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The Three Gorges Project is the largest water conservancy project in the world. To cope
with the ecological problems of the subsidence zone in the Three Gorges Reservoir area,
the Kaizhou water-level-regulating dam was built, forming a model of nested water
conservancy projects. The Pengxi River Basin is affected not only by this project but
also by human activities in the reservoir area and changes in the substratum and hydro-
meteorology, which exert influences on the water connotation function and its ecological
value through complex mechanisms. In addition, the response mechanism of the changes
in the environment is unclear. Therefore, based on the Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) model and a spatial interpolation method, in this study,
two time nodes (2005 and 2018) before and after the operation of the nested water
conservancy projects began were selected, and seven simulation scenarios with different
water levels, precipitations, and temperatures were created to explore the evolution of the
water conservation service function in the nested water conservancy project operation
area under the complex changes in the environment. The results reveal that the operation
of the water conservancy projects has had some influence on the water content, but the
response of the water content function to the precipitation conditions has been more
significant. In colder and rainier years, the water content was higher. In contrast, the lowest
value occurred in a year with high temperatures and low rainfall. The highest and lowest
values were quantitatively different. Therefore, the influences of the complex environmental
factors on the regional water connotation service function deserve more attention. The
results of this study provide a scientific basis for research on the ecological service function
and the value of water conservation in the Three Gorges Reservoir subsidence zone and
the nested operation area of the related water conservancy projects, as well as a data
reference for the optimal allocation of regional water resources.
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1 INTRODUCTION

Under the context of climate change, ecological degradation has
become a global priority. As a result, human well-being and
livelihoods depend heavily on freshwater ecosystems and their
service functions (Capon et al., 2018). Water conservation service
is an important link between natural ecosystems and human
society’s demand for ecosystem services, and it plays an
important role in the water cycle and water balance of river
basins, as well as human survival and development (Ren and
Mao, 2021).

The integrated valuation of ecosystem services and tradeoffs
(InVEST) model has been widely used in water conservation
services research. This model has been used inmany regions, such
as the Chindwin River Basin in Myanmar, the Portuguese
Continental Basin, the Sokoto–Rima Basin in West Africa,
Chile in South America, and the middle and lower reaches of
the Yangtze River in China (Almeida and Cabral, 2021; Benra
et al., 2021; Raji et al., 2021; Shrestha et al., 2021; Chen et al.,
2022). This model can be used not only to evaluate the ecological
service functions of different regions but also to predict the
changes in ecological services by simulating different scenarios
in order to identify the best scenario for sustainable regional
development.

In recent years, due to the impacts of global climate change
and social and economic development, Chinese and foreign
scholars have focused on analyzing the driving factors of
regional water conservation services with the help of this
model. Dai and Wang (2020) analyzed the spatial
heterogeneity and conducted the attribution analysis of water
producing services in the Hengduanmountainous area and found
that climate factors were the main factors controlling the spatial
heterogeneity of the water producing service. In addition,
evapotranspiration and precipitation can be interpreted
differently for different topography. Wang et al. (2020) used
the InVEST model to simulate the water conservation scenarios
for the Fujian Triangle urban agglomeration in 2015 and 2030
and found that the impact of land-use changes on water
conservation is mainly manifested in four aspects: changes in
area, changes in direction, action intensity, and area
compensation. Aneseyee et al. (2022) used the InVEST model
to analyze the spatial and temporal variabilities of the water yield
under land-use change (LUC) and climate change in the Winike
watershed, Ethiopia, and found that land conversion affected the
water yield but precipitation had a greater impact. Wang et al.
(2022) quantitatively assessed the spatial and temporal
variabilities of the ecosystem services in the Qilian Mountains
using the InVEST model, as well as the differences in the eco-
hydrological services under different land-use types. The
Daqinghe River Basin was selected as an example to study the
changes in the ecosystem services and its influencing factors. The
results revealed that the natural background conditions and
ecological protection policies were the main factors driving the
changes in the ecosystem regulation services. The supply of
agricultural products and the change in the area of
construction land were the main factors driving the
spatiotemporal changes in the agricultural product supply

service and human settlement environment, respectively (Pan
et al., 2021). Li J. et al. (2021) studied the impacts of precipitation
and land-use changes on the water supply and service function in
the Beisanhe River Basin. Their results revealed that the impact of
the climate on the water yield was far greater than that of the
land-use changes, and the surge in precipitation played a leading
role. Zhao et al. (2019) analyzed the driving factors affecting the
water yield in the upper reaches of the Shiyang River and
concluded that climate was the leading factor affecting the
changes in the water yield. Most of these studies focused on
the response of water harvesting to land-use changes and climate
change. With the increasing disturbance of human activities,
especially the construction and operation of large-scale water
conservancy projects, the water resources and ecosystems in the
basin are greatly affected. However, few studies have been
conducted on the mechanism of water-level fluctuations under
the influence of water conservancy projects and their effect on
water conservation services.

