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Abstract: The water conservation function of ecosystems is a research hot spot in the field of water
resources, and it is also an important ecological service function of terrestrial ecosystems and a key
point in eco-hydrology research. With the increasing frequency of human activities and climate
change, how to reveal the response of ecosystem water conservation function to the changing
environment is a scientific problem that needs to be urgently addressed in ecological hydrology
research. To reveal the eco-hydrological processes under the changing environment, this study
was based on the distributed hydrological model (SWAT) and used water conservation amount
(WCA) as an indicator to assess the water conservation capacity of ecosystems. Scenario analysis and
statistical analysis were also used to determine the spatial and temporal evolution of the WCAs of
farmland, forest, and grassland ecosystems under a changing environment and to further investigate
the influence mechanisms of land use change and climate change on the WCA. The findings show
that (1) the climate conditions in the Hanjiang watershed have determined the distribution pattern
of the ecosystem’s WCA. The spatial distribution patterns of the WCA of each ecosystem differed
significantly between the dry season and the wet season. Under the combined influence of human
activities and climate change, there was no significant change in the spatial distribution pattern of
the WCA. (2) Climate change patterns, which were dominated by precipitation and influenced by
evapotranspiration, determined the changes in the WCA of ecosystems. In addition, there were
significant spatial differences in the response of the watershed WCA under changing environments
in the dry season. Differences in land use type and local climate change were the main reasons for
such differences. (3) There were differences in the WCA and the response to changing environments
among ecosystems. Forest ecosystems had the highest WCA; grassland ecosystems were the most
sensitive to land use change. This study can provide a theoretical basis for alleviating the increasingly
serious water resource problems in the basin and ensuring water and ecological security in the basin.

Keywords: water conservation; ecosystem service; climate change; land use change; Hanjiang Watershed

1. Introduction

Essentially, ecosystem services are the benefits humans derive from ecosystem func-
tions that provide the basis for their survival and development [1]. A major function of
ecosystems are eco-hydrological services [2]. In ecosystem services, the water conservation
function is the focus of hydrological services. Through canopy, plant litter, soil, lakes, and
water bodies at a particular spatial and temporal scale, an ecosystem can intercept, infiltrate,
store, and maintain water in its system, which meets the ecosystem’s water demand while
maintaining the ecosystem’s environmental quality [3]. Hydrological services are becoming
increasingly important for human social development and ecological security as human
demand for water resources increases. In watersheds, water-bearing functions have become
a major challenge for water resources management [4,5]. The conservation of water not
only affects ecosystem productivity, nutrient cycling, and environmental purification but
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also constrains the sustainable development of the socioeconomic system. Additionally, the
International Geosphere-Biosphere Programme (IGBP) and the International Hydrological
Programme (IHP) have initiated a series of major research projects involving ecological hy-
drology and water resources. There have been many studies demonstrating the spatial and
temporal heterogeneity, complexity, and dynamics of the water conservation function [2].
This study supports the construction of regional ecological security by assessing the water
conservation function and exploring its change mechanisms.

Currently, ecosystems around the world are experiencing dramatic changes. An-
thropogenic activities and climate change are the two major factors driving changes in
ecosystem services [6,7]. As a result of land use change and climate change, water-bearing
functions are also being affected [8,9]. A major contributor to the loss of biodiversity and
ecosystem services is land use and land cover change [10,11], which also affects water
quantity by altering infiltration and evapotranspiration [12]. The effects of climate change
are significantly affecting hydrological processes and vegetation physiological ecology
as well as the hydrological cycle [13,14]. Consequently, scholars need to investigate how
land use change and climate change affect water conservation functions. In recent years,
most scholars have focused on water yield responses to changing environments [15,16]
and have conducted studies at the watershed scale. There is a lack of a comprehensive
and targeted evaluation of how water conservation amount (WCA) changes in different
ecosystems under changing conditions [12,17]. Therefore, this article integrates scenario
analysis, statistical methods, and ecosystem service assessment in order to analyze changes
in ecosystem services in a more comprehensive and effective way.

