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Vegetation to some extent can reflect the overall state of the ecological environment, and increasing vegetation cover can improve the quality of the ecological environment. The southwest karst region of China is a typical ecologically fragile area and an important ecological barrier. Against the backdrop of intensified human activities, the vegetation dynamics in the karst region have attracted widespread attention. Analyzing vegetation cover changes and their responses to human activities is important for regional ecological development. This study is based on SPOT-VGT NDVI data from 1998 to 2020 and employs trend analysis, “baseline” determination, multiple regression, residual analysis, and principal component analysis to investigate the characteristics of vegetation cover changes in the southwest karst region of China. Additionally, it quantifies the specific impacts of various human activities on these changes. The research findings indicate that (1) over the past 23 years, the interannual variability and seasonal differences in the NDVI of the southwest karst region have been significant, exhibiting an overall increasing trend. Spatially, the vegetation in this region demonstrates a decreasing trend from south to north and southwest to northeast. (2) Over time, the areas where vegetation has improved gradually expand, and the effectiveness of vegetation restoration increases with time. (3) Overall, human activities influence vegetation growth in the southwest karst landscape region of China. (4) The socioeconomic factors affecting vegetation cover changes in the southwest karst region of China primarily include economic development level, population and labor migration, urbanization development, and vegetation construction. These results provide a scientific basis for formulating reasonable ecological environment protection strategies by humans.
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1 Introduction

Vegetation, a vital component of terrestrial ecosystems, plays a crucial role in soil retention, atmospheric regulation, and ecosystem stability (Guo et al., 2018). Moreover, it serves as an indicator of spatiotemporal changes in the ecological environment (Wang et al., 2015). Increasing land surface vegetation cover can effectively mitigate soil erosion, control the expansion of rocky desertification, and enhance regional ecological environment quality (Macias-Fauria, 2018; Tong et al., 2018; Cheng et al., 2023). Due to the intensification of human activities and the emergence of extreme climatic events, the global ecological environment has recently faced severe threats (Abera et al., 2020). Particularly in the 21st century, the intensity and scope of human activities have expanded progressively. Factors including population growth, urbanization, adjustments in energy consumption structure, afforestation and reforestation efforts, cropland conversion to grassland, and shifts in agricultural practices have significantly impacted regional vegetation cover. Therefore, investigating the patterns of regional vegetation cover changes and analyzing the influence of human activities on these changes can effectively facilitate vegetation restoration and elevate the quality of the ecological environment.

The Normalized Difference Vegetation Index (NDVI) effectively characterizes surface vegetation cover; as such, it has widespread application in studies concerning vegetation cover changes. Numerous scholars have employed NDVI to reveal vegetation changes in various global regions. Wu et al. (2014) conducted a study on global vegetation changes over the past 30 years, indicating a significant increasing trend in vegetation cover across most continental areas during the study period. Researchers like Myneni et al. (1997) and Tucker et al. (2001) observed that long-term sequences of vegetation cover exhibited a rising trend, particularly in mid-latitude regions of the Northern Hemisphere. Park and Sohn (2010) investigated long-term vegetation cover changes across the entire Eurasian continent, revealing an increasing trend in vegetation. Studies regarding vegetation changes in China have predominantly focused on ecologically significant areas, such as the Qinghai-Tibet Plateau (Zhang et al., 2018) and Yangtze River Basin (Shanshan et al., 2021), and densely populated regions like the Northeast (Mao et al., 2012) and North China (Bai et al., 2022). However, existing research largely relies on vegetation indices to analyze vegetation changes, with relatively fewer studies assessing the effectiveness of vegetation restoration based on changes in vegetation cover.

Research findings have demonstrated an increasing influence of human activities on vegetation cover changes (Zhao et al., 2018; Zhu et al., 2020), encompassing positive and negative impacts. Urban expansion has helped convert vast agricultural and forested lands into developed areas, significantly reducing vegetation cover (Obiefuna et al., 2013). Jin et al. (2018) indicated that urbanization development has encroached upon substantial farmland and forested areas for construction, leading to a noticeable decrease in vegetation cover. Luo et al. (2018) contended that the construction of the Qinghai-Tibet Railway in recent years, coupled with the influx of residents and tourists, has contributed to vegetation degradation. In contrast, economic growth and urbanization development have spurred labor migration, resulting in marginal land abandonment and a shift in energy consumption, thus promoting forest transition and vegetation restoration (Aide and Grau, 2004). Furthermore, reforestation and grassland restoration projects are direct factors leading to increased vegetation cover (Li et al., 2012). Currently, the most common research methods for studying the impact of human activities on vegetation cover involve multiple regression analysis and residual analysis. Evans and Geerken (2004) employed residual analysis to quantitatively analyze the influence of human activities on vegetation cover changes in Syrian grasslands. Li et al. (2012) utilized residual analysis to find that primarily grazing-related human activities were the main driving factors behind vegetation changes in Inner Mongolia. Cao et al. (2006) used regression and residual analysis to study the impact of human activities on vegetation cover in the Xilingol region. However, previous studies have only roughly quantified the positive and negative effects of human activities on vegetation cover changes without specifically delineating the impacts of different human activity factors on vegetation cover.

