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In the formulation of scientific water resource management systems and strategies for improving water resource utilization efficiency, the effects of land use change and climate change on the temporal and spatial distribution of water resources cannot be overlooked. And the Hanjiang basin is the main source of water supply to eastern Guangdong and southwestern Fujian, China. However, the basin is experiencing a significant imbalance between water resource supply and demand. This study investigated the spatiotemporal distribution of water resources in the Hanjiang River Basin under changing environmental conditions using the Soil and Water Assessment Tool model. The findings reveal that, from 1980 to 2020, changes in water resources significantly varied among sub-basins, reflecting spatial heterogeneity. Moreover, sub-basins with severe land use changes showed significant changes in water resources. From 1970 to 2020, the water resources of each sub-basin changed with climate change, indicating temporal variability. Under the combined effects of land use change and climate change, the amount of water resources decreased and its spatial distribution changed dramatically. At the same time, the evolution of water resources under climate change was consistent with that under the combined influence of both land use change and climate change, indicating that climate change is the primary driver. The findings provide theoretical guidance for water resource research and management.
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1 INTRODUCTION
Water resources are one of the most important factors for maintaining ecosystem balance, human survival, and socio-economic development (Long et al., 2019). With the growth of the economy and society, human demand for water resources is growing, and the sustainable use of water resources has emerged as a major stumbling block to China’s growth (Piao et al., 2010). Changes in hydrological circumstances have potential long-term consequences on human civilization (Hall et al., 2014). Climate change and changes in land cover/use are frequently reported as two primary driving factors of hydrological change (Zhou et al., 2015) and are strongly associated with current and future water scarcity (Zhou et al., 2022). At long time scales, climate change plays a dominant role in influencing hydrological cycle processes in watersheds; at short time scales, land use change is one of the key factors influencing changes in hydrological elements in watersheds (Zhang et al., 2020a). Under the background of global warming, changes in rainfall, evaporation, runoff, and soil moisture will alter the global hydrological cycle, inducing a redistribution of water resources temporally and spatially (Xia et al., 2015). At the same time, continued population growth and highly intensive human activities also alter land cover conditions, which in turn induce changes in various hydrological processes such as infiltration and evaporation (Miller et al., 2014; Zang et al., 2015; Anand et al., 2018; Ross and Randhir, 2022). Many studies also suggest that land use change will negatively affect the sustainable use of water resources in the future (Shrestha et al., 2018; Ross and Randhir, 2022). The joint interaction of climate change and land use change has resulted in changes in terrestrial water cycle processes, redistribution of water resources on the ground, and even extreme hydrological events, further exacerbating the conflict between water supply and demand (Davis et al., 2015; Zang et al., 2015; Zhang et al., 2020b; Wu et al., 2021). In this context, the effects of climate change and human activities on water resources, as well as the characteristics of water resource evolution at the basin scale, should not be overlooked when developing scientific water resource management systems and strategies for improving water resource utilization efficiency.
As the impact of human activities and climate change on water resources is growing, the United Nations Educational, Scientific and Cultural Organization (UNESCO) Intergovernmental Hydrological Programme (IHP), International Geosphere Biosphere Programme (IGBP) and other large international scientific research programs are increasingly focusing on the impact of these two factors to establish a scientific foundation for the transformation and rational use of water resources (Sivakumar, 2011). Many researchers in China and worldwide have studied the effects of changing scenarios (such as land use change and climate change) on water resources under this setting. Piao et al. (2010) investigated the effects of climate change on water resources and agriculture in China by analyzing climate change trends and water resource trends (2010). Lotz et al. (2018) quantified the hydrological response of the Dongting Lake watershed in China to land use change using the Soil and Water Assessment Tool (SWAT) model, and they found that the transition from agricultural land to forest land reduced surface runoff and total water, while increasing evapotranspiration, subsurface flow, and groundwater flow (2018). Kundu et al. (2017) investigated the effects of climate and land use change on future water balance, and concluded that climate change has a stronger influence on water production, whereas land use change has a stronger influence on evapotranspiration (2017). In general, most studies have focused on changes in water resources within a single environment. In terms of research methods, many scholars have studied the use of various hydrological models to assess the combined effects of land use change and climate change. Among these, the SWAT model is an integrated tool for multidisciplinary studies at the regional scale in diverse physiographic and climatic conditions. It is also one of the most widely used watershed-scale models in the world today (Krysanova and White, 2015; Souffront Alcantara et al., 2019). Therefore, more in-depth quantitative analyses of the spatiotemporal evolution characteristics and driving mechanisms of water resources at the basin scale are required with the help of SWAT models, considering both human activities and climate change. Such analyses are critical for water resource planning and management.
