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Tropical rainforests in the central hilly section of Hainan Island are the source of the Nandu, Changhua, and Wanquan rivers, which are crucial for water conservation and ecological protection. The quantitative assessment of water yield in the three basins is beneficial for developing regional water resource protection plans, establishing ecological compensation mechanisms, and maintaining ecological balance. Based on land use data from five periods between 1980 and 2020, this paper adopts the InVEST model and geographic detectors to investigate the spatial-temporal variation characteristics and driving factors of water yield in three major basins of Hainan Island. The results demonstrate that forestland, which makes up more than 70% of the total area in the three basins of Hainan Island, is the predominant land use type. With a depth of 1269.18 mm, Wanquan Basin is the deepest of the three basins, followed by Nandu Basin and Changhua Basin. The total water yield of three basins shows a slightly decreasing trend from 17.991 billion m3 in 1980 to 17.864 billion m3 in 2020. The spatial distribution of water yield is high in the southeast region and low in the northwest region, with strong autocorrelation and significant aggregation. According to geographic detection, land use type is the dominant factor for the spatial differentiation of water yield in the three basins, with a contribution rate of 0.563, and soil type and annual precipitation are important impact factors. The interaction and synergy of soil types and land use types jointly affect the spatial differentiation of water yield in the basin. The results of this study can provide data support and scientific references for biodiversity conservation and ecosystem restoration in the three major basins of Hainan Island.
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1. Introduction

Water is the source of life and drives the material and energy cycle of ecosystem activities at different scales (Lü et al., 2015; Liu et al., 2020). It is an indispensable material resource for human survival and social advancement (Li and Qian, 2018). With the escalation of global climate change, population growth, and overexploitation of natural resources, a slew of water-related ecological issues have arisen, including drought and flood disasters, groundwater depletion, water pollution, degradation of water production functions, etc. (Li and Qian, 2018; Di Baldassarre et al., 2019). Moreover, water scarcity and security problems are increasingly prominent worldwide, which have emerged as critical issues limiting the sustainable development of national and regional social economies (Safavi et al., 2016). The Assessment Report on Global Biodiversity and Ecosystem Services published in May 2019 by IPBES (The Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services) stated that the ecological environment losses and ecosystem service decline were severe, and that the function degradation of water resources was a major factor (Hu et al., 2022). In this context, expanding research on the evolution of water resources has become an essential prerequisite for ensuring ecological security and promoting the sustainable development of regional water resources.

The drainage basin is a comprehensive geographical ecological unit that serves as the primary research target for ecological environment conservation and governance and a hot spot for investigating complex themes like regional ecological, economic, and social development. The integrity of the ecosystem and the comprehensiveness of ecological elements can be better reflected when discussing environmental issues from the perspective of drainage basins (Zhang et al., 2012). The drainage basin views the river system as the connecting factor that joins the many geographical and physical components of the system into a cohesive whole. For instance, water, sediment, and other substances in the basin circulate material, energy, and information to meet the needs of human wellbeing for various ecosystem services in the basin, which play an important role in irrigation agriculture, aquaculture, industrial production, residents’ life, and so on (Wei et al., 2021). As a result, water yield service assessment is increasingly being used to communicate the value and function of natural ecosystems to management decision-makers, which helps to protect and promote the ecological wellbeing of natural ecosystems to society (Barbier et al., 2011). As human activities increase, land use/land cover change (LUCC) has a direct impact on the landscape pattern, ecosystem service types, and ecological processes of the basin, as well as a significant impact on the basin’s water volume and the water cycle, thereby affecting the service function of the entire ecosystem (Balist et al., 2022). Therefore, LUCC is considered the main factor leading to the spatial-temporal evolution of water yield (Zipper et al., 2018; Li et al., 2020). By simulating the long-term spatial-temporal dynamics of water yield under the background of land use change, and identifying the dominant and inferior regions of water yield, it can provide scientific reference for establishing future water resources management strategies (Deng et al., 2021). The quantitative assessment of water yield is primarily based on biophysical models such as InVEST (Integrated Valuation of Ecosystem Services and Trade-offs), SWAT (Soil and Water Assessment Tool), VIC (Variable Infiltration Capacity), etc., which couple hydrological and biogeochemical processes (Yin et al., 2020). Specifically, the InVEST model provides a method for evaluating water yield from the perspective of ecosystem services, which overcomes the drawbacks of conventional research, such as single evaluation results and lack of spatial dynamic analysis (Lü et al., 2022), making it suitable for evaluating the variations of ecosystem service functions caused by land use change or climate change (Yin et al., 2020). For instance, González-García et al. (2020) employed the InVEST model to establish a supply-demand relationship diagram for water supply, climate management, and outdoor recreation in order to quantify the regional supply-demand mismatch in ecosystem services. Similarly, Scordo et al. (2018) examined the effects of future climate change and land use change on the water security of a semi-arid forest basin using the Water Yield module of the InVEST model to simulate the basin’s water security risk. The preceding studies have provided an important reference for assessing the spatial distribution of water yield in basins under land use change.

