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Abstract

:

Since the commencement of Sustainable Development Goals (SDGs), renewable energy has faced many challenges in reaching the target of SDGs, while the potential ecological impact on the environment cannot be ignored. The expansion of photovoltaic (PV) networks is raising concerns regarding the potential impact of large-scale PV power stations on local ecosystems. However, a comprehensive understanding of the specific responses of vegetation and soil factors to PV con-struction across different study locations is still lacking. To address this knowledge gap, we con-ducted a comprehensive meta-analysis of 28 studies internationally representing 31 observational points that evaluated 432 different vegetation and soil factor responses to the installation of PV power stations. We used piecewiseSEM to explore the responses of predictors/factors to the eco-logical environment. This study investigated the geographical and environmental conditions associated with PV construction and their responses to vegetation and soil factors, considering the advantages and disadvantages of PV power station construction in different ecosystems. The results indicate that (1) the response of the ecosystems to PV power station construction increased by 58.89%. Among these, the most significant improvement is in the desert, which accounts for 77.26%. Im-provement in temperate regions is 59.62%, while there is a decrease of 19.78% in boreal regions. Improvement in arid regions is 84.45%, while improvement in humid regions is 9.84%. (2) PV construction promotes SWC, vegetation diversity, vegetation coverage, and vegetation biomass, significantly enhancing vegetation productivity. (3) Among the different ecosystems, PV power station effects were most significant in deserts, while showing negative impacts on croplands. (4) Compared to below-panel treatments, between-panel treatments were more effective in improving ecological conditions. The study contributes to mitigating adverse effects associated with photovoltaic site development, offering insights into site selection planning for solar power stations and the advancement of the renewable energy sector.
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1. Introduction


Under the Sustainable Development Goals (SDG) framework, the overarching goal is to reduce adverse impacts on the environment and mitigate carbon emissions while improving efficiency. Solar energy is a clean and secure energy source compared with fossil fuels [1].



PV resources are widely acknowledged as clean energy sources, but existing PV technologies have potential environmental impacts, including landscape fragmentation, local biota extinction, alterations in microclimate and biotic community composition, and significant environmental factors, such as surface albedo [2]. Nonetheless, PV power stations can also have a negative impact on ecosystems. The establishment of PV power stations leads to vegetation destruction and influences soil conditions. Research indicates that the implementation process of PV systems can exert diverse impacts on the landscape and biodiversity, posing a potential contradiction to the overarching objective of mitigating global warming [3]. Numerous environmental impacts of PV power stations were considered in various ways, encompassing both negative and positive impacts. Compared with other substantial construction projects, the establishment of utility-scale PV projects necessitates adept management to address various potential environmental impacts. Bai, et al. [4] delved into the impact of photovoltaic panel installation on grassland ecosystem functions. They emphasized that photovoltaic panels may induce complex and profound changes in soil microbial communities through their effects on abiotic factors. In addition, establishing PV power stations in desert areas offers several unique advantages. Meanwhile, the infrastructure for PV generation requires extensive land use [5,6,7]. However, desert ecosystems are inherently fragile and undergo degradation or alteration owing to disturbances or climate change [2,5]. Regions with a high PV potential frequently encompass fragile ecosystems that are susceptible to disturbances and are challenging to restore [8]. Our understanding of the impact of PV systems on the soil environment is evolving, and our understanding of changes in the microclimate, soil (carbon cycle, soil microbial community composition, and SWC), and vegetation is continually advancing. Additionally, changes in the ecological environment may vary with environmental influences, such as ecosystem type [9].



