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The Genhe River Basin is an ecological barrier and water conservation area in 
northern China, but its hydrological process has undergone significant changes 
due to climate change and human activities, endangering ecosystem functions 
and water resource security. Systematic research on the influencing mechanisms 
and laws of hydrological processes in different ecosystems in this region remains 
lacking. Therefore, this study analyzed the effects of different anthropogenic 
factors on the hydrological processes of typical ecosystems in the Genhe River 
Basin. The Soil and Water Assessment Tool distributed hydrological model was 
used to simulate the surface runoff, evapotranspiration, and soil water content of 
the three ecosystems of forest, grassland, and farmland in four different periods 
of 1980, 1990, 2000, and 2010. The spatial and temporal changes in water 
resources in typical ecosystems under the influence of historical climate change 
were demonstrated. Results showed that under different land use scenarios, 
the surface runoff of the farmland ecosystem increased, the evapotranspiration 
remained unchanged, and the soil water content decreased. The surface 
runoff of forest and grassland ecosystems did not change significantly, the 
evapotranspiration increased, and the soil water content decreased. This study 
reveals the influence of different human factors on the hydrological processes 
of typical ecosystems in the Genhe River Basin and provides a scientific basis for 
water resources management and ecological protection in the region.
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1 Introduction

Global climate change and human activities have caused great impacts on the structure 
and functioning of ecosystems, as well as negative consequences for human life and the land 
surface (Rehana and Mujumdar, 2011; Hu et al., 2015; Ostad-Ali-Askari et al., 2019). The 
hydrological cycle is one of the most important processes in the Earth’s surface system, which 
determines the distribution and exchange of water and energy in terrestrial ecosystems (He 
et al., 2013; Xiao-meng, 2013; Zhou, 2018; Liu et al., 2019). Moisture in nature is transformed 
into each other through different forms, and the water cycle that occurs on land or within a 
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watershed is a complex process of precipitation-surface and subsurface 
runoff-evaporation (Margulis et  al., 2006; Tang, 2020). The 
hydrological cycle shows great variability and complexity in different 
regions and different ecosystems, especially in the cold-temperate 
region, where there are significant differences in water cycle 
parameters (e.g., evapotranspiration, surface runoff, and soil water 
content) in different ecosystems (Su et  al., 2016; Liu et  al., 2019), 
which not only reflect the ecosystem vegetation growth status and 
water income and expenditure, but also reflect the impacts of climate 
change and human activities on ecosystems, and are influenced by 
factors such as precipitation, solar radiation, air temperature, 
vegetation and soil texture (Panigrahy et al., 2014; Ling et al., 2016).

At present, hydrological models commonly used by scholars 
include the following three categories: (1) Conceptual hydrological 
models are easy to understand and operate, can reflect the main 
hydrological characteristics of the watershed, and are suitable for long-
term or seasonal hydrological prediction. However, they cannot 
describe the physical mechanisms of hydrological processes, the 
physical meanings of the parameters are not clear, the applicability and 
portability are limited, and the parameter rates and validation for 
different watersheds require a lot of work (Sun et al., 2023). Commonly 
used conceptual hydrological models include TOPMODEL (Deng 
et al., 2022; Januário et al., 2022), HBV (Burhan et al., 2020; Seibert 
and Bergström, 2022), XAJ (Shi et al., 2011; Chen et al., 2019), and so 
on. (2) Physical hydrological models are able to describe the physical 
mechanisms of hydrological processes, the physical meaning of 
parameters is clear, the applicability and portability of the model is 
strong, and it is suitable for short-term or event-based hydrological 
prediction. However, they are difficult to understand and operate, 
require a large amount of computational resources, are difficult to 
obtain and calibrate parameters, and the stability and accuracy of the 
model are affected by numerical methods and boundary conditions. 
Commonly used physical hydrological models are MIKE SHE (Aredo 
et al., 2021; Zhang et al., 2021), WASH123D (Richards et al., 2005; 
Hussain et al., 2022), SHETRAN (Op de Hipt et al., 2019; Đukić and 
Erić, 2021), etc. (3) Statistical hydrological models have a simple 
structure, a small number of parameters, and high computational 
efficiency, and are suitable for watersheds with good data quality or 
regularity. However, the physical meaning of the model is not clear, 
the applicability and portability of the model is poor, the quality and 
quantity of data is demanding, and it cannot adapt to the changes and 
abnormalities of the watershed. Commonly used statistical 
hydrological models are ARIMA (Wang et  al., 2015; Dimri et  al., 
2020), ANN (Kouadri et al., 2021; Elbeltagi et al., 2022), etc.