The Three Gorges Project formed a fluctuation zone, and its
ecosystem is fragile. Related studies have mainly focused on the
health and change mechanism of the ecosystem in the water-level
fluctuation zone of the Three Gorges Reservoir area, including the
soil, vegetation, ecological problems, and restoration (He and
Bao, 2019; Lu, 2021; Lu et al., 2021; Shen et al., 2021). In addition,
the characteristics of the water-level fluctuation zone, such as its
long and narrow shape, cloudy weather, and large variations in
the water level, increase the difficulty of data acquisition, and
thus, previous research studies on the water conservation services
are mainly based on static evaluations (Zhang et al., 2007). Few
studies have been conducted on the dynamic changes caused by
the operation of nested water conservancy projects. The
operation of large-scale water conservancy projects has
significantly affected the regional water and soil resources and
the ecological services (Cheng et al., 2015; Cheng et al., 2018; Hu,
2019; Li and Hao, 2019; Li et al., 2019; Gong et al., 2020; Li et al.,
2021a). Lu et al. (2021) analyzed the comprehensive effect and
driving mechanism of the ecological water transfer project in the
Heihe River Basin since 2000 and found that the hydrological,
ecological, and socio-economic systems in the LXS region have
formed feedback loops, but the comprehensive correlation among
the water resources, ecosystem, and socio-economic system
should still be considered in order to coordinate the
relationship between them.

The Pengxi River Basin was chosen as the research area of this
study. A large water-level fluctuation zone has formed in this
basin under the influences of the operation of the Three Gorges
Project and the special terrain conditions in this region. It
accounts for about 45% of the water-level fluctuation zone in
the Three Gorges Reservoir area, which makes this watershed
ecologically fragile. In order to reduce the deterioration of the
ecological environment in the water-level fluctuation zone and its
surrounding areas, a water-level-regulating dam was built in
Kaizhou. The operation of nested water conservancy projects
makes the regional ecological driving mechanism more complex.
Under the multiple effects of land-use changes, the operation of
nested water conservancy projects, the human activities in the
reservoir area, and changes in the meteorological conditions, the
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change mechanisms of the ecological service functions and the
value of the water conservation need to be investigated further.
Therefore, in this study, the Pengxi River Basin was taken as the
study area, and the InVEST model was used to evaluate the water
conservation service functions under the effects of multiple
impacts via statistical analysis and geographic information
system (GIS) technology and to determine the change
mechanism of the water conservation ecological service
functions under the influence of human activities, land-use
changes, changes in the meteorological conditions, and water-
level control of different water conservancy projects (the water-
level control of the Three Gorges Project: low water level 145 m,
high water level 175 m, the same below). The results of this study
provide a scientific basis for ecological protection and restoration
and the optimal allocation of regional water and soil resources in
the Pengxi River Basin and the affected areas of related large-scale
water conservancy projects and a theoretical reference for the
ecological effects of related engineering measures.

2 MATERIALS AND METHODOLOGY

2.1 Study Area
The operation of the Three Gorges Project has formed a water
fluctuation zone at 145–175 m in the reservoir. The special
topography of the Pengxi River Basin in the Chongqing
section of the Three Gorges Reservoir area has resulted in the
formation of a large water-level fluctuation zone, accounting for
about 45% of the Three Gorges Reservoir area. In order to

improve the water-level fluctuation zone and the vulnerability
of the surrounding ecological environment, the Kaizhou water-
level regulation dam was constructed to form a nested area of
large-scale water conservancy projects (Figure 1).

The Pengxi River Basin (Figure 2) is located in the eastern part
of the Sichuan Basin (107°56’–108°54’E, 30°49’–31°42’N), and the
Pengxi River mainly flows through the Kaizhou District and
Yunyang County in Chongqing, with a total basin area of
5,173 m2. The main landforms in the basin include mountains,
hills, and plains. The topography of the region is undulating and
is generally high in the northeast and low in the southwest. Most
of the region has a subtropical humid monsoon climate, except
for the northern mountainous area, which has an altitude of more
than 1,000 m and a warm temperate monsoon climate.

The average annual temperature is 18.47–10.81°C, and the
temperature difference between the northern and southern
parts of the study area is large due to the influence of the
vertical temperature gradient. The rainfall is concentrated in
summer and autumn, and the rainy season is long. The
annual average rainfall is 1,100–1,500 mm, and the annual
average runoff is 3.58 × 109 m³. The forest coverage rate of the
basin is 31.4%, and the vertical zoning of the vegetation is
obvious. Purple soil, yellow soil, and paddy soil are the main
soil types.

2.2 Research Data
The sources of the land cover, meteorological, and socio-
economic data used in this study are presented in Table 1. In
this study, two time nodes were selected: one before the operation

FIGURE 1 | Water conservancy projects are nested to form a timeline.
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of the nested hydraulic project began (2005) and one after the
operation of the nested hydraulic project began (2018).
According to the land-use classification standard GB/T21010-
2017, the spatial distributions of the ecosystems in 2005 and 2018
in the study area were determined. The hydrological analysis tool
in ArcGIS was used to determine the boundary of the watershed
in the study area based on a digital elevation model (DEM). Based
on hydrological and meteorological data from three

meteorological stations in the Kaizhou District and its
surrounding areas for typical years, such as a wet year, a
normal water year, a dry year, a high-temperature year, and a
low-temperature year, an annual rainfall distribution map and
temperature distribution map were generated via inverse distance
weighted interpolation. Hydrometeorological simulation
scenarios were defined based on the temperature,
precipitation, and solar radiation data in order to calculate the

FIGURE 2 | Schematic diagram showing the location, elevation, water system, and dam in the study area.

