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Vegetation has changed dramatically in recent years as a result of various disturbances, but the factors influencing vegetation growth vary geographically. We looked into the impact of climate change and human activity on vegetation growth in the Yangtze River Basin (YRB). We characterized vegetation growth in the YRB using gross primary production (GPP) and the leaf area index (LAI), analyzed the relationship between vegetation growth and climate change using the standardized precipitation evapotranspiration index (SPEI), and quantified the relative contribution rate of climate change and human activity to vegetation growth in the YRB by using residual trend method. The findings revealed that: 1) From 2000 to 2018, the YRB showed an increasing trend of temperature (0.03°C yr−1) and precipitation (4.02 mm yr−1) and that the entire area was gradually becoming warmer and wetter; 2) Vegetation growth in the YRB showed a significant increasing trend (GPP: 7.83 g C m−2 yr−2, LAI: 0.02 years-1). Among them, 87.40% of the YRB showed an increasing trend, primarily in the northern, eastern, and southern parts, while decreasing areas were primarily found in the Yangtze River Delta (YRD) and the YRB’s west region. 3) Vegetation had a significant positive correlation with SPEI in most areas of the YRB, and it was more sensitive to SPEI over a long time scale. The effects of climate change and human activity on vegetation growth in the YRB were spatially heterogeneous, and climate change was the primary driving factors of vegetation change in the YRB (accounting for 61.28%). A large number of grass were converted into forest, crop and urban. Overall, climate change and human activity promoted the growth of vegetation in the middle and upper reaches of YRB (MUYRB) while inhibited the growth of vegetation in the YRD. The findings of this study will contribute to a better understanding of the effects of climate change and human activity on vegetation growth in the YRB, as well as provide a scientific foundation for future ecological restoration in humid and semi-humid areas.
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1 INTRODUCTION
Research focusing on long-term changes in large-scale terrestrial vegetation has demonstrated that vegetation serves as an accurate indicator of the impacts caused by various disturbance factors on regional terrestrial ecosystems. Moreover, it plays a crucial role as an ecological indicator in response to global changes (Forkel et al., 2016). In large-scale terrestrial ecological research, the intricate dynamics of vegetation development are significantly influenced by a combination of climate and human factors (Suzuki et al., 2007; Metcalfe et al., 2010). With the deepening of global change research, it is becoming more and more important to accurately quantify the effects of climate change and human activity on vegetation growth (Liu et al., 2015; Piao et al., 2020).
The impacts of climate change on terrestrial ecosystems are expected to alter the temperature, light availability, and water conditions necessary for vegetation growth. Consequently, these changes will have implications for the stability of terrestrial ecosystems, particularly manifested through variations in vegetation leaf area and productivity (Piao et al., 2020). Many studies have shown that vegetation growth under different temperature and humidity conditions has different sensitivity to meteorological conditions (Jiao et al., 2019; Rahmani and Fattahi, 2021). In the middle and high latitudes of the northern hemisphere, increasing temperatures have been found to promote vegetation growth (Mao et al., 2012). In arid regions, vegetation has a significant correlation with precipitation (Li et al., 2015), while in most other areas, it has a high correlation with temperature (Piao et al., 2015). In humid regions, vegetation growth is highly responsive to temperature fluctuations (Ma et al., 2019). Changes in temperature can influence various physiological processes within plants, such as photosynthesis and transpiration, ultimately affecting the overall productivity and health of vegetation in humid environments (Mathur et al., 2014). The responsiveness of vegetation to temperature fluctuations highlights the intricate relationship between climate conditions and the dynamic nature of plant ecosystems in humid regions. It should be noted that the growth of vegetation is also affected by a variety of meteorological factors, including light, humidity, etc., so multiple factors need to be considered comprehensively in research and monitoring. It is worth noting human activity is an important contributor to both climate change and the growth of vegetation (Li et al., 2022). China and India are crucial to the greening of the world’s terrestrial vegetation, which is greatly impacted by human activity through afforestation projects and increased agricultural efficiency (Chen et al., 2019). Urbanization brought by human activity will lead to a sizable portion of crop and grass being taken up by urban land, and vegetation coverage will decrease significantly (Jin et al., 2018). With the implementation of the carbon neutral strategy, regional vegetation growth will benefit from initiatives like converting crop back to grass and forest (Zhao et al., 2018). Therefore, regional and even global vegetation growth processes will be strongly affected by human activity and climate change (Liu et al., 2015).
