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Being closely related to ecosystem services, land use changes can affect ecosystem service functions by acting on ecosystem patterns and its processes, thus having impact on regional sustainable development. Taking the Western Sichuan Plateau as the study area based on land use data from 1990 to 2020, the CA-Markov model was employed to predict the land use pattern under natural change scenarios, and the improved InVEST model and equivalent method were used to evaluate the ecosystem services in the study area from two different perspectives, as to analyze the evolution trend. The results show that: 1) From 1990 to 2020, the carbon storage in the Western Sichuan Plateau showed a fluctuating increase, with an average annual increase of 3.17 × 107 t, of which the total contribution rate of woodland and grassland to the total carbon storage exceeded 95%. In recent 30 years, the carbon storage of the Western Sichuan Plateau has little spatial variation, with the increase and decrease regions accounting for less than 5% with overall sporadically dots-like distribution. 2) Ecosystem Service Value (ESV) increased by 1.36 × 1010 yuan in the past 30 years, which was similar to carbon storage and showed a wave-like increase; the contribution rate of woodland to the total ESV of the study area was more than 68%, occupying the dominant position. ESV was generally stable in the past 30 years, and the area with significant changes accounted for less than 9%, mainly located in the northeast and southwest of the study area. 3) In the next 10 years, under the current ecological protection measures, the carbon storage and ESV of the Western Sichuan Plateau will increase by 5.3980 × 107 t and 2.4087 × 109 yuan compared with that of 2020, indicating a positive development of ecosystem service function. This study results provides a scientific basis for the adjustment of land use structure and the management decision of ecological environment protection in the Western Sichuan Plateau.
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1 INTRODUCTION
Land is the material foundation of human production and life, and is the closest part between human and nature (Ye and Zhang, 2008; Zhang et al., 2021). As an important component and driving factor of global ecological environment change (Zhang et al., 2021), land use change comprehensively reflects the interaction process of various factors within the terrestrial ecosystem, has great significance in regional ecosystem service function, and is one of the important factors affecting human survival and development. With the continuous change of land use pattern, regional ecosystem service function will also change accordingly.
Ecosystem service function, which refers to the benefits that people get from the ecosystem through material flow and energy flow, is an important function of the ecosystem on the external environment (Costanza et al., 2014). Costanza et al. (1997) are the first to identify the theory and method of calculating ESV globally. In recent years, Xie et al. (2015) modified the estimation method proposed by Costanza based on the reality of China, put forward the ESV evaluation equivalence system, and constructed a dynamic evaluation method of terrestrial ecosystem value in China based on the equivalent factor approach of unit area value. The equivalent factor approach of unit area value has been greatly applied in the dynamic monitoring and evaluation of ecosystems such as urban ecosystem (Dai et al., 2021), wetland ecosystem (Zhou et al., 2020), watershed ecosystem (Temesgen et al., 2018), and farmland ecosystem (Fang et al., 2017).
At the same time, the carbon sink capacity of terrestrial ecosystems plays a leading role in the global carbon cycle, atmospheric CO2 absorption and global climate change (Houghton, 2003). There is a response relationship between carbon storage and land use change, and land use change is usually accompanied by a large amount of carbon exchange (Vizaino-Brawvo et al., 2020). Therefore, studying ecosystem service function from carbon storage has become a new perspective. Until now, the research method of ecosystem service carbon storage based on InVEST model and the ecosystem service function evaluation method combined with the CA-Markov model have also been widely used (He et al., 2016; Jiang et al., 2017; Li et al., 2021). Its research fields mainly include the relationship between land use change and carbon density in watershed (Zhao et al., 2019), carbon storage change caused by urban expansion and simulation prediction (Firozjaei et al., 2019), ESV change and ecological function improvement model in mountainous areas (He et al., 2021), and spatiotemporal change characteristics of ecological restoration projects and carbon storage in plateau areas (Li et al., 2021). According to relevant research results, the InVEST model requires little data and runs fast. It can master the spatial distribution and dynamic change of carbon storage from spatiotemporal scale, reflect the relationship between land use change and carbon storage, and realize the dynamic evaluation of ecological service function (Hou et al., 2018).
As early studies on ecosystem service function are mostly focused on the present and the past, there are fewer simulation predictions for the future (Liu et al., 2021), which provided insufficient support for ecological environmental protection and management. The artificial neural network (Li and Yeh, 2005; Lei et al., 2012), CLUE-S (Zhang et al., 2014; Tian and Ren, 2012), SLEUTH (Nigussie and Altunkaynak, 2016; Nigussie and Altunkaynak, 2019), CA-Markov (Liu et al., 2019; Wang et al., 2020; Matlhodi et al., 2021) and other prediction models is applied in the study of land use evolution, especially CA-Markov model that predicts the change trend of land use in the future based on land use transfer matrix and land use data. The CA-Markov model can not only effectively simulate spatial change in land use, but also improve the prediction accuracy of land use type transformation, which overcomes the shortcomings of traditional land evolution simulation models (Zhang et al., 2017) and greatly promotes the prediction study of ecosystem service function evolution. Gaglio et al. (2019) evaluated the ecosystem service function of Paul do Boquilobo in 1967, 1990 and 2015, and further simulated and evaluated the ecosystem service function under two different situations of “high productivity agriculture” and “complete natural vegetation coverage” in 2050. Liu et al. (2021) used InVEST model and CA-Markov model to predict and analyze the spatiotemporal change and evolution trends of carbon storage in Shule River Basin, and considered that the growth of grassland, cropland and woodland area was the main reason for the increase of regional carbon storage. Gao et al. (2021) estimated the change of ESV based on the land use data of Shijiazhuang City in 1988, 1998, 2008 and 2018, and simulated the change of ESV in 2030 under three different situations by using CA-Markov, so as to provide scientific guidance for the construction of urban network. Gashaw et al. (2018) estimated land use land cover (LULC) change and its impact on ESV of Andassa Watershed of the Upper Blue Nile Basin, and predicted ESV change from 2018 to 2045, which provides a basis for the decision-making of regional ecological protection.