The water conservation function of Chinese ecosystems has decreased in recent
decades, which has profound implications for watershed management and ecosystem
stability [13]. As a typical watershed in the subtropical region of China, the Hanjiang
watershed is not only the second largest in Guangdong Province, China, following the Pearl
River, but it is also an important water source and ecological barrier for eastern Guangdong
and southwestern Fujian [18,19]. Watershed ecosystems have undergone dramatic changes
due to frequent human activities and climate change, affecting their water conservation
function. This study aims to reveal the response of watershed eco-hydrological processes
to changing environments, as well as the spatial and temporal evolution of the WCA in
different ecosystems. The results of this study will provide a basis for eco-hydrological
studies on typical subtropical watersheds in China. Based on distributed hydrological
models and water balance equations, we investigated (1) the spatial and temporal evolution
of the WCA in the watershed from 1980 to 2020; (2) determined how land use change and
climate change affect the ecosystem WCA using scenario setting methods and statisti-
cal analysis; (3) determined if different ecosystems respond differently to changes in the
WCA. Additionally, our research results are critical to ecological construction, environ-
mental protection, and socio-economic development in the watershed, and can provide
useful references and theoretical support to the government when making ecological and
environmental decisions.

2. Materials and Methods
2.1. Study Area

The Hanjiang watershed is located between 115◦13′ and 117◦09′ E, 23◦17′ and 26◦05′ N.
Its area includes parts of the Guangdong, Fujian, and Jiangxi Provinces (Figure 1). It is
mainly composed of the Mei River and the Ting River, which merge to form the Hanjiang
River mainstream, which eventually merges with the South China Sea. It is located in
the subtropical monsoon climate zone, where the weather is hot and humid and storms
are frequent. In the watershed, annual rainfall averages about 1620 mm, with uneven
distribution and large spatial variations, and about 70%–85% of the rainfall occurs during
the flood season. In the dry season, rainfall amounts to only 15% to 30% of the annual
rainfall, which has also resulted in significant differences between flood and dry season
runoff in the watershed. In the flood season, the runoff accounts for about 80% of the
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annual runoff, which is 2.7 times more than in the dry season [18]. Forest, cropland, and
grassland account for about 95% of the area of the Hanjiang watershed, with forest land
accounting for 68% and cropland for 20%. There are three main types of ecosystems in the
Hanjiang watershed: forest ecosystems, farmland ecosystems, and grassland ecosystems.
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Figure 1. The location and distribution of meteorological and hydrological stations of the Han-
jiang watershed.

2.2. Materials

The hydrological model was constructed using digital elevation data (DEM), land
cover data, soil data, and meteorological data. The digital elevation data were provided by
the International Scientific Data Service Platform of the Chinese Academy of Sciences (http:
//www.csdb.cn/ accessed on 1 July 2021) with a spatial resolution of 90 m. Five land cover
data from 1980 to 2020 were obtained through remote sensing interpretation, and remote
sensing data were obtained from the official website of the U.S. Geological Survey (http://
earthexplorer.usgs.gov accessed on 7 July 2021), with a resolution of 30 m. The soil data were
provided by the World Soil Database (HWSD) (https://www.fao.org/soils-portal/ accessed
on 10 July 2021). In addition, the soil hydrological property data were calculated using
Soil Plant Atmosphere Water (SPAW) software. Data from 32 meteorological stations in the
watershed from 1970 to 2020 included daily-scale precipitation, temperature, solar radiation,
wind speed, and relative humidity, as collected by the China National Meteorological
Science Data Sharing Service Platform and some district and county meteorological bureaus
in Guangdong, Fujian, and Jiangxi. The data for the runoff were actual measurements from
the Watershed Authority of China’s Chaoan hydrological station between 1980 and 2010.

http://www.csdb.cn/
http://www.csdb.cn/
http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
https://www.fao.org/soils-portal/


Forests 2023, 14, 93 4 of 18

2.3. Simulation and Assessment of Water Source Nutrient Capacity
2.3.1. Construction and Evaluation of the Hydrological Model

In recent years, hydrological models have been widely used in studies on ecosys-
tems’ WCAs [20]. In this study, hydrological processes in the Hanjiang watershed were
simulated and assessed using the Soil and Water Assessment Tool (SWAT). This model
can simulate the hydrological response of the watershed with high temporal resolution
while also describing the spatial and temporal variability of the hydrological cycle [21].
Furthermore, the model integrates different land use patterns and underlying geological
conditions. In eco-hydrological studies, the SWAT model has been widely used for the sim-
ulation of eco-hydrological processes, and it has provided accurate results [4,22]. Therefore,
this model enabled us to simulate the hydrological processes in the Hanjiang watershed
more accurately.

