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Abstract


The water diversion project in Central Yunnan Province (WDP-YN) is the largest water diversion project under construction in China. However, the ecological effects of this water diversion project are still unclear. This study utilized Sentinel-2 remote sensing data to estimate fractional vegetation cover (FVC), maps spatiotemporal variations of FVC in construction areas from 2017 to 2022, and evaluates the impact of the WDP-YN on regional vegetation coverage using buffer analysis and vegetation type transition matrix methods. The study led to the following findings: (1) From 2017 to 2022, FVC within 10 km of the tunnel construction route showed a slightly downward trend or remained relatively stable with no significant changes in the spatial pattern of FVC. (2) Before and after the construction of WDP-YN, over 60% of the area within 10 km of the tunnel construction route showed no change in FVC. On Construction Route Section I (CRS-I), vegetation improved and/or degraded within 12.90% (14.10%) of the area and the regions with degraded FVC concentrated in the northern CRS-I. For Construction Route Section II (CRS-II), 11.96% and 27.51% of the regions were dominated by improved and/or degraded FVC. Vegetation changes near Groundwater Monitoring Point a (GMPa) were relatively stable. (3) The WDP-YN degraded vegetation within 2 km of both sides of CRS-I, slowing down the increase in FVC, while the WDP-YN improved vegetation within 2–6 km of both sides of CRS-II, the closer the distance to CRS-II, the faster the increase in FVC and the decrease in FVC slowed down within 0–2 km of both sides of CRS-II. This study sheds light on the impacts of water diversion infrastructure on vegetation coverage and provides practical guidance and reference for eco-environment protection and ecological restoration given water conservancy projects in China and other regions of the world.
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1. Introduction


The ecosystem is critical for sustainable society and wellbeing [1,2]. Vegetation provides a variety of ecosystem services [3]. The stronger the resilience and resistance of vegetation, the more stable the ecosystem will be [4]. Vegetation change is an important indicator of the evolution of ecosystem health [5]. The growth, spatial distribution, biodiversity, and productivity are important for the structure and function of ecosystems [6,7]. Therefore, vegetation coverage changes have been widely studied aiming at measuring variations of ecosystems at different spatial and temporal scales [8,9].



Fractional vegetation cover (FVC) refers to the percentage of the vertical projection area of vegetation on the ground to the total study area [10]. It is an important indicator to measure the growth status and growth vitality of vegetation and has been widely used to monitor vegetation quality and ecosystem changes [11,12]. At present, FVC is mainly estimated using remotely sensed datasets [13], such as Chinese GF-1 [14], Moderate Resolution Imaging Spectroradiometer (MODIS) [15], and Landsat [16]. Sentinel-2 sensors collect 13-band multispectral images with high spatial, spectral, and temporal resolution, showing great application prospects in monitoring vegetation changes and health information [17]. Therefore, this study uses high-resolution NDVI data calculated by Sentinel-2 to estimate regional FVC.



Actually, more than one factor acts as the driver influencing vegetation changes [18,19]. FVC changes in semi-arid grassland watersheds in Northeast China are heavily influenced by precipitation, temperature, and soil types [20]. The climatic impacts on vegetation coverage in China’s temperate grasslands are manifested in the asymmetricity and seasonality of impacts of diurnal temperature changes on vegetation coverage [21]. In drylands, however, groundwater depth outdoes topography and climate variables in their impacts on vegetation changes [22], and human interferences are also the prime drivers behind the spatiotemporal heterogeneity of vegetation cover and are even dominant in Northern China [23]. At the same time, climate change and human activities also have dual impacts on FVC changes [24,25]. Recent years have witnessed growing interest and concern about the ecological effects of ecological restoration projects on regional terrestrial ecosystems [26], or the impacts of different ecosystem management measures on regional FVC changes [27]. However, there is a lack of research on the impact of non-ecological restoration projects such as water diversion projects on regional vegetation or ecology. Construction projects often involve large-scale land development and land use changes, which will have a profound impact on regional vegetation, while engineering construction promotes social development. It is therefore of theoretical and practical significance to evaluate the impact of construction projects on regional vegetation and to protect and maintain regional ecological health to the greatest extent. Quinn et al. [28] evaluated the impact of the Lower Kihansi Hydropower Project and post-project mitigation measures on wetland vegetation in the Kihansi Gorge in Tanzania and found that after the project was launched, species in regional swamps and streams gradually withered, and weed species entered the wetland. Based on remote sensing data, Wen et al. [29] analyzed the changes in vegetation coverage caused by island construction and found that the vegetation coverage in the study area was generally declining. Gong et al. [30] explored the vegetation coverage around hydropower station projects in the “Belt and Road” region. According to the changes in vegetation coverage, the ecological losses caused by hydropower stations are directly proportional to the reservoir area. Based on the existing research on vegetation in Yunnan Province, the degree to which the water diversion projects influence regional vegetation coverage remains obscure. Construction of water diversion infrastructure usually causes substantial land use changes and has profound impacts on regional vegetation coverage changes. Therefore, an in-depth understanding of the ecological effects of water diversion infrastructure is of profound significance in ecological restoration and conservation during post-construction of water diversion infrastructure.



