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The deployment of Utility-Scale Solar Energy (USSE) systems is increasingly recognized as a cornerstone strategy in mitigating climate change. However, the environmental ramifications of such extensive developments remain the subject of considerable debate, with marked regional variability in their ecological effects, particularly across different biomes. As such, there is a pressing need for comprehensive, systems-level investigations to evaluate the multifaceted environmental impacts of USSE in both arid and humid ecosystems. Here, we undertake an exhaustive assessment utilizing a high-resolution (10 m) dataset of photovoltaic (PV) station distributions across China, complemented by Landsat-derived NDVI remote sensing data from 2019 to 2023. This approach facilitates the quantification of the dynamic effects of PV infrastructure development on vegetation greenness (NDVImean and NDVImax), and allows for the assessment of scale-dependent ecological responses across two contrasting regions: the arid zone of Ningxia and the humid zone of Anhui. Our results indicate that in the arid region, the construction of PV facilities has a negligible effect on vegetation greenness, with inter-annual variations in NDVImean remaining consistently below 0.05, and no discernible change in NDVImax. In contrast, PV development in the humid region led to a dramatic deterioration in vegetation greenness, with NDVImean declining sharply from 0.42 to below 0.20—representing a reduction of over 50%, particularly during the growing season (April to October). Furthermore, the relationship between the scale of PV installations and their ecological impact in the humid region was characterized by a pronounced non-linearity, with large-scale PV plants (spanning >10,000 pixels) causing near-total vegetation collapse, driving NDVI toward near-zero. Collectively, these findings suggest that the sparse vegetation and enhanced microclimatic regulation characteristic of arid ecosystems provide greater resilience to external disturbances, whereas the high-biomass vegetation typical of humid regions is significantly more vulnerable to perturbations. Based on these insights, we advocate for the strategic prioritization of arid regions with greater ecological adaptability for future USSE development, alongside the incorporation of ecological restoration measures and the optimization of facility scale to mitigate potential environmental disturbances. Our study emphasizes the need for a synergistic approach to optimize both energy transition and ecological conservation in the context of regional variability, offering a solid scientific basis for the national-scale planning and site selection of photovoltaic energy projects.
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1 Introduction

In recent years, China has vigorously advanced the large-scale deployment of photovoltaic (PV) systems, particularly in desert, gobi, and desertification regions, as part of its overarching strategy to achieve carbon neutrality and drive the energy transition (Wang et al., 2023, 2024b). By 2023, China’s cumulative solar power capacity has attained a global leadership position, accounting for more than 45% of the world’s total PV installations (IEA, 2023). There is no doubt that the expansion of Utility-Scale Solar Energy (USSE) systems has made a substantial contribution to diminishing reliance on fossil fuels and addressing the global climate crisis (De Marco et al., 2014; Hernandez et al., 2014). However, the rapid proliferation of such systems has been accompanied by a host of potential ecological disturbances, encompassing land-use conflicts and localized alterations in microclimates, which may have far-reaching and multifarious consequences (Armstrong et al., 2016; Zhang et al., 2023).

The environmental drawbacks of USSE development are particularly pronounced. For instance, the construction of USSE facilities often necessitates extensive clearing of surface vegetation, which can lead to soil erosion, reduced precipitation infiltration, and disruptions in local hydrological systems (Sánchez-Zapata et al., 2016; Zhang et al., 2023). In desert regions, the installation of PV systems not only results in a reduction of plant populations but also significantly alters soil structure (Choi et al., 2020), thereby diminishing the region’s carbon storage capacity. Furthermore, the placement of PV panels over agricultural land can obstruct crops’ access to sunlight, thereby limiting photosynthesis and ultimately reducing agricultural yields (Weselek et al., 2019). For example, crops such as cucumbers, which require high light intensity, exhibit significant yield reductions under the shading effect of PV panels (Marrou et al., 2013). More critically, the expansion of PV installations in humid regions may exacerbate land-use conflicts, directly competing with objectives of food production and forest conservation, leading to long-term instability in land-use patterns (Song et al., 2024).

In contrast, several studies have underscored the potential positive environmental impacts of USSE systems (Turney and Fthenakis, 2011; Uldrijan et al., 2021). The shading effect of PV panels can reduce soil surface temperature and mitigate water evaporation, thereby enhancing plant water-use efficiency and increasing drought resilience (Yue et al., 2021). This effect could positively influence crop yields in drought years, with drought-tolerant crops such as maize exhibiting increased productivity under shaded conditions (Amaducci et al., 2018). Furthermore, the establishment of PV infrastructure on degraded lands may foster ecological restoration, particularly when integrated with restoration techniques like vegetation regeneration (Wang and Gao, 2023), potentially facilitating the recovery of carbon sequestration capacity (Li et al., 2024). It is evident that extant research largely neglects the variation in regional ecological characteristics when examining the environmental impacts of PV installations. This oversight is especially pronounced in the context of contrasting ecosystems, such as arid and humid regions, where a dearth of comparative studies has led to significant disparities in the scholarly discourse regarding the ecological benefits of USSE deployment. In light of intensifying climate change, environmental pressures in different ecological regions exhibit pronounced divergence. Arid regions are particularly vulnerable to external perturbations due to reduced precipitation and water scarcity (Huang et al., 2017). In contrast, humid regions are more susceptible to the repercussions of land-use changes, as they are marked by increased precipitation variability and the fragility of high-biomass vegetation (Allan and Soden, 2008). These regional discrepancies present a novel dimension for exploring the complex ecological responses to USSE development. These regional discrepancies underscore the importance of exploring the ecological responses to USSE development in different ecosystems. This is particularly relevant for arid and humid regions, where climate change exacerbates environmental pressures and increases regional divergence.

Traditionally, the environmental impact assessments of PV installations have predominantly relied on ground-based observations and localized experiments (Yue et al., 2021; Hurduc et al., 2024). While these methods provide direct data support, their spatial coverage is inherently limited, making it challenging to comprehensively monitor the ecological effects of large-scale PV installations. With the advancement of remote sensing (RS) technology, satellite-based monitoring approaches have gradually become the predominant methodology for studying the environmental impacts of PV installations (Zhang et al., 2021; Wang et al., 2024a). Recently, the PV facility benchmark database developed by Feng et al. (2024) has emerged as a crucial resource for RS studies. This database systematically integrates multi-source RS dataset, offering high-resolution distribution information on PV facilities across China at a national scale.