TABLE 1 | Data and sources.

Data Data Source

Land use Southwest Mountain Center of the National Earth System Science Data Center
NDVI IKONOS satellite and WorldView-3 satellite
DEM ALOS-DSM satellite
Monthly and yearly precipitation Southwest Mountain Center of the National Earth System Science Data Center
Daily temperature National Meteorological Science Data Center
Radiation from the top of the solar atmosphere Data publishing system for global change science research
Based on HWSD China soil dataset National Earth System Science Data Platform—Cold Area and Early Area Data Center
Evapotranspiration coefficient InVEST model database
Root depth of vegetation InVEST model database
Velocity coefficient InVEST model database
Socio-economic data Statistical Yearbook and Bulletin of Chongqing Municipality and Kaizhou District of Chongqing Municipality
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potential evapotranspiration. The water available for vegetation
growth was calculated based on the soil’s sand, silt, clay, and
organic matter contents. The plant evapotranspiration coefficient
was calculated based on the leaf area index (LAI). The saturated
water conductivity of the soil was calculated using the soil’s sand
and clay contents and the soil bulk density. The soil depth and
DEM were extracted from the soil dataset of the Harmonized
World Soil Database (HWSD) to calculate the topographic index.

2.3 Methods of Evaluation of Water
Conservation Service Functions
The water conservation module of the InVEST model calculates
the water yield based on the water cycle principle using
parameters such as the average annual precipitation, surface

and vegetation evapotranspiration, and soil and vegetation
root depth. Then, it obtains the final amount of water
conservation using the velocity coefficient, topographic index,
and saturated soil water conductivity. The specific calculation
formula is as follows:

WaterRetention � min(1, 249
Velocity

)
× min(1, 0.9 × TI

3
) × min(1, Ksat

300
) × Yield,

(1)

where water retention is the water retention depth (mm), velocity
is the velocity coefficient, and TI is the dimensionless topographic
index, which is calculated using Eq. 2. Ksat is the saturated soil
water conductivity (cm/d), which is calculated using the Saxton

FIGURE 3 | Map of land-use changes in the Pengxi River Basin from 2005 to 2018.
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model and Eq. 3 (Li et al., 2019). Yield is the water yield, which
can be calculated using Eq. 4.

TI � lg( Gridnumber

Soil Depth × Percent Slope
), (2)

where Gridnumber is the number of grids in the study area, Soil
Depth _is the soil depth (mm), and Percent Slope is the slope
percentage.

Ksat � 22.644 × epower

power � −0.995 + 0.014sand

+ ( − 376.988 + 3.323sand − 2.329clay + 0.113clay2)
θs

,

(3)

where Ksat is the saturated soil water conductivity (cm/d), sand
and clay are the soil sand and clay contents (%), and θs is the
saturated soil water content (%).

Yjx � (1 − AETxj

Px
) × Px, (4)

where Yjx is the annual water output, Px is the average annual
rainfall in grid unit X, and AETxj is the annual average
evapotranspiration in grid unit X in ecosystem type J (Wang
et al., 2021), which can be calculated using Eq. 5.

AETxj

Px
� 1 + ωxRxj

1 + ωxRxj + 1
Rxj

,
(5)

where Rxj is the dimensionless dryness index of grid unit X in
ecosystem type J, which is calculated based on the ratio of the
potential evapotranspiration to rainfall and using Eq. 6. Ωx is the
dimensionless ratio of the annual available water to rainfall for
modified vegetation.

Rxj � k × ET0

Px
, k � min(1, LAI

3
), (6)

where k is the vegetation coefficient, which can be calculated
using the LAI. ET0 is the evapotranspiration when the flat ground
is completely covered by certain short green vegetation and the
soil is still sufficiently moist (mm/d) (Zhang et al., 2012). Eq. 7 is
used to calculate the evapotranspiration.

ET0 � 0.0013 × 0.408 × RA × (Tavg + 17) × (TD − 0.0123P)0.76,
(7)

where RA is the solar atmospheric top layer radiation (MJ/m2·d),
Tavg and TD are the mean and difference of the mean of the daily
maximum and minimum temperature (°C), respectively, and P is
the monthly precipitation (mm).

ωx � Z
AWCx

Px
, (8)

where Z is the Zhang coefficient (constant) and its range is (1–10),
which represents the seasonal characteristics of the precipitation.
When the precipitation is mostly concentrated in winter, Z
approaches 10. When the precipitation is relatively

concentrated in summer or is evenly distributed in all seasons,
Z approaches 1. According to the model test and the analysis of
the precipitation data, the precipitation in the study area is mainly
concentrated from May to October, of which the precipitation
from June to August accounts for about 50%. In addition, by
referring to the research results of other scholars regarding the
Three Gorges Reservoir area (Xiao et al., 2015), it was found that

AWCx � min(max SoilDepthx,RootDepthx) × PAWCx, (9)
where maxSoil_Depthx is the maximum soil depth, Root_Depthx
is the root depth, and PAWCx is the water available for vegetation
growth, which is calculated using Equation 10:

PAWCx � 54.509 − 0.132sand − 0.003(sand)2
− 0.055silt − 0.006(silt)2 − 0.738clay

+ 0.007(clay)2 − 2.688OM + 0.501(OM)2, (10)
where sand, silt, clay, and OM are the sand, silt, clay, and organic
matter contents of the soil (%), respectively.

