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Optimization of tropical rainforest ecosystem management: implications from the responses of ecosystem service values to landscape pattern changes in Hainan Tropical Rainforest National Park, China, over the past 40 years
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Exploring the comprehensive impact of landscape pattern changes on regional ecosystem service values (ESVs) over a long time series is significant for optimizing ecosystem management. This study took Hainan Tropical Rainforest National Park (HTRNP) as a case and first assessed its five vital ecosystem services (ESs): water supply (WS), water purification (WP), carbon storage (CS), soil retention (SR), and habitat quality (HQ). Based on the ESs assessment results, we further calculated their ESVs and quantified the responses of ESVs to landscape pattern changes during 1980–2020. The results revealed that: (1) Forestland is the basal landscape type of HTRNP. Landscape patterns changed significantly after 2000; the proportion of both cultivated land and grassland decreased, while the proportion of forestland, water, and construction land increased; with the areas and landscape dominance of both forestland and water increased, the agglomeration and connectivity of the overall landscape increased and its homogenization decreased. (2) WS, WP, CS, and SR services tended to weaken, and HQ service tended to strengthen. The spatial heterogeneities of WS and SR changed significantly over time. WS, HQ, SR, and CS are the main contributors to the total ESV. During 1980–2020, the four ESVs of WS, WP, SR, and CS showed a decreasing trend; HQ’s ESV tended to increase, and the total ESV tended to decrease. (3) The increase of areas and dominance in forestland and water was the main reason that HQ’s ESV tended to increase, and WP’s ESV and CS’s ESV tended to decrease. The construction land scale was relatively small, so its impacts on ESVs were limited. The responses of both WS’s ESV and SR’s ESV to landscape pattern changes were insignificant due to the impacts of topographic and climatic factors. The study results provide a reference for managing and optimizing HTRNP’s ecosystem to improve its integrated benefits of crucial ESs.
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1. Introduction

The concept of ecosystem service (ES) was first introduced in the report “Man’s Impact on the Global Environment,” published by the United Nations University (UNU) in the early 1970s. The introduction of this concept built a bridge between ecosystems and humans, emphasizing the importance of ecosystems to human welfare (Schröter et al., 2019). The welfare of humans depends on tangible services (such as food, medicines, and raw materials) and intangible services (such as ecotourism, aesthetic beauty, cultural landscapes, climate regulation, and flooding resistance) provided by forests, wetlands, and other ecological systems to maintain and guarantee (Ayensu et al., 1999; Kemkes et al., 2010; Hernández-Morcillo et al., 2013). The Millennium Ecosystem Assessment (MA) (Millennium Ecosystem Assessment, 2005) defined the ESs as the benefits humans derive from ecosystems and classified them into four categories: provisioning services, regulating services, supporting services, and cultural services. For human societies to fully recognize these ESs, the ecosystem service values (ESVs) accounting is gradually becoming an effective way to understand ecosystems’ multiple benefits (Guo et al., 2001). Costanza et al. (1997) have also pointed out that ESs monetization can help increase policymakers’ attention to ESs. While this approach to assigning economic values to ESs has raised questions and concerns among some scholars (Fairhead et al., 2012), it is undeniable that the approach of quantifying ESs in the form of a common currency has allowed people to weigh the relative importance of ESs against other services, and the importance of ESs was enhanced (Tallis and Kareiva, 2005; De Groot et al., 2012; Guswa et al., 2014). With the gradual development of relevant studies on ESVs (Kroeger and Casey, 2007; Campbell and Tilley, 2014; Salzman et al., 2018), the concept of ES has also been further improved and promoted.

The landscape pattern is a mixture of natural and human-managed patches (Turner, 1987). Landscape pattern changes have been widely identified as one of the essential driving factors of ES changes, and they affect the ESs supply by changing ecological processes (such as material cycles and energy distributions of regional ecosystems), thereby affecting ESVs (Lawler et al., 2014; Wang et al., 2015; Li et al., 2021). In recent years, research about the impacts of landscape types changes on ESs has progressed, and the research scales cover global and national (Arowolo et al., 2018; Kubiszewski et al., 2020), urban (Wang et al., 2018), watershed (Loomisa et al., 2018; Kertész et al., 2019), and agro-ecosystem (Baude et al., 2019). Research on the correlation mechanism between ESVs and landscape pattern changes has also made some progress: Yushanjiang et al. (2018) analyzed the spatial correlation among ESVs and landscape patterns in the Ebinur Lake watershed, Xinjiang; Hou et al. (2020) explored the correlation between ESVs and landscape pattern changes in Xi’an.

According to Aryal et al. (2022), most of the study regions are located in temperate regions, but there is still a lack of studies on the ESs in tropical regions, especially in developing countries. Although tropical regions only cover 40% of the Earth’s surface, they have the wealthiest species resources in the world (Barlow et al., 2018). Forest ecosystems cover most of the world’s tropical regions. They are the primary source of ESs supply in the tropics, but their ESs supply capacity is rapidly declining as the intensity of human activities and the demand for product supply keep increasing (Watson et al., 2018; Hoang and Kanemoto, 2021). Recently, some studies have been conducted on forest ecosystems in tropical regions such as Amazon Plain (Navrud and Strand, 2018; Piponiot et al., 2019) and Congo Basin (Cuni-Sanchez et al., 2019). In China, relevant studies were mainly focused on the tropical rainforest in Xishuangbanna, Yunnan Province (Liu et al., 2019; Fang et al., 2020).