The raw data needed to be processed before the model could be constructed. Soil and
land use types were reclassified to match the SWAT model database data types, and we used
SPAW to calculate some soil parameters and SwatWeather to calculate meteorological data.
After this was completed, the model had to be calibrated and validated to determine its
suitability. Using SWAT-CUP, models can be calibrated and parameter sensitivity analyses
can be performed [23]. Based on the monthly runoff data from important hydrological
stations in the watershed from 1980 to 2010, the SUFI2 algorithm [24], which is the most
widely used algorithm in this program, was used in this study to analyze parameter
sensitivity and calibrate and validate the model. To assess the accuracy and simulation
effectiveness of the models, the correlation coefficient (R2) and Nash–Sutcliffe efficiency
coefficient (Ens) were used [25]. They were calculated as follows:

R2 =

[
∑n

i=1
(
QOi −QO

)(
Qmi −Qm

)]2
∑n

i=1
(
QOi −QO

)2
∑n

i=1
(
Qmi −Qm

)2 (1)

Ens = 1− ∑n
i=1(Qmi −QOi)

2

∑n
i=1
(
QOi −QO

) (2)

where Qmi is the simulated runoff series; QOi is the measured runoff series; QO is the
arithmetic mean of the measured runoff series; Qm is the arithmetic mean of the simulated
runoff series; n is the number of simulated periods.

Each of the hydrological models set up in this study showed R2 and Nash–Sutcliffe
efficiency coefficients above 0.9, indicating satisfactory simulation performance under each
scenario. A high R2 indicates a good correlation between the simulated and measured
runoff. In light of this, this hydrological model presents a reasonable way of simulating
hydrological processes in the Hanjiang watershed.

2.3.2. Calculation of WCA

A study of the water-content mechanism is based on the water balance principle.
The WCA can be calculated accurately using this principle at all spatial and temporal
scales, making it the most effective and widely used method. According to this principle,
the difference between precipitation and evapotranspiration and other depletion is the
WCA [26]:

WCA = PRECi − Ei − SURQi (3)

where WCA indicates the water conservation amount per unit area of each ecosystem in
the watershed (mm); PRECi indicates the rainfall in each ecosystem (mm); Ei indicates the
evapotranspiration in each ecosystem (mm); SURQi indicates the surface runoff generated
by each ecosystem (mm).
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Moreover, we used the relative rate of change to evaluate the change in the WCA. The
relative rate of change of the WCA was calculated by the equation:

Relative change rate =
(WCA2 −WCA1)

WCA1
× 100% (4)

where WCA1 and WCA2 are the water conservation amount in the previous and latter
periods, respectively.

2.4. Driving Mechanisms of WCA Changes in a Changing Environment
2.4.1. Assessment of Land Use Change

a. Land Use Transfer Matrix

It was necessary to assess the changes in land use to analyze the impact on the WCA.
The Markov model can be used to study land use pattern change in a watershed. The
equation is below:

S(T) = Pij + S(T0) (5)

where S(T) and S(T0) are the states of the land use structure at the moments T and T0,
respectively; Pij is the state transfer matrix, which is given by:

Pij =

P11 . . . P1n
. . . . . . . . .
Pn1 . . . Pnn

 (6)

where, 0 ≤ Pij < 1 and ∑N
j=1 Pij = 1(i, j = 1, 2, · · · , n), n is the number of land use types.

b. Land Use Level

The degree of land use not only reflects the natural properties of the land itself in land
use but can also quantitatively express the comprehensive level of land use in a specific
study area. The equation is below:

La = 100×∑n
i=1 Ai × Ci (7)

where La is the comprehensive index of land use degree; Ci is the percentage of the graded
area of land use degree at level i; Ai is the graded index of land use degree at level i.
Indicators of land use intensity are given to the graded land use index; unused land and
hard-to-use land receive a graded index of 1; forest, grassland, and water areas receive a
graded index of 2; arable, garden, and artificial grassland receive a graded index of 3; and
settlements, industrial and mining areas, and transportation areas receive a graded index
of 4.

c. Land Use Dynamic Degree

An indicator of the single land use dynamic attitude reflects the rate and magnitude
of change in different land use types over time, reflecting the impact of human activities on
a single land use type. The equation is below:

Ki =

[
(Sit2 − Sit1)

Sit1

]
× 1

t
× 100% (8)

where Ki is the dynamic attitude of land use type i in the period from t1 to t2; Sit1 and Sit2
denote the area of land use type i at time t1 and t2, respectively.