In recent years, great importance was attached to ecosystem service researches which yielded solid outcomes. However, a majority of researches was only evaluated from ESV, lacking effective comparison of multiple methods, resulting in relatively single outcomes, and significantly fewer researches on the ecological service function of alpine plateau area. The Western Sichuan Plateau is Located at the southeastern edge of Qinghai-Tibet Plateau, which is a typically eco-environment fragile and climatically sensitive area in China. It is also an important ecological barrier and water conservation area in the upper reaches of Yangtze River and Yellow River, and has a significant ecological status (Wu et al., 2021; Zhong et al., 2021). Facing the combined impact of climate change, natural disasters and human activities, ecosystem service function in the Western Sichuan Plateau have changed significantly, but the temporal and spatial differences are still unclear. In this context, this paper chooses the Western Sichuan Plateau as the study area and introduces CA-Markov model to predict the land use types in 2030. Based on the improvement of the unit area value equivalent factor method and InVEST model, the temporal and spatial evolution characteristics of the ecological service function in the study area were compared and analyzed from the perspectives of ESV and carbon storage, as to analyze the possible future ecological environment issues and find the key prevention and control area. The research results are conducive to understand the evolution characteristics and future development trend of the ecosystem in the Western Sichuan Plateau, provide theoretical basis for the rational utilization of land resources and the protection of ecological environment, and promote ecological protection and regional high-quality development in ecologically fragile areas.
2 OVERVIEW AND RESEARCH METHODS OF THE STUDY AREA
2.1 Overview of the Study Area
With an area of about 2.59 × 105 km2, the Western Sichuan Plateau (27.11°–34.31°N and 97.36°–104.62°E) is located in the transition zone between Qinghai-Tibet Plateau and Sichuan Basin, including 31 counties under the jurisdiction of Garze Tibetan Autonomous Prefecture and Aba Tibetan and Qiang Autonomous Prefecture, and Muli County, Yanyuan County, and part of Mianning County of Liangshan Yi Autonomous Prefecture. As a part of the ecological barrier of the Qinghai-Tibet Plateau, the Western Sichuan Plateau has outstanding ecological functions such as water conservation, soil and water conservation, biodiversity maintenance and climate regulation, so it is also one of the hotspots of biodiversity protection in the world. With the elevation ranging from 780 to 7556 m and large topographic fluctuations, the study area is dominated by high mountain valleys and high mountain plateaus. With annual precipitation about 556.8–730 mm and temperature about 9.01–10.5°C, the climate in the study area is subtropical plateau monsoon climate with obvious geographical differences. The study area is rich in water resources, including the Yalong River, Dadu River, Min River, and other important river systems in the upper reaches of the Yangtze River, and the Baihe River, Heihe river and other river systems of the Yellow River (Figure 1). The main vegetation types are alpine meadow, shrub, coniferous forest, broad-leaved forest, etc., which makes the study area the most coniferous forest types in China. The main types of soil are plateau meadow soil, dark brown soil, brown soil, cold frozen soil, and cinnamon soil, and these five types account for more than 85% of the total area of the study area.
[image: Figure 1]FIGURE 1 | Location of the study area.
2.2 Data Sources and Processing
The land use remote sensing monitoring data, administrative boundary data and geological disaster vector data were obtained from Resources and Environmental Science and Data Center (http://www.resdc.cn/). The spatial resolution of land use remote sensing monitoring data is 30 m × 30 m, including six first-level classification and 26 second-level classification. The first-level classification includes cropland, woodland, grassland, water body, built-up land, and unused land. The accuracy of remote sensing classification is not less than 95% for cropland and built-up land, not less than 90% for grassland, woodland, and water body, and not less than 85% for unused land, which meets the need of the research. After pre-processing such as merging, cropping and reclassification, the land use classification maps for seven periods of 1990, 1995, 2000, 2005, 2010, 2015 and 2020 were obtained. The geological disaster data with 12,192 geological disasters in number covered the period from 1990 to 2020. By making combined analysis with both ESV and carbon storage layers, the impact of geological disasters on ecosystem service function was estimated.
The DEM data were obtained from the Geospatial Data Cloud (http://www.gscloud.cn/) with a spatial resolution of 30 m × 30 m. The Qinghai-Tibetan Plateau boundary data were collected from the Global Change Research Data Publishing and Repository (http://www.geodoi.ac.cn/WebCn/Default.aspx). Data of carbon density of different land types were obtained from Chinese Ecosystem Research Network Data Center (http://www.nesdc.org.cn/). Meteorological data such as rainfall and temperature came from China Climate Bulletin (http://zwgk.cma.gov.cn/). Social and economic data such as grain output per unit area and sown area of crops mainly came from China Statistical Yearbook and Sichuan Statistical Yearbook, while grain price came from Sichuan Grain Network (http://www.scgrain.com/). All the data were entered into GIS geodatabase after preprocessing.