3 RESULTS

3.1 Analysis of Temporal and Spatial
Characteristics of Regional Environmental
Changes
3.1.1 Simulation Scenarios
After the completion of the Kaizhou water-level regulation dam
in 2017, the Kaizhou water-level regulation dam and the Three
Gorges Dam formed a nested operation to influence the area of
water conservancy projects. The highest and lowest water levels of
the Three Gorges Project are 175 m (hereinafter referred to as the
high water level) and 145 m (hereinafter referred to as the low
water level), based on which surface cover data were obtained for
the high and low water levels at two time nodes in the study area.

Second, the ecosystem service functions of the water
conservation were the result of the combined effect of the
meteorological and hydrological factors. Therefore, for
precipitation and temperature, seven simulation scenarios were
designed based on the meteorological data from 1959 to 2019 for
the study area. For precipitation, a wet year (PH), normal year
(PN), and dry year (PL) were defined. A high-temperature year
(TH) and low-temperature year (TL) were defined for air
temperature. In view of the dual effects of precipitation and
temperature, we defined a high-temperature year with little rain
(THPL) and a low-temperature year with abundant rain (TLPH).

3.1.1.1 Land Cover Changes
In order to reveal the impacts of human activities on the land
cover, land cover data for two time nodes were selected to analyze
the direction and source of the land loss of each land-use type
during the study period using an ecosystem type transfer matrix.
Before and after the operation of the nested water conservancy
projects began, the area of grassland converted to other land-use
types was the largest, followed by cultivated land, and the amount
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of dryland converted was the smallest. The area of cultivated land
was the largest, followed by woodland. The area of grassland
converted was the largest (Figure 3) and was 523.38 km2. The
converted areas were mainly medium and high coverage
grassland, and the area of medium coverage grassland
converted (509.03 km2), accounted for 45.85% of the total area
of grassland converted, while the area of high coverage grassland
converted was only 12.71 km2 (1.15%). More grassland with a
medium coverage was converted into the dryland (403.79 km2),
accounting for 42.19% of the total area converted. The high
coverage grassland was converted into the woodland (7.20 km2),
dryland (3.79 km2), and sparse woodland (0.55 km2). The 22.28%
of the farmland was converted to the dryland, and the dryland
was mainly converted to sparse woodland, paddy fields, and
medium coverage grassland. The percentage of farmland
converted was the largest (61.39%). Among them, the area of
dryland converted was the largest (568.45 km2). The second
largest was woodland (20.84%), among which the area of
sparse forest land converted was the largest (111.37 km2), and
it was mainly converted from the medium coverage grassland,
dryland, and paddy fields.

The results revealed that from 2005 to 2018, the areas of the
dryland, open woodland, high coverage grassland, canals and
reservoirs pits, urban land, land for rural residents, and land for
industry, mining, and transportation increased; the areas of the
paddy fields, shrub land, forest land, other beaches and coverage,
low coverage grassland, and the grass in the bare rock gravel land
decreased. These changes were mainly due to the nested
operation of the water conservancy projects and corresponded
to the impacts of human activities.

The dynamic changes in the land cover are presented in
Table 2. Before the water conservancy project nesting was
implemented in 2005, the land cover was dominated by the
dryland (31.69%), medium coverage grassland (19.24%), and
sparse forest land (13.53%). In 2018, the dryland (38.15%),
sparse forest land (13.98%), and paddy fields (13.32%) were
the main land-use types. After the nested water conservancy

projects were implemented, the areas of the dryland and medium
coverage grassland changed significantly, and the area of the
dryland increased by 321.11 km2. The area of the medium
coverage grassland decreased the most by 445.878 km2.

From 2005 to 2018, the dynamic attitudes of the urban and
rural areas, water area, cultivated land, and forest land were 23.98,
16.11, 1.07, and 0.13%, respectively. The dynamic attitude of the
industrial, mining, and transportation land was the largest
(14,684.10%). The dynamic attitude of the water channels was
the second largest (53.28%). The dynamic attitudes of the
grassland and bare gravel land were –3.07% and –0.02%,
respectively. Due to the construction of the Three Gorges
Dam, the total reservoir area of about 55.5 km2 in the Kaizhou
District was submerged, and the grace length of the 400 km
reservoir was submerged. The urban pattern of the district was
completely changed. The old city was basically submerged, and
the population in the district affected by this change accounted
for 16.62% of the total immigrant population in Chongqing (Zeng
and Wang, 2017). The migration period (1993–2008) accelerated
the urbanization process in the Kaixian County, and the dynamic
attitudes of the urban and rural land and cultivated land in the
study area were relatively large. In addition, the construction of
new towns in the county promoted the development of the
urbanization pattern of the Kaizhou District.

