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Large, ground-mounted photovoltaic solar energy (GPV) development is expanding rapidly, but its impact on soils and ecosystem services is unresolved. The co-location of ecological restoration with photovoltaic (PV) solar energy generation, known as an ecovoltaic solar park, is proposed as a nature-based climate solution to restore these ecosystem services and improve soil conditions (e.g., erosion mitigation). In this study, a GPV in the Central Valley of California, United States was partially restored with a multifunctional native grassland seed mix. We sought to characterize 13 unique soil surface properties across microsites, elucidate early effects of native grassland restoration on these properties, and compare these results with an adjacent agricultural land-use type (i.e., vineyard). Among these were important physico-mechanical properties rarely studied at GPVs, including penetration resistance, surface failure shear strength, and saturated hydraulic conductivity. Areas under PV panels showed improved penetration resistance and soil moisture relative to sun-exposed areas. Newly restored areas had moister soils, too, but little to no improvement to soil physico-mechanical properties important for vegetation establishment. However, they exhibited slightly greater, but non-significant carbon stocks (to 5 cm) than unrestored areas, and accelerated soil carbon, organic carbon, and nitrogen accrual in zones of concentrated runoff. This study demonstrates initial evidence of soil-based ecosystem services supported from restoration activities at an ecovoltaic solar park, specifically in carbon sequestration, remediation for vegetation establishment, and synergistic relationships with unique microsite conditions from fixed-tilt GPV infrastructure. Additional studies at more GPVs, over longer periods of time, with greater standardization, and those that distinguish between distinct soil C fractions are necessary to fully elucidate complex interactions between soils and GPVs, especially in ecovoltaic contexts.
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1 INTRODUCTION
In the pursuit of total decarbonization of global energy systems, large solar energy projects (i.e., utility-scale; greater than 1 MW [MW] (Gallaher et al., 2024)) are projected to expand at an unprecedented rate. New large, ground-mounted photovoltaic solar energy facilities (GPVs) are projected to triple over the next 5 years (International Energy Agency, 2021), in alignment with United Nations Sustainable Development Goal 7 (SDG; Affordable and Clean Energy) (United Nations, 2015). By 2050, solar (including distributed sources) is expected to be the primary source of global electricity, with a total capacity between 14 and 80 terawatts (TW) (Haegel et al., 2023).
Given that the majority of future solar capacity may be large, centralized, and land intensive (International Energy Agency, 2022), there is increasing concern that conventional GPV development to meet SDG 7 may undermine progress towards other SDGs (e.g., SDGs 2 [Zero Hunger] and 15 [Life on Land]) (Fuso Nerini et al., 2019). By 2050, GPVs are estimated to occupy up to 2%–5% of land in some nations (e.g., Japan and South Korea), potentially competing with other essential land uses such as agriculture or natural areas (Van De Ven et al., 2021; Hernandez et al., 2019; Hernandez et al., 2024). Soils are a natural capital that deliver economically critical ecosystem goods and services and thus are inextricably linked to and underpin 11 SDGs (Lal et al., 2021). As soils are one of the important determinants of a nation’s economic status, their inclusion in ecosystem services frameworks and their impact on policy and decision-making is essential (Dail et al., 1997; Adhikari and Hartemink, 2016).