Vegetation greenness indices have become a widely accepted tool for assessing the impact of PV installations on vegetation cover (Xia et al., 2023). For instance, Xia et al. (2024) integrated high-resolution RS imagery with Geographic Information System analysis to investigate the reconfiguration of ecological services on degraded lands following PV development. Their study suggests that, under proper management, the deployment of USSE systems in arid and semi-arid regions can significantly promote land revegetation and enhance carbon sequestration capacity (Xia et al., 2024). Additionally, RS products have been utilized to monitor the dynamic changes in vegetation condition surrounding PV facilities, revealing a subtle yet discernible increase in vegetation coverage during the growing season post-installation (Wang et al., 2024b). Despite a few recent studies employing RS technologies to capture the disturbance processes associated with PV facilities, there remains a conspicuous research gap in using such techniques to explore the ecological responses to USSE deployment across varying regional contexts.

The ecological impacts of PV installations exhibit significant regional variability, largely shaped by local water-thermal conditions (Hurduc et al., 2024; Li et al., 2024), with the scale of PV plant construction potentially inducing non-linear effects on ecosystem health. Based on this, we hypothesize that the environmental impact of PV installations is contingent upon the ecological characteristics of the region in which they are situated. In arid regions, low vegetation cover and high environmental adaptability prevail. As a result, the negative effects of PV installations may be relatively modest. Under certain conditions, they could even facilitate ecological restoration. In contrast, in humid regions, where high biomass and complex ecological services are characteristic, the development of PV infrastructure is likely to incur a greater ecological cost. Furthermore, we posit that variations in the scale of PV installations could either exacerbate or mitigate these disparities, with large-scale projects potentially intensifying land disturbances, while smaller-scale projects may exhibit greater ecological resilience.

To rigorously test the aforementioned hypotheses, our study will leverage the recently developed nationwide dataset of large-scale PV station distributions, with a spatial resolution of 10 m (Feng et al., 2024). In conjunction with this, we will employ the Normalized Difference Vegetation Index (NDVI) as a key metric for assessing vegetation greenness. By integrating these two RS datasets, we will conduct a comprehensive analysis of the NDVI across various regions and installation scales, thereby elucidating both the immediate disturbances and long-term ecological consequences of PV development. The primary objectives of our study are as follows:

	To assess the ecological impacts and underlying mechanisms of PV installations in arid and humid regions.

	To explore the impact of PV installation scale on ecosystem vitality and analyze optimal construction scales.






2 Materials and methods



2.1 Distribution data of PV station

The PV station dataset used in our study is the first publicly released 10 m resolution ground-based PV station grid dataset for China, which provides nationwide spatial distribution information on PV installations (Feng et al., 2024). Developed on the Google Earth Engine (GEE) platform, the dataset employs a random forest classifier and active learning strategies to achieve high-precision PV station distribution identification through the integration of multidimensional features. During the data construction process, ground-based samples covering the entire country were collected, and sample labeling was completed through field surveys and visual interpretation. Subsequently, spectral and texture features from Sentinel-2 RS imagery were extracted, alongside terrain-related characteristics such as slope and aspect, forming a multidimensional feature space for differentiation. Using the GEE platform, parallel predictions were conducted to generate the nationwide PV station distribution map. The final data validation indicated a classification accuracy exceeding 89%, demonstrating high technical reliability (Feng et al., 2024).

In comparison to previous datasets, this dataset offers substantial advantages: First, the 10 m spatial resolution provides a higher level of detail, making it particularly well-suited for nuanced investigations of PV installations across diverse climatic zones, including both arid and humid regions. Second, unlike datasets that rely on low resolution or insufficient sampling coverage, this dataset significantly enhances its reliability and utility through extensive ground-based samples and the integration of multidimensional feature modeling. Third, the rasterized format based on Sentinel-2 imagery supports temporal analysis and large-scale geographic assessments, providing a robust data foundation for evaluating the ecological impacts of USSE development. With its high-resolution spatial coverage and nationwide distribution map, this dataset is particularly well-positioned to facilitate comparative analyses of PV development in arid and humid regions.

The Ningxia and Anhui were selected as representative regions for investigating the ecological effects of USSE development in arid and humid regions, respectively. As shown in Figure 1, there are clear and significant differences between Ningxia and Anhui in terms of PV plant siting, topography, and land-use. These disparities provide an ideal experimental setting to study the ecological impacts of PV facilities under varying hydrothermal conditions. Ningxia, located in the northwestern part of China, is a typical arid region characterized by a landscape dominated by deserts and gobi, with low vegetation cover and relatively harsh natural conditions (Figures 1b, c, e, f). PV plants in this region are primarily located on desertified land and degraded grasslands (Zhang et al., 2021). In contrast, Anhui is markedly more humid, with land predominantly used for agriculture. The surrounding vegetation around PV installations is dense, representing high-biomass ecosystems (Figures 1d, g–i).




Figure 1 | Geographic location, topography, and distribution of PV stations in typical arid (Ningxia) and humid (Anhui) regions. (a) Geographical locations of Ningxia (blue) and Anhui (red) within China; (b) Elevation distribution in Ningxia; (c) PV station distribution in Ningxia, with red areas indicating PV station locations. (e, f) Views of a PV station in the arid region. (d) Elevation distribution in Anhui; (g) PV station distribution in Anhui, with red areas indicating PV station locations. (h, i) Views of a PV station in the humid region.



In this study, the dataset provided by Feng et al. (2024) was utilized to obtain high-resolution distribution data of PV stations in Ningxia and Anhui (Figures 1c, g), offering precise spatial information to explore the potential ecological risks and land-use conflicts associated with PV development in arid and humid regions.




2.2 Landsat NDVI dataset

Our study leverages the Landsat NDVI dataset, available through the GEE platform, spanning from 2019 to 2023, to comprehensively assess the ecological implications of PV facility deployment on vegetation greenness. The NDVI is a widely recognized and extensively utilized vegetation monitoring metric, offering distinct advantages in quantifying vegetation vitality and temporal dynamics (Yang et al., 2021). Its application is particularly well-suited for large-scale, long-duration studies, where it demonstrates exceptional efficacy in delivering reliable and robust insights into vegetation condition.