The complex terrain and ecological fragility of the southwestern karst region of China, combined with the dual pressures of population and land resources, have led to varying degrees of ecological degradation due to unsustainable land use practices. This region faces challenges such as severe water and soil erosion, land desertification, and acid rain issues (Wang et al., 2004; Jiang et al., 2014). However, the karst region plays a crucial role in ecological functions, such as water conservation and soil retention. Therefore, the vegetation cover in the karst region affects the local ecological environment and agricultural production and holds significant implications for the ecological security and economic development of China and Asia. Monitoring and analyzing vegetation changes in the southwestern karst region has become essential to global change research; this helps to determine regional ecological environmental changes and provides a scientific basis for formulating rational strategies for ecological environment protection.

Based on the SPOT-VGT NDVI data from 1998 to 2020, this study employs Theil-Sen Median trend analysis and Mann-Kendall significance testing to conduct an analysis of vegetation cover changes and spatial patterns in the southwest karst region of China over the past 23 years. Additionally, it utilizes a “baseline” assessment method to evaluate the effectiveness of vegetation restoration. Subsequently, multiple regression, residual analysis, and principal component analysis refine the impact of human activities on vegetation cover, identifying key human activity factors and assessing the relationship between vegetation cover and human activities. The aim is to provide valuable insights for regional vegetation restoration, ecosystem preservation, and the development of ecological civilization.




2 Materials and methods



2.1 Study area

The study area of this paper is located in southwestern China, encompassing three provincial-level administrative regions and one directly administered municipality: Guizhou, Sichuan, Yunnan, and Chongqing. Its geographical coordinates range from 97°31’ to 110°11’ east longitude and 21°8’ to 34°19’ north latitude. The total area covers 1,064,507 square kilometers, accounting for 11.09% of China’s land area. Situated within the tertiary transition zone of China, the study area features complex topography with significant elevation variations, ranging from 55 to 6359 meters above sea level (Figure 1). The southwestern karst region represents a prominent example of karst landforms in China, with Guizhou, Sichuan, Yunnan, and Chongqing accounting for more than 50% of the total karst area in the country. The region falls under the category of ecological vulnerability, facing severe issues of soil erosion and rocky desertification. Among the provinces and municipalities, Guizhou, Sichuan, Yunnan, and Chongqing exhibit the most severe soil erosion, covering 282,267 square kilometers and accounting for 10.48% of the national soil erosion area. The total area affected by rocky desertification in these four regions is 6.265 million hectares, representing 62.21% of the national rocky desertification land. The southwestern karst region is a quintessential example of China’s ecologically fragile areas, yet it holds significant ecological importance, and it is part of the Yangtze River’s key ecological region, incorporating five national key ecological functional zones and constituting an essential component of the ecological barrier in the Sichuan-Yunnan region.




Figure 1 | Study area.






2.2 Data sources



2.2.1 NDVI data

The study used NDVI data obtained from the Resource and Environmental Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/). These data covers the period from April 1998 to June 2020, with a spatial resolution of 1 km and a temporal resolution of monthly data. The data were pre-processed, including geometric correction, radiometric correction, atmospheric correction, and other necessary steps.




2.2.2 Temperature and precipitation

Temperature and precipitation data used in this study were sourced from the “National Tibetan Plateau Scientific Data Center” (http://data.tpdc.ac.cn). This dataset provides monthly precipitation and temperature data for China, with a spatial resolution of 0.0083333° (approximately 1 km). The data cover the period from January 1998 to December 2020, with precipitation data in units of 0.1 mm and temperature data in units of 0.1°C.




2.2.3 Population and GDP

Population and GDP data were obtained from the Resource and Environmental Science Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/). Data were selected for three periods: 2000, 2010, and 2019. These datasets represent spatial distribution raster data at a resolution of 1 km.




2.2.4 Socio-economic data

This study utilizes socio-economic datasets encompassing population statistics, regional Gross Domestic Product (GDP), labor force migration, and related parameters. These data were collected from sources such as the “China Statistical Yearbook,” the “China Forestry Statistical Yearbook,” and Supplementary Supplementary Information from provincial statistical yearbooks or bulletins.

Considering that the nominal GDP obtained from statistical yearbooks may exaggerate the impact of economic growth on NDVI, this paper calculates the real GDP for analysis, referencing the study by Huang et al. (2024), using the Consumer Price Index (CPI). Taking the GDP of 1997 as the base, the 1997 CPI is set to 100, and Equation 1 is applied to calculate the real GDP from 1998 to 2020.

 

Where GDPi is real GDP in the i-th year, the nominal GDPi and CPIi both are collected from the statistical yearbooks in the i-th year. The CPI1997 is the CPI in 1997 and equals 100.





2.3 Research methods

This research incorporates a comprehensive suite of data processing and analytical methodologies to investigate the impact of human activities on vegetation cover. By leveraging NDVI datasets, seasonal and interannual fluctuations were quantified using the Maximum Value Composite method. Subsequent application of trend analysis and significance testing, in conjunction with baseline establishment, facilitated the identification of vegetation cover change trends. Additionally, temperature and precipitation datasets underwent residual analysis to examine the impact of human activities on vegetation cover. In parallel, the analysis of socio-economic datasets through correlation and principal component methods elucidated the relationship between vegetation changes and economic growth. Through the amalgamation of these diverse techniques, the study delineates both the direct and indirect influences of human activities on vegetation cover.



