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ARTICLE INFO ABSTRACT
Keywords: Background: Water yield services are critical for maintaining ecological sustainability and regional
Ecosystem service economies. Climate change and land use/cover change (LUCC) significantly affect regional water

Water yield services
Climate change

Land use/cover change
Geographic scale
Hanjiang river basin

yield, but the spatiotemporal variability of water yield services has been overlooked in previous
studies. This study aims to explore the relative contributions of climate and land use/cover
changes to water yield services at both grid and subwatershed scales.

Methods: This study employed the InVEST model to calculate the water yield in the study area and
employed a multi-scenario simulation approach to investigate the impacts of climate change and
LUCC on water yield at both grid and subwatershed scales. Furthermore, the contributions of
these two types of changes to water yield were quantified.

Results: Firstly, upstream areas experience significantly lower annual average precipitation,
temperature, and potential evapotranspiration than downstream areas, with worsening drought
severity. Secondly, urbanization led to significant LUCC, with decreases in farmland and grass-
land and increases in forest, water, building land, and unused land. Thirdly, the spatial hetero-
geneity of water yield services remains consistent across different scales, but more pronounced
spatial clustering is observed at the subwatershed scale. Fourthly, climate change is the primary
factor affecting regional water yield services, surpassing the influence of LUCC. Lastly, LUCC
significantly impacts water cycling in watersheds, with vegetation coverage being a critical factor
affecting water yield.

Conclusion: These findings highlight the need to consider the complex relationships between
climate change, LUCC, and water yield services at multiple scales in water resource management.

1. Introduction

Ecosystem services are defined as the environmental conditions and resources that ecosystems provide to support human survival
and development, serving as a fundamental basis for human well-being and closely intertwined with it [1-4]. In recent years,

* Corresponding author.
** Corresponding author.
E-mail addresses: hizhukai@163.com (K. Zhu), david.lorant.denes@uni-mate.hu (L.D. David).

https://doi.org/10.1016/j.heliyon.2023.e20115

Received 24 August 2023; Received in revised form 11 September 2023; Accepted 12 September 2023

Available online 14 September 2023

2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:hizhukai@163.com
mailto:david.lorant.denes@uni-mate.hu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e20115
https://doi.org/10.1016/j.heliyon.2023.e20115
https://doi.org/10.1016/j.heliyon.2023.e20115
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Zhu et al. Heliyon 9 (2023) 20115

ecosystem services have received widespread attention, and there has been an increasing number of studies on ecosystem service
assessment [5]. Water resources, in particular, are essential for human society’s survival and development and play a crucial role in
regional economic and ecological sustainability [6-8]. Providing water resources is a critical ecosystem service function that must be
considered in the context of multiple spatial scales, especially given the increasing demand for water resources and the severe water
pollution and waste in many regions [9]. Water scarcity will directly affect the sustainable development of regional economies and
ecosystems [10-12], and the impact of climate change and land use/cover change (LUCC) caused by human activities on the hy-
drological elements of surface rainfall interception, infiltration, and evaporation can affect the water yield and availability [13,14].
Therefore, exploring the impact of climate change and LUCC on ecosystem water yield function is of great significance for the rational
protection and sustainable use of regional water resources.

The methods for studying ecosystem water yield mainly include the soil water holding capacity method [15], water balance method
[16]1, and annual runoff method [17,18]. Among them, the water balance method is the most commonly used and effective method, as
it calculates water yield based on the input and output of water [19,20]. The InVEST model is a tool developed collaboratively by
Stanford University, The Nature Conservancy, and the World Wildlife Fund for assessing ecosystem services and associated trade-offs.
Its water yield module adopts the principles of the water balance method [21]. The model combines support from relevant disciplines
such as remote sensing and geoinformatics and can evaluate the water yield [22]. The InVEST model enables not only the quantifi-
cation of water yield in the study area but also the characterization of spatial heterogeneity and temporal dynamics of regional water
yield [23]. Although ecosystem service quantification methods are prone to unavoidable errors due to data availability constraints, the
InVEST model calculates water yield based on precipitation, plant transpiration, surface evaporation, root depth, and soil depth pa-
rameters. This method is more straightforward and yields relatively accurate results compared to other methods, which is a valuable
balance. Currently, the InVEST model is widely used worldwide and has become an important tool for regional decision-making and
resource management due to its strong spatial expression and dynamic evaluation capabilities, as well as its strong scalability.

Studies on water yield services have traditionally provided a single snapshot at a specific time and a limited spatial scale. However,
recent research has recognized the importance of multiscale and temporal analyses, given that water yield services vary with time and
spatial scales [24-26], and ignoring these scales may lead to misunderstandings of their co-occurrence. At the temporal scale, water
yield services may change over time due to factors such as long-term climate change and land use and land cover changes, which have
time lags, as well as other time-varying factors that affect water yield services provision [27-29]. Therefore, relying solely on water
yield obtained at a single time point may not accurately represent the water yield services provided. In addition to examining the
spatial heterogeneity of water yield services, it is crucial to consider changes over time. At the spatial scale, single-scale observations
may miss or distort the interactions between different factors and water yield services, highlighting the importance of multiscale
analyses [30]. Identifying water yield services at various spatial scales is vital for regional sustainable management [31,32], as water
yield services may display different states at different spatial scales [33].

Currently, certain investigations are confined to static evaluations at a singular temporal or spatial scale, thus requiring further
integration of the spatiotemporal variability and multiscale characteristics of water yield services with climate and LUCC [33-36].
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Fig. 1. The (A) location of the target study area, (B) elevation, and (C) land use/cover in 2020.
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Such integration is necessary to provide the information required for effective spatial planning, especially in regions undergoing rapid
urbanization. Unfortunately, current research in this area remains insufficient, emphasizing the need to narrow this gap. In order to
narrow this gap, this study aims to reveal the heterogeneity of the Hanjiang River Basin (HJRB) in central China undergoing rapid
urbanization at multiple spatiotemporal scales. The HJRB is the largest subwatershed in the Yangtze River Basin of China, connecting
the underdeveloped western region and the relatively developed eastern region. It is the source area of the world’s largest inter-basin
water transfer project, the South-to-North Water Transfer Project, which aims to solve drought and water shortage problems in
northern China. Covering a population of 438 million and a total length of 4350 km, making it a world-renowned huge engineering
project. Therefore, this will provide a basis for regional planning and water diversion project management strategies.

