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Abstract. Vegetation net primary productivity (NPP)is a key ecological indicator for evaluating ecosystem 

services. Understanding how future climate change will impact NPP in Hainan Island is essential for promoting 

the sustainable development of ecosystem services on tropical islands. In this study, we employed an improved 

version of the Carnegie-Ames-Stanford Approach (CASA) model to analyze the spatial and temporal patterns 

of NPP on Hainan Island from 2000 to 2018 and to identify the main factors influencing these changes. To 

project future NPP trends in 2050, we integrated the Future Land Use Simulation (FLUS) model with climate 

projections from the Coupled Model Intercomparison Project Phase6 (CMIP6). The key finding of this study as 

follows: (1) From 2000 to 2018, the average NPP on Hainan Island exhibited an increasing trend, with a 

significant positive correlation between NPP and climatic factors such as precipitation, solar radiation, and 

temperature. (2) During the same period, land use changes led to a decline in NPP; however, this negative 

effect was offset by favorable climate conditions, resulting in an overall increase in NPP of approximately 

12.7%. (3) By 2050, under the combined influence of future climate and land use changes, NPP on Hainan 

Island is projected to a decline across all three climate scenarios. Among them, the SSP2-4.5 scenario 

demonstrates a moderate mean NPP level, maintaining the functional stability of NPP while aligning with 

regional development objectives, thereby positioning it as the optimal pathway to support Hainan Island's 

future sustainable development. 
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Introduction 

Global climate change and human activities have significant impacts on terrestrial 

ecosystem services (Liu et al., 2022). For example, environmental disturbances such as 

fires, pests, and diseases brought about by climate change have degraded ecosystem 

services and functions of temperate forests (Rawat et al., 2022). Increased extreme 

weather events has led to a decline in mangrove areas (Wang and Gu, 2021), warming 

and more frequent ocean heatwaves, has led to a global reduction in coral reefs areas 

(Camp et al., 2018), and climate change overlaid with human activities have led to a 

decline in Earth’s biodiversity. 

Net primary productivity (NPP) refers to the total amount of organic biomass 

accumulated by green plants per unit time and unit area (Xue et al., 2022). It is a key 

ecosystem function that directly reflects the carbon sequestration capacity and 

productivity of vegetation. NPP is influenced by various factors, including vegetation 

types, climate conditions, and land use.Among these, ,climate factors such as 

temperature, precipitation, and solar radiation, and their interactions have particularly 
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significant impacts on NPP (Cao et al., 2021). For instance, precipitation strongly 

influences NPP in southwestern tropical rainforests characterized bydistinct wet and 

dry seasons (Linger et al., 2020). In the Pearl River Basin,reduced sunshine duration 

and lower temperatures have been shown to negatively affect NPP(Li et al., 2022). 

Similarly,  extreme temperatures combined with decreased precipitation lead to 

reduced NPP in forest ecosystems in the Himalaya (Kumar et al., 2019). Tropical 

vegetation,in particular, is more vulnerable to productivity losses under increasing 

climate change pressures compared to ecosystems in mid-to-high latitudes (Yuan et al., 

2016). This vulnerability is further compounded by the intensification of extreme 

climatic events (e.g., droughts and heatwaves) and the saturation threshold of NPP, 

which introduce substantial uncertainties into the functional stability of tropical 

ecosystems (Reichstein et al., 2013; Xu et al., 2019; Cao et al., 2021). Therefore, 

understanding how NPP response to future climate and land use changes is critical for 

guiding sustainable regional ecological andsocio-economic development.Existing NPP 

estimation models can be broadly categorized into three types: statistical models, 

parameter models, and process models(Yang et al., 2021). Statistical models often 

overlook the physiological mechanisms of vegetation, while parameter models require 

numerous complex parameters that are difficult to obtain due to their intricate 

physiological mechanisms. In contrast, process model-based on the principle of light 

energy utilizationsimplifies vegetation physiological processes, and their vegetation 

parameters can be obtained from remote sensing data, making them more commonly 

used for NPP estimation. Among these, widely adoptedlight energy utilization models 

include the Carnegie-Ames-Stanford Approach (CASA), the improved CASA model, 

and GLO-PEM model. The improved CASA model builds upon the  the original 

CASA framework and by incorporating  China specific  NPP data and vegetation 

characteristics, thereby localizing (or "Sinicizing") static parameters—to Sinicize the 

static parameters—such as maximum light energy utilization—to better reflect real-

world conditions in China (Zhu et al., 2006; Zhu et al., 2007). Based on the improved 

CASA model, numerous researches have assessed NPP across various spatialscales and 

regions in China. For example, it has been applied in Northwest China (Li et al., 

2021), the Dongting Lake Basin (Zhang et al., 2022a), and Hangzhou City (Li et al., 

2021), all of which demonstrated the model's effectiveness and applicability. 

