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Abstract


Under the increasing global energy demand, the new European Union Biodiversity Strategy for 2030 encourages combinations of energy production systems compatible with biodiversity conservation; however, in photovoltaic parks, panels shadowing the effects on soil health and biodiversity are still unknown. This study (location: Northern Italy) aimed to evaluate the effect of ground-mounted photovoltaic (GMPV) systems on soil arthropod biodiversity, considering two parks with different vegetation management: site 1—grassland mowed with tractor; site 2—grassland managed with sheep and donkeys. Three conditions were identified in each park: under photovoltaic panel (row), between the panel rows (inter-row), and around the photovoltaic plant (control). The soil pH and organic matter (SOM), soil arthropod community, biodiversity, and soil quality index (e.g., QBS-ar index) were characterised. Differences between the two GMPVs were mainly driven by the SOM content (higher values where grazing animals were present). No differences were observed in site 1, even if a high heterogeneity of results was observed for the soil biodiversity parameters under the panels. In site 2, SOM and pH, as well as arthropods biodiversity and QBS-ar, showed low values in the row. Soil fauna assemblages were also affected by ground-mounted panels, where Acarina, Collembola, Hymenoptera, and Hemiptera showed the lowest density in the row. This study suggests that ground-mounted solar panels had significant effects on below-ground soil fauna, and was more marked depending on the system management. Furthermore, the results obtained for the inter-row were similar to the control, suggesting that the area between the panel rows could be considered a good hotspot for soil biodiversity.
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1. Introduction


In recent years, the increase in global energy demand and the need to replace fossil fuels, as one of the key drivers of climate change, have led to the development of renewable energy sources. In this context, the new European Union (EU) Biodiversity Strategy for 2030 promotes the development of economic models that are able to combine private and social-ecological interests in order to gain profit and, simultaneously, support ecosystem services, encouraging the combination of energy production systems compatible with biodiversity conservation [1]. The solar energy market has received extensive attention from governments worldwide, as the use of solar photovoltaic (PV) panels shows the greatest technical potential among the available renewable energy technologies [2]. However, despite its many advantages, the installation of these systems can have negative impacts on ecological and ecosystem services [3,4,5]. For example, it has been observed that site preparation for PV arrays often results in significant increases in onsite runoff and soil erosion [6]. Moreover, changes in the soil structure, vegetation cover, and albedo can raise air temperatures over PV arrays relative to the surrounding natural areas [7]. Finally, the realization of ground-based photovoltaic systems requires site modifications that may have various environmental impacts on landscapes and biodiversity, which are in contradiction with the goal of mitigating global warming [8].



Thus, designing and assessing large-scale PV systems combined with reducing the environmental impacts and the preserving soil biota ecosystem services will be essential to synergistically address ecological emergencies and socio-economic needs.



Even if harmonization between energy production and safeguarding ecological processes have been investigated, the focus has been on ecosystem services underpinned by bird diversity, broadleaf plant diversity, wildflowers, and other species such as butterflies and bumblebees [8]; meanwhile, the effects on soil health and soil fauna biodiversity are still largely unknown. This gap in knowledge is extremely important considering that soil fauna can have substantial effects on soil health, optimizing ecosystem services beyond sustainable soil management, influencing the decomposition of organic matter, nutrient and water cycling, global carbon dynamics, and the suppression of soil-borne diseases and pests, in addition to improving soil quality [9]. In particular, soil microarthropods are found in many soils and are recognized as indicators of soil quality because they contribute to litter decomposition, nutrient cycling, and soil structure [10].



The installation of ground-mounted photovoltaic (GMPV) panels may induce direct effects on soil, modifying soil fertility, with a significant reduction in the water holding capacity and soil temperature, while the electrical conductivity (EC) and pH are increased [11,12]. Fluctuations in soil characteristics influence the abundance of microarthropods, which are concentrated in the litter layers and upper horizons of the soil and are susceptible to abiotic changes [13]. A study conducted by [14] in Chilean desert environments, with the purpose of evaluating the influence of solar power plants on microclimatic conditions and arthropod community collected by traps placed in the soil, showed that shady conditions can provide a refuge for some arthropod species. The authors of [15] discovered that the species richness of arthropods, collected by pitfall traps, differed between green roofs with and without photovoltaic panels, with 23% more morphospecies in the green roofs without photovoltaic panels. In addition, the study highlighted that distinct functional groups could respond differently to the presence of PV panels. Therefore, soil arthropods, as well as the ecosystem services related to them, may be altered by land use change induced by ground-mounted photovoltaic panels, so proper and focused investigations are required.