The SWAT (Soil and Water Assessment Tool) model is a 
distributed, long-term, continuous watershed hydrologic model that 
is primarily used to assess the long-term impacts of watershed 
hydrology, water quality, agriculture, and chemicals, as well as the 
effectiveness of management practices (Arnold et al., 2012; Abbaspour 
et al., 2015; Aawar and Khare, 2020). The SWAT model is able to 
simulate a wide range of hydrological-physical-chemical processes 
such as water quantity, water quality, sediment, nitrogen-phosphorus, 
pesticides, etc., taking into account multiple factors such as soils, land 
use, meteorology, and management of the watershed, and is suitable 
for long-term simulation of hydrological and related processes, and is 
an effective tool for the current study of hydrological and other issues 
(Golmohammadi et al., 2014; Ostad Ali Askari, 2022). Du evaluated 

the accuracy of CFSR, CMADS, and OBS in runoff simulation using 
SWAT model combined with spatial interpolation technique and 
configured different scenarios to analyze the effects of climate and 
land use changes on runoff in the King River Basin from 1999–2018 
using PLUS model. The results showed that the CMADS+SWAT 
model outperformed the CFSR+SWAT model, which underestimated 
peak runoff. Precipitation changes had a greater effect on runoff than 
temperature changes, agricultural land increased runoff, and forests 
had a stronger retention effect (Du et  al., 2023). Li simulated the 
runoff in the Jiyun River Basin with the improved SWAT model, 
analyzed its relationship with land use changes and human activities, 
and revealed the process of reclassifying water in different ecosystems 
of the Jiyun River Basin. Climate change and land use change were 
found to have significant impacts on runoff in the Ji-Canal River 
Basin, with climate change having a greater impact (Li et al., 2023). Oo 
used the SWAT model to analyze the impacts of climate change on the 
runoff response of the Upper Ayeyarwady River Basin in Myanmar, 
which provides a reference for the management of water resources in 
the region. The results showed that future climate change will lead to 
a decrease in the mean annual runoff in the basin, an increase in low 
flows in the dry season and a decrease in high flows in the wet season. 
Meaning that the basin will be exposed to more water scarcity and 
drought problems, as well as more risk of floods and water-related 
disasters. It is recommended to consider the impacts of climate change 
in water resources management to improve water use efficiency and 
reduce water stress (Oo et al., 2020). Guiamel conducted a watershed 
simulation of the Mindanao River Basin in the Philippines using the 
SWAT model to provide a basis for water resources management for 
potential hydropower development in the region. Due to the lack of 
precipitation data in the Mindanao River Basin, the precipitation 
record was examined by comparing the observed data with globally 
gridded precipitation data (NCDC-CPC and GPCC) (Guiamel and 
Lee, 2020). In conclusion, the SWAT model can better reflect the 
complexity and heterogeneity of a watershed by considering the 
spatial variability of different land use types, soil types, and slope 
classes within the watershed, and by dividing the watershed into 
multiple hydrologic response units compared to other models (Bieger 
et al., 2017; Akoko et al., 2021).

The Genhe watershed is located in the Daxinganling region, 
which belongs to China’s cold-temperate bright coniferous forest area, 
and distributes a large number of seasonal permafrost and permafrost 
layers, which are more sensitive to the response of climate. The Genhe 
watershed is a typical river valley wetland ecosystem with rich 
biodiversity and ecological services. Forest, grassland and farmland 
are the three most dominant ecosystem types in the Genhe Basin, and 
they play a crucial role in the hydrological cycle. Studying the spatial 
and temporal changes of water resources in the Genhe River Basin can 
not only reflect the health of the wetland ecosystem and change 
trends, but also provide a reference basis for wetland protection and 
restoration (Li et  al., 2008; Sang et  al., 2014). In addition, water 
resources in the Genhe River Basin are also affected by climate change 
and human activities, which may lead to changes in water quantity 
and quality, affecting the balance between supply and demand of water 
resources within and outside the basin and water ecological security 
(Vörösmarty and Sahagian, 2000; Foley et al., 2005; Foley et al., 2011). 
It can also identify the vulnerability and adaptability of water resources 
and provide a supportive basis for the optimal allocation of water 
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resources and risk prevention (Chase et al., 2000; Lambin and Geist, 
2008; Chen et al., 2022). Therefore, based on the SWAT model, this 
study analyzed the water cycling parameters of different ecosystems 
in the Genhe River Basin, and analyzed their relationship with land 
use change and human activities, revealing the water reclassification 
process of different ecosystems in the Genhe River Basin. This study 
focuses on the characteristics and mechanisms of water cycling in the 
region and its relationship with climate change and human activities.

2 Materials and methods

2.1 Site description

The Genhe River Basin is a tributary of the Erguna River, located 
in the northeast of Inner Mongolia Autonomous Region. The 
watershed area is 15,837 km2, and the soil types are common leaching 
soil, common gray forest soil and common chernozem. The Genhe 
River Basin is located in the cold temperate continental monsoon 
climate zone, with a large number of permafrost and seasonal frozen 
soil. In the past 40 years, the annual average temperature was −4.9°C, 
the extreme maximum temperature was 39.1°C (2010), the extreme 
minimum temperature was −49.6°C (2001), and the annual average 
precipitation was 411.75 mm. The average annual temperature and 
precipitation are the highest and lowest in July and January. The frost-
free period is 80–90 days, and the annual average wind speed is 2.1 m/s 
(Figure 1).