3.1.1.2 Precipitation Characteristics
The total rainfall in the wet years was 1716.4 mm, which mainly
occurred from June to October. The annual rainfall in normal
years was about 869.3 mm, which was 49.36% lower than that in
wet years, and the average daily rainfall was 6.44 mm. The total
rainfall in the dry years was only 759.7 mm, which was the lowest
compared to the other years and was 55.77% lower than that in
the wet years.

Precipitation was abundant in the low-temperature years, with
the annual rainfall reaching 1180.7 mm. The annual total rainfall in
the high-temperature years was the same as that in the normal
years, which was 26.37% lower than in the low-temperature years.

TABLE 2 | Dynamic change of land cover.

Land-use type 2005 2018 2005–2018

Area (km2) Area (km2) Area (km2) Dynamic attitude (%)

Paddy fields 671.90 662.68 −9.22 –0.11
Dryland 1576.05 1897.16 321.11 1.57
Forest land 427.87 459.92 32.05 0.58
Shrub land 421.84 408.17 –13.68 –0.25
Open forest land 672.75 695.37 22.62 0.26
Other woodland 127.00 114.18 –12.82 –0.78
High coverage grassland 79.03 108.27 29.24 2.85
Medium coverage grassland 957.07 511.19 445.88 –3.58
Low coverage grassland 8.12 7.55 –0.57 –0.54
Graff 4.87 38.57 33.70 53.28
Reservoir pits 5.37 12.80 7.42 10.63
Beaches 7.06 2.18 –4.88 –5.31
Urban land 8.29 15.13 6.85 6.35
Rural residential land 4.82 13.12 8.29 13.23
Land for industry, mining, and transportation 0.01 25.78 25.77 14684.10
Bare rock gravel fields 1.27 1.27 –0.003 –0.02
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The annual precipitation in Fengshui exhibited an increasing trend
from the Mingzhong Township in the northeast to the southwest
(Figure 4), and the rate of increase was rapid. The annual
precipitation in the normal years and high-temperature years
decreased from the central area to the Toudao River to the
northeast and southwest, and the precipitation was lower in the
southwest than that in the northeast. The distribution of the rainfall
was roughly the same in the dry and wet years, that is, the
precipitation decreased from southwest to northeast, but the
annual precipitation was lower in the dry years. However, the
annual precipitation in the low-temperature years decreased from
the northeast to the central part of the study area and increased
from the central part of the study area to the Kanto River in the
southwest. Moreover, the precipitation was lower in the southwest
than that in the northeast. The annual precipitation in the high
temperature and low rainfall years increased slowly from northeast
to southwest in the study area. In the low temperature and rainy
years, the precipitation increased from northeast to southwest.

In general, the precipitation increased from northeast to
southwest in the wet years, dry years, high temperature and
low rainfall years, and low temperature and high rainfall years,
with a rapid increase in wet years and a slow increase in dry years.
The precipitation characteristics were the same in the low
temperature and high rainfall years and high temperature and
low rainfall years, and the precipitation characteristics were the
same in the high temperature and low rainfall years and dry years.
The annual precipitation in the normal years and high-
temperature years decreased from the central China to the
northeast and southwest. The precipitation in the low-

temperature years increased from central China to the
northeast and southwest, and the precipitation in the
northeast was greater than that in the southwest. Although the
spatial distribution characteristics of the precipitation were
similar under the different scenarios, the precipitation itself
was quite different in different scenarios.

3.1.1.3 Temperature Characteristics
The average daily temperatures in the wet years, normal years, and dry
years were 17.97, 19.61, and 18.41°C, respectively. The annual average
temperatures in the Pengxi River Basin in the high temperature and
low-temperature years were 18.69 and 16.84°C, respectively. Under the
two extreme scenarios, the trends of the temperature and precipitation
were similar. The temperature initially gradually increased and then
began to decrease in August. The precipitation exhibited an
increasing–decreasing–increasing–decreasing trend. The difference
in the potential evapotranspiration between the high-temperature
years and low-temperature years in the study area is
250.51–305.53mm/d (Figure 5). The average temperature in the
high-temperature years was 19.4°C, and that in the low-temperature
years was 17.42°C.

The results of the potential evapotranspiration calculation are
shown in Figure 5. The distributions of the potential
evapotranspiration in the high-temperature years and low
temperature and high rainfall years were roughly the same,
increasing from the central part of the area to the Toudao
River in the axial direction. In contrast, in the normal years, it
increased from the northeast and southwest to the central part of
the area. In general, the distribution of the potential

FIGURE 4 | Annual precipitation in the Pengxi River Basin under different scenarios.
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FIGURE 5 | Distribution of potential evapotranspiration in the Pengxi River Basin under different scenarios.

FIGURE 6 | Comparison of water conservation and actual evapotranspiration of the different types of ecosystems.
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evapotranspiration was basically consistent with the precipitation
and air temperature distributions, which preliminarily indicates
that the water conservation was strongly correlated with the
evapotranspiration.