Conventional GPV development is characterized by practices that present risks to soils and their associated ecosystem services. For example, deliberate soil compaction, grading, road construction, and removal of topsoil and vegetation directly degrade soil quality by increasing bulk density, decreasing hydraulic conductivity, damaging roots, and stripping essential nutrients (Tracy et al., 2011; Noor and Reeza, 2022; Hernandez et al., 2014). These impacts heighten risks of erosion and flooding (Hernandez et al., 2014) and impede future vegetation establishment (Tracy et al., 2011). Physico-mechanical properties like aggregate stability, penetration resistance, surface failure shear strength, and hydraulic conductivity are important indicators to characterize these risks, as well as for PV construction and restoration of native vegetation. Risks associated with soil erosion and stormwater runoff mismanagement are particularly high at conventional GPVs, with potential to violate state and federal policies protecting water quality [e.g., Clean Water Act (United States Enviornmental Protection Agency, 2022)]. Further, during operation, GPVs alter microclimatic conditions and soil moisture patterns by shading and collecting rainfall below leading edges (Wu et al., 2022; Tanner et al., 2020), especially in fixed-tilt systems that cover some areas permanently, creating a structured, repeating pattern of “microsites” [or “micropatches” at single-axis tracking GPVs (Li et al., 2025)]. These effects have been documented to modulate hydrological properties (Wu et al., 2022; Mulla et al., 2024), vegetation communities (Moscatelli et al., 2022; Uldrijan et al., 2021; Tanner et al., 2021) and soil carbon (C) cycling in many climates (Armstrong et al., 2016; Choi et al., 2020; Lambert et al., 2021; Krasner et al., 2025; Dvořáčková et al., 2024), which may hinder ecosystem services of lands occupied by GPV infrastructure if not managed intentionally.
Soil C is doubly critical to consider in the development and operation of GPVs. First, soil C is an important component to the minimization of life-cycle C intensity of generated electricity. Soil C fluxes from GPV development may vary by climate and other site contexts (Krasner et al., 2025). However, isolated studies indicate that without effective intervention, practices associated with conventional GPV development can induce a net loss in terrestrial C (Armstrong et al., 2016; Choi et al., 2020), potentially releasing up to 50 g-CO2 kW h-1. Rangarajan et al. (2022) estimated similar adverse outcomes from the development of concentrating solar power (CSP) facilities, which may attribute 7%–137% of total life-cycle CO2 emissions from soil C loss (Rangarajan et al., 2022), though there exist disparities between CSP and PV. Increased carbon intensity of generated electricity counteracts the emissions-saving benefit of solar energy and impedes net-zero goals (Van De Ven et al., 2021; Lambert et al., 2021; Krasner et al., 2025).
Second, soil C plays a fundamental role in overall soil health and ecosystem function. Soil C is a key driver of aggregate formation, and therefore soil structure, stabilization, and erosion resistance (Cotrufo and Lavallee, 2022; Fuhrmann and Zuberer, 2021). Soil organic matter (SOM) content is directly linked to cation exchange capacity (Cotrufo and Lavallee, 2022) and pH (Ryals et al., 2014), which directly affect a soil’s ability to retain and supply essential nutrients to plants. Understanding the relative magnitudes of and fluxes between C pools is necessary to evaluate key indicators of ecosystem function like microbial respiration and photosynthesis.
This study aims to inform ecovoltaics: the restoration of GPV land assets to recover or enhance ecosystem services (Hernandez et al., 2024) (e.g., water retention, soil C sequestration, and biodiversity) that provide value to people and the surrounding environment (Martin, 2017). Other multi-use solar project types (e.g., agrivoltaics and rangevoltaics) share similar practices and goals to ecovoltaics (Hernandez et al., 2024), and therefore may benefit from soil-related findings observed at ecovoltaic parks. Global acceleration of GPV rollout requires novel and ecologically-informed design approaches to effectively minimize undesired changes to soils and ecosystems. However, the complex and context-dependent interactions between soils and GPVs have remained underexplored to date, especially at ecovoltaic solar parks (Krasner et al., 2025).
1.1 Research niche and objective statement
Previous work on the interface between GPVs and soils has focused mostly on microclimate (e.g., temperature, wind, radiation), with many studies also contextualizing findings with soil texture and order (Krasner et al., 2025). Though more recent studies have measured soil C in conventional GPVs and ecovoltaic parks (Carvalho et al., 2024; Zhao et al., 2025; Zhang et al., 2025), soil physico-mechanical properties important for erosion control and vegetation establishment have rarely been studied in a multi-use solar context; no study to date has investigated penetration resistance, surface shear strength, or soil structure. While most studies have opted for spatial granularity of two (Moscatelli et al., 2022; Armstrong et al., 2016; Lambert et al., 2021) to four microsites (Choi et al., 2024), none have sampled at finer resolution. Also, many studies may not use the word “microsite,” further highlighting unstandardized language and methods for the characterization of GPVs (Cagle et al., 2023). While recent meta-analyses have found neutral effects of GPV development on soil C on average, especially in grasslands, these findings lack insight into management differences (e.g., conventional vs. ecovoltaic or agrivoltaic), obfuscating conclusions from individual studies (Zhang et al., 2023; Chen et al., 2024).
