will be little change in 
construction land and water bodies in the future. Although the propor
tion of these two types of LULC in the Liujiahe watershed is small 
(Table 4), it will also bring some errors to the results. In addition, 
although the GFG program has been in operation in the Liujiahe 
watershed for nearly 20 years, the vegetation coverage in some habitat 
areas determined by the similar habitat method may not achieve the best 
state of vegetation restoration, which will underestimate the growth 
potential of vegetation in the habitat areas and impact the results. In 
future research, we should consider how to incorporate more potential 
influential factors into vegetation potential analysis and LULC 
prediction. 

The calibration of models at a watershed scale is a challenging task 
due to possible uncertainties in the measured data and the error in the 
conceptual mode. Specifically, the regionalization of climate data such 
as precipitation and temperature data may introduce large errors 
(Abbaspour et al., 2007). On the other hand, the inherent drawbacks in 
the structure and conceptual design of the model determine that some 
simulations are biased (Abbaspour et al., 2007), including process sim
plifications and processes not accounted for by the model, which lead to 
reduced accuracy in the model results, such as the model ignoring the 
interaction between the surface and groundwater. In addition, some of 
the equations quoted in the SWAT model are empirical and may not be 
suitable for the LP region (Gao et al., 2020). Therefore, it is necessary to 
improve the existing theories or to develop new ones to construct hy
drological models that can accurately simulate and are suitable for the 
LP. 

6. Conclusion 

The Liujiahe watershed, which is undergoing major conservation 
activities on the semiarid LP in northern China, was selected to inves
tigate the potential vegetation restoration, LULC change and its impact 
on the hydrological regime using a habitat analogy approach and the 
SWAT model. 

Despite more than 20 years of ecological restoration, there is still 
9.2% potential for vegetation cover to increase, and the vegetation of 
36.4% of the area is expected to continue improving in the future. 
However, the suitable planting area in the Liujiahe watershed is only 
46.06 km2, and a large area of returned cropland in the Liujiahe 
watershed is suitable for natural restoration or artificial restoration 
based on low-water-consuming grasses and shrubs, which will result in a 
47.4% reduction in cropland and a 0.7% and 15.8% increase in forest
land and grassland, respectively, in the next 30 years. In addition, due to 
the combined effects of climate, topography and human activities, 
runoff and SW form a spatial distribution pattern of low in the northwest 
and high in the northeast, and ET is high in the northwest and low in the 
northeast. Compared to values recorded in the 1980s at the start of 
watershed intervention, by the 2020s, average runoff and SW from the 
Liujiahe watershed were reduced on average by 44.2% and 43.9%, 
respectively. Conversely, the average ET increased by 12.6% during the 
corresponding periods. However, LULC changes over the next 30 years 
will reduce runoff and SW by 15.6% and 11.1%, respectively, and in
crease ET by 1.2%. 

Our results suggest that ecological restoration on the LP has changed 
the LULC and hydrological regimes, and this change will continue in the 
future in the context of continued vegetation restoration, which can be a 
new challenge for water-scarce regions. Although the vegetation in the 
region still has potential for further improvement, considering the lim
itation of the precipitation and water-carrying capacity of this region, 
we propose that ecological measures should be adapted to local condi
tions to avoid soil dryness and water crises in future vegetation resto
ration on the LP. This study provides a valuable framework for 
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improving the rationality and accuracy of LULC simulation on the LP, 
and these results underpin the regional ecological health and sustainable 
management of water resources during long-term ecological restoration 
on the LP. Nevertheless, future studies can incorporate more factors to 
further improve the accuracy of the results. 

CRediT authorship contribution statement 

Haijie Yi: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Software, Validation, Writing – original 
draft. Xiaoping Zhang: Funding acquisition, Project administration, 
Resources, Supervision, Validation, Writing – review & editing. Liang 
He: Conceptualization, Data curation, Investigation, Methodology, 
Visualization. Jie He: Conceptualization, Data curation, Investigation, 
Visualization. Qilong Tian: Methodology, Validation, Visualization, 
Writing – review & editing. Yadong Zou: Data curation, Methodology, 
Visualization. Zefeng An: Methodology, Software, Validation, 
Visualization. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

The data that support the findings of this study are available from the 
corresponding author upon reasonable request 

Acknowledgements 

This study was supported by the National Natural Science Founda
tion of China (Grant Nos. 41877083, 41440012, and 41230852). 