Numerous studies have highlighted that the development of PV has the potential for significant environmental benefits, especially in degraded areas with minimal conservation value that may be subject to fewer negative environmental impacts. Zhang conducted a meta-analysis and found that the construction of photovoltaic power stations reduces local temperatures, photosynthetically active radiation, and effective radiation, while increasing vegetation coverage and biomass [9]. However, other studies have reported on elevated temperatures down the gradient from large PV facilities [10,11]. A study by Wall et al. found that vegetation is a major carbon source for decomposer microorganisms [12], and that solar panels may also indirectly alter soil conditions by changing the vegetation community composition [5,13]. PV panels can enhance SWC, creating favorable conditions for the growth of flora [14]. Through Lambert, et al. [15] experimental treatments, various configurations of photovoltaic panel setups resulted in diverse ecological responses, revealing increased nutrient interactions in the between-panel configuration compared to the external and below-panel configurations. Through a comparison of photovoltaic (PV) power stations with different years of establishment, Zhang found that PV power stations with longer operational lifespans exhibit higher species diversity [16]. Overall, the PV power stations enhanced the soil conditions and vegetation diversity. The impact of photovoltaic power stations depends on their construction location and the specific effects on specific ecosystems. Under this background, selecting construction sites wisely is crucial.



Our meta-analysis-based study on the response of vegetation and soil factors to established PV stations holds significant global importance, contributing to the advancement of sustainable development, environmental protection, and land management optimization. As the installed capacity of PV systems continues to increase and the scale of PV power stations expands, there is growing societal concern regarding their potential impact on the local environment and ecosystems. The environmental influence of PV power stations is both gradual and long-term. Although these stations contribute positively to energy conservation and emission reduction, it is crucial not to overlook their ecological and climatic impacts [17]. To mitigate the impact of PV arrays on the environment, site selection must be based on both a biological and engineering approach [18], ensuring a comprehensive understanding of environmental conditions within and around these arrays. This approach acknowledges the potential positive impacts of PV power stations, such as altering soil conditions and influencing local flora and fauna.



On a global scale, solar energy is progressively employed for electricity generation, but the environmental ramifications of constructing and operating PV have not been thoroughly examined. Therefore, a comprehensive analysis of the environmental impacts of solar power stations is essential [6,19]. Nevertheless, only a limited number of field investigations have been undertaken, and they have not offered a comprehensive understanding of the intricate connections between PV arrays and vegetation growth. Simultaneously, owing to the intricate nature of the terrestrial carbon cycle, there are research gaps concerning the effects of PV arrays on vegetation-soil processes and their influence on vegetation species diversity and ecological functioning across various site types. Researchers thus have incomplete insights into the effects of PV arrays on vegetation-soil processes and their influence on vegetation species diversity and ecological functions across various site types [19,20]. Even fewer studies have examined the effect of large scale PV systems on animals and their habitats [21]. Moreover, the pace of land-use changes for power generation is rapidly increasing, and the global expansion of PV is expected to continue. Limited understanding exists regarding the implications of this expanding land-use change on the vegetation-soil processes crucial for sustaining key terrestrial ecosystem services [19].



Meta-analysis is a statistical analysis method, also known as meta-analysis or synthesis analysis. The basic method of meta-analysis is to collect specific literature in a specific database using specific design and statistical methods for analysis, and to synthesize and compare the results of studies with different design methods and sample sizes. Compared to other statistical analysis methods, meta-analysis is more scientifically rigorous, applicable to a wider range, and yields more accurate conclusions with increasing data. Since the 1990s, meta-analysis has been introduced into ecological research and has received considerable attention and significant development [22,23,24,25]. Meta-analysis is widely employed in the field of ecology today [26,27,28,29].



Therefore, the primary objective of this study was to examine the effects of varying climatic contexts and years of PV establishment on vegetation and soil characteristics, discerning trends of increase, decrease, and stability. Our study selected 28 articles representing 31 observational points and one on-site observation point, incorporating 432 data points on PV panel research. We measured the relevant response variables of the soil and vegetation characteristics and conducted a comprehensive meta-analysis to analyze the impact of PV power stations on vegetation-soil interactions within typical PV power stations, to better understand their impact on ecosystem functions. Focusing on soil conditions and vegetation characteristics, this study explored changes in vegetation and soil factors, revealing the influence of environmental factors. In summary, our aim is to explore the responses of vegetation and soil factors to established PV power stations, with the goal of enhancing site selection and implementing adaptive management strategies for them.