Apart from the Pearl River Basin, eastern Guangdong and southern Fujian in China rely significantly on the Hanjiang River for water. With a population of over 10 million people and a combined regional gross domestic product (GDP) of over 190 billion Yuan, the Hanjiang River Basin is the second-largest basin in Guangdong (Li et al., 2021), and occupies a very important position in the economic and social development of Guangdong. In the context of global climate change, changes in the runoff of the Hanjiang River Basin are becoming increasingly significant, with frequent floods in local areas in the flood season and more severe water shortages or even severe droughts in the non-flood season (Feng and Hu, 2021). For example, the Hanjiang River Basin suffered the most severe drought in 60 years in 2017. As precipitation is the primary source of water in the Hanjiang River Basin, climate change directly affects the spatiotemporal distribution of water resources in the basin (Li et al., 2021). With the implementation of the reform and opening up of China since 1978, the Hanjiang River Basin has experienced rapid economic development, and with urbanization, land use types in the Hanjiang River Basin have shifted substantially (Zhang, 2007), which affect hydrological processes such as runoff confluence, evaporation, and dispersion. Major reservoirs in the Hanjiang River Basin have limited water storage capacity, with their total water storage capacity accounting for only about 5% of the water resources in the entire basin, which is far below the national average 12% (Li et al., 2021). Therefore, the basin has limited resistance to extreme hydrological events.
This study investigated the spatiotemporal distribution of water resources in the Hanjiang River Basin considering changes in human activities and climatic conditions. The effects of climate change and land use type change on both the temporal and spatial variability of water resources in the Hanjiang River Basin under several scenarios were quantitatively analyzed using the SWAT model. Furthermore, the geographical distribution pattern of water resources was investigated at the basin scale. The geographical distribution and usage of water resources were combined to obtain a theoretical foundation and scientific basis for the integrated management, water security, ecological security, and long-term economic growth of the Hanjiang River Basin. The findings will promote rational scheduling and management of water resources in the basin, modernization of the water governance system and governance capacity in the basin, and high-quality, long-term economic growth in the basin.
2 STUDY AREA
The Hanjiang River Basin is mainly located in eastern Guangdong and southwestern Fujian, China. It covers some counties and cities in Guangdong, Fujian, and Jiangxi provinces (Figure 1). Following the Pearl River Basin, this basin is the second-largest river basin in Guangdong Province. The area of the basin is 30,112 km2, of which 13,929 km2 (46.3%) is covered by the Meijiang River, 11,802 km2 (39.2%) by the Ting River, 3,346 km2 (11.1%) by the Hanjiang River, and 1,035 km2 (3.4%) by the Hanjiang River Delta (below Chaoan Station). The Hanjiang River Basin is located in the subtropical southeast Asian monsoon region, which has subtropical climate. The climate is hot and humid, with abundant rainfall and frequent rainstorms. The annual average rainfall is approximately 1,600 mm. Precipitation shows uneven annual distribution and wide spatial variability, controlled by the topography.
[image: Figure 1]FIGURE 1 | Location and distribution of meteorological stations in the Hanjiang River Basin, China.
