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To clarify the influence of photovoltaic (PV) panels on the spatial distribution characteristics of soil properties in desert areas, the soil of fixed-axis (FIX) PV panels and tracking tilted single-axis (TTS) PV panels in the Gonghe large-scale PV power plant in the Qinghai desert was taken as the research object. The PV panels were divided into the south edge, the north edge, under and between panels. The soil in the undisturbed area outside the PV power plant was taken as the control area. The results showed that, except between the PV panels, the soil bulk density (BD) increased significantly at other locations of the TTS PV panels (p < 0.001), soil organic carbon (SOC), total carbon (TC) and total nitrogen (TN), and available nitrogen (AN) decreased significantly (−35.07%, −29.62%, −38.25%, and −32.86% under the panels, respectively), and the total phosphorus (TP) content was significantly decreased only in the north edge and between the panels (p < 0.01). Soil water content (SWC) of FIX PV panels increased significantly (+74.74% under the panels, p < 0.001), and pH decreased. Comparing the two types of PV panels, except the north edge, SWC, SOC, TN, SOC: TP, TN: TP, and AN were significantly higher in the FIX PV panels than in the TTS PV panels, and BD, total potassium (TK), and SOC: TN were considerably lower than in the TTS PV panels. There was no significant difference (p > 0.05) in soil quality and multifunctionality index in the PV panel area. The research results can provide theoretical support for soil restoration of PV power plants in desert grassland.
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1 INTRODUCTION
In order to cope with energy needs and reduce carbon emissions, renewable energy has become an essential choice, and photovoltaic (PV) has become the dominant force in the growth of renewable energy. According to an estimate by the International Renewable Energy Agency (IRENA), global renewable energy capacity additions will exceed 5,500 GW from 2024 to 2030, almost tripling the increase from 2017 to 2023. From 2024 to 2030, the global average annual increase in PV installed capacity will exceed 600 GW (IEA, 2024). By the end of 2024, China’s total installed power generation capacity reached approximately 3,350 GW, with PV capacity accounting for about 890 GW (National Energy, 2024). Large-scale deployment of ground-mounted PVs requires vast land. Consequently, China’s northwestern deserts and Gobi desert regions have become the main development areas of PV power generation.
The installation of PV power plants has consistently been regarded as a “win-win” strategy, as it reduces carbon emissions and prevents desertification in arid regions (Xia et al., 2023; Xia et al., 2022; Lu et al., 2021). However, the leveling of the site during the construction of the PV power plant will destroy the soil structure and make the soil more susceptible to wind and water erosion. The removal of topsoil during construction reduces soil carbon (Choi et al., 2020), nitrogen, and phosphorus (Geissen et al., 2013) and reduces the stability of soil aggregates, which has a negative impact on the environment. During the operational stage, the physical presence of the PV panels changes the local climatic conditions (Bai et al., 2022). At the same time, the PV panels will concentrate water on their lower edge, which increases the local heterogeneity of the soil moisture distribution and produces more lasting water storage under the PV panels (Adeh et al., 2018). In addition, due to the reduction in solar radiation directly under the PV panels, the potential evaporation is reduced, which reduces drought, increases soil moisture availability, and helps to reduce water loss in arid climates (Choi et al., 2020). Wu et al. (2023) showed that different positions of PV panels have little effect on SOC and available phosphorus (AP). The contents of nitrate nitrogen (NO3-N), TN, and TC under the PV panel are slightly higher than those between the PV panels, and the content of available potassium (AK) is significantly increased. Wang et al. (2016) showed that the soil SWC, organic matter, AK, and AP in the PV panel area increased compared with the non-PV control area. The soil BD increased in the shaded area and decreased in the unshaded area. Andrew et al. (2024) found that soil organic matter in the PV plant in the northeastern United States increased, and the pH increased significantly. Sheep grazing in the PV plant may improve the pasture quality of the solar site over time. In contrast, Moscatelli et al. (2022) showed that soil nutrients, soil moisture, and soil temperature under PV panels were significantly reduced. Furthermore, the heterogeneous light intensity under PV panels results in significant differences in soil microbial community composition (Li et al., 2023), decreased microbial activity (Moscatelli et al., 2022) and microbial biomass (Lambert et al., 2021b), whereas increased alpha diversity of the fungal community (Li et al., 2023). These studies found that the influence of PV plants on soil properties is still uncertain, and may be affected by local climate, soil conditions, PV panel operation mode and other factors (Yavari et al., 2022).