2.3.1 Maximum value composites

The Maximum Value Composites (MVC) algorithm was employed to generate annual NDVI data for the study area (du Plessis, 1999). This technique aims to reduce the impact of factors such as weather conditions and solar angles. The formula is as follows:

 

In Equation 2, i represents the year; j represents the month; s denotes the season, specifically spring (March-May), summer (June-August), autumn (September-November), winter (December-February of the following year), and the growing season (April-October). NDVIj indicates the monthly NDVI value; NDVIi represents the annual NDVI value; NDVIs denotes the NDVI value for different seasons. In order to better elucidate the characteristics of ecological restoration in the study area, the NDVI has been categorized into five levels as follows: high cover (NDVI ≥ 0.75), moderately high cover (0.75 > NDVI ≥ 0.6), moderate cover (0.6 > NDVI ≥ 0.45), moderately low cover (0.45 > NDVI ≥ 0.3), and low cover (NDVI< 0.3), denoted as Level I, Level II, Level III, Level IV, and Level V, respectively.




2.3.2 Trend analysis and significance testing



2.3.2.1 Theil-Sen Median trend analysis

The Theil-Sen Median trend analysis method, also known as slope estimation, is a robust non-parametric statistical approach used for trend calculation (Qi et al., 2023). This method is particularly resistant to measurement errors and outliers, making it suitable for analyzing trends in long time series data. In this study, we employed the Theil-Sen Median trend analysis method to simulate the changing trends for each grid pixel. This approach primarily aims to capture the spatial variation characteristics of NDVI over different time periods (Equation 3).

 




2.3.2.2 Mann-Kendall significance testing

The Mann-Kendall (MK) test method was employed in this study to assess the significance level of the NDVI time series trends (Hussien et al., 2023). The Mann-Kendall non-parametric statistical test offers numerous benefits, including its lack of assumption regarding the normal distribution of data, its tolerance for non-linear trends, and its robustness in the presence of missing values and outliers. These attributes have rendered it extensively applicable in the analysis of trend significance within long-term time series datasets (Equations 4–7).

Calculate the statistic S:

 

The sign function sgn:

 

When n≥8, the statistic S approximately follows a normal distribution with a variance of:

 

The standardized statistic Z is calculated using the following formula:

 

Where NDVIi and NDVIj represent the NDVI values corresponding to the i-th year and j-th year, respectively. “sgn” denotes the sign function, and n symbolizes the duration of the period under consideration for vegetation dynamics. Based on the significance testing results, the degree of NDVI change trends is categorized into non-significant change, significant change, and highly significant change. For a significance level α, when |Z| > Z1-α/2, it indicates significant change in the time series at the α level; otherwise, it is considered non-significant change. In this study, we consider |Z| > 1.96 as passing the 95% significance test and |Z| > 2.58 as passing the 99% significance test. According to trend analysis and significance testing, change trends are categorized into seven levels: highly significant decrease (β< 0, |Z| > 2.58), significant decrease (β< 0, 1.96< |Z|< 2.58), slight decrease (β< 0, |Z|< 1.96), no change (β = 0), slight increase (β > 0, |Z|< 1.96), significant increase (β > 0, 1.96< |Z|< 2.58), and highly significant increase (β > 0, |Z| > 2.58).





2.3.3 The establishment of the “baseline”

The ecological restoration quality index Eij established in this study is based on the “baseline” setting method (Martin et al., 2014), which quantifies the ecological restoration effects at different time scales using the characteristics of average vegetation cover change at the provincial and municipal levels. The “net change” (eij) in vegetation, calculated as the difference between the areas with significant improvement and severe degradation as indicated by the trend analysis of annual average NDVI data, serves as the vegetation indicator. This approach quantitatively analyzes the ecological restoration effectiveness across various time scales in the study area.

 

In Equation (8), i represents different assessment units, and j represents different time scales, namely, 1998-2005, 1998-2010, and 1998-2020. INij stands for the proportion of the area within assessment unit i where annual average NDVI significantly improved during time scale j, while DEij represents the proportion of the area within assessment unit i where annual average NDVI experienced severe degradation during time scale j.

The reference value for evaluation, denoted as the “baseline” (e), is determined as the difference between the area with significant improvement in vegetation and the area with severe degradation in vegetation for the period 1998-2005 (Equation 9).

 

When Eij ≤ 0, it indicates that the ecological condition of the area has regressed during that time period, failing to achieve ecological restoration. When 0< Eij ≤ 1, it signifies that, although the effectiveness index is positive, the area has not surpassed the “baseline” level as represented by the 1998-2005 average. When Eij > 1, it signifies that the area has achieved significant ecological restoration during that time frame, and the greater the extent by which it surpasses the “baseline”, the more pronounced the restoration effectiveness.