The variability of annual rainfall in the Hanjiang River Basin causes large disparities in runoff in the dry and flood seasons, with the average discharge in the flood season being 2.7 times that of the dry season. The total annual runoff is 24.5 billion m3, the average depth of yearly runoff is 600–1,200 mm, the average annual runoff coefficient is 0.51, and the yearly runoff distribution is unbalanced. Approximately 80% of the yearly runoff occurs from April to September. The spatial distribution of runoff is roughly consistent with the rainfall distribution. The topography of the Hanjiang River basin is predominantly mountainous and hilly. The mountainous area accounts for 70% of the total basin area, mostly distributed in the northern and central regions, and the general elevation is above 500 m. Hilly areas account for 25% of the total basin area, mostly distributed in the Meijiang River Basin and other major tributaries, with a general elevation below 200 m. Plain areas account for 5% of the total basin area, mostly in the delta downstream of the Hanjiang River, with a general elevation below 20 m. The main land use types are forest, cultivated land, grassland, and construction land, covering about 97% of the basin area.
3 MATERIALS AND METHODS
3.1 Materials
It is necessary to collect and preprocess relevant data of the Hanjiang River Basin and finally import the model database. The construction of the SWAT model required the import of sub-catchment data along with other data. The required data include Digital Elevation Model Data (DEM), land use data, soil data, and meteorological data (Table 1).
TABLE 1 | Data used to construct the Soil and Water Assessment Tool for the Hanjiang River Basin, China.
[image: Table 1]It is an important step to make sure the variables meet the underlying assumptions of the algorithms before conducting any statistical analyses. Therefore, following data collection, many types of data must be processed. Considering the Digital Elevation Model Data and Land-Use and Land-Cover Change Data are consistent with the target data properties required for modeling, we do less transformation processing on these data. Contrarily, conversion processing is necessary for the original soil and meteorological data since their characteristics differ from those needed to create the model. First, the raw Digital Elevation Model Data was processed with Arcgis software. Second, the land use categories map was reclassified in accordance with the watershed’s real circumstances using the Land-Use and Land-Cover Change classification method, which corresponds to CropLu and UrbanLu, and ultimately the five reclassified land use maps were obtained. Third, the processing and integration of soil data is required for the building of the hydrological model. As a result, we gathered soil type and property data from the World Soil Database and then utilized the Soil-Plant-Atmosphere-Water (SPAW) program created by Washington State University to compute soil bulk density, effective field capacity, saturated hydraulic conductivity, and other parameters. Forth, for this study, observational data from 32 meteorological stations in the Han River watershed from 1969 to 2020 must be processed. In order to create the weather file needed for modeling, the data must first be sorted and validated before being fed into the weather generator.
3.2 Hydrological model: Soil and water assessment tool
Soil and Water Assessment Tool (SWAT) utilizes meteorological, hydrological, and management data to calculate the internal circulation of each hydrologic response unit (HRU) individually. The model then groups them into sub-basins and connects them organically through the river network to approximate surface catchments. Therefore, the model can not only evaluate the distribution of water resources but also identify and simulate non-point source pollution in critical areas (Arnold et al., 1998). Currently, the SWAT model has been widely used to simulate and assess the impact of land use change on watershed hydrology (Gassman et al., 2007). Therefore, the hydrological module of this model was selected to simulate hydrological processes in the Hanjiang River Basin.
SWAT simulates two types of hydrological processes: the hydrological cycle and the confluence phase. The water balance equation is the foundation of the hydrological cycle (Osei et al., 2019):
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In Eq. 1, SWt is the final soil water content (mm); SW0 is the pre-soil water content (mm); t is the time step (d); Pday is precipitation on day i (mm); Qsurf is surface runoff on day i (mm); Ea is evapotranspiration on day i (mm); Wseep is soil infiltration and lateral flow on day i (mm); and Qgw is subsurface runoff on day i (mm).
In this study, ArcSWAT version 2012 was used for the construction and running of the SWAT model after data pre-processing. The watershed was divided into 48 sub-basins with topographic data and minimum catchment area (CSA) thresholds from the Digital Elevation Model Data of the Hanjiang River Basin. Secondly, the sub-basins were further divided into 931 HRUs within each sub-basin based on a combination of specific land use and soil type thresholds to ensure that the entire sub-basin area was modeled. Finally, 32 meteorological stations and related files were written for the period 1969–2020. After selecting the suitable calculation technique and output items, the commands to run the model were executed.