2. Materials and Methods


2.1. Co-Occurrence Network of Keywords


To better understand the research dynamics and emerging trends regarding the response of PV power stations to the ecological environment, a search was conducted in the Web of Science (WOS) database using the keywords “Photovoltaic panels” and “Ecological effects(response)”. Subsequently, using the literature data visualization software CiteSpace (6.2.2), 31 English articles were subjected to keyword co-occurrence analysis, producing visualizations of the co-occurring keywords (see Figure 1). The visual representation indicates that prominent co-occurring keywords in the English literature include “environmental impacts”, “soil moisture”, “diversity”, “responses”, “impacts”, and “desert area”. Building on this analysis, the subsequent sections primarily delve into the effects of PV power stations on the ecological environment, with a specific focus on vegetation and soil aspects, to provide a theoretical foundation for the site selection of PV power stations.




2.2. Data Collection and Processing


An extensive search was conducted on the Web of Science (WOS) Core Collection (2000–2023) to obtain ecological impact data related to the construction of PV power stations. The search query was formulated as follows: (TS=(environment) OR TS=(ecology system) OR TS=(biodiversity) OR TS=(local) OR TS=(microclimate) OR TS=(soil nutrient) OR TS=(geography) OR TS=(geomorphology) OR TS=(landform) OR TS=(vegetation) OR TS=(microhabitat) OR TS=(soil temperature) OR TS=(desert) OR TS=(wilderness) OR TS=(arid) OR TS=(sandy) OR TS=(drought) OR TS=(soil) OR TS=(soil moisture) OR TS=(cropland) OR TS=(forest)) AND (TS=(photovoltaic) OR TS=(solar power)). Research papers and review articles were selected, resulting in a preliminary search result of 47,294 studies.



To avoid bias during article selection, three basic criteria were followed to further filter suitable studies: (1) Clear ecological and environmental impacts, including at least one indicator related to soil conditions and vegetation characteristics; (2) Experimental design involving control and experimental groups, and each group contained at least three replicates; (3) Directly providing or allowing the calculation of mean values, standard deviation (SD), standard error (SE), and sample size based on the information provided. Finally, 28 studies with 31 observational points were included in the meta-analysis (Figure 2). To supplement this data, we conducted an investigation into the ecological conditions of established solar power stations in the arid northwestern desert of Xinjiang, China, by surveying one PV power station.



If the collected papers did not directly provide the mean and standard deviation or error of the selected variables, WebPlotDigitizer 4.2 software was used to extract data from the figures [31]. Data were extracted, and all standard errors (SE) were converted into standard deviations (SD). If the longitude and latitudewere not provided in the articles, detailed geographical information was obtained from Google Maps based on the described study locations. If annual mean precipitation (MAP), and annual mean temperature (TMP) were not provided in the articles, detailed geographical information was obtained from Google Earth Engine (GEE) based on the ERA5 Land; solar radiation (SRAD) data also from ERA5 Land, snow water equivalent (SWE) data from TerraClimate, and slope data from SRTM. Subsequently, the extraction of data in our research relies on dependable source data, including experimental results from authors’ papers. Because of the varying number of variables related to soil environment and vegetation dynamics provided in the articles, the sample sizes for each indicator differed. Where necessary, attempts were made to contact the authors to do precise statistical analysis.