Given this, we investigated the effects of two GMPV solar systems on soil arthropods, considering both the impact of panels shadowing and inter-row. Specifically, this study aims to (i) deepen the impact of panels on the soil chemical parameters (e.g., pH and soil organic matter (SOM)), (ii) investigate the effect of solar system management on arthropod biodiversity, (iii) highlight how solar panels affect the heterogeneity of arthropods community inside photovoltaic plants, and (iv) define which arthropods are the most affected by soil conditions created by the panels.



This study aims to set the stage for considering soil fauna biodiversity as an important component to ensure the environmental sustainability of such structures and help meet policy planning criteria and environmental policy objectives.




2. Materials and Methods


2.1. Study Area and Soil Sampling


Two GMPV systems were identified as study areas: the first one located in Lombardy (Gusciana) and the second one in Emilia-Romagna (Sissa). The main characteristics of the two systems are summarized in Table 1.



Each photovoltaic system was sampled two times during the monitoring period (first week of June 2021 and first week of October 2021). Each time, 30 soil samples were collected by digging up 10 × 10 × 10 cm of soil using a spade: 10 under the panel (row), 10 between the photovoltaic panels (inter-row), and 10 in the area surrounding each system (control). A total of 120 soil samples were taken and transported to the laboratory for chemical analyses and for arthropod extraction and characterization. From the sampling to the extraction phase, the soil samples were kept undisturbed, protected from thermal and mechanical shocks, and placed in the extractor system within 24 h.




2.2. Chemical Analyses


The pH and soil organic matter (SOM) were detected for each soil sample (after arthropod extraction). Before carrying out the chemical analyses, air-dried soil samples were ground to pass a 2 mm sieve. The pH analysis was conducted on a soil−distilled water mixture (1:2.5 w/v) using a pH meter with automatic temperature compensation [16]. That is, for each soil sample, 10.0 g was weight and 25 mL of water was added. Then, the soil–water mixture was shaken thoroughly for 15 min with a shaking machine, and allowing the mixture stand for 30 min before taking the pH measurement. SOM was detected using LOI-Loss on Ignition, i.e., after initially oven drying 6 g of soil sample at 105 °C for 24 h, the samples were ignited in a muffle furnace for 4 h at 400 °C. LOI calculated the percentage of organic matter by comparing the weight of a sample before and after the soil was ignited [17].




2.3. Arthropods Extraction and Characterization


Soil arthropods were extracted from each soil sample using a Berlese–Tullgren funnel (time of extraction: 10 days; heat source 40 watts at 30 cm distance from soil sample, mesh size of 2 × 2 mm). The extracted specimens were collected and preserved in a solution of ethyl alcohol−glycerol (3:1) (all of the specimens of this study are deposited at the University of Parma). Specimens were identified at subclasses for Acarina and order level for other groups and were counted using a 8–50× stereomicroscope. Within holometabolous insects, adults and larvae were considered separately, because of their often-different trophic niches. For defining the soil biological quality, the QBS-ar index was applied [18]. The QBS-ar index (i.e., biological soil quality based on arthropods) evaluates the capacity of soil to host animals that are particularly sensitive to changes in the soil environment, due to their morphological characteristics, and they are thus more informative of soil quality variations than the more tolerant ones. QBS-ar, provides an indication on soil biological quality related to land degradation, and is based on the morphological features mentioned above, assigning an Eco-Morphological index (EMI), ranging between 1 and 20, in relation to the adaptation level to soil (1 = no adaptation; 20 = total adaptation) at each taxon. QBS-ar shows the results of the sum of each maximum EMI score assigned at each taxon identified in the soil sample (details of the method are described in [18,19]).




2.4. Statistical Analysis


Neither the chemical nor arthropod parameters met the assumptions for parametric tests; thus, non-parametric analyses were carried out. All of the calculations were made on raw data (ind./sample).