Before calibrating the model, the parameters that have the most influence on the streamflow simulation need to be estimated by sensitivity analysis. Since ArcSWAT contains a large number of hydrological parameters and all of them may have an impact on the model effects, important input parameters for the simulation need to be identified (Uniyal et al., 2015). After the SWAT model run is completed, the model needs to be calibrated and validated to evaluate its applicability. SWAT-CUP (Calibration and Uncertainty Program) is a stand-alone program developed to calibrate SWAT (Abbaspour et al., 2007). The procedure evaluates the sensitivity of model parameters using multiple regression values of the objective function based on Latin hypercube sampling, integrating the SUFI2 (Sequential Uncertainty Fitting) algorithm, PSO (Particle Swarm) algorithm, GLUE (Maximum Likelihood) algorithm, ParaSol algorithm, and MCMC (Monte Carlo) algorithm. The SUFI2 algorithm is a method for calculating the objective function by randomly generating a set of parameters substituted into SWAT by the Latin-Hypercube simulations (Abbaspour et al., 2015).
Especially in hydrology, correlation and correlation-based measures such as the coefficient of determination and the Nash-Sutcliffe coefficient have been widely used to evaluate the “goodness-of-fit” of hydrologic and hydroclimatic models (Legates and McCabe, 1999). Coefficient of determination is a useful metric for a general interpretation of the efficiency of a model or a part (Nash and Sutcliffe, 1970), as it is widely used not only in hydrology but also for modeling and forecasting purposes in domains related to ecology, agriculture, and climatology (Onyutha, 2022). Its value ranges from 0 to 1. The higher value of it is associated with an effective model. However, it’s value can be low and high for an accurate and imperfect model, respectively. Meanwhile, it does not quantify a model’s bias (Onyutha, 2022). Therefore, the coefficient of efficiency such as the Nash-Sutcliffe coefficient improve the coefficient of determination for model evaluation purposes, as it is sensitive to differences in the observed and model- simulated means variances (Legates and McCabe, 1999). For that reason, modelers, especially hydrologists, tend to agree that the NSE is the optimal version of R-squared in general (Nash and Sutcliffe, 1970; Kvålseth, 1985). The value range of Nash-Sutcliffe coefficient is (−∞, 1], when Ens = 1, the simulation effect is the best; when Ens < 0, it indicates that the simulated and actual values are poorly fitted (McCuen et al., 2006). Many scholars believe that the simulation of the model is considered good when Ens > 0.75, good when Ens is between 0.36 and 0.75, and poor when Ens < 0.36 (Santhi et al., 2001; McCuen et al., 2006). R2 and Ens are calculated as follows.
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In the equation, [image: image] is the simulated runoff series; [image: image] is the measured runoff series; [image: image] is the arithmetic mean of the measured runoff series; [image: image] is the arithmetic mean of the simulated runoff series; n is the number of simulated periods.
In this study, the Chaoan station, an important hydrological station in the Han River basin, was selected to calibrate the model for the monthly runoff in the Han River basin from 1969 to 2020 with a simulation step of months. Among them, 1969–1980 is set as the pre-calibration period, 1981–1995 as the calibration period, and 1996–2010 as the validation period. The SWAT model was run with the important complementary tool SWAT-CUP which provides the SUFI2 algorithm to perform parameter sensitivity analysis and rate and validate the sensitive parameters to make the model accurate.
3.3 Water resource statistics
3.3.1 Calculation of water resources
When calculating water resources, this study did not simply count the surface runoff of each sub-basin. Instead, the sum of seepage, surface runoff, and lateral flow in the root zone was calculated using SWAT model simulations based on the main components and functions of water resources and combined with the Hanjiang River basin’s characteristics.
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In Eq. 4, i represents the i-th HRU and n represents the total number of HRUs; W is the total water resources (m3); PREC is seepage in the root zone during the time step (mm); SURQ is the surface runoff generated by the hydrologic response unit (HRU) within a certain period of time (mm); LATQ is lateral flow generated in the HRU during timestep (mm).
3.3.2 The relative change rate
Under various scenarios, the relative rate of change of water resources in the basin might reflect the change of water resources (Zang et al., 2012). The relative change rate (RCR) of water resources in different periods can be expressed as:
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In Eq. 5, RCR is the relative rate of change in water resources, W is the water resource for each scenario, and W1 and W2 are the water resources in the previous and latter period, respectively.