Hainan tropical rainforest is the most concentrated, best preserved, and largest contiguity of continental island tropical rainforest in China. It has the world’s unique plant and animal species and germplasm gene bank; it is the only habitat for critically endangered species such as the Hainan gibbon (Nomascus hainanus) in the world; and it is also the ecological safety barrier of Hainan Island. The dense tropical rainforest is the primary source of ESs supply on Hainan Island and is an essential ecosystem with national representation and global conservation significance. On 12 October 2021, Hainan Tropical Rainforest National Park (HTRNP) was officially established as one of the five national parks in China at the 15th Conference of the Parties (COP 15) Leaders’ Summit of the United Nations Convention on Biological Diversity (CBD). Compared to other countries, the national park construction in China started late, and due to the remote location and unique island environment of Hainan Island, there need to be more relevant studies on the ESs within the HTRNP. Recently, Li L. et al. (2022) analyzed the spatial autocorrelation in the ESVs and land-use types in HTRNP in 2018 using the value equivalent conversion method proposed by Xie et al. (2015), advancing the research process of ESV in HTRNP. However, this method is mainly based on assigning values to each landscape type to calculate ESVs, and its assignment is mainly based on the knowledge and experience of experts, which has a certain degree of subjectivity and uncertainty (Chen et al., 2020). Therefore, to more objectively quantify the correlation between ESVs and landscape patterns, this study aims to: (1) explore the spatial-temporal changes of HTRNP’s landscape patterns during 1980–2020; (2) quantitatively assess the spatial-temporal changes of ESs in HTRNP and the trends of ESVs during 1980–2020; and (3) explore the responses of ESVs to landscape pattern changes in HTRNP during 1980–2020.



2. Materials and methods


2.1. Study area

Hainan Tropical Rainforest National Park (HTRNP) is located in the central mountainous region of Hainan Island, China (Figure 1) (18°33′16″-19°14′16″N, 108°44′32″-110°04′43″E). The whole park reaches nine cities and counties of Wuzhishan, Qiongzhong, Baisha, Dongfang, Lingshui, Changjiang, Ledong, Baoting, and Wanning, covering the five National Nature Reserves (NNRs) of Wuzhishan (WZS), Yinggeling (YGL), Jianfengling (JFL), Bawangling (BWL), and Diaoluoshan (DLS), with a total area of 439,800 hm2, accounting for about 14.28% of the island’s land area. HTRNP has a tropical maritime monsoon climate with an average annual temperature between 22.5 and 26.0°C, average annual precipitation of 1,759 mm, and annual sunshine hours between 2,000 and 2,700 h.
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FIGURE 1
Location of the study area. JFL, Jianfengling; YGL, Yinggeling; BWL, Bawangling; WZS, Wuzhishan; DLS, Diaoluoshan.


The unique geographical and climatic environment has shaped China’s precious tropical rainforest ecosystem. Since the establishment of Hainan as a province in 1988, the implementation of a series of strategies, such as the construction of Hainan International Tourism Island, has promoted the economic development of cities and counties, which is bound to bring a certain degree of impacts on the landscape patterns of the HTRNP, and then affect some essential ESs related to human well-being. Therefore, it is urgent to quantitatively assess the landscape pattern changes in the HTRNP and its impacts on the critical ESs benefits.



2.2. Data sources and processing

Multi-source datasets were adopted in this study (Table 1). The land use/land cover (LULC) data comes from China’s Multi-Period Land Use/Land Cover Remote Sensing Monitoring Dataset (CNLUCC) (Xu et al., 2018), and the spatial resolution is 30 m. We unified all the raster data to a spatial resolution of 30 m based on the ArcGIS v10.2 platform, and the projection coordinate system was unified to WGS_1984_Albers. The framework of this study is shown in Figure 2.


TABLE 1    Data information.
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FIGURE 2
The framework of this study.




2.3. Landscape patterns analysis


2.3.1. Analysis of landscape type changes

Based on the LULC data, the landscape types of HTRNP were divided into five categories: cultivated land, forestland, grassland, water, and construction land. This study used the transfer matrix to analyze the landscape types transition in two adjacent time nodes (1980–1990, 1990–2000, 2000–2010, and 2010–2020) during 1980–2020.



2.3.2. Analysis of landscape index changes

Based on the actual situation of HTRNP and related study (Li L. et al., 2022), ten landscape indices were selected from Landscape and Class levels: percent of landscape (PLAND), number of patches (NP), patch density (PD), mean patch size (MPS), landscape shape index (LSI), largest patch index (LPI), Shannon’s diversity index (SHDI), Shannon’s evenness index (SHEI), contagion (CONTAG), and aggregation index (AI). These indices were calculated based on Fragstats v4.2 platform.




2.4. ES indicators selection and assessment

With reference to the ES classification system of The Economic of Ecosystems and Biodiversity (TEEB), and considering the availability and accessibility of data, this study finally selected five important ES indicators based on the characteristics of HTRNP: (1) water supply (WS) and water purification (WP): HTRNP is the source of three major rivers (Nandu, Changhua, and Wanquan) and the primary water source of two major reservoirs (Songtao and Daguangba) on Hainan Island, the WS and WP services of HTRNP is essential for maintaining and regulating the hydrological services of island-wide ecosystems (Li A. et al., 2022); (2) carbon storage (CS), soil retention (SR), and habitat quality (HQ): HTRNP has preserved the largest tropical rainforest and monsoon rainforest ecosystem in China, it is not only the most significant carbon pool of Hainan Island, but also plays a vital role in soil conservation and biodiversity protection (Yu et al., 2016); the abundant rainfall in HTRNP increases the potential risk of soil erosion and poses a threat to biological habitats. The Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) (Tallis and Polasky, 2009; Sharp et al., 2016) model has been widely used for the ESs assessment, so we applied InVEST v3.12 model to evaluate the biophysical values of the above five ESs. And referring to “The Technical Guideline on Gross Ecosystem Product (GEP)” issued by the Ministry of Ecology and Environment of the People’s Republic of China in 2020, and related research (Chen et al., 2021), the assessment methods (including biophysical and monetary values) of the five ES indicators for HTRNP were established (Table 2).