Understanding the patterns of historical and future climate change  is of great 

scientific importance  for adapting to and mitigating its impacts on NPP. The Coupled 

Model Intercomparison Project (CMIP), initiated by the Intergovernmental Panel on 

Climate Change(IPCC), provides a series of future climate scenarios that integrate both 

socio-economic developments and greenhouse gas trajectories (Jiang et al., 2020). 

These scenarios have been widely adopted in research related tofuture carbon storage 

(Yang et al., 2020; Wang et al., 2022), runoff estimated (Xue et al., 2024), crop yield 

projections (Arunrat et al., 2022), and restoration of key ecosystems function (Khelifa et 

al., 2022). Now in its sixth phase (CMIP6), the project incorporates both Representative 

Concentration Pathways (RCPs) with Shared Socioeconomic Pathways (SSPs), 

resulting in eight combined SSP-RCP scenarios. This integrated framework offers a 

more comprehensive perspective on the interplay between climate change and socio-

economic development.Hainan Island is a representative tropical island in China, 

characterized by a relatively independent ecosystem  that is highly sensitive to climate 

change. In recent year, rapid economic development and intensified human activities 

have significantly impacted the island’s ecosystem services,leading to ecosystem 
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degradation and a decline in overall ecosystem health (Chiaka et al., 2024). These 

changes present substantial challenges to the region’s sustainable ecological and socio-

economic development (Hernández-Delgado, 2015). However, the processes and 

mechanisms through  which climate and land use changes affect NPP on Hainan Island 

remain insufficiently understood, and limited research has focused on  the island’s NPP 

response to future climate and land use scenarios. 

In light of  this, the present study employs the improved CASA model to assess the 

NPP on Hainan Island, with the aimof  addressing the following key questions: (1) 

What are the spatial and temporal variations in NPP on Hainan Island from 2000 to 

2018, and what are the main factors influencing these changes?(2) How will NPP be 

distributed under future land use and climate changes scenarios, based on simulations 

using three climate scenarios: SSP1-2.6, SSP2-4.5, and SSP5-8.5?(3) What 

sustainable development strategies can be proposed to preserve and enhance NPP 

functions in response to future climate and land use changes on Hainan Island? 

Materials and methods 

Study area 

Hainan Island is situated in a tropical maritime monsoon climate zone (Fig. 1), 

characterized by warm temperatures year-round, with an annual average temperature 

exceeding 23°C. The region receives substantial precipitation,a with annual rainfall 

averaging over 900 mm. Covering a land area of approximately 34,000 km², the island 

features a topography dominated by a high central region, including the Wuzhi 

Mountains (1867 m) and Parrot Ridge, surrounded by descending order such as 

mountains, hills, tablelands, and plains (with elevations below 200 m). According to 

land uses from 2018(https://www.resdc.cn/), the primary land cover types in Hainan 

Island  were forest land (21,659 km², 62.98%) and cropland (8970 km², 26.08%). By the 

end of 2020, Hainan’s GDP reached 553.239 billion yuan, with a resident population of 

10.1234 million and an urbanization rate of 60.7%. As both a designated free trade port 

and a National Ecological Civilization Pilot area, Hainan faces the dual challenge of 

promoting economic development while addressing ecological pressures, including  

shrinking ecological spaces, biodiversity loss, and declining ecosystem service 

functions. 