The typical ecosystems in the Genhe River Basin mainly include 
three types: forest, grassland, and farmland. The forest is mainly 
distributed in the western and northern mountainous areas of the 
Genhe River Basin, and the main types are temperate deciduous 
broad-leaved forest and coniferous and broad-leaved mixed forest. 
The forest ecosystem has high water conservation capacity and 
biodiversity, and is an important ecological protection area in the 
basin. Grassland is mainly distributed in the central and eastern plains 
and hilly areas of the Genhe River Basin, and the main types are 
typical steppe and desert steppe. Grassland ecosystem has strong soil 
and water conservation capacity and animal husbandry production 
capacity, which is an important economic development area of the 
basin. Farmland is mainly distributed in the eastern plains of the 
Genhe River Basin. The main types are dry land and irrigated land. 
The farmland ecosystem has high grain production capacity and water 
consumption capacity, and is an important grain supply area in the 
basin. There are hydrological links and ecological interactions among 
forest, grassland and farmland ecosystems in the Genhe River Basin, 
which together constitute the water resources cycle and ecological 
balance of the basin.

2.2 Data sources

In this study, the SWAT model was used to simulate the 
hydrological process of the Genhe River Basin, and the following data 
were collected:

 (1) Daily-scale meteorological data (including precipitation, 
temperature, humidity, wind speed, and radiation data) of 
national meteorological stations, in the basin from 1980 to 

2017 were derived from the digital elevation model (DEM) 
data of the China Meteorological Data Network.1

 (2) With a spatial resolution of 30 m, data were derived from the 
spatial data geographic cloud,2 which was based on the data of 
the first version (V1) of ASTER GDEM.

 (3) The raster data of land use types in 1980, 1990, 2000, and 2010 
were from the Resource and Environmental Science Center of 
the Chinese Academy of Sciences.3 The data set was generated 
by manual visual interpretation based on Landsat TM/ETM 
remote sensing images of each period, and the spatial 
resolution was 1 km.

 (4) The Chinese soil data set comprised data from the world soil 
database (HWSD); the database included China’s data source 
for the second national land survey of Nanjing soil provided by 
1:1 million soil data; the data format was grid; the projection 
for WGS84, using the soil classification system, was mainly 
FAO-90, which was acquired from the cold and arid areas of 
the scientific data center.4

2.3 Research method

In this study, three typical ecosystems, namely, forest, grassland, 
and farmland, were divided in accordance with the land use type map 
and the field survey data of the basin. The SWAT distributed 
hydrological model and the land use type map of the four periods 
(1980LUCC, 1990LUCC, 2000LUCC, 2010LUCC) were used to study 
the spatial and temporal variation characteristics of water resources 
under the influence of human activities in the Genhe River Basin.

2.3.1 Establishment of SWAT model
The establishment of SWAT model requires the following data: 

DEM map, spatial data of land use type, spatial data of soil type, 
attribute data, and climate generator. DEM data can be utilized for 
extracting basin water system data, soil attribute data for establishing 
a soil type database, remote sensing monitoring data for creating a 
land use database, and the measured meteorological data of the basin 
meteorological station for developing the basin meteorological 
database. The soil database and land use database were established in 
combination with ARCGIS and SPAW software. Some parameters of 
the basin meteorological database were calculated using SWAT 
Weather software to improve the calculation speed and accuracy.

In this study, the data were input into the model to simulate the 
monthly runoff value in 1980, and the sub-basin output file (SUB), the 
main channel output file (RCH), and the hydrological response unit 
(HRU) output file were output for parameter sensitivity analysis and 
model calibration. The SWAT-CUP program was used to analyze and 
verify the parameter sensitivity of the model. The program is a public 
program that connects the maximum likelihood method (GLUE), 
SUFI-2 optimization algorithm (SUFI2), MCMC, ParaSol, and SWAT 
and can be used freely. This program can complete the parameter 

1 https://data.cma.cn/

2 http://www.gscloud.cn/

3 http://www.resdc.cn/

4 http://westdc.westgis.ac.cn/
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FIGURE 1

Location map of the Genhe River Basin.

sensitivity analysis, calibration, verification, and uncertainty analysis of 
the SWAT model. After selection, this study used the SUFI2 method to 
obtain the parameters with greater sensitivity in the study area, and the 
model was calibrated and verified. The measured data of the watershed 
outlet hydrological station with relatively complete and accurate time 
series data were selected. The model preheating period from 1990 to 
1994 was selected, the model calibration period was 1995 to 2009, and 
the model validation period was 2012 to 2016.

2.3.2 Statistical methods for model output data
(1) Mann–Kendall (M–K) nonparametric trend test.
In this study, the M–K trend test was used to assess the trend of 

hydrometeorology. It is a nonparametric test method, which does 
not need to assume that the data obey a specific distribution, and is 
suitable for small sample and non-normal distribution data. The 
null hypothesis H0 of the M–K test is time series data (x1, x2, …, 
xn), with N samples having independent random distribution and 
no trend; the alternative hypothesis H1 is a two-sided test, and the 
time series data have an upward or downward trend. The calculation 
formula of the nonstandardized test statistic Z of the M–K test is 
as follows:
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where Z represents the trend of change; a positive value 
indicates an upward trend, and a negative value indicates a 
downward trend. If the calculated absolute Z statistic is greater than 
the critical value of Z statistic (1.28, 1.64, 2.32) in the normal 
distribution table, the trend passes the significance level test of 90, 
95, and 99%, respectively.