To ensure the comprehensiveness and accuracy of the analysis, we extracted the mean and maximum NDVI values for each time period. The NDVImean indicator reflects the overall state of vegetation greenness, and it is widely utilized globally, particularly in arid regions, where it is highly sensitive to vegetation monitoring (Yang et al., 2021). Meanwhile, NDVImax represents the maximum photosynthetic potential of vegetation under optimal growth conditions, effectively mitigating potential disturbances such as cloud cover and providing an accurate representation of the vegetation’s peak growth status (Liu et al., 2023). By combining these two key indicators, our study enables a precise quantification of the disturbances to vegetation greenness caused by PV facilities, and provides insights into the regional differences between arid and humid regions. Specifically, the NDVI data from 2019 represents the baseline state prior to PV facility construction, while the data from 2020 captures the immediate post-construction changes. The data from 2021 to 2023 is used to assess the long-term environmental impacts. Moreover, the monthly mean (NDVImean) values were also extracted to explore the seasonal variation in vegetation greenness resulting from PV facility construction.

Additionally, given that the Landsat data was originally at a 30 m resolution, whereas the photovoltaic data was at a 10 m resolution, we conducted a resampling of the NDVI data to a 10 m resolution to ensure spatial congruency




2.3 Statistical analysis

To accurately assess the disturbance effects of PV facilities on ecosystems, our study established a 500 m buffer zone extending beyond the grid cells of the PV installations, which was defined as the control area. The design of this buffer zone is based on the principle of spatial congruence, aiming to ensure a high degree of environmental similarity between the buffer zone and the PV development area, particularly in terms of soil and climatic conditions. In particular, when analyzing NDVI variations, the buffer zone serves as a baseline, facilitating a more precise comparison of the direct impact of PV facility construction on vegetation greenness.

To ensure the reliability and robustness of the results, our study focused exclusively on large-scale PV energy systems, systematically excluding PV installation grid cells with fewer than 100 pixels. This threshold was established by considering both the minimum effective area required for PV installations and the spatial distribution characteristics of the data, thereby optimizing the statistical power of the analysis while minimizing the potential for random noise introduced by small sample sizes. Furthermore, to explore the heterogeneous ecological impacts of PV installations at different scales, we classified the PV development areas into five categories based on pixel count: <2,500, 2,500–5,000, 5,000–7,500, 7,500–10,000, and >10,000. Subsequently, we computed the NDVImean and NDVImax values for each category of PV installation areas and their corresponding buffer areas.

Moreover, we classified PV systems into two categories: >5000 pixels and <5000 pixels. Systems exceeding 5000 pixels represent large-scale installations with notable environmental impacts, while those under 5000 pixels are smaller systems with relatively limited ecological effects. Furthermore, the 5000-pixel threshold aligns with other classifications.





3 Results

We randomly selected two sample PV stations, each covering more than 5,000 pixels, located in the arid region (Yinchuan, Ningxia; Figures 2a, b) and the humid region (Chizhou, Anhui; Figures 2c, d). The two PV stations in Ningxia are shown in Figures 2a and 2b. The analysis revealed that the NDVImean within the PV development areas remained stable, ranging from 0.15 to 0.18. NDVImax values were concentrated between 0.30 and 0.35. Compared to the PV development areas, the control areas exhibited slightly higher NDVImean and NDVImax, although the differences were not statistically significant.




Figure 2 | Spatial distribution of vegetation greenness for four USSEs in Ningxia (a, b) and Anhui (c, d). The first column shows Google imagery of the PV stations, the second column displays NDVImean distribution within the PV development areas, the third column shows NDVImean distribution in the control areas, the fourth column presents NDVImax distribution within the PV development areas, and the fifth column shows NDVImax distribution in the control areas.



The two PV stations in the humid region are shown in Figures 2c and 2d. Both NDVImean and NDVImax within the PV development areas are significantly lower than those in the control areas. Specifically, NDVImean dropped to below 0.2 following PV installation, and NDVImax also decreased to less than 0.35. In contrast, NDVImean and NDVImax in the two control areas were significantly higher than in the PV development areas, maintaining values above 0.4 and 0.6, respectively.

Subsequently, we observed starkly contrasting changes in ecosystem NDVI in different climatic zones following the construction of PV stations. In humid regions, the establishment of PV stations led to a dramatic decline in vegetation greenness, while in arid regions, the greenness remained relatively stable (Figure 3a).




Figure 3 | Annual dynamics and scale-dependent comparison of NDVI in PV development areas and their control areas. The left column shows the annual average NDVImean and maximum NDVImax for the PV development areas (blue) and corresponding buffer areas (green), displaying changes in the arid region (a1, a2) and humid region (a3, a4), with error bars representing the standard deviation of NDVI values. The middle column compares the NDVI across PV development areas with varying scales (b1–b4). The right column compares the NDVI across buffer areas with varying scales (c1–c4).



Specifically, we found that the NDVImean values of the PV development area and the control area in Ningxia remained stable around 0.18 between 2019 and 2023, with annual variations of less than 0.05. The NDVImax values exhibited a similar trend, consistently remaining around 0.35 each year. In contrast, after the construction of PV stations in Anhui, a marked and significant decline in NDVI was observed. For NDVImean, the control area prior to PV development exhibited values ranging from 0.42 to 0.44, whereas post-construction values in the PV development area plummeted to 0.2, reflecting a dramatic decrease of up to 100%. NDVImax shows similar trends. In the control areas of PV stations, NDVImax typically exceeds 0.55. However, in the construction areas of PV stations, NDVImax values decrease to below 0.4.

When comparing the differential impacts of PV station scales on vegetation greenness between PV development areas and control areas, as anticipated, we found that in the arid region, the impact of different PV station scales on NDVImean and NDVImax was minimal. Across all five PV facility scales, NDVImean remained consistently around 0.15 for both the PV development and control areas in each year. NDVImax exhibited greater variability across years, but no significant pattern emerged with respect to the scale of PV stations. In contrast, when comparing the NDVI dynamics of PV and control areas in the humid region, a clear pattern emerged: both NDVImean and NDVImax decreased progressively as PV facility scale increased (Figure 3b). This pattern was not observed in the control areas (Figure 3c). Notably, in ultra-large-scale PV development areas (>10,000 pixels), the NDVImean approached 0, indicating complete vegetation loss and cessation of photosynthetic activity. In contrast, the NDVImean in control areas of the same scale consistently exceeded 0.2 across all years, highlighting a stark contrast with the PV development areas.

Finally, we compared the seasonal differences in NDVI between 2020 and 2021, with 2020 being the year the data was provided and 2021 used as a reference year (Figure 4). It is evident that in the arid region, the NDVI in both the PV development area and the control area exhibited minimal seasonal variation, with differences generally not exceeding 0.05. In contrast, in the humid region, NDVI in the PV development area was consistently significantly lower than in the control area across all months, particularly between June and August.