Tracking PV panels can adjust the solar incident angle in real time to obtain maximum power generation efficiency (Li et al., 2025). Compared to fixed systems, their annual electricity output can increase by up to 29% (Lubitz, 2011), and the gap between adjacent PV module strings receives up to 84% of solar radiation (Graham et al., 2021). Tracking PV panels optimise ventilation, light and humidity through elevated panels and dynamic shading, creating a more uniform microenvironment conducive to positive changes in soil properties (Liu et al., 2025). This enhances vegetation photosynthesis and SOC inputs, thereby improving soil quality (Ramos-Fuentes et al., 2023; Zhang B. et al., 2024). In contrast, FIX PV panels are mounted at a fixed angle; they reconfigure precipitation and solar radiation differently than tracking PV panels. Static shading in FIX PV panels may limit photosynthesis and SOC accumulation (Zhang et al., 2025).
In view of this, the goal of this research is to assess the effects of TTS PV panels and FIX PV panels on soil physicochemical properties and whether the PV panels induced spatial heterogeneity of soils in desert areas. The specific goals were to: (1) compare soil physicochemical properties of TTS PV panels, FIX PV panels, and undisturbed control areas (CK), and (2) compare soil physicochemical properties of PV panels at different shading locations.
2 STUDY AREA AND METHODS
2.1 Overview of the study area
The study area is located in the Longyangxia Hydro-PV Park in Talatan, Qinghai Province (100°22′E−100°39′E, 35°56′N-36°13′N). The PV power plant was built in 2012 and completed in 2015, with a total installed capacity of 850 MW. It is characterized by ‘PV + ecological management + ecological pastoralism'. We collected soil samples at a FIX and a TTS PV array (Figure 1). FIX PV mounting system that does not track the rotation of the sun. The lower eaves of the PV panels are 0.5 m from the ground, the inclination angle of the PV panels is 39°, and the spacing between the PV panels is 6.87 m (Figure 2c). TTS PV mounting system rotates at a fixed inclination to track the sun’s trajectory from east to west, with the lower eave of the PV panels 1.2 m above the ground (Figure 2d).
[image: Aerial view of a solar farm divided into sections labeled "Fixed-axis PV Array," "Tracking Tilted Single-axis PV Array," and "Control Area." The layout shows large arrays of photovoltaic panels on a desert landscape with scale bars indicating distances of one kilometer and two hundred meters.]FIGURE 1 | The position of the FIX PV array, the TTS PV array and the CK. FIX, fixed-axis. TTS, tracking tilted Single-axis. CK, control area.[image: Diagram illustrating solar panel layouts and sunlight angles. (a) Shows panel arrangement with samples labeled A to E along five sample lines. (b) Simplifies layout with point representations. (c) Show the southern edge of the solar panel at a height of 0.5 metres above ground level. (d) Show the southern edge of the solar panel at a height of 1.2 metres above ground level.]FIGURE 2 | Soil sampling point layout diagram. (a) PV arrays. (b) CK. (c) Schematic detailing the sampling locations relative to the FIX PV panels. (d) Schematic detailing the sampling locations relative to the TTS PV panels.The ground elevation of the PV plant is 2,900–2,950 m. The overall terrain is high in the west and low in the east, and the slope is not large. The climate in the region is predominantly a highland continental climate, with an annual rainfall of 246.3 mm and an average annual temperature of 4 °C. Local soil types mainly include calcic brown soil and calcite chestnut soil (Zhao and Na, 1996).