(2) Sen’s estimator (S-E) test.
To estimate the true slope of the existing trend, expressed by Q (as 

an annual change), Sen’s nonparametric method was used. The Sen 
method can be employed to estimate the magnitude of N pairs of data 
when the trend is assumed to be linear. Qi can be calculated using the 
following formula:

 
Q

x x
j ki
j k�
�
�
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where xj and xk denote the values of j and k (j > k) at a certain time, 
respectively. The driving value of the N value of the S-E amplitude 
change Qi is equal to the median. If N is an odd number, then the 
amplitude calculation formula of S-E is

 
Q

Q N
med �

�� �1
2

If N is even, then the formula for calculating the amplitude 
of S-E is

 
Q Q QN N
med � �

�� �
2 2

2

Qmed is a nonparametric two-tailed test under a 
confidence interval.

3 Result

The data of surface runoff, evapotranspiration, and soil water 
content were derived from the simulation results of the SWAT model. 
In this study, the basin was divided into 28 sub-basins, which were 
further divided into 1,356 HRUs, and the runoff of the basin was 
simulated. On the basis of SWAT’s built-in sensitivity analysis tool, 13 
sensitive parameters were determined, calibrated, and verified using 
hydrological data from 1985 to 2017. The correlation coefficient (R2) 
between simulated and measured runoff was 0.82, and the efficiency 
coefficient (ENS) of the model was 0.80. The R2 and ENS in the 
validation period were 0.88 and 0.86, respectively. The SWAT model 
is suitable for hydrological simulation in the Genhe River Basin. In the 
map of this study, (A) are all land use types in 1980, (B) are all land 
use types in 1990, (C) are all land use types in 2000, and (D) are all 
land use types in 2010.

3.1 Spatial and temporal changes in surface 
runoff in typical ecosystems under 
different scenarios

To analyze the impact of different human factors on surface runoff, 
we selected four periods of land use types as representatives. Table 1 
shows the surface runoff changes of forest ecosystems under various 
land use types from 1980 to 2017. Figure 2 depicts the change in total 
annual surface runoff of the forest ecosystem in the Genhe River Basin 
under different land use types. The results showed an insignificant 

change trend of surface runoff in the forest ecosystem. Except for the 
scenario of land use type in 2000, the other three scenarios reached the 
highest value in 2013, which were 23,600, 24,600, and 27,000 mm. 
We simulated the surface runoff under four land use types by using 
time change instead of spatial change. The simulation results showed 
that from 1980 to 2017, the largest total surface runoff belonged to the 
land use type scenario in 2000, which was 5,471,400 mm, followed by 
those in 2010 and 1980, which were 160,600 and 142,100 mm, 
respectively. The smallest total surface runoff was also from the land 
use type scenario in 1990, which was 131,100 mm.

Table  1 and Figure  3 show the surface runoff of grassland 
ecosystems under four land use types in four periods from 1980 to 
2017. The results indicated an insignificant change in the surface 
runoff of the grassland ecosystem during the whole period, but it 
showed an upward trend under the four scenarios. Specifically, the 
total surface runoff under the land use scenario in 1980 increased the 
fastest, with a rate of 0.15 mm/a. Similar to the forest ecosystem, the 
grassland ecosystem reached the highest value in 2013 under all three 
scenarios, except the land use scenario in 2000, which were 44,100, 
25,500, and 275,000 mm. We compared the total surface runoff under 
the four land use scenarios from 1980 to 2017 and found that the 
order was the same as that of the forest ecosystem, that is, 
2000 > 1980 > 2010 > 1990, with specific values of 6,158,000, 300,500, 
162,300, and 1,391,000 mm, respectively.

Table  1 and Figure  4 present the surface runoff of farmland 
ecosystems under four land use types in four periods from 1980 to 
2017. The results showed that the surface runoff of the farmland 
ecosystem had no significant change trend during the whole period, 
but the highest values appeared in 2013 under all scenarios, which 
were 13,800, 84,000, 122,300, and 88,000 mm. Compared with those 
of the forest and grassland ecosystems, the surface runoff of the 
farmland ecosystem exhibited a larger interannual variation, which 
might be  related to agricultural activities and precipitation 
distribution. We compared the total surface runoff under four land use 
scenarios from 1980 to 2017 and found that the order was the same as 
that of the forest and grassland ecosystems, that is, 
2000 > 1980 > 2010 > 1990, with specific values of 1,975,900, 101,900, 
59,200, and 52,400 mm, respectively.

3.2 Spatiotemporal changes in 
evapotranspiration in typical ecosystems 
under different scenarios

We also analyzed the changes in evapotranspiration in typical 
ecosystems in the Genhe River Basin. Table 2 and Figure 5 show the 

TABLE 1 Surface runoff of typical ecosystems in the Genhe River Basin under different land use (mm).