This study’s goals are to (i) characterize 13 unique soil surface properties at a fixed-tilt GPV in the Central Valley of California, USA, (ii) quantify the effects of native grassland restoration on these properties, (iii) evaluate the structure of fixed-tilt GPV microsites, and (iv) understand implications for SOC stocks among experimental conditions, including an agricultural land-use. Results from this study inform the relationship between GPVs and soil surface properties; an empirical understanding of these relationships may inform the potential of restoration at ecovoltaic solar parks as a nature-based climate solution in accordance with operational and logical constraints of electric power generation. As GPV operators increasingly deputize as land managers, this study interrogates the critical role of land management of GPVs in similar contexts, especially for management of compaction, erosion, hydrology, and soil C, emphasizing the importance of research on the interplay between GPVs and soils.
2 MATERIALS AND METHODS
2.1 Site information and experimental conditions
This study was conducted at the Rancho Seco Solar II Project (hereafter Rancho Seco), a 160 MW bifacial GPV northeast of Clay in the county of Sacramento, California, United States (Figure 1; Supplementary Material 1). Land use prior to operation (i.e., before 2021) was grassland and cattle-grazed pasture, adjacent to the non-operational nuclear thermoelectric power plant. Comparative measurements were taken at the Bronco Wine Company vineyard directly west of Rancho Seco (Figure 1), as vineyards are a prevalent agricultural landscape in California and are subject to intense management with some similarities to GPVs. All sampled areas had soils classified as Redding gravelly loam, characterized by a prominent coarse fraction (5%–30%) and substantial clay content (10%–30%) (United States Department of Agriculture Natural Resources Conservation Service, 2024; National Cooperative Soil Survey, 2018).
[image: (a) Map of California highlighting the Rancho Seco Solar II Project near Sacramento. (b) Detailed map showing the project's proximity to Bronco Wine Company. (c) Aerial view of the solar project area, labeled with VIN, OPN, MFG, BAU, and numbered sections. (d) Photo under solar panels with labeled example transect on grass. (e) Photo of dry grass beneath solar panels.]FIGURE 1 | Site geography. (a) Location of Rancho Seco Solar II Project within Sacramento County (yellow) and California, United States. (b) Rancho Seco Solar II Project (blue), Bronco Wine Co. vineyards (purple), and boundaries for the census-designated place of Clay (gray). The inset box in (b) frames (c) which highlights experimental conditions (BAU = business as usual, MFG = multifunctional grassland, OPN = open, semi-natural area, VIN = vineyard) and transects (white, numbered) within the study area. Within the array, one transect was randomly chosen per string. (d) An MFG plot with an overlay of an example transect in March 2024, facing east-southeast. More detail on transect geometry in Figure 2. (e) The same MFG plot in May 2024.Soil properties in four experimental conditions were compared: (i) an unrestored control within the PV array footprint (i.e., under and/or between PV panels, and excluding roads and other auxiliary land assets) representative of the majority of the site (i.e., business as usual, BAU), (ii) multifunctional grassland restoration within the PV array (i.e., MFG), (iii), relatively undisturbed, semi-natural open space outside of the PV array footprint but within the GPV fenceline (i.e., OPN), and (iv) the adjacent Bronco Wine Co. vineyard (i.e., VIN; Figure 1c). Sampling in the PV array (i.e., BAU and MFG conditions) occurred on 11 May 2024, and on 15 May 2024 for OPN and VIN conditions. No major weather events occurred between the two sampling days. Long-term sampling, though desired, was prohibited due to logistical and technical constraints of the site.