2.3 Research Method
2.3.1 Evaluation of Ecosystem Service
Costanza et al. (1997) clarified the principles and methods of evaluating the value of ecosystem service, and then Xie et al. (2003) proposed the Chinese Ecological Service Value Equivalent Factor Approach based on the research of Costanza. This study is based on the ESV equivalent table per unit area proposed by Xie et al. (2015). China’s average grain output per unit area in 2020 was kg·hm−2, while the average grain output in the Western Sichuan Plateau was 3,422.53 kg·hm−2, and the average price of grain crops was 2,670 yuan·hm−2. Since the economic value provided by the natural ecosystem is one seventh of the economic value of food output service provided by the existing cropland per unit area, the economic value of the ESV equivalent factor of the Western Sichuan Plateau after modified is determined as 1,305.45 yuan·hm−2, and then the ESV per unit area of the Western Sichuan Plateau was obtained (Table 1).
TABLE 1 | Average ESV of per—hectare of land in the Western Sichuan plateau (yuan·hm−2).
[image: Table 1]The formula for calculating the value of ecosystem services in the study area is:
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Where ESV represents the ESV (yuan); S represents the area (hectares) of land use type i in the study area, and VC represents the ESV coefficient (yuan·hm−2) per unit area of the ecosystem type i.
2.3.2 Carbon Storage Evaluation Based on INVEST Model
The carbon storage model of the InVEST model divides the carbon storage of the ecosystem into four basic carbon pools, namely above-ground carbon, underground carbon, soil carbon, dead organic matter carbon. The carbon exchange between different carbon pools in terrestrial ecosystems and the atmosphere is shown in Figure 2 (InVEST 3.2.0 User’s guide).
[image: Figure 2]FIGURE 2 | Carbon exchange between carbon pool and the atmosphere.
The calculation formula of total carbon storage in the Western Sichuan Plateau is as follows:
[image: image]
Where Ctotal is the total carbon storage; Cabove is the above-ground carbon storage; Cbelow is the underground carbon storage; Csoil is the soil carbon storage, and Cdead is the dead organic matter carbon storage.
Based on the carbon density and land use data of different land use type, the carbon storage of each land use type in the Western Sichuan Plateau is calculated by the formula:
[image: image]
Where i is the average carbon density of each land use, and Ai is the area of this land used.
The carbon density data of different land use types in this study were obtained from the shared date of the National Ecological Science Data Center and some documents (Chen et al., 2002; Li et al., 2003; Xie et al., 2004; Chuai et al., 2013; Zhang et al., 2018). Since the carbon density data were collected from the results of studies in different parts of China, the selected documents should be close to or be similar to the study area as far as possible to avoid excessive data gap. At the same time, the carbon density varies with climate, soil properties and land use (Fu et al., 2019), so the carbon density should be modified according to the climate characteristics and land use types of the Western Sichuan Plateau. Existing research results show that the carbon density is positively correlated with annual precipitation and weakly correlated with annual average temperature. The quantitative expression of the relationship between carbon density and temperature and precipitation is as follows (Raich and Nadelhoffer, 1989; Giardina and Ryan., 2000; Chen et al., 2007; Alam et al., 2013).
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Where CSP is the soil carbon density (kg.m−2) based on the annual precipitation; CBP is the biomass carbon density (kg.m−2) based on the annual precipitation; CBT is the biomass carbon density (kg.m−2) based on annual average temperature; P is the average annual precipitation (mm), and T is the annual average temperature (°C). In the past 30 years, the average annual temperature of China and the Western Sichuan Plateau was 9.0 and 6.3 °C, and the average annual precipitation was 643.50 and 812.65 mm respectively. The product of the carbon density data of the reference documents and the modified indices is the carbon density data of the Western Sichuan Plateau.
The modified formula of carbon density in the Western Sichuan Plateau is as follows:
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Where KBP is the modified indices of precipitation factor in biomass carbon density; KBT is the modified indices of temperature factor; C′BP and C″BP are the biomass carbon density obtained from annual precipitation in the Western Sichuan Plateau and the whole country respectively. C′BT and C″BT are the biomass carbon density obtained from annual average temperature; C′SP and C″SP are the soil carbon density data obtained from annual average temperature; KB and KS are the biomass carbon density modified indices and soil carbon density modified indices respectively. The carbon density values of each land use type after modified in the Western Sichuan Plateau are shown in Table 2.
TABLE 2 | Carbon density values of different land use types in the Western Sichuan plateau (t·hm−2).
[image: Table 2]2.3.3 CA-Markov Model
CA-Markov model, the main tool to simulate Land-Use and Land-Cover Change (LUCC) (Sang et al., 2010), combines Cellular Automata (CA) and Markov model and uses transition probability matrix to simulate the change of land use over time. Markov model simulates the matrix of land use change over time by calculating the probability of land use transfer in the first and second phases for predicting the subsequent changes on this basis (Zhao et al., 2019). The calculation formula is as follows (Nasehi et al., 2019):
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Where St, and St + 1 is the land use state during t and t + 1 respectively; Pij is the transition probability matrix, and n is the land use type.