References 

Abbaspour, K.C., Yang, J., Maximov, I., Siber, R., Bogner, K., Mieleitner, J., et al., 2007. 
Modelling hydrology and water quality in the pre-alpine/alpine Thur watershed 
using SWAT. J. Hydrol. 333, 413–430. https://doi.org/10.1016/j. 
jhydrol.2006.09.014. 

Ahn, K.H., Merwade, V., 2017. The effect of land cover change on duration and severity 
of high and low flows. Hydrol. Process. 31, 133–149. https://doi.org/10.1002/ 
hyp.10981. 

Allen, R.G., Pereira, L.S., Raes, D., Smith, M. 1998. Crop evapotranspiration-Guidelines 
for computing crop water requirements: FAO. 

Arnold, J.G., Srinivasan, M.RS., Williams, J.R., 1998. Large area hydrologic modeling 
and assessment. Part I: model development. J. Am. Water Resour. Assoc. 34, 73–89. 
https://doi.org/10.1111/j.1752-1688.1998.tb05961.x. 

Arnold, J.G., Moriasi, D.N., Gassman, P.W., Abbaspour, K.C., White, M.J., Srinivasan, R., 
2012. SWAT: model use, calibration, and validation. Trans. ASABE 55, 1549–1559. 
https://doi.org/10.13031/2013.42256. 

Bicknell, B.R., Imhoff, J.C., Jobes, T.H., Donigian, A.S., 2001. Hydrologic simulation 
program fortran (HSPF) user’s manual for version 12. USEPA and National Exposure 
Research Laboratory, Athens, GA, pp. 1–12. 

Cao, S.X., Li, C., Yu, X.X., 2009. Impact of China’s Grain for Green Project on the 
landscape of vulnerable arid and semi-arid agricultural regions: a case study in 
northern Shaanxi Province. J. Appl. Ecol. 40, 536–543. https://doi.org/10.1111/ 
j.1365-2664.2008.01605.x. 

Chen, M.R., 1974. A discussion on the issue of wet and dry climate zoning indicators. 
J. Northwest Univ. (Nat. Sci. Ed.) 111–119. In Chinese with English abstract.  

Chen, H., Fleskens, L., Baartman, J., Wang, F., Moolenaar, S., Ritsema, C., 2020. Impacts 
of land use change and climatic effects on streamflow in the Chinese Loess Plateau: a 
meta-analysis. Sci. Total Environ., 134989 https://doi.org/10.1016/j. 
scitotenv.2019.134989. 

Chen, Y., Jing, K., Cai, G., 1998. Soil Erosion and Management in the Loess Plateau. 
Science and Technology Press, Beijing.  

Chen, N., Ma, T.Y., Zhang, X.P., 2016. Responses of soil erosion processes to land cover 
changes in the Loess Plateau of China: a case study on the Beiluo River basin. Catena 
118–127. https://doi.org/10.1016/j.catena.2015.02.022. 

Day, A.M., Day, F., Monk, C., 1974. Vegetation patterns on a southern application 
watershed. Ecology 55, 1064–1074. https://doi.org/10.2307/1940356. 

El Yacoubi, S., El Jai, A., 2002. Cellular automata modelling and spreadability. Math. 
Comput. Model. 36, 1059–1074. https://doi.org/10.1016/S0895-7177(02)00259-5. 

Forrester, J.W., 1961. Industrial Dynamics. MIT Press, Cambridge, MA.  

Gao, H.D., Pang, G.W., Li, Z.B., Cheng, S.D., 2017. Evaluating the potential of vegetation 
restoration in the Loess Plateau. Acta Geograph. Sin. 72, 863–874. In Chinese with 
English abstract.  

Gao, X.R., Yan, C.S., Wang, Y.B., Zhao, X.N., Zhao, Q., Wu, P.T., 2020. Simulation and 
evaluation of rainwater harvesting potential in typical areas of Loess Plateau. Trans. 
Chin. Soc. Agric. Mach. 51, 275–283. In Chinese with English abstract.  

Gasch, C., Huzurbazar, S., Stahl, P., 2014. Measuring soil disturbance effects and 
assessing soil restoration success by examining distributions of soil properties. Appl. 
Soil Ecol. 76, 102–111. https://doi.org/10.1016/j.apsoil.2013.12.012. 