Restoration in the 7-acre MFG treatment began in 2022, consisting of annual winter seeding of ten common California Central Valley grasses (dominated by Bromus carinatus, Elymus glaucus, and Hordeum brachyantherum; Supplementary Material 2) and minor weed suppression activities (Supplementary Material 1). The grassland restoration’s multifunctionality was aimed at numerous ecosystem functions, including erosion resistance, soil C sequestration, water retention, and biodiversity. Though these benefits were not completely realized within the timeframe of this study, the name was kept to demonstrate clear restoration intention. An auxiliary survey in BAU and MFG conditions showed greater vegetation cover in sunlit interspaces and runoff zones, and significantly more grass cover in MFG than BAU (p = 0.02; Supplementary Material 6).
The OPN condition was characterized by relatively undisturbed soils, dry annual non-native grasses (e.g., Avena barbata, A. fatua, B. diandrus, H. murinum), sparse patches of native grasses (e.g., B. carinatus, H. brachyantherum), and native annuals (e.g., Eschscholzia lobbii) between a row of pines (e.g., Pinus sabiniana). It did not include access roads or other developed areas within the GPV. The VIN condition was characterized as a commercial, drip irrigated, top wire cordon vineyard in the California Central Valley’s Lodi American Viticultural Area (Borden Ranch sub-appellation; known for cobbly, free-draining soils). Growers failed to confirm the specific grape grown at this site, though it was speculated to be Zinfandel.
2.2 Soil properties and transect structure
Thirteen soil properties were measured, including (i) penetration resistance (n = 260 data points in 44 profiles), (ii) saturated hydraulic conductivity (Ksat; n = 20), (iii) surface failure shear strength (surface τf; n = 112), (iv) gravimetric water content (GWC; n = 63 hori-hori samples and n = 23 core samples), (v) total carbon (TC; n = 63), (vi) total organic carbon (TOC; n = 63), (vii) total inorganic carbon (TIC; n = 63), (viii) calcium carbonate (CaCO3) content (n = 63), (ix) total nitrogen (TN; n = 63), (x) carbon to nitrogen (C:N) ratio (n = 63), (xi) soil organic carbon (SOC) stocks (n = 63), (xii) bulk density (BD; n = 63), and (xiii) soil texture (n = 23). (iv) to (x) were obtained from hori-hori samples, (iv), (xii), and (xiii) were obtained from core samples, and (xi) was obtained by a combination of both (Section 2.3).
Field measurements and samples (Section 2.3) were structured in transects. Identically shaped transects were used in BAU, MFG, and OPN conditions (Figure 2a; 6.10 m × 4.04 m), while an alternate shape was used in the VIN condition to better suit the site’s unique geometry (Figure 2b; 6.71 m x ∼3 m). The former was constrained by PV panel racking: longitudinally by leading edges of adjacent PV panel strings, and laterally by support posts. Microsites were defined as “horizontal strips” within BAU and MFG transects parallel to the PV panel strings hypothesized to show distinct traits from one another (Figure 2a). They were compared individually, grouped by presence of shade or sun (i.e., a-d vs. e-k; Figure 2a), and by presence of runoff zones (i.e., a, h, and k vs. all else). Microsites a, h, and k were positioned at zones of concentrated rainfall runoff produced by the fixed PV panels, with microsite h corresponding to the thin gap between tiers of PV panels within a single string. Measurements and samples were collected on lines parallel to the transect centerline (i.e., across microsites, perpendicular to PV panel strings or trellises). As the VIN condition was irrigated under the trellises, areas close to drip emitters were avoided by sampling laterally.