In terms of water yield, the relevant research primarily employed the methods of correlation analysis, local statistical analysis, and spatial mapping to qualitatively describe or quantitatively analyze the driving factors of water yield services, ignoring the differences between the driving factors and water yield services in geographical space (Huang et al., 2022). Geographic Detector is a novel spatial statistical method that detects the consistency of the spatial distribution pattern of dependent and independent variables through spatial heterogeneity, as well as measures the interpretation of dependent variables to independent variables and their interrelationships (Wang and Xu, 2017). Therefore, it has been widely used in research on land use, ecosystem services, regional economies, and environmental pollution (Song et al., 2020; Huang et al., 2022; Kang et al., 2022). A compelling argument was made for the preservation and recovery of water yield services by using geographic detectors to investigate the spatial variations among the driving factors of water yield (Grizzetti et al., 2019). In Yunnan Province, for instance, Huang et al. (2022) utilized geographical detectors to analyze the spatial driving characteristics of climate, vegetation, soil, terrain, and other factors on water yield services, and the results showed that climate factors are the main driving factors leading to spatial heterogeneity of water yield services.

The central mountainous area of Hainan Island is an essential ecological functional area in China and one of the global biodiversity hot spots. Here are the sources of three major rivers on the island, the Nandu, Changhua, and Wanquan. Its three major river basins provide crucial ecological purposes, such as protecting biodiversity, water quality, and soil and water conservation, and also serve as vital water sources for drinking and agricultural irrigation on Hainan Island. As a result, the central mountainous area is often referred to as the “Hainan Water Tower” and the origin of Hainan’s three rivers. Since the establishment of Hainan Province in 1988, particularly with the establishment of the Hainan Free Trade Port, the transformation of regional land use types has accelerated, habitat fragmentation has increased, and the regional water shortage and soil erosion problems in the province have become increasingly prominent. In order to develop reasonable management strategies for drainage basins and scientific policy guidelines to reduce the development lag and ecological vulnerability brought on by a lack of water, the relevant stakeholders and management departments urgently need to have a thorough and objective understanding of the spatial-temporal evolution and the driving factors of water yield in the three major drainage basins of Hainan Island.

Therefore, this study used the InVEST model to assess the spatial distribution characteristics of water yield in different periods in the three major drainage basins of Hainan Island based on the land use data in 1980, 1990, 2000, 2010, and 2020. Additionally, geographical detectors were employed in this study to analyze the impact of natural geographical and environmental factors such as temperature, rainfall, soil type, population density, per capita GDP, and other socioeconomic factors on the study’s findings. The objectives of this study are as follows: (1) to reveal the characteristics of land use change in the three major drainage basins of Hainan Island from 1980 to 2020; (2) to evaluate and visualize the spatial-temporal evolution patterns of water yield in the three major basins from 1980 to 2020; and (3) to investigate the driving mechanism of water yield services in the three major basins, as well as the characteristics and laws of their spatial response to the driving factors.