Ecosystem 1980LUCC 1990LUCC 2000LUCC 2010LUCC

Forest
Z −0.18 0.25 −0.5 0.18

Q −0.01 0.01 −0.58 0.02

Grassland
Z 1.36 0.08 0 0.13

Q 0.15 0.01 −0.10 0.01

Farmland
Z −0.10 0.13 −1.28 0.28

Q −0.02 0.01 −1.44 0.01

*** represents significance at the level of α4UC in the α table, ** represents significance at the 0.01 level, and * is significant at the level of 0.05; + means significant at the level of 0.1.
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annual evapotranspiration in forest ecosystems under four land use 
types in four periods from 1980 to 2017. The results showed that the 
evapotranspiration in the forest ecosystem showed an upward trend 
under the four scenarios. In particular, the evapotranspiration under 
the land use scenario in 1980 increased the fastest, with a rate of 
0.63 mm/a, and was significant at the level of α = 0.05. From 1980 to 
2017, the maximum evapotranspiration under the four land use 
scenarios appeared at different times. The maximum value under the 
land use scenario appeared in 2011, which was 352,900 mm, while 
those for the other three scenarios occurred in 2013, which were 
142,400, 157,600, and 159,200 mm. We  compared the total 

evapotranspiration between 1980 and 2017 under the four land use 
scenarios and determined that the order was 2010 > 1990 > 1980 > 2000, 
with specific values of 5.1656, 5.1288, 4.8167, and 3.1437 million mm, 
respectively.

Table 2 and Figure 6 indicate the annual evapotranspiration in 
grassland ecosystems under four land use types in four periods from 
1980 to 2017. The results showed that the evapotranspiration in the 
grassland ecosystem showed an upward trend under the four 
scenarios. The evapotranspiration under the land use scenario in 1980 
increased the fastest, with a rate of 1.04 mm/a, and was significant at 
the level of α  = 0.01. We  compared the total evapotranspiration 

FIGURE 2

Surface runoff of the forest ecosystem under the influence of different human activities (mm).

FIGURE 3

Surface runoff (mm) of the grassland ecosystem under the influence of different human activities.
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between 1980 and 2017 under the four land use scenarios and found 
that the order was 1980 > 2010 > 1990 > 2000, with specific values of 
7.3598, 5.5129, 5.4768, and 3.7427 million mm, respectively.

Based on the data in Table 2 and Figure 7, during the period 
1980–2017, the annual evapotranspiration in the farmland ecosystem 
of the Genhe River Basin did not increase or decrease significantly 
under the four land use type scenarios. The annual evapotranspiration 
in these four land use types reached the highest value in 2013, which 
were 77,100, 85,200, 44,600, and 85,900 mm. Comparison of the total 
evapotranspiration under these four land use types in the same period 
showed that the total evapotranspiration under the land use type 
scenario in 2000 was the largest, reaching 2.647 million mm, followed 
by that in 1990 (2.5914 million mm) and that in 1980 (2.4589 million 
mm). By contrast, the total evapotranspiration under the land use type 
scenario in 2000 was the smallest, only 1.327 million mm.

3.3 Spatial and temporal changes in soil 
water content in typical ecosystems under 
different scenarios

Based on the data in Table 3 and Figure 8, during the period 
1980–2017, the soil moisture content in the forest ecosystem of the 

Genhe River Basin decreased under four land use type scenarios. The 
soil water content under these four land use types decreased 
significantly in 1980, 1990, and 2010 by 0.45, 0.49, and 0.52 mm/a, 
respectively, reaching the significant level of α = 0.05. It reached the 
highest values in 1985, which were 139.58, 132.74, and 131.45 mm. 
Comparison of the average soil water content under these four land 
use types in the same period demonstrated that the average soil water 
content under the land use type scenario in 1980 was the largest, 
reaching 113.23 mm, followed by that in 1990 (105.54 mm) and that 
in 2010 (104.49 mm). On the contrary, the average soil water content 
under the land use type scenario in 2000 was the smallest, only 
14.25 mm.

The data in Table 3 and Figure 9 indicated that in 1980–2017, the 
soil moisture content in the grassland ecosystem of the Genhe River 
Basin decreased under four land use type scenarios. The soil water 
content decreased significantly in 1980, 1990, and 2010 by 0.44, 0.51, 
and 0.53 mm/a, respectively, reaching the significant level of α = 0.1. It 
reached the highest values in 1985, which were 136.23, 131.81, and 
130.76 mm. The average soil water content under the land use type 
scenario in 1980 was the largest, reaching 110.40 mm, followed by that 
in 1990 (102.60 mm) and that in 2010 (101.78 mm). The smallest 
average soil water content, only 14.41 mm, belonged to the land use 
type scenario in 2000.

FIGURE 4

Surface runoff of the farmland ecosystem under the influence of different human activities (mm).

TABLE 2 Evapotranspiration in typical ecosystems in the Genhe River Basin under different land use types (mm).