[image: Diagram consisting of two panels comparing experimental setups. Panel (a) represents a setup used for BAU, MFG, and OPN, measuring 6.10 by 4.04 square meters with zones labeled for shade, sun, and runoff. Panel (b) represents a setup used for VIN, measuring 6.71 to approximately 3 square meters, associated with trellis and trunk areas. Various symbols indicate tools like infiltrometers, cores, shear vanes, and penetrometers. The setups include marked distances and transects.]FIGURE 2 | Transect design for the large, ground-mounted photovoltaic solar energy facility and adjacent vineyard (VIN). (a) Designed to capture relationships among PV panel-induced microsites (a–k), soil surface properties, and experimental conditions; employed at the business as usual (BAU), multifunctional grassland (MFG), and open (OPN) conditions. Destructive sampling nodes included soil extracted with a soil core (n = 2 per transect) and a hori-hori (i.e., weed knife, n = 6). Soil measurements were collected with an infiltrometer (n = 2), shear vane (n = 11), and penetrometer (n = 2). Zones of concentrated rainfall runoff (i.e., microsites a, h, and k; hatched) apply only to BAU and MFG. The top edge of the transect was aligned SSW (210°) in BAU and MFG, and due west (270°) in OPN. (b) Modified transect design employed at the VIN condition and designed to capture relationships among trellis design and production and soil surface properties. It was oriented with its top edge facing due west (270°). The arrangement in (b) was designed to mimic the sampling density seen in (a).Ten total transects were sampled among the four experimental conditions (i.e., four in BAU, four in MFG, and one each in OPN and VIN; Figure 1c). Transects were chosen randomly in BAU and MFG at a rate of one per PV panel string (i.e., two per plot). The OPN transect was chosen to be a low-traffic area representative of the condition (e.g., not directly under a tree). Because the VIN condition appeared relatively uniform, the transect was chosen randomly and far from field edges. Only one OPN and VIN transect were selected to maximize sampling within the PV array while reconciling numerous logistical limitations (more information in Section 4.3).
2.3 Measurement protocols
2.3.1 Non-destructive measurements
Penetration resistance measurements were taken with an Innoquest Inc.™ SpotOn® Digital Soil Compaction Meter (i.e., penetrometer) in accordance with the product manual (Innoquest and Inc, 2017). For each measurement point, the penetrometer was inserted into the soil and peak resistance was recorded in 4-in (10.2-cm) increments marked on the instrument. If an obstacle (e.g., a rock) was felt before the entire 2-ft (61-cm) profile could be measured, the measurement was recorded and reattempted laterally from the original sampling point until success (Figure 2). Numerous additional profiles per transect (i.e., between 1–3) were measured in the “penetrometer redo zone,” time and space permitting (Figure 2).
Surface τf measurements were taken with a Gilson Company Inc. Pocket Shear Vane Tester Set HM-504A (i.e., shear vane) in accordance with the product manual and instructional video (Gilson Company Inc, 2024; ASTM D8121/D8121M-19, 2019).
Ksat measurements were taken with a Turf-Tec IN2-W Infiltrometer (i.e., infiltrometer) in accordance with the product manual and instructional video (Turf-Tec International, 2024; Turf-tec, 2020). If abnormal activity occurred during measurement (e.g., all water infiltrated quickly from failure to seal or macropore tunneling occurred), the run was dismissed and a new transect (Section 2.2) was selected randomly in the same PV panel string until success.
2.3.2 Destructive sampling
Amorphous soil samples (i.e., samples of unspecified volume) were taken with a hori-hori (hereafter, “hori-hori samples”) (Nisaku, 2024). For each sample point, a small area (∼2–5 cm diameter) was cleared of vegetation and debris. Then, the top ∼10 mm of soil was sampled and tinned (∼15–100 g wet soil per sample).
Soil samples of known volume (hereafter, “core samples”) were taken with an AMS, Inc. 2-in inner diameter by 2-in depth Soil Core Sampler Cup (measured volume of 89.74 cm3 ≈ 120 g wet soil) (AMS and Inc, 2024). Mechanical and practical considerations limited sampling with a longer core, including hard soils and low PV racking (Section 4.3). For each sample point, a small area (∼8 cm diameter) was cleared of vegetation and debris. Then, a slide hammer and soil cup assembly was struck into the soil until full, and carefully tinned with a palette knife.