The 28 studies selected were predominantly conducted in China, with sporadic contributions from North America, Europe, and Japan. Geographical and environmental data were extracted for each study, including latitude, longitude, altitude, annual mean temperature (TMP), annual mean precipitation (MAP), ecosystem type, climatic zone, slope, snow water equivalent (SWE) and climatic level (Figure 3). We categorized the study locations into dry (<400 mm) and humid (≥400 mm) based on environmental precipitation levels. Additionally, we classified the study sites into tropical (0–25° latitude), temperate (25–50°), and northern (>50°) zones (Table S1) [32,33]. Refer to Table S1 for details. Soil depth described in the included literature was separated into four categories: 0–5 cm, 0–10 cm, 0–20 cm, and 0–30 cm. Referring to [34], the classification of solar radiation, we categorized solar radiation into three classes: ≥6300 ZFRH (Most Abundant), 5040–6300 HFRH (very Abundant), and 3780–5040 FRCH (Abundant). To assess the influence of different PV panel placements on the outcomes, we categorized studies based on their position, i.e., below-PV panels, between-PV panels, and off-site control sites. Here, ‘below-PV panels’ refers to the area beneath the PV arrays, ‘between-PV panels’ indicates the space between the PV arrays, and ‘control areas’ are external locations without PV arrays, left undisturbed or subject to natural growth, serving as control areas. Given the lack of universally recognized classification standards for the lifespan of operational durations of PV arrays, and to mitigate subjective biases, we employed the natural break method to categorize studies based on their duration into 1–2 years, 3–4 years, 5–7 years, and above. The natural break method has been widely applied in numerous studies for classification purposes [35,36,37]. To assess the impact of different operational durations of PV arrays on the outcomes, we categorized studies based on the time since their construction into short-term (1–2 years), medium-term (3–4 years), and long-term (5 years and more) (Table S1). We therefore investigated the impacts of different geographic contexts or various PV array treatments on the soil environment and variables related to vegetation and environmental characteristics (increasing, decreasing, and unchanged).



During the observation period, our research concentrated on the growing season (May to October), with soil depths categorized into the four levels described above. The restoration of vegetation at PV power stations primarily involves the use of indigenous vegetation. Our own field study selected a typical PV power station in Xinjiang Province and investigated its impact on the soil environment and vegetation using a combination of location observations, patrol monitoring, and analysis of soil and water conservation monitoring data. During our survey, a soil moisture meter was used to measure the SWC in the PV panel area. The basic information on the 31 PV power stations is presented in Tables S5 and S6.




2.3. Statistical Analysis


The response of various vegetation and soil variables to established PV power stations was calculated using the natural logarithm of the response ratio (lnRR) [38].     x   t     and     x   c     represent the mean values of the experimental and control groups, respectively. The lnRR is employed to quantify the response to the environmental effect, assessing the differences between the control and experimental groups. A positive or negative lnRR value indicates a positive or negative impact on vegetation and soil characteristics after the construction of the PV power stations [33].


  l n R R =   ln  ⁡          x   t    ¯        x   c    ¯        =   ln  ⁡        x   t    ¯      − ln ⁡ (     x   c    ¯  )  



(1)







As explained above, data provided as SE was transformed to SD using the following formula [33]:


  S D = S E ×  n   



(2)







For each study, we calculated the variance as follows [33]:


  v =     S D   t   2       n   t       x   t   2    ¯    +     S D   c   2       n   c       x   c   2    ¯     



(3)







Here,     S D   t   2     and     S D   c   2     represent the variances, whereas     n   t     and     n   c     correspond to the sample sizes of the experimental and control treatments, respectively.



If the 95% confidence interval (CI) did not overlap with zero, we considered the overall impact of the experimental treatment (with PV panels) on the given response variable to be significant. For clarity and descriptive purposes, the percentage change was calculated using the following formula [33,39]:


  Percentage   change   ( % ) = (   e   lnRR   − 1 )  



(4)







We employed the “rma” function from the R package “metafor” [40] to compute the weighted mean response ratio and 95% confidence intervals (CIs), aiming to quantify the effect size of PV power station construction on vegetation and soil factors (Tables S2 and S4). Subgroup analyses were conducted to assess the impact of categorical moderator variables (such as the time since construction of PV facilities, soil depth, solar radiation, PV array settings, ecosystems, climatic zone, climatic level, and vegetation and soil factors) on various vegetation and soil factors (Table S3). In cases where the standard deviation (SD) for individual data points was missing, we used the “Bracken1992” method to estimate it using the “metagear” package in R 4.3.2 software [41]. The relative importance of each predictor/factor in influencing ecological responses was examined using the “glmulti” package, with a critical threshold set at 0.8 to distinguish between essential and non-essential predictor variables. This analysis aimed to compare the effects of environmental factors, PV array settings, and the established years of PV facilities on different ecosystems [33,42]. Furthermore, we used the “piecewiseSEM” package to account for random effects of sampling sites, providing “marginal” and “conditional” contribution of predictors [43,44]. The “map” package was employed to visualize the distribution of sampling points (Figure 4a), and the “plot biomes” package was utilized to depict the Whittaker biomes (Figure 4b). The R-squared and p-values for the data were obtained using the linear regression function in the SciPy package. To assess publication bias in the meta-analysis, the Rosenthal fail-safe number of 25,049 far exceeded the critical threshold of 5N+10, validating the reliability of the paper’s data results [38]. All statistical analyses were performed in R version 4.3.2 and Python version 3.7.