2. Materials and methods


2.1. Study area overview

Located south of the Tropic of Cancer (18.80°–20.10°N, 108.37°–111.03°E), Hainan Island is typical of a tropical monsoon marine climate, with a slight annual temperature difference and a high average temperature and has abundant resources for light, heat, and water. The entire island is low and flat around the perimeter and high in the center, with Wuzhi Mountain (1,867 m) and Yingge Mountain (1,811 m) serving as the core of the uplift, and the mountains, hills, mesas, and plains gradually descend from the center to the periphery (Figure 1). The rivers Nandu, Changhua, and Wanquan originate from Bawang Ridge, Wuzhi Mountain, and other central mountain areas. The three rivers have a total length of 774.18 km and a drainage area of 15,748 km2, accounting for 46% of the island’s area. They run through Baisha, Qiongzhong, Danzhou, Tunchang, Chengmai, Ding’an, and other important cities and counties, occupying a commanding height position that impacts and balances the ecological security of Hainan Island. Hainan Tropical Rainforest National Park is home to the higher reaches of the three major drainage basins, which was formally established as China’s of first group national parks in October 2021. The park, one of the world’s 34 biodiversity hot spots, is home to a variety of typical tropical rainforest habitats and is abundant in both plant and animal resources. In the middle and lower reaches of the three basins, cropland and forestland predominate, together with a dense population. Human activities like agricultural production and fast urbanization have a significant negative impact on the basins’ ecosystems and biodiversity preservation.
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FIGURE 1
Location of the study area.




2.2. Data sources and processing

The data used in this study covered land use type, meteorology data, soil, social economy, potential evapotranspiration (ET0), digital elevation model (DEM), normalized difference vegetation index (NDVI), basin vector boundary, etc. Table 1 displays the data sources and specifics. Table 2 displays the biophysical coefficients used in the InVEST model, representing the characteristics of land use and land cover in the study area. The values of pertinent coefficients are based on earlier studies (Li et al., 2022). Notably, all data were resampled at a spatial resolution of 30 m and projected using the coordinate system CGCS2000_3_Degree_GK_CM_111E.


TABLE 1    Data acquisition and preprocessing.
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TABLE 2    Biophysical coefficients.
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2.3. Research method


2.3.1. Water yield assessment

The InVEST model has become one of the crucial tools for evaluating water yield services due to its easy data access, adjustable parameter calibration, and accurate assessment results (Bai et al., 2019; Yang et al., 2019). Based on the Water Yield module of the InVEST model, this study determined the water yield of the three major basins by combining the local climate, LUCC type, root depth, and soil type in accordance with the water balance principle. The calculating formulas are as follows:
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where Yxj is the annual water yield of grid x in the jth land use type (mm); AETxj is the actual annual evapotranspiration of grid x in the jth land use type (mm); Px is the average annual rainfall of grid x in the jth land use type (mm); AETxj/Px is the ratio of actual evapotranspiration to rainfall, which was calculated by the empirical model proposed by Zhang et al. (2001); ωx is a non-physical parameter representing the physioclimate–soil properties, dimensionless; Rxj is the dryness index of grid x in the jth land use type, dimensionless; AWCx is the available water content of plants in grid x (mm), which is related to soil texture and effective soil depth; kxj is the vegetation evapotranspiration coefficient, which is expressed by the ratio of the evapotranspiration of grid x in the jth land use type to the potential evapotranspiration (ET0). The Z coefficient, a seasonal constant, has a positive relationship with the annual frequency of precipitation. Z is taken as 2.6 according to the reference value of Hainan Island in previous literature (Han et al., 2022a). ET0 is the potential evapotranspiration (mm); MSDx (max soil depth x) is the maximum soil depth; RDx (root depth x) is the root depth; PAWCx is the soil water content (%), which is calculated by the empirical formula of soil available water content (Gupta and Larson, 1979).



2.3.2. Spatial statistical analysis

Exploratory spatial data analysis is a geostatistical analysis method, which computes spatial autocorrelation coefficients to describe the spatial aggregation and anomaly of the spatial distribution pattern of visualized things or phenomena (Lei et al., 2022a). This analysis method is frequently employed in investigating water-related ecosystem services (Yang J. et al., 2021; Zou and Cong, 2021). Moran’s I was used in this study to describe the global spatial autocorrelation characteristics of water yield services in the three major basins. [image: image] was used to explore the aggregation and differentiation characteristics of spatial variations of water yield services in the three major basins, namely, the distribution pattern of “hot spots” and “cold spots,” so as to obtain the spatial autocorrelation pattern of water yield services. The calculation formulas are as follows:
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where n is the number of spatial grid cells; xi and xj refer to the observed values of cell i and j, respectively,[image: image]represents the deviation between the observed values and the average values of the ith spatial cell; wij is the spatial weight matrix established based on the k spatial adjacency relation; [image: image] is the average of the observed values of all geographical units. Moran’s I has a value range of (–1, 1). A value higher than 0 indicates a positive spatial correlation. The higher the value, the higher the correlation, and the stronger the geographical aggregation. A value less than 0 denotes a negative spatial correlation. A value of 0 denotes no spatial correlation with randomly distributed spatial units. The typical probability is represented by the P-value of Getis-Ord [image: image] index. 0.01, 0.05, and 0.1 correspond to 99, 95, and 90% of the typical confidence intervals, respectively, indicating the degree of aggregation and differentiation of spatial units’ hot spots or cold spots (Lei et al., 2022a).