Hori-hori samples were sent to the UC Davis Analytical Laboratory, where preprocessing included drying at 40 °C, massing (to find Partial Dry Matter), pulverizing to 2 mm, and further grinding to 0.25 mm (60 mesh). They were then flash combusted to find total C (TC), total organic C (TOC), total inorganic C (TIC), CaCO3 content, and total N (TN) (UC Davis Analytical Lab, 2022a; Association of Official Analytical Chemists, 1997).
Core samples were massed, dried at 60 °C until constant mass (∼1 week), and re-massed to find gravimetric water content (GWC; to supplement Partial Dry Matter from hori-hori samples; Section 2.4.1) and bulk density (BD). Then, the dry samples were sent to the UC Davis Analytical Laboratory for a texture analysis via typical sieving and hydrometer methods (UC Davis Analytical Lab, 2022b; Sheldrick and Wang, 2025).
2.4 Data processing and statistical tests
2.4.1 Data recording and processing
Data were recorded and cleaned in Microsoft Excel (Supplementary Material 5). Ksat was directly calculated and recorded in the field (i.e., mm·hr-1) by dividing observed infiltration by the duration of the test. Then, units were sensibly converted (i.e., to cm·hr-1).
Penetration resistance was recorded by digital instrument readout (in kPa) in the field. Missed measurements (i.e., the machine did not read; n = 4 of 264 data points) were left blank to avoid assumptions associated with linear interpolation. Obstructed data points and those deeper (n = 51) were replaced by the device’s upper limit of detection (6,500 kPa).
Surface τf measurements were recorded in kg·cm-2 in the field, then multiplied by the corresponding conversion factor for vane geometry (i.e., 2.5 in the OPN condition, 1 for all others). Then, units were sensibly converted (i.e., to kPa).
C:N ratio was calculated by dividing TC by TN, obtained from hori-hori samples. GWC was taken as the complement to Partial Dry Matter.
Core sample volume was calculated by averaging digital caliper measurements of the soil cup. BD was calculated by dividing dry sample mass by this quantity. GWC was calculated similarly to the hori-hori samples; but, because of differences in sampling depth and precision, these data were handled and notated separately.
SOC stocks were estimated by multiplying observed TOC concentrations by the closest BD value within the transect. SOC stocks were calculated from two samples from different depths, and may therefore introduce uncertainty. But, this method was chosen to maximize sample size in accordance with site constraints, despite its limitations (Section 4.3). In the case of the VIN condition, where some TOC measurements were exactly between two BD measurements, the mean of the two BD values was used. SOC stocks were estimated to a depth of 5 cm, as this study sampled at the soil surface. But, because the Kyoto Protocol and other international climate agreements call for standardized estimation of SOC stocks to a depth of 30 cm (United Nations, 1998; Stolbovoy et al., 2005), 5-cm SOC stocks were quadratically extrapolated to 30 cm (Silver et al., 2010) to allow for external comparison and account for the estimated distribution of SOC in California grassland soils (Supplementary Material 7). Because this method introduces additional uncertainty from lack of knowledge of the specific SOC profile of this site, these results were not reported in the main body of this study.
2.4.2 Statistical tests
Statistics were performed in R version 4.3.3 (Supplementary Material 5) (R Core Team, 2024). Comparisons were made among experimental conditions (i.e., BAU vs. MFG vs. OPN vs. VIN; averaging across microsites), among microsites overall (i.e., microsite a vs. b vs. c, etc.; averaging across BAU and MFG conditions), between sun and shade microsites within the PV array (i.e., BAU and MFG only; microsites a-d vs. e-k), and between runoff and non-runoff zones within the PV array (i.e., BAU and MFG only; microsites a, h, and k vs. all others). The sun vs. shade and runoff vs. non-runoff comparisons were done in three ways: agnostic of conditions (i.e., combined BAU and MFG), isolated for BAU, and isolated MFG. They were only made for properties collected in more than two microsites (e.g., TC), as the comparisons would be redundant for data collected in exactly two microsites (i.e., c and h; e.g., BD).