3. Results


3.1. Geographical Distribution of Studies


In this study, 28 articles were included in the meta-analysis, encompassing 28 relevant research studies involving a single field measurement site. Most of these studies were conducted across East Asia (primarily China), Europe, and North America (Figure 4a). Despite this geographical bias, the research sites were reasonably well distributed along major temperature and precipitation gradients, covering various global biomes (Figure 4b).



The annual mean temperature of the study sites ranged from −6.02 to 27.5 °C, and the annual precipitation varied between 55.14 and 2778 mm (Figure 4b). The studied ecosystems included cropland, grassland, and desert environments of types (Figure 4a).




3.2. Effects of Photovoltaic Power Stations on Different Factors


This study revealed the significant positive impact of established PV power stations on the ecological environment, including vegetation characteristics and soil environmental factors (Figure 5). These improvements depended on factors such as soil depth, duration since PV construction, configuration of PV panels, and intensity of solar radiation (Figure 5). For example, the influence of PV power station construction on vegetation characteristics was generally positive. Regarding solar radiation, ZFRH and FRCH exhibited significant positive and negative effects, respectively, whereas the effect of HFRH was not significant. Therefore, meaningful results were derived from moderate-scale studies conducted in the short- to medium-term, especially in areas with intense solar radiation.



In croplands and deserts, there were significant negative and positive effects, respectively, whereas the response in grasslands was not significant. In the temperate, arid, and desert experiments, the between-panel setting of PV arrays demonstrated the most favorable impact on the ecological environment. Specifically, soil depths of 0–5 cm and 0–30 cm showed non-significant effects, while soil depths of 0–10 cm and 0–20 cm exhibited significant positive effects. Concerning the duration since the construction of PV facilities, the short-to medium-term showed a significant positive effect, whereas the long-term did not (Figure 5).



Our meta-analysis found a significantly increased response of ecological environments to PV power station construction. Different configurations of PV arrays (below- and between-panel) and various vegetation and soil factors showed different positive or negative effects on LnRR, influencing diverse responses in different ecosystems under varying environmental conditions.



Figure 5 illustrates the climatic impacts of PV power stations on the ecological environment in different regions and climatic zone. This study found no significant impact on the ecological environment in cold and humid regions. However, in studies conducted in temperate, arid, and desert ecosystems, PV power stations positively influenced the ecological environment.



Based on previous studies [46,47,48], the soil physicochemical properties were selected as depicted in Figure 6. The results indicated that apart from SWC, which showed a significant positive response to PV power stations, soil physicochemical properties were not significant. Following the construction of PV power stations, there were significant positive effects on vegetation characteristics, including biomass, vegetation coverage, richness, and diversity indices. Conversely, there were significant negative effects on soil evaporation, respiration, and germination rates. The ecological response to the soil environmental impact of PV power station construction was relatively modest. Except for soil moisture content, which showed a significant positive effect, and soil evaporation and respiration, which exhibited significant negative effects, the other soil physicochemical properties did not show notable responses.



Regarding geographical factors (Figure 7), our findings indicate a positive correlation between altitude and ecological environmental response to various vegetation and soil factors. In other words, as altitude increases, the improvement in the ecological environment due to PV power stations tends to strengthen. Due to the multi-factorial nature of LnRR, analysis of its relationship with individual influencing factors may result in a relatively low R2 (coefficient of determination).