Yunnan Province is located in Southwest China (21°8′–29°15′N, 97°31′–106°11′E). It has a mountainous plateau terrain with a subtropical plateau monsoon climate. Yunnan province is covered by diverse vegetation types and has a high vegetation coverage rate [31]. Considerable studies have been conducted on vegetation changes in space and time over Southwestern Yunnan, Central Yunnan, and Northern Yunnan [32,33,34]. Some studies focused on the impacts of climate factors such as precipitation and temperature as well as human activities such as land use changes on vegetation changes [35]. However, limited studies have been conducted on the impacts of water diversion infrastructure on vegetation changes. The water diversion project in Central Yunnan Province (WDP-YN) was started in August 2017. It is the largest underway water diversion project in China. The degree to which the WDP-YN impacts vegetation coverage calls for a thorough investigation of post-construction ecological restoration and conservation.



In this study, we attempted to address the ecological effects of WDP-YN on vegetation coverage changes (2017–2022) within the construction areas (Figure 1c) by analyzing FVC based on high-resolution NDVI data calculated by the Sentinel-2 satellite. We used the buffer zone analysis method and the vegetation type transfer matrix method to describe the impacts of water diversion project construction on regional vegetation. This study can help provide theoretical grounds for regional vegetation recovery and ecological conservation during post-construction periods.




2. Materials and Methods


2.1. Study Area


In August 2017, the WDP-YN was started, and the study regions encompass two construction routes: from Lijiang City to Dali City, Yunnan Province, China (Figure 1b). This area has a plateau monsoon climate, with an annual average temperature of 12–19 °C, and uneven precipitation distribution. More than 85% of precipitation is concentrated in the rainy season (May–October). The regional vegetation type is mainly alpine vegetation [36]. Here we used the buffer zone analysis method to develop a 10 km buffer zone for Sections I and II (CRS-I, CRS-II) of the construction route (Figure 1c). Meanwhile, we set up three groundwater monitoring points (GMPa, GMPb, GMPc) (Figure 1d–f). To go further into the impacts of groundwater changes on the surrounding vegetation coverage, we set up a 10 km buffer zone in the vicinity of these three groundwater monitoring points.




2.2. Data


We used the Sentinel-2 high-resolution remotely sensed data to calculate the NDVI by combining near-infrared band (NIR) and red band (R) [37]. In this procedure, we used the maximum synthesis method [38] to eliminate the effects of clouds, atmosphere, and solar altitude angles. Moreover, we used the synthesized monthly scale NDVI data in the current study and the data were 10 m in spatial resolution and were 1 month in temporal resolution. The aforementioned analysis procedure was completed, based on the Google Earth Engine.



Gaps appear in images due to various factors, such as remote sensing data quality, sensor limitations, and cloud removal processing. Here we used the linear interpolation algorithm to fill the gaps. The simple average of the two months before and after the image of a certain month that needed to be interpolated was used as the interpolated value and was used to fill the blank areas to obtain complete monthly NDVI data.