The factor analysis of mixed data (FAMD) was run on quantitative (pH, SOM, total abundance, number of taxa, and QBS-ar) and qualitative (season: Autumn/Spring, condition: Row/Inter-row/Control, and site: Gusciana/Sissa) variables to understand which data contributed most to overall variability.



FAMD data were computed and presented using the FactoMineR (version 2.4) and factoextra (version 1.0.7) packages, respectively.



The Kendall rank correlation coefficient between the chemical parameters was calculated.



The Kruskal–Wallis test was performed for multiple comparisons, followed by the Wilcoxon test to compare the row and inter-row (paired data), and the Mann–Whitney to compare the control and inter-row/row (independent samples).



For the arthropod assemblage analysis, the community matrix was square-root transformed to reduce the relative influence of the most frequent orders, then non-metric multidimensional scaling (NMDS), based on the Bray−Curtis dissimilarity index, followed by a permutational multivariate analysis of variance (PERMANOVA), was performed to visualize how the patterns above illustrated the influence of the grouping of arthropods communities. Finally, an analysis of similarity percentages (SIMPER) was used to test which arthropod groups were driving the differences in the community assemblages.



Ordination, PERMANOVA, and SIMPER were performed with the vegan package, with pairwiseAdonis package as post hoc for PERMANOVA.



The Generalized Linear Mixed-Effects Model was applied on arthropod parameters and on the single orders (only those accounting for a cumulative dissimilarity between communities of 60%, resulting from SIMPER analysis), considering quantitative and qualitative variables selected with FAMD as the fixed effects, and the existence of a pairing between Row and Inter-row as a random effect.



Orders that were associated with a particular season, condition, or site, and the statistical significance of the association, were determined using a permutation test with the multipatt function from the indicspecies package (version 1.7.12).



All of the analyses mentioned above were applied to the GMPV systems data, while for the preliminary data obtained in the APV system, only multiple and pairwise comparisons between conditions on the chemical data and soil arthropods parameters (total abundance, number of taxa, and QBS-ar) were applied.



A p-value ≤ 0.05 was considered significant. All of the analyses were performed using R (v.4.0.5) [20].





3. Results


The environmental variables considered were the site and the condition to which the samples belonged, as well as the sampling season. However, because of the low contribution of seasonality to the overall data variability (Figure S1), season was not considered in the analysis of the chemical (SOM and pH) and arthropod (number of groups, total abundance, and QBS-ar) parameters.



3.1. Chemical Parameters


Both SOM and pH differed depending on the photovoltaic system, and were higher at Gusciana (p < 0.001, both; Table 2).



Moreover, no differences between conditions were observed within the Sissa system, unlike Gusciana (p < 0.01, for both SOM and pH). SOM was higher for the control than the rows under the panels and in the inter-row (p ≤ 0.01 and p ≤ 0.001, respectively); while pH was more alkaline in inter-row than in the row and control (p < 0.01, both).



SOM was negatively correlated with pH (τ = −0.54, p < 0.001), so in the following models, only one chemical parameter was considered.




3.2. Arthropod Community


A total of 24 taxa, with a density of 315.4 ind./m2, were extracted (Tables S1 and S2), with most of them belonging to Acarina (55%), Collembola (21%), and Hymenoptera (13%). Within the remaining groups, only Hemiptera (4%), Isopoda (2%), Coleoptera (larvae), and Thysanoptera (1%, both) accounted for at least 1% of the specimens extracted.



The number of groups found in the samples were dependent only on the conditions under which the sample was collected (p < 0.001; Figure 1a); with generally lower values in the row than in the inter-row and control (p < 0.001, both).



Both abundance and QBS-ar values depended on the SOM (estimates: abundance = 16.05 and QBS-ar = 1.53; p < 0.001, both), photovoltaic system (p ≤ 0.05, with both abundance and QBS-ar having higher values in Gusciana), and condition (p < 0.001, both), with generally lower values in the row that in the inter-row and control (p < 0.001, both) (Figure 1b,c). However, within Sissa, the QBS-ar values were lower in the control than in the row and inter-row (p ≤ 0.01, both; Figure 1c).