The objectives of this study are threefold: (1) to analyze the trends of climate factors and LUCC during the study period; (2) to
examine the spatiotemporal heterogeneity of the effects of climate change and LUCC on water yield services at both the grid and sub-
watershed scales; and (3) to quantitatively evaluate the contributions of climate and LUCC to water yield services.

2. Data and methods
2.1. Research area overview

As shown in Fig. 1 A-C, the HJRB is located in central China, which is one of the most resource-intensive areas in China and is also
the core water source area of the world’s largest inter-basin water transfer project, the South-to-North Water Diversion Project
(SNWDP) [37,38]. The HJRB has abundant freshwater resources and is also an important producer of commodity grain in China.
However, in recent years, with the rapid development of regional agriculture and urbanization, the HJRB has faced huge water
resource pressures [39]. Previous studies have shown that climate change and LUCC are the main factors affecting regional water yield
[13,14]. Since the late 20th century, with the rapid development of industrialization and urbanization and the implementation of
regional ecological engineering protection strategies, the spatial pattern of land use in the HJRB has undergone significant changes
[40,41]. Therefore, it is necessary to clarify the impact of climate change and LUCC on the water resources of this region.

2.2. Data source and preprocessing

As shown in Table 1 and Fig. 2, this study mainly used climate, land use/cover, soil data, and DEM. Annual precipitation data were
obtained from the National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/), based on daily observation data from multiple
meteorological stations within the study area. Spatial interpolation was performed using ANUSPLIN software to produce the pre-
cipitation map (Fig. 2A). The temperature data (Fig. 2B) and solar radiation data were procured from the National Tibetan Plateau
Data Center and the China Meteorological Data Service Center (http://data.cma.cn), respectively, and were calculated using an
improved Hargreaves formula [42]. Potential evapotranspiration data for the entire study area were obtained through kriging
interpolation (Fig. 2C). In accordance with the requirements of the InVEST model, and to maintain consistency with the date of the
land-use data and obtain temporally dense results, this study used 5-year averaged climate data as input data. Soil depth and texture
data were obtained from the Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences (http://westdc.
westgis.ac.cn), and the maximum root depth was estimated based on soil depth data (Fig. 2D). Plant available water (Fig. 2E) was
calculated based on soil texture data and previous literature [43]. Land use/cover data (Fig. 2F) were obtained from Wuhan University
(https://en.whu.edu.cn/). The data included five periods from 2000 to 2020 with a spatial resolution of 30 m. The accuracy of the data
was assessed through sampling surveys, with an accuracy rate of over 94.3% for the first-level classification and over 91.2% for the
second-level classification. The overall accuracy was better than that of MCD12Q1, ESACCI_LC, FROM_GLC, and GlobeLand30 [44].
The first-level classification of the data was used in this study, including cultivated land, forest, grassland, water bodies, built-up land,
and unused land. DEM data were obtained from the Geographic Spatial Data Cloud (https://www.gscloud.cn/), and sub-watershed
data for the HJRB were obtained using the SWAT model (Fig. 2G). For consistency purposes, all raster data with varying spatial
resolutions in Table 1 were resampled to a uniform spatial resolution of 100 m x 100 m.

Furthermore, this study used biophysical coefficients, as depicted in Table 2, including ecosystem type, evapotranspiration coef-
ficient, and root depth. The evapotranspiration coefficient was based on the reference values of the Food and Agriculture Organization
of the United Nations, while the root depth was estimated based on the standard crop coefficient.

Table 1
The data and sources.
Data Sources
Precipitation The National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/)
Temperature The National Tibetan Plateau Data Center
Solar radiation China Meteorological Data Service Center (http://data.cma.cn)
Soil depth Cold and Arid Regions Science Data Center (http://westdc.westgis.ac.cn)
Soil texture Cold and Arid Regions Science Data Center
Land use/cover Wuhan University, Yang et al. (https://en.whu.edu.cn/)
DEM Geospatial Data Cloud (https://www.gscloud.cn/)
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Fig. 2. The input data for the water yield model includes (A) precipitation, (B) temperature, (C) potential evapotranspiration, (D) root depth, (E)
plant available water content, (F) land use, and (G) sub-watershed.

Table 2
Biophysical coefficient.
Ecosystem type Subclassification Evapotranspiration coefficient Root depth (mm)
Farmland Paddy field 0.7 2000
Dryland 0.5 300
Forest Forest land 1 3000
Sparse forest land 0.85 1000
Other forest land 0.85 1000
Grassland High coverage grassland 0.65 1700
Medium coverage grassland 0.5 1300
Low coverage grassland 0.3 1000
Towns Urban land 0.3 1
Rural residential area 0.5 100
Other building land 0.3 1
Bare ground Bare land 0.5 10
Bare rock/gravel ground 0.2 10
2.3. Methods

2.3.1. Water yield model

To calculate the water yield of the study area, we utilized the water yield module from the InVEST model. The water yield module
primarily relies on the Budyko water-energy balance hypothesis, which postulates that all water, except for evapotranspiration, can
reach the basin outlet [45,46]. The model adopts a yearly time step and a raster cell as the calculation unit. The model’s assumptions
are based on hydrological processes at the small watershed scale, and the small watershed is utilized as the calculation unit to produce
the model results. The formula for computing the annual water yield Y(x) of each raster cell x within the watershed is shown in
Equation (1):

Y(x)= {1 —%x()x)} x P(x) (€D)

where AET(x) represents the average annual actual evapotranspiration of raster cell x, and P(x) represents the average annual pre-
cipitation of raster cell x. Based on previous literature [47], the calculation formulas for vegetation evapotranspiration of different land
use/cover types are shown in Equation (2):

- (R )

where PET(x) represents the potential evapotranspiration, and w(x) represents the non-physical parameters of natural climate and soil
properties. The calculation formula for PET(x) is shown in Equation (3).