2.2 Soil sample collection
In July 2019, 6 years after the construction of the PV power plant, soil samples were collected. Five samples were taken from five rows of 20 m intervals along the east-west direction in the FIX and TTS PV arrays (Figure 2a). The sampling points were located on the south edge, north edge, under, and between PV panels (Figures 2c,d). Therefore, there were 100 sampling positions in the FIX and TTS PV arrays, respectively. The non-PV panel area at 400 m east of the TTS PV array area was used as the control area. The spacing of the east-west and north-south sampling points in the control area was 20 m (Figure 2b). There were 25 sampling points in the control area. Soil samples were collected from the 0–20 cm top soil layer mixed and bagged, air-dried, and brought back to the laboratory for physical and chemical properties. A total of 225 soil samples were collected.
2.3 Measurement of soil physicochemical properties
A total of 14 soil physicochemical indicators were measured. The indicators were monitored referencing the “analytical method of soil agriculture chemistry” (Lu, 2000). Bulk density was measured by ring knife method, and pH was measured by potentiometric method. TN was measured by the concentrated sulfuric acid-catalyst-flow analyzer method. TP was measured based on the sodium hydroxide melting-molybdenum antimony colorimetric method. TK was measured by the sodium hydroxide melting-flame photometric method. TC was measured by the combustion method. SOC was measured using potassium dichromate combined with the heating method. AK was measured by the ammonium acetate-flame photometric method. AP was measured by the molybdenum antimony anti-colorimetric method. AN was measured by the alkaline hydrolysis diffusion method. Mechanical composition was measured using a laser particle sizer (Malvern, model 2000), and SWC was measured in situ with a WET instrument (Delta-T, WET-2).
2.4 Calculation of the soil quality index (SQI)
The data of the 14 soil physicochemical indicators measured were standardised and the indicators were converted to values between 0 and 1 using the linear scoring function method. Indicators were categorized into two types based on the sensitivity of soil quality. If the indicator is positively correlated with soil quality, the “more is better” scoring model applies, i.e., Equation 1. Conversely, the “less is better” scoring model, Equation 2, applies.
SL=0.1        x≤xmin0.9×x−xminxmax−xmin+0.1 xmin<x<xmax1         x≥xmax Positive(1)
SL=1         x≤xmin1−0.9×x−xminxmax−xmin xmin<x<xmax0.1        x≥xmax Negative(2)
Where SL is the linear score of each indicator between 0 and 1; x is the measured value; xmax and xmin are the maximum and minimum values of the indicator, respectively.
The weight of each indicator is calculated by principal component analysis. The calculation method is detailed in Yue et al. (2024). The results were shown in Supplementary Tables 1–9. The SQI is calculated according to Equation 3:
SQI=∑i=1nWi×Si(3)
Where Wi is the weight value of each quality factor, n is the total number of indicators, Si is a linear score. The SQI ranges from 0 to 1, with higher SQI indicating higher soil quality.
2.5 Calculation of the soil multifunctionality index (MFI)
The multifunctionality of soils reflects the cycling of carbon, nitrogen, and phosphorus, as well as the supply capacity of the resources available to the soil (Manning et al., 2018). MFI was calculated based on the measured 14 soil physicochemical indicators. MFI was calculated by the mean value method, and the measured values of different functions were transformed and averaged. Finally, the representative index of functional average level, namely, the soil multifunctional index, was obtained. The MFI calculation formula is as shown in Equation 4:
MFI=1F∑i=1Fgrifi(4)
Where F is the number of functions measured, fi is the measured value of function i, ri is the mathematical function that transforms fi into a positive function, and g is the normalization function.
2.6 Statistical analysis
SPSS 25.0 software was used to perform one-way ANOVA, principal component analysis, and significance tests. Origin 2021 software was used for graphing.
3 RESULTS
3.1 Characteristics of soil basic physicochemical properties
The soil BD in the south edge, north edge, under, and between panels of TTS PV panels was significantly (p < 0.001) higher than that in the control area. They were 3.14%, 3.11%, 3.38% and 2.90% higher, respectively. Whereas, the BD of the FIX PV panels was not significantly different (p > 0.05) from the control area. The soil BD of the two PV panels was significantly (p < 0.05) different only at the southern edge, under and between the panels, whereas there was no significant difference (p > 0.05) at the northern edge (Figure 3a).