2.3. FVC Calculation


The pixel binary model is simple and efficient, greatly reducing the impact of atmospheric effects, soil background, and vegetation type on remote sensing information [39], and is widely used in FVC estimation [40,41]. Thus, here we used the pixel binary model to estimate vegetation coverage. FVC was evaluated using NDVI and the algorithm is as follows [42]:


  F V C =   N D V I −   N D V I   s o i l       N D V I   v e g   −   N D V I   s o i l      



(1)




where FVC is the fractional vegetation coverage, NDVIsoil is the NDVI value of the area that is completely bare soil or is free of vegetation coverage, and NDVIveg represents the NDVI value of the pixels that are completely covered by vegetation. According to the distribution of NDVI values within the NDVI intervals, the upper and lower thresholds of NDVI intercepted at the 5% and 95% confidence levels were used as NDVIsoil and NDVIveg. In this study, the FVC was classified into five grades (Table 1) based on the equidistant spacing classification method [43].




2.4. Transfer Matrix of the Vegetation Types


The transfer matrix of the vegetation types delineates conversion relations amongst vegetation types [44,45]. The transfer matrix is usually a kind of n × n matrix, where n represents the number of vegetation categories. Element ai,j in the matrix shows the probability of conversion from one vegetation category i to another vegetation category j. This matrix can be used to simulate conversions in vegetation types over time and the evolution of ecosystems. We used the transfer matrix to picture dynamic process of vegetation types before and after the construction of WDP-YN. We calculated the FVC before and after conversion of each vegetation type in different periods and used the FVCdiff to evaluate the impacts of the WDP-YN on FVC. The algorithm is as follows:


        F V C   d i f f   =   F V C   j   T 2   −   F V C   j   T 1        



(2)




where j is the transfer matrix. For example, FVCdiff represents the difference in FVC of j transfer matrix in a certain time interval. T1 represents the beginning of the time interval and T2 represents the end of the time interval. Therefore, positive FVCdiff means increased FVC after j conversion, while negative FVCdiff means decreased FVC after the j vegetation type conversion.




2.5. Buffer Analysis Method


We used the buffer analysis method to quantify the spatial range of the WDP-YN impacts on FVC in the context of climate changes. The buffer zone analysis method, also known as the urban–rural gradient method, is widely used to quantify the spatial impact of urbanization on vegetation [46,47]. Taking the tunnel excavation route of the WDP-YN as the initial vector and 0.5 km as the spatial step, we had 20 buffer zones. Impacts of WDP-YN on FVC can be evaluated by ΔSFVC, i.e.,


      ∆   S F V C   i   =   S F V C   i   −   S F V C   j   ,     i = 1,2 , 3 , … , 20        



(3)




where SFVCi denotes the coefficient of vegetation changes within the ith buffer zone from 2017 to 2022, and SFVCj shows the coefficient of FVC for the regions not affected by the WDP-YN. This area is defined as the average of the FVC coefficients within three buffer zones with the largest distance from the WDP-YN. ΔSFVCi represents the overall impact of tunnel engineering on the ith ring buffer zone. Positive ΔSFVCi shows positive overall impact of the WDP-YN on FVCi, and vice versa. ΔSFVCi near 0 means no significant impact of the WDP-YN on FVCi.