TABLE 2    Ecosystem service indicators and assessment methods for HTRNP.
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2.4.1. Water supply

The biophysical value of WS was assessed using the AWY module. This module is based on the water balance principle and considers several factors, such as transpiration, evaporation, and precipitation. The calculation formula is as follows:
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where Yxj is the annual water yield on the pixel x of the landscape type j (mm); AETxj is the actual annual evapotranspiration on the pixel x of the landscape type j (mm); Px is the annual precipitation on the pixel x (mm) (Qi et al., 2019). The maximum root depth (Root_depth), plant evapotranspiration coefficient (Kc), and actual evapotranspiration value (LULC_veg) in the biophysical coefficient table (Supplementary Table 1) were set according to Zheng et al.’s (2019) research on the central mountainous region of Hainan Island. Zhang’s coefficients for each year were set by referring to the measured data of the Fucai hydrological station in HTRNP (Li A. et al., 2022) after several adjustments. The monetary value of WS was assessed using Alternative costing method. The calculation formula is as follows:
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where Vws is the monetary value of WS (CNY/a); Qws is the total annual water supply (m3/a); C is the engineering cost of reservoir constructing per unit capacity (CNY/m3). According to the “Yearbook of China water resources,” the average reservoir capacity cost is 2.17 CNY/m3, then C was calculated as 7.0547 CNY/m3 based on the 2009 price index (3.251) (Fang et al., 2013).



2.4.2. Water purification

The biophysical value of WP was assessed using the NDR module, which inversely characterizes the WP service function by the total nitrogen (TN) and total phosphorus (TP) exports. The higher the TN and TP exports per unit area, the weaker the WP service function. The calculation formula is as follows:
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where ALVx is the adjusted loading value on the pixel x; polx is the export coefficient on the pixel x; HSSx is the hydrologic sensitivity score on the pixel x, λx is the runoff index on the pixel x, [image: image] is the average runoff index in the watershed of interest (Qi et al., 2019). Nitrogen (N) and phosphorus (P) export coefficients and retention efficiency (Supplementary Table 2) for landscape types were set with reference to relevant studies (Zhe et al., 2013; Zheng et al., 2019). The monetary value of WP was assessed using Alternative costing method. The calculation formula is as follows:
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where Vwp is the monetary value of WP (CNY/a); TN and TP are the total amount of TN and TP purification (t/a); PN and PP are the purification unit-prices of TN and TP (CNY/t), and the values are 1,750 and 2,800 CNY/t, respectively, according to the “Levy standard of pollution discharge fees and calculation methods” of the National Development and Reform Commission of China (Fan and Li, 2020).



2.4.3. Carbon storage

The biophysical value of CS was assessed using the CSS module, which estimates CS based on each landscape type and its corresponding four primary carbon pools. The calculation formula is as follows:
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where Ctotal is the total CS (t/hm2); Cabove, Cbelow, Csoil, and Cdead are aboveground CS (t/hm2), belowground CS (t/hm2), soil CS (t/hm2), and dead organic CS (t/hm2), respectively. As the vegetation of HTRNP is mainly evergreen broad-leaved species of zonal forest type, its dead organic CS is tiny and difficult to estimate (Gong et al., 2022). This part of CS was not calculated in this study. Other three types of carbon density were set (Supplementary Table 3) with reference to Liu et al.’s (2022) study. The monetary value of CS was assessed using a combination of Alternative costing and Carbon tax methods. The calculation formula is as follows:
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where Vcs is the monetary value of CS (CNY/a); Ct is the total CS (t/a). To obtain more accurate monetary value assessment results, this study referred to Wang et al.’s (2017) study, the unit-price of forest carbon sink in Alternative costing method used the arithmetic average of four unit-prices (251.40, 260.90, 273.30, and 305.00 CNY/t); the Carbon tax method used the international Swedish carbon tax rate (150 USD/t = 1,017.675 CNY/t, the exchange rate was calculated as 100 USD = 678.45 CNY on 29 January 2023).



2.4.4. Soil retention

The SDR module assesses SR’s biophysical value based on the Revised Universal Soil Loss Equation (RUSLE). The calculation formula is as follows:
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where Ax is the SR amount on the pixel x (t⋅hm–2⋅a–1); Rx is the rainfall erosivity factor on the pixel x (MJ⋅mm⋅hm–2⋅h–1⋅a–1); Kx is the soil erodibility factor on the pixel x (t⋅hm2⋅h⋅hm–2⋅MJ–1⋅mm–1); LSx is the topographical factor on the pixel x; Cx is the crop-management factor on the pixel x; Px is the support practice factor (Qi et al., 2019). R was calculated using the rainfall erosion force model (Zhang and Fu, 2003), Rj is the rainfall erosion force in year j (MJ⋅mm⋅hm–2⋅h–1⋅a–1), Pj is the rainfall in year j (mm). K was calculated using the Erosion-Productivity Impact Calculator (EPIC) model (Williams, 1995), the KEPIC was corrected according to Zhang et al. (2008). The values of C and P were set (Supplementary Table 4) according to the relevant studies (Xiao, 1999; Zheng et al., 2019). The monetary value of SR (including the value of both sedimentation reduction and non-point source pollution reduction) assessed using the Alternative costing method. The calculation formula is as follows:
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where Vsr is the monetary value of SR (CNY/a); Vsd is the value of sedimentation reduction (CNY/a); Vdpd is the value of non-point source pollution reduction (CNY/a); λ is the sedimentation coefficient, taking the value of 0.24 (Sheng et al., 2010); Qsr is the SR amount (t/a); C is the cost of reservoir desilting project per unit area (CNY/m3), according to the “The building built water engineering budget norm” of the Ministry of Water Resources of the People’s Republic of China, the value of C is 17.63 CNY/m3 (Yu et al., 2020); ρ is the soil capacity (t/m3), according to the average of the measured data of each forest ecosystem type in the central mountainous region of Hainan island in 2008, the value of ρ is 1.28 t/m3 (Liu et al., 2009); Ci is the pure content of N (or P) in soil (%), and it was determined that the content of N and P in soil of China are 0.370 and 0.108%, respectively (Wang L. et al., 2017); Pi is the degradation cost of N (or P), according to the “Levy standard of pollution discharge fees and calculation methods,” the degradation costs of N and P are 1,750 and 2,800 CNY/t, respectively (Fan and Li, 2020).