2.3.4 Multiple linear regression and residual analysis method

Climate change and human activities have been widely recognized as the primary drivers of vegetation cover changes in a multitude of studies. However, identifying which areas are affected by climate change and which are influenced by human activities during the analysis of vegetation cover changes has historically lacked a reasonable quantitative analysis method. Currently, the predominant methodology in investigating the causative factors of changes in vegetation cover entails an initial assessment of the correlation between time series NDVI data and climatic variables, followed by the development of predictive models. By isolating the impact of climatic factors on NDVI, the extent of human activities’ influence is assessed, a process known as residual analysis (Dagnachew et al., 2020). The principle of residual analysis involves constructing a linear regression model between climatic factors and NDVI over an extended time series. This model uses climatic factors as variables to simulate the NDVI values under the control of climatic conditions alone. The simulated NDVI values are then compared with the actual NDVI values, by subtracting the simulated NDVI from the actual NDVI measurements. This process isolates the portion of vegetation cover influenced by climatic conditions, with the resulting NDVI residuals representing the impact of human activities on vegetation cover changes. Previous studies have shown that temperature and precipitation are indicators of climate change and the most crucial climatic conditions affecting vegetation growth (Piao et al., 2003). Therefore, residual analysis typically considers these two climatic factors: temperature and precipitation (Jin et al., 2020; Liu et al. 2024).

Initially, a multiple linear regression model is formulated utilizing NDVI values and time series data for temperature and precipitation. The parameters of this model are determined, yielding a series of predicted NDVI values. These predicted values represent the impact of natural factors on NDVI. Subsequently, the disparity between the observed NDVI values and the predicted NDVI values is computed to obtain the NDVI residuals. These residuals are interpreted as manifestations of the influence of human activities on NDVI (Equations 10, 11).

 

 

In the formula, “a,” “b,” and “c” represent the model parameters. “T” and “P” respectively denote the annual average temperature and cumulative precipitation, measured in degrees Celsius (°C) and millimeters (mm). “NDVIreal” represents the observed NDVI value, “NDVIpre” is the predicted NDVI value, and “NDVIϵ” stands for the residual value of NDVI. When “NDVIϵ” > 0, it indicates that human activities have a positive impact on vegetation growth. When “NDVIϵ” = 0, it suggests that human activities have a weak impact on vegetation cover or no impact. When “NDVIϵ”< 0, it implies that human activities have a negative impact on vegetation growth.




2.3.5 Correlation analysis

The correlation analysis method was employed to calculate the correlation coefficient changes between population, GDP, and NDVI in both temporal and spatial scales within the southwestern karst region.

 

In Equation 12, i represents the year, and n is the number of years; xi and yj denote the sample values for year i, while   and   represent the mean values of the samples.




2.3.6 Principal component analysis

The objective of principal component analysis (PCA) is to employ dimensionality reduction techniques to transform a set of multiple indicators into a smaller set of key indicators (ie, principal components). Each principal component can better reflect most of the information of the original variables without repetition. In this study, PCA was used to identify the human activity factors influencing vegetation restoration. The methodology entailed: (1) standardizing the initial dataset; (2) computing the correlation coefficient matrix; (3) calculating the eigenvalues and Eigenvector; (4) identifying principal components with a cumulative contribution rate exceeding 80% based on the contribution rate and cumulative contribution rate; (5) determining the loading factors of the principal components; (6) evaluating the significance of each principal component’s contribution to ecological restoration. Through PCA, this study aimed to elucidate the effects of various socio-economic development factors on vegetation restoration.






3 Results



3.1 Temporal characteristics of vegetation cover change



3.1.1 Seasonal variation characteristics of NDVI

Over the past 23 years, the Southwest Karst region exhibited significant seasonal variability in NDVI, showing an overall increasing trend. The rates of increase for each season were as follows: spring (0.065 per decade), summer (0.055 per decade), autumn (0.051 per decade), winter (0.043 per decade), and the growing season (0.053 per decade). Notably, spring and summer seasons experienced the highest rates of NDVI change, indicating a clear trend of increase (Figure 2). Specifically, during spring, NDVI values were observed to range from 0.49 and 0.63, marking the beginning of the growing season with a higher growth rate. During summer, NDVI reached its highest values among all seasons. In autumn, NDVI showed a fluctuating increase, with values oscillating between 0.62 and 0.76. Winter had the lowest growth rate, with NDVI values ranging from 0.46 to 0.56. During the growing season, NDVI values fluctuated between 0.70 and 0.81, showing a rising trend similar to that of summer NDVI changes.




Figure 2 | Data processing flowchart.






3.1.2 Annual variation characteristics of NDVI

As shown in Figure 3, the NDVI in the southwest karst region fluctuated between 0.704 and 0.811 from 1998 to 2020, with the lowest value in 1998 and the highest value in 2017. The overall trend for NDVI in the southwest karst region shows a statistically significant fluctuating increase (P< 0.05), with a growth rate of 0.053 per decade. The increase in NDVI is primarily due to a significant increase in high vegetation cover. Figure 4 shows that vegetation cover is predominantly characterized by high vegetation cover resulting from the conversion of vegetation levels II, III, and IV, with level IV conversions being the most prominent. The proportion of high vegetation cover increases from 29.72% in 1998 to 82.35% in 2020. Regions with significant increases in high vegetation cover are mainly found in western Sichuan, central Sichuan, eastern Sichuan, Chongqing, Guizhou, southeastern Yunnan, and southwestern Yunnan (Figure 5). This indicates that the vegetation cover in the southwest karst region has improved significantly, and ecological restoration is evident.




Figure 3 | Time variation of NDVI in the southwest karst region.






Figure 4 | Proportion of different NDVI levels.