Ecosystem 1980LUCC 1990LUCC 2000LUCC 2010LUCC

Forest
Z 2.04* 1.18 0.4 1.06

Q 0.63 0.48 0.16 0.44

Grassland
Z 2.59** 0.98 0.85 0.8

Q 1.04 0.45 0.21 0.40

Farmland
Z 1.73 0.83 0.35 0.63

Q 0.69 0.48 0.13 0.46

*** represents significance at the level of α * * C in the α table, ** represents significance at the 0.01 level, and * is significant at the level of 0.05; + means significant at the level of 0.1.
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From Table 3 and Figure 10, the soil water content under the 
four land use types decreased significantly in 1980, 1990, and 2010, 
with reduction rates of 0.93, 0.95, and 0.98 mm/a, respectively, 
reaching a significant level of α  = 0.01. The highest values were 
achieved in 1984, which were 128.02, 121.95, and 120.60 mm. The 

average soil water content under the land use type scenario in 1980 
was the largest, reaching 93.37 mm, followed by that in 1990 
(85.72 mm) and that in 2010 (83.21 mm). The average soil water 
content under the land use type scenario in 2000 was the smallest, 
only 13.20 mm.

FIGURE 5

Evapotranspiration in the forest ecosystem under the influence of different human activities (mm).

FIGURE 6

Evapotranspiration in the grassland ecosystem under different human activities (mm).
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4 Discussion

4.1 Analysis of surface runoff in typical 
ecosystems

In this study, we simulated the hydrological processes under four 
different land use type scenarios for the period 1980–2017  in the 
Genhe River Basin, and analyzed the trends and influencing factors of 
surface runoff. We found that surface runoff in the Genhe River Basin 
did not have a significant increasing or decreasing trend during the 
study period, but showed fluctuating changes, which may be related 
to the seasonal changes in temperature and precipitation. It is 
noteworthy that the surface runoff under all four land use type 
scenarios reached peak levels in 2013, which may be attributed to the 
higher spring temperatures and precipitation in 2013, which led to an 
acceleration of the freeze–thaw process in the watershed and increased 
surface runoff. Further comparison of the ecosystems revealed that 
forest ecosystems had the highest surface runoff, followed by grassland 
ecosystems, while agricultural ecosystems had the lowest surface 

runoff. This difference can be attributed to the difference in the area 
occupied by the different ecosystems: forest ecosystems occupied the 
largest area, grassland ecosystems the second largest, and farmland 
ecosystems the smallest. In addition, this study revealed that surface 
runoff from the same ecosystems under different land use type 
scenarios had similar trends, but the total amount was significantly 
different. This suggests that both climate change and land use type 
changes have some influence on surface runoff in the Genhe 
River Basin.

In order to explore more deeply the effects of climate change and 
land use type changes on surface runoff, we combined data from 
previous studies (Yue et al., 2020) and in this study (Table 4) to analyze 
the changes in the area of the three main ecosystems, namely forests, 
grasslands, and agricultural lands, in the Genhe River Basin in the past 
few decades. The results of the study showed that the areas of both 
forests and agricultural lands showed an increasing trend between 
1980 and 2017, while the area of grasslands was decreasing and 
gradually transformed into drylands. These changes in land use types 
may affect factors such as vegetation cover, vegetation type, and 

FIGURE 7

Evapotranspiration in the farmland ecosystem under the influence of different human activities (mm).

TABLE 3 Soil water content (mm) of typical ecosystems in the Genhe River Basin under different land use types.

Ecosystem 1980LUCC 1990LUCC 2000LUCC 2010LUCC

Forest
Z −2.19* −2.11* −0.91 −2.14*

Q −0.4524 −0.4869 −0.0439 −0.5168

Grassland
Z −1.91+ −1.94+ −0.65 −2.04*

Q −0.4397 −0.5109 −0.0278 −0.5268

Farmland
Z −2.99** −2.97** −1.01 −2.89**

Q −0.9261 −0.9468 −0.0506 −0.98

*** represents significance at the level of α806 in the α table, ** represents significance at the 0.01 level, and * is significant at the level of 0.05; + means significant at the level of 0.1.
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vegetation structure, which may have an impact on hydrological 
processes. We also analyzed the relationship between the total surface 
runoff of each ecosystem and the area they occupy. We found that the 
total amount of surface runoff from forest and grassland ecosystems 

was positively correlated with the area they occupied: the larger the 
area, the more surface runoff. This may be due to the fact that forest 
and grassland ecosystems have higher vegetation cover and stronger 
retention capacity, which can reduce water evaporation and infiltration 

FIGURE 8

Soil water content (mm) of the forest ecosystem under the influence of different human activities.

FIGURE 9

Soil water content (mm) of the grassland ecosystem under the influence of different human activities.
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and thus increase surface runoff. However, farmland ecosystems did 
not show this relationship: despite the increase in farmland area, the 
total surface runoff did not increase significantly. This may be due to 
the presence of anthropogenic irrigation activities in the agro-
ecosystem, which can alter soil moisture conditions and thus affect 
surface runoff generation (Mehnaza et al., 2022). In summary, surface 
runoff in the Genhe River Basin is influenced by both climatic and 
anthropogenic factors, with the combination of climatic conditions 
and anthropogenic factors leading to the peak in surface runoff 
in 2013.

4.2 Evapotranspiration analysis of typical 
ecosystems

The trend of evapotranspiration in typical ecosystems in the 
Genhe River Basin was discussed by analyzing the data under four 
land use scenarios from 1980 to 2017. The evapotranspiration showed 
an upward trend during the study period. This finding is consistent 
with the results of Zhang (Zhang et al., 2020) and others in their study 
of evapotranspiration in the Hulunbeier region from 2008 to 2017. 