PET(x) =K. (I,) x ETy(x) 3)



Table 3
Scenarios of actual conditions, climate change, and LUCC.
Type Actual conditions Climate change LucC
2000 2005 2010 2015 2020 1 2 3 4 5 6 7 8 9 10
Climate change 2000 2005 2010 2015 2020 2005 2010 2015 2020 2020 2000 2005 2010 2015 2000
LUCC 2000 2005 2010 2015 2020 2000 2005 2010 2015 2000 2005 2010 2015 2020 2020

Note: this study calibrated the model using long-term average flow, and captured climate change over a 5-year period. For example, the input climate data for 2005 was the multi-year average from 2001
to 2005.
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where K, (I,) represents the evapotranspiration coefficient of the land use/cover type in raster cell x, and its value ranges from 0 to 1.5.
ETo(x) represents the potential evapotranspiration of the reference crop in raster cell x, which is calculated using an improved Har-
greaves formula as shown in Equation (4) [42].

ET, =0.0013 x 0.408 X RA x (T,, +17) x (TD — 0.0123P)"" @

where RA represents solar radiation, T,, represents the average of the maximum and minimum daily temperatures, TD represents the
difference between the maximum and minimum daily temperatures, and P represents monthly precipitation.

The non-physical parameter w(x) is an empirical parameter, which is calculated using a formula proposed by previous scholars in
the InVEST model as shown in Equations (5) and (6) [46].

AWC(x)
=Z——+1.25 5
AWC(x) =Min(Rest.layer.depth, root.depth) x PAWC (6)

where PAWC represents plant-available water content, which is the difference between field capacity and wilting point, with a value
range of 0-1. This is calculated using an empirical formula proposed by previous literature as shown in Equation (7) [43]. Z is a
seasonal constant with a value range of 1-30, which effectively improves the error of Budyko curve in simulating runoff [48].

PAWC =54.509 — 0.132SAND — 0.003(SAND)?
—0.055SILT — 0.006(SILT)? — 0.738CLAY @
+0.007(CLAY)® — 2.69900M + 0.501(OM)?

where SAND represents the percentage of sand particles in soil, SILT represents the percentage of silt particles in soil, CLAY represents
the percentage of clay particles in soil, and OM represents the percentage of organic matter in soil.

2.3.2. Model scenario settings

This study developed virtual scenarios that are more detailed and engaging than those found in previous literature. Previous
literature on ecosystem service scenario simulation typically involved creating 2 to 4 development scenarios, such as economic pri-
ority, ecological protection, and sustainable development, by restricting the expansion of land use types to model future development.
In contrast, our study utilized a novel approach that combined historically accurate climate and land use data to create various virtual
scenarios. We then compared the relative contributions of climate and land use changes to water yield services between real and virtual
scenarios.

Specifically, this study established three types of scenarios, as presented in Table 3. Firstly, the water yield in the HJRB was
calculated using the water yield module in the InVEST model for the years 2000, 2005, 2010, 2015, and 2020, which were designated
as the “actual conditions”. Furthermore, to better understand the impact and contribution of climate change and LUCC on regional
water yield, this study designed ten sub-scenarios using a scenario analysis method [49].

In the climate change scenarios, the land use/cover was presumed to be constant to assess the effect of climate change on ecosystem
water services. To delve deeper into the impact of climate change on ecosystem water services during distinct time periods, this study
divided the years 2000-2020 into five periods (2000-2005, 2005-2010, 2010-2015, 2015-2020, and 2000-2020), corresponding to
scenarios 1 to 5. For instance, in scenario 1, the climate elements used were from 2005 (the multi-year average data from 2001 to
2005), while the land use/cover data were from 2000. In comparison to the actual conditions in 2000, the land use/cover data in
scenario 1 remained unchanged, but the climate elements varied. This study utilized these scenarios to examine the impact and
contribution of climate change on regional water yield.

Similarly, in the LUCC scenarios, the climate elements were held constant. This study partitioned the five time periods into sce-
narios 6 to 10 to explore the influence and contribution of LUCC on regional water yield. Ultimately, through the comparison of these
ten sub-scenarios with the five factual conditions, this study exposed the impact and contribution of climate change and LUCC on
regional water yield during distinct time periods.

2.3.3. Contribution degree assessment
Based on the changes in water yield under different scenarios, the degree of contribution of climate change and LUCC on regional

water yield can be quantified using Equations (8) and (9):

R.—=

C+L x 100% ®)
L

R = x 100% ©

C+L
where R, represents the contribution rate of climate change to ecosystem water services, R; represents the contribution rate of LUCC to
ecosystem water services, C represents the change in water yield under the climate change scenarios, and L represents the change in
water yield under the LUCC scenarios.
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2.4. Verification of InVEST

The performance of the InVEST model is related to a parameter called Z, which is an empirical constant that characterizes the
regional distribution of precipitation and hydrogeological features [45,50]. To determine the most appropriate value for Z, researchers
typically compare the model’s simulated water yield with observed runoff data [28,50-53]. In this study, we evaluated the accuracy of
the InVEST model by analyzing observed runoff data from three HJRB hydrological stations (Huangjiagang station, Xiangyang station,
and Xiantao station) between 2000 and 2020. The data were collected by real-time monitoring systems installed at each station and
published by the Hydrology and Water Resources Center of Hubei Province. We performed a linear regression analysis to quantify the
relationship between the simulated water yield generated by the InVEST model and the observed runoff data, as shown in Fig. 3. The
resulting R value of 0.9067 indicates that the InVEST model is capable of accurately modeling water yield, as the simulated water yield
is closest to the observed runoff.

3. Results
3.1. Spatiotemporal variations of climate factors

This study examined the climate change in the HJRB from 2000 to 2020, focusing on annual mean precipitation (PRE), annual
mean temperature (TEM), and potential evapotranspiration (PET). The objective of this analysis was to comprehend the continuously
changing climate conditions in the basin and their potential impact on the ecosystem [54-56].