3.4 Scenario settings
After completing model evaluation, eight scenarios were set up (Figure 2; Table 2) to quantitatively analyze the changes in the spatial and temporal distribution of water resources in the basin under human activities and climate change. Based on these scenarios, the effects of land use variability, climate change on water resources were assessed, as well as their combined impacts.
[image: Figure 2]FIGURE 2 | Scenarios and conditions considered for analysis.
TABLE 2 | Periods of land use and meteorological data considered in the scenarios.
[image: Table 2]The periods of data used in eight simulation experiments are as follows. In Scenarios A, B, C, D, and E, meteorological data of 1970–2020 were used. Regarding land use data for these scenarios, data of 1980 were used for Scenario A, 1990 for Scenario B, 2000 for Scenario C, 2010 for Scenario D, and 2020 for Scenario E. For Scenario F, land use data of 2020 and meteorological data of 1971–1980 were used. For Scenario G, land use data of 2020 and meteorological data of 2011–2020 were used. For scenario H, land use data of 1980 and meteorological data of 1971–1980 were used. Scenarios A–E were compared to analyze the impact of land use change on the spatial and temporal distribution of water resources. By comparing scenarios F–G, the impact of climate change on the spatial and temporal distribution of water resources was investigated. Scenario G was compared with Scenario H to assess the impact of the two combined scenarios on the spatial and temporal distribution of water resource.
4 RESULTS
4.1 Validation results
The calibration and validation of the SWAT model simulations of the downstream hydrographic station (Chaoan Station) provided satisfactory results (Figure 3). The correlation coefficient R2 and the Nash-Sutcliffe efficiency coefficient were used to evaluate the SWAT model simulation results. For the calibration period, R2 = 0.95 and Ens = 0.94, and for the validation period, R2 = 0.95 and Ens = 0.93. The accuracy of the runoff simulation values for the calibration and validation periods was high, and the high R2 indicates that the simulated and observed runoffs are highly correlated. Overall, the model simulation results were satisfactory, indicating the applicability of the model to the analysis of the regional and temporal distribution of water resources in the Hanjiang River Basin under changing conditions.
[image: Figure 3]FIGURE 3 | Under (A–E) scenarios, comparison of the soil and water assessment tool (SWAT) models simulations results to observed data for the Chaoan station over the calibration (1981–1995) and validation periods (1996–2010) in the Hanjiang River Basin, China (expressed as 95% prediction uncertainty band).
4.2 Impact of land use change
The flow of water in the Hanjiang River Basin, as well as the spatial and temporal distribution of water resources, has changed as a result of human activity. Land use categories in the basin have shifted as a result of human activity, and the nature of the substratum affects water cycle processes, resulting in changes in water resources. Under changing land use types from 1980 to 2020, the magnitude of changes in water resources and the magnitude of changes in the sub-basins of the Hanjiang River Basin fluctuated.
The most dramatic change in water resources was observed between 1980 and 1990 (Scenario A to Scenario B), as shown in Figure 4. Water resources in all sub-basins increased by an average of 36.20%. The increase in construction land and decline in farmland and forest area are the primary causes of the significant increase in water resources in the midstream and downstream areas. The loss of cropland and woodland eventually resulted in an increase in surface runoff and an increase in the total water resources, whereas the increase in the area of impervious surface negatively influences water infiltration.
[image: Figure 4]FIGURE 4 | Water resources in the Hanjiang River Basin in different human activity scenarios. The impacts were assessed with relative change rate.
No significant change in water resources was observed between 1990 and 2000 (Scenario B to Scenario C). A decline in water resources was observed in all sub-basins, but the decrease was small, with an average change of 15.01%. Although the amount of land used for construction has increased in some sub-basins, the area of forest land has also increased. Moreover, the increase in forested land is more notable than the increase in land used for construction, reducing the flow of water.