Figure 4 | Monthly NDVI variations in PV development areas and control areas, with scale-based impact analysis. The left column displays the monthly average NDVImean for the PV development areas (blue) and buffer areas (green) in Ningxia (a1, b1) and Anhui (c1, d1) for 2020 and 2021. Panels (a2, b2, c2), and (d2) show NDVI for different PV facility scales (<5000, >5000 pixels) in the facility zones. Panels (a3, b3, c3), and (d3) show the corresponding NDVI distribution in buffer areas of varying scales.



Similarly, we compared the NDVI differences between PV stations with scales > 5,000 pixels and < 5,000 pixels. In the arid region, NDVI values corresponding to different PV station scales in both years were largely consistent across months, showing no significant differences. In contrast, the humid region exhibited a marked and significant variation, with NDVI differing between months following the construction of PV stations of different scales. Larger-scale PV installations resulted in significantly lower NDVI during the growing season (April to October) compared to smaller-scale installations, a pattern not observed in the control areas. In summary, the impact of PV facility scale was more pronounced in the humid region, with comparisons of buffer zone NDVI further highlighting regional differences in ecosystem responses to PV development.




4 Discussion



4.1 Low disturbance of photovoltaic development on vegetation greenness in arid regions

The deployment of USSE systems has increasingly been recognized as a pivotal strategy in mitigating climate change, leading to heightened scrutiny of its environmental consequences (Armstrong et al., 2016; Barron-Gafford et al., 2016). By examining interannual, scale-specific, and seasonal variations in vegetation indices, specifically NDVImean and NDVImax, derived from RS data, we revealed significant ecological disparities in the effects of USSE development across diverse climatic zones. Consistent with our hypothesis, our findings indicate a pronounced decline in vegetation greenness within PV development areas in humid regions, whereas in arid regions, vegetation greenness exhibits relative stability.

In the arid region, the construction of PV power stations has led to remarkable stability in both NDVImean and NDVImax, reflecting the ecosystem’s strong adaptability to solar energy development. This stability may be closely linked to the physiological resilience of vegetation systems in arid regions, as well as the inherently low background greenness (Li et al., 2024; Zhang et al., 2024b). In Ningxia, the NDVImean value remained stable at approximately 0.18 both before and after PV installation, with annual variations of less than 0.05. The observed stability in arid regions may stem from the already low vegetation coverage, which limits the direct impact of PV development on plant growth. Additionally, the shading effect of PV panels likely mitigates surface temperature changes and reduces water evaporation to some extent (Yue et al., 2021), thus alleviating vegetation stress. Notably, whether for PV stations with more than 5,000 pixels or smaller-scale installations, the NDVImean and NDVImax in both the construction and control areas in the arid region exhibited no significant differences. This suggests that PV infrastructure in areas with extremely low vegetation cover, such as deserts and Gobi regions, may result in minimal ecological disruption. The shading effect in arid regions has a very negligible impact on vegetation, as the PV construction’s shading effect does not alter the existing low NDVI and low albedo conditions in these areas.

Vegetation in arid regions typically exhibits low coverage and is adapted to extreme environmental conditions, making it highly resilient to anthropogenic disturbances (Xia et al., 2023). Studies conducted in arid regions have shown that the widespread presence of biological soil crusts and drought-tolerant shrubs effectively stabilizes the soil and reduces water evaporation (Potter and Weigand, 2016; Luo et al., 2023). Even with the land disturbances caused by PV facility construction, the ecological functions of vegetation in these regions remain highly adaptable (Luo et al., 2023). Furthermore, NDVI is significantly correlated with chlorophyll fluorescence levels, and the installation of PV panels may indirectly maintain vegetation’s photosynthetic efficiency by locally inhibiting surface water evaporation (Xia et al., 2022). Additionally, the impact of soil disturbance is limited due to the pre-existing low vegetation cover in these areas, ensuring minimal changes in NDVI.

The shading effect of PV panels on the microclimate has both positive and negative ecological impacts (Lambert et al., 2023). On the one hand, the shading effect reduces direct sunlight exposure, lowers surface temperatures, and decreases evaporation rates, thereby alleviating water stress to some extent (Yue et al., 2021). For instance, Liu et al. (2020) demonstrated that temperatures beneath PV panels during the growing season were 40% lower than those above the panels, with a significant reduction in light radiation. This may be attributed to the shading effect improving surface microhabitats, which in turn provides a positive stimulus for the growth of drought-tolerant plants (Liu et al., 2020). However, shading can also reduce light intensity, potentially inhibiting the growth of plants that depend on high-light levels. In arid regions, however, the vegetation’s strong adaptability to light intensity typically mitigates this negative effect (Yang et al., 2023a), with the positive effects generally outweighing the drawbacks. Overall, the contribution of the shading effect of PV panels to NDVImean and NDVImax is primarily reflected in its role in stabilizing the microclimate, rather than in significantly enhancing vegetation greenness.

The impact of PV installations of varying scales on NDVImean and NDVImax in arid regions is negligible. Research on PV stations in China’s arid regions reveals that even large-scale PV installations do not significantly affect vegetation cover, reflecting the remarkable resilience of arid ecosystems to large-scale land use changes. Despite the direct effects of PV facilities on soil and vegetation distribution (Zhang et al., 2024b), there is no discernible reduction in vegetation coverage or greenness in these areas. This phenomenon suggests that the characteristics of low-coverage vegetation, combined with the disturbance resistance of arid-region flora, render the scale of PV facilities relatively insensitive to regional ecological impacts. While large-scale PV installations may induce more pronounced changes in the microclimate, their negative effects on vegetation greenness remain largely imperceptible in arid regions (Wang et al., 2024b).

Moreover, although the construction of USSE systems induces localized surface disturbances, ecosystems in arid regions exhibit a high degree of resilience (Zhang et al., 2024a). Studies in arid regions have confirmed that vegetation in these areas can recover to pre-construction levels within 5 to 6 years, likely due to the natural adaptability and rapid recovery capabilities of the flora (Ma et al., 2023). Furthermore, the regeneration of biological soil crusts and the expansion of drought-tolerant plant root systems contribute significantly to the ecological recovery process (Luo et al., 2023).