Many studies have quantified the effects of climate change and human activity on vegetation at a regional scale. It is found that the warm and wet climate in North China has a significant positive correlation with regional greening, in which climate change has a more significant impact on vegetation cover than human activity (Cao et al., 2021). The trend of warm and humid climate was favorable to grass growth, in which the relatively dry and warm climate had a more significant effect on vegetation growth (Han et al., 2018). However, Economic development and population growth had hampered grass growth (Han et al., 2018). In the Loess Plateau, long-term water availability is the dominant climate factor influencing vegetation growth, with the long-term NDVI trend being more sensitive to climate change compared to the short-term trend (Shi et al., 2021). Moreover, in areas experiencing vegetation degradation, human activity has a significantly greater impact on vegetation compared to climate change (Shi et al., 2021). However, studies mainly focus on arid and semi-arid areas, while there are few analyses on humid and semi-humid areas, and most studies only focus on the effects of precipitation and temperature on vegetation growth, which may be insufficient.
The Yangtze River Basin (YRB) is the third largest basin in the world and the main humid and semi-humid region in China. The vegetation in the YRB is very important to maintain the regional carbon and water balance (Qu et al., 2018). In addition, the YRB is one of China’s representative regions with a thriving economy and dense population (Yang et al., 2022). The YRB’s terrestrial ecosystem has been severely hampered in recent years by environmental issues brought on by population increase, climate change, and economic growth (Zhang et al., 2020). It is crucial to understand the characteristics of vegetation change in the YRB and to separate and estimate the relative contributions of climate change and human activity to vegetation growth in light of the dual impacts of climate change and human activity.
This study used meteorological data, GPP, LAI, and SPEI to examine the effects of climate change and human activity on vegetation in the YRB from 2000 to 2018. To be more precise, it mostly consists of three contents: 1) To determine the characteristics of climate change in the YRB by analyzing changes in temperature, precipitation, radiation and SPEI; 2) To determine the characteristics of vegetation change in the YRB by analyzing the state of vegetation growth and the transfer of land cover; and 3) To distinguish between the effects of climate change and human activity on vegetation growth by residual trend method and to quantify the relative contributions.
2 DATA AND METHODS
2.1 Study area
The YRB covers an area of approximately 1.8 million square kilometers. It is located between approximately 24°N and 37°N latitude and 90°E and 122°E longitude. The YRB benefits from a subtropical monsoon climate, characterized by a wet and hot season that creates favorable conditions for vegetation growth (Qu et al., 2018). As shown in Figure 1A, the YRB has a variety of land cover types, with forest predominating in the basin’s southwest, southeast, and north. The Sichuan Basin and the middle and lower reaches of the YRB (MLYRB) are the primary regions where most crops are cultivated. The central, western, and southern regions of the YRB, along with the high-altitude regions of the Qinghai-Tibet Plateau, are predominantly covered by grass. The Yangtze River Delta (YRD) and the MLYRB contain the majority of China’s urban land. The YRB’s topography is uneven, and it has a stepped distribution as the elevation gradually drops from west to east (Figure 1B). With its elevated western regions and lower eastern areas, the Yangtze River gracefully meanders from west to east, eventually emptying into the Pacific Ocean.
[image: Figure 1]FIGURE 1 | Regional overview of the YRB. (A)Land cover types in 2018 (water, forest, grass, crop, and urban). (B) Elevation.
2.2 Meteorological data
China Meteorological Forcing Dataset (CMFD) datasets combine multiple sets of reanalysis data and site-level data, and has undergone strict quality control and calibration, with high data quality and accuracy (Yang et al., 2010; He et al., 2020). In order to study the climatic change in the YRB, we picked the monthly temperature, precipitation and downward shortwave radiation data with a spatial resolution of 0.1°.