3.2 Analysis of Effects of Land Cover
Changes on the Water Conservation
Function
3.2.1 Effects of Different Types of Ecosystems on the
Functional Characteristics of the Water Conservation
Under the same precipitation and temperature conditions, the
water conservation and actual evapotranspiration of different
surface cover types were compared, and it was found that the

water conservation values of the open forest land, shrub land,
dryland, and forest land were higher. Among them, the open
forest had the highest water conservation (19.5751 × 106 m3)
(Figure 6), but the shrub ecosystem had the highest average water
conservation, which was 94.10% higher than the average water
conservation of the reservoirs and ponds. The average water
conservation values of the paddy fields and dryland were low, but
they increased by 56.38 and 288.30% compared with those of the
reservoirs and pits. The total actual evapotranspiration was
higher in the dryland, paddy fields, medium coverage
grassland, and forest land. The bare rock and gravel land and
rural residential land had the lowest average evapotranspiration,
but the average evapotranspiration of the low coverage grassland
and reservoirs and pools increased by 286.15 and 230.88%,

FIGURE 7 | Land-use changes and water conservation changes at different water levels in 2018.

TABLE 3 | Land-use changes and water conservation changes at different water levels in 2018.

Land-use type Variable-area (km2) Low water-level water
conservation (ten thousand

m³)

High water-level water
conservation (ten thousand

m³)

Changes in water
conservation (ten thousand

m³)

Arable land –15.58 2523.42 2509.47 –13.95
Woodland –4.01 7031.31 7017.31 –14.01
Grassland –12.61 796.56 773.65 –22.90
Water 42.96 35.09 67.86 32.77
Urban and rural land –10.88 38.30 30.55 –7.75
Unused land 0.12 0.87 1.17 0.30
Total 0 10425.55 10400.01 –25.54
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respectively. Therefore, the water conservation function of the
reservoirs was weak.

Overall, the water conservation exhibited a decreasing trend
from southeast to northwest, and the water conservation was
higher around the Liangma River, Xiaojiagou River, and
Tuantan River. The actual evapotranspiration exhibited a
decreasing trend from northwest to southeast, and the total
evapotranspiration was higher around the Taoxi River, Qili
River, and Baqu River.

3.2.2 Analysis of the Changes in the Water
Conservation Function Caused by Changes in the
Water Level
Under the same precipitation and temperature conditions
(Figure 7), after the formal operation of the nested water
conservancy projects began in 2018, except for the water area
and unused land, the surface cover of the cultivated land,
grassland, forest land, and urban and rural land at the low
water level exhibited obvious decreasing trends compared with

TABLE 4 | Average variations in water conservation and actual evapotranspiration in the Pengxi River Basin in 2005 and 2018 (104 m3).

Land-use type 2005 2018 Variation

Water conservation Actual
evapotranspiration

Water conservation Actual
evapotranspiration

Water conservation Actual
evapotranspiration

Arable land 1020.13 6140.32 1203.04 6997.91 182.90 857.60
Woodland 3608.12 3956.17 3672.82 4076.83 64.70 120.66
Grassland 524.72 3426.49 339.25 2029.40 –185.47 –1397.09
Water 26.12 109.68 29.08 132.59 2.96 22.91
Urban and rural land 4.56 16.24 20.89 58.65 16.33 42.42
Unused land 0.70 1.84 0.61 1.83 –0.09 –0.01
Total 5184.35 13650.74 5265.68 13297.22 81.33 –353.51

FIGURE 8 | Distribution of the water conservation for different water levels under the different precipitation scenarios in 2005 and 2018.

TABLE 5 | Response of water conservation function under different precipitation conditions (Unit: 10,000 m3).

Annual precipitation Total water conservation Total
actual evapotranspiration

Wet years 1716.40 104255.54 13601.19
Dry years 795.74 49554.94 15169.89
Normal years 1256.86 16816.23 13081.99
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those at the high water level. The area of the high water level
mainly increased in the vicinity of the Toudao River and its
junction with Xiaojiagou. In the case of the high water level, the
water conservation changed most obviously, with an average
increase of 327,700 m3 (Table 3).

The actual evapotranspiration increased the most in the
cultivated land (8.5760 × 106 m3), while the actual
evapotranspiration of the grassland increased by –13.9709 ×
106 m³ (Table 4). The change in the water conservation of the
cropland and grassland exhibited the opposite trend, and the total
change in the water conservation of the cropland increased by
200% compared with that of the grassland, which was mainly
caused by the construction of the water-level regulation dam and
the immigration engineering in the reservoir area of the Three
Gorges project. Through comprehensive comparison, it was
found that the changes in the land cover had a certain impact
on the water conservation and the actual evapotranspiration due
to the difference in the evapotranspiration intensity and root
depth in the different types of ecosystems. The change in the

water level caused by the operation of the nested water
conservancy projects was finally reflected in the change in the
land cover, resulting in a reduction in the amount of water
conservation (813,300 m³) and the total actual
evapotranspiration (3,535,100 m³). Therefore, the construction
of the Kaizhou water-level regulation dam and the Hanfeng Lake
positively affected the water conservation in the region and
improved the ecological service functions in the study area.

3.3 Analysis of Effects of Meteorological
Changes on the Water Conservation
Function
3.3.1 Analysis of Water Conservation Function Under
Different Precipitation Conditions
Under different precipitation conditions (Figure 8 and Table 5),
the average water conservation depth in the wet years increased
by 86.52 and 135.84 mm compared to the normal years and dry
years, respectively, and the total water conservation increased by

FIGURE 9 | Distribution of the total actual evapotranspiration for the different water levels under the different precipitation conditions in 2005 and 2018.