They found that evapotranspiration in the Hulunbeier region 
increased overall, especially in the northern region. Because the 
Genhe River Basin is located in the northern part of Hulun Buir, the 
results of this study can reflect the hydrological changes in the region. 
In addition, we  observed an upward trend in evapotranspiration 
under different land use types, although the specific values differed. 
Thus, in addition to climatic factors (e.g., precipitation, relative 
humidity, and atmospheric temperature), changes in land use types 
(e.g., changes in the area occupied by each ecosystem and changes in 
geographical location) also play a significant role in watershed 
evapotranspiration. In particular, precipitation is one of the factors 
that directly affect evapotranspiration because an increase in 
precipitation will lead to sufficient soil moisture, which will promote 
increased evapotranspiration. With regard to relative humidity, a 
lower value will lead to an increase in water vapor pressure difference, 
which in turn increases evapotranspiration. Meanwhile, a high 
atmospheric temperature will increase the water vapor saturation 
pressure, thus promoting evapotranspiration increase.

The influence of land use change on evapotranspiration is mainly 
reflected by factors such as vegetation coverage, type, and structure. 
High vegetation coverage usually means larger evapotranspiration 
area and higher evapotranspiration. In the regulation of 
evapotranspiration, different vegetation types have various 
physiological characteristics and ecological functions, which affect the 
absorption, transmission, and release of water. Furthermore, different 
vegetation structures show diverse morphological characteristics and 
spatial distribution, which affect the process of water exchange 
between soil, vegetation, and atmosphere. The data in this study 
(Table 4) demonstrated that during the period from 1980 to 2017, the 
area of forests and farmland in the Genhe River Basin increased, while 
the area of grassland decreased and gradually transformed into dry 

FIGURE 10

Soil water content (mm) of the farmland ecosystem under the influence of different human activities.

TABLE 4 Typical ecosystem area of land use types in the Genhe River 
Basin in 1980, 1990, 2000, and 2010 (km2).

Ecosystem 
classification

1980 1990 2000 2010

Forest ecosystem 9,474 9,487 9,515 9,625

Grassland ecology 

system
5,485 5,403 5,044 4,902

Farmland ecosystem 693 736 1,061 1,082
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land. These changes in land use types may alter the vegetation 
coverage, type, and structure of each ecosystem, thus affecting the 
evapotranspiration in the basin.

4.3 Analysis of soil water content in typical 
ecosystems

In this study, the hydrological processes of three typical 
ecosystems, forest, grassland and farmland, were analyzed in the 
period of 1980–2017, focusing on the changing law of soil water 
content, using data from four different land-use scenarios in the 
Genhe River watershed as the research object. Soil water content 
is an important indicator reflecting the hydrological condition of 
a watershed, which determines the distribution and exchange of 
water and energy in terrestrial ecosystems. However, soil water 
content shows great variability and complexity in different 
regions and different ecosystems, and is influenced by a variety 
of factors.

We found that soil water content in the Genhe watershed 
showed a significant decreasing trend during the study period, 
which is consistent with the results of a previous study of soil water 
content in temperate meadow grasslands in Ewenke Autonomous 
Banner, Inner Mongolia (Zhang and Lei, 2019). We suggest that this 
decreasing trend may be related to the degradation of permanent 
and seasonal permafrost, which is widely distributed within the 
Genhe River basin. Permafrost in the Daxinganling region is 
gradually degrading due to climate warming, a phenomenon that 
affects groundwater and runoff, and thus has far-reaching effects on 
the soil environment. Our study also found that there were 
significant differences in soil water content under different land use 
scenarios, with the soil water content under the 2010 land use 
scenario being higher than that under the 2000 land use scenario. 
This may be due to the fact that the 2010 land use scenario is more 
conducive to maintaining soil moisture. Specifically, the 2010 
scenario shows an increase in forest cover, a decrease in grassland, 
and a decrease in cropland, along with an increase in water area. 
These changes may affect the vegetation characteristics of individual 
ecosystems and thus soil water content.

In order to explore the factors affecting soil water content in 
more depth, we combined data from a previous study (Yue et al., 
2020) as well as those from the present study (Table 4) to analyze 
the changes in the area of the three main ecosystems, namely, 
forests, grasslands, and agricultural lands, in the Genhe River Basin 
in the past few decades. The results of the study showed that the 
areas of both forests and agricultural lands showed an increasing 
trend between 1980 and 2017, whereas the area of grasslands was 
decreasing and gradually converted into drylands. These land use 
changes may affect factors such as vegetation cover, vegetation type, 
and vegetation structure in each ecosystem, which may have an 
impact on hydrological processes. We also analyzed the relationship 
between the soil water content of each ecosystem and the area they 
occupy. We found that the soil water content of forest and grassland 
ecosystems is positively correlated with the area they occupy: the 
larger the area, the higher the soil water content. This may be due 
to the fact that forest and grassland ecosystems have higher 
vegetation cover and stronger retention capacity, which can reduce 