 

 

Figure 1. Map of the study area 
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Data source and processing 

The data used in this study include historical meteorological data, CMIP6 climate 

projections, NDVI, land use data, and land use driving factors. Historical 

meteorological data consist of daily average temperature (℃), daily precipitation (mm), 

and sunshine duration (hours) from 1991 to 2020, collected from seven meteorological 

stations on Hainan Island. The average monthly temperature, total precipitation, and 

sunshine duration for the periods 1991-2000, 2001-2010, and 2011-2020 were used to 

characterized the monthly meteorological conditions for the year 2000, 2010, and 2018, 

respectively (Table 2). Total solar radiation for Hainan Island was estimated by 

converting sunshine duration data. , The station-based meteorological observations were 

then interpolated into 1 km resolution raster data using the Inverse Distance Weighting 

(IDW) interpolation method. 

For future climate projections, three models(BCC-CSM2-MR, MIROC6, and MRI-

ESM2-0) were selected due to their high accuracy in simulating climatic variables 

overChina (Zhang et al., 2022b; Tian et al., 2022). Three future scenarios, SSP1-2.6, 

SSP2-4.5, and SSP5-8.5, were chosen based on their relevance, with details scenario  

descriptions available in the literature (Zhang et al., 2019). In this study, the monthly 

meteorological averagesfrom 2041 to 2050,based on outputs from the three selected 

models, were used to represent the projected  monthly climateconditions in 2050. 

The future climate data were first downscaled using the IDW method (Chen et al., 

2021), followed by bias correction using the Delta method (Raty et al., 2014; Guo et al., 

2016. This process producedmonthly average temperature, total precipitation, and total 

solar radiation data for the three scenarios: SSP1-2.6, SSP2-4.5, and SSP5-8.5 

(Table 1). 

 
Table 1. List of monthly climate factors in difference periods and scenarios 

Climate factors  2000  2010 2018 
Historical 

mean value  

2050 

SSP1-2.6 

2050 

SSP2-4.5 

2050 

SSP5-8.5 

Monthly mean 

temperature (°C) 
24.54 24.72 24.56 24.61 26.18 26.30 26.59 

Monthly total 

precipitation (mm) 
149.81 151.07 159.85 153.58 88.75 99.25 80.20 

Monthly total solar 

radiation (MJ/m2) 
629.12 596.55 582.49 602.72 560.51 535.14 546.88 

 

 

The Normalized Difference Vegetation Index (NDVI) is defined as the ratio of the 

difference to the sum of reflectance values  between the near-infrared band (ΝΙR) and 

red band (R), as shown in the following formula: 

 

 NDVΙ = (ΝΙR – R) / (NΙR + R)  

 

The NDVI data for 2000, 2010, and 2018 were obtained from the Resources and 

Environment Science and Data Centers, with a spatial resolution of 1 km. The NDVI for 

2050 was estimated based on land use projections. If the land use of a given pixel 

remained unchanged between 2018 and 2050, the average NDVI value from 2000 to 

2018 was used.If  land use changed, the NDVI value from 2018 for that pixel was 

adopted. Land use data for 2000, 2010, and 2018, with a spatial resolution of 1 km, 
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included ten categories: cropland, forestland, sparse woodland, shrub, other woodland, 

grassland, construction land, water, tidal flat, and other land. Future land use changes 

for 2050 were simulated using the Future Land Use Simulation (FLUS) model. The 

FLUS Model requires multiple input layers, including: land use data, natural factors 

(elevation, slope, and distance to the river), transportation factors (distance to general 

highways, expressways, and towns), and socio-economic factors (permanent resident 

population and GDP of cities in Hainan Province). Slope were derived froma digital 

elevation model(DEM), and distance were calculated using the European distance 

method. Socio-economic factors were obtained from statistical yearbooks and official 

datasets. All spatial data were converted to the Albers projection coordinate system. 

Table 2 provides detailed descriptions data sources  and contents. 