2.4.5. Habitat quality

The biophysical value of HQ was assessed using the HQ module. The value of the HQ index is in the range of [0,1], and the higher value indicates the higher level of biodiversity. The calculation formula is as follows:
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where Qxj is the HQ on the pixel x of the landscape type j; Hj is the habitat suitability of the landscape type j; Dxj is the total threat level on the pixel x of the landscape type j; K is the half-saturation coefficient, generally taking a value of 0.5; z is a scaling factor, generally taking a value of 2.5 (Yang et al., 2021). Referring to the studies on HTRNP and its neighboring regions (Lei et al., 2022; Yao et al., 2022), paddy fields, dry land, rural residential areas, other construction lands, and expressways were selected as threat factors in this study. The impact distance and weight of the threat factors (Supplementary Table 5) and the sensitivity of each landscape type (Supplementary Table 6) were set with reference to the model manual and the above studies. Referring to related research (Xiao et al., 2014; Sun et al., 2019), the monetary value of HQ was assessed based on the area of excellent HQ regions, and the ecological benefit of the excellent HQ region is about 191.28 × 104 CNY/km2. The excellent HQ regions were obtained by referring to Lei et al.’s (2022) study using the Natural Breaks method to classify the HQ spatial distribution into four classes (Poor: 0–0.3, Medium: 0.3–0.7, Good: 0.7–0.9, and Excellent: 0.9–1.0).




2.5. Correlation mechanism analysis between ESVs and landscape patterns


2.5.1. Correlation test between variables

Testing whether there is a correlation between landscape indices and various types of ESVs is a critical a priori step in exploring the correlation between ESVs and landscape pattern changes, to test whether correlations exist among variables, whether the direction and magnitude of the correlations are as expected, and whether they apply to subsequent more complex multivariate analyses (Cen, 2016; Ge, 2020).



2.5.2. Ranking analysis of the correlation between ESVs and landscape patterns

The ranking analysis is widely used in ecological studies to explain the response relationships between species and environmental variables, this method can effectively downscale the multi-dimensional information, and its analysis results are concise and intuitive (Legendre, 2008; Cen, 2016). According to the results of DCA (length of gradient <3), this study applied the Redundancy Analysis (RDA) based on the Canoco v5.0 platform to rank the correlation between ESVs and landscape patterns. The RDA is a ranking analysis method combining regression and Principal Component Analysis (PCA). It is an extension of multiple regression analysis and can be used to model multivariate response data. The RDA ranking chart can visualize the relationship between environment and response variables (Rao et al., 2016). The angle between their arrows reflects the correlation between them: when the angle <90°, it indicates a positive correlation between the variables, and the smaller the angle, the stronger the positive correlation; when the angle >90°, it indicates a negative correlation between the variables, and the larger the angle, the stronger the negative correlation; when the angle = 90°, it shows that the variables are not correlated with each other (Li C. et al., 2022).





3. Results


3.1. Landscape pattern changes


3.1.1. Landscape type changes from 1980 to 2020

From both the distribution (Figure 3) and proportion (Figure 4) of landscape types, forestland is the most dominant landscape type in the HTRNP, followed by grassland, and construction land occupies a minor proportion. During 1980–2020, the proportion of forestland fluctuated between 89.86 and 90.29%, with little overall change; the proportion of cultivated land, grassland, and water changed relatively significantly. The conversion between different landscape types became frequent after 2000, especially during 2000–2010. The total area conversion reached 13,446.00 hm2 and then gradually eased after 2010.
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FIGURE 3
Spatial distribution of landscape types in HTRNP during 1980–2020.



[image: image]

FIGURE 4
Landscape type changes in HTRNP during 1980–2020.


(1) During 2000–2010, grassland, cultivated land, and forestland areas were transferred out more obviously, accounting for 52.06, 33.18, and 14.72% of the total area transferred out, respectively. Although forestland was one of the primary sources of transfer out area, its proportion showed positive growth because of the significant area input of grassland and cultivated land (Figure 4). The conversions of cultivated land in the northwest and grassland in the southeast to water and forestland, respectively, were evident (Figure 3). (2) The magnitude of changes in landscape types during 2010–2020 was less than in the previous period (Figure 4), and spatially (Figure 3), only the conversion of part of the northwestern water to cultivated land was slightly noticeable. Although the conversion between forestland and grassland was apparent (Figure 4), the main areas’ conversion was limited between these two types, and the number of areas transferred between them was similar. Hence, the changes in the proportion of these two types were relatively small.



3.1.2. Landscape index changes from 1980 to 2020

During 1980–2020, at the Landscape level (Figure 5): NP and PD showed a trend of “slow decline – rapid decline – rapid rise,” with a slight overall decline, indicating that landscape fragmentation and heterogeneity of HTRNP tended to decline; SHDI and SHEI showed a trend of “slow decline – rapid decline – slow rise,” with an overall decline, indicating that the homogeneity of the HTRNP’s landscape decreased, the dominant landscape patch types tended to be prominent, and the distribution of landscape patch types in HTRNP tended to be uneven, which may be related to the shrinkage of both grassland and cultivated land and the expansion of both forestland and water. CONTAG and AI showed a trend of “slow rise – rapid rise – slow decline,” these two indices tended to increase overall, indicating that the connectivity of the dominant landscape in HTRNP was enhanced, and the degree of landscape agglomeration was increased.
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FIGURE 5
Landscape index changes in HTRNP during 1980–2020. PLAND, percent of landscape; NP, number of patches; PD, patch density; MPS, mean patch size; LSI, landscape shape index; LPI, largest patch index; SHDI, Shannon’s diversity index; SHEI, Shannon’s evenness index; CONTAG, contagion; AI, aggregation index.