Figure 5 | Changes in high vegetation cover (Level IV).







3.2 Spatial trend characteristics of vegetation cover change

To comprehensively understand the spatial trends of vegetation cover in the study area, Theil-Sen median trend analysis was used to calculate the trends for each pixel. When combined with the Mann-Kendall test, the result is the trend map shown in Figure 6, which illustrates the spatial distribution of vegetation trends within the study area. From Figure 6, it can be seen that from 1998 to 2020, the NDVI in the study area shows a decreasing trend from south to north and from southwest to northeast. In particular, the Sichuan Basin and the surrounding areas of the Hengduan Mountains show the most pronounced decrease. Over the 23-year period, the main trend observed in the southwest karst region is an upward trend, covering 87.37% of the area. This is greater than the area with a decreasing trend (6.75%) and regions with no significant change (5.87%). Among these, the area with highly significant increase accounts for 79.87% of the total area, indicating that the entire southwest karst region experienced vegetation restoration during the study period. The areas with vegetation restoration are mainly distributed in Sichuan and Yunnan, with proportions of 35.49% and 31.17%, respectively. This is closely related to the implementation of afforestation and reforestation efforts in these regions. Conversely, the areas with ecological degradation are mainly concentrated around urban areas and the periphery of the Hengduan Mountains. Urban areas, characterized by high population density, rapid economic development, and frequent industrial activities, have an impact on vegetation growth. The Hengduan Mountains and adjacent areas, although sparsely populated, suffer from complex terrain, high altitude, and variable climate, resulting in low vegetation cover and significant ecological degradation.




Figure 6 | Spatial distribution of NDVI trends in the southwest karst region.






3.3 Dynamic changes in vegetation restoration efficiency

The ecological restoration quality in the study area varies significantly at different time scales (Table 1). During the early stages of 1998-2005, when afforestation and reforestation initiatives were initiated in the southwest region, the vegetation in Guizhou and Chongqing improved significantly, by 32.01% and 25.45%, respectively. This resulted in effective vegetation restoration and an improvement in ecological quality. Conversely, during this period, Yunnan and Sichuan did not show significant restoration trends (0< Eij ≤ 1) during this period. When the time scale was extended to 1998-2010, all four provinces and municipalities showed an increase in areas with significant vegetation improvement. Guizhou, Yunnan, and Chongqing all had over more than 50% of their areas displaying significant improvement, achieving effective vegetation restoration. Notably, Guizhou’s Eij value exceeded three during this period. From 1998 to 2020, all four provinces and municipalities saw significant improvement in vegetation, with over 70% improvement, particularly in Guizhou and Yunnan, where it exceeded 90%. This long-term perspective demonstrates that effective ecological restoration has been achieved, with Eij values exceeding three. The results indicate that as time progresses, the areas with vegetation improvement significantly expand, and the effectiveness of ecological restoration increases with time.


Table 1 | Ecological restoration quality at different time scales.






3.4 Human activities and their impact on vegetation cover



3.4.1 Quantitative analysis of the impact of human activities on vegetation cover

This study conducted residual analysis was conducted at the pixel level to calculate the residual NDVI values for the years 1998 to 2020. Positive residuals indicate a positive impact of human activities on vegetation cover, while negative residuals indicate a negative impact. The change trend of residual NDVI was calculated through trend analysis and significance testing, revealing the spatial evolution pattern of the impact of human activities on vegetation cover (Figure 7).




Figure 7 | Spatial distribution of NDVI residual changes in the southwest karst region.



Figure 8 illustrates the impact of human activity on the residual NDVI sequence. It identifies five distinct impact characteristics of human activity: strong negative interference, negative interference, no interference, positive interference, and strong positive interference. Between 1998 and 2020, human activities had a significant spatially heterogeneous influence on vegetation restoration, with high impact in the southwest and low impact in the northeast.




Figure 8 | Impact of human activities on ecological restoration in southwest karst region.



Overall, human activities have a predominantly positive impact on vegetation cover, with 83.83% of areas exhibiting positive interference compared to only 6.09% with negative interference. This suggests that vegetation is experiencing restoration as a result of human influence. The areas where human activities positively interfere with vegetation cover are mainly located around the Hengduan Mountains, as well as in the central and southwestern areas of the Yungui Plateau. These regions are typical karst terrain areas with complex topography, severe soil erosion, and desertification. They have fragile ecosystems and have been focal points for ecological projects since 2002. Due to human activities, these areas have experienced significant increases in vegetation cover and clear ecological restoration. However, human activities have had a negative impact on vegetation in certain regions, such as central Guizhou, southeastern Yunnan, eastern Sichuan, and southeastern Sichuan. These areas are primarily located in urban zones, where the expansion of urban development and population growth have resulted in increased land use for construction.

Human activities have a dual impact on vegetation cover. In urban and surrounding areas, vegetation growth is negatively affected, leading to limited or degraded vegetation restoration. However, in areas with complex terrain and fragile ecosystems, human activities promote an increase in vegetation cover, fostering ecological restoration. In general, human activities have a dominant role in promoting vegetation growth and ecological restoration in karst terrain regions.