 
Table 2. Required data and sources in this study 

Data type Content of data Data source Time of data 

Historical meteorological 

data 

Daily mean temperature, total 

precipitation, sunshine duration 
http://data.cma.cn/ 1991-2020 

Future climate data 
Daily mean temperature, total 

precipitation, total solar radiation 
https://esgf-node.llnl.gov/search/cmip6/ 2041-2050 

NDVI Monthly NDVI (1 km) https://www.resdc.cn/ 2000, 2010, 2018 

Land use data Land use map (1 km) https://www.resdc.cn/ 2000, 2010, 2018 

Driving factors for land 

use simulation 

permanent resident population and GDP 
of cities in Hainan Province 

http://stats.hainan.gov.cn/tjj/index.html 2020 

DEM (30 m) http://www.ngcc.cn/ngcc/ 2020 

Distribution map of river and water 

bodies 
https://www.openstreetmap.org/ 2020 

Distribution map of general highways and 

expressways 
https://www.openstreetmap.org/ 2020 

Distribution map of railways https://www.openstreetmap.org/ 2020 

 

 

Methods 

Improved CASA 

In this study, the improved CASA model was employedmeto estimate the NPP of 

Hainan Island. The detailed calculation proceduresand model framework  has been 

comprehensively described in previous studies (Zhu et al., 2006, 2007) and are therefore 

not reiterated here. Based on the parameter localization for the improved CASA model, 

the finalized static parameters specific to Hainan Island are list in Table 3. 

 
Table 3. Localized parameters for Improved CASA model 

Land-use types      
Cropland 0.848 0.023 13.286 1.050 0.542 

Forestland 0.888 0.023 16.857 1.050 0.985 

Shrub 0.856 0.023 12.889 1.050 0.429 

Sparse woodland 0.852 0.023 12.514 1.050 0.542 

Other woodland 0.864 0.023 12.889 1.050 0.638 

Grassland 0.852 0.023 13.286 1.050 0.542 

Water 0.836 0.023 13.706 1.050 0.542 

Tidal flat 0.788 0.023 8.804 1.050 0.542 

Construction land 0.832 0.023 10.111 1.050 0.542 

Other land 0.648 0.023 4.435 1.050 0.542 

 



Han - Liu: Exploring the temporal and spatial variation of NPP in tropical islands using CMIP6 model: a case study of Hainan 

Island, China 
- 4302 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(3):4297-4311. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2303_42974311 

© 2025, ALÖKI Kft., Budapest, Hungary 

FLUS model 

The FLUS model primarily comprises three components: land use demand projection 

based on System Dynamics (SD), a probability-of-occurrence calculation using an 

artificial neural network-based (ANN), and a self-adaptive inertia and competition 

mechanism (Liu et al., 2017). In this study,10% of the  2018 land use data were 

randomly selected as the training samples.The ANN was confgured with 10 hidden 

layers, and normalized driving factor was employed to calculate the probability of land 

use -occurrence in Hainan Island for the year 2050. Subsequently,a Markov chain 

model was used to project land use demand for each category in 2050 and to compute 

the difference from actual land use in order to determine the adaptive inertia coefficient. 

Finally, a roulette wheel selection mechanism was applied to assign the final land use 

types to each grid cell, resulting in the land use simulation for 2050. Model parameters, 

such as neighborhood impact factors and conversion cost were determined with 

reference to previous FLUS-based  studies in Hainan Island (Han et al., 2022). 

Results 

Spatial and temporal changes of NPP in Hainan Island from 2000 to 2018 

The spatial distribution of NPP on Hainan Island exhibits a distinct pattern of high 

values in the central region and lower values in the surrounding areas (Fig. 2). From 2000 

to 2018, the average annual NPP  was 1330.03gC m-2 a-1, with a total NPP of 

0.0457PgC m-2 a-1. Over this period, NPP showed a consistent upward trend, with average 

values of 1263.31gC m-2 a-1 in 2000,1302.82gC m-2 a-1 in 2010, and 1423.96gC m-2 a-1 in 

2018. Overall, NPP increased by approximately 12.72% from 2000 to 2018. 

 

 

Figure 2. NPP distribution map of Hainan Island in different periods, in 2000 (a), in 2010 (b), 

in 2018 (c) 

 

 

Spatial variations in NPP on Hainan Island from 2000 to 2018 indicate that NPP 

growth was predominantly concentrated in the central and western regions. This 

increase is largely attributed to the designation of the central mountainous area as a 

National key Ecological Function Area in 2000. Following this designation, the 
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government implemented a series of ecological protection measures, including 

restricingt development in mountainous areas, promoting afforestation, and encouraging 

grassland restoration. These initiatives effectively reduced deforestation and limited 

anthropogenic disturbances. Since 2011, further ecological restoration efforts,such as 

large-scale afforestation, replanting of low-efficiency forests, and the transformation or 

withdrawal of artificial forest, have contributed to the gradual recovery of tropical 

rainforests in the central region, thereby continuously enhancing NPP (Chiaka et al., 

2024). 