The temporal changes of climate factors in the HIRB are presented in Fig. 4. From 2000 to 2020, the annual mean precipitation in
the basin exhibited significant variation. The highest precipitation year was 2000, with a value of 1077.44 mm, while the lowest was
recorded in 2015, with a value of 948.32 mm. The data indicated that precipitation demonstrated an overall decreasing trend from
2000 to 2015 and an increasing trend from 2015 to 2020. This fluctuation may be attributed to changes in atmospheric circulation
patterns and increased climate variability [57,58]. The annual mean temperature in the basin decreased from 13.97 °C in 2000 to
13.49 °C in 2020. The observed trend showed a gradual cooling, with the most significant temperature drop occurring between 2010
and 2015 (from 13.72 °C to 13.39 °C). This cooling trend contradicts the global warming pattern observed during the same period,
indicating that regional factors may have an impact on local climate [59]. During the study period, the potential evapotranspiration
showed a relatively stable trend. The highest value was recorded in 2000, with 1084.28 mm, while the lowest was seen in 2010, with
1065.06 mm. The potential evapotranspiration decreased from 2000 to 2010 but increased again from 2010 to 2015. The variation in
potential evapotranspiration may be linked to fluctuations in temperature and solar radiation levels in the basin [60,61].

Fig. 5 illustrates the spatial variations of climate factors in the HJRB. By comparing the upstream and downstream quantities, it can
be observed that the annual mean precipitation, annual mean temperature, and potential evapotranspiration in the upstream region
were significantly lower than those in the downstream region during the period from 2000 to 2020, indicating clear and stable spatial
differences. In terms of the trend of changes, the annual mean precipitation in the upstream region showed a clear decreasing trend
year by year, while the annual mean precipitation in the downstream region exhibited a significant increasing trend in 2015 and 2020.
However, no significant trends were observed for the annual mean temperature and potential evapotranspiration in either region.
These results suggest that the spatial variations of climate factors in the HJRB display considerable regional differences, and the
drought severity in the upstream region is increasingly worsening, while the downstream region is gradually becoming wetter.

The observed trends of precipitation, temperature, and potential evapotranspiration have important implications for the ecosystem
in the HJRB. The decrease in precipitation may reduce the availability of water, increase pressure on water storage facilities, and
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intensify competition for water resources. While the cooling trend of temperature may seem beneficial in the short term, it may have
long-term impacts on the stability of regional climate and the ecosystem [62,63].

3.2. Spatiotemporal variations of land use/cover

Fig. 6 depicts the dynamics of land use in the HJRB from 2000 to 2020. The rapid urbanization has resulted in significant changes in
land use/cover in the basin [64,65]. Farmland (36.45%) and forest land (58.23%) are the predominant land use types, collectively
accounting for approximately 94.68% of the total area. In contrast, grassland (1.08%) and unused land (0.10%) only occupy a small
portion of the total area. The period from 2015 to 2020 witnessed the largest changes in land use, with an average change rate of
30.54% for the six land use categories. This period was a window of urbanization in the HJRB, with rapid urban development and an
increase in population density, leading to the gradual expansion of building land [49,66,67]. As a result, farmland on the urban fringe
has decreased, which may have adverse effects on biodiversity and ecosystem services. To mitigate large-scale human activities such as
deforestation and land reclamation, the local government has implemented ecological restoration projects, such as reconverting
farmland to forests, lakes, and fields, restoring some ecological lands such as forests and water bodies. However, these actions have also
led to a rapid decrease in farmland area [38].

Throughout the entire study period, significant changes in area were observed for all land use types except for unused land.
Farmland and grassland exhibited opposite trends compared to other land use types. Specifically, the area of farmland and grassland
continuously decreased at rates of —2.84% per year and —27.68% per year, respectively, while the land use changes of other types
showed a continuous upward trend (forest land 1.76% per year, water bodies 4.82% per year, building land 11.86% per year).
Farmland and forest land are the main land use types in the HJRB, reflecting their importance for the local economy and ecosystem
services [68-71]. The proportional area of grassland and unused land is relatively low, indicating limited opportunities for agricultural
expansion or natural habitat restoration in the region [72]. The decrease in farmland and grassland area, and the increase in building
land and unused land area, may be related to urbanization and infrastructure development, which could have long-term ecological and
social consequences. The significant increase in unused land indicates the possibility of forest restoration or habitat restoration.

Fig. 7 A-E portrays the spatial alterations in land use throughout the study period. Farmland was primarily clustered in the
southeast and downstream areas of the HJRB, progressively diminishing and converting into forest and building land over time. Forests
were predominantly dispersed in the northern, southern, and upstream sectors of the HJRB, gradually extending to the middle reaches
of the Hanjiang River. Grasslands were primarily located in the north at higher elevations, with minimal human disturbance. Unused
land was sporadically distributed throughout the region. Building land was mainly concentrated in the southeast, particularly in
Xiangyang, Nanyang, and Wuhan, and underwent rapid expansion. The water body area was primarily located in the middle reaches of
the Hanjiang River, particularly the Danjiangkou Reservoir, and significantly increased with the construction of the SNWDP [37,38].

As depicted in Fig. 8 A-E, this study created land use conversion matrices for different periods to determine the mutual conversion
of various land use types. Overall, different land use types underwent mutual conversion during the entire study period. The increase in
building land was primarily at the expense of farmland and water bodies, while unused land was mainly utilized by converting it into
farmland and building land. Farmland remained the primary land use type in the region, with a transfer rate of 78.89%. However, the
transfer rate of building land significantly increased to 67.44%, indicating rapid urbanization in the region. The untransfer rate of
grassland was 12.61%, while the untransfer rate of forest was 94.98%, indicating successful conservation efforts in the region. The
transfer rate of unused land significantly increased, indicating potential opportunities for ecological restoration and sustainable land
use practices in the region [73,74].

3.3. Actual conditions

By employing classical ecosystem classification and integrating the actual land use situation of the study area [75,76], the HJRB
ecosystem was segregated into six primary types, comprising of farmland, forest, grassland, towns, bare land, and water bodies. The
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Fig. 5. Spatial changes of climate factors in the HJRB. PRE: precipitation, TEM: temperature, and PET: potential evapotranspiration.