In this study, the fishnet function of ArcGIS 10.8 was used to divide the three major basins into grid cells with a square of 1 × 1 km. Neighborhood statistics were used for numerical statistics on the grid map of water yield at various stages, followed by assigning values to grid cells for spatial statistical analysis to obtain hot spot maps of water yield of the three major basins in Hainan Island in different periods.



2.3.3. Geographical detector analysis

Geographic detectors are statistical methods for detecting spatial differentiation and determining its driving forces (Wang and Xu, 2017). Natural, economic, and human factors all have an impact on water yield, making it a very complex process (Su and Wang, 2018). Referring to a large number of research results on the driving factors of water yield (Table 3), this study finally selected annual rainfall, annual temperature, elevation, slope, normalized difference vegetation index (NDVI), soil type, land use type, population density, and GDP per capita as the impact factors. A 1 × 1 km grid was constructed based on the data of water yield and impact factors, and the grid center value was read as an input for the R programming. By calling the optidisc function of the “GD” package in R language (Song et al., 2020), the data level was set between 5 and 15, and five alternative discretization methods were set, including equal, natural, quantitative, geometric, and sd. After that, the optimal discretization method and classification combination could be selected by comparison to maximize the q value. Finally, the discretized category variables were introduced into the geographic detectors for factor detection, risk detection, and interactive detection, and the impact factors of the spatial-temporal variation of water yield services and their interactions were quantitatively analyzed to determine the impact factors of water yield in the three major basins and their response mechanisms. The following is the calculation formula for q:
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TABLE 3    The main influencing factors of water yield.
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where q reflects the influencing degree of a factor on the spatial-temporal distribution of water yield, with a range of (0, 1). The larger the q value, the greater the influence of factors on the spatial distribution of water yield in the study area. L represents the total sample number of impact factors, N and Nh represent the water yield of the entire study area and subarea h, respectively; σ2 and σh2 represent the discrete variance of water yield in the entire study area and subarea h, respectively.





3. Results


3.1. Dynamic variation characteristics of land use in basins


3.1.1. Land use type change

Figure 2 demonstrates the calculation results of land use change in the three major basins of Hainan Island from 1980 to 2020. It can be discovered that forestland has been the main type of land use in the three major basins in recent 40 years, accounting for more than 70% of the total area, followed by cropland, accounting for 20%. The area of other land use types is relatively small. On the whole, the changes of land use types in the three major basins is mainly reflected in the continuous increase of built land and water land, with an increase of 169.20 and 101.01 km2, respectively. The area of grassland and cropland decreased by 160.19 and 157.91 km2, respectively; The forestland area increased from 11,227.60 km2 in 1980 to 11,373.11 km2 in 2000, but then declined significantly and decreased to 11,293.07 km2 in 2020.
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FIGURE 2
Area of different land use types in the three major basins of Hainan Island (1980–2020), of which (A) Nandu Basin, (B) Changhua Basin, (C) Wanquan Basin, and (D) three major drainage basins.


Specifically, the dynamic change of land use types in the Wanquan Basin is relatively slight, whereas that is more intensive in the Nandu Basin and Changhua Basin. Between 1980 and 2020, the built land of Nandu Basin and Wanquan Basin increased the most, with 116.22 and 26.52 km2, respectively. The water land of the Changhua Basin increased the most, with 76.24 km2. The cropland in the three major basins decreased significantly, and the forestland in the Wanquan Basin decreased slightly. From the perspective of stage characteristics, the increase of built land and water land in the three major river basins between 2000 and 2020 is significantly more than that between 1980 and 2000.