3.4.2 Analysis of human activities as drivers of vegetation cover changes

The residual model analyzes the impact and intensity of human activities on vegetation cover in the Southwest Karst Region. However, due to the generality of theoretical assumptions, there are inherent uncertainties. Therefore, it is necessary to refine human activity factors further to analyze their influence on vegetation cover. Previous research has shown that factors such as labor migration and increased economic levels can impact changes in vegetation cover (Chen et al., 2022; Fan et al., 2022). In this research, we identified five socio-economic determinants to represent human activities and incorporated temperature and precipitation data to account for natural influences. The variables corresponding to each indicator are detailed in Table 2.


Table 2 | Variable selection.



The data were standardized and analyzed using PCA in SPSS software. The analysis involved the following basic steps: Analyze → Descriptive Statistics → Descriptives → Dimension Reduction → Factor Analysis. The first step was to obtain eigenvalues using the Maximum Variance Method, which display the inherent correlation among variables (Table 3). This step is crucial to demonstrate the rationale behind conducting PCA. Subsequently, verification was performed using the Kaiser-Meyer-Olkin (KMO) measure and Bartlett’s Test of Sphericity. Table 4 shows that the final KMO output value exceeded 0.5, and the significance value of Bartlett’s Sphericity Test was less than 0.05. These results suggest that the selected variables are appropriate for factor analysis.


Table 3 | Correlation matrix.




Table 4 | KMO and Bartlett’s Test.



When addressing practical problems, it is common to select components with eigenvalues greater than 1 and a cumulative variance contribution rate exceeding 80%. This replaces the original individual variables with principal components for analysis, achieving data dimension reduction. Table 5 shows that the eigenvalues of the first three components are greater than 1 and the cumulative contribution rate has reached 87.865%.This indicates that the selected 7 factors’ variations are essentially captured, meeting the requirements of PCA. Therefore, we obtained the principal component loading matrix (Table 6). The first principal component shows significant loadings for labor transfer, total population, GDP, and urbanization rate, with respective loadings of 0.817, 0.980, 0.947, and 0.984. The second principal component has a significant loading for temperature, with a loading of 0.862. The third principal component shows a significant loading for afforestation area, with a loading of 0.913. To summarize, the socioeconomic factors that affect vegetation cover in the southwest karst region can be grouped into four categories: economic level, population and labor migration, urbanization development, and ecological construction.


Table 5 | Eigenvalues and cumulative contribution ratios.




Table 6 | Principal component loadings matrix.





3.4.2.1 Socio-economic development level

Gross Domestic Product (GDP) is a crucial indicator for socioeconomic development, regional planning, and environmental protection. It serves as a significant metric for reflecting economic and social progress. The GDP of the Southwest Karst region increased from 20.038 billion yuan to 22.510 billion yuan between 1998 and 2020, representing a growth of 12.34%. From 1998 to 2020, there is a significant positive correlation between GDP and vegetation cover in the southwest karst region (Supplementary Figure S1A), indicating that economic growth leads to an increase in vegetation cover. Spatially (Supplementary Figure S1B), in most areas, the increase in GDP has facilitated vegetation restoration (R > 0.6) in most areas. However, where urban expansion is rapid, a negative correlation between GDP and vegetation cover is observed. Intensified urban expansion and construction efforts have led to increased consumption of natural resources, which in turn restricts vegetation growth.




3.4.2.2 Population and labor force migration

Between1998 and 2020, the population of the southwest karst region increased from 190.55 million to 218.36 million, representing a growth of 14.59%. Population density also increased from 167 to 192 people per square kilometer, an increase of 14.97%. Supplementary Figure S2A shows a clear negative correlation between population changes and vegetation cover in the southwest karst region. In the western and southwestern parts of Sichuan, the southwestern and southeastern parts of Yunnan, and the northwestern part of Guizhou, population changes have a promoting effect on vegetation restoration, as shown in Supplementary Figure S2B. Conversely, areas with rapidly developing economies, such as urban clusters, experience a suppressive effect of population changes on ecological restoration.

Additionally, Supplementary Figure S3 illustrates the relationship between labor migration and NDVI. From 1998 to 2020, rural labor migration exhibited a fluctuating trend, initially increasing and then decreasing, while NDVI showed an overall increasing trend. The relationship between labor migration and vegetation cover showed a clear positive correlation, as represented by the equation (YNDVI=0.3054Xlabor-0.1887). This indicates that labor migration has contributed to an increase in vegetation cover, which is beneficial for ecological restoration (Supplementary Figure S4).




3.4.2.3 Urbanization development

Supplementary Figure S5 depicts a significant positive correlation between urbanization and vegetation, indicating that vegetation growth tends to increase with urban expansion. The urban population in the southwest karst region increased from 48.48 million to 122.97 million between 1998 and 2020, with a growth rate of 163.65%. The development of urbanization attracted rural populations to cities, leading to the marginalization of low-quality arable land in rural areas. The land gradually returned to forest, promoting vegetation restoration. The impact of urbanization on vegetation cover was least in Guizhou, followed by Sichuan, Yunnan, and Chongqing (Supplementary Figure S6). Guizhou’s complex topography and challenging infrastructure construction, along with Sichuan’s vast territory and significant economic disparities across different areas, as well as the harsh climate in western Sichuan, have resulted in relatively underdeveloped urbanization. Yunnan’s tourism and non-ferrous metal smelting industries have contributed to urbanization. Chongqing, as the economic center of the upper Yangtze River, has experienced rapid development in the tertiary sector and swift urbanization. However, the varying levels of urbanization across different regions have led to diverse impacts on vegetation cover.