[image: Graphs show soil properties measured at different locations: Southedge, Under, Northedge, Between. Panels display (a) Bulk Density, (b) Soil Water Content, (c) Clay, (d) Silt, (e) Sand, (f) Soil Organic Carbon, (g) pH. Each graph compares treatments (PTX, TPS, CK), with significance noted as p<0.05, p<0.01, p<0.001, or no significance. Data points exhibit varying levels for each property.]FIGURE 3 | Results of analyses of soil basic physicochemical properties at different locations of PV panels. (a) Bulk density (BD), (b) soil water content (SWC), (c) clay, (d) silt, (e) sand, (f) soil organic carbon (SOC). (g) pH. FIX, fixed-axis PV panels. TTS, tracking tilted Single-axis PV panels. CK, control area.SWC of the FIX PV panels was significantly (p < 0.001) higher than that of the TTS PV panels and the control area. SWC of the FIX PV panels increased by 64.81%, 64.12%, 74.74%, and 48.49% at the south edge, north edge, under, and between PV panels, respectively, compared with the control area (Figure 3b).
There was no significant difference (p > 0.05) in soil clay, silt, and sand content among FIX PV, TTS PV panels, and control area (Figures 3c–e).
SOC at the south edge, north edge, under and between TTS PV panels was significantly (p < 0.001) lower than that of the control area by 32.57%, 32.10%, 35.07% and 30.06%, respectively. While the SOC of FIX PV panels was not significantly different (p > 0.05) from the control area. SOC at the southern edge, under and between TTS PV panels was significantly (p < 0.05) decreased by 24.93%, 25.35%, and 23.88% compared to the FIX PV panels (Figure 3f).
Soil pH at the south edge, north edge, and under FIX PV panels was significantly (p < 0.05) decreased by 3.07%, 2.58% and 3.57% compared to the control area. Soil pH between panels with FIX and TTS PV was not significantly different (p > 0.05) from the control area (Figure 3g).
3.2 Soil total nutrient properties
TC content in the south edge and under the TTS PV panel was significantly (p < 0.01) decreased by 29.03% and 29.62% compared to the control area, and the north edge was significantly (p < 0.05) decreased by 27.94%. There was no significant (p > 0.05) difference in FIX PV panels (Figure 4a).
[image: Seven bar graphs compare soil nutrient levels across four treatments (IPX, IPX, TIS, CK) in different edge positions (South, Under, North, and Between). Variables include TC, TN, TP, TK, SOC:TN, SOC:TP, and TN:TP. Statistical significance is indicated by asterisks, where * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001. "n.s." means no significance.]FIGURE 4 | Results of analyses of soil total nutrient properties at different locations of PV panels. (a) Total carbon (TC), (b) total nitrogen (TN), (c) total phosphorus (TP), (d) total potassium (TK), (e) C: N ratio (SOC: TN), (f) C: P ratio (SOC: TP), (g) N:P ratio (TN: TP).TN content of the south edge, north edge, under and between TTS PV panels was significantly lower (p < 0.001) than that in the control area, which was reduced by 43.71%, 42.56%, 42.27%and 35.86%, respectively. Whereas, there was no significant difference (p > 0.05) in the FIX PV panels. TN content of TTS PV panels was significantly decreased by 38.25% (p < 0.001) in the south edge, and by 34.93%, 36.14%, and 32.80% (p < 0.01) in the north edge, under and between panels, respectively, compared to that of the FIX PV (Figure 4b).
TP content was significantly reduced by 12.02% and 12.06% only in the north edge and between TTS PV panels compared with the control area. There was no significant difference (p > 0.05) between the FIX PV panels (Figure 4c).
TK content in FIX PV and TTS PV panels was not significantly different (p > 0.05) from that of the control area, whereas TK content in the south edge and under the FIX PV panels was significantly lower (p < 0.001) than that of TTS PV, and in the north edge and between the panels was significantly lower (p < 0.01) by 7.15%, and by 6.97%, respectively (Figure 4d).