Conversely, areas with declining NPP are mainly in the northern and southern part of 

the island, as well as along the  northeast coastal zone (Fig. 3). The decrease in NPP in 

the north and south is primarily associated with  rapid socio-economic development and 

urban expansion. In the northeastern coastal region,  the decline is mainly due to 

thedegradation of coastal protection forests,driven byhuman activities such as 

agricultural reclamation,aquaculture, and infrastructure development. 

 

 

Figure 3. NPP variation distribution map of Hainan Island from 2000 to 2018 

 

 

Analysis of factors affecting NPP in Hainan Island 

Climate factors 

The climate data from 2000 to 2018 are summarized in Table 2. During the study 

period, the monthly average temperature in Hainan Island exhibited a pattern of initial 

increase followed by a slight decline. Meanwhile, the monthly total precipitation shown 

a steadily upward trend, while the monthly total solar radiation gradually decreased. 

Pearson correlation analysis indicates that the NPP of Hainan Island is significantly and 

positively correlated with monthly total precipitation, monthly average temperature, and 

monthly total solar radiation, with correlation coefficients of 0.871, 0.942, and 0.851, 

respectively. All correlations were statistically significance,suggesting that NPP in 

Hainan Island is jointly influenced by these three meteorological factors, with monthly 

average temperature exerting the strongest effect. 

 

Land use change 

Between the period from 2000 to 2018 (Table 4; Fig. 4), the most significant 

expansion occurred in construction land, which increased by 532 km².This expansion 

primarily came at the expense of cropland (49.31%), forestland (16.53%), and other 
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woodland (15.62%). Water bodies also experienced growth, largely due to conversion 

from cropland (29.5%) and grassland (14.75%). In contrast, cropland saw the largest 

reduction in area, decreasing by354 km², mainly being converted into construction land 

(41.92%) and other woodland (16.92%). Forestland also experienced substantial losses, 

primarily transitioning into other woodland (40.54%), cropland (20.61%), and 

construction land (18.24%). 

The average NPP values for different land use types from 2000 to 2018 , in 

descending order, are as follows: forestland (1863.40 gC m-2 a-1), grassland 

(1100.56 gC m-2 a-1), sparse woodland (1077.29 gC m-2 a-1), cropland (1059.58 gC m-

2 a-1), other land (953.49 gC m-2 a-1), water (933.95 gC m-2 a-1), other woods 

(911.29 gC m-2 a-1), tidal flat (904.95 gC m-2 a-1), construction land (890.80 gC m-2 a-

1), and shrub (885.97 gC m-2 a-1). 

Given these NPP values, the observed land use changes generally resulted in  a 

decline in ecosystem productivity. However, despite this, from a temporal perspective, 

the overall NPP of Hainan Island increased during the period, suggesting that the 

positive effect of climate change on NPP outweighed the negative impacts of  land use 

change. 

 
Table 4. Transfer matrix of LUCC in Hainan Island during 2000–2018 (unit: km2) 

 
Land-use 

types 

2018 

Cropland 
Forest 

land 
Shrub 

Sparse 

woodland 

Other 

woodland 
Grassland Water Tidal flat 

Construction 

land 

Other 

land 

2000 

Cropland 8556 128 42 12 130 19 108 3 322 4 

Forest land 122 12786 16 15 240 44 45 0 108 2 

Shrub 53 21 2387 1 16 14 15 0 55 0 

Sparse 

woodland 
21 16 6 874 27 3 10 0 21 0 

Other 
woodland 

116 103 7 3 4681 4 33 1 102 0 

Grassland 15 54 10 3 19 1059 54 0 21 2 

Water 21 11 3 1 8 6 772 3 9 0 

Tidal flat 6 0 0 0 0 1 45 62 4 0 

Construction 

land 
39 15 3 4 11 0 49 0 656 0 

Other land 21 2 0 3 1 12 7 0 11 78 

 

 

 

Figure 4. Land use of Hainan Island in 2000 (a), 2010 (b), 2018 (c), and 2050 (d) 
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Future changes in land use and climate and their impact on NPP 

The main projected land use changes by 2050 are twofold: (1) forestland is 

increasingly being converted into construction land, cropland, and grassland. And (2) 

cropland is being largely replaced by construction land. Specifically, construction land is 

projected to increase by 1253 km², and grassland by 120 km². Conversely, cropland, 

forestland, and other forestlands are expected to decline by 706 km², 360 km², and 195 

km², respectively. When these shifts are analyzed in conjunction with the mean NPP 

values of the respective land categories, the simulation results indicate a decline in NPP 

due to future land use changes. 