Gates, J.B., Scanlon, B.R., Mu, X.M., Zhang, L., 2011. Impacts of soil conservation on 
groundwater recharge in the semi-arid Loess Plateau, China. Hydrogeol. J. 19, 
865–875. https://10.1007/s10040-011-0716-3. 

Guerschman, J.P., Hill, M.J., Renzullo, L.J., Barrett, D.J., Marks, A.S., Botha, E.J., 2009. 
Estimating fractional cover of photosynthetic vegetation, non-photosynthetic 
vegetation and bare soil in the Australian tropical savanna region upscaling the EO-1 
Hyperion and MODIS sensors. Remote Sens. Environ. 113, 928–945. https://doi.org/ 
10.1016/j.rse.2009.01.006. 

Gustafson, E.J., Shifley, S.R., Mladenoff, D.J., Nimerfro, K.K., He, H.S., 2000. Spatial 
simulation of forest succession and timber harvesting using LANDIS. Can. J. For. Res. 
30, 32–43. 

He, X.B., Li, Z.B., Hao, M.D., Tang, K.L., Zheng, F.L., 2003. Down-scale analysis for water 
scarcity in response to soil-water conservation on Loess Plateau of China. Agric. 
Ecosyst. Environ. 94, 355–361. https://doi.org/10.1016/S0167-8809(02)00039-7. 

He, L., Lyv, D., Guo, J.W., Lei, S.Y., He, J., Zhang, X.P., Yang, X.H., 2020. Study on 
vegetation coverage change of Beiluo River basin based on MODIS. Yellow River 42, 
67–71. In Chinese with English abstract.  

Hohn, M.E., 1998. Geostatistics and Petroleum Geology. Van Nostrand Reinhold, New 
York.  

Hu, J.Y., Wu, Y.P., Wang, L.J., Sun, P.C., Zhao, F.B., Jin, Z.D., et al., 2021. Impacts of 
land-use conversions on the water cycle in a typical watershed in the southern 
Chinese Loess Plateau. J. Hydrol. 593, e125741. https://doi.org/10.1016/j. 
jhydrol.2020.125741. 

Huber W.C., Dickinson R.E., Storm-Water Management Model., 2021. Part a: user’s 
manual. Department of Environmental Engineering Sciences University of Florida, 
fourth ed. Gainesville, Florida, pp. 1-15. 

Iacono, M., Levinson, D., El-Geneidy, A., Wasfi, R., 2015. A Markov chain model of land 
use change in the Twin Cities, 1958–2005. TEMA J. Land Use Mobil. Environ. 8 (3), 
263–276. https://doi.org/10.6092/1970-9870/2431. 

Jia, X.X., Shao, M.A., Zhu, Y.J., Luo, Y., 2017. Soil moisture decline due to afforestation 
across the Loess Plateau, China. J. Hydrol. 546, 113–122. https://doi.org/10.1016/j. 
jhydrol.2017.01.011. 

Jiang, D., Liu, M., Huang, G., 1987. An initial approach to the redistribution laws of 
precipitation on convex and concave hillslopes. Bull. Soil Water Conserv. 45–50. In 
Chinese with English abstract.  

Kang, Y., Gao, J., Shao, H., Zhang, Y., Li, J., Gao, Z., 2021. Evaluating the flow and 
sediment effects of gully land consolidation on the Loess Plateau, China. J. Hydrol. 
600, 126535 https://doi.org/10.1016/j.jhydrol.2021.126535. 

Laurance, W.F., 2007. Forests and floods. Nature 449, 409–410. https://doi.org/ 
10.1175/1520-0493(1911)39<516:FAF>2.0.CO;2. 

Li, Y., 2001. Effects of forest on water circle on the Loess Plateau. J. Nat. Resour. 16, 
427–432. In Chinese with English abstract.  

Li, X., Chen, G.Z., Zhang, Y.P., Yu, L., Du, Z.R., Hu, G.H., Liu, X.J., 2022. The impacts of 
spatial resolutions on global urbanrelated change analyses and modeling. iScience 
25 (12), 105660. https://doi.org/10.1016/j.isci.2022.105660. 

Li, Q., Ren, Z.Y., 2012. Driving forces and dynamic simulation of agricultural land in the 
southern Loess Plateau. J. Arid Land Resour. Environ. 26, 1–5. https://doi.org/ 
10.13448/j.cnki.jalre.2012.11.001 (In Chinese with English abstract).  