4.2 Ecological vulnerability in photovoltaic development in humid regions

In contrast to arid regions, PV development in humid regions has led to a marked and rapid decline in vegetation greenness and productivity. Taking Anhui as an example, the NDVImean dropped precipitously from 0.42–0.44 to below 0.2 following PV construction, indicating a significant reduction in vegetation cover. The high biomass characteristics of vegetation in humid regions render it particularly sensitive to environmental disturbances: abundant water resources and soil nutrients support dense vegetation, yet the construction of PV facilities directly removes vegetation through land disturbance (Grippo et al., 2015; Sánchez-Zapata et al., 2016). PV development alters rainfall distribution, increases surface runoff (Pisinaras et al., 2014), and reduces groundwater recharge, ultimately diminishing the availability of water for vegetation. In this context, while the shading effect of PV panels alleviates high temperatures to some extent, it further suppresses the high-productivity plants in humid regions that rely heavily on photosynthesis (Choi et al., 2021). These complex interactions culminate in the sharp decline of vegetation greenness and exacerbate the vulnerability of ecosystems during the growing season in humid regions.

The scale effect of PV installations in humid regions exacerbates this issue. We found that in areas covered by ultra-large-scale PV facilities (>10,000 pixels), the NDVImean nearly dropped to zero, indicating a complete loss of ecosystem photosynthetic activity and a near-total disappearance of vegetation. In contrast, smaller-scale installations had relatively lighter ecological impacts, yet they still significantly altered local ecological balances. This finding not only confirms the sensitivity of vegetation systems in humid regions to scale-related disturbances, but also underscores the importance of controlling the size of PV installations to protect ecosystems in these areas. Moreover, the prolonged presence of PV facilities further extends the ecosystem recovery period, causing long-term damage to species diversity and ecosystem services (Grippo et al., 2015; Yang et al., 2023b). Plant communities in humid regions often rely on stable environmental conditions, and their recovery capacity is much lower than that of arid zone ecosystems. These long-term ecological consequences warrant further attention and in-depth investigation.

In summary, the comparison between PV development in arid and humid regions offers critical insights into the adaptive capacities of different ecosystems. Compared to arid regions, vegetation systems in humid regions exhibit greater vulnerability and lower resilience. In arid regions, due to the low cover of vegetation and adaptive ecological characteristics, changes in NDVImean and NDVImax remain within the natural variability, even under the coverage of large-scale PV facilities. However, the high density of vegetation and its dependency on water resources in humid regions make it more susceptible to disturbances caused by PV installations (Yang et al., 2023b). This disparity not only highlights the high ecological costs in humid regions but also underscores the potential ecological advantages of PV development in arid regions with respect to sustainability (Zhang et al., 2024a). Future research should further explore the optimization of PV facility design in humid regions, such as enhancing light permeability and controlling scale, to mitigate its negative impacts on ecosystems.




4.3 Opportunities for photovoltaic development in arid regions and ecological protection strategies in humid regions

Land-use conflicts and the trade-offs between ecological services are critical considerations in the expansion of PV infrastructure, particularly in regions with starkly different ecological service capacities and land-use pressures, such as arid and humid regions (Dias et al., 2019; Zhang et al., 2023; Song et al., 2024). Arid regions, characterized by land degradation and the availability of vast unutilized wastelands, present substantial strategic opportunities for the deployment of PV facilities (Zhang et al., 2024a). In recent years, the Chinese government has actively facilitated the development of PV projects in these areas through targeted policies. For instance, the “List of Key Large-Scale Wind and Photovoltaic Base Projects, Focusing on Desert, Gobi, and Desertified Regions” released in 2021 (https://www.ndrc.gov.cn), emphasizes the use of degraded land resources in provinces such as Ningxia, Gansu, and Qinghai, aiming to promote energy transition while simultaneously achieving ecological conservation objectives.

In arid regions, where land utilization value is relatively low, the intrinsic ecological services are limited, and vegetation coverage is sparse, leading to a diminished sensitivity to environmental disturbances. In such regions, the shading effect of PV installations significantly ameliorates the local microclimate, reducing soil moisture evaporation and alleviating the risks of aeolian erosion (Hernandez et al., 2014; Liu et al., 2020; Wang and Gao, 2023). Moreover, when integrated with ecological restoration strategies such as vegetative regeneration and the rehabilitation of biological soil crusts, PV development in arid regions not only enhances carbon sequestration potential but also markedly improves soil water retention and bolsters broader ecosystem service functions (Luo et al., 2023; Wang et al., 2024a).

In sharp contrast to the developmental opportunities afforded by low-competition lands in arid regions, the land resources in humid regions are subject to significant development conflicts due to their high-value utilization in agriculture, forestry, and wetlands (Song et al., 2024). The dense biomass of vegetation and the complex array of ecosystem services—including food production, hydrological regulation, and carbon sequestration—make the ecological costs of PV development in these regions substantially higher (Choi et al., 2021). The establishment of PV infrastructure may encroach on valuable agricultural land or forested areas, exacerbating soil erosion, diminishing groundwater recharge, and thereby disrupting regional hydrological cycles and balance (Zhang et al., 2023). Wetlands, vital ecosystems themselves, may also suffer from the loss of biodiversity maintenance and climate regulation functions due to the disturbances caused by PV installations (Grippo et al., 2015). Moreover, the construction of PV facilities in humid regions typically involves vegetation removal, a process that releases stored carbon in soils and biomass, thereby amplifying the region’s greenhouse gas emissions.

Thus, PV development in China must achieve a nuanced equilibrium between ecological conservation and energy transition (Zhang et al., 2023; Li et al., 2024). Our findings suggest that future PV expansion should center on arid regions, while humid regions should adopt a policy of constrained development. The expansive deserts, gobi, and barren-lands of arid regions, characterized by low land-use competition and high ecological resilience, present optimal conditions for large-scale PV deployment. These regions offer an opportunity to leverage degraded land, integrating shading effects and vegetation regeneration technologies to create an “ecological photovoltaic” framework, facilitating the concurrent advancement of ecological restoration and energy production. Furthermore, policy initiatives should continue to reinforce support for arid regions such as Ningxia, Qinghai, and Gansu, promoting the development of large-scale PV installations and the optimization of transmission infrastructure to enhance the efficient delivery of clean energy. In contrast, humid regions, with their high-value ecological services—including agriculture, forestry, and wetlands—are particularly vulnerable to large-scale PV expansion, which could compromise vital ecosystem functions such as food production, hydrological regulation, and carbon sequestration (Hernandez et al., 2014; Zhang et al., 2023). By adopting this spatially tailored development strategy, China can achieve a dynamic balance between energy production in arid regions and ecological preservation in humid regions, setting a global benchmark for sustainable energy development.