In terms of climate, compared to the baseline yearof  2018, the projected changes in 

2050 under the three climate scenariosSSP1-2.6, SSP2-4.5, and SSP5-8.5 are follows: the 

monthly average temperature increases by 1.23°C, 1.37°C and 1.65°C, 

respectively;monthly total precipitation is projected  to change by +10.92%, +6.91% and 

+17.34%, and the monthly total solar radiation is anticipated to rise by 4.68%, 0.70% 

and 1.94%, respectively. 

Under the combined influence of land use and climate change, the net primary 

productivity (NPP) of Hainan Island in 2050 is projected to decrease across all three 

scenarios, falling below the 2018 average of 1423.96 gC m-2 a-1. The estimated NPP values 

for 2050 are 1346 gC  m-2 a-1 under SSP1-2.6, 1315 gC  m-2 a-1 under SSP2-4.5, and 

1307 gC m-2 a-1 under SSP5-8.5 (Fig. 5). 

 

 

Figure 5. NPP in 2050 under three scenarios (a) SSP1-2.6, (b) SSP2-4.5 and (c) SSP5-8.5 

 

 

As illustrated in Figure 6, the spatial distribution of NPP on Hainan Island from 

2018 to 2050 indicates that areas experiencing a decrease in NPP under all three 

scenarios are predominantly concentrated in the central-eastern part of the island. In 

contrast, regions with increased NPP are mainly located along the southern and northern 

coastal areas. Among the three scenarios, the SSP1-2.6 scenario shows the greatest 

increase in NPP, while the SSP5-8.5 scenario leads to the most significant decrease in 

NPP. 
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Figure 6. 2018-2050 NPP changes of three scenarios. (a) NPP change under SSP1-2.6 (b) NPP 

change under SSP2-4.5 (c) NPP change under SSP5-8.5 

Discussion 

NPP responded to climate and land use change 

The mean  NPP values for each land use type in this study  are consistent with previous 

studies (Yang et al., 2021; Sun et al., 2022), confirming the reliability of the results.The 

analysis of NPP values indicates that various types of forest land and grassland play a 

crucial role in supporting the NPP function of Hainan Island. Among these, forestland 

has the highest average NPP value. Studies  have shown that a decrease in  forest NPP 

can significant disrupt the carbon cycle (Corlett, 2016). Therefore, it is essential to 

strictly protect the forests of Hainan Island, particularly the forests in the central region, 

which serve as a critical ecological barrier for the island. Additionally, the potential for 

enhancing ecosystem services in urban construction areas should be explored, such as 

increasing the NPP on construction land by expanding urban green spaces. In 

conclusion, land use change is one of the primary factors influencing NPP variation on 

Hainan Island. However, the simulation of future land use changes in 2050 suggests that 

the increase in construction land and the decrease in forestland will remain the dominant 

trend, continuing to exert a negative impact on the island's NPP. 

The NPP of Hainan Island in this study is positively correlated with the average 

temperature, precipitation and solar radiation,  aligning  with previous findings (Zhang 

et al., 2016; Xue et al., 2023; Ma et al., 2024). Across all three climate 

scenarios, ,temperature is projected to increase, while precipitation and solar radiation 

decrease, leading to a reduction in NPP. As NPP is sensitive to multiple 

factors,particularly temperature (Wang et al., 2024), it is crucial to emphasize the 

impact of temperature changes on NPP. This is especially important in tropical regions, 

where NPP is more significantly influenced by temperature fluctuations, drought, and 

precipitation variability (Luo et al., 2024). 

Although land use changes on Hainan Island from 2000 to 2018 had a negative effect 

on NPP, overall NPP still increased under the influence of favorable climate conditions. 