Furthermore, we used the integrated land use dynamic attitude to depict regional
differences in land use type change and compare the integrated effects of human activity
on land use type change over time in the watershed. The equation is below:

S =

[
∑n

i=1

(∆Si−j

Si

)]
× 100× 1

t
× 100% (9)
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where S is the integrated land use dynamic attitude of the study area corresponding to
period t, ∆Si−j is the total area of the conversion of land use type i to other land use types
within each study period, Si is the total area of land use type i at the start time of monitoring;
t is the period of land use change.

2.4.2. Analysis Methods of the Driving Mechanism

a. Statistical Analysis Method

Multiple linear regression models can be used to establish the relationship between
independent and dependent variables [27]. We used a multiple linear regression model to
determine how climate change and land use change affected the WCA based on land use
dynamics, precipitation, and evapotranspiration as independent variables (Table 1).

Table 1. An analysis of the scenarios set up in this study and the analysis ideas.

Scenario
Year

Land Use Data Meteorological Data

Land use change

A 1980 1970–2020
B 1990 1970–2020
C 2000 1970–2020
D 2010 1970–2020
E 2020 1970–2020

Climate change F 2020 1971–1980
G 2020 2011–2020

Combined change H 1980 1971–1980
G 2020 2011–2020

An analysis of the correlation can reveal the specific degree and direction of correla-
tion between independent and dependent variables [28]. In this regard, we conducted a
correlation analysis using Pearson correlation analysis for the independent variables in
the regression model that were significantly correlated with the WCA after establishing a
multiple linear regression model.

b. Scenario analysis

A change in the WCA is influenced by climatic conditions and land use changes over
a period of time. Assuming no changes in the climate conditions, a change in the WCA
would be a result of land use change, and a scenario with this condition is called a land use
change scenario. Similarly, if the land use types do not change, the WCA changes due to
changes in the climate conditions; this is called a climate change scenario. When both the
climate conditions and land use change, it is called a combined change scenario. Therefore,
we set up eight scenarios to analyze the impact of climate change and land use change on
the WCA. We present five scenarios, A to E, in this paper based on the land use data from
1980, 1990, 2000, 2010, and 2020 for analyzing land use change’s impacts. Scenarios F to
G were used to analyze the impacts of climate change, and scenarios H to G were used to
analyze the combined impacts of land use and climate change.

3. Results
3.1. Spatial Distribution Characteristics and Changes in the WCA of Major Ecosystems in the
Hanjiang Watershed

Table 2 shows that the average WCA of the Hanjiang watershed is 288.32 mm, with
forest ecosystems having an average WCA of 106.35 mm, agricultural ecosystems having
an average WCA of 101.60 mm, and grasslands having an average WCA of 80.37 mm.
Figure 2B shows that the forest ecosystem has the highest WCA in the dry season, while the
grassland ecosystem has the lowest. The WCAs of all ecosystems decreased spatially from
northeast to southwest. From 1980 to 2020, most of the sub-watersheds of each ecosystem
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showed a significant increase in WCA (Figure 2A). Grassland ecosystems showed the largest
increase in WCA, and the average relative change rates of the WCA in both farmland and
forest ecosystems were above 90%. There was a significant increase in the WCA in the
upper reaches of the Mei River and the middle reaches of the Hanjiang River in terms of
spatial distribution. Despite this, the spatial distribution pattern of the highest WCA in
the northern part of the watershed remained the same. The wet season’s WCA in each
ecosystem was significantly higher than that in the dry season, with forest ecosystems
having the highest WCA and grassland ecosystems having the lowest (Figure 3B). The
distribution characteristics of the WCA of each ecosystem differed from that of the dry
season, as they were more southward and less northward. The WCA was unevenly
distributed in agroecosystems and grassland ecosystems, showing large spatial differences
(Figure 3A). During the period of 1980–2020 (scenarios H to G), the overall WCA of each
ecosystem increased in the middle and upper reaches of the Ting River but decreased
in the southern part. Additionally, WCA changes showed spatial heterogeneity, with
grassland ecosystems showing the largest changes. Overall, from 1980 to 2020, there were
no significant changes in the spatial distribution pattern of the WCA of each ecosystem,
which still showed the characteristics of the highest in the southern part of the watershed
and large spatial differences.

Table 2. WCA of the Hanjiang watershed and major ecosystems (mm).