CA model can simulate the spatiotemporal evolution of land use, can reflect the local interaction of system evolutionary dynamics (Wang et al., 2021) and simulate random, nonlinear, and spatial change trends. This makes up for the failure of Markov model to identify the spatial variability of land use (Wickramasuriya et al., 2009). CA model is represented as follows:
[image: image]
Where s is the set of finite and discrete states of the cell; f is the conversion rule function of the cell state; N is the neighborhood of each cell; t and t + 1 are two different moments.
The year 2010 was taken as the starting timefor prediction to simulate the land use situation in the study area in 2030, and Kappa coefficients were used to test the simulation results. Using CROSSTAB model IDRISR 17.0, the Kappa coefficients of 2010 are 0.929, indicating good simulation effect (Liu et al., 2021; Yang et al., 2021) and the verified CA-Markov can be used to predict land use in 2030.
Combined with The Regional Ecological Construction and Environmental Protection Plan of The Qinghai-Tibet Plateau (2011–2030), we took the year 2010 as the starting time for prediction, thus the data to land use in 2020 was calculated. By comparison the prediction results and the actual data to land use in 2020, we concluded that the Kappa coefficients were 0.929, indicating that the simulation result was working well (Liu et al., 2021; Yang et al., 2021). On this basis, the data to land use in 2030 was worked out with taking the year 2020 as the starting time for prediction. All predictions conducted are based on natural variation scenarios, without limiting factors.
2.3.4 Analysis Method for Changes in Ecological Service Functions
This study uses exploratory spatial analysis to reveal the spatial agglomeration types and autocorrelation of ecosystem service function changes in the Western Sichuan Plateau. The global Moran’s I is used for global autocorrelation measurement and examination, and its calculation formula is as follows (Lei et al., 2020):
[image: image]
Where n is the number of grids; xi and xj are the attribute values of grid i and j respectively; x is the average value of attributes; wij is the spatial weight matrix. If Moran’s I is significantly positive, it indicates that there is a spatial positive correlation of ESV; otherwise, there is a spatial negative correlation; when Moran’s I is 0, it indicates random distribution.
Kernel density was used to estimate the spatial clustering of ecological service change in different periods. The higher the kernel density value, the greater the intensity of regional changes and the more obvious the clustering characteristics (Liu et al., 2015).
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Where f (x,y) is the density estimation at the location (x, y); n is the number of ecological service function change points; x−Xi is the distance between the location and the i-th observation location, and h is the bandwidth.
3 RESULTS AND ANALYSIS
3.1 Change Characteristics of Land Use in the Study Area From 1990 to 2020
The data to land use in western Sichuan Plateau from 1990 to 2020 was shown in Figure 3.
[image: Figure 3]FIGURE 3 | Land use of the Western Sichuan Plateau from 1990 to 2020.
From 1990 to 2020, grassland occupied more than 55% of the study area. While woodland area followed, accounting for about 44%. The coverage rate of unused land, cropland, water body and built-up land was relatively low, accounting for less than 10% of the study area. Throughout the past three decades years, the area of each region changed to varying degrees, with the biggest change in the area of the built-up land which increased by 141.38%. Then, the water body area continued to rise, with a cumulative increase of 44.11%. Woodland and unused land reflected a fluctuating rise, with the largest increase occurring from 2005 to 2010. The area of cropland and grassland decreased by 1.17 and 2.06%, respectively. Cropland area dropped significantly from 1990 to 1995, and grassland area from 2005 to 2010. In general, the continuous increase area of built-up land and water body was witnessed as the result of population growth and extensive human activities. By implementing policy of returning farmland to forest and protecting natural forest, the area of woodland continued to rise. At the same time, geological disasters and human activities led to some grassland degradation, and increased area of unused land.
3.2 Spatiotemporal Change Characteristics of Carbon Storage in the Study Area From 1990 to 2020
3.2.1 Overall Change Characteristics of Carbon Storage
The carbon storage of the Western Sichuan Plateau from 1990 to 2020 were calculated respectively, and the carbon storage of different land use types and total carbon storage of the study area in each year are shown in Table 3.
TABLE 3 | Carbon storage of the Western Sichuan Plateau from 1990 to 2020.
[image: Table 3]As shown in Table 3, the carbon storage of the Western Sichuan Plateau from 1990 to 2020 is 1.2445 × 1010 t, 1.2453 × 1010 t, 1.2438 × 1010 t, 1.2438 × 1010 t, 1.2465 × 1010 t, 1.2461 × 1010 t, 1.2455 × 1010 t respectively, increased 3.1666 × 107 t per year on average. Among them, the carbon storage slowly increased from 1990 to 1995, slightly decreased from 1995 to 2005, increased relatively more from 2005 to 2010, and slowly decreased from 2010 to 2020, showing a fluctuating increasing trend of “increase-decrease-increase-decrease”.
From the perspective of land use types, the carbon storage of different land use types in different periods of the Western Sichuan Plateau has little change. In general, the carbon storage of woodland, water body, built-up land and unused land increased, among which the carbon storage of water body and built-up land increased significantly; the carbon storage of cropland and grassland decreased by 1.17 and 2.06% respectively in 2020 compared with 1990. In terms of the contribution of different land use types to the total carbon storage, the contribution rate is grassland, woodland, cropland, unused land, built-up land and water in a descending order. Woodland and grassland account for 34 and 56% of the total area of the study area respectively, and their carbon storage accounts for 45 and 53% of the total carbon storage, which are the main carbon pools in the study area.