Arthropod assemblages were affected by the sampling season, photovoltaic system, and condition (p ≤ 0.001, all) (Figure 2a). Indeed, within photovoltaic systems (Figure 2b,c), differences depended on the season (p < 0.01, both) and condition (p < 0.01 and p ≤ 0.001, Sissa and Gusciana, respectively), with a significant effect of SOM found in the Gusciana system.



Acarina, Collembola, Hymenoptera, and Hemiptera are the orders accounting for most of the dissimilarities (Table 3).



Acarina and Collembola had a similar distribution, both influenced by SOM (estimate: Acarina = 6.73, Collembola = 12.98; p < 0.001, both), season (p < 0.001, both higher in Autumn), photovoltaic system (p < 0.01 and p < 0.001, respectively; both higher in Gusciana), and condition (p < 0.001), with both being lower in the row than in the inter-row and control (p < 0.001, all).



Hymenoptera and Hemiptera were both influenced by SOM (estimate: Hymenoptera = 16.82, Hemiptera = 15.17; p < 0.001, both), season (p < 0.001, both higher in Spring), and condition (p < 0.001), with both being lower in the row than in the inter-row and control (p < 0.001, all); however, no differences were observed between the two photovoltaic systems.



Some orders were associated with a particular season, condition, or site (Table 4).





4. Discussion


It is known that the presence of PV systems significantly alters the soil surface, reduces the surface albedo, changes the precipitation distribution, and forms a heat island effect [21]. These changes critically impact the driving factors of the local microclimate, so that soils and organisms below panels are subjected to variable light gradients that alter the evaporation and soil water retention, soil moisture, and soil temperature, on both temporal and spatial scales [5,21,22,23]. Under a Mediterranean climate, the changes in microclimate under the solar panels may be higher, with solar panels that can reduce the soil temperature in spring and in summer by about 2–5 °C [11,24]. In addition, shifts in rainfall can have a greater ecological impact than shifts in temperature [25,26,27]. This study aimed to investigate the effect of ground-mounted photovoltaic panels on the soil arthropod community, both directly and indirectly (through changes in soil properties), as well as considering the role of system management, in order to identify the best practices to preserve soil quality in photovoltaic systems.



In this study, a negative correlation between pH and SOM was observed. Considering the previous use of the study areas, those results were in accordance with some studies [28,29] highlighting that in soils subjected to agricultural practices and poultry farming, there could be an increase in SOM related to more acidic soils. However, very little difference in pH and organic matter has been reported between the soil in the panel row and the undisturbed area around the plant. Conversely, in this study, the pH in the Gusciana inter-row was higher compared with the other conditions, supporting [12] who observed that 7 years after the installation of a power plant in Viterbo Province, the soil pH was increased in the inter-row. Moreover, SOM resulted in higher control conditions in Gusciana, maybe as a result of using grazing animals for vegetation management; indeed, donkey manure is very high in organic matter. A higher organic matter content also affects the arthropod abundance and QBS-ar value, as previously observed by [30], so this could be the reason for those parameters being higher in Gusciana. Even if a generalization is possible, under the panels, all parameters tend to be lower, while outside them, arthropod community patterns and soil biological quality are strongly dependent on system management. It is important to outline that, while arthropod parameters outside the panels benefit from the Gusciana management system, likely due to the high content of SOM together with the absence of disturbing factors such as passing tractors, under the panel, soil arthropods are favoured in the Sissa system. It should be noted that, in the Gusciana system, grazing animals tend to rest and seek shelter under the panels, and this behaviour could be the explanation for the differences in soil arthropod presence under panels between the two systems; indeed, animals resting represent a disturbing factor for soil fauna as it reduces soil cover, leads to soil compaction, and increases erosion, thus inducing a loss of soil invertebrates [31,32]. Another possible explanation is that Sissa panels are smaller, cover less soil surface, and have a wider inter-row than the Gusciana ones. This could have led to an interchange between the soil arthropod community under the panels and in the inter-row, which could have act as a biodiversity hotspot, so that the two communities resulted in being more similar in Sissa than in Gusciana. This was confirmed by the community structure, which was different under the panels than outside them, but with a more marked dissimilarity in the Gusciana system.