Liang, X., Guan, Q.F., Clarke, K.C., Chen, G.Z., Guo, S., Yao, Y., 2021. Mixed-cell cellular 
automata: a new approach for simulating the spatio-temporal dynamics of mixed 
land use structures. Landsc. Urban Plan. 205, 103960 https://doi.org/10.1016/j. 
landurbplan.2020.103960. 

Liu, Y.F., Dunkerley, D., Lopez Vicente, M., Shi, Z.H., Wu, G.L., 2020. Trade-off between 
surface runoff and soil erosion during the implementation of ecological restoration 
programs in semiarid regions: A meta-analysis. Sci. Total Environ. 712 https://doi. 
org/10.1016/j.scitotenv.2019.136477. 

Liu, W.Z., Hu, M.J., Li, F.M., Zhang, X.C., 2005. Ecological characteristics of soil water 
and its relation to land and vegetation in a small semiarid watershed in a loess hilly 
area of China. Int. J. Sustain. Dev. World 12, 326–333. https://doi.org/10.1080/ 
13504500509469642. 

Liu, G., Jin, Q.W., Li, J.Y., Li, L., He, C.X., Huang, Y.Q., et al., 2017a. Policy factors 
impact analysis based on remote sensing data and the CLUE-S model in the Lijiang 
River Basin, China. Catena 158, 286–297. https://doi.org/10.1016/j. 
catena.2017.07.003. 

Liu, Z., Lan, J., 2015. The sloping land conversion program in china: effect on the 
livelihood diversification of rural households. World Dev. 70, 147–161. https://doi. 
org/10.1016/j.worlddev.2015.01.004. 

Liu, X.P., Liang, X., Li, X., Xu, X.C., Ou, J.P., Chen, Y.M., et al., 2017b. A future land use 
simulation model (FLUS) for simulating multiple land use scenarios by coupling 
human and natural effects. Landsc. Urban Plan. 168, 94–116. https://doi.org/ 
10.1016/j.landurbplan.2017.09.019. 

Liu, B.Y., Tang, K.L., Jiao, J.Y., Ma, X.Y., Zhang, X.P., Cao, Q., et al., 2019. Temporal and 
Spatial Atlas of Water and Sediment in the Yellow River, 2nd ed. Science Press, 
Beijing.  

Lyu, D., Yang, Y.H., Zhao, W.H., Xu, X.M., He, L., Guo, J.W., Lei, S.Y., Liu, B.Y., Zhang, X. 
P., 2022. Effects of different vegetation restoration types on soil hydro-physical 

H. Yi et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.jhydrol.2006.09.014
https://doi.org/10.1016/j.jhydrol.2006.09.014
https://doi.org/10.1002/hyp.10981
https://doi.org/10.1002/hyp.10981
https://doi.org/10.1111/j.1752-1688.1998.tb05961.x
https://doi.org/10.13031/2013.42256
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0030
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0030
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0030
https://doi.org/10.1111/j.1365-2664.2008.01605.x
https://doi.org/10.1111/j.1365-2664.2008.01605.x
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0040
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0040
https://doi.org/10.1016/j.scitotenv.2019.134989
https://doi.org/10.1016/j.scitotenv.2019.134989
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0050
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0050
https://doi.org/10.1016/j.catena.2015.02.022
https://doi.org/10.2307/1940356
https://doi.org/10.1016/S0895-7177(02)00259-5
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0075
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0080
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0080
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0080
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0085
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0085
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0085
https://doi.org/10.1016/j.apsoil.2013.12.012
https://10.1007/s10040-011-0716-3
https://doi.org/10.1016/j.rse.2009.01.006
https://doi.org/10.1016/j.rse.2009.01.006
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0105
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0105
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0105
https://doi.org/10.1016/S0167-8809(02)00039-7
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0120
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0120
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0120
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0125
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0125
https://doi.org/10.1016/j.jhydrol.2020.125741
https://doi.org/10.1016/j.jhydrol.2020.125741
https://doi.org/10.6092/1970-9870/2431
https://doi.org/10.1016/j.jhydrol.2017.01.011
https://doi.org/10.1016/j.jhydrol.2017.01.011
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0150
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0150
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0150
https://doi.org/10.1016/j.jhydrol.2021.126535
https://doi.org/10.1175/1520-0493(1911)39<516:FAF>2.0.CO;2
https://doi.org/10.1175/1520-0493(1911)39<516:FAF>2.0.CO;2
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0165
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0165
https://doi.org/10.1016/j.isci.2022.105660
https://doi.org/10.13448/j.cnki.jalre.2012.11.001
https://doi.org/10.13448/j.cnki.jalre.2012.11.001
https://doi.org/10.1016/j.landurbplan.2020.103960
https://doi.org/10.1016/j.landurbplan.2020.103960
https://doi.org/10.1016/j.scitotenv.2019.136477
https://doi.org/10.1016/j.scitotenv.2019.136477
https://doi.org/10.1080/13504500509469642
https://doi.org/10.1080/13504500509469642
https://doi.org/10.1016/j.catena.2017.07.003
https://doi.org/10.1016/j.catena.2017.07.003
https://doi.org/10.1016/j.worlddev.2015.01.004
https://doi.org/10.1016/j.worlddev.2015.01.004
https://doi.org/10.1016/j.landurbplan.2017.09.019
https://doi.org/10.1016/j.landurbplan.2017.09.019
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0210
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0210
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0210