From Table 3, it can be seen that the correlation between the total carbon storage and above-ground biological carbon storage is not significant in the Western Sichuan plateau. The main reason is that this area is dominated by grassland and woodland, and the high altitude, cold climate and relatively low precipitation prevent crops and forest grasses from fixing carbon on the ground for a long time due to withering and dying, resulting in insignificant correlation between above-ground carbon storage and total carbon due to depletion. The underground biological carbon storage, soil carbon storage and dead organic matter carbon are all significant positive correlation with total carbon stock. In conclusion, woodland and grassland represent the main carbon pools. That to say, the increase and decrease in the coverage of the two types of land serve as the main reason for the changes of regional carbon storage.
3.2.2 Spatiotemporal Change Characteristics of Carbon Storage
From the perspective of the spatial pattern of carbon storage in the Western Sichuan Plateau (Figure 4), there is no obvious difference in the spatial distribution of carbon storage from 1990 to 2020, and high carbon storage is distributed throughout the whole area. The carbon storage of the Yalong River, Dadu River and Min River is obviously high, which is closely related to the rich water resources and high forest coverage in this area. Areas with low carbon storage are sporadically distributed in the middle, west and north of the study area in the shape of dot and strip, mainly because water body and unused land occupy a relatively high proportion.
[image: Figure 4]FIGURE 4 | Temporal and spatial distribution of carbon storage during 1990–2020.
In order to further reflect the spatial change of carbon storage in the Western Sichuan Plateau from 1990 to 2020, the two periods of carbon storage distribution map in 2020 and 1990 were raster processed, with a raster size of 30 × 30 m. The Map Algebra tool of Arcgis was used to calculate the change of each raster. The carbon storage change value greater than 5% is defined as the increase region, the carbon storage change value less than −5% is defined as the decrease region, and the carbon storage change value between −5 and 5% is defined as no change region.
From Figure 5, it can be seen that the carbon storage in most areas of the Western Sichuan Plateau remained basically unchanged from 1990 to 2020. Statistics showed that the no change region is 2.3617 × 107 hm2, accounting for 91.28% of the total area; the decrease region is 1.0439 × 106 hm2, accounting for 4.03% of the total area; the increased area is 1.2131 × 106 hm2, accounting for 4.69% of the total area. From the perspective of spatial distribution, the decrease and increase regions are scattered. The decrease regions are relatively concentrated in 10 counties such as Zoige County, Hongyuan County, Songpan County, Wenchuan County and Xiangcheng County, mainly because the carbon storage is reduced due to grassland degradation caused by climate change, mountain disasters and human activities (Liu et al., 2020). Areas with relatively concentrated increase of carbon storage are mainly located in Litang County, Daofu County, Sertar County and other counties, which are closely related to the benefits generated by the natural forest protection project.
[image: Figure 5]FIGURE 5 | Spatial distribution changes of carbon storage during 1990–2020.
3.3 Spatiotemporal Change Characteristics of ESV in the Study Area From 1990 to 2020
3.3.1 Overall Change Characteristics of Ecological Service Value
Combining the land use data of the Western Sichuan Plateau, the ESV was calculated, and the ESV of different land use types from 1990 to 2020 were obtained (Table 4).
TABLE 4 | ESV change of the Western Sichuan Plateau during 1990–2020.
[image: Table 4]From Table 4, it can be seen that the ESV of the Western Sichuan Plateau from 1990 to 2020 is 3,867.8356 × 108 yuan, 3,875.9691 × 108 yuan, 3,861.5667 × 108 yuan, 3,862.0352 × 108 yuan, 3,976.9597 × 108 yuan, 3,985.0731 × 108 yuan, 4,003.7864 × 108 yuan. With an increase of 135.9509 × 108 yuan (3.29%) and an average annual increase of 4.5317 × 108 yuan, the overall change of carbon storage in the Western Sichuan Plateau during the 30 years is not significant. From the trend of ESV changes, ESV increased slowly from 1990 to 1995, decreased slowly from 1995 to 2005, increased significantly from 2005 to 2010, and slowed down the increase trend from 2010 to 2020, presenting a fluctuation of “increase-decrease-increase” fluctuation state on the whole.
In terms of land use types, the ESV of different land use types in the Western Sichuan Plateau changed little in different periods. In general, the ESV of woodland, water body and unused land increased, and the increase trend of water body was the most obvious. The ESV of water body increased by 44.11% during the 30 years, which is partly related to the hydropower plant construction activities carried out in the Min River, Yalong River and Dadu River during the period. The ESV of cropland and grassland decreased slightly, decreasing by 1.15 and 2.06% respectively, which is related to the continuous expansion of built-up land during the period. From the perspective of the contribution of different land use types to regional ESV, the contribution rate of different land use types is woodland, grassland, water body, cropland and unused land in descending order, of which the woodland with a contribution rate of more than 68% is the main component of ESV in the study area. In summary, the service structure of the Western Sichuan Plateau remained generally stable. The varying coverage of water body and woodland is the most important cause for the change of regional ESV and spatial difference.