In this study, Acarina, Collembola, Hymenoptera, and Hemiptera were the taxa that drove the major differences between the arthropod communities, with all of them being influenced by the SOM content. These taxa were affected by seasonality, with Acarina and Collembola being higher in Autumn, and Hymenoptera and Hemiptera having increased densities in Spring. However, all of them were negatively affected by the presence of panels, while the inter-row showed favourable conditions similar to the control, with almost the same arthropod communities. On the contrary, Pseudoscorpionidae were found to be particularly linked to the under-panel (row) condition. Pseudoscorpionidae are carnivorous arthropods and important predators that often co-occur with Psocoptera [10,33]; in this study, they were found only in Sissa, where they likely had better conditions under the panels, where the soil moisture was often higher and competitors for food resources (e.g., Geophilomorpha) were scarce [34]. The larvae of Diptera and Coleoptera, on the other hand, are often associated with higher soil temperatures and in soils rich in organic matter [33,35], and in this study, they were more linked to soils outside the panels (mostly in Gusciana). This is in accordance with [26,34], who found a lower temperature under solar panels to be a direct effect of shading. In effect, photovoltaic panels have a warming effect on the soil temperature in winter and a cooling effect on soils in the other seasons [2]. Solar panels also intercept precipitation, and [26] found a significant reduction in soil humidity under solar panels in the Mojave Desert. Heterogeneity in under-panel microclimatic conditions [26] could be the cause of the observed heterogeneity in the soil arthropod community composition. In addition to differences between arthropod communities due to system management, and thus soil organic matter content, an effect of seasonality was also observed. This effect was only perceived on the community structure and not the overall arthropod parameters (e.g., total abundance, diversity, or QBS-ar). Different sampling times can be characterized by different climatic conditions that, by altering the soil microclimate and indirectly modifying resource availability and food web composition [36,37], affect the arthropod community structure [38]. Other studies have shown that sometimes, the main predictor for arthropod community is the sampling date, because of the greater vegetation biomass present in autumn and the consequently greater resources for microarthropods, combined with favourable pedo-climatic conditions [38,39]. They found, however, that Acarina were more abundant during warm-dry conditions and Collembola were more abundant during cold-wet conditions; on the contrary, in this study, the same increasing pattern was observed in Autumn for both taxa.



Broadly, this study suggests that ground-mounted solar panels had significant effects on below-ground soil fauna, mainly depending on PV system management; however, where those effects were not evident, it was because a high heterogeneity of responses was observed, probably due to the non-uniform solar radiation and water availability [27].




5. Conclusions


The understanding of the impacts of photovoltaic systems on the soil environment is emerging, and knowledge about changes to the microclimate, soil (carbon cycling, soil microbial community composition, and soil moisture), and vegetation is being updated; however, the effects on soil arthropods biodiversity are still unknown. This study represents a first attempt to understand how photovoltaic systems could affect soil conditions and edaphic fauna biodiversity. The results obtained highlight that soil arthropods could be affected by the presence of ground-mounted panels, but with an impact that largely depends on park management. At the same time, the areas between the panels were similar to the control ones, and could thus represent biodiversity conservation hotspots.
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Figure 1. Boxplots of (a) number of taxa, (b) total abundance (ind./m2), and (c) QBS-ar value under each condition in the two GMPV systems. The bottom and top of each box represent the lower and upper quartiles, respectively; the line inside each box shows the median, the red cross shows the mean, and the whiskers indicate minimal and maximum observations. Different letters above the box of the same condition mean a significant difference (p ≤ 0.05) between the two systems. 
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Figure 2. Bray–Curtis-based NMDS plot of arthropod community composition under the three conditions in the two seasons in (a) both GMPV systems, (b) Gusciana, and (c) Sissa. Points represent samples. 
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Table 1. The main characteristics of the two GMPV study areas.
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	GUSCIANA (BS)
	SISSA (PR)





	Region
	Lombardy
	Emilia-Romagna



	Year of completion
	2010
	2012



	Power (kWp)
	5525
	2088



	Panel modules material
	polycrystalline silicon
	polycrystalline silicon



	Size of the panels (m)
	0.99 × 1.64
	0.99 × 1.61



	Surface covered by panels (m2)
	39,000
	32,630



	Ground clearance (m)
	0.5–3
	0.5–2.4



	Distance between panels (m)
	3.5
	4



	Former destination use of the area
	Poultry farming with a building made from Eternit
	Agricultural