Ecological Indicators 150 (2023) 110181

14

properties in the hilly region of the Loess Plateau, China. Soil Res. https://doi.org/ 
10.1071/SR21183. 

Marimon-Junior, B.H., Hay, J.D.V., Oliveras, I., Jancoski, H., Umetsu, R.K., 
Feldpausch, T.R., et al., 2019. Soil water-holding capacity and monodominance in 
Southern Amazon tropical forests. Plant Soil 450, 65–79. https://doi.org/10.1007/ 
s11104-019-04257-w. 

McVicar, T.R., Li, L., Van Niel, T.G., Zhang, L., Li, R., Yang, Q., et al., 2007a. Developing 
a decision support tool for China’s re-vegetation program: simulating regional 
impacts of afforestation on average annual streamflow in the Loess Plateau. For. 
Ecol. Manage. 251, 65–81. https://doi.org/10.1016/j.foreco.2007.06.025. 

McVicar, T.R., Van Niel, T.G., Li, L., Hutchinson, M.F., Mu, X., Liu, Z., 2007b. Spatially 
distributing monthly reference evapotranspiration and pan evaporation considering 
topographic influences. J. Hydrol. 338, 196–220. https://doi.org/10.1016/j. 
jhydrol.2007.02.018. 

McVicar, T.R., Van Niel, T.G., Li, L., Wen, Z., Yang, Q., Li, R., et al., 2010. Parsimoniously 
modelling perennial vegetation suitability and identifying priority areas to support 
China’s re-vegetation program in the Loess Plateau: matching model complexity to 
data availability. For. Ecol. Manage. 259, 1277–1290. https://doi.org/10.1016/j. 
foreco.2009.05.002. 

Michael, L., David, L., Ahmed, E.-G., Wasfi, R., 2015. A Markov chain model of land use 
change. TeMA: J. Land Use Mobility Environ. 8, 263–276. https://doi.org/10.6092/ 
1970-9870/2985. 

Moriasi, D.N., Arnold, J.G., Van, L.M.W., Bingner, R.L., Harmel, R.D., Veith, T.L., 2007. 
Model evaluation guidelines for systematic quantification of accuracy in watershed 
simulations. Trans. ASABE 50 (3), 885–900. https://doi.org/10.13031/2013.23153. 

Muller, M.R., Middleton, J., 1994. A Markov model of land-use change dynamics in the 
Niagara Region, Ontario, Canada. Landscape Ecol. 9 (2), 151–157. 

Nauman, T.W., Duniway, M.C., Villarreal, M.L., Poitras, T.B., 2017. Disturbance 
automated reference toolset (DART): Assessing patterns in ecological recovery from 
energy development on the Colorado Plateau. Sci. Total Environ. 584–585, 476–488. 
https://doi.org/10.1016/j.scitotenv.2017.01.034. 

Nepstad, D., de Carvalho, C., Davidson, E., Jipp, P., Lefebvre, P., Negreiros, G., 1994. The 
role of deep roots in the hydrological and carbon cycles of Amazonian forests and 
pastures. Nature 372, 666–669. https://doi.org/10.1038/372666a0. 