water evaporation and infiltration, thus increasing soil water 
content (Liang, 2016; Liu, 2019). However, soil water content in 
farmland ecosystems did not show this relationship: despite the 
increase in farmland area, soil water content did not increase 
significantly. This may be due to the presence of anthropogenic 
irrigation activities in farmland ecosystems, which can change soil 
moisture conditions and thus affect soil water content (Metcalfe and 
Buttle, 2001; Chang et al., 2016). In addition, we found that the 
sudden decrease in total soil water content in the Genhe River Basin 
in 2000 could be attributed to the following: climate change led to 
higher temperatures and lower precipitation, which increased 
evapotranspiration from the watershed and lowered the water 
balance in the watershed, leading to a decrease in the soil water 
content (Tong et al., 2020); land-use changes led to a decrease in the 
area of forests and grasslands, and an agricultural land area 
increases, which affects the vegetation characteristics of the 
watershed and reduces the water-holding capacity of the watershed, 
leading to a decrease in soil water content; and anthropogenic 
disturbances lead to changes in hydraulic engineering and water 
resource management, which alter the water quantity and quality of 
the watershed, affecting the hydrological balance of the watershed 
and leading to a decrease in soil water content (Oki et al., 2021). The 
combined effect of these factors may have contributed to the sudden 
decline in total soil water content in the Genhe River Basin in 2000. 
In summary, the soil water content in the Genhe River Basin is 
subject to the combined effects of many factors, such as climate 
change, land use change and anthropogenic disturbances, and has 
a certain degree of complexity and uncertainty.

Land use types in the Genhe River Basin have changed 
significantly over the past few decades, mainly in the form of an 
increase in the area of agricultural land and a decrease in the area 
of forests and grasslands. This change may lead to a continued 
increase in surface runoff and a continued decrease in soil water 
content in farmland ecosystems, while surface runoff in forest and 
grassland ecosystems may decrease and soil water content may 
increase. Climate change in the Genhe River Basin is characterized 
mainly by increasing temperatures and decreasing precipitation. 
This change may lead to an increase in evapotranspiration from the 
watershed, a decrease in soil water content, and a decrease in 
surface runoff. At the same time, climate change may also affect the 
freezing and thawing processes in the basin, changing the runoff 
formation mechanism in the basin and leading to seasonal changes 
in surface runoff. Human activities in the Genhe River Basin mainly 
include agricultural production, water conservancy projects, and 
tourism development. These activities may affect the utilization and 
management of water resources in the basin, change the water 
quantity and quality of the basin, and affect the ecosystem service 
function of the basin. For example, water conservancy projects may 
regulate the runoff volume of the basin and reduce the risk of floods 
and droughts, but they may also disrupt the natural hydrological 
processes of the basin and affect the hydrological balance of the 
basin. In summary, the future trends of surface runoff, 
evapotranspiration and soil water content in the Genhe River Basin 
may be affected by a combination of factors, such as land use type, 
climate change and human activities, with a certain degree of 
uncertainty and complexity. Therefore, further research on 
hydrological modeling and prediction in the basin is needed to 
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provide a scientific basis for the protection and management of 
water resources in the basin..

5 Conclusion

In this study, the Genhe River Basin was used as the research area, 
and four different land use types scenarios (1980, 1990, 2000, and 
2010) were used to simulate the surface runoff, evapotranspiration 
and soil water content of each ecosystem. The effects of different 
human factors on the hydrological processes of typical ecosystems 
(forest, grassland, farmland) during 1980–2017 were analyzed. The 
results show that: (1) In terms of surface runoff, there was no 
significant change trend in forest and farmland ecosystems under 
different land use types, while grassland ecosystems showed an 
upward trend. The total amount of surface runoff under the four 
scenarios is 2000 > 1980 > 2010 > 1990. (2) In terms of 
evapotranspiration, forest and grassland ecosystems showed an 
upward trend under different land use types scenarios, among which 
grassland ecosystems were the most significant, and the fastest 
increase was under the 1980 scenario, while farmland ecosystems did 
not change significantly. The sum of evapotranspiration under the four 
scenarios was 2010 > 1990 > 1980 > 2000. (3) In terms of soil water 
content, the forest, grassland and farmland ecosystems showed a 
downward trend under different land use types, among which the 
farmland ecosystem was the most significant, and the decline was the 
fastest in the 1980 scenario. The average soil water content under the 
four scenarios was 1980 > 1990 > 2010 > 2000. In the future, the 
monitoring and evaluation of different land use types should 
be strengthened in the Genhe River Basin, and its impact mechanism 
on hydrological processes should be  analyzed. The structure and 
layout of land use should be optimized to reduce the consumption of 
water resources by farmland, improve the water conservation capacity 
of forests and grasslands, and achieve efficient utilization and 
protection of water resources in the basin.

This study reveals the influence of different human factors on the 
hydrological processes of typical ecosystems in the Genhe River Basin 
and provides a scientific basis for water resource management and 
ecological protection in the region. However, this study also has some 
limitations, such as not considering the impact of natural factors such 
as climate change, not analyzing the hydrological links between 
different ecosystems, and not predicting future scenarios. These 
problems need to be discussed and addressed in further research.
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