3. Results


3.1. Spatiotemporal Pattern of FVC on Both Sides of the Tunnel Construction Route


3.1.1. Spatiotemporal Changes in FVC on Both Sides of CRS-I


For inter-annual changes in FVC (Figure 2a), the FVC in this region showed a weak downward trend (the slope of −0.0003) with FVC values of 0.69–0.72 and a long-term average of around 0.71. At the monthly scale (Figure 2b), the FVC reached the trough values from January to March with vegetation coverage of about 0.60. April witnessed an increasing vegetation coverage. The time interval starting from May is the rainy season with increased precipitation and rising air temperature, thus increasing vegetation coverage. June to September is the summer season with >85% of the total annual precipitation amount [48]. Favorable climatic conditions improved vegetation coverage [36,49], and the FVC reached its peak values between 0.80 and 0.90. The period after October witnessed dropping vegetation coverage due to the decreasing air temperature and precipitation amount. During the growing season (May–October), when compared to FVC before construction of WDP-YN (2017–2018), FVC increased in 2019, 2021, and 2022, and decreased significantly in 2020.
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Figure 2. (a) Annual changes in FVC within the 10 km buffer zone of CRS-Ⅰ from 2017 to 2022; (b) Monthly changes in FVC within the 10 km buffer zone of CRS-Ⅰ from 2017 to 2022. The dashed lines frame the turning months of FVC increase and decrease in each year. This interval is roughly the growing season of vegetation. 
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Figure 3 showed the spatial pattern of FVC within 10 km on both sides of CRS-I from 2017 to 2022. The spatial distribution of FVC in the study area was basically similar during these six years, showing a spatial pattern of low FVC values in the north and high FVC values in the south of the study region. The vegetation condition near GMPa was better than that of GMPb. There were three areas in the north and south of GMPb with FVC values consistently between 0.9 and 1.0, but the distribution of FVC near GMPa and GMPb was basically similar from 2017 to 2022. There were obvious changes in the area proportions of different grades of FVC from 2017 to 2022. First, the high FVC grade experienced a declining tendency and was followed by a rising tendency. In 2017 and 2018, the area of regions with high FVC accounted for 46.42% and 45.60% of the study area, respectively (Figure 3a,b). A significant decreasing tendency can be found in 2019 (Figure 3c) with the trough value of 40.70%. The period from 2020 to 2021 witnessed an increase in the high FVC grade (Figure 3d,e) and a weak decline in 2022 (Figure 3f). The high FVC was dominant, though the high FVC grade decreased slightly from 2017 to 2022, indicating a relatively stable vegetation coverage in terms of high FVC. The low FVC grade had the lowest area proportion in the study area, with the proportion not exceeding 4.00% in the past six years, but it also showed a weak upward trend. In general, the area proportions of regions with FVC grades below medium (including medium) were 29.47%, 28.13%, 31.37%, 30.55%, 27.11%, and 30.44%, respectively, in the six years. After construction, the proportion of areas with FVC grades below medium (including medium) had an increasing trend. The proportions of areas with FVC grades above medium were 70.53%, 71.88%, 68.62%, 69.45%, 72.89%, and 69.56%, respectively, in the past six years, following the changing pattern of decrease–increase–decrease.
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Figure 3. Spatial variation diagram of FVC within 10 km on both sides of CRS-I. 
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3.1.2. Analysis of Spatiotemporal Changes in FVC on Both Sides of CRS-II


Figure 4 shows the temporal changes in FVC within 10 km on both sides of CRS-II from 2017 to 2022. On the inter-annual scale (Figure 4a), the FVC showed a weak downward trend (slope of −0.0069) with FVC values of between 0.61 and 0.68 and a long-term average of ~0.64. FVC reached the trough values in 2020 with an FVC value of 0.61. Compared with FVC along the CRS-I, FVC in this area was low and the downward trend was more obvious. At the monthly scale (Figure 4b), like CRS-Ⅰ, FVC reached the trough value with vegetation coverage of around 0.50. April–May is the growing season and vegetation coverage reached peak values from June to September with an FVC of 0.70–0.80. After October, FVC dropped sharply. During the growing season, compared with the FVC before project construction (2017–2018), the FVC in 2022 had increased, and the FVC in 2019, 2020, and 2021 had declined with varying magnitude.



Figure 5 shows the spatial pattern of FVC within 10 km on both sides of CRS-II from 2017 to 2022. The spatial characteristics of FVC in the study area were basically similar between 2017 and 2022. The spatial pattern of FVC showed a “high-low-high-low-high” pattern from north to south, and the vicinity of GMPc was always in a state of medium FVC. There were obvious changes in the area proportions of different FVC grades from 2017 to 2022. First, high FVC grade experienced a “decline-rise-decline-rise” pattern. In 2017 and 2018, the area of regions with high FVC grades accounted for 38.14% and 27.69% of the study area, respectively (Figure 5a,b). In 2019, the proportion of regions with high FVC grade increased to 30.49%, and the vegetation recovered significantly (Figure 5c). From 2020 to 2022 (Figure 5d,e), the high FVC grade dropped below 30%, but there was a slight increase in FVC in 2022 (Figure 5f). The proportion of area of regions with low FVC grade was the smallest, with the proportion not exceeding 6%, but it was also on an upward trend. In general, the proportion of areas of regions with FVC grades below medium (including medium) accounted for 34.00%, 44.35%, 39.95%, 46.89%, 42.26%, and 41.18%, respectively. Generally speaking, compared with FVC before construction, FVC followed the increase–decrease pattern. The area proportion of regions with FVC grades above medium was 66%, 55.64%, 60.05%, 53.11%, 57.74%, and 58.82%, respectively. It showed a decrease–increase–decrease pattern.