Ecosystem Type Scenario H Scenario G Average

Farmland Ecosystem 99.77 103.42 101.60
Forest Ecosystem 103.57 109.12 106.35

Grassland Ecosystem 77.49 83.25 80.37
ALL 280.84 295.79 288.32
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season (A) versus relative changes (B).

Combining the above analyses, it can be concluded that climate change and human
activities affected the WCA of each ecosystem, with a large difference between the dry and
wet seasons. During these two seasons, each ecosystem’s WCA showed roughly opposite
trends. Human activities and climate change had a greater impact on the WCA of each
ecosystem during the dry season. In addition, there were differences between the changes
in the WCA of each ecosystem, with grassland ecosystems experiencing the biggest changes
and the largest spatial differences in the WCA (Figures 2B and 3B), indicating that the
grassland ecosystem WCA is more sensitive to changes in the environment.

3.2. An Investigation of the Driving Mechanisms of Changes in the WCA of Major Ecosystems
under Changing Environmental Conditions
3.2.1. The Combined Impact of Land Use and Climate on WCA

According to the results of the multiple linear regression (Table 3), each driver con-
tributed differently to the WCA. The WCA was most affected by precipitation and evapo-
transpiration, and precipitation had a significant driving effect at the 0.001 level, but their
effect on the WCA was slightly smaller during the wet season. Land use had a lesser impact
than climate. It is evident that the impact of the land use level increased every year from
1980 to 2020 when comparing the results of scenario H with those of scenario G, indicating
that human activities gradually increased their impact, but this does not change the fact
that precipitation was still the primary cause.
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Table 3. Multiple linear regression results for scenarios H and G.

Independent Variable
Standardized Regression Coefficients (β) Level of Significance (P)

Scenario H Scenario G Scenario H Scenario G

Dry season

Precipitation 0.870 0.860 *** ***
Evapotranspiration −0.223 0.079

Land use level 0.064 0.090
R2 0.756 0.768

Wet season

Precipitation 0.714 0.731 *** ***
Evapotranspiration −0.097 −0.212

Land use level 0.084 0.089
R2 0.563 0.623

Note: *** indicates significance at the α = 0.001 level.

Due to precipitation’s influence on the WCA, we correlated precipitation under sce-
nario H and scenario G with the WCA, as shown in Figure 4. According to Figure 4A, the
correlation between rainfall and the WCA was higher during the dry season compared to
Figure 4B. The WCA and rainfall were correlated in both seasons with an increasing trend.
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Figure 4. An analysis of rainfall and WCA for scenarios H and G for the watershed. (A) Dry season;
(B) wet season. Note: *** indicates significance at the α = 0.001 level.

3.2.2. Impact of Land Use Change on WCA of Major Ecosystems

In Figures 5 and 6, in most regions, the WCA of each ecosystem show an increasing
trend from 1980 to 1990. In conjunction with Figure 7A, it can be seen that the land use
type changed to a lesser extent during this period, and grassland and water body areas
increased, which increased the WCA. There was an increase in the forest land area from
1990 to 2000, but there was an increase in the construction land area in the south and a
decrease in the grassland area; therefore, the WCA still showed a decreasing trend in the
whole watershed. From 2000 to 2010, the WCA of all ecosystems showed a decreasing trend
throughout the year, except for a small increase in the WCA of the grassland ecosystems in
the northern part of the watershed, which was associated with a significant decrease in the
area of forest land during this period (Figure 7C). The WCA of each ecosystem generally
increased from 2010 to 2020, except for a small decrease in some areas. Combined with
Figure 7A,B, the change in the construction land area and the increase in the water area
were related to this change in the watershed.
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In conjunction with the above analysis, it can be concluded that human activities cause
changes in the ecosystem WCA to some extent. As the focal area for urbanization, the
southeastern part of the watershed experienced the greatest decrease in the WCA between
1990 and 2010. Figure 7B,C show that the proportion of decreased cultivated land and
grassland in the watershed was relatively low between 1980 and 1990 and from 2010 to
2020. Thus, the WCA of each ecosystem shows an increasing trend from 1980 to 1990
and 2010 to 2020. In terms of the degree of the response of each ecosystem, the grassland
ecosystem’s WCA responded most significantly to land use changes, as evidenced by the
most significant spatial variation (Figures 5B and 6B). Additionally, comparing the results
of the two seasons revealed (Figures 5 and 6) that the trends of the WCA changes in each
ecosystem were approximately the same in both seasons, but the magnitudes of the changes
differed. In the dry season, land use changes had a greater effect on the WCA than in the
wet season, and the spatial variation of this effect was also more significant.
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3.2.3. Impact of Climate Change on WCA of Major Ecosystems