2.3 Vegetation data
GPP is usually used to characterize the photosynthetic capacity of an ecosystem (Anav et al., 2015). LAI is an index to measure vegetation density and coverage degree, which can reflect the number and distribution of plant leaves, and is usually used to represent the inter-annual dynamic changes of vegetation (Sun and Qin, 2016). In order to study the change of vegetation in the YRB, LAI dataset of GEOV2 and GPP dataset based on NIRv vegetation index were used (Vickers et al., 2016; Wang et al., 2021). The spatial resolutions of GEOV2_LAI and NIRv_GPP are 1 km and 0.05°, respectively, and the temporal resolutions are 10 days and monthly, respectively. We uniformly converted GPP and LAI data into 0.1°, month-scale spatio-temporal resolution to match meteorological data, and analyzed vegetation change in the YRB.
2.4 Drought index
SPEI is useful for identifying how variations in wet and dry conditions affect vegetation (Vicente-Serrano et al., 2010). To study the dry and wet fluctuations in the YRB, SPEI is typically utilized as the drought index (Wang et al., 2020). The SPEI dataset (Global SPEI database) we used has a spatiotemporal resolution of 0.5° and monthly scales (Beguería et al., 2010; Beguería et al., 2014). When examining how various vegetation types respond to drought, the time scale of the drought index is crucial. SPEI at various time scales is a representation of the cumulative water balance over time. SPEI of 1–2 month-scales is often used to characterize agricultural drought (Mishra and Desai, 2005), and SPEI of 3–6 month-scales is often used to study soil water loss (Ji and Peters, 2003; Lotsch et al., 2003; Hirschi et al., 2011). In order to assess the dry and wet changes in the YRB, we employed SPEI with time scales of 1, 6, and 12 months, labeling them as SPEI01, SPEI06, and SPEI12, respectively. We converted 0.5° SPEI data to 0.1° for dry and wet analysis to match the spatial resolution of meteorological data.
2.5 Land cover data
The MCD12Q1 and MCD12C1 Version 6 dataset are derived using a supervised classification of MODIS Terra and Aqua reflectance, which are then subjected to additional post-processing, incorporating prior knowledge and auxiliary information to further refine a particular category. Therefore, we used MCD12Q1 data with a spatial resolution of 500 m from 2001 to 2018 to describe the land cover change of YRB. Additionally, we employed MCD12C1 to quantify the impacts of climate change and human activity on various vegetation types (Friedl and Sulla-Menashe, 2015). Land cover was categorized using the International Geosphere Biosphere Programme (IGBP) guidelines (Friedl et al., 2010). Land cover was categorized into water, forest, grass, crop, and urban by merging the primary vegetation types in the YRB. Since MCD12Q1 and MCD12C1 lack 2000 land cover data, we used 2001 land cover data instead for land cover conversion analysis.
2.6 Residual trend analysis and relative contribution calculation
We separated and measured the effects of human activity and climate change on vegetation using the residual trend method (Evans and Geerken, 2004; Jiang et al., 2017). The residual trend method was divided into three steps: 1) Combined with the idea of binary linear regression, temperature and precipitation were considered the independent variables, and vegetation was chosen as the dependent variable, and linear regression parameters are calculated by establishing regression models; 2) The estimated vegetation ([image: image]), which represented how the vegetation would be affected by climate change, was derived based on the regression model’s parameters; 3) In order to get vegetation residual ([image: image]), which may be utilized to reflect the impact of human activity on vegetation, the difference between remote sensing vegetation data and [image: image] was calculated. The specific calculation formula is as follows:
[image: image]
[image: image]
Estimated vegetation and remote sensing vegetation data were denoted in the formula by the letters [image: image] and [image: image], respectively. [image: image], [image: image] and [image: image] stand for temperature, precipitation and radiation, measured in °C, millimeters and W m−2, respectively. [image: image] was the residual, representing the effect of human activity on vegetation. The use of residual has certain conditions of use, requiring the goodness of fit R2 between the independent variable and the dependent variable to be greater than 0.3 and the significance p-value to be less than 0.05. Only regions that meet this requirement can effectively separate human activity from climate change for subsequent analysis.
Utilizing the residual trend approach, we distinguished between the effects of climate change and human activity on vegetation, and then, using the following formula in combination (Table 1), we computed the relative contribution rates of climate change and human activity on vegetation (Shi et al., 2021).