3.2. Conversion of FVCs on Both Sides of the Project


3.2.1. Conversion of FVCs on Both Sides of CRS-I


We analyzed FVC changes within 10 km on both sides of CRS-I in 2017 and 2022 (Figure 6). To analyze the spatial changes in FVC in detail, seven FVC conversion modes were selected (the remaining conversion modes accounted for less than 1% of the area). A total of 73.00% of the area in this region had no significant changes in FVC (Figure 6). For FVC grades from 2017 to 2022, FVC grades were common from high to slightly high grade, slightly high to high grade, and slightly high to medium grade with area proportions of 4.23%, 4.19%, and 4.16%. The proportion of area with FVC converted from low to slightly low and medium grade was 0.78% and 0.26%, respectively, and the proportion of area with FVC converted from low to slightly high grade and high grade was less than 0.10%. The change from low FVC to other grades represented the trend of regional vegetation improvement. The development of low to high grades in this region was relatively slow. The area with FVC converted from high to low grade, slightly low grade, and medium grade accounted for less than 1%, and the area with FVC converted from high grade to slightly high grade accounted for 4.23%. The change from high FVC to other grades of FVC represented the development trend of regional vegetation degradation, indicating that there may be a weak vegetation degradation trend in some regions, but the degree of degradation was not high.



From the perspective of spatial distribution (Figure 6), the FVC on both sides of CRS-I was largely constant. On the northern construction route, there was an obvious change in FVC from slightly low to low grade, and the regional vegetation tended to degrade. For GMPa, FVC in its surrounding areas mostly remained constant, and vegetation changes were relatively stable. For GMPb, there was an obvious phenomenon of FVC changing from high to slightly high grade in the southeast and north, and the vegetation changed in a degraded direction.




3.2.2. Conversion of FVC Types on Both Sides of CRS-II


Figure 7 shows the area changes in FVC grades within 10 km on both sides of CRS-II from 2017 to 2022. To analyze the spatial changes in FVC in detail, ten FVC conversion modes were selected (the remaining conversion modes accounted for less than 1% of the area). As can be seen from Figure 7, 60.53% of the area in this region had no significant change in FVC. Among the changes in FVC grades from 2017 to 2022, the changes in FVC were common from high to slightly high grade, slightly high to medium grade, and medium to slightly high grade, accounting for 9.50%, 9.09%, and 4.12%, respectively. The proportion of area with FVC converted from low to slightly low grade and medium grade were 1.04% and 0.3%, respectively, and the proportion of area with FVC converted from low to slightly high grade and high grade was less than 0.10%. Similar to CRS-I, the development of vegetation from low grade to higher grades in this region was relatively slow. From 2017 to 2022, the proportion of FVC with changes from high to low grade and slightly low grade accounted for less than 1%, and the proportions of area with FVC converted from high grade to medium and slightly high were 1.47% and 9.50%, respectively. Compared with the CRS-I project area, the area of vegetation degradation in CRS-II was larger.



From the perspective of spatial distribution (Figure 7), the FVC on both sides of CRS-II was largely constant. However, in the southeastern area of the tunnel construction route, there were many areas where FVC changed from high to medium grade, from high to slightly high grade, and the regional vegetation tended to degrade. Most of the regional vegetation on the northern construction route was relatively stable. Within 10 km from GMPc, there was a change in FVC from high to slightly high grade, and the vegetation tended to degrade; there was a change in FVC from slightly high to high grade in the south, and the vegetation tended to improve.