Comparing Figures 2 and 3 with Figure 8A, the WCA spatial distributions in the
watershed were related to the precipitation and evapotranspiration spatial distributions.
Throughout the year, the temperature in the watershed increased, but in the dry season,
precipitation was higher and evapotranspiration was lower in the northern part of the
watershed, so the WCA was highest in each ecosystem there. While evapotranspiration
was greater in the southern part of the watershed during the wet season, precipitation was
greater in other areas, and therefore, the WCA was higher. As a result, precipitation and
evapotranspiration played a major role in determining the distribution pattern of the WCA
within the watershed ecosystem.
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represents forest; GL represents grassland; RL represents construction land; W represents water.
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The changes in the WCA of each ecosystem under climate change differed between
the dry and wet seasons, as shown in Figure 9. Combined with Figure 8B, it is obvious that
during the dry season, evapotranspiration increased in some parts of the watershed, while
more than half of the meteorological stations observed an increase in precipitation, so most
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ecosystems showed significant increases in their WCAs. Evapotranspiration decreased in
most parts of the watershed during the wet season, but precipitation decreased significantly,
so the WCA of each ecosystem mostly decreased during the wet season. Overall, the impact
of climate change on the WCA of each ecosystem was most pronounced during the dry
season, while there was significant spatial variation in this impact (Figure 9B).
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4. Discussion

One of the most important functions of ecosystems is the provision of water. The
water-bearing function of each ecosystem is affected by current human activities and
climate change. This article examines the spatial and temporal distribution patterns and
driving mechanisms of the WCA in a variety of ecosystems under changing environmental
conditions using hydrological models. According to our analysis of the spatial distribution
characteristics of WCA, differences in precipitation may contribute to some extent to the
differences in the spatial distribution of the WCA [29,30]. Figure 8A shows that areas
with more precipitation displayed higher WCAs in both seasons, whereas there was no
significant spatial variation in evapotranspiration. In addition, land use changes in some
parts of the watershed from 1980 to 2020 were higher, but the spatial distribution pattern of
the WCA in each ecosystem in the watershed did not show significant changes, suggesting
that land use changes in the watershed in the last 50 years had a small impact on the spatial
distribution of the WCA. We also found that climatic conditions had a greater influence
than land use in our multiple linear regression analysis.

Regarding the effects of human activities on ecosystems’ WCAs, land use changes
are thought to be the most significant factor [16,31]. We found that land use changes had
a significant impact on the WCAs, depending on their type and intensity. It has been
shown that changes in land use type affect hydrological processes such as infiltration and
runoff [32,33], which in turn affects water availability. Conversion between different land
use types impacts WCAs differently, resulting in spatial differences in WCA changes accord-
ing to the impact mechanisms of the land use type changes. As a result of urbanization, the
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original natural or semi-natural land use/cover is replaced with a high number of hardened
surfaces, which prevent surface water from infiltrating into the ground, thereby reducing
water retention. Afforestation, on the other hand, increases vegetation cover, which in-
creases the capacity of the plant canopy layer and plant litter to intercept precipitation, and
increases water infiltration, which results in increased water retention [32]. In terms of the
intensity of land use change, different land use scenarios lead to significant differences in
the WCA, suggesting that land use impacts on ecosystem hydrological services are related
to land use intensity [34]. The intensity of land use alters three ecosystem characteristics
that are closely related to hydrological services, namely canopy density, plant litter, and
root density [35], as well as changing ecosystem biodiversity and functional richness [11,36],
which indirectly affect ecosystem hydrological services. Consequently, to create a virtuous
cycle between society, ecosystems, and the economy, humans need to optimize land use to
protect and maintain their hydrological services.

In terms of the mechanisms of climate change’s impact on WCAs, researchers showed
that precipitation and evapotranspiration drive the hydrological cycle [37]. Climate change
plays a significant role in changing water availability [38]. In this study, precipitation
was positively correlated with water availability, whereas evapotranspiration, which is
determined by ambient temperature, humidity, and wind, was negatively correlated with
water availability [26,29,30]. These findings were also confirmed in South China [39].