TABLE 1 | Calculation table of the rate at which climate change and human activity contribute to vegetation.
[image: Table 1]2.7 Land cover transfer matrix
The land cover transfer matrix shows the alterations and directions of all types of land cover in the research region before and after conversion, as well as the area where each type of land cover will be converted (Wang and Bao, 1999). The expression is as follows:
[image: image]
The land cover types at the start and end of the study, respectively, were represented by [image: image] and [image: image] in the formula; [image: image] represented the overall number; [image: image] was the total area before and after the transition of the study period.
3 RESULTS
3.1 Climate change
With high temperatures in the east and low temperatures in the west, as well as high temperatures in the south and low temperatures in the north, the spatial distribution of air temperature in the YRB displayed a spatial heterogeneity pattern (Figure 2A). As a whole, the temperature increasing rate in the west was higher than that in the east, and the rate of increase in the south was faster than in the north. The fastest-growing and significant regions were located in the middle and upper reaches of YRB (MUYRB) and YRD (Figures 2B, C). In the YRB, the yearly precipitation variation trend showed a sizable geographical disparity. The YRB’s eastern, middle, and southern regions experienced about 1,500 mm of precipitation, compared to barely 500 mm in the western and the Yangtze River Source region (YRS) (Figure 2D). The southern and northern regions of China experienced a drop in annual precipitation. The YRS exhibited the largest decreasing trend, reaching −40 mm yr−1. Precipitation in the eastern coastal areas showed an obvious increasing trend, and some areas showed inter-annual variation of precipitation greater than 40 mm yr−1 (Figures 2E, F). Contrary to the distribution of precipitation and temperature, the radiation distribution in the west is higher than that in the east (Figure 2G). As shown in Figures 2H, I, the spatial variation of radiation is high in the west and low in the east. On the whole, the temperature in most areas of the YRB showed a significant upward trend, the precipitation increased in the east and decreased in the west, and the radiation variation was relatively low.
[image: Figure 2]FIGURE 2 | Temperature, precipitation and radiation distributions in the YRB from 2000 to 2018. (A,D,G) Annual mean value, respectively. (B,E,H) Annual trend, respectively. (C,F,I) Significance p-value (p < 0.05), respectively.
The YRB’s average annual temperature from 2000 to 2018 was 12.41°C, and it increased at a significant rate of 0.03°C yr−1 (p < 0.05) (Figure 3A). The YRB experienced strong summer and low winter temperature variations, with the peak temperature reaching 22.28°C in July (Figure 3D). The YRB’s average annual precipitation from 2000 to 2018 was 1,052.16 mm, with a 4.02 mm yr−1 overall increase, however this trend was not statistically significant (p = 0.33) (Figure 3B). The maximum precipitation (1,204.54 mm) occurred in 2016, while the minimum precipitation (892.03 mm) occurred in 2011. Consistent with temperature, the monthly precipitation showed obvious seasonal changes in Figure 3E, with little precipitation in winter and more precipitation in summer, and the peak value appeared in June (170.04 mm). In Figure 3C, the inter-annual variation of radiation was low, showing a decreasing trend of −1.08 kWh yr−1 (p = 0.40). On the monthly scale, the overall change is similar to temperature and precipitation, but it is worth mentioning that there is a decline of about 20 kWh in June (Figure 3F). Therefore, climate change in the YRB was observed to present a trend of warming and wetting.
[image: Figure 3]FIGURE 3 | Temperature and precipitation changes in the YRB from 2000 to 2018. (A,D) Temperature annual and monthly changes, respectively. (B,E) Precipitation annual and monthly changes, respectively. (C,F) Radiation annual and monthly changes, respectively.
Figure 4 shows that the SPEI in the northern and southwestern parts of the YRB is less than 0, showing a slight drought. The SPEI in the YRB displayed a more significant spatial variation trend as time scale increased, and the SPEI in the majority of locations displayed an increasing trend. By averaging SPEI of different time scales, it could be found that 69.76% of the grid points were positive and 30.24% of the grid points were negative, indicating that the majority of the YRB became wetter. The YRB’s central and eastern regions had an increase in SPEI, indicating a tendency toward a progressive wetness with an increase in precipitation. The SPEI displayed a decreasing tendency in the western and northern regions of the YRB, which was consistent with the local temperature’s upward and downward trends. It was clear that the SPEI could accurately capture the impact of temperature and precipitation together.