3.3. Composite Impact Footprint of FVC in the Context of Climate Change


3.3.1. Impact Footprint of FVC Changes on Both Sides of CRS-Ⅰ


It can be seen from the impact footprint of CRS-I on FVC (Figure 8a) that as the distance from CRS-I increased, the changing trend coefficient of vegetation coverage (SFVC) showed clear spatial variation characteristics. Although there was a weak upward trend of FVC in different buffer zones, the calculation of ΔSFVC helped identify that compound impacts of climate change and engineering construction in different buffer zones would alter the increase in FVC to decrease.



Within the range of 0–2 km from CRS-I, ΔSFVC was less than 0. Compared with SFVCj, the increasing trend coefficient of FVC in this range was smaller, and WDP-YN may have a negative impact on vegetation. During the construction process, human activities such as deforestation and vegetation clearing directly cause the degradation of vegetation. This direct damage led to a reduction in vegetation coverage in the construction area. In addition, construction would inevitably disturb the surrounding soil, causing changes in soil structure, increased soil erosion, and inducing soil subsidence [50], which had a negative impact on the root system and growth environment of vegetation. At the same time, tunnel construction may cause the groundwater level to drop and the hydraulic connection to decrease, thereby reducing the moisture content of the near-surface soil. Plants in shallow tunnel sections were more sensitive to soil moisture, and reduced soil moisture may hinder the growth of vegetation and hence degrade vegetation conditions.



After the tunnel construction distance exceeded 2 km, a positive trend of ΔSFVC was observed, and the FVC in the area increased faster, indicating that the negative impact of tunnel construction on vegetation was relatively small. Vegetation has resilience, that is, the ability to resist and recover from external disturbances (natural and human-induced disturbances). Under the influence of natural and human factors, the higher the regional water resource availability, the stronger the vegetation resilience [51]. At the same time, in response to the negative impact that the project may have on vegetation, the project builder may have taken ecological compensation measures, such as tree planting, to promote vegetation. These measures may have had a positive effect in regions away from construction lines, leading to a positive trend in vegetation coverage. Finally, as the distance from CRS-I increased, the soil was less disturbed by engineering activities, and the soil erosion caused by construction was reduced, which benefitted vegetation development and improved vegetation coverage.



It was worth noting that within the range of 4.5 to 5.5 km from WDP-YN, ΔSFVC < 0. Compared with the core area of engineering construction, this area may have been subject to more human disturbances, resulting in a decrease in vegetation coverage.



We also analyzed the impact footprint of groundwater monitoring wells to take a closer look at the effects of tunnel construction on regional vegetation conditions. Vegetation conditions surrounding GMPa and GMPb were more affected by human disturbances (Figure 8b,c). For GMPa (Figure 8b), within the range of 0 to 2.5 km from the groundwater monitoring point, human activities had a negative impact on vegetation. Within 3.5–4 km to the GMPa, SFVC and ΔSFVC were both less than 0, implying multi-faceted human interferences. In this case, human activities had larger impacts on vegetation conditions within 3.5–4 km of GMPa than within 0–2.5 km of GMPa. In this sense, appropriate vegetation recovery measures should be performed in these regions for persistent vegetation conservation. As for vegetation conditions near GMPb (Figure 8c), climate changes and engineering construction activities had larger impacts on vegetation coverage over a wider spatial extent. Vegetation coverage within 7 km of GMPb has been heavily affected by climate changes and human activities. Therefore, more efforts should be attached to ecological recovery and conservation in the regions surrounding GMPb.