At the Class level (Figure 5): (1) Cultivated land: NP and PD tended to increase, PLAND, LPI, and MPS tended to decrease, indicating that the cultivated land tended to be fragmented and its landscape dominance decreased; LSI tended to increase, indicating that the landscape shape tended to be complex. (2) Forestland: NP and PD tended to decrease, indicating an increase in forestland aggregation; the three indices of PLAND, LPI, and MPS of forestland were the highest among the five landscape types, and all tended to increase, indicating the landscape pattern of HTRNP were dominated by large patches of forestland, and the landscape dominance of forestland tended to increase; LSI tended to decrease, indicating its landscape shape become more regularized. (3) Grassland: grassland had the highest NP and PD among the five landscape types, indicating the highest degree of fragmentation in grassland landscape, but its fragmentation tended to decrease; LPI changed less, PLAND and MPS tended to decrease, indicating a decrease in its fragmentation was related to the conversion of some small scattered patches to other landscape patch types; LSI tended to decrease, indicating that the landscape shape tended to be regularized. (4) Water: NP and PD tended to increase but at a lower rate; PLAND, LPI, and MPS all tended to increase, indicating an increase in landscape dominance; LSI tended to decrease in general, indicating that the landscape shape tended to be regularized. (5) Construction land: NP, PD, PLAND, LPI, and MPS increased slightly, indicating its area was increasing in fragmented patches; LSI tended to increase, indicating its shape became complex. In summary, landscape indices at both levels changed significantly during 2000–2020.




3.2. Spatial-temporal changes of ESs


3.2.1. Temporal changes of ESs from 1980 to 2020

All the five ESs of HTRNP showed varying degrees of trends during 1980–2020 (Figure 6).
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FIGURE 6
Temporal changes of ESs in HTRNP during 1980–2020. WY, water yield; TN, total nitrogen; TP, total phosphorus; CS, carbon storage; SR, soil retention; HQ, habitat quality.


(1) WS: WS’s biophysical value decreased continuously during 1980–2010; the decrease was more evident during 1990–2010, the total WY decreased by 14.16%, and the average WY depth decreased from 1,265.83 to 1,090.93 mm; it rebounded after 2010. There has been a declining trend in WS over the past 40 years, with total annual WY decreasing by 7.82%. (2) WP: the average TN and TP exports both decreased rapidly during 2000–2010, with the average TN export decreasing from 9.19 × 10–2 kg/hm2 to 9.09 × 10–2 kg/hm2 and the average TP export decreasing from 7.13 × 10–3 kg/hm2 to 6.91 × 10–3 kg/hm2. The total exports of both TN and TP had decreased slightly over the past 40 years, by 1.24 and 2.88%, respectively. (3) CS: the average CS declined rapidly during 2000–2010, from 12.97 t/hm2 to 12.92 t/hm2, and the total CS decreased by 0.53%; it rebounded slightly after 2010. There has been a slight overall downward trend in CS over the past 40 years, with a total reduction of 0.35%. (4) SR: the biophysical value of SR decreased significantly during 2010–2020, with a 25.81% decrease in total SR and a decrease in SR capacity per unit area from 908.68 t/hm2 to 673.60 t/hm2. SR decreased from 1980 to 2020, and the total SR decreased by 33.18%. (5) HQ: the biophysical value of HQ rose rapidly during 2000–2010, with the average HQ index peaking at 0.964; it dropped slightly to 0.963 after 2010. The overall HQ remained high and tended to increase during 1980–2020, the proportion of excellent HQ zone remained above 80%, and the average HQ index remained above 0.960.



3.2.2. Spatial changes of ESs from 1980 to 2020

The mean values of ESs at the sub-watershed scale were calculated based on the Zonal Statistics tool of ArcGIS v10.2 platform, and the ESs were normalized from 0 to 1 (Low to High) for each year to facilitate comparison across years (Xia et al., 2023). All five ESs of HTRNP showed different degrees of spatial heterogeneity during 1980–2020 (Figure 7).
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FIGURE 7
Spatial patterns of ESs in HTRNP during 1980–2020. WS, water supply; TN, total nitrogen; TP, total phosphorus; CS, carbon storage; SR, soil retention; HQ, habitat quality.


(1) WS: the spatial heterogeneity of WS is “high in the east and low in the west.” This spatial heterogeneity tended to be significant during 2000–2010, the WS in the southwestern region (including JFL NNR) continued to decrease, and the low-value regions expanded toward the BWL and YGL NNRs in the central region. This trend decreased in 2020. The high-value regions were mainly concentrated in the southeast (including WZS and DLS NNRs). (2) WP: the spatial distribution of both TN and TP exports showed a gradient pattern increasing from the southwestern region (including JFL NNR) to the central region (including BWL and YGL NNRs) and then to the southeastern region (including WZS and DLS NNRs). The high-value regions in the northwest showed a transformation trend to the low-value regions. (3) CS: CS’s spatial heterogeneity did not vary significantly, the low-value regions were concentrated in the northwest, and the high-value regions were concentrated in the southwest (including JFL NNR). (4) SR: SR’s spatial heterogeneity was observed. The low-value regions in the southwest (including JFL NNR) showed a significant expansion during 2000–2010. This trend decreased in 2020. (5) HQ: the spatial heterogeneity of HQ was not observed and did not change significantly. Relatively, the HQ in the northwestern region was slightly lower.