[image: Figure 4]FIGURE 4 | SPEI (1, 6, and 12 month-scales) spatial distribution in the YRB from 2000 to 2018. (A–C) Annual mean value, respectively. (D–F) Annual trend, respectively.
Overall, through the calculation of the SPEI in the YRB, we observed a consistent and increasing trend in the inter-annual variation of SPEI at the 1, 6, and 12 month-scales (0.01 years−1). This trend indicates that the YRB has been experiencing a progressive increase in moisture levels over time, as depicted in Figure 5. The consistent pattern observed across the 1, 6, and 12 month-scales implies a sustained influence of climate factors on the basin’s hydrological conditions.
[image: Figure 5]FIGURE 5 | Changes of SPEI in the YRB from 2000 to 2018. (A–C) Annual trends of SPEI in 1, 6, and 12 month-scales, respectively.
3.2 Vegetation and land cover change
As shown in Figure 6A, GPP value was higher in the eastern and southern parts of the YRB, with an annual mean value of around 2,000 g C m−2 yr−1. However, only about 500 g C m-2 yr-1 of GPP was produced on average annually in the YRD and the YRS. Figure 6B demonstrated that the GPP in the middle of the YRB increased at a rate of around 10 g C m−2 yr−2 while decreasing at a rate of about 10 g C m−2 yr−2 in the YRD and the MLYRB. The YRS remained largely constant and shown a decreasing tendency in some parts, while the MUYRB and northern regions of the YRB showed an increasing trend. Figure 6C showed a similar regional distribution of multi-year LAI mean values in the YRB as Figure 6A, indicating that LAI values in the YRS and the YRD were low. In Figure 6D, LAI decreasing regions were mostly found in the YRD and the MLYRB. It is important to note that while LAI in the majority of the western regions showed little change, LAI in the north, south, and southeast of the YRB exhibited an increasing trend of more than 0.06 years−1. In the western YRB, GPP showed a decreasing trend, while LAI did not change significantly. Overall, from 2000 to 2018, the increasing trend in GPP accounted for 83.78% and the increasing trend in LAI accounted for 91.02%. Only 16.22% of the GPP and 8.98% of the LAI showed a declining trend in the YRB. From 2000 to 2018, most vegetation in the YRB showed continuous greening.
[image: Figure 6]FIGURE 6 | GPP and LAI spatial distribution in the YRB from 2000 to 2018. (A,C) Annual mean value, respectively. (B,D) Annual trend, respectively.
By calculating the total amount of vegetation in the YRB, we could find the inter-annual variation trend of GPP in the YRB increased significantly, reaching 7.83 g C m−2 yr−2 (p < 0.01) (Figure 7A). The annual average GPP increased by 115.92 g C m−2 yr−1 from 804.20 g C m−2 yr−1 in 2000 to 920.12 g C m−2 yr−1 in 2018. The monthly pattern of vegetation growth shown by GPP peaked at 162.93 g C m−2 yr−1 in July (Figure 7B). The LAI inter-annual trend was 0.02 years-1 (p < 0.01), the same as the GPP inter-annual trend (Figure 7C). With a growth rate of 0.02 years-1 (p < 0.01), the monthly mean LAI values in the YRB increased from 1.38 in 2000 to 1.74 in 2018, and peaked in July, consistent with the monthly variation pattern of GPP (Figure 7D). Therefore, we could find that the overall vegetation in the YRB is gradually turning green.
[image: Figure 7]FIGURE 7 | Changes of GPP and LAI in the YRB from 2000 to 2018. (A,C) GPP and LAI annual trends, respectively. (B,D) GPP and LAI monthly changes, respectively.