However, under future scenarios, the east-central region of Hainan Island is projected to 

experience a notable decline in NPP, indicating heightened vulnerability. As such, 

targeted protection strategies are needed to preserve ecosystem productivity in this 
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region. Conversely, some areas particularly urban regions,are expected to see continued 

increases in NPP, suggesting a high degree of ecological resilience in Hainan’s towns 

(Fig. 6). 

 

Sustainable development of social-ecological system 

Based on the SSP scenario simulations, future NPP changes on Hainan Island 

display significant variation across scenarios. The SSP1-2.6 scenario yields the highest 

average NPP value, reflecting a strong emphasis on environmental sustainability. 

However, it substantially compromises economic development goals, conflicting with 

the strategic objectives of constructing Hainan’s Free Trade Port, thereby limiting its 

practical feasibility. In contrast, the SSP5-8.5 scenario presents the lowest average NPP 

value.Its development model, characterized by high resource consumption and 

excessive carbon emissions, poses serious threats to ecosystem functions and 

contradicts the ecological priorities outlined in the Ecological Civilization Pilot Zone 

strategy.The SSP2-4.5 scenario offers a balanced path, with a moderate average NPP 

value. It supports increased use of clean energy, reduced dependence on fossil fuels, and 

the integration of high-quality economic development with ecological conservation. 

This scenario not only helps maintain the stability of NPP functions but also aligns with 

Hainan’s regional sustainable development objectives. Therefore, the SSP2-4.5 scenario 

provides a scientifically grounded framework for advancing the dual goals of Free 

Trade Port construction and the Ecological Civilization Pilot Zone strategy through the 

synergistic optimization of ecological and economic systems. 

Limitations 

There are inherent uncertainties in the quantitative assessment of NPP conducted in 

this study. First, the accuracy of meteorological data interpolation has been shown to 

significantly affect the reliability of NPP simulations (Shen et al., 2022). Second, 

extreme climatic events—such as droughts and heatwaves—introduce additional 

variability and elevate uncertainty in NPP estimates (Decuyper et al., 2020). Third, in 

tropical regions like Hainan Island, certain parameters are subject to further uncertainty 

due to persistent cloud cover and the “saturation” effect of vegetation indices, which 

limits their responsiveness to biomass variation (Piao et al., 2019). Despite these 

limitations, the methodology employed remains a viable approach for evaluating NPP 

dynamics under the influence of anthropogenic and climatic factors. It is evident that 

both human activities and climate change exert significant influence on NPP. However, 

given the complex interplay between these factors, future research should focus on 

improving methods to quantitatively distinguish their respective contributions to NPP 

variation. 

Conclusion 

This study examines the spatial and temporal evolution of NPP on Hainan 

Island,analyzes its correlation with climate factors, simulates future NPP under different 

SSP-RCPs scenarios, and explores sustainable developmentpathways for tropical island 

social-ecological systems under  climate change. The main conclusions are as follows: 

(1) NPP on Hainan Island exhibits a spatial pattern characterized  by “high in the 

center and low around the edges”. From 2000 to 2018, NPP showed a consistent upward 
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trend, with values increasing  from 1199.90 gC m-2 a-1 in 2000 to 1250.86 gC m-2 a-1 in 

2010 and 1447.83 gC m-2 a-1 in 2018. 

(2) Among the different land use types, forestland had the highest average NPP, 

followed by grassland, open forestland, and cropland. NPP was significantly and 

positively correlated with total monthly precipitation, average monthly temperature, and 

total monthly solar radiation, with temperature exerting the strongest influence. 

Although land use changes from 2000 to 2018 led to a decline in NPP the compensatory 

effect of favorable climate conditions outweighed these negative impact, resulting in an 

overall increase in NPP. 

(3) Under the combined effects of future climate and land use changes, NPP across 

all three SSP-RCP scenarios is projected to decline compared to 2018. However, the 

SSP2-4.5 scenario represents the most balanced development pathway, effectively 

integrating ecological protection with socio-economic development. This scenario 

provides a scientifically sound framework for supporting both the construction of 

Hainan's Free Trade Port and the advancement of the Pilot Ecological Civilization Zone 

strategy. 
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