5 Conclusion

Our study provides a comprehensive analysis of the construction of USSE projects in arid (Ningxia) regions and humid (Anhui) regions and their differential impacts on ecosystem vegetation condition, highlighting significant variations in vegetation greenness (NDVImean and NDVImax) driven by regional ecological characteristics and the scale of PV development. Our findings demonstrate that PV development in arid regions exerts minimal disturbance on vegetation greenness, with NDVI values remaining exceptionally stable before and after the installation of PV facilities, showing interannual variations of less than 0.05. In stark contrast, in humid regions, the deployment of PV infrastructure induces pronounced ecological degradation, with both NDVImean and NDVImax declining substantially, by as much as 50%. During the growing season (April–October), the suppressive effects of large-scale PV facilities on vegetation greenness are particularly evident, with some areas experiencing complete cessation of photosynthetic activity. Moreover, the scale of PV facilities exhibits region-specific ecological responses: while the expansion of PV development in arid regions has negligible effects on vegetation condition. In humid regions, increasing facility size corresponds to a marked decline in NDVI, underscoring the heightened vulnerability of humid ecosystems to large-scale interventions. Therefore, regulating the scale of PV facilities is critical for ecological conservation in humid regions.

In summary, our study confirms that the ecological impacts of PV installations exhibit significant variability depending on hydrothermal conditions. The development of USSE in arid regions demonstrates higher ecological adaptability and sustainability, whereas humid regions face considerably greater ecological costs. Therefore, future PV development should be prioritized in arid regions, where the ecological carrying capacity is more robust. Additionally, careful optimization of PV design and management strategies is crucial to minimize the disruption of high-value ecosystems in humid regions.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

JX: Conceptualization, Formal analysis, Methodology, Project administration, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing. PH: Conceptualization, Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. YoL: Data curation, Investigation, Validation, Writing – review & editing. MS: Data curation, Formal analysis, Methodology, Writing – review & editing. YaL: Conceptualization, Formal analysis, Methodology, Visualization, Writing – original draft. JM: Data curation, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the West Light Foundation of The Chinese Academy of Science (XBZGLZB2022018).





Conflict of interest

Author YoL was employed by the company Huaneng Jiangsu Energy Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Allan, R., and Soden, B. (2008). Atmospheric warming and the amplification of precipitation extremes. Sci. (New York N.Y.) 321, 1481–1484. doi: 10.1126/science.1160787

 Amaducci, S., Yin, X., and Colauzzi, M. (2018). Agrivoltaic systems to optimise land use for electric energy production. Appl. Energy 220, 545–561. doi: 10.1016/j.apenergy.2018.03.081

 Armstrong, A., Ostle, N. J., and Whitaker, J. (2016). Solar park microclimate and vegetation management effects on grassland carbon cycling. Environ. Res. Lett. 11, 074016. doi: 10.1088/1748-9326/11/7/074016

 Barron-Gafford, G. A., Minor, R. L., Allen, N. A., Cronin, A. D., Brooks, A. E., and Pavao-Zuckerman, M. A. (2016). The Photovoltaic Heat Island Effect: Larger solar power plants increase local temperatures. Sci. Rep. 6, 35070. doi: 10.1038/srep35070

 Choi, C. S., Cagle, A. E., Macknick, J., Bloom, D. E., Caplan, J. S., and Ravi, S. (2020). Effects of revegetation on soil physical and chemical properties in solar photovoltaic infrastructure. Front. Environ. Sci. 8. doi: 10.3389/fenvs.2020.00140

 Choi, C. S., Ravi, S., Siregar, I. Z., Dwiyanti, F. G., Macknick, J., Elchinger, M., et al. (2021). Combined land use of solar infrastructure and agriculture for socioeconomic and environmental co-benefits in the tropics. Renewable Sustain. Energy Rev. 151, 111610. doi: 10.1016/j.rser.2021.111610

 De Marco, A., Petrosillo, I., Semeraro, T., Pasimeni, M. R., Aretano, R., and Zurlini, G. (2014). The contribution of Utility-Scale Solar Energy to the global climate regulation and its effects on local ecosystem services. Global Ecol. Conserv. 2, 324–337. doi: 10.1016/j.gecco.2014.10.010

 Dias, L., Gouveia, J. P., Lourenço, P., and Seixas, J. (2019). Interplay between the potential of photovoltaic systems and agricultural land use. Land Use Policy 81, 725–735. doi: 10.1016/j.landusepol.2018.11.036

 Feng, Q., Niu, B., Ren, Y., Su, S., Wang, J., Shi, H., et al. (2024). A 10-m national-scale map of ground-mounted photovoltaic power stations in China of 2020. Sci. Data 11, 198. doi: 10.1038/s41597-024-02994-x

 Grippo, M., Hayse, J. W., and O’Connor, B. L. (2015). Solar energy development and aquatic ecosystems in the Southwestern United States: potential impacts, mitigation, and research needs. Environ. Manage. 55, 244–256. doi: 10.1007/s00267-014-0384-x

 Hernandez, R. R., Easter, S. B., Murphy-Mariscal, M. L., Maestre, F. T., Tavassoli, M., Allen, E. B., et al. (2014). Environmental impacts of utility-scale solar energy. Renewable Sustain. Energy Rev. 29, 766–779. doi: 10.1016/j.rser.2013.08.041

 Huang, J., Yu, H., Dai, A., Wei, Y., and Kang, L. (2017). Drylands face potential threat under 2 °C global warming target. Nat. Climate Change 7, 417–422. doi: 10.1038/nclimate3275

 Hurduc, A., Ermida, S. L., Brito, M. C., Göttsche, F.-M., and DaCamara, C. (2024). Impact of a small-scale solar park on temperature and vegetation parameters obtained from Landsat 8. Renewable Energy 221, 119827. doi: 10.1016/j.renene.2023.119827

 IEA (2023). Trends in Photovoltaic Applications 2023 (International Energy Agency). Available at: https://www.iea.org/ (Accessed October 1, 2023).