3.4.2.4 Ecological construction

The government has implemented a series of ecological conservation projects under the goal of ecological civilization. These projects have been the most direct factors driving vegetation improvement and ecological restoration in the southwest karst region (Cai et al., 2015; Zhang et al., 2017). Therefore, this study selected the afforested area indicator to measure the impact of afforestation on vegetation cover in southwest karst region. Supplementary Figure S7 illustrates the changes in afforested area and ecological restoration. The graph shows significant fluctuations in the afforestation area within the study region, yet it generally exhibits an upward trend. Similarly, the NDVI exhibits an annual increasing trend. There is a clear positive correlation between the afforestation area and NDVI, as shown in Supplementary Figure S8. This suggests that as the area of afforestation area expands, vegetation cover increases and the ecology gradually recovers. The afforested area experienced a significant increase starting from 2002, reaching its peak in 2003. The NDVI values peaked in 2004, 2005, and 2006, which was 1-3 years after the peak afforested area by 1-3 years, as is commonly observed worldwide. Although the afforested area increased from 2008 onward, adverse weather conditions and the Wenchuan earthquake in the southwestern region during this period did not result in a noticeable increase in NDVI. From 2011 onwards, despite a reduction in afforested area, the region’s forestry and ecological projects entered a mature phase, consolidating the achievements of ecological construction. As a result, NDVI gradually increased. Starting in 2014, a new round of land reforestation and grassland restoration projects was initiated, resulting in a significant increase in afforested area and a corresponding rise in NDVI.

In summary, over the course of 23 years, the afforested area and NDVI in the southwest karst region both exhibited fluctuating trends. However, the general upward trajectory of both afforested area and NDVI suggests a coherent relationship. Specifically, NDVI consistently increased 1-3 years after afforested area expansion, reflecting the implementation of ecological projects such as land reforestation. This trend indicates that vegetation cover is gradually increasing, contributing to ecological restoration in the southwest karst region.







4 Discussion



4.1 Effects of climate change on vegetation cover

In the southwestern karst region of China, climate change is a significant factor influencing vegetation cover, exerting crucial impacts on the local ecosystems and vegetation distribution (Zhang et al., 2022). Multiple studies have demonstrated the notable effects of temperature and precipitation on vegetation cover, especially over long-term scales (Xu et al., 2019). Firstly, temperature is a key factor influencing plant growth and distribution. High temperatures accelerate soil moisture evaporation, increasing the water demand for vegetation growth, while low temperatures may constrain plant growth and development (Lu et al., 2023). Therefore, suitable temperatures facilitate plant growth, promoting vegetation cover and ecosystem stability. Secondly, precipitation is equally vital for vegetation cover in the southwestern karst region. Increased precipitation provides ample water resources, promoting plant growth, especially crucial for vegetation survival and restoration during dry seasons. Additionally, temperature and precipitation also play a role in vegetation restoration, albeit their contribution is relatively minor; however, this contribution cannot be overlooked (Xu et al., 2019; Chen et al., 2021).

Although this paper primarily focuses on the impact of human activities on vegetation cover, the influence of climate change cannot be overlooked. With global climate change, many regions, including the southwest karst region, are facing challenges such as rising temperatures and changes in precipitation patterns. These changes will have profound effects on vegetation growth and distribution (Peng et al., 2021). Therefore, considering the dual effects of human activities and climate change will contribute to a better understanding of the mechanisms driving changes in vegetation cover, as well as the formulation of more effective strategies for ecological protection and restoration.




4.2 Effects of human activities on vegetation cover

Vegetation is a crucial element of terrestrial ecosystems and an important indicator of ecological changes. Human activities have a significant impact on vegetation dynamics (Mueller et al., 2014). In the 21st century, human activities have expanded in intensity and scope, exerting a substantial influence on regional vegetation cover (Hua et al., 2017; Piao et al., 2019).

Our study indicates that human activities have a predominantly positive impact on vegetation cover. This is due to the combined effects of economic growth, population dynamics, and ecological construction. As economic status improves, governments are able to allocate more resources and funds to ecological projects. Additionally, the development of eco-tourism and forestry industries contributes to forest preservation and an increase in vegetation cover. Population changes are a consequence of economic growth. Population dynamics significantly influence the evolution of regional vegetation cover (Jacob, 2003; Li et al., 2013). Therefore, a reduction in population could potentially alleviate pressures on the local ecological environment, particularly in ecologically fragile karst areas. This relief may facilitate improvements in land cover conditions. As economic development progresses, rural-to-urban labor migration becomes a significant human activity. Between 1998 and 2020, China’s rural permanent population decreased by 38.68%. The impact of labor migration on vegetation cover is mainly achieved through changes in land use. Labor migration affects land use, which, in turn, reflects the intensity of human activities. Land use changes are closely linked to the implementation of national ecological projects, which can have an impact on vegetation restoration (Huang et al., 2020). Labor migration facilitates shifts between land use types, leading to a substantial increase in forest area and promoting forest transformation and vegetation restoration (Deshingkar, 2012; Li et al., 2016). Additionally, labor migration alters land use patterns. The loss of labor force may lead to a decline in land use intensity, resulting in marginalization and extensive use of low-quality land, and even eventual land abandonment or fallowing (Zakkak et al., 2018). In karst regions with complex terrain, converting sloping farmland to forestland or fallow can effectively stimulate vegetation restoration and curb soil erosion (Aide and Grau, 2004).