As shown in Table 2, significant spatial changes had taken place in land cover during 2001–2018. A total of 287,842 pixels of grass were converted into forest, making up 90.28% of the total gain in forest, which resulted in a net increase of 58,050 pixels in forest. Next came the contribution from crop, with 30,974 converted pixels, comprising 9.71% of the area increase overall. In the YRB, forest had the largest vegetation increase, with a net increase of 58,050 pixels, comprising 38.95% of the research region’s total increasing area. The grass decreased by 149,041 pixels net, accounting for 1.75% of the basin’s total area, and was primarily converted to forest, urban and crop. It could be seen that the mutual conversion of grass, forest and crop is the main mode of vegetation conversion in the YRB. The net increase of 1,857 pixels in the water represented the gradual expansion of the river and lake area in the humid state of the YRB. The urban expanded by 55,428 pixels, of which crop and grass contributed 98.88%. As a result of the YRB’s ongoing urbanization, a large amount of crop and grass has been converted into urban.
TABLE 2 | The YRB’s land cover transfer matrix from 2000 to 2018.
[image: Table 2]3.3 Relative contributions of climate change and human activity to vegetation growth
In Figure 8, the correlation coefficient and time scale between vegetation and SPEI respectively represented the vegetation’s response and sensitivity to climate change. The spatial distribution of the maximum correlation between vegetation and SPEI01, SPEI06, and SPEI12 was depicted in Figures 8A, E, respectively. The majority of the YRB (79.93%) showed a positive correlation between climate change and vegetation growth, and 48.33% of those areas showed a significant positive correlation. This was particularly true in the central and southern regions of the YRB, where the correlation coefficient was greater than 0.5, demonstrating that climate change was a significant factor influencing YRB vegetation growth. The negative correlation was mainly concentrated in the YRS, western and northern part of the YRB, which were the main artificial ecological construction protection areas of the YRB, while the YRD was a rapidly developing area of urbanization (Figure 1A). According to Figures 8B, F, vegetation was most sensitive to SPEI12 (41.39%), which was mostly dispersed in the eastern and central portions of the YRB and the YRS. SPEI06 (30.50%) and SPEI01 (28.11%) were the next two most sensitive SPEIs to vegetation. Through the classification analysis of different vegetation can be found that the mean correlation of different vegetation types and time scales is positive (Figures 8C, G). In addition, there was a significant positive correlation between forest (0.31) and crop (0.28). Grass had the lowest sensitivity to SPEI, with an average correlation coefficient of 0.20 and a standard deviation of 0.28. The mean correlations of forest and crop were similar, but they were dispersed differently. The correlation standard deviations for forest and crop were 0.23 and 0.25, respectively, indicating that forest responded to climate change more evenly than crop. In descending order, the average correlation between SPEI and vegetation at different time periods was 0.21 for vegetation at 12 month-scale, 0.20 for vegetation at 6 month-scale, and 0.18 for vegetation at 1 month-scale, demonstrating that long-term climate change had a higher impact on vegetation growth (Figures 8D, H).
[image: Figure 8]FIGURE 8 | Correlation between SPEI and vegetation. (A,E) The maximum correlation between GPP, LAI, and SPEI, respectively. (B,F) The time scale corresponding to SPEI, respectively. (C,G) Correlation of different land cover types, respectively. (D,H) Correlation of different SPEI time scales, respectively.
The findings of residual trend analysis demonstrated the significant regional variability of the effects of human activity and climate change on vegetation in the YRB (Figure 9). We could find that not all regions meet the use conditions of residual analysis (R2 > 0.3, p < 0.05). Therefore, we analyzed the regions that meet the criteria. Most frequently seen in the northern and southern regions of the YRB, roughly 92.01% of the regions in the YRB demonstrated that climate change contributed to the rise in GPP. The region where climatic change prevented an increase in GPP accounted for 7.99% of the total area, and was primarily spread in the YRD (Figure 9A). Compared with GPP, LAI showed a similar spatial distribution of climate change impacts, in which 86.13% of the regions showed that climate change promoted the increase of GPP, while 13.87% of the regions showed that climate change inhibited vegetation growth (Figure 9E). Figure 9B shows that approximately 90.49% of GPP growth is influenced by human activity. The region where climate change increased GPP increased by 1.52% when compared to the impact of human activity, primarily in the central and northern regions of the YRB. The inhibition of human activity on the growth of GPP accounted for 9.51% of the total area, mainly concentrated in the YRD. The spatial area of LAI influenced by human activity and climate change was larger than that of GPP, but the distribution pattern was similar to that of GPP (Figures 9E, F).