Among the second-level ecological service function value, the ecological service function value per unit area from low to high is nutrient cycle maintenance, raw material production, food production, aesthetic landscape, gas regulation, soil conservation, biodiversity, environmental purification, water supply, climate regulation and hydrological regulation, and the value of the following function from low to high is: nutrient cycle maintenance, food production, water supply, raw material production, aesthetic landscape, environmental purification, gas regulation, biodiversity, soil conservation, hydrological regulation and climate regulation. The structure of various service functions is basically stable from 1990 to 2020 (Figure 6). Among the first-level ecological service function value, the value of provisioning service is 16,161.8836 yuan/hm2; the value of regulating service is 170,808.0298 yuan/hm2; the value of supporting service is 15,376.7448 yuan/hm2, and the value of cultural service is 4,377.1408 yuan/hm2. The total value ratio of the four first-level ecological service functions was basically maintained at 6: 65: 23: 5, and the regulation service took an obvious advantage, indicating that ecological protection is the focus of the study area.
[image: Figure 6]FIGURE 6 | Structure comparison of secondary types of ESV during 1990–2020.
3.3.2 Spatial Change Characteristics of Ecological Service Value
From the perspective of spatial pattern of ESV (Figure 7), the spatial distribution characteristics of ESV are similar to carbon storage, showing the characteristics of “high in the south and low in the north” and “high in the east and low in the west”. The main reasons for the overall low ESV are the high altitude and cold climate in the north, and the main land use types are grassland and unused land. While in the east and south, the climate is relatively warm and humid and the main land use types are woodland and cropland. At the same time, the Min River, Dadu River, Yalong River and Jinshajiang River are the main rivers within the territory, which flow from north to south or southeast, so the ESV in the south and east is relatively high. From the perspective of time dimension, there is no significant difference in ESV between 1990 and 2020. The ecological advantages in the south and east still persist, and the regulating capacity of the ecosystem continues to be enhanced, indicating that the conservation and management of public welfare forests, natural forests and grassland resources implemented over the years show good ecological effects. In order to further identify the spatial differentiation characteristics of ESV in the Western Sichuan Plateau from 1990 to 2020, the distribution maps of ESV in 2020 and 1990 were raster processed and the raster size was 30 × 30 m to calculate the changes of ESV in each raster. The ESV change value greater than 5% is defined as the increase region, less than −5% is defined as the decrease region, and the ESV change value between −5 and 5% is defined as no change region.
[image: Figure 7]FIGURE 7 | The spatial distribution of ESV during 2006–2020.
From Figure 8, it can be seen that there is no change of ESV in most areas of the Western Sichuan Plateau from 1990 to 2020, indicating that the Western Sichuan Plateau ecosystem is generally stable.
[image: Figure 8]FIGURE 8 | Spatial distribution changes of ESV during 1990–2020.
Statistics show that the no change region is 2.3617 × 107 hm2, accounting for 91.28% of the total area; the decrease region is 9.9269 × 105 hm2, accounting for 3.84% of the total area; and the increase region is 1.2644 × 106 hm2, accounting for 4.89% of the total area. Areas in decrease region are sporadically distributed like dots, and the relatively concentrated areas are mainly located in the northeast and southwest of the study area. The main reason for the decrease of ESV in the northeast is that the over-loading rate of grassland was high before 2016, and the ecological function of some wetland and plateau lakes was degraded due to overgrazing. At the same time, the Min River Basin is densely covered with deep-cut alpine landforms, ravines and frequent natural disasters, especially the Wenchuan earthquake has caused serious damage to the regional ecological environment. The main reason for the decrease in the southwest is the early woodland degradation. Although major ecological projects such as returning farmland to forest and natural forest protection were actively implemented in the early stage, the problems such as low quality of forest system and low efficiency of forest ecological function were still prominent. Other sporadic reduction areas are mainly caused by the expansion of built-up land and human activities. The areas where ESV increases are mainly located in Litang County in the East and Daofu County in the middle, which is closely related to the increasing woodland area in these areas.
3.4 Simulation and Prediction of Ecosystem Service Function in the Western Sichuan Plateau in 2030
3.4.1 Land Use Changes of the Western Sichuan Plateau in 2030
Using the CA-Markov model in IDRISSI 17.0 to predict the land use of the western Sichuan plateau in 2030 under natural change scenario, and conclude the changes of different land use from 2020 to 2030. The result was displayed in Table 5.
TABLE 5 | Land use of the western Sichuan plateau from 2020 to 2030.
[image: Table 5]From Table 5, under the natural change scenario, the area of woodland and built-up land will be further increased from 2020 to 2030, by 2.68 and 0.26% respectively. However, area of cropland, grassland, water body and unused land decreased to varying degrees, particularly the area of grassland and unused land, all of which covered more than 1% of the study area. In terms of transformation, the increased area of built-up land mainly came from cropland, while grassland, water body and unused land were mainly transformed into woodland.
3.4.2 Carbon Storage Changes of the Western Sichuan Plateau in 2030
The carbon storage of the Western Sichuan Plateau in 2030 was calculated respectively. Different land use types, the total carbon storage of the study area and the change rate of carbon storage from 2020 to 2030 are shown in Table 6.
TABLE 6 | Carbon storage of the western Sichuan plateau from 2020 to 2030.