TABLE 6 | Response of water conservation function to evapotranspiration conditions.

Cumulative daily mean
air temperature (°C)

Total water conservation
(×104 m³)

Total actual evapotranspiration
(×104 m³)

High-temperature scenario 223.32 27355.28 13994.28
Low-temperature scenario 201.71 43715.36 12128.52
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32.62 and 17.55% under the low water level control. The effects of
the different precipitation conditions on the water conservation
were similar under the high water level and low water-level
control. The results revealed that the influence of the
precipitation conditions on water conservation was greater
than that of the water level difference caused by the operation
of the water conservancy projects. The precipitation conditions
had a significant effect on the water conservation values of the
different land cover types. The distribution of the water
conservation was similar to that of the vegetation cover, that
is, the high values are mainly distributed in the northeastern part
of the Pengxi River Basin.

The average evapotranspiration and total actual
evapotranspiration were the highest in the normal years,
followed by the wet years, and were the lowest in the dry

FIGURE 10 | Distributions of the total actual evapotranspiration for different water levels under different annual precipitation and evapotranspiration conditions in
2005 and 2018.

FIGURE 11 | Distribution of water conservation under extreme meteorological conditions for different water levels in 2005 and 2018.

TABLE 7 | Change in the total water conservation under the influence of double
extreme scenarios (unit: 10,000 m³).

Scenario 2005 2018

Low water High water Low water High water

THPL 1435.69 11171.44 1437.86 11111.18
TLPH 1481.47 11239.79 1483.68 11210.07
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years (Figure 9). Under the low water-level control, the average
evapotranspiration in the dry years increased by 25.99 and
45.78 mm compared with the wet years and normal years,
respectively, and the total actual evapotranspiration increased
by 10.34 and 13.76%. Under the high water-level control, the
average evapotranspiration in the normal years was 25.80 and
45.42 mm compared with that in the dry years and wet years,
respectively. Spatially, the actual evapotranspiration was stronger
in the eastern part of Xiaojiagou in the normal years. This was
mainly because there were more paddy fields, grassland, and
beaches in the east, so the potential evapotranspiration was
relatively large and the change was obvious.

Overall, the average water conservation depth and total water
conservation in the Pengxi River Basin were highest in the wet
years, followed by the normal years, and were the lowest in the
dry years. However, the average evapotranspiration and total
actual evapotranspiration were the highest in the normal years,
followed by the wet years, and were the lowest in the dry years.

3.3.2 Analysis of Effects of Temperature Conditions on
the Water Conservation Function
Under the land cover conditions and low water-level control in
2005, the average water conservation depth under the low-
temperature scenario was 25.27 mm higher (61.04%) than that
under the high-temperature scenario. The average
evapotranspiration under the high-temperature scenario was
29.72 mm higher (11.44%) than that under the low-
temperature scenario. Under the land cover conditions and
high water-level control in 2005, the average water
conservation depth under the low-temperature scenario was

24.85 mm higher than that under the high-temperature
scenario. The average evapotranspiration under the high-
temperature scenario was 23.29 mm higher (9.19%) than that
under the low-temperature scenario.

Under the land cover conditions and low water-level control in
2018 (Table 6), the annual average water conservation depth
under the low-temperature scenario was 25.58 mm higher
(63.56%) than that under the high-temperature scenario. The
annual average evapotranspiration under the high-temperature
scenario was 28.73 mm higher (11.13%) than that under the low-
temperature scenario. Under the land cover conditions and high
water-level control in 2018, the annual average water
conservation depth under the low-temperature scenario was
25.66 mm (62.67%) higher than that under the high-
temperature scenario. The annual average evapotranspiration
under the high-temperature scenario was 29.82 mm higher
(11.48%) than that under the low-temperature scenario.

If the water level and surface cover conditions are ignored, the
water conservation level was about 60% higher under the low-
temperature scenario than under the high-temperature scenario,
and the total actual evapotranspiration was about 12–13% higher
under the high-temperature scenario than under the low-
temperature scenario. In particular, the temperature in the
southwestern part of the Pengxi River Basin was higher under
the high-temperature scenario, so the actual evapotranspiration
in the southwestern part of the Pengxi River Basin was larger,
which was in sharp contrast to the low-temperature scenario
(Figure 10). Therefore, the air temperature was also one of the
important factors controlling the water conservation function.
Precipitation and temperature not only affected the total amount
of water conservation, but also affected its spatial distribution.

3.3.3 Analysis of the Effects of Precipitation and
Temperature on the Water Conservation Function
In the case of precipitation and temperature extremes, the
changes in the water conservation function were significantly
different (Figure 11; Table 7). Under the low-temperature and
high rainfall scenarios, the water conservation reached the
maximum value, and it was as high as 112.3979 × 106 m³ for

FIGURE 12 | Comparison of actual evapotranspiration for different water levels in 2005 and 2018.

TABLE 8 | Change in the total actual evapotranspiration under the influence of
dual extreme scenarios (unit: 10,000 m³).