3.1.2. Land use transition matrix

The Sankey diagram of land use transfer (Figure 3) illustrates that the three major basins have experienced a rather frequent land use/land cover conversion over the past 40 years. On the whole, from 1980 to 2020, the transferred-out areas of cropland and grassland were 160.19 and 157.91 km2, respectively; the transferred-in areas of forestland, water land and built land were 65.47, 101.01, and 169.20 km2, respectively. Between 1980 and 2000, the area of grassland decreased the most, with 137.47 km2 transformed into forestland. Cropland had the second largest area reduction, with 64.78, 36.83, and 24.95 km2 transformed into forestland, water land, and built land, respectively. Forestland had the third largest area reduction, with 28.05, 19.24, 11.96, and 7.96 km2 transformed into cropland, grassland, water land, and built land, respectively. Unused land continued to decline, primarily due to the conversion to cropland and forestland, indicating that unused land obtained gradual utilization and development. Moreover, the transferred area of forestland was the largest, with 64.78 km2 of cropland and 137.47 km2 of grassland transformed into forestland, respectively, and the area of water land increased by 73.83 km2.
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FIGURE 3
Sankey diagram of land use transfer in three major basins of Hainan Island (1980–2020) (Some data less than 10 km2 are not marked in the Sankey diagram).


Between 2000 and 2020, the forestland area decreased the most, with 11.42, 30.38, and 79.62 km2 converted to grassland, water land, and built land, respectively. Cropland had the second largest area reduction, with 7.47, 36.04, and 62.90 km2 transformed into forestland, water land, and built land, respectively. The transferred area of built land was the largest, with 62.90 km2 of cropland and 79.62 km2 of forestland transformed into built land. There was a significant increase in the area of water land, primarily from cropland and forestland, which were 36.04 and 30.38 km2, and the area change of grassland and unused land was not obvious.




3.2. Spatial-temporal variation characteristics of water yield in three major basins

From the perspective of spatial scale, the water yield in Hainan Island’s three major basins exhibited a similar spatial distribution pattern (Figure 4) between 1980 and 2020, with a high yield in the southeast and a low yield in the northwest. There was also an obvious spatial difference in water yield between different basins. As shown in Table 4, Wanquan Basin had the highest water yield in 2020, reaching 1269.18 mm, followed by Nandu Basin of 1150.06 mm and Changhua Basin of 985.87 mm. From the time scale, the water yield of three major basins showed a slight increase between 1980 and 2020, followed by a significant decrease and a slight increase. The water yield was the largest in 1990, reaching 17.994 billion mł, and the lowest in 2010, which was 17.856 billion mł. In the past 40 years, the water yield of the three major basins decreased by 127 million mł in total. Among them, the water yield of the Changhua Basin, Nandu Basin, and Wanquan Basin decreased by 82, 38, and 8 million mł, respectively. Additionally, the changing trend in water yield over time was obviously different. From 1980 to 1990, there was a slight upward trend, with a growth rate of 230 thousand mł/a. From 1990 to 2010, there was a significant downward trend, with a reducing rate of 13.81 million mł/a. From 2010 to 2020, the growth trend is relatively slow, with a growth rate of 860 thousand mł/a.
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FIGURE 4
(A–E) Represent the spatial distribution of water yield in three major basins of Hainan Island in the five periods of 1980, 1990, 2000, 2010, and 2020.



TABLE 4    Statistics of water yield of three major basins in Hainan Island from 1980 to 2020.
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3.3. Spatial statistical analysis of water yield in three major basins


3.3.1. Global spatial autocorrelation analysis

According to the global spatial autocorrelation results (Table 5), the global Moran’s I values of water yield in the three major basins of Hainan Island during the five time periods from 1980 to 2020 are 0.542, 0.544, 0.549, 0.560, and 0.562, respectively. This suggests that the spatial distribution of water yield in the study area has a significant positive autocorrelation (P < 0.001). The global Moran’s I value of the three major basins increased over the course of five periods, indicating a progressive increase in the spatial autocorrelation of the study area’s water yield services as well as the aggregation degree of their spatial distribution.


TABLE 5    Spatial autocorrelation of water yield in three major basins of Hainan Island (1980–2020).