[image: Table 6]From Table 6, it can be seen that the carbon storage of the Western Sichuan Plateau in 2030 is 1.2509 × 1010 t, and the carbon storage increases by 5.2895 × 107 t in 10 years, with an average increase of 5.2895 × 106 t per year, indicating that the carbon storage of the Western Sichuan Plateau is increasing under the background of natural change. In terms of land use types, the carbon storage of cropland, grassland, water body and unused land decreased slightly, while the carbon storage change of built-up land was not obvious, and the carbon storage of woodland increased significantly, which is the main reason for the increase of total carbon storage in the study area from 2020 to 2030.
From the carbon storage spatial distribution of the Western Sichuan Plateau (Figure 9), the spatial pattern of carbon storage in 2030 does not change much compared with the period from 1990 to 2020. The high carbon storage areas are still distributed throughout the whole area, while the low carbon storage areas are distributed in the central, western and northern parts of the study area in a dotted and banded pattern.
[image: Figure 9]FIGURE 9 | Temporal and spatial distribution of carbon storage in 2030.
The carbon storage distribution map in 2030 was raster processed to calculate the change of each raster from 2020 to 2030. The carbon storage change value greater than 5% is defined as the increase region, less than −5% is defined as the decrease region, and the carbon storage change value between −5 and 5% is defined as no change region. From 2020 to 2030, the decrease region of carbon storage in the Western Sichuan Plateau will be 291.19 ha; the increase region will be 21,518.12 ha and no region will be 25,851,760.68 ha. The Moran’s I for calculating the spatial change of carbon storage in the Western Sichuan Plateau at the grid scale is 0.3423 and the value of p < 0.001, indicating that there is a positive correlation in the spatial change of carbon storage and a certain regional distribution in space.
From the perspective of the spatial pattern of carbon storage change (Figure 10), the increase region of carbon storage is concentrated in Ruoergai County and Hongyuan County in the northeast, and a small amount distributed in Seda County and Shiqu County in the northwest. The decrease region is relatively few and the agglomeration characteristic is not obvious. The main reason lies in that with the conducted desertification control project and the implementation of ecological conservation policy in the study area, the desertification issue in Ruoergai County, Hongyuan County, Shiqu County and other key control areas has been significantly addressed. Going forward, the carbon storage capacity of the study area will continue to be enhanced in the future because of the current policies and treatment measures.
[image: Figure 10]FIGURE 10 | Density distribution changes of carbon storage during 2020–2030.
3.4.3 ESV Change of the Western Sichuan Plateau in 2030
The ESV of the Western Sichuan Plateau in 2030 was calculated respectively. For different land use types, the total ESV of the study area and the change rate of ESV from 2020 to 2030 are shown in Table 7.
TABLE 7 | Ecological service value and changes of the Western Sichuan Plateau in 2030.
[image: Table 7]From Table 7, it can be seen that the ESV of the Western Sichuan Plateau in 2030 is 4,027.8733 × 108 yuan, and the ESV increased by 24.0869 × 108 yuan during the period from 2020 to 2030, with an increase of 0.43% and an average annual increase of 2.4087 × 108 yuan, indicating that the ESV in the Western Sichuan Plateau shows an increasing trend under the natural change situation.
From the perspective of the spatial distribution of ESV in the Western Sichuan Plateau (Figure 11), the spatial pattern of ESV in 2030 has little change compared with the period from 1990 to 2020. Areas with high ESV is still distributed in the whole region, while areas with low ESV are distributed in the central, western and northeastern part of the study area in a pattern of block and band.
[image: Figure 11]FIGURE 11 | The spatial distribution of ESV in 2030.
The ESV distribution map in 2030 was raster processed to calculate the change of each raster from 2020 to 2030. The ESV change value greater than 5% is defined as the increase region, less than −5% is defined as the decrease region, and the ESV change value between −5 and 5% is defined as the no change region. From 2020 to 2030, the decrease region of ESV in the Western Sichuan Plateau will be 293.56 ha, while the increase region will be 263,085.13 ha, and no change region will be 25,610,191.3 ha. The Moran’s I for calculating the spatial change of ESV in the Western Sichuan Plateau at the grid scale is 0.3779, the value of p < 0.001, indicating that there is a positive correlation in the spatial change of ESV and a certain regional distribution in space. From the perspective of the spatial pattern of ESV change (Figure 12), the increase region of ESV is concentrated in Ruoergai County and Jiuzhaigou County in the northeast, Shiqu County in the in the northwest and Mianning County, Muli County and Yanyuan County in the south. The decrease area is relatively low, with a point distribution and not obvious agglomeration characteristics. From 2020 to 2030, the increased area of woodland in Jiuzhaigou County, Ruoergai County, Shiqu County and other regions is relatively large. While the contribution from woodland to ESV is much greater than that to carbon storage, which serves as the main reason for the slight difference between the regional spatial pattern of ESV and carbon storage.
[image: Figure 12]FIGURE 12 | Density distribution changes of ESV during 2020–2030.
4 DISCUSSION
Unlike previous works, this study is based on the improved InVEST model and the ESV equivalent factor model of Xie Gaodi to study the ecosystem service function of the Western Sichuan Plateau from carbon storage and ESV and predict their change trends, which will be helpful to improve the accuracy of evaluation results and the practicality of the research results.