InVEST model was employed to evaluate the regional ecosystem water yield, as illustrated in Fig. 9 A-G. Under the combined influence
of climate change and LUCC, the water yield services in the HJRB displayed spatial heterogeneity, but the spatial configuration
remained relatively consistent. Specifically, the water yield services exhibited comparable spatial distribution patterns at both the grid
and sub-watershed scales, with elevated water yield areas primarily located in the southern mountainous and downstream plain-hilly
regions. The gradient pattern of water yield services escalated from northwest to southeast at both scales.

Overall, as depicted in Fig. 9 F-G, the variation rates of the water yield services in actual conditions were similar at both spatial
scales, but the variation rates differed at different times. The mean water yield during the periods of 2000-2005 and 2010-2015
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Fig. 6. Analysis of changes in various land use/cover types in the HJRB from 2000 to 2020. The dots represent the area percentage of different land
use/cover types and the dashed line represents the linear fit of different land use/cover areas.

showed a decreasing trend, while the mean values during the other two periods showed an increasing trend. It is worth noting that the
magnitude of water yield variation during 2005-2010 was small, while the magnitude of variation during 2015-2020 was more
significant.

The differences in water yield services at different scales were reflected in the extensiveness and spatial discreteness scales.
Compared with the grid scale, the sub-watershed scale showed more obvious changes in the areas with less water yield in the
northwest. Specifically, the water yield service function exhibited a clear trend of deterioration, gradually expanding from the
northwest to the middle reaches of the basin at the sub-watershed scale.

Fig. 10 displays the mean water yield of distinct ecosystem types in the HJRB under factual conditions from 2000 to 2020. The data
reveal that the average water yield of the farmland ecosystem was the highest across all years and demonstrated a noticeable increase
from 2005 to 2020. The average water yield of the forest and grassland ecosystems exhibited a declining trend from 2000 to 2015, with
the smallest average water yield recorded in 2015. The average water yield of the town ecosystem displayed a fluctuating trend, with
the maximum average water yield recorded in 2000 and 2020. The bare land ecosystem had the lowest average water yield among all
ecosystem types and fluctuated over time.

The decreasing trend in the average water yield of the forest and grassland ecosystems may indicate a decline in vegetation cover
and water-holding capacity, which could be attributed to deforestation, land use change, and other human activities [77]. This trend is
particularly concerning because forests and grasslands are vital natural water sources in the region and play a crucial role in main-
taining ecological balance. The fluctuating trend in the average water yield of the town ecosystem may reflect changes in urbanization
and urban water resource management practices. Accelerated urbanization and increased urban water demand may lead to excessive
water resource development and pollution, while improving water resource management practices and enhancing water use efficiency
can help alleviate these impacts.

3.4. Climate change scenarios

Alterations in climate factors significantly influence water yield by affecting precipitation and potential evapotranspiration, which
are impacted by solar radiation, temperature, and precipitation. This investigation assessed the influence of climate change on water
yield while maintaining land use/cover constant. Fig. 11 A-B illustrates the water yield under five climate change scenarios (Scenarios
1-5) at two scales. Specifically, the average water yield under Scenario 2 was 2725.78 mm, which was 124.73 mm (4.38%) lower than
the water yield under the 2010 baseline scenario. Data analysis revealed that the water yield services of farmland, towns, and bare land
ecosystems were disrupted to varying degrees under climate change scenarios. From a spatial perspective, areas with high water yield
were more concentrated in the southern and downstream regions, while areas with decreased water yield slightly expanded. On the
other hand, the average water yield under Scenario 4 was 3426.66 mm, indicating significant spatial disparities between the grid scale
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and the sub-watershed scale. The sub-watershed scale manifested a more substantial aggregation effect, with more distinct spatial
aggregations of areas with high and low water yield, and the disparities between the upstream and downstream regions were the most
prominent.

Fig. 12 displays the mean water yield of distinct ecosystem types in the HJRB under climate change scenarios. The outcomes
indicate that Scenario 4 recorded the highest average water yield among the five scenarios, with the farmland ecosystem having the
highest average water yield of 795.77 mm, which was markedly higher than other ecosystem types. This suggests that farmland
ecosystems may possess a greater resilience to the impact of climate change on water yield. This may be attributed to the high
infiltration capacity of cultivated soils and the potential utilization of irrigation systems. On the other hand, the bare land ecosystem
had the lowest average water yield in all five scenarios, with the most substantial reduction in water yield under Scenario 2. This
emphasizes the vulnerability of the bare land ecosystem to the impact of climate change on water yield, which may be due to the
absence of vegetation cover and impermeable soil layers leading to high surface runoff.

Furthermore, the results indicate that different ecosystem types respond differently to changes in precipitation and potential
evapotranspiration, with some ecosystems being more capable of resisting the impact of climate change than others [78,79]. For
example, in all five scenarios, the average water yield of grassland ecosystems was higher than that of forest ecosystems, suggesting
that grasslands may be more effective in retaining water than forests. Additionally, in all five scenarios, the average water yield of town
ecosystems was higher than that of grassland and forest ecosystems, which may be related to the increase in impermeable surfaces and
the decrease in infiltration caused by urbanization.

3.5. LUCC scenarios
LUCC can modify the water cycle in a watershed, influencing evapotranspiration, infiltration processes, and water storage models,
thus affecting water yield [80]. This investigation assessed the influence of LUCC on water yield while maintaining constant climate

conditions. Fig. 13 A-B displays the water yield under five LUCC scenarios (Scenarios 6-10) at two scales, revealing substantial spatial

11
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heterogeneity. The spatial change trend can be roughly divided into two patterns. Under Scenarios 6-8, the spatial heterogeneity
gradually diminishes, and although the disparity in water yield services between upstream and downstream areas remains significant,
the magnitude of the difference gradually lessens. However, under Scenarios 9-10, the spatial heterogeneity significantly intensifies,
and this trend is more pronounced at the sub-watershed scale. Additionally, the study discovered that under Scenario 10, the water
yield services in the downstream area experienced a significant degradation, with some areas exhibiting a rapid decline in precipi-
tation. This suggests that the impact of LUCC on the water cycle in the watershed may lead to the deterioration of water yield services
in the downstream area and a decrease in precipitation, potentially posing a threat to the ecosystem.