Ni, J.R., 2008. Formation Mechanism and Prevention of River Sediment Disasters. 
Science Press, Beijing.  

Obahoundje, S., Diedhiou, A., 2022. Potential impacts of climate, land use and land 
cover changes on hydropower generation in West Africa: a review. Environ. Res. 
Lett. 17, 043005 https://doi.org/10.1088/1748-9326/ac5b3b. 

Park, C., Lee, J., Koo, M.-H., 2013. Development of a fully-distributed daily hydrologic 
feedback model addressing vegetation, land cover, and soil water dynamics (VELAS). 
J. Hydrol. 493, 43–56. https://doi.org/10.1016/j.jhydrol.2013.04.027. 

Qiao, Z., Jiang, Y.Y., He, T., Lu, Y.S., Xu, X.L., Yang, J., 2022. Land use change simulation 
progress, challenges, and prospects. Acta Ecol. Sin. 42 (13), 1–12. In Chinese with 
English abstract.  

Qiu, L., Wu, Y., Wang, L., Lei, X., Liao, W., Hui, Y., et al., 2017. Spatiotemporal response 
of the water cycle to land use conversions in a typical hilly–gully basin on the Loess 
Plateau, China. Hydrol. Earth Syst. Sci. 21, 6485–6499. https://doi.org/10.5194/ 
hess-2017-343. 

Qiu, D.X., Xu, R.R., Wu, C.X., Mu, X.M., Zhao, G.J., Gao, P., 2022. Vegetation restoration 
improves soil hydrological properties by regulating soil physicochemical properties 
in the Loess Plateau, China. J. Hydrol. 609 https://doi.org/10.1016/j. 
jhydrol.2022.127730. 

Qubaja, R., Amer, M., Tatarinov, F., Rotenberg, E., Preisler, Y., Sprintsin, M., et al., 2020. 
Partitioning evapotranspiration and its long-term evolution in a dry pine forest using 
measurement-based estimates of soil evaporation. Agric. For. Meteorol. 281, 107831 
https://doi.org/10.1016/j.agrformet.2019.107831. 

Ran, D.C., 2006. Study on Flood and Sediment Reduction by Soil and Water Conservation 
Measures in Typical Tributaries of the Middle Yellow River. The Yellow Water 
Conservancy Press, Zhengzhou.  

Rathjens, H., Oppelt, N., Bosch, D.D., Arnold, J.G., Volk, M., 2015. Development of a 
grid-based version of the SWAT landscape model. Hydrol. Process. 29, 900–914. 
https://doi.org/10.1002/hyp.10197. 

Tang, G.A., Yang, Q.K., Yong, Z., Liu, Y., Liu, X., 2001. Research on accuracy of slope 
derived from DEMs of different map scales. Bull. Soil Water Conserv. 21, 53–56. In 
Chinese with English abstract.  

Tang, K., Zhang, K., Lei, A., 1998. Study and demonstration on the upper limit slope of 
returning farmland in the Loess Hilly area. Chin. Sci. Bull. 43, 200–203. In Chinese 
with English abstract.  

The Central Committee of the Communist Party of China and the State Council, 2021. 
Outline of the Yellow River Basin Ecological Protection and High-Quality 
Development Plan. http://www.gov.cn/zhengce/2021-10/08/content_5641438. 
htm, (accessed October 8 2021). 

Verburg, P.H., Soepboer, W., Veldkamp, A., Limpiada, R., Espaldon, V., Mastura, S.S.A., 
2002. Modeling the spatial dynamics of regional land use: the CLUE-S model. 
Environ. Manag. 30 (3), 391–405. https://doi.org/10.1007/s00267-002-2630-x. 

Von Neumann, J., 1951. The General and Logical Theory of Automata. In: Jeffress, L.A. 
(Ed.), Cerebral Mechanisms in Behavior: The Hixon Symposium. John Wiley & Sons, 
New York, pp. 1–41. 

Xu, X.Z., Zhang, H.W., Zhang, O.Y., 2004. Development of check-dam systems in gullies 
on the Loess Plateau, China. Environ. Sci. Policy 7, 79–86. https://doi.org/10.1016/ 
j.envsci.2003.12.002. 

Yan, R., Zhang, X.P., Yan, S., Zhang, J.J., Chen, H., 2018. Spatial patterns of hydrological 
responses to land use /cover change in a watershed on the Loess Plateau, China. 
Ecol. Ind. 92, 151–160. https://doi.org/10.1016/j.ecolind.2017.04.013. 