[image: Table 5]



3.3.2. Cold spot and hot spot analysis of water yield

This study investigated the hot and cold spots of spatial Getis-Ord [image: image] based on the global spatial autocorrelation results, and the spatial distribution results of local water yield of the three basins are shown in Figure 5. Between 1980 and 2020, the water yield of Hainan Island’s three major basins exhibited similar spatial distribution pattern of hot and cold spots. The hot spot areas were mostly concentrated in the Wuzhishan mountain region in the middle and northeast of the basins. The high degree of spatial correlation in these areas is due to the high rainfall. The cold spot areas were concentrated in the lower reaches of the Changhua River, where cropland dominated, with low water yield, little rainfall, and a high degree of spatial differentiation.


[image: image]

FIGURE 5
(A–E) Represent the spatial distribution of hot and cold spots of water yield in different periods of the study area in 1980, 1990, 2000, 2010, and 2020.





3.4. Driving factor analysis of water yield in three major basins


3.4.1. Single-factor detection attribution of water yield

The results in Table 6 demonstrate that all factors have an impact on the spatial distribution pattern of water yield, and the influencing degree ranges from 0.012 to 0.563, indicating that both natural and socioeconomic factors have an impact on the spatial-temporal evolution of water yield in the study area. The impact factors are sorted as follows based on the q value: land use type > soil type > annual precipitation > per capita GDP > annual temperature > population density > slope > NDVI > DEM. The q value of land use type is 0.563, with an explanatory power of more than 50%, indicating that land use type is the most important factor affecting the spatial distribution of water yield. Soil type and annual precipitation are also important impact factors.


TABLE 6    Factor detection results.
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3.4.2. Interactive and ecological detection attribution of water yield

As shown in Table 7, the results of interactive and ecological detection demonstrate that the spatial distribution of water yield is more significantly impacted by the interaction of any two impact factors than the impact of a single factor, indicating that the spatial differentiation characteristics of water yield in the three major basins are substantially impacted by a number of factors. When combined with other impact factors, the influence of land use type improved significantly. Specifically, the interaction value of land use type ∩ soil type is the largest, with a q value of 0.786, indicating that the explanatory power of the spatial differentiation after the interaction between the two is more than 75%, which is the main reason for the spatial differentiation of water yield. Land use type ∩ annual precipitation and land use type ∩ per capita GDP had the second and third largest interaction value, with q values of 0.732 and 0.718, respectively. The interaction value of the DEM∩NDVI is the smallest, with a q value of 0.045, indicating that the combined effect of the two factors is less than that of other impact factors on water yield. Moreover, the interactive detection results of any two impact factors are a mostly non-linear enhancement, and only the interaction of land use type ∩ population density and land use type ∩ slope is a dual-factor enhancement, indicating that the combined effect of multiple impact factors will have a greater impact on water yield in three major basins and significantly improve the explanatory power of spatial differentiation. Under complex conditions, a variety of changes in the above impact factors will also have a significant impact.


TABLE 7    Results of interactive and ecological detection.
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4. Discussion


4.1. Spatial-temporal variation analysis of water yield in three major basins

The three major basins of Hainan Island were evaluated in this study using the InVEST model for water yield, the results show that the average water yield of the three major basins from 1980 to 2020 was 17.927 billion mł. The annual average total surface water resources of Hainan Island from 1998 to 2020 published in the Hainan Provincial Water Resources Bulletin is 35.3 billion mł (Han et al., 2022b). According to the proportion of the area occupied by the three major basins in Hainan Island, it is estimated that the water production of the three major basins is about 16.238 billion mł, which is similar to the calculation results of this study, indicating that the calculation results are relatively reliable. In addition, the findings demonstrate a regional pattern of high water yield in the southeast and low water yield in the northwest, with strong autocorrelation and large aggregation. From 1980 to 2020, the water yield of three major basins generally exhibited a minor increase at first, a substantial decline, and then a slight increase, especially in Nandu Basin and Changhua Basin. The Nandu Basin and Changhua Basin have experienced large-scale urban expansion and farmland contraction, and the construction of Daguangba, Hongling and other large reservoirs in Hainan Island has caused a large number of farmland and grassland to be converted into built land and water land. Land use has changed the surface cover and thus affected the regional environment, and the surface cover has also affected the characteristics of evapotranspiration, interception, infiltration and so on in the basin (Dias et al., 2015), which ultimately led to changes in the water cycle path in the basin. Soil type is also an important reason for the spatial difference of water yield in the three major basins. The Nandu Basin and Wanquan Basin develop large areas of lateritic soil and paddy soil, while the Changhua Basin is mostly sandy loam soil. Compared with sandy loam soil, lateritic soil and paddy soil have stronger fertility, thicker soil layer, better vegetation development and stronger water retention capacity. In terms of climate, the Nandu Basin and Wanquan Basin are mainly affected by the tropical monsoon from the northeast of Hainan Island. The tropical monsoon carries a large amount of water vapor in the Pacific Ocean. A large amount of water vapor condenses and falls when climbing up the windward slope in the central mountain area of Hainan Island, bringing abundant precipitation to the basin. The sufficient precipitation makes the region become a high-yield area. On the contrary, the Changhua Basin is located on the leeward slope of the central mountain area, resulting in significantly less rainfall, which is also an important reason for the difference in water yield.