[image: Figure 9]FIGURE 9 | Effects of human activity and climate change on vegetation growth. (A,B) Trends of climate change and human activity impact on GPP. (C,D) Relative contributions of climate change and human activity impact on GPP. (E,F) Trends of climate change and human activity impact on LAI. (G,H) Relative contributions of climate change and human activity impact on LAI.
By comparing the proportional rates of climate change and human activity, it was discovered that climate change contributed up to 61.28% of the YRB’s vegetation growth, while human activity contributed 38.72%. Only 26.87% of the YRB’s vegetative area was less impacted by climate change than by human activity, and it was primarily concentrated in the region’s center and southern (Figures 9C, D, G, H). It was evident that vegetation growth in the YRB was mainly driven by climate change, and human activity was mainly auxiliary.
Additionally, the contribution rates of climate change and human activity to various vegetation types varied (Table 3). The average relative contribution of human activity to crops reached the highest value (43.62%), while that of climate change reached the lowest value (56.38%). Climate change and human activity each contributed on average 60.71% and 39.29% of forest, respectively. In grass, climate change and human activity had contributed 63.66% and 36.34%, respectively. Therefore, in all vegetation, climate change dominated the vegetation growth process, and human activity contributed more to crop growth than other vegetation.
TABLE 3 | Different vegetation types’ relative contributions from human activity and climate change.
[image: Table 3]4 DISCUSSION
For the investigation and measurement of the natural drivers of ecosystems, the vegetation is sensitive to the influence of climate (Knapp and Smith, 2001; Piao et al., 2020). From 2000 to 2018, the YRB showed a climate change characteristic of warming and wetting (Figure 2; Figure 3). As a typical humid and semi-humid region, temperature has the greatest effect on vegetation growth (Zhang et al., 2020). Since vegetation growth in the YRB was easily affected by temperature change, the correlation between SPEI and vegetation was mostly positive (Figure 8), which is consistent with other research results in the YRB (Chen et al., 2018; Shi et al., 2022). The negative correlation accounted for only 20.07% of the YRB area and was concentrated in northern crop, the urban of the YRD and the western alpine grass (Figure 8). In these areas, the radiation amount is large and the temperature is high (Figure 2), resulting in low precipitation and large surface evapotranspiration, which makes SPEI show a downward trend and show the characteristics of gradual drought (Pan et al., 2015).
Human activity has transformed vast amounts of grass into urban, crop and forest in the YRB (Table 2). Since crop growth is still mainly affected by climate change and is more affected by human land management than other vegetation types, the contribution rate of human activity to crop growth is relatively high (Table 3), resulting in a decrease in the sensitivity of crop growth to climate change (Xin et al., 2008; Piao et al., 2010). The climate in the high altitude area changes with the increase of altitude, the radiation increases, and the temperature and precipitation decreased gradually. Due to the high sensitivity of grass to climate change, the growth of western alpine grass was limited (Nemani et al., 2003; Páscoa et al., 2018; Gao et al., 2019), thus shrinking the grass area in the western YRB (Table 2). With the gradual decrease of altitude, temperature and precipitation gradually increased as controlling factors influencing vegetation growth, and the change rate of temperature and precipitation would also gradually increase (Figure 2). However, long-term climate change had a higher impact on vegetation than short-term climate change (Figure 8), which is in line with other research findings (Wu et al., 2015; Chen et al., 2020).