3.3. ESV changes from 1980 to 2020

The total ESV has decreased over the past 40 years (Figure 8), with the most significant decrease during 2000–2010 and a slight rebound in 2020, with a total reduction of 494,419.03 × 104 CNY. The trends of ESVs are the same as those of ESs: (1) WS’s ESV tended to decrease, but its value weight was still the highest among all ESVs, which may be related to the particular topography and climate of HTRNP: the high altitude and rugged terrain of the HTRNP have a lifting effect on moist air currents, resulting in significant rainfall, and the high altitude also results in low evapotranspiration, all of which contribute to higher WS (Xia et al., 2023). (2) WP’s ESV showed a slight decrease, its value weight was almost 0%, and this may be related to the low TN and TP loads in HTRNP: most of the regions in the HTRNP are sloping and unsuitable for cultivation, so the area of cultivated land is relatively small, resulting in less nitrogen and phosphorus loading from agricultural surface runoff, and thus the amount of purification is less, leading to a low ESV of WP Zhe et al. (2013). (3) CS’s ESV declined slightly. Its value weight fluctuated around 7% with insignificant changes. (4) SR’s ESV continued to decrease, with a significant drop during 2010–2020, and its value weight plummeted to about 7%, close to that of CS. (5) HQ’s ESV tended to increase slightly, and its value weight tended to rise, second only to WS. This phenomenon demonstrated the overall better HQ of HTRNP and indicated that the HQ service was gradually being valued.
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FIGURE 8
Ecosystem service value changes in HTRNP during 1980–2020. ES, ecosystem service; ESV, ecosystem service value; WS, water supply; WP, water purification; CS, carbon storage; SR, soil retention; HQ, habitat quality.




3.4. Analysis of the correlation mechanism between ESVs and landscape patterns


3.4.1. Correlation test between variables

The landscape indices, landscape areas, and ESVs of HTRNP during 1980–2020 were used as data sources to test the correlation between these variables. The correlation test was performed based on the IBM SPSS Statistics v26 platform, using the Spearman correlation coefficient as a measure and a two-tailed t-test for the significance of the correlation coefficient. The results showed (Supplementary Figure 1) that the variables had different degrees of correlation.

Based on the previous analysis of the HTRNP’s landscape pattern changes, it can be noted that the trends between some of the indices are very similar, indicating that there may be some degree of correlation between them. The strong correlation between indices will result in indices that do not satisfy the statistical properties of mutual independence, causing duplication and redundancy in the mathematical and theoretical significance of subsequent studies, thus affecting the accuracy of the results (Cen, 2016; Ge, 2020). Therefore, in this study, the landscape indices with low correlations were further screened based on the results of the correlation test for subsequent ranking analysis: (1) Landscape level: PD, SHDI, and CONTAG; (2) Class level: PD, LPI, and LSI.



3.4.2. Ranking analysis of the correlation between ESVs and landscape patterns

The RDA ranking analysis (Figure 9) was conducted based on the Canoco v5.0 platform using ESVs as response variables and the landscape areas and indices as environmental variables. Based on the correlation test results between landscape indices, the environmental variable groups are as follows: (1) Landscape level: PD, SHDI, and CONTAG; (2) Class level: LPI, PD, and LSI.
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FIGURE 9
Redundancy analysis ranking chart. (A) cultivated land area; (B) landscape indices of cultivated land; (C) forestland area; (D) landscape indices of forestland; (E) grassland area; (F) landscape indices of grassland; (G) water area; (H) landscape indices of water; (I) construction land area; (J) landscape indices of construction land; (K) landscape indices at landscape level. WS, water supply; WP, water purification; CS, carbon storage; SR, soil retention; HQ, habitat quality; PD, patch density; SHDI, Shannon’s diversity index; CONTAG, contagion; LPI, largest patch index; LSI, landscape shape index.


(1) The changes of landscape types over the past 40 years have impacted ESVs. The explanatory degree of cultivated land (84.3%), forestland (85.8%), grassland (85.7%), and water (85.1%) areas are all higher to ESVs, indicating that changes in these four landscape types had significant effects on ESVs. In comparison, the explanatory degree of construction land (39.5%) area is lower, indicating that its changes had weaker effects on ESVs, which may be related to its small area. WP and CS have a strong positive correlation with the areas of grassland and cultivated land and a strong negative correlation with the areas of forestland and water; SR has a strong negative correlation with the area of construction land; HQ has a strong positive correlation with the areas of forestland and water and a strong negative correlation with the areas of grassland and cultivated land.

(2) At the Class level: landscape indices’ effects on ESVs across landscape types vary.

Cultivated land: the explanation degree of LPI to ESVs is the highest, reaching 85.7%, followed by PD; LSI has the lowest explanatory degree and did not explain changes in ESVs significantly (p > 0.10), and also had a weak correlation with ESVs. WP-LPI and CS-LPI have strong positive correlations, while HQ-LPI and SR-PD have strong negative correlations.

Forestland: the explanation degree of LPI to ESVs is the highest, reaching 85.8%, followed by LSI; PD has the lowest explanatory degree and did not explain changes in ESVs significantly (p > 0.10). WP-LSI, CS-LSI, and HQ-LPI have strong positive correlations, while WP-LPI, CS-LPI, and HQ-LSI have strong negative correlations.

Grassland: the explanation degree of PD to ESVs is the highest, reaching 83.7%, followed by LPI; LSI has the lowest explanatory degree and did not explain changes in ESVs significantly (p > 0.10). WP-PD and CS-PD have strong positive correlations, while HQ-PD has strong negative correlations.

Water: the explanation degree of LPI to ESVs is the highest, reaching 84.9%, followed by LSI; PD has the lowest explanatory degree. HQ-LPI has strong positive correlations, while WP-LPI and CS-LPI have strong negative correlations.

Construction land: compared with other landscape types, the explanatory degrees of landscape indices of construction land to ESVs are lower. The index with the highest explanatory degree is LSI (explanatory degree only reached 56.1%), followed by LPI; PD has the lowest explanatory degree and did not explain changes in ESVs significantly (p > 0.10). SR-LSI and SR-LPI have strong negative correlations.