Fig. 14 displays the mean water yield of distinct ecosystem types in the HJRB under LUCC scenarios. Under different LUCC sce-
narios, the average water yield of distinct ecosystem types varies. The data reveal that vegetation cover is positively associated with
water yield. Farmland and forests typically exhibit higher water yields than grasslands, towns, and bare land because they possess
higher vegetation cover. However, the data also demonstrate that the relationship between vegetation cover and water yield is not
always straightforward. For instance, in Scenario 9, the water yield of towns is higher than that of grasslands, despite having lower
vegetation cover. This may be attributed to towns having a higher proportion of impervious surfaces, which can increase surface runoff
and thus lead to higher water yield.

Furthermore, the data also indicate that different LUCC scenarios can lead to significant changes in water yield for different
ecosystem types. For example, bare land has the lowest average water yield in all scenarios, with the highest water yield in Scenario 6
at 809.54 mm. This may be due to the low vegetation cover and low water holding capacity of bare land, resulting in lower water yield.
In Scenario 10, farmland has the highest water yield, reaching 748.86 mm. This may be because farmland is often irrigated, increasing
the available water for crops and thus raising water yield. This highlights the complex and dynamic relationship between LUCC and
water yield.

The average water yield of forests ranked second in all scenarios, with the highest water yield in Scenario 6 at 607.54 mm. This may
be due to forests having a higher interception rate, which can reduce surface runoff and increase water yield. Grasslands have a
moderate average water yield in all scenarios, with the highest water yield in Scenario 8 at 571.93 mm. This may be because grasslands
have a lower interception rate compared to forests, but still have the ability to retain soil moisture and increase water yield. The
implications behind these changes are that LUCC can alter the water cycle by affecting factors such as evapotranspiration, infiltration
processes, and water holding models, leading to changes in water yield [81,82]. The determination of water yield may be influenced by
various factors, such as vegetation cover and impervious surfaces, among others. Understanding these complex relationships is
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Fig. 9. The spatial-temporal patterns and variability of water yield under actual conditions, the spatial-temporal pattens of water yield at the grid
scale and the sub-watershed scale in (A) 2000, (B) 2005, (C) 2010, (D) 2015, and (E) 2020, (F) the change rate of water yield at the grid scale, and
(G) the change rate of water yield at the sub-watershed scale.

imperative to develop efficient water resource management strategies in the HJRB and other similar regions.

3.6. Contribution of climate and LUCC

Table 4 provides a quantitative analysis of the impacts of climate change and LUCC on water yield services in the HJRB. The
outcomes demonstrate that climate change has played a significant role in shaping the water yield services of the HIRB, while the
contribution of LUCC is relatively minor. Climate change is the primary factor influencing water yield services, and its contribution has
increased over time, from 97.75% in 2000-2005 to 99.13% in 2015-2020. Conversely, the contribution of LUCC decreased from
2.25% in 2000-2005 to 0.87% in 2015-2020. This suggests that the management measures implemented for LUCC in the HJRB may
have, to some extent, mitigated their negative impact on water yield services.

The increasing contribution of climate change to water yield services aligns with global climate change predictions, which indicate
that the frequency and severity of extreme weather events, including floods and droughts, will intensify in numerous regions [83,84].
Climate change driven by global warming and related changes in precipitation patterns has had a significant impact on water yield
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Fig. 10. Average water yield and their proportions of different ecosystem types in the HJRB under actual conditions.

services in the HJRB, surpassing the impact of LUCC, which is primarily driven by human activities such as urbanization, deforestation,
and agricultural expansion. It is expected that the HJRB will experience more frequent and severe droughts, which may lead to reduced
water yield and negative impacts on agricultural production, energy generation, and other industries [85,86].

The reduction in the contribution of LUCC to water yield services may reflect successful efforts to manage LUCC in the HJRB. These
efforts may include policies promoting sustainable land management practices, reducing deforestation, and limiting urbanization in
sensitive areas. Nevertheless, it is also possible that LUCC has reached a saturation point, and subsequent alterations have a reduced
impact on water yield services.

4. Discussion

This study demonstrates that climate change has a more substantial effect on ecosystem water yield services, while the influence of
LUCC is relatively minor, consistent with prior research [14,87,88]. Climate factors are primarily governed by natural conditions, and
human activities have a relatively small impact on precipitation. LUCC is more influenced by human activities, but its impact on water
yield is smaller, likely due to the complex change process, and the transfer between different land use/cover types can either augment
or diminish water yield, resulting in an overall non-significant effect.

4.1. Impacts of climate factors on water yield services

The water yield module is based on the Budyko water-heat coupling balance hypothesis, which treats evapotranspiration as water
loss [45,50,89]. Generally, there is a strong correlation between precipitation and potential and actual evapotranspiration, which can
be considered as direct driving factors that affect water yield. However, the HJRB’s vast spatial span, topography, and altitude dif-
ferences result in substantial climatic variations among different regions. Therefore, although precipitation is a direct driving factor, it
exhibits differences in sub-basin variations.

The impact of climate change on water yield services has critical implications for both human well-being and ecological health [90,
91]. Various climate factors significantly influence regional ecosystem water yield services, including precipitation, temperature, and
evapotranspiration. These impacts can be observed from various perspectives, such as changes in precipitation patterns, temperature,
and evapotranspiration. These changes can result in variations in the timing, quantity, and quality of water available for various uses
such as agriculture, industry, and domestic purposes [92,93].

In areas with high precipitation, water yield services are typically more abundant, while in areas with low precipitation, water
supply may be insufficient to meet demand. Moreover, changes in precipitation patterns, such as long-term droughts or floods, can also
significantly impact water yield services. For example, long-term droughts may lead to water supply shortages, while floods may cause
water quality issues and damage water facilities [94,95].