SOC: TN of the TTS PV panels was significantly increased (p < 0.001) than that in the control area (Figure 4e), SOC: TP (except between panels), and TN: TP was significantly decreased (p < 0.001), while the FIX PV panel had no significant difference (p > 0.05) (Figures 4f,g).
3.3 Soil available nutrient properties
Compared with the control area, the south edge of the TTS PV panel significantly increased AP (p < 0.05, +27.56%), and AN was significantly reduced (p < 0.05, −27.97%). AN under the panel and the north edge were significantly reduced (p < 0.01) by 32.86% and 30.12%, and there was no significant difference (p > 0.05) in AK. There was no significant difference (p > 0.05) in AP, AK, and AN between the FIX PV panels and the control area (Figure 5).
[image: Three side-by-side bar graphs depicting nutrient levels (AN, AP, AK) in milligrams per kilogram across different conditions labeled Southedge, Under, Northedge, and Between, with treatments IPX, ITS, and CK. Each graph highlights significant differences with asterisks denoting p-values: one asterisk for p<0.05, two for p<0.01, and three for p<0.001. "n.s." indicates no significance. Color coding distinguishes different measurements.]FIGURE 5 | Results of analyses of soil available nutrient properties at different locations of PV panels. (a) Available nitrogen (AN), (b) available phosphorus (AP) and (c) available potassium (AK).3.4 Soil quality and multifunctionality assessment
3.4.1 Principal component analysis
Principal component analysis (PCA) was conducted on 14 indicators (S1-S9). The results indicate that three principal components can be extracted for soil indicators at the north edge of the TTS panels (S6), between FIX panels (S7), and between TTS PV panels (S8), with cumulative contribution rates of 76.864%, 74.421%, and 74.771% respectively. Meanwhile, soil indicators from the remaining locations can be extracted into four principal components, with cumulative contribution rates exceeding 80.342%, effectively representing the variation information of the indicator variables. This demonstrates that the extracted components effectively represent the variation in the indicator variables. In the first principal component, BD at the southern edge of the TTS PV panel (S2) and under TTS PV panels (S4) has a higher weight, whereas TN at other locations has a higher weight. In the second principal component, the sand indicator demonstrates higher weighting at the following locations: under TTS PV panels (S4), north edge of the TTS PV (S6), between TTS PV (S8), and control area (S9).
The weights of soil quality evaluation indexes at different locations were obtained by PCA (Figure 6), and the weights were between 0.0712 and 0.0715, with little difference.
[image: Bar chart displaying weight values for different categories divided into four regions: Southedge, Under, Northedge, and Between. Each region contains three bars labeled FIX, ITS, and CK, representing different weight values ranging from 0.00 to 0.08. The bars are color-coded orange, green, and purple.]FIGURE 6 | The average weight value of soil quality evaluation index at different locations.3.4.2 Soil quality and multifunctionality index
Changes in soil physicochemical properties directly affect soil fertility and plant growth. There was no significant difference (p > 0.05) in SQI and MFI between the FIX PV panel, the TTS PV panel, and the control area (Figure 7). The SQI of FIX PV panels was higher in the south edge than in the control area, and the MFI was higher in the control area than in other locations. The SQI of the TTS PV panel was higher in the south edge and under the panel than in the control area, and the MFI was higher under the panel than in the control area.
[image: Bar charts labeled (a) SQI and (b) MFI display data for four locations: Southedge, Under, Northedge, and Between. Each location compares three treatments: PTX, TTS, and CK, using colored dots, with error bars indicating variance. Statistical significance is shown with asterisks, where n.s. indicates no significance.]FIGURE 7 | Soil quality and multifunctionality index. (a) Soil quality index (SQI) at different locations of PV panels. (b) Soil multifunctionality index (MFI) at different locations of PV panels.Regression analysis of SQI and MFI showed a significant positive correlation (R2 > 0.89) (Figure 8).