The change in water resources in each sub-basin from 2000 to 2010 (Scenarios C to D) was essentially the same as that from 1990 to 2000 (Scenarios B to C), although with a comparatively large reduction. The area of forest land increased in the downstream western sub-basin and the area of mixed wetlands increased in the upstream eastern sub-basin, with relatively considerable water resources losses in these areas.
Water resources increased in all sub-basins from 2010 to 2020 (Scenarios D to E), but not significantly. It increased considerably in individual sub-basins owing to the significant expansion in built-up land area in this region. In these scenarios, urbanization altered the spatial distribution of water while increasing water resources in all sub-basins.
[image: image]
In this equation, W1 and W2 are the water resources in the previous and latter period respectively.
4.3 Impact of climate change
According to variations in annual average precipitation and annual average temperature throughout the basin and in each sub-basin from 1970 to 2020, temperature continuously increased every year, while precipitation exhibited significant temporal and spatial variability (Figure 5). After analyzing changes in water resources in the basin under climate change scenarios, changes in water resources were found to be concentrated in the midstream and downstream areas, as well as the lower reaches (Figure 6). Water resources increased significantly in the midstream and downstream areas of the sub-basin, with an average rate of change of approximately 20%. In contrast water resources decreased in the eastern half of the downstream sub-basin, with an average rate of change of approximately 18%. These variabilities are mostly attributable to changes in precipitation and temperature. Temperature exhibited a continuous increase on a basin-wide scale, while precipitation in the middle and upper reaches increased and subsequently decreased, as a result of which water resources increased in some of the midstream sub-basins. From 1970 to 2020, the eastern sub-basin of the lower reaches experienced a decline in water resources due to a decrease in precipitation and an increase in temperature. On this basis, both temperature and precipitation can be ascertained to influence the spatial and temporal distribution of water resources in the Hanjiang River Basin. Specifically, temperature exhibited a rising trend from 1970 to 2020, whereas precipitation exhibited variable increase with uneven spatial distribution. Moreover, precipitation widely varied among sub-basins, which may lead to increased differences in the spatial and temporal distribution of water resources.
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[image: Figure 5]FIGURE 5 | Climate change at meteorological stations in the Hanjiang River basin from 1970 to 2020.
[image: Figure 6]FIGURE 6 | Climate change in the Hanjiang River Basin and changes in water resources in the sub-basins under the influence of climate change. The impacts were assessed with relative change rate.
In this equation, W1 and W2 are the water resources in the previous and latter period respectively.
4.4 Impact of land use change and climate change
The total water resources in the basin decreased by 8.92 million m3 as a result of human activities and climate change, but total evapotranspiration increased by 9.09 million m3. According to the water balance formula, the overall change in total water resources and total evapotranspiration in the Hanjiang River Basin were almost equivalent. According to water change rate statistics for each sub-basin between 1980 and 2020, water resources exhibited a rising trend in 31 sub-basins, accounting for 65% of the entire basin, and it exhibited a declining trend in 16 sub-basins, accounting for 35%. The rates of change of water resources in each sub-basin from 1980 to 2020 are compared in Figure 7. The figure reveals that the spatial distribution of water resources in the Hanjiang River Basin has dramatically changed over the years. Water resources dramatically changed in the middle and upper reaches of the basin, leading to considerable increases in overall water resources, with an average rate of change of more than 16%. Water resources dramatically increased in most of the central sub-basins, with some sub-basins experiencing a rate of change of more than 30%. Human activities changed the land use type between 1980 and 2020, as reflected by the following changes. With the increase in the area of building land, surface water infiltration was decreased and the water resources increased. The decrease in water resources in the southern sub-basin was more noticeable, with an average rate of change of more than 15%. According to the above finding, this decrease in water resources is primarily attributable to climate change, as the temperature of the region continuously increased from 1980 to 2020, whereas precipitation decreased.
[image: Figure 7]FIGURE 7 | Changes in water resource at the sub-basin scale under the influence of combined conditions.
Analyzing the changes in the basin’s total water resources under the combined change scenario reveals a decline in the basin’s total water resources, which implies that the degree of the influence of climatic conditions on water resource changes may be greater than that caused by changes in land use. Additionally, each sub-basin’s water resources are roughly comparable to those in each sub-basin in a scenario of climate change, suggesting that the climate may have been the primary driver of water resource evolution in the Hanjiang River basin.