From the perspective of relevant national policies, human activities have a significant impact on vegetation cover, with ecological construction being the most direct influencing factor. Research conducted by Zhao et al. (2018) and others showed a significant positive correlation between cumulative afforestation area and NDVI in Yulin and Yan’an cities in Shaanxi Province from 1998 to 2013. This demonstrates the effectiveness of afforestation projects in promoting vegetation restoration. Qu et al. (2020) conducted a study on the Yangtze River Basin and found that afforestation and reforestation efforts, which benefited from ecological protection policies such as the Grain for Green Program, significantly improved vegetation. Our study also confirms the positive impact of ecological projects on vegetation cover. The restoration of vegetation in karst regions is attributed to the restoration of urban ecosystems and the construction of ecological barriers in mountainous areas. Initiatives such as urban green spaces and mine reclamation projects have increased vegetation cover in urbanized regions during the process of urban development. In karst mountainous areas, a series of ecological reforestation projects have significantly contributed to vegetation restoration (Huang et al., 2023). The construction of ecological conservation zones in the Three Gorges Reservoir Area and the establishment of ecological barriers primarily in the Wuling Mountains, Daba Mountains, and Dalou Mountains have positively influenced water and soil conservation in Chongqing. Long-term reforestation efforts and policies have enhanced ecological functions in the region, such as water source conservation, flood regulation, and soil preservation in the region (Qun and Hanying, 2007; Liao et al., 2020).

Certainly, human activities have had some negative impacts on vegetation cover, especially in urbanized areas. The rapid process of urbanization has led to the expansion of cities, resulting in the conversion of ecological areas into construction land. In addition, the increase in population pressure has contributed to the reduction of vegetation cover in the region (Sun et al., 2015; Jin et al., 2018).




4.3 Strategies for enhancing vegetation cover

The southwest karst region is characterized by its hilly and mountainous terrain, complex topography, and fragile ecological environment, where vegetation plays an important role in both ecological restoration and economic development.

First, managing rural-urban labor migration can help alleviate ecological pressure in the areas of origin. After labor migration, the marginalization of agricultural land in mountainous regions can be addressed by implementing measures such as afforestation and slope management to increase vegetation cover.

Second, during urbanization, controlling land expansion to preserve ecological spaces is crucial. The conversion of ecological land into construction land directly leads to a reduction in vegetation cover. Rationalization and optimization of land use in urbanization areas can minimize the conversion of ecological land, such as forests, grasslands and farmlands, into urban land, thereby increasing vegetation cover in urbanized regions.

Finally, continued efforts are needed to implement key forestry projects, including the Six Major Forestry Projects, to maintain the synergy of economic, ecological, and social benefits in forestry. Emphasis should be placed not only on expanding forest area, but also on improving forest quality. Developing ecotourism, optimizing the structure of the forest industry, focusing on the ecological and environmental protection functions of forestry, and maintaining or increasing the forest cover can improve the quality of forest areas and contribute to the improvement of vegetation cover.




4.4 Study limitations

This research enhances our understanding of regional ecological environments and offers insights for formulating rational ecological protection measures. However, this study has certain limitations. Firstly, the correlation analysis between various influencing factors and NDVI does not imply causation between them, likely due to the availability of data and factors, such as population, GDP, and policies, without considering the impact of agricultural production. Future research will consider factors related to agricultural production and other aspects and delve deeper into their influence on vegetation cover.





5 Conclusion

The southwest karst region in China is a typical ecologically fragile area where vegetation cover is significantly influenced by human activities. The vegetation cover in karst regions affects the local ecological environment and is significant for the ecological security and economic development of China and Asia. This study is based on SPOT-VGT NDVI data from 1998 to 2020 and employs various methods, including trend analysis, “baseline” assessment, multiple linear regression, residual analysis, and principal component analysis, to investigate vegetation cover and its response to human activities in the southwestern karst region.

The research findings indicate that over the past 23 years, the Southwest Karst region has exhibited significant interannual variability and seasonal differences in NDVI for vegetation, with an upward trend. The increase rates are as follows: interannual change at 0.053 per decade, spring at 0.065 per decade, summer at 0.055 per decade, autumn at 0.051 per decade, winter at 0.043 per decade, and the growing season at 0.053 per decade. Spatial analysis reveals that 87.37% of the total area shows an increasing trend in NDVI, suggesting a widespread vegetation restoration across the entire region. However, decreasing trends are observable from the south to the north and the southwest to the northeast. Additionally, over time, the areas with improved vegetation across the four provinces and municipalities have expanded, with increasing effectiveness in vegetation restoration observed. From 1998 to 2020, the NDVI residual values have progressively increased, shifting from negative to positive, indicating that human activities have predominantly promoted vegetation growth in karst landscapes. Lastly, based on principal component analysis, the socioeconomic factors influencing vegetation cover change in the region can be categorized into four main groups: the level of economic development, population and labor force migration, urbanization, and vegetation management.
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