Yang, W.Z., Shao, M.A., 2000. Soil Water Study on the Loess Plateau, Vol 20. Science 
Press, Beijing.  

Yang, X.H., Zhang, X.P., Lyv, D., Yin, S.Q., Zhang, M.X., Zhu, Q., et al., 2020. Remote 
sensing estimation of the soil erosion cover-management factor for China’s Loess 
Plateau. Land Degrad. Dev. 31, 1942–1955. https://doi.org/10.1002/ldr.3577. 

Yao, W., Li, Z., Kang, L., Ran, D., 2005. The Effects of Controlling Soil Erosion on 
Environment on the Loess Plateau. Science and Technology Press, Beijing.  

Yu, L., Wang, J., Li, X.C., Li, C.C., Zhao, Y.Y., Gong, P., 2014. A multi-resolution global 
land cover dataset through multisource data aggregation. Sci. China-Earth Sci. 57, 
2317–2329. https://doi.org/10.1007/s11430-0144919-z. 

Zhang, X.P., Lin, P.F., Chen, H., Yan, R., Zhang, J.J., Yu, Y.P., et al., 2018. Understanding 
land use and cover change impacts on run-off and sediment load at flood events on 
the Loess Plateau, China. Hydrol. Processes 32, 576–589. https://doi.org/10.1002/ 
hyp.11444. 

Zhang, J., Na, L., Dong, H., Wang, P., 2008a. Hydrological response to changes in 
vegetation covers of small watersheds on the Loess Plateau. Acta Ecol. Sin. 
3597–3605. https://doi.org/10.1016/S1872-2040(08)60061-4. 

Zhang, J.T., Ru, W., Li, B., 2006. Relationships between vegetation and climate on the 
Loess Plateau in China. Folia Geobot. 41, 151–163. https://doi.org/10.1007/ 
BF02806476. 

Zhang, C., Takase, K., Oue, H., Ebisu, N., Yan, H., 2013. Effects of land use change on 
hydrological cycle from forest to upland field in a watershed, Japan. Front. Struct. 
Civ. Eng. 7, 456–465. https://doi.org/10.1007/s11709-013-0218-6. 

Zhang, X.P., Zhang, L., McVicar, T.R., Van Niel, T.G., Li, L.T., Li, R., et al., 2008b. 
Modelling the impact of afforestation on average annual streamflow in the Loess 
Plateau, China. Hydrol. Processes 22, 1996–2004. https://doi.org/10.1002/ 
hyp.6784. 

Zhang, X.P., Yi, H.J., Xue, F., Bruijnzee, L.A., Cheng, Z., Liu, B.Y., 2022. Stability and 
variability of long-term streamflow and its components in watersheds under 
vegetation restoration on the Chinese Loess Plateau. Hydrol. Process. 36 (4), e14543. 
https://doi.org/10.1002/hyp.14543. 

Zhang, J.J., Zhang, X.P., Li, R., Chen, L.L., Lin, P.F., 2017. Did streamflow or suspended 
sediment concentration changes reduce sediment load in the middle reaches of the 
Yellow River? J. Hydrol. 546, 357–369. https://doi.org/10.1016/j. 
jhydrol.2017.01.002. 

Zhao, G.J., Mu, X.M., Tian, P., Gao, P., Sun, W.Y., 2021. Prediction of vegetation 
variation and vegetation restoration potential in the Loess Plateau. J. Soil Water 
Conserv. 35, 205–213. In Chinese with English abstract.  

Zhao, S.W., Zhao, Y.G., Wu, J.S., 2010. Quantitative analysis of soil pores under natural 
vegetation successions on the Loess Plateau Science China. Sci. China Earth Sci. 53, 
617–625. https://doi.org/10.1007/s11430-010-0029-8. 

Zhu, H.L., Wang, G.Q., Yinglan, A., Liu, T.X., 2020. Ecohydrological effects of litter cover 
on the hillslope-scale infiltration-runoff patterns for layered soil in forest ecosystem. 
Ecol. Eng. 155 https://doi.org/10.1016/j.ecoleng.2020.105930. 