4.2. Study on impact factors of water yield in three major river basins

According to this study, land use type is the key factor determining the geographical differentiation of water yield in three major basins, which is in line with the findings of Liu et al. (2020) and Huang et al. (2021). Land use change is the result of the interaction between human activities and natural ecological environment, which reflects different economic development models and land management strategies (Deng et al., 2021), such as the development of cropland, urbanization construction, transportation construction, etc. From 1990 to 2010, the water yield of the three major drainage basins changed most acutely. During this period, Hainan Island Expressway was built and opened to traffic, and the policy of Hainan International Tourism Island was implemented. Driven by policy and economy, the land spatial pattern of the three major drainage basins changed dramatically. The main feature is the occupation of cropland and forestland by built land, which is also a manifestation of the rapid urbanization process (Liu et al., 2010). Urbanization fundamentally changes the balance between rainfall and evapotranspiration in the basin, thus affecting the water yield service (Li et al., 2020), which is consistent with the research results of the Heihe Basin (Zhao et al., 2022) and Yongjiang Basin (Yang Y. et al., 2021). Climate factors such as temperature and rainfall directly affect surface runoff and thus determine the water yield (Lang et al., 2017). The Nandu Basin and Wanquan Basin are rich in precipitation, dense vegetation, good soil structure, and strong soil water holding capacity, resulting in high water yield and strong water conservation capacity in the region. Furthermore, socioeconomic factors have a significant impact on the spatial distribution of water yield services (Yang et al., 2015). In the estuary areas of the three major basins, the high population density, per capita GDP, and the large impervious surfaces in areas with dense urban built land will easily form surface runoff, reducing the regional water conservation function.



4.3. Suggestions on water resources management in three major river basins

The distribution of water resources in Hainan is projected to face more issues as a result of the rapid population growth and rising level of industry and agriculture in recent decades (O’Connell, 2017). The protection and management of water resources is the focus of the future sustainable development of the three major river basins. Due to the uneven distribution of precipitation in the three major basins and the imperfect water conservancy infrastructure, problems such as seasonal and engineering water shortages and flood disasters have always existed in the basin. For example, in 2015, Wuzhishan, Changjiang and other regions located in the Changhua Basin experienced severe drought and large-scale water shortage, while Tunchang, Ding’an, Qionghai and other regions located in the Nandu Basin and Wanquan Basin experienced relatively serious rainstorm and flood disasters, and the distribution of water resources in the basin was extremely uneven. In the process of planning the three major basins, we should strengthen the inter-basin allocation of water resources, strengthen the construction of water conservancy infrastructure, establish a transregional coordination mechanism for water resource allocation and an ecological compensation mechanism, and expand the scope of water production services through natural resources management (Anantha et al., 2021) to solve the problem of uneven distribution of water resources in the basin. In addition, this study found that land use change is the main factor affecting the spatial pattern of water yield in the three major basins of Hainan Island, and the intensification of urbanization process may lead to the reduction of water yield in the basin. With the construction of the Hainan Free Trade Port, the built land in the three major basins will continue to expand (Lei et al., 2022b), as well as the urbanization level. Therefore, in the planning process, the scale and development speed of towns in the basin should be controlled, and attention should be paid to optimizing the land structure, guiding the rational layout of cropland and forestland, and taking into account the hydrological and ecological effects produced in the process of urban development, so as to avoid the continuous reduction of water production in the three major basins.