Temperature is another critical climate factor that affects water yield services by directly influencing the water cycle. High tem-
peratures can increase evapotranspiration, which is the process by which soil and vegetation lose water to the atmosphere. This could
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Fig. 11. The spatial-temporal patterns and variability of water yield under climate change scenarios, (A) the spatial-temporal patterns of water yield
at the grid scale, (B) the spatial-temporal patterns of water yield at the sub-watershed scale.

potentially decrease the availability and quality of water resources, especially in areas with low precipitation but high temperature
[94,96]. Furthermore, temperature regulates both rainfall and evapotranspiration and constrains variations in surface vegetation
biomass and soil water-holding capacity, thereby impacting plant and soil water utilization. Temperature variations can also impact
water quality by modifying the thermal characteristics of water bodies and increasing the risk of harmful algal blooms.

Evapotranspiration is influenced by two factors: precipitation and temperature [97,98]. In areas with high evapotranspiration
rates, water resources may be lost to the atmosphere before being utilized, reducing the availability and quality of water resources,
especially in areas with limited water resources [99,100].

Climate change has the potential to worsen water scarcity and amplify the frequency and intensity of droughts, floods, and other
extreme weather events. This has significant impacts on freshwater ecosystems, which are crucial for maintaining biodiversity and
ecological functions [101]. Furthermore, climate change may exacerbate existing water resource management challenges such as
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Fig. 12. Average water yield and their proportions of different ecosystem types in the HJRB under climate change scenarios.

water scarcity, water pollution, and water allocation conflicts. This may lead to increased competition for water resources and po-
tential social and economic impacts, particularly in areas already vulnerable to water resource pressures [102,103].

4.2. Impact of land use/cover on water yield services

Land use changes in the HJRB are closely linked to regional urbanization, human activities, and policies. This study highlights the
importance of ecosystem types in water yield services, with towns and farmland ecosystems having higher water yield services
compared to forest, grassland, and bare land ecosystems, which have lower water yield services, consistent with previous literature
[104]. Over the years, the area of building land in the HJRB has been increasing, whereas the areas of farmland and grassland have
been decreasing. The influence of forest and water areas on water yield is diverse. Specifically, forests, as a typical vegetation type, play
a critical role in the major ecological restoration process in the HJRB. Actions such as afforestation, returning farmland to forests,
ecological forest protection, and returning fields to lakes have important impacts on the transfer of forests and water areas. Although
vegetation restoration has improved the efficiency of water resources utilization in the basin, the results indicate a slight downward
trend in the water yield capacity of forests. This finding demonstrates that the role of land ecological restoration policies in the HJRB is
not yet clear. From the perspective of land use, the HJRB still faces the problem of uneven distribution of water yield space and
increasing heterogeneity between river basins. This situation necessitates a scientifically reasonable approach to water resources
regulation and land use allocation in the future.

The water yield of a river basin is a reflection of the coordination between water source conservation and human activities, and
there are significant variations in water yield among different land types. Research findings indicate that the average water yield of
land types in the HJRB is ranked in the following order from high to low: building land, farmland, grassland, forest, and unused land.
These characteristics have reference significance for maintaining ecosystem services, ecological functional zoning, and different land
use patterns across different geographic regions of the HJRB. Nevertheless, due to differences in land use allocation, the HJRB con-
tinues to encounter the problem of uneven distribution of water yield function space and increasing heterogeneity between river
basins. Thus, future water resource regulation and land use allocation should be more scientifically reasonable to achieve the goals of
ecological protection and sustainable development.

The water yield of different ecosystems is primarily influenced by evapotranspiration, infiltration processes, and water retention
models [14]. Forests regulate water yield by intercepting rainfall, increasing infiltration, and reducing runoff, thereby redistributing
rainfall. Moreover, they help maintain soil moisture and regulate river flow, providing benefits to downstream ecosystems and human
communities [27,105,106]. Similarly, grasslands increase water yield by increasing infiltration and reducing runoff, particularly if
sustainably managed with grazing practices. Overgrazing can lead to soil compaction and erosion, which can ultimately decrease
water yield and quality [107-109]. The mechanism regulating rainfall in farmland ecosystems is similar to that of forests and
grasslands [110]. However, the regulation effect of farmlands may be less than that of forests and grasslands due to factors such as
plant density and root depth, resulting in lower infiltration but relatively higher water yield [111].

In contrast, town ecosystems have impermeable surfaces such as concrete, asphalt, and cement that quickly generate runoff when
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Fig. 13. The spatial-temporal patterns and variability of water yield under LUCC scenarios, (A) the spatial-temporal patterns of water yield at the
grid scale, (B) the spatial-temporal patterns of water yield at the sub-watershed scale.

precipitation reaches the ground. This reduces water infiltration and leads to high levels of water yield [112,113]. Additionally, town
ecosystems have minimal evapotranspiration, resulting in higher water yield than other ecosystem types. Consequently, transitioning
from other ecosystem types to town ecosystems leads to an increase in water yield. Urbanization also leads to an expansion of the area
covered by town ecosystems, further increasing water yield. However, due to the impermeable surfaces of towns, most precipitation
that reaches the ground enters the city’s drainage system and is difficult to use for human purposes [114,115]. Areas with bare ground
or limited vegetation cover may have a negative impact on water yield, as they increase runoff and reduce infiltration, leading to soil
erosion and decreased groundwater recharge.
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Fig. 14. Average water yield and their proportions of different ecosystem types in the HJRB under LUCC scenarios.
Table 4
The contribution of climate change and LUCC to water yield services in the HJRB from 2000 to 2020.
Type 2000-2005 2005-2010 2010-2015 2015-2020 2000-2020
Climate change 97.75% 69.75% 97.64% 99.13% 67.50%
LUCC 2.25% 30.25% 2.36% 0.87% 32.50%

4.3. Spatial scale effects

Successful management of ecosystem services requires consideration of spatial scale effects [116]. In this study, different spatial
resolution data were aligned to a 100 m resolution for consistency and compared and analyzed at both the grid and sub-watershed
scales. This may slightly reduce the dissimilarity between different scale models, as results presented at the coarse grid scale lack
physical meaning in terms of displaying pathways and may lose some physical information, while the sub-watershed scale may cause
confusion in flow direction and slope, leading to discontinuous pathways. However, from the results of this study, the spatial het-
erogeneity of water yield services at different scales has not fundamentally changed, but the sub-watershed scale shows more pro-
nounced spatial clustering.