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In this equation, W1 and W2 are the water resources in the previous and latter period respectively.
5 DISCUSSION
Taking the Hanjiang River Basin as the research object, this study investigated the spatial and temporal distribution characteristics of water resources under changing conditions, and quantitatively analyzed the influence of different conditions on water resources. This study fills a gap in existing studies and provides a theoretical basis for the planning and management of water resources in the Hanjiang River Basin. Two main findings can be deduced from the results: first, anthropogenic land use change has significantly altered the geographical and temporal distribution patterns of water resources; second, the temporal variability of water resources is more prominent with climate change, and the evolution characteristics of water resources under climate change are more consistent with those under the combined influence of both land use change and climate change.
Changes in land use type driven by human activities were found to directly alter the geographical and temporal distribution of water resources in the Hanjiang River Basin. Between 1980 and 2020, the regional and temporal distribution of water resources in the Hanjiang River Basin changed dramatically, but the overall change in the amount of water resources was very small. Changes in land use can affect water production by altering hydrological processes such as evapotranspiration and soil moisture dynamics (Sterling et al., 2013; Anand et al., 2018; Zhang et al., 2018). The land cover pattern within the Hanjiang River Basin has changed dramatically with the development of the social economy since the reform and opening up of China starting from 1978 (Zhang, 2007). The area of construction land within the basin increased significantly from 1980 to 2020, with an average change rate of more than 200%. The impervious ground of construction land to some extent reduces the production sink time and increases the flood peak, leading to an increase in regional water production (Miller et al., 2014; Strohbach et al., 2019). It is noteworthy that forest land is the primary land use type in the Hanjiang River Basin (Zhang, 2007). Changes in the extent of forest land are also important to the development of water resources in the basin, and the loss of woodland area negatively influences the processes of vegetation retention, lateral flow, and evapotranspiration, resulting in an increase in runoff (Brown et al., 2005; Foley et al., 2005; Sajikumar and Remya, 2015). Consequently, the spatial distribution pattern of water resources within the Hanjiang River Basin was altered. Therefore, the major reasons for the change in the spatial and temporal distribution of water resources are the growth in building land and the reduction in forest land caused by human activities.
Regarding the evolution of water resources under climate change, changes in climatic conditions from 1970 to 2020 induced significant temporal variability of water resources in the Hanjiang River Basin. In addition, the characteristics of changes in water resources were similar to those under combined conditions. Climate change (i.e., rising temperatures and changing rainfall patterns) is anticipated to have a major influence on the hydrological cycle by altering the spatial and temporal distribution of water cycle elements such as precipitation, evaporation, runoff, and soil moisture, which are predicted to affect the reallocation of water resources (Wu et al., 2012; Wang et al., 2013; Zang and Liu, 2013). Precipitation in the Hanjiang River Basin fluctuated downward from 1970 to 2020 while temperature continuously increased, resulting in increased evapotranspiration (Li and Fang, 2021). Consequently, the average annual surface runoff, baseflow, groundwater recharge, and thus total water quantity in the basin decreased. Furthermore, the characteristics of the changes in water volume varied with climate change in each sub-basin from 1970 to 2020, and the changes in water volume were more significant in sub-basins with more fluctuating climatic conditions, indicating that climate change is the main driver of natural temporal changes in the total water volume and water distribution in the basin. Furthermore, changes in the water volume in each sub-basin under climate change were similar to those under combined conditions, indicating that climate change is currently the most influential factor controlling the spatial and temporal evolution of water resources in the Hanjiang River Basin.