[image: Two scatter plots compare MFI versus SQI with linear regression lines. Plot (a) has a regression equation \(y = 0.807x + 0.041\) and \(R^2 = 0.918\), with black dots. Plot (b) shows \(y = 0.888x + 0.007\) and \(R^2 = 0.927\), with open circles. Both plots include 95% confidence and prediction bands, shaded in pink.]FIGURE 8 | The linear model of SQI and MFI. (a) FIX PV panels. (b) TTS PV panels.4 DISCUSSION
4.1 Effect of PV panels on soil physicochemical properties
In this study, soil BD of TTS PV panels increased significantly, while there was no significant difference in FIX PV panels (Figure 3A). This may be due to the shading effect of PV panels will reduce soil moisture evaporation, enhance soil water retention capacity, reduce porosity, and increase BD (Zhang et al., 2021). In addition, PV panels cause uneven distribution of precipitation, and uneven precipitation affects BD differently, as concentrated precipitation causes soil erosion and increases bulk density (Wang Y. et al., 2021; Zhang et al., 2020; Dvoráčková et al., 2024). If the soil is located in arid regions, the addition of water can lead to a decrease in BD, as moisture helps to loosen the bond between soil particles, thereby increasing the gaps between them. This decrease in soil density enhances water and air permeability, positively impacting plant growth and other biological processes within the soil (Pan et al., 2020).
In this study, SWC of the FIX PV panel was significantly higher than that of the control area and the TTS PV panel (Figure 3b). The main reason was that the FIX PV panel had a relatively large shading area and reduced soil water evaporation. In contrast, tracking PV systems were found to increase SWC in the Zhangjiakou PV power plant at the southern edge of the typical temperate grassland in Inner Mongolia, China, but the increase was not significant for fixed PV systems (Zhang S. et al., 2024). The presence of PV panels concentrates water along their lower edges, resulting in great heterogeneity in the spatial distribution of soil moisture (Choi et al., 2023), and soil moisture heterogeneity may have an important effect on plant growth, especially in arid regions where small changes in water availability may have a large impact on plant growth (D’Odorico et al., 2007). Compared with the fixed PV system, the east/west (E/W) agricultural PV design for vertical bifacial solar panels provides better spatial uniformity in the daily crop shading distribution of crops, providing higher crop yield and greater energy production (Riaz et al., 2021).
The pH of the FIX PV panels in this study was generally reduced (Figure 3g). Shading by PV panels lowers soil temperatures and slows down the rate of biological processes in the soil, such as organic matter decomposition and nutrient mineralization. With the slow decomposition of organic matter, humic and fulvic acid, and other acidic substances are released, which can reduce soil pH (Wang C. et al., 2021). Soil pH decreased by 13.93% at the Datong saline-alkali PV power plant in China (Yi, 2020).
The TN, TC, and SOC contents of FIX PV panels were higher than those of TTS PV panels at all locations in this study (Figures 4a,b,e). While soil TN and TC content in Zhangjiakou PV power plant at the southern edge of the typical temperate grassland in Inner Mongolia, China was significantly higher in the tracking tilted PV system. And soil TN, TC, and SOC contents were significantly lower in the fixed system (Zhang S. et al., 2024). The rotation of the tracking tilted PV system allows plants to capture more light and increase litter, thereby further increasing biomass accumulation and improving soil nutrients. In the desert grassland PV power plant on the southern margin of the Mu Us Sandy Land, it was also found that SOC under the flat single-axis tracking PV panel was significantly higher than that under the fixed adjustable tracking PV panel (Tong et al., 2024). In the Hongsibu PV power plant in Ningxia, it was found that the SOC under and in front of the PV panel increased, and the PV panel had a positive impact on the carbon sink of arid and semi-arid ecosystems (Liu et al., 2023). Since the topsoil was removed during the PV construction process, the carbon and nitrogen contents in the PV soil were still lower than those in the control area after 7 years of vegetation restoration in a non-vegetated PV power plant in Colorado, United States (Choi et al., 2023). In addition, studies on PV power plants in Malaysia have shown that significant changes in microclimate characteristics cannot affect the physical and chemical properties of the soil (Noor and Reeza, 2022).