3.3.2. Impact Footprint of FVC Changes on Both Sides of CRS-II


It can be seen from the spatial impact footprint of CRS-II on FVC (Figure 9a) that as the distance from the CRS-II route increased, SFVC showed a gradually obvious spatial pattern. The SFVC detected within the range of 0 to 1.5 km from CRS-II was between −0.0002 and 0, indicating that the vegetation degradation was weak, or the vegetation condition was relatively stable. Within this spatial range, ΔSFVC > 0 means that compared with SFVCj, the FVC decreased more slowly in this area and the vegetation coverage had improved in the core area of the project construction, which may be because the favorable soil conditions and climate state have exceeded the human interference in restoring and protecting the vegetation coverage. Climate change can offset the negative impact of water diversion tunnel construction on vegetation coverage to a certain extent, prompting the vegetation to gradually improve after being disturbed. Meanwhile, we identified ΔSFVC > 0 and SFVC > 0 within 2–6 km surrounding the tunnel construction routes, indicating that favorable climatic conditions and human factors had a greater impact on the change in vegetation cover than negative human interference. Outside 6.5 km from the water diversion tunnel construction route, the SFVC was less than 0 and the trend coefficient was less than −0.0004, which indicated weak vegetation degradation and/or relatively stable vegetation conditions. Moreover, within this spatial range, ΔSFVC was greater than 0, indicating that climate change and engineering construction had positive impacts on vegetation conditions. The three major physiological activities of vegetation (photosynthesis, respiration, and transpiration) were all affected by climate factors [52]. Specific humidity, temperature, soil temperature, evapotranspiration, precipitation, and soil moisture were all driving factors affecting vegetation changes [53]. This is specifically reflected in the fact that increased precipitation provides more water resources for vegetation [51], the temperature suitable for vegetation growth is conducive to the luxuriance of vegetation, and climate change improves light conditions and promotes photosynthesis of vegetation [54,55]. A series of ecological restoration and protection measures taken during the project construction promoted the recovery of vegetation [56]. In summary, the composite effects of climate change and water diversion engineering constructions had positive impacts on vegetation conditions on both sides of the CRS-II. Under combined influences of climate change and engineering construction, the vegetation in this area showed a slight improvement or remained relatively stable.



We analyzed the impact footprint for vegetation coverage in the vicinity of the GMPc (Figure 9b). We detected ΔSFVC < 0 and SFVC < 0 within regions 0–2.5 km far away from GMPc, which may indicate negative impacts of anthropogenic disturbance on vegetation coverage, while vegetation conditions in the regions 2.5 km out of the WDP-YN improved and/or were relatively stable. Therefore, ecological restoration and protection measures should be vigorously adopted to limit the negative impact of groundwater deficit on vegetation cover changes caused by the combined influence of climate change and human activities.






4. Discussion


This study explores the water diversion project in Central Yunnan Province (WDP-YN) on surrounding vegetation conditions. By estimating FVC using Sentinel-2 satellite data, we found that the WDP-YN had an impact on surrounding vegetation, but the impact was relatively weak and there were regional differences. Around CRS-I, vegetation cover had a tendency to degrade, especially in its northern area, which may be related to soil disturbance and climate change caused by construction activities. On the contrary, the vegetation condition around CRS-II had improved, indicating that the vegetation was more resilient or benefited from favorable climatic conditions.



The construction of large-scale infrastructure in the ecological environment is a complex process. It may not only directly cause vegetation damage, but may also indirectly affect vegetation growth by changing soil structure, hydrological conditions, etc. Therefore, to more accurately reflect the impact of non-ecological restoration projects such as water diversion projects on regional vegetation, further research and development of new methods are needed to consider more engineering factors and climate factors to quantify the impact of project construction on regional ecosystems. Based on this, when formulating ecological protection strategies, a wider range of environmental factors can be taken into consideration, not just a single engineering impact.



Overall, this study not only provides empirical data on the impact of water diversion projects on vegetation conditions but also provides an important reference for ecological environment protection in the construction of similar projects.




5. Conclusions


With a focus on limited knowledge about the impacts of water diversion projects on vegetation conditions, we evaluated the ecological effects of the water diversion tunnel construction routes (CRS-I and CRS-II) in Central Yunnan as well as WDP-YN as a whole on the vegetation coverage by estimating FVC based on high-resolution NDVI data retrieved from the Sentinel-2 satellite. We investigated spatiotemporal variations in FVC over the WDP-YN and its surrounding regions during a period from 2017 to 2022. The dynamic evolutions of regional vegetation types were described based on the method of vegetation type transfer matrix. Moreover, we used the buffer zone analysis method to delineate the spatial extent where climate change and water diversion tunnel constructions exerted impacts on vegetation coverage in Central Yunnan Province. The above-mentioned analyses led to the following findings:



(1) The period from 2017 to 2022 witnessed weak vegetation degradation or relatively stable vegetation coverage within 10 km of CRS-I and CRS-II, while FVC reached its peak values during the growing season (May to October) with less than evident variability of FVC. However, for vegetation conditions surrounding CRS-I, the proportion of area with FVC grade below medium (including medium) had an increasing trend, and the proportion of area with FVC grade above medium showed a trend of decreasing–increasing–decreasing pattern. There was a small area of vegetation degradation within 10 km of CRS-I. For vegetation conditions surrounding CRS-II, the proportion of area with FVC grade below medium (including medium) showed an “increasing-decreasing” pattern, and the proportion of area with FVC grade above medium showed a “decreasing-increasing-decreasing” pattern.



(2) Before and after starting the water diversion infrastructure, the FVC of more than 60% of the areas on both sides of the water diversion tunnel construction route had no changes. For vegetation coverage near CRS-I, FVC was a kind of two-way conversion between high-grade, slightly higher-grade, and medium-grade FVC. We found improved vegetation coverage across 12.90% of the area within 10 km away from both sides of CRS-I, while we observed degraded vegetation conditions across 14.10% of the area and these areas were concentrated in northern parts of CRS-I. Vegetation changes near GMPa were relatively stable. In the southeastern and northern parts of GMPb, there were evident shifts from high-grade FVC to slightly high-grade FVC, indicating degraded vegetation conditions. For vegetation conditions surrounding CRS-II, FVC shifted mainly within three states: high grade, slightly high grade, and medium grade. The area with degraded vegetation was 2.30 times the area with improved vegetation conditions. Moreover, we found degraded vegetation near the GMPc. In summary, the impact of climate change and human activities on vegetation exists, and the corresponding protection and restoration measures need to be taken according to the specific conditions of different regions to achieve sustainable development of the ecological environment.



(3) Construction of the WDP-YN may exert negative impacts on vegetation coverage within a distance of 0–2 km to CRS-I, while we observed composite impacts of climate changes and human interferences on vegetation conditions. Vegetation conditions surrounding GMPa and GMPb were more affected by human disturbances. Vegetation conditions within a 0–2.5 km distance to GMPa were more affected by human disturbances such as engineering construction activities in this study. Human activities had a negative impact on the vegetation condition within the range of 0 to 7 km of GMPb. Meanwhile, we observed an improvement in the vegetation condition around CRS-II, which can be attributed to the combined effects of favorable climatic conditions and human activities. Moreover, favorable soil and groundwater conditions were propitious to vegetation development. In this case, differentiated ecological recovery and conservation measures should be taken for different areas with different impacts of water diversion infrastructure construction on vegetation conditions. This study provides a valuable case study for regional ecological recovery and conservation under heavy impacts of human interferences and water diversion engineering activities in particular.
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Figure 1. (a) The location of Yunnan Province in China; (b) Locations of the construction routes in Yunnan Province; (c) Overview of the 10 km buffer zone of CRS-Ⅰ and CRS-II; (d–f) Overview of the 10 km buffer zone of GMPa, GMPb and GMPc. 
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Figure 4. (a) Annual changes in FVC within the 10 km buffer zone of CRS- II from 2017 to 2022; (b) Monthly changes in FVC within the 10 km buffer zone of CRS-II from 2017 to 2022. The dashed lines frame the turning months of FVC increase and decrease in each year. This interval is roughly the growing season of vegetation. 
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Figure 5. Spatial variation diagram of FVC within 10 km on both sides of CRS-II. 
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Figure 6. Spatial distribution of FVC type transfer within 10 km on both sides of CRS-I. 
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Figure 7. Spatial distribution of FVC type transfer within 10 km on both sides of CRS-II. 
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Figure 8. Spatial impact footprint of FVC on both sides of CRS-I. 
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Figure 9. Spatial impact footprint of FVC on both sides of CRS-II. 
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Table 1. Classification standard for FVC.
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	Type
	FVC Range





	1
	Low FVC
	0~0.2



	2
	Slightly low FVC
	0.2~0.4



	3
	Medium FVC
	0.4~0.6



	4
	Slightly high FVC
	0.6~0.8



	5
	High FVC
	0.8~1.0
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