	Vegetation management
	By animals (donkeys or sheep), trimmer, or a forage harvester on a small excavator
	Tractor or forage harvester



	Panels’ washing
	3 times from March to September without using detergent
	no










 





Table 2. Mean ± st.err. of pH and soil organic matter (SOM) content in the two GMPV systems. a,b Different uppercase letters indicate a statistically significant difference (p ≤ 0.05) between conditions.
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Gusciana

	
Sissa




	
Control

	
Inter-Row

	
Row

	
Control

	
Inter-Row

	
Row






	
pH

	
7.40 ± 0.14 b

	
7.85 ± 0.05 a

	
7.54 ± 0.09 b

	
7.86 ± 0.03

	
7.84 ± 0.02

	
7.87 ± 0.01




	
SOM (%)

	
13.12 ± 0.92 a

	
9.08 ± 0.59 b

	
10.04 ± 0.41 b

	
7.70 ± 0.36

	
8.32 ± 0.41

	
7.78 ± 0.23











 





Table 3. The results of the SIMPER analysis for contrasts within seasons, conditions, and photovoltaic systems. Most influential arthropod groups accounting for a cumulative dissimilarity of 70% are shown. Overall (%): average contrasts dissimilarity; Cum. (%): ordered cumulative contribution of each arthropod group. Asterisks mean significant differences in the community matrix between contrasts: * p < 0.005 and ** p< 0.01.
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Parameter

	
Contrasts

	
Overall %

	
Most Influential Groups

	
Cum. %






	
Season

	
Autumn

	
-

	
Spring

	
51 *

	
Acarina

	
0.24




	
Collembola

	
0.44




	
Hymenoptera

	
0.57




	
Hemiptera

	
0.65




	
Diptera

	
0.69




	
Isopoda

	
0.73




	
Condition

	
Row





Row

	
-

	
Control

	
58 **

	
Acarina

	
0.29




	
Collembola

	
0.48




	
Hymenoptera

	
0.61




	
Hemiptera

	
0.68




	
Isopoda

	
0.72




	

	
-

	
Inter-row

	
56 **

	
Acarina

	
0.24




	
Collembola

	
0.45




	
Hymenoptera

	
0.57




	
Hemiptera

	
0.66




	
Coleoptera larvae

	
0.71




	

	
Inter-row

	
-

	
Control

	
40

	
Acarina

	
0.21




	
Collembola

	
0.42




	
Hymenoptera

	
0.56




	
Hemiptera

	
0.65




	
Diptera larvae

	
0.69




	
Isopoda

	
0.72




	
Photovoltaic system

	
Sissa

	
-

	
Gusciana

	
51 *

	
Acarina

	
0.24




	
Collembola

	
0.45




	
Hymenoptera

	
0.57




	
Hemiptera

	
0.64




	
Isopoda

	
0.69




	
Diptera

	
0.73











 





Table 4. Orders significantly associated with a particular season, condition, or site. Asterisks mean the significance of the association: * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.
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Parameter

	
Order






	
Season

	




	
Spring

	
Isopoda **




	
Lepidoptera larvae *




	
Orthoptera **




	
Psocoptera **




	
Autumn

	
Diplura **




	

	
Hymenoptera larvae *




	

	
Lithobiomorpha **




	
Condition

	




	
Row

	
Pseudoscorpionida **




	
Inter-row

	
Geophilomorpha *




	
Control + Inter-row

	
Coleoptera larvae ***




	
Diptera larvae ***




	
Hemiptera ***




	
Hymenoptera ***




	
Hymenoptera larvae **




	
Lepidoptera larvae *




	
Symphyla **




	
Photovoltaic system

	




	
Sissa

	
Diplura *




	
Isopoda ***




	
Pseudoscorpionida **




	
Psocoptera **




	
Thysanoptera ***




	
Gusciana

	
Diptera larvae ***




	
Hymenoptera larvae ***




	
Lepidoptera larvae ***




	
Symphyla ***
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