Zou, Y.D., He, L., Wang, H.J., Wang, M.Q., Xue, F., Xu, X.M., et al., 2021. Analysis of land 
use changes and driving factors in Beiluo River Basin in the past 50 years based on 
GEE. Bull. Soil Water Conserv. 41, 209–219. In Chinese with English abstract.  

H. Yi et al.                                                                                                                                                                                                                                       

https://doi.org/10.1071/SR21183
https://doi.org/10.1071/SR21183
https://doi.org/10.1007/s11104-019-04257-w
https://doi.org/10.1007/s11104-019-04257-w
https://doi.org/10.1016/j.foreco.2007.06.025
https://doi.org/10.1016/j.jhydrol.2007.02.018
https://doi.org/10.1016/j.jhydrol.2007.02.018
https://doi.org/10.1016/j.foreco.2009.05.002
https://doi.org/10.1016/j.foreco.2009.05.002
https://doi.org/10.6092/1970-9870/2985
https://doi.org/10.6092/1970-9870/2985
https://doi.org/10.13031/2013.23153
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0255
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0255
https://doi.org/10.1016/j.scitotenv.2017.01.034
https://doi.org/10.1038/372666a0
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0270
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0270
https://doi.org/10.1088/1748-9326/ac5b3b
https://doi.org/10.1016/j.jhydrol.2013.04.027
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0285
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0285
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0285
https://doi.org/10.5194/hess-2017-343
https://doi.org/10.5194/hess-2017-343
https://doi.org/10.1016/j.jhydrol.2022.127730
https://doi.org/10.1016/j.jhydrol.2022.127730
https://doi.org/10.1016/j.agrformet.2019.107831
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0305
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0305
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0305
https://doi.org/10.1002/hyp.10197
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0315
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0315
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0315
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0320
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0320
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0320
http://www.gov.cn/zhengce/2021-10/08/content_5641438.htm
http://www.gov.cn/zhengce/2021-10/08/content_5641438.htm
https://doi.org/10.1007/s00267-002-2630-x
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0335
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0335
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0335
https://doi.org/10.1016/j.envsci.2003.12.002
https://doi.org/10.1016/j.envsci.2003.12.002
https://doi.org/10.1016/j.ecolind.2017.04.013
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0360
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0360
https://doi.org/10.1002/ldr.3577
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0370
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0370
https://doi.org/10.1007/s11430-0144919-z
https://doi.org/10.1002/hyp.11444
https://doi.org/10.1002/hyp.11444
https://doi.org/10.1016/S1872-2040(08)60061-4
https://doi.org/10.1007/BF02806476
https://doi.org/10.1007/BF02806476
https://doi.org/10.1007/s11709-013-0218-6
https://doi.org/10.1002/hyp.6784
https://doi.org/10.1002/hyp.6784
https://doi.org/10.1002/hyp.14543
https://doi.org/10.1016/j.jhydrol.2017.01.002
https://doi.org/10.1016/j.jhydrol.2017.01.002
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0420
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0420
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0420
https://doi.org/10.1007/s11430-010-0029-8
https://doi.org/10.1016/j.ecoleng.2020.105930
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0435
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0435
http://refhub.elsevier.com/S1470-160X(23)00323-0/h0435

	Detecting the impact of the “Grain for Green” program on land use/land cover and hydrological regimes in a watershed of the ...
	1 Introduction
	2 Study area
	3 Data sources and methods
	3.1 Data collection
	3.1.1 Natural factors
	3.1.2 Vegetation cover data
	3.1.3 LULC data
	3.1.4 Runoff data

	3.2 Data processing methods and analysis framework
	3.2.1 Analysis framework
	3.2.2 Construction of similar habitats
	3.2.3 Plantation suitability and scenarios
	3.2.4 LULC scenario simulation
	3.2.5 SWAT model


	4 Results
	4.1 Potential vegetation restoration in the Liujiahe watershed
	4.2 LULC scenario simulation
	4.2.1 Suitability mapping of afforestation
	4.2.2 LULC change in the future

	4.3 Spatial patterns of hydrological regimes to LULC
	4.3.1 Calibration and validation of the SWAT model
	4.3.2 Spatial pattern of hydrological responses to LULC


	5 Discussion
	5.1 Future vegetation restoration measures in the Liujiahe watershed
	5.2 Hydrological responses to the past LULC change
	5.3 Comparison with other studies
	5.4 Accuracy, limitations and uncertainties of results

	6 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