(3) At the Landscape level: the explanation degree of CONTAG to ESVs is the highest, reaching 82.0%, followed by PD; SHDI has the lowest explanatory degree and did not explain changes in ESVs significantly (p > 0.10). HQ-CONTAG has strong positive correlations, while WP-CONTAG and CS-CONTAG have strong negative correlations.





4. Discussion


4.1. Responses of ESVs to landscape pattern changes

The period 2000–2020 is a period of more pronounced changes in landscape patterns and ESVs of HTRNP, the landscape pattern changes in the four landscape types of cultivated land, forestland, grassland, and water had significant effects on the three types of ESVs: WP, CS, and HQ.

For WP’s ESV, the increases in areas and landscape dominance of both forestland and water had adverse inhibitory effects on WP’s ESV. As mentioned previously, the WP’s ESV in HTRNP is strongly influenced by loads of TN and TP, from which it can be inferred that the decrease of WP’s ESV may be related to the decrease of the total load. Different landscape types have different TN and TP loads per unit area: water has less TN and TP loads per unit area than cultivated land, and forestland has less TN and TP loads per unit area than grassland. During 2000–2010, as a result of the Daguangba Reservoir construction and tropical economic forest planting (Han et al., 2022; Li A. et al., 2022), cultivated land was converted to water mainly in the northwestern region in the form of aggregated large patches, and grassland was converted to forestland mainly in the southeastern region in the form of scattered small patches, resulted in increases in the areas and landscape dominance of both water and forestland (Figure 10A), and the decrease in total loads that was greater than the decrease in total exports, which ultimately led to the decrease in WP’s ESV.
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FIGURE 10
Spatial changes in landscape types of HTRNP. (A) Spatial changes in landscape types during 2000–2010; (B) spatial changes in landscape types during 2010–2020. JFL, Jianfengling; YGL, Yinggeling; BWL, Bawangling; WZS, Wuzhishan; DLS, Diaoluoshan.


The response of CS’s ESV to the landscape pattern changes was similar to that of WP’s ESV. Although the expansion of forestland has driven CS growth, it was insufficient to compensate for the loss of CS due to the shrinkage of cultivated land and grassland. Thus, the CS’s ESV showed a slightly decreasing trend.

The increases in areas and landscape dominance of forestland and water significantly affected HQ’s ESV. As their areas and landscape dominance increased, the landscape connectivity in HTRNP was enhanced, promoting the formation of intact habitats. Thus, the HQ’s ESV showed an increasing trend.

For HTRNP, although the decreases in cultivated land area and its LPI, grassland area and its PD led to the decrease of WP’s ESV, from a macro perspective, it reduced the water purification pressure of HTRNP. This finding is consistent with the conclusion of Xia et al. (2021). The areas and LPIs of forestland and water showed significant positive driving effects on HQ’s ESV, cultivated land area and LPI, grassland area and PD showed significant adverse inhibitory effects on HQ’s ESV. These findings are consistent with the conclusions of Dai et al. (2019) and Mandal and Chatterjee (2021).

For WS’s ESV, the increases in areas and landscape dominance of both forestland and water had adverse inhibitory effects, resulting in a decrease in WS’s ESV. This may be related to the difference in the ability of different landscape types to intercept surface runoff: the water yield of cultivated land and grassland is generally more significant than that of water and forestland because their ability to impound surface runoff is weaker than that of water and forestland (Li A. et al., 2022). Therefore, WS’s ESV tended to decrease with the conversion of cultivated land to water and grassland to forestland. In 2010, the construction of International Tourism Island in Hainan Province was officially elevated to a national strategy, converting some forestland to construction land in HTRNP (Li, 2022). For SR’s ESV, the increase in the area and the shape complexity of construction land after 2010 had a slightly significant negative inhibitory effect on SR’s ESV. However, the effect degree was limited, which may be related to its small expansion scale (Figure 10B). In addition, the increasing fragmentation of cultivated land also had a slightly significant negative inhibitory effect on the SR’s ESV, which is consistent with the conclusion of Xia et al. (2021). This may be due to the increased soil erosion caused by cultivated land fragmentation (Mitchell et al., 2015). Compared with other ESs, the factors affecting WS and SR services are more comprehensive and complex, these two ESs are not only affected by the landscape pattern changes but also related to various factors such as precipitation and topography, so the responses of these two ESVs to the landscape pattern changes were not very significant (Rao et al., 2013).

At the overall landscape level, the increase in CONTAG had a significant positive driving effect on HQ’s ESV. PD showed a negative correlation with HQ’s ESV, similar to the conclusion of Zhang et al. (2022). As the basal landscape type of HTRNP, the changes of forestland had a certain degree of guiding effect on the overall landscape pattern changes of HTRNP. As the scale, dominance, aggregation, and connectivity of the forestland have increased over the past 40 years, the aggregation and connectivity of the landscape in HTRNP have increased, which promoted the improvement of the biological HQ in the park. Due to the guiding effect of forestland’s landscape changes, the increase in CONTAG had adverse inhibitory effects on the ESVs of WP, CS, WS, and SR to varying degrees, similar to the conclusions of Ma et al. (2022).