Scenario 2005 2018

Low water High water Low water High water

THPL 13673.06 12298.92 13608.55 12215.97
TLPH 13471.79 11860.21 13422.54 11795.54
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the high water-level control in 2018. In contrast, the lowest value
occurred under the high temperature and low rainfall scenario,
and it was as low as 14.3569 × 106 m³ under the low water-level
control in 2005. There was an order of magnitude difference
between them, that is, a difference of about 98 × 106 m³ (87.23%).

Similarly, under the two extreme evapotranspiration and
precipitation scenarios for the study area, the average
difference in the average water conservation was 9.6 m³
(Figure 12). From the perspective of the spatial distribution,
the amount of water conservation was not only related to the type
of ecosystem but also to the precipitation and air temperature
distributions in the region (Table 8).

The maximum and minimum values of actual
evapotranspiration increased in the Pengxi River Basin were
136,730,600 m³ and 117,953,300 m³, respectively, that is, a
difference of 15.91%. The main reason for the high and low
values is that the population and urban land in the study areas
were mainly distributed near Qukou Town. When the water level
changed, the main change in the land cover type was reflected in
the water area and cultivated land, and the actual
evapotranspiration per unit area of these two land cover types
was higher.

4 DISCUSSION

The InVEST model was used to simulate the water-level changes
in the study area and different meteorological conditions to
obtain the amount of water supplied to the study area after
subtracting the actual evapotranspiration from the precipitation
and to calculate the water production coefficients and water
production moduli of all of the scenarios. The results were
compared with the water production modulus and water
production coefficients for Kaizhou and Yunyang in
Chongqing, which are located in the study area, obtained from
the Chongqing Water Resources Bulletin (Table 9). The relative
error of the validation model is 0.2, which shows that the model
results are reliable.

The operation of the nested water conservation projects
resulted in a positive trend in the water catchment’s function.
The operation of the water conservation projects has had a certain
influence on the water conservation, but the meteorological
conditions have had a greater impact on it. Moreover, the
simulation results of the different precipitation and
temperature scenarios show that the water conservation
function responded more significantly to the precipitation
conditions, which is consistent with the results of previous

studies (Delphin et al., 2016; Dai and Wang, 2020). The depth
of the water cover in this study is generally consistent with the
precipitation trend. In addition, the water conservation function
responded most significantly to the combined effect of the
precipitation and temperature. In low temperature and high
rainfall years, the water conservation was extremely high,
especially under the high water-level control scenario after the
operation of the nested water conservancy projects began, and the
water conservation exceeded 100 × 106 m³. In contrast, the lowest
values occurred in the high temperatures and low rainfall years,
with water conservation of around 14 × 106 m³. The highest and
lowest values are quantitatively different. Under the high-
temperature scenario, the potential evapotranspiration was
higher and the water conservation was lower. This is
consistent with the findings of Chen et al. (2016) and Wang
et al. (2021). Therefore, the influences of the complex
environmental factors on the regional water conservation
service function deserve further attention.

Climate change, management policies, and other factors have
a certain impact on the function and value of ecological services
(Luo et al., 2019; Marques et al., 2021). Relevant research results
have shown that the terrain also has a certain impact on the
evapotranspiration conditions and water conservation. Water
conservation increases as the slope and topographic relief
increase, and it fluctuates as the topographic position index
increases (Xu et al., 2020). The topographic gradient
significantly affects the water supply (Gao et al., 2016; Zhou
et al., 2021). Hu et al. (2021) found that the correlation between
the heterogeneity of the landscape and water conservation is
higher than that between climate factors and water conservation
(Hu et al., 2021). The impact of the landscape pattern on water-
related ecosystem services is mainly reflected in the change in the
intensity, but the dominant relationship does not change (Li et al.,
2021b). Therefore, the influences of terrain and landscape
heterogeneity on water conservation will be considered further
in future studies.

5 CONCLUSION

The factors influencing the water conservation service function
are complex and differ significantly in different situations. In the
study area, there was a positive correlation between the land cover
changes and water conservation changes. Among the land cover
types, the forest ecosystem contributed the most to the water
conservation, with an average contribution rate of 68%. The
Pengxi River Basin is an important water conservation area in

TABLE 9 | Model availability validation.

Year Kaizhou Yunyang Modeled water
production
coefficient

Modeled water
production
modulus

Precipitation
depth
(mm)

Water
production
coefficient

Water
production
modulus

Precipitation
depth
(mm)

Water
production
Coefficient

Water
production
modulus

2005 1386.5 0.58 80.33 1196.8 0.48 57.35 0.43 46.872
2018 1146.5 0.48 55.58 1033.7 0.47 48.2 0.50 54.870
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northeastern Chongqing and is an important component of the
Yangtze River ecological corridor.

Under the operation of nested water conservancy projects, the
water conservation function has exhibited a positive development
trend. The operation of the water conservancy project has had a
certain effect on the water conservation function, but the
meteorological conditions have had a greater effect. A
comprehensive comparison of the water conservation function
under seven simulated scenarios revealed that the changes in the
precipitation and air temperature were the leading factors causing
the changes in the water conservation function. However, there
were differences in the mechanisms by which these two factors
affected the water conservation function. Comparatively,
precipitation had the greatest influence on the water
conservation function.
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