Compared to previous research findings, the current study presents similar but distinct findings. From a common point of view, climate change affects the evolution of water resources over time, and the effects of climate change are stronger than that of land use (Hagemann et al., 2013; Anand et al., 2018; Shrestha et al., 2018; Ross and Randhir, 2022). However, because anthropogenic land use change does not always imply a change in total water resources but rather changes in the distribution pattern of water resources, its impact is more visible at the basin scale (Zang et al., 2015; Anand et al., 2018; Ross and Randhir, 2022). In terms of various factors, some scholars have explored future climate change trends and their impact on water resources using climate change models and concluded that water resources in southern China will decrease significantly (Hagemann et al., 2013; Ljungqvist et al., 2016). In contrast, the results of this study suggest that the decreasing trend of future water resources in the Hanjiang River Basin is not significant. The difference between the findings of this study and previous studies can be attributed to the difference in the approaches employed. In this study, the evolution of water resources under climate change conditions was investigated with the scenario setting approach, and because the number of scenarios established is limited, the difference in the time scales of the climate change scenarios might lead to varying results.
We provide the following recommendations in light of the findings of this research and the situation of the water resources in the Hanjiang River Basin. First, strengthen restrictions on the use of water resources, such as strengthening oversight of water resources of crucial sub basins, and severely limit activities that have a negative impact on water resources. Second, we should standardize water consumption and promote water conservation at the source in important sectors of the economy, including agriculture and industry. Third, improve the functional control and allocation of water resources, as well as the management of water intake licenses and the management of planned and quota water consumption; Stop illegal groundwater exploitation and strengthen groundwater management and protection. The above ideas enable the sustainable expansion of the economy, society, and ecological environment by following the law of change to the management of water resources in a scientific and efficient manner.
Although the spatiotemporal evolution of water resources was comprehensively analyzed, some limitations still remain and they need to be further investigated. First, there are uncertainties in the simulation of the hydrological model (SWAT). In this study, monthly runoff data from the Chaoan station covering 1981–2010 were used to calibrate and validate the model, and the spatial location of the hydrological station will affect the model simulation performance. Second, the climate change scenarios and integrated scenarios in this study are relatively simple. Therefore, more climate change scenarios are required to analyze the specific impact mechanisms of climate change. Third, only a few indicators were considered to examine land use change induced by human activities. Moreover, the influence mechanism of each land use type on the evolution of water resource is still unknown. To clarify the influence mechanism of each land use type on water resources, subsequent studies should consider multiple indicators to evaluate land use change. Fourth, other factors such as topography, geochemistry, and the dynamic evolution of species communities may also have an impact on how watershed water resources evolve, making it possible to conduct a more comprehensive study of this evolution in the future based on the aforementioned aspects.
6 CONCLUSION
In this study, the SWAT model was calibrated and validated using monthly runoff data covering 1969–2020 from the Chaoan hydrological station in the Hanjiang River Basin, and eight types of scenarios were set up to quantitatively analyze the influence of anthropogenic land use change and climate change on the regional and temporal evolution of water supply in the Hanjiang River. From the results, the following conclusions can be drawn.
Under the influence of human activities, the distribution of water resources in the Hanjiang River Basin exhibited spatial heterogeneity between 1980 and 2020, which is mostly expressed in the varied evolution of water resource among sub-basins. Rapid development in the basin has had an impact on the water cycle, aggravating disparities in water distribution across the basin. Changes in land use type due to human activities bring about changes in hydrological processes within the basin, thus changing the spatial and temporal distribution of water resources. These results suggest that land use changes are the primary factor controlling the spatial evolution of water resources.
Under the climate pattern of continuous rise in temperature and fluctuating decline in precipitation from 1970 to 2020, hydrological processes and elements exhibited various changes, which in turn reflect the influence of temperature and precipitation on water resources. These changes indicate the temporal variability of the evolution of water resources in the Hanjiang River Basin.
The total water resources in the Hanjiang River Basin decreased by 8.92 million m³ under the combined conditions (i.e., land use change and climate change), and the changes in water volume varied among sub-basins. Nevertheless, the changes in water volume caused by climate change were more consistent with the combined conditions, indicating that climate change is the main driver of the natural evolution of water resources in the Hanjiang River Basin.
The findings of this study may provide scientific guidance for determining the spatial and temporal distribution of water resources and hydrological processes at a basin scale in basins across the world with similar natural characteristics. The findings can also serve as a reference for investigating the spatial and temporal evolution of water resources in basins under changing conditions. The findings have potential applicability in integrated planning and efficient utilization of water resource in basins with similar conditions around the world, including southern China.
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