In this study, SOC: TP and TN: TP were significantly reduced at all positions of the TTS PV panel (Figures 4f,g), which may be due to the improvement of soil moisture conditions promoting plant growth and increasing biomass and litter input, which further altered the soil C/N and N/P ratios (Hume et al., 2016). On the other hand, if precipitation infiltration is too intensive, it may lead to soil nutrient leaching and loss of organic matter, which may also lead to changes in soil C/N ratios (Brust, 2019).
In this study, soil AP significantly increased in the south edge of TTS PV panels, AN significantly decreased under and between panels, and there was no significant difference in AK (Figure 5). PV panels change the distribution of precipitation and affect soil moisture, nitrogen, and phosphorus availability (Uldrijan et al., 2023). TTS PV panels promoted biomass accumulation and grassland restoration (Zhang S. et al., 2024), potentially reducing AN. In contrast, the desert grassland PV plant at the southern edge of the Mu Us Sandy Land showed that soil NO3-N, AP and AK content did not change significantly under panels, between panels and at the control site (Tong et al., 2024), The reason may be that in the aeolian sandy soil, the content of these available nutrients is very low, and the degree of disturbance under and between the panels is not enough to have an impact on the content of these available nutrients, and also because the time for natural restoration is only 2 years, so the content of the soil available nutrients changes have not yet been observed.
4.2 Soil quality in PV power plant
There is no significant difference in SQI and MFI between FIX PV panels and TTS PV panels in this study (Figure 7). It may be due to the fact that the mean value method was used to calculate the MFI in this study. While this method is straightforward to calculate and widely used, it fails to reflect the differing weightings of each individual function. SQI is greater than the control area for the south edge of FIX PV panels, and greater than the control area for the south edge and under panels of TTS PV. MFI is less than the control area for the FIX PV panels at all locations, and TTS PV with the south edge and under the panels is higher than the control area. MFI is lower than the control area for FIX PV panels at all locations, and higher than the control area for the under and south edge of the panels with TTS PV. This may be due to the fact that the tracking PV panel has a dynamic change in the precipitation redistribution at the southern edge of the PV panel, and there are also differences in the light and heat distribution. The influence of TTS PV panels on microclimate and soil is more complicated than that of FIX PV panels (Suuronen et al., 2017). Soil quality of tracking flat single-axis PV panels in a typical sandy PV plant in western Inner Mongolia was higher than that of the control area, with higher soil quality between PV panels, before and after the panels, and lower soil quality under the panels (Yuan and Gao, 2024). The soil quality between and under the flat single-axis tracking PV panels in the desert grassland on the southern edge of the Mu Us Sandy Land is better than that of the fixed PV panel (Tong et al., 2024). Yunnan agro-PV plant showed that planting crops significantly improved the soil quality and versatility index (Luo et al., 2024). In rocky desertification PV power plants, different degrees of shading by PV panels had no significant effect on the SQI (Wu et al., 2023). Similarly, agricultural PV systems in the Mediterranean environment of the Puglia region (Italy), the land equivalence ratio was improved and without negative impacts on biological soil quality (Riaz et al., 2021). The SQI in Mediterranean PV power plants is about three times lower than that of semi-natural land (Lambert et al., 2021a), and the main reason for the decrease in soil quality is the increase in soil erosion due to the disturbance of the soil during the construction period, the decrease in soil compaction (Quinton et al., 2010) and organic matter content, and consequently the decrease in the soil’s water-holding capacity (Mujdeci et al., 2017) and stability (Šimansk’y et al., 2013).
5 CONCLUSION
The environmental heterogeneity of different shading positions of PV panels affected soil physicochemical properties to different degrees. FIX PV panels showed a significant increase in SWC, which was very beneficial to vegetation restoration in the desert area. There was no significant difference in soil quality and soil multifunctionality index between the two types of PV panels. The high efficiency of tracking PV arrays in electricity generation also contributes to a more uniform distribution of sunlight and moisture. In the future, as we face arid climates and increasing land scarcity, the combination of tracking PV technology and agriculture holds great potential.
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