From 1990 to 2020, the carbon storage of the Western Sichuan Plateau showed a fluctuating trend of “slow increase-rapid decrease-rapid increase-slow decrease”, including two periods of dramatic changes from 1995 to 2000 and from 2005 to 2010. From 1995 to 2000, the carbon storage decreased by 3.0315 × 106 t annually, which was related to the decrease of forest area and the continuous increase of bare land area caused by long-term logging activities. According to relevant studies, more than 3.5 × 107 m of timber was cut in the Dadu River and Yalong River basins of the study area between 1958 and the end of the 20th century (Zhou, 2000). From 2005 to 2010, the average annual increase of carbon storage was 5.4150 × 106 t. Thanks to the implementation of Natural Forest Protection Regulations of Sichuan Province and the Natural Forest Protection Project in 2000, the interference and destruction of ecological system caused by human activities were reduced and forest resources were protected (Lai and Yang, 2018), so that the period from 2005 to 2010 has shown good ecological benefits. It shows that the ecological environmental protection measures, such as close hillsides to facilitate afforestation and return the grain plots to forestry and grass, can effectively promote the restoration and rehabilitation of the regional ecological environment by reducing the disturbance of human activities to the study area.
From 1990 to 2020, the overall trend of ESV is increasing, which can be divided into four stages: “slow increase—slow decrease—rapid increase—slow increase”. Similar to the trend of carbon storage change, the two time periods with large changes are 1995–2000 and 2005–2010, but the trend is different after 2010. The overall increase of ESV in the study area from 1990 to 2020 is consistent with the conclusion of relevant studies. Jiang et al. (2020) found that ESV of the Qinghai-Tibet Plateau increased by 2.26% in the past 25 years, mainly due to the large expansion of rivers and lakes and the reduction of bare land and glacier snow cover. The increase of rivers and plateau lakes contributes greatly to the increase of regional ESV, but the carbon storage capacity of water body is very weak, which is one of the reasons for the inconsistent development trend of carbon storage and ESV after 2010.
From 1990 to 2020, the spatial change of carbon storage and ESV in the study area is consistent. The increase region is mainly located in the middle and east of the study area, while the decrease region is mainly located in the northeast and southwest, which are mainly affected by land cover change. Relevant studies have shown that the land use type and degree in the Western Sichuan Plateau have a great impact on carbon storage and ESV (Gascogine et al., 2011; Yang et al., 2014). Over the past few decades, cover changes in Ruoergai County, Jiuzhaigou County and Maoxian County in the northeast and Litang County in the southwest of the Western Sichuan Plateau have shown an overall decreasing trend (Zheng et al., 2020). At the same time, from 1990 to 2020, the population of the study area increased by 714,600 human settlements continued to expand, and production activities such as grazing intensified. As a result, the area of built-up land and water body (mainly the increase in water storage area caused by power stations) increased by 141.38 and 44.11% respectively. Centralized grazing near the settlement intensifies grassland degradation, while the West Sichuan Plateau has a low temperature, low accumulated temperature and long recovery cycle after the destruction of grassland and woodland (Zhang et al., 2020).
The CA-Markov model was used to predict the land use of the Western Sichuan Plateau in 2030. In line with the current development trend, the carbon storage and ESV in the study area will increase by 2.4807 × 106 t and 5.3980 × 109 yuan respectively in the next decade, indicating an overall positive development of ecological environment. The main reason for the enhancement of ecosystem services was that land was developed to woodland. It indicates that strengthening the construction of key ecological function areas and biodiversity protection in the Western Sichuan Plateau, enhancing the protection and management of public welfare forests, natural forests and grassland resources, promoting the rehabilitation of sandy land, degraded alpine wetlands and river wetlands and the restoration degraded grasslands will consolidate and enhance the functional benefits of the ecosystem in the Western Sichuan Plateau.
5 CONCLUSION
In this study, the CA-Markov model was employed to predict the land use pattern under natural change scenarios, and the improved InVEST model and equivalent method were used to evaluate the ecosystem services in the study area from two different perspectives. From 1990 to 2020, the carbon stock of the western Sichuan Plateau showed an overall fluctuating increase. While it reflected relatively dramatic during 1995–2000 and 2005–2010. The contribution rate to total carbon storage in the study area arranged from high to low: grassland, woodland, cropland, unused land, built-up land and water body. The spatial carbon storage change in the past three decades hasn’t changed much in Western Sichuan Plateau. The changed areas are scattered and dotted in general, and relatively concentrated in the east and southwest.
In the past three decades, the ESV increases are similar to carbon stocks, showing an overall wave-like increase trend. The ESV in 2005–2010 and 2015–2020 showed relatively dramatic changes due to water body, and was slightly different from the change trend of carbon storage. The contribution to regional ESV arranges from high to low: woodland, grassland, water body, cropland, unused land and built-up land. Woodland is the land with the highest contribution rate. From the spatial distribution of ESV, the overall spatial characteristics are “high in the south and the east but low in the north and the west”. Areas with relatively obvious changes, mainly located in the northeast and southwest of the study area, are caused by human activities and natural disasters.
Ecosystem services in the western Sichuan plateau present positive growth under current ecological conservation measures. To pursue a high-standard regional development, efforts must be intensified to stay regional ecological conservation above the red line, reasonably control the coverage area of built-up land and keep ecosystem stable.
This paper discussed the changing characteristics of ecosystem services in the Western Sichuan Plateau from two perspectives, further investigation is necessary. The simulation accuracy of LUCC needs to be further enhanced in light of the actual conditions and limiting factors in the study area. The carbon density value should also be verified with measured data to provide data basis for accurate estimation of carbon storage.
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