5. Conclusion

Based on the land use data between 1980 and 2020, this study employed the InVEST model and geographical detectors to investigate the spatial-temporal variation characteristics and driving factors of water yield in the three major basins of Hainan Island. According to the findings, the combined water yield of three major river basins exhibited a slight downward trend from 17.991 billion m3 in 1980 to 17.864 billion m3 in 2020, with a spatial distribution high in the southeast and low in the northwest. Wanquan Basin had the largest water yield, followed by Nandu Basin, while Changhua Basin had the lowest. Between 1980 and 2020, the water supply of Hainan Island’s three major basins showed a positive spatial correlation, with all p-values less than 0.001, indicating a significant regional aggregation and a rapidly increasing spatial auto-correlation. Additionally, the Wuzhishan mountain in the middle and the northeast regions of the three major basins of Hainan Island are hot spots with high water yield. The lower reaches of the Changhua River are the cold spots with low water yield. Furthermore, land use type is the most important factor influencing spatial differentiation of water yield in three major river basins, and the interaction between land use type and soil type also has an impact on spatial differentiation. The findings of this study will serve as data support and scientific references for water resource research, planning and utilization, biodiversity conservation, and ecosystem restoration of water resources in the three major river basins.
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Data acquisition and preprocessing

Land use data

The Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/Default.aspx) provided
the land use vector data for the five periods in 1980, 1990, 2000, 2010, and 2020. The land use types were categorized into six primary and 20
secondary types according to the national land use classification system based on remote sensing monitoring, including cropland, forestland,
grassland, water land, built land, and unused land. After that, the data was converted to grid data (30 x 30 m), with a classification accuracy
above 90% (Lei et al., 2022a).

Meteorological data The data included the annual average temperature and precipitation provided by the Resource and Environmental Science and Data Center
(http://www.resdc.cn) and were derived from the meteorological data of 20 stations in and around the basins using Kriging interpolation.
Soil data The data included soil type, soil depth, and soil texture (i.e., sand, clay, silt, and organic matter content in soil), which were obtained from the

Harmonized World Soil Database (HWSD) provided by the Food and Agriculture Organization of the United Nations (FAO).

(https://www.fao.org/soils- portal/soil- survey/soil-maps-and- databases/harmonized-world- soil - database-v12/en/)

Socioeconomic data

The socioeconomic data, such as GDP per capita and population density, were derived from the statistical yearbooks of the cities and counties
in and around the basins.

Potential

evapotranspiration (ETp)

ET was derived from the Global Aridity and PET Database.
(https://cgiarcsi.community/data/global- aridity-and- pet- database/)

Digital elevation model
(DEM)

DEM was derived from the Geospatial Data Cloud (https://www.gscloud.cn/), and the surface analysis tool in ArcGIS 10.8 was utilized to
extract slope data from DEM data.

Normalized difference
vegetation index (NDVT)

NDVI was obtained from the Geospatial Data Cloud (https://www.gscloud.cn/), and the maximum value of monthly data was extracted by the
maximum composition method to form an annual data set.

Basin vector boundary
data

The data was provided by Hainan Provincial Water Department.
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Lucode LULC_desc Kc |Root_depth LULC_veg

11 Paddy field 0.75 2,000 1
12 Dry land 0.5 300 1
21 Forest land 1 3,000 1
22 Shrubwood 1 3,000 1
23 Sparse wood 0.85 1,000 1
24 Other forestland 0.85 1,000 1
31 High coverage grasslands 0.65 1,750 1
32 Moderate coverage grasslands| 0.5 1,300 1
33 Low coverage grasslands 0.3 1,000 1
41 Graff 1 1 0
42 Lake 1 1 0
43 Reservoir and pond 1 i 0
45 Tidal flat 0.7 1,000 0
46 Floodplain 0.5 1,000 0
51 Urban land 0.3 500 0
52 Rural residential area 0.5 100 0
53 Other built land 0.3 | 0
61 Sand 0.3 1 0
64 Swampland 0.3 1 0
65 Bare land 0.5 1 0