The climate of the YRB had become warmer and wetter (Figure 3), which effectively promoted the growth of vegetation. However, the direct and indirect influences of human activity on vegetation growth should also be considered (Piao et al., 2015; Piao et al., 2020). Both climate change and human activity were discovered to have an impact on vegetation change in the YRB, but the relative proportions were very different. As shown in Figure 9, climate change and human activity mainly promoted vegetation growth, and there were few areas that inhibited vegetation growth. Among them, the YRD is the main area where human activity inhibited vegetation growth. A large amount of crop and forest around urban was converted into urban to meet the needs of urban development, leading to a significant reduction of vegetation around urban land (Table 2). It could be seen that urbanization progress is an important cause of vegetation degradation (Fu et al., 2018). The MUYRB is an important ecological area in China, as well as key area for the implementation of the project of returning crop to forest and the construction of artificial forests. Human activity had shown that they promote vegetation growth and increase forest (Table 2). In Figure 9, It could be seen that the project of returning crop to forest effectively improved the human-land relationship and promoted the growth of vegetation in the MUYRB (Wang et al., 2015). Although human activity were important drivers of crop cultivation (Chen et al., 2019; Wang et al., 2023), but some vegetation in the YRD still showed negative growth (Figure 9), which was caused by the conversion of a large number of grass areas into crop and urban (Table 2), which reduced the vegetation coverage area and weakened the carbon sequestration ability of vegetation, thus showing the inhibition effect of human activity on vegetation growth (Yang et al., 2022).
By comparing relative contribution rates, it could be found that human activity was an important influence on vegetation growth in the YRB, but climate change lead vegetation change in all vegetation types (Figure 9; Table 3). Therefore, studying the interaction between YRB vegetation and climate change and understanding the response of ecosystem to human activity will provide an important reference for the future construction of YRB ecological conservation projects.
At present, the use of residual analysis method to study the typical humid and semi-humid YRB has certain limitations in the quantitative assessment of the impacts of climate change and human activity on vegetation. The residual analysis method relies on reliable remote sensing data and climate data. However, the widely used CMFD data sets in China have low spatial resolution. Therefore, obtaining high-quality, high spatio-temporal resolution data remains a challenge. The residual analysis method mainly focuses on the modeling and analysis of linear relationships, while the response of vegetation to climate change and human activity may have nonlinear characteristics. Therefore, it is of great significance to further study the mechanism and method of vegetation nonlinear response for more accurate interpretation of vegetation dynamic change.
In general, the use of residual analysis method to study the impact of vegetation on the typical humid and semi-humid YRB has limitations in data availability, model complexity, research comprehensiveness and nonlinear response challenges. The future development direction should focus on improving the quality and availability of data, improving the accuracy of the model, considering the influence of multiple factors, and deeply studying the nonlinear response. This will help to evaluate the driving mechanism of dynamic vegetation change in the YRB more comprehensively and accurately, and predict the future vegetation change trend.
5 CONCLUSION
This study looked at how climate change and human activity affected vegetation growth from 2000 to 2018. The SPEI was used to examine how vegetation responded to climate change in the YRB. Additionally, the relative contribution rate was calculated to examine the effects of climate change and human activity on vegetation growth. Quantitative analysis of the effects of climate change and human activity on vegetation change in humid and sub-humid areas is novel in this study.
The YRB experienced an annual average temperature warming rate of 0.03°C yr−1 and an increase in precipitation of 4.02 mm yr−1, presenting a gradually warm and wet state. There was a significant positive correlation between vegetation and SPEI in most areas of the YRB (79.93%), indicating that climate change has significantly affected vegetation growth. Vegetation in the YRB was more susceptible to SPEI over a long time scale. The forest cover has significantly increased during 2000–2018, on the YRB. The vegetation of the YRB showed a significant increasing trend (7.83 g C m−2 yr−2). With the continuous development of urbanization, a large number of crop and grass were converted into urban. It reduced the area covered by vegetation and weakened the carbon sequestration ability of vegetation. Climate change and human activity were both driving factors affecting vegetation changes. Among all vegetation changes in the YRB, the relative effect of climate change accounted for 61.28%, and the relative effect of human activity accounted for 38.72%, among which crops were most affected by human activity and the average relative contribution rate of human activity reached the maximum (43.62%), indicating that agricultural management was the important driving factor of crop change. Human activity not only promoted the growth of crop, but also inhibited YRD vegetation growth. Nevertheless, human activity has played a crucial role in promoting vegetation growth in the YRB, with the extent of promotion covering approximately 90.49% of the area. In general, vegetation growth in the YRB is positively influenced by both climate change and human activity, with climate change playing a prominent role. Therefore, coordinating climate change with reducing intensive human activity was a reasonable way to restore the ecosystem in the YRB.
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