This study investigates the impacts of climate change and LUCC on water yield at both the grid and sub-watershed scales. The study
emphasizes the importance of prioritizing different scales while maintaining coordination between them to achieve effective water
resource management. While the results at the grid scale may provide more detailed insights, larger sub-watershed scale studies
remain crucial rather than redundant. China’s national spatial planning aims to establish a harmonious coexistence between humans
and nature, optimizing production, living, and ecological spaces across multiple levels. However, different spatial scales variations in
climate change and LUCC require interconnected spatial planning with distinct directions and priorities. Resolving conflicts between
spatial planning at different scales poses a long-term and challenging problem in China’s spatial planning system [117-119]. This
research highlights the necessity of prioritizing multi-scale research and provides insights into the complexities of spatial planning at
different scales. Therefore, it is crucial to consider the interactions between different sub-basins and to plan and balance their func-
tional positioning to regulate the water yield function in the HJRB. This approach can enhance the implementation efficiency of
regional and macro policies in the future by taking into account the variations in water yield among different sub-basins and balancing
reasonable water resource functional zoning.

4.4. Recommendations for regional governance

The HJRB is a crucial ecological and economic region in China, known for its location and natural environment that serve as a
significant agricultural, industrial, and ecological resource base in the central region [37,120]. Nevertheless, the intensifying effects of
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climate change and LUCC have led to increasing pressure on the water resources situation in the basin. The impacts of these changes on
water yield are complicated and multifaceted, necessitating a comprehensive understanding of the underlying factors. Effective
strategies must be developed to adapt to and mitigate the effects of climate change on water resources, and sustainable water resource
management practices must be promoted to ensure long-term access to water resources for future generations.

The HJRB has undergone diverse and complex changes that have significant implications for water resources management. Climate
change, driven by a range of factors including greenhouse gas emissions, land use changes, and natural climate variability, is a major
contributor to these changes. Meanwhile, human activities such as urbanization, deforestation, and agricultural expansion have been
the primary drivers of land use and cover change in the region [39]. Given the complexity of these interactions, effective water
resource management in the HJRB requires a deep understanding of the complex interplay among these factors and their impacts on
water provisioning services. Without such an understanding, efforts to manage water resources in the region are likely to fall short of
their intended goals.

Effective water resource management in the HJRB requires policy recommendations based on observed trends and impacts. To this
end, mitigating the impacts of climate change on water provisioning services should be prioritized, including measures to adapt to
more frequent and severe droughts. Sustainable land management practices should also be promoted to limit the negative impacts of
LUCC on water provisioning services. Ongoing research is needed to better understand the complex interactions among climate
change, LUCC, and water provisioning services to identify driving forces behind trends and develop effective management strategies.
Such strategies will be critical for mitigating potential negative impacts on regional water resources and ecosystems, including the
HJRB and other similar regions.

4.5. Limitations and future work

LUCC is a crucial driver of changes in ecosystem services and has been increasingly studied. Most ecosystem services assessment
research is based on LUCC [104]. While LUCC is a primary cause of changes in ecosystem services, it may not always be the result of
such changes. Alterations in land use can lead to changes in ecosystem types, which, in turn, can impact ecosystem services. However,
modifications in ecosystem services may not solely be due to changes in land use types but could also be attributed to changes in
ecosystem quality.

In this study, the InVEST model’s water yield module was used to conduct research. Several factors can affect the accuracy of
ecosystem services estimates. If a longer time period, such as 10 years, could be used to capture some climate changes as input climate
data for the model that is consistent with the date of the land use/cover map, it may lead to more accurate model results. Some of the
input data in the model, such as plant-available water content and potential evapotranspiration, are calculated based on empirical
formulas. However, selecting different empirical formulas can lead to different results. The seasonal constant Z is compared and
adjusted based on the actual water resources in the local area, and the optimal fitting effect is used as the input parameter. Different
regions may have different Z values. Model input data, such as precipitation and potential evapotranspiration, are obtained through
spatial interpolation, and using different interpolation methods can also cause some errors. For different study areas, the optimal
empirical formula and the interpolation method with the smallest error should be selected based on local conditions, and model
parameters should be optimized to improve the model’s simulation accuracy. Additionally, this study used the InVEST model’s annual
water yield module, which is based on the water balance principle and easy to use. However, it attributes runoff changes to the in-
fluences of climate and watershed changes, which is not very precise. Although the error can be reduced by calibrating the parameter
Z, there is always some residual between observed and estimated runoff changes. In future research, the Complementary Method or the
Total Differential Method can be used to address this gap [89].

5. Conclusion

This study focused on the HJRB, the location of the world’s largest inter-basin water transfer project, as the study area. We
simulated and analyzed the water yield services of different climate factors and land use types under actual conditions, virtual sce-
narios, and different spatial scales. The main conclusions are as follows:

The upstream area experiences significantly lower annual average precipitation, temperature, and potential evapotranspiration
than the downstream area. Drought severity in the upstream area is progressively worsening, while the downstream area is becoming
wetter. Urbanization has led to changes in land use/cover. During the study period, forests, water bodies, building land, and unused
land increased, while cultivated land and grassland areas decreased. Farmland and grassland showed opposite trends.

The impacts of actual conditions, climate change scenarios, and LUCC scenarios on the spatial distribution pattern of water yield
services were evaluated at both grid and basin scales, taking into account the responses of different ecosystem types. The results
revealed that the spatial heterogeneity of water yield at different scales did not fundamentally change, but the sub-watershed scale
exhibited more obvious spatial clustering.

The provision of water yield services is primarily impacted by climate change, surpassing the influence of LUCC. Climate change
can disrupt water yield by affecting precipitation and potential evapotranspiration, with varying impacts on different ecosystem types.
Farmland ecosystems are more resistant to climate change impacts on water yield, while bare land ecosystems are more vulnerable.
Grassland ecosystems yield more water than forest ecosystems, and town ecosystems have the highest average water yields. LUCC
significantly affects the water cycle and ecosystems, particularly vegetation cover, which is a critical factor in water yield. Different
LUCC scenarios can result in significant changes in water yield for various ecosystem types. Additionally, towns with a higher pro-
portion of impermeable surfaces can experience greater surface runoff and contribute to higher water yield.
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