4.2. Implications for ecosystem management in HTRNP

Rubber plantations are often an essential economic source in tropical regions of China, especially for people living near ecological reserves. However, expanding plantations may pose a potential threat to landscape connectivity. The conclusions of Liu et al. (2017) and Hu et al. (2021) for the Xishuangbanna tropical rainforest region are broadly consistent. I.e., the rapid expansion of plantations has led to a significant decline in landscape connectivity, with significant negative impacts on ESVs. The rubber industry is also one of the main economic pillars of Hainan Province, and some plantations are distributed in the HTRNP. In order to improve the economic conditions of the residents, the scales of plantations were expanded, resulting in some scattered grassland patches in the park being invaded by rubber forests. However, from the overall results, the expansion of these plantations did not significantly affect the landscape connectivity of HTRNP, which may be related to the enhancement of local ecosystem protection and the improvement of conservation methods: the five NNRs of BWL, JFL, WZS, DLS, and YGL were established successively, which further strengthened the protection of ecosystem within the scope of the reserves. Thus, even from 2000 to 2010, there were no significant changes in landscape patterns within these five NNRs (Figure 10A); “The Hainan Tropical Rainforest National Park System Pilot Program” adopted in 2019 had connected these five NNRs into a single piece, initially establishing a relatively complete HTRNP system. The implementation of these conservation policies is the main reason for the maintenance of HTRNP’s landscape connectivity. These conservation measures should be maintained and improved in the future management of the park’s ecosystems. Rubber plantation is still one of the primary economic sources to maintain the residents’ survival. Its expansion trend may continue in the short term. The areas of low importance and unavailable for wildlife in the park should be the leading site for future plantation expansion (Liu et al., 2017), and the expansion scale should be strictly restricted.

Based on the results of this study, it can be surmised that: if the cultivated land area expands in the form of large patches and the grassland area expands in the form of scattered small patches, the water purification pressure of HTRNP will increase, which is not conducive to the sustainable development of its ecosystems. For HTRNP, WP’s ESV is more suitable as a negative indicator to monitor nitrogen and phosphorus loads. As the primary source of nitrogen and phosphorus loads, controlling the cultivated land patch size within a reasonable range is necessary. We proposed to gradually convert some unproductive cultivated land into grassland or forestland, which will not only reduce the pressure of water purification in the park but also help to enhance the connectivity and integrity of grassland and forestland, thus improving the ESVs of CS and HQ; some of the retained cultivated land can be converted to increase the CS in the soil through conservation tillage with cover crops, which will also help to improve the CS’s ESV (Martín et al., 2016). In addition, controlling the conversion of cultivated land to water, reducing the size of construction land patches, and the complexity of their shapes will help to curb the decline of both WS and SR ESVs to some extent.

Hainan is a province based on ecology. The construction of HTRNP is not only one of the landmark projects of Hainan Province to promote the construction of the national ecological civilization pilot zone but also a concrete practice to explore the path of transforming clear waters and green mountains into mountains of gold and silver for realization. The monetization of ES helps people to link ES with human well-being better and raise awareness and attention to ES. In recent years, assessments on the Gross Ecosystem Product (GEP) of the HTRNP have been gradually conducted. Chen et al. (2021) conducted a preliminary assessment of the HTRNP’s GEP in 2019. In 2023, Hainan Province launched the construction of the HTRNP’s ecosystem positioning observation network system, aiming to meet the construction needs of HTRNP further. Since the HTRNP was officially selected as one of the first five national parks in China in 2021, the conservation effectiveness of the ecosystem in the park and its ES benefits have received increasing attention. This study analyzed the spatial-temporal changes of five essential ESs in HTRNP over the past 40 years. And revealed the responses of ESVs to landscape pattern changes, further complementing and improving the related studies on the HTRNP. The results can provide some references for future ecosystem management and optimization to improve the overall ES benefits of the HTRNP continuously.



4.3. Limitations and perspectives

The diversity of ES assessment methods, the subjectivity of parameter selection, and the multi-source nature of the data are the main influencing factors that lead to different ES assessment results for the same region in many studies. For example, in the CS assessment, some studies have reached different conclusions on CS services in Hainan Island, Ren et al. (2014) suggested that these differences may be related to some factors, such as the different methods of CS calculation adopted by the studies and the different carbon concentration factors used (Wang et al., 2001; Cao et al., 2002). Other ES assessments, such as WS, WP, SR, and HQ, are also affected by similar factors. In addition, there are similar problems with the ESVs’ assessments: Lei et al. (2020) used the revised unit area value equivalent factor method to assess the ESVs of Hainan Island during 1980–2018, which differed significantly from Xie et al. (2015). In this study, relevant parameters were selected and set using the relevant studies on the HTRNP and its neighboring regions as the primary reference to maximize the closeness of the assessment results to the actual situation of HTRNP. However, as the construction of the national park in China is at an initial stage, there are few studies for reference on ESs of HTRNP. The setting of relevant parameters is mainly based on studies in neighboring regions, inevitably resulting in discrepancies between the research results and the actual situation. Besides, this study used first-class landscape types to assess the ESs. The results may be slightly rough. Therefore, the landscape types of HTRNP need to be further refined in subsequent studies. For example, its landscape types can be divided into evergreen broad-leaved forests, deciduous broad-leaved forests, etc., to further explore the differences in ESs supply capacity among different plant cover types.




5. Conclusion

This study analyzed the changes of landscape patterns, ESs, and ESVs in the HTRNP during 1980–2020 and further explored the responses of ESVs to the landscape pattern changes. The results revealed that:


1.Forestland is the most dominant landscape type in HTRNP, followed by grassland. The landscape pattern changed significantly after 2000, with the conversions of cultivated land to water in the form of large patches and grassland to forestland in the form of scattered small patches, the landscape dominance and connectivity of both forestland and water increased, and the overall landscape agglomeration and connectivity tended to increase.

2.WS, WP, CS, and SR services tended to weaken, and HQ service tended to strengthen. The spatial heterogeneities of WS and SR changed significantly over time. The four ESVs of WS, HQ, SR, and CS are the main contributors to the total ESV of HTRNP. Over the past 40 years, the four ESVs of WS, WP, SR, and CS showed a decreasing trend; the HQ’s ESV tended to increase; and the total ESV tended to decrease.

3.With the transfer of some cultivated land patches and grassland patches to water and forestland in different forms, respectively, the areas and dominance of both forestland and water tended to increase, which was the main reason that HQ’s ESV tended to increase, and WP’s ESV and CS’s ESV tended to decrease. The construction land scale was relatively small, so its impacts on ESVs were limited. The responses of both WS’s ESV and SR’s ESV to the landscape pattern changes were not very significant due to topographic and climatic factors.
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