This study revealed that the impact of PV power station construction on vegetation characteristics was significant, which is consistent with previous subgroup and correlation analyses [9]. The climatic zone, altitude, ecosystem type, soil depth, solar radiation intensity, and time since PV construction exert considerable influence on the vegetation and soil factors under the PV array. This aligns with the results of the subgroup and correlation analyses (Figure 5).



Regarding the climatic factors (Figure 8), as the TMP and MAP increased, the impact of PV power stations on the ecological environment decreased. Moreover, particularly the MAP, was shown to have a higher negative correlation. Therefore, the influence of PV power stations construction is more pronounced in arid regions with less rainfall. Regions with high horizontal solar radiation exhibited more significant positive responses to the construction of PV power stations (Figure 9).



After the construction of PV power stations, the ecological response to established PV power stations exhibited the following trend under different extents of solar radiation: ZFRH (76.40%) > HFRH (22.81%); in contrast, the FRCH decreased by 19.78%. The results of the ecological improvement effect model showed that vegetation and soil factors were minimally affected by publication bias.



The research findings indicate that the type of ecosystem, solar radiation, soil depth, climatic zone, and duration of PV construction significantly influence vegetation factors within PV facilities. Similarly, duration since PV construction, TMP, and photovoltaic panel settings also play a crucial role in the response of soil factors within PV facilities. This conclusion is supported by sub-group analyses and correlation studies (Figure 10).



Our piecewiseSEM results revealed that, relative to the responses of vegetation and soil factors to PV construction, geography, duration since PV construction, environment, and vegetation and soil variables preferentially directly affect the LnRR. Moreover, vegetation and soil variables were shown to impact LnRR by strongly responding to key environmental factors (Figure 11). Our piecewiseSEM results also revealed that setting, duration, environment, Geography and soil depth indirectly affect the LnRR by altering vegetation and soil variables. See each predictor value on LnRR in Figure 12.





4. Discussion


Our meta-analysis found the duration of established power stations may affect the observed responses. Short-to medium-term installations may have favorable effects on vegetation and soil factors, improving the ecological environment. Notably, medium-term installations demonstrate more significant impacts compared to short-term ones [16]. Conversely, long-term installations might not affect the ecological environment significantly. Overall, the PV power stations enhanced the soil conditions and vegetation diversity. Additionally, changes in soil conditions and vegetation diversity may vary with environmental influences, such as ecosystem type [9]. Lambert et. al. found more nutrient interactions in the between-panel configuration than in the external and below-panel configurations [15], which aligns with the findings of our study. Notably, the significant variation in the SWC is consistent with the results of previous studies [49,50,51]. Our results indicated a significantly increased response of vegetation and soil factors following the construction of PV power stations compared to the control group. Different PV array configurations (below- and between-panel) exhibit varying significant or insignificant effects on different vegetation and soil factors, thereby influencing responses across diverse environments and ecosystems.



Researchers have suggested that reducing soil water evaporation can accrue soil carbon content and soil porosity, facilitating water storage and increasing SWC [52,53]. Notably, Solar panel technology transfers a portion of absorbed solar radiation into electricity, effectively redistributing energy from the sun [54]. Shading by the PV panels reduced the annual solar irradiance by 58.4% [55]. Moreover, the installed photovoltaic components themselves cast a certain extent of shading on the ground, leading to a reduction in soil water evaporation and thus enhancing water saving within the covered area of the photovoltaic array [56]. Researchers have demonstrated that PV panels intercept and redistribute precipitation inputs and alter the spatial pattern of evapotranspiration by casting shadows underneath the panels [57,58,59]. In addition to the reduction in soil water evaporation, the increase in SWC may also be associated with the melting of accumulated snow and the regular cleaning of photovoltaic panels. Owing to the influence of photovoltaic components, the melting rate of snow is slowed down, and the meltwater from the accumulated snow becomes a crucial source of SWC at the Earth’s surface. Furthermore, the wastewater generated from the regular cleaning of photovoltaic components, when absorbed by the ground, contributes to an increase in SWC [60]. This may result in increased SWC, fostering favorable conditions for the growth of biota [14]. Ultimately, the increase in SWC contributes to enhanced vegetation productivity [14]. Soil water content (SWC) is the basic condition for the survival of terrestrial vegetation. Insufficient SWC can affect the stomatal conductance of vegetation, limiting productivity and even threatening vegetation survival [61]. Under the conditions of future climate change, increased productivity of vegetation can only be promoted through the timely replenishment of SWC [62]. A meta-analysis revealed a significant increase in vegetation productivity (above-ground biomass) and vegetation coverage due to PV power station construction, which is consistent with the results of our study [9]. These results underscore the positive impacts of PV power station construction on the ecological environment. The ecosystems selected for this study were predominantly situated in croplands, grasslands, and deserts, showing changes in land use. This aligns with MacKay’s findings [63]. The findings of this study indicate that the construction of PV power stations has a negative impact on croplands, whereas the impact on grasslands is not significant. Therefore, it can be directly influenced by the type of ecosystem (desert, cropland, or grassland).