 Lambert, Q., Bischoff, A., Enea, M., and Gros, R. (2023). Photovoltaic power stations: an opportunity to promote European semi-natural grasslands? Front. Environ. Sci. 11. doi: 10.3389/fenvs.2023.1137845

 Li, X., He, Z., Xia, S., and Yang, Y. (2024). Greenness change associated with construction and operation of photovoltaic solar energy in China. Renewable Energy 226, 120461. doi: 10.1016/j.renene.2024.120461

 Liu, Y., Wu, C., Wang, X., and Zhang, Y. (2023). Contrasting responses of peak vegetation growth to asymmetric warming: Evidences from FLUXNET and satellite observations. Global Change Biol. 29, 2363–2379. doi: 10.1111/gcb.16592

 Liu, Y., Zhang, R.-Q., Ma, X.-R., and Wu, G.-L. (2020). Combined ecological and economic benefits of the solar photovoltaic industry in arid sandy ecosystems. J. Cleaner Product. 262, 121376. doi: 10.1016/j.jclepro.2020.121376

 Luo, L., Zhuang, Y., Liu, H., Zhao, W., Chen, J., Du, W., et al. (2023). Environmental impacts of photovoltaic power plants in northwest China. Sustain. Energy Technol. Assess. 56, 103120. doi: 10.1016/j.seta.2023.103120

 Ma, S., Liu, J., Zhang, P., Tu, X., Zhou, J., Liu, Y., et al. (2023). Characterizing the development of photovoltaic power stations and their impacts on vegetation conditions from landsat time series during 1990–2022. Remote Sens. 15, 3101. doi: 10.3390/rs15123101

 Marrou, H., Guilioni, L., Dufour, L., Dupraz, C., and Wery, J. (2013). Microclimate under agrivoltaic systems: Is crop growth rate affected in the partial shade of solar panels? Agric. For. Meteorol. 177, 117–132. doi: 10.1016/j.agrformet.2013.04.012

 Pisinaras, V., Wei, Y., Bärring, L., and Gemitzi, A. (2014). Conceptualizing and assessing the effects of installation and operation of photovoltaic power plants on major hydrologic budget constituents. Sci. Total Environ. 493, 239–250. doi: 10.1016/j.scitotenv.2014.05.132

 Potter, C., and Weigand, J. (2016). Analysis of changes in biological soil crusts using landsat image time series for the Southern California desert. J. Remote Sens. GIS 5, 1000163. doi: 10.4172/2469-4134.1000163

 Sánchez-Zapata, J. A., Clavero, M., Carrete, M., DeVault, T. L., Hermoso, V., Losada, M. A., et al. (2016). “Effects of Renewable Energy Production and Infrastructure on Wildlife,” in Current Trends in Wildlife Research. Eds.  R. Mateo, B. Arroyo, and J. T. Garcia (Springer International Publishing, Cham), 97–123.

 Song, C., Guo, Z., Liu, Z., Hongyun, Z., Liu, R., and Zhang, H. (2024). Application of photovoltaics on different types of land in China: Opportunities, status and challenges. Renewable Sustain. Energy Rev. 191, 114146. doi: 10.1016/j.rser.2023.114146

 Turney, D., and Fthenakis, V. (2011). Environmental impacts from the installation and operation of large-scale solar power plants. Renewable Sustain. Energy Rev. 15, 3261–3270. doi: 10.1016/j.rser.2011.04.023

 Uldrijan, D., Kováčiková, M., Jakimiuk, A., Vaverková, M. D., and Winkler, J. (2021). Ecological effects of preferential vegetation composition developed on sites with photovoltaic power plants. Ecol. Eng. 168, 106274. doi: 10.1016/j.ecoleng.2021.106274

 Wang, J., Chen, X., Shi, T., Hu, L., Shi, W., Du, Z., et al. (2024a). Mapping national-scale photovoltaic power stations using a novel enhanced photovoltaic index and evaluating carbon reduction benefits. Energy Convers. Manage. 318, 118894. doi: 10.1016/j.enconman.2024.118894

 Wang, F., and Gao, J. (2023). How a photovoltaic panel impacts rainfall-runoff and soil erosion processes on slopes at the plot scale. J. Hydrol. 620, 129522. doi: 10.1016/j.jhydrol.2023.129522

 Wang, Y., Liu, B., Xing, Y., Peng, H., Wu, H., and Zhong, J. (2024b). Ecological construction status of photovoltaic power plants in China’s deserts. Front. Environ. Sci. 12. doi: 10.3389/fenvs.2024.1406546

 Wang, Y., Wang, R., Tanaka, K., Ciais, P., Penuelas, J., Balkanski, Y., et al. (2023). Accelerating the energy transition towards photovoltaic and wind in China. Nature 619, 761–767. doi: 10.1038/s41586-023-06180-8

 Weselek, A., Ehmann, A., Zikeli, S., Lewandowski, I., Schindele, S., and Högy, P. (2019). Agrophotovoltaic systems: applications, challenges, and opportunities. A review Agron. Sustain. Dev. 39, 35. doi: 10.1007/s13593-019-0581-3

 Xia, Z., Li, Y., Guo, S., Chen, R., Zhang, W., Guo, X., et al. (2024). Satellites reveal spatial heterogeneity in dryland photovoltaic plants' Effects on vegetation dynamics. Earth's Future 12, e2024EF004427. doi: 10.1029/2024EF004427

 Xia, Z., Li, Y., Zhang, W., Chen, R., Guo, S., Zhang, P., et al. (2022). Solar photovoltaic program helps turn deserts green in China: Evidence from satellite monitoring. J. Environ. Manage. 324, 116338. doi: 10.1016/j.jenvman.2022.116338

 Xia, Z., Li, Y., Zhang, W., Guo, S., Zheng, L., Jia, N., et al. (2023). Quantitatively distinguishing the impact of solar photovoltaics programs on vegetation in dryland using satellite imagery. Land Degrad. Dev. 34, 4373–4385. doi: 10.1002/ldr.v34.14

 Yang, K., Chen, G., Xian, J., and Chang, H. (2023a). Divergent adaptations of leaf functional traits to light intensity across common urban plant species in Lanzhou, northwestern China. Front. Plant Sci. 14, 1000647. doi: 10.3389/fpls.2023.1000647

 Yang, L., Guan, Q., Jinkuo, L., Tian, J., Tan, Z., and Li, H. (2021). Evolution of NDVI secular trends and responses to climate change: A perspective from nonlinearity and nonstationarity characteristics. Remote Sens. Environ. 254, 112247. doi: 10.1016/j.rse.2020.112247

 Yang, Y., Wang, Z., Li, B., and Guan, J. (2023b). The impact of photovoltaic projects on ecological corridors through the Least-Cost Path model. Global Ecol. Conserv. 42, e02381. doi: 10.1016/j.gecco.2023.e02381

 Yue, S., Guo, M., Zou, P., Wu, W., and Zhou, X. (2021). Effects of photovoltaic panels on soil temperature and moisture in desert areas. Environ. Sci. pollut. Res. 28, 17506–17518. doi: 10.1007/s11356-020-11742-8