Under the two driving effects, we found that the WCAs responded differently in
the two seasons. On seasonal time scales, different soil properties and vegetation types
affect hydrological processes’ response to changing environments [40]. The northern part
of the watershed is mostly woodland and grassland with high vegetation cover, good
soil structure, and high water conservation function [41]. During the wet season, rains
in the northern part of the watershed enrich groundwater storage. As a consequence,
this groundwater replenishes runoff and improves soil moisture conditions in the dry
season [20,42]. According to Figure 8B, precipitation and evapotranspiration changes
within the watershed had greater magnitude and spatial variation in the dry season,
leading to greater spatial variation in the driving effect of climate change on the WCA in
the dry season. Overall, there were significant spatial differences in the response of the
watershed’s WCA under changing environments during the dry season, and differences
in the underlying surface type and local climate change are the main reasons for such
differences [15].

In terms of the WCA of the ecosystem, the three ecosystems differ greatly. As opposed
to agricultural and grassland ecosystems, forest ecosystems have three layers that interact
with rainfall: the canopy, the litter horizon, and the soil layer. Infiltration and the water
storage capacity can be improved by these three layers, thereby buffering and storing
rainfall, impounding soil water, regulating river runoff, and purifying water quality [43–45].
As a result, forest ecosystems have the highest water conservation capacity, as well as the
highest water conservation amount. As grassland ecosystems are more sensitive to land
use change, the large changes in grassland area between 1980 and 2020 and the regional
dispersion involved resulted in greater landscape fragmentation, which led to spatial
heterogeneity in the ecosystem’s spatial patterns and ecological processes [46]. Hence,
the changes in the WCA of the grassland ecosystems had the greatest spatial variation
(Figures 5B and 6B).

Lastly, this study investigated the spatial and temporal evolution of the WCA of major
ecosystems in the Hanjiang watershed, filling the gaps in existing studies by investigating
the driving mechanisms of changing environmental conditions. However, there are some
shortcomings in this paper as well. First, due to the number and spatial locations of
hydrological stations, there are uncertainties in the simulation of the hydrological model.
In the next step, we can consider using more hydrological stations to improve the model
accuracy and simulate the hydrological processes in the basin more accurately. Second,
vegetation, soil, and climate interact in complex ways during eco-hydrological processes in
changing environments. We did not consider the effects of specific forest community types,
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forest age, and soil properties on the WCA; therefore, to clarify the intricate relationship
between the changing environments and hydrological ecosystem services in a watershed,
future research needs to consider the effects of various factors on the WCA function
of ecosystems.

5. Conclusions

To reveal the eco-hydrological processes under the changing environment, this study
was based on the distributed hydrological model (SWAT) and used the water conservation
amount (WCA) as an indicator to assess the water content capacity of ecosystems. Scenario
analysis and statistical analysis were also used to determine the spatial and temporal
evolution of the WCAs of farmland, forest, and grassland ecosystems under a changing
environment and to further investigate the influence mechanisms of land use change and
climate change on the WCA. The results show that:

(1) The average WCA of the Hanjiang watershed is about 288.32 mm, whereas the
average WCAs of the farmland, forest, and grassland ecosystems are about 101.60 mm,
106.34 mm, and 80.39 mm, respectively.

(2) Climate conditions determine the distribution pattern of ecosystems’ WCAs, and
the spatial distribution pattern of the WCA in each ecosystem differed significantly between
the two seasons. The WCA spatial distribution patterns did not change significantly as a
result of land use change and climate change combined.

(3) Land use changes caused by construction and forest were the main factors affecting
the WCAs in different ecosystems. Changes in ecosystems’ WCAs were driven by climate
change patterns dominated by precipitation and influenced by evapotranspiration. The
WCA also responded differently under changing environments during the dry season due
to differences in the underlying surface type and local climate change.

(4) There was variation in the distribution of the WCAs among the three ecosystems
and their responses to changing environments. Forest ecosystems had the highest WCA,
while grassland ecosystems were the most sensitive to changes in land use.

Typical watersheds in subtropical China’s hilly regions are affected by natural condi-
tions as well as frequent human activities, resulting in complex and variable eco-hydrological
processes. In our study, we found that land use changes affected the WCA spatially, while
climatic conditions determined its spatial distribution. Overall, climate change had a
greater impact than land use change. These results have important theoretical implications
for the planning and management of water resources and ecological restoration of subtrop-
ical watersheds in China. In the context of global change, our study is also an important
case study of eco-hydrological processes in watersheds.
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