However, demographic and economic expansion has intensified land competition, with approximately 12% of the globe’s land surface dedicated to crop production. Limited land availability leads to biodiversity pressures and rising food prices [30]. Meanwhile, agrivoltaism emerges as a future solution amidst climate change and food and energy challenges [64]. Some scholars propose a technology for dual land use through agricultural and solar energy production to address this issue. Integrated farming and energy production offer positive economic, social, and environmental benefits, providing feasible solutions to the growing competition for land resources [30].



Furthermore, the construction of PV power stations can also affect the response of the ecological environment by directly or indirectly affecting vegetation characteristics and soil factors. Moreover, the impact on adjacent ecosystems is probably more important than the response of the altered PV ecosystem. During both construction and operation, photovoltaic power stations may impact local microclimates, as well as the growth, activity, and life cycles of plants, animals, and microorganisms, to varying degrees. These effects could ultimately lead to changes in ecosystem functions such as carbon sequestration potential [65,66].



Notably, the spatial expansion of PV power stations poses a threat to essential croplands, and the conversion of croplands to PV power stations may jeopardize food production. There is consequently a need to vigorously develop desert PV power station while safeguarding croplands and grasslands. The global photovoltaic power stations cover an area of over 92,000 km2, prompting an urgent need to address the “conflict competition” between energy development and land [67]. Photovoltaic power stations can evidently enhance the land-use-efficiency of arid area [68]. Governments worldwide should encourage the prioritized use of unproductive land, such as deserts, abandoned mines, artificial water channels, reservoirs, and rooftops, to deploy PV power stations [69]. However, some desert ecosystems have significant biodiversity hot spots that need to be protected [70,71]. Land cover change owing to solar energy has received increasing attention over concerns related to conflicts with biodiversity goals and greenhouse gas emissions [71]. By proactively identifying and resolving these conflicts or issues, sustainable solutions can be sought to minimize the negative impacts of the rapid development of solar energy and ensure the timely achievement of global carbon neutrality goals [67].



Our limitation lies in the absence of soil type data and subsoil data extracted from the original authors’ studies. We recommend that it is crucial to collect data on the land characteristics of photovoltaic power stations in the future to prevent structural conflicts in land resource utilization [72,73,74]. We recognize that the next step is to assess plant-animal interactions in these modified ecosystems [11].




5. Conclusions


	
The responses to soil and vegetation to the construction of PV power stations exhibit significant differences between studies, which are related to the different environmental contexts across ecosystems. Desert, cropland, and grassland ecosystems demonstrated significant positive, genitive, and insignificant effects, respectively.



	
The construction of PV panels generally increases SWC, vegetation diversity, coverage, and biomass. Among these, biomass experienced the most substantial growth.



	
Although the construction of PV power stations does not significantly affect soil physicochemical properties, it suppresses soil respiration and evaporation and significantly enhances vegetation productivity and coverage in the Northern Hemisphere.






In studies conducted in temperate, arid, and desert regions, the between-panel treatment of PV arrays had the most significant impact on the ecological environment. PV panel construction promotes the response of arid desert ecosystems and influences small-scale ecological environments. There was no clear improvement in the ecological environment in response to PV power stations in croplands and grasslands.