 Zhang, N., Duan, H., Shan, Y., Miller, T. R., Yang, J., and Bai, X. (2023). Booming solar energy is encroaching on cropland. Nat. Geosci. 16, 932–934. doi: 10.1038/s41561-023-01304-1

 Zhang, S., Gong, J., Zhang, W., Dong, X., Hu, Y., Yang, G., et al. (2024b). Photovoltaic systems promote grassland restoration by coordinating water and nutrient uptake, transport and utilization. J. Cleaner Product. 447, 141437. doi: 10.1016/j.jclepro.2024.141437

 Zhang, X., Zeraatpisheh, M., Rahman, M. M., Wang, S., and Xu, M. (2021). Texture is important in improving the accuracy of mapping photovoltaic power plants: A case study of Ningxia autonomous region, China. Remote Sens. 13, 3909. doi: 10.3390/rs13193909

 Zhang, B., Zhang, R., Li, Y., Wang, S., Zhang, M., and Xing, F. (2024a). Deploying photovoltaic arrays in degraded grasslands is a promising win-win strategy for promoting grassland restoration and resolving land use conflicts. J. Environ. Manage. 349, 119495. doi: 10.1016/j.jenvman.2023.119495




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Xiao, He, Li, Shi, Li and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1549519-g004.jpg
(@1)

(b1)

(c1)

(d1)

0.5

0.5

1

0.5

1

0.5

NDVIL, 54

Jan.Feb.Mar. Apr.May.Jun. Jul. Aug.Sep.Oct.Nov.Dec.

NDVI, 024

Jan.Feb.Mar. Apr.May.Jun. Jul. Aug.Sep.Oct.Nov.Dec.

NDVI2020

Jan.Feb.Mar. Apr.May.Jun. Jul. Aug.Sep.Oct.Nov.Dec.

NDVI2021

Jan.Feb.Mar. Apr.May.Jun. Jul. Aug.Sep.Oct.Nov.Dec.

(a2)

(a3)

(b2)

(b3)

(c2)

(c3)

(d2)

(d3)

<5000 e >5000

oo
N B~

<5000

>5000

oo
N B~

Jan.Feb.Mar.Apr.May.Jun. Jul. Aug.Sep.Oct.Nov.Dec.

® <5000 e >5000

o
~

o
N}

<5000 >5000

0.4
0.2

Jan.Feb.Mar. Apr.May.Jun. Jul. Aug.Sep.Oct.Nov.Dec.

® <5000 e >5000

0.4
0.2

<5000 >5000

0.4
0.2

Jan.Feb.Mar. Apr.May.Jun. Jul. Aug.Sep.Oct.Nov.Dec.

® <5000 e >5000

oo
N B~

<5000 >5000

oo
N B~

[
o
-]
o
0
o
<
o
-
>
o
-
=
Q
<
—
[
>
C_
=
>
[
Q
Q)
[0
e,
O
Q
Q
Z
o
<
O
®
0





OEBPS/Images/fpls.2025.1549519_cover.jpg
& frontiers | Frontiers in Plant Science

Ecological dichotomies of solar energy
expansion: resilience in arid regions versus
fragility in humid ecosystems





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ecological dichotomies of solar energy expansion: resilience in arid regions versus fragility in humid ecosystems

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Distribution data of PV station

          



          		

            2.2 Landsat NDVI dataset

          



          		

            2.3 Statistical analysis

          



        



        



        		

          3 Results

        



        		

          4 Discussion

        

          		

            4.1 Low disturbance of photovoltaic development on vegetation greenness in arid regions

          



          		

            4.2 Ecological vulnerability in photovoltaic development in humid regions

          



          		

            4.3 Opportunities for photovoltaic development in arid regions and ecological protection strategies in humid regions

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-16-1549519-g002.jpg
(@2) NDV yeqn (@3) NDVl

“ ST ETE———— . C T ErEha————
e o¥ e’ e” % o Q7 ot e’ e ot o” e o o
y 14 g
(D2) NDV, oun | ' | : . (b3) NDVI_..,,
K EEE——

v e

S T RN (€2) NDV pean (€3) NDVI e

. S EwT——

. '—
W0 Anhul (d2) NDVI,een (d3) NDVI _
- o e
" -
B = FT.y &=
‘ r / .- -
’ - .
: £ .
J =2 =
- wd’
= e T—— v L ree—
Qs Q‘} Q’ Q. Q." Q" 9"\ Q" Q'. 0\ Q"‘ 9’ Q“ Q." Q'. Q"\ Q’ Q’





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1549519-g003.jpg
(a1) NDVI . (b1) ® <2500 ® 7500~10000 (c1) ® <2500 ® 7500~10000

e 2500~5000 e >10000 ® 2500~5000 e >10000
® 5000~7500 ® 5000~7500
0.5
0.2 0.2
0.1 0.1
0 0 0
2019 2020 2021 2022 2023 2019 2020 2021 2022 2023 2019 2020 2021 2022 2023
(a2) NDVI (b2) ® <2500 ® 7500~10000 (c2) ® <2500 ® 7500~10000
1 e 2500~5000 e >10000 ® 2500~5000 e >10000
® 5000~7500 ® 5000~7500
0.5 0.3 0.3
0.2 0.2
0 0.1 0.1
2019 2020 2021 2022 2023 2019 2020 2021 2022 2023 2019 2020 2021 2022 2023
(a3) NDVImealn (b3) © <2500 ® 7500~10000 (c3) ® <2500 ® 7500~10000
2500~5000 e >10000 ® 2500~5000 e >10000
® 5000~7500 ® 5000~7500
0.5 0.4 0.4
0.2 0.2
0 0 0
2019 2020 2021 2022 2023 2019 2020 2021 2022 2023 2019 2020 2021 2022 2023
(a4) NDVI (b4) ® <2500 ® 7500~10000 (c4) © <2500 ® 7500~10000
1 ® 2500~5000 e >10000 ® 2500~5000 e >10000
® 5000~7500 ® 5000~7500
0.6 0.6
0.5
0.4 0.4
0.2 0.2
0

2019 2020 2021 2022 2023 2019 2020 2021 2022 2023 2019 2020 2021 2022 2023





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1549519-g001.jpg
(d

1586 m

Om

(g)

NoPV

PV

(b

NoPV

PV

(e) (f)

_-————-——-4_ Lol

s S——— . AN