Owing to geographical variation, the responses of vegetation and soil factors to PV power stations differ, requiring a comprehensive assessment and analysis of the ecological impact of PV power stations across different ecosystems. In the future, we also suggest promptly recognizing and addressing the issues surrounding contradictory results, diligently seeking solutions, and minimizing the negative and insignificant effects of the rapid expansion of cropland and grassland PV power stations. Additionally, policies should target the environmental performance of energy structures, which is crucial for the photovoltaic industry and many others. Continued active pursuit of this goal is essential to avoid environmental degradation [75].
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Figure 1. Co-occurrence network of keywords for ecological response study of established PV power stations research based on Web of Science search results. Note: The size of the circles containing keywords reflects their frequency of occurrence and research popularity in the literature, with larger circles indicating more prevalent and popular topics in the research field. 
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Figure 2. Flow of information through the different phases of a systematic review [30]. 
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Figure 3. Workflow diagram of the study. 
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Figure 4. Global distribution map of the 31 established PV power stations studies analyzed here. (a) Global distribution map of the 31 established PV power stations studies analyzed here. (b) Distribution of studies along temperature and precipitation gradients, overlaid with the different biome types, as defined by Whittaker [45]. 
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Figure 5. Response of PV power stations to the vegetation and soil factors under different environmental contexts. PV array configurations: below-panel, between-panel; Ecosystem types: cropland, desert, grassland; Climatic level: arid, humid; Climatic zone: northern, temperate; PV power station construction time: short-, medium-, or long-term; Soil depth: 0–5 cm, 0–10 cm, 0–20 cm, 0–30 cm; Solar radiation levels: ZFRH, HFRH, FRCH. Solid red points, solid blue points, and hollow black points represent significant positive, negative, and non-significant effects, respectively. The numbers indicate the quantity for each response. * p < 0.01. 
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Figure 6. Significant vegetation and soil factors (Biomass, Coverage, E, Respiration, Richness, Seeding, Shannon, Simpson). Other vegetation characteristics are not displayed as they were found to be non-significant. Soil physicochemical properties (SWC, AK, AN, AP, BD, EC, NO3-N, pH, SOC, ST, TC, TN, TP). * p < 0.01. 
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Figure 7. The response of various vegetation and soil factors to established PV power stations correlates with altitude (meters). Asterisks (*) indicate significant effects. 
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Figure 8. The response of various vegetation and soil factors to established PV power stations correlates with climatic factors. (a) TMP (°C) and (b) MAP (mm). Asterisks (*) denote significant effects. 
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Figure 9. The response of various vegetation and soil factors to established PV power stations correlates with the (a) Duration (yr) and (b) SRAD (MJ·m−2·a−1). Asterisks (*) denote significant effects. 
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Figure 10. The model displays the importance of predictors/factors for the PV power station construction effects on (a) vegetation and (b) soil. The significance is determined by the cumulative Akaike weights derived from model selection. A cutoff at 0.8 (depicted by the red solid line) is applied to distinguish the most influential moderators, as illustrated by the blue column. 
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Figure 11. Pathways of environmental and anthropogenic factors impacting the influence of established PV power stations on vegetation and soil factors. PiecewiseSEM accounts for the direct and indirect effects of variables, geography, environment, soil depth, duration, and setting on the response of the established PV power stations at the global scale. The geography and environment were divided into composite variables. Geographical variables consist of slope and altitude; environmental variables include snow water equivalent (SWE), precipitation (MAP), and solar radiation (SRAD). Numbers adjacent to measured variables are their coefficients with composite variables. Numbers adjacent to arrows are path coefficients, representing the directly standardized effect size of the relationship. The thickness of the arrow represents the strength of the relationship. The red and blue lines represent positive and negative relationships, respectively. Total standardized effects of variables on ecosystem stability are shown in marginal and conditional R2, representing the proportion of variance explained by all predictors/factors without and with accounting for random effects of the “sampling site”. Significance levels of each predictor/factor are * p < 0.05, *** p < 0.001. 
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Figure 12. Standardized Direct and Indirect Effects in PiecewiseSEM. 
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