For each soil property × comparison, Levene’s test was used to assess data for heteroscedasticity. Linear models (LMs) were created for homoscedastic data, while generalized least squares (GLS) models were employed for heteroscedastic data. Model residuals were then tested for violations of normality with Shapiro-Wilk and D’Agostino-Pearson tests, with unequal variance adjustment for the heteroscedastic data. If Shapiro-Wilk and D’Agostino-Pearson tests disagreed, residuals were assessed for violations of normality by visual inspection of a quantile-quantile plot.
To find and quantify differences among these comparisons, different methods were required based on normality and heteroscedasticity. Standard analysis of variance (ANOVA) and Tukey-Kramer post-hoc tests were applied to the LMs for normal, homoscedastic data. ANOVA and differences in estimated marginal means (EMMs) were applied to the GLS models for normal, heteroscedastic data. Kruskal–Wallis and Nemenyi post-hoc tests were applied to non-normal, homoscedastic data. A series of Fligner-Policello tests with Holm family-wise error correction were performed on non-normal, heteroscedastic data.
3 RESULTS
3.1 Soil physical properties
Soils were classified predominantly as sandy loam across all experimental conditions (Supplementary Material 3). Clay content ranged from 5%–25%, and did not differ significantly between experimental conditions or microsites (p = 0.1069 and 0.7761 respectively; Figures 3d, 4c). Neither Ksat nor BD differed significantly between experimental conditions (p = 0.5201 and 0.1695 respectively; Figures 3a,c), nor between microsites within the PV array (p = 0.8924 and 0.5661 respectively; Figures 4a,b).
[image: A grid of box plots labeled (a) to (q) displays various soil properties across different land management types. Each plot represents a different parameter like bulk density, surface penetration resistance, clay content, gravimetric water content, total carbon, total organic carbon, total nitrogen, and soil organic carbon at five centimeters. Labels underneath indicate specific land use types: BAU, MFG, OPN, and VIN, with significance levels indicated as ns, a, b, or c. The range, median, outliers, and quartile distributions are visible for each parameter.]FIGURE 3 | Boxplots of treatment-level differences in (a) bulk density (BD), (b) surface shear strength (surface τf), (c) saturated hydraulic conductivity (Ksat), (d) clay content, (e) gravimetric water content from core samples (GWC [core]), (f) gravimetric water content from hori-hori samples (GWC [hori-hori]), (g) total carbon (TC), (h) total organic carbon (TOC), (i) total nitrogen (TN), (j) C:N ratio, (k) soil organic carbon stock to 5 cm depth (SOC [5 cm]), and (l–q) penetration resistance at depths of 4–24 inches, among experimental conditions at a large, ground-mounted photovoltaic solar energy facility (BAU = business as usual, MFG = multifunctional grassland, OPN = semi-natural, open space) and adjacent vineyard (VIN). Compact letter displays of multiple comparison tests are displayed on the top axes of subplots (a–k) and right axes of subplots (l–q) (ns = non-significant).[image: Box plot diagrams showing various soil and environmental measurements. Panels (a) through (d) illustrate bulk density, saturated hydraulic conductivity, clay content, and gravimetric water content. Panel (e) depicts surface tension over different distances. Panels (f) to (k) cover gravimetric water content (north and horn), total carbon and nitrogen, total organic carbon, and C:N ratio. Panels (l) to (q) display penetration resistance at different depths and conditions, comparing control (c) and h treatments. Statistical significance is denoted by "ns" for non-significant. Measurements are in kilopascals, percentages, and other respective units.]FIGURE 4 | Boxplots of microsite-level differences in (a) bulk density (BD), (b) saturated hydraulic conductivity (Ksat), (c) clay content, (d) gravimetric water content from core samples (GWC [core]), (e) surface shear strength (surface τf), (f) gravimetric water content from hori-hori samples (GWC [hori-hori]), (g) total carbon (TC), (h) total organic carbon (TOC), (i) total nitrogen (TN), (j) C:N ratio, (k) soil organic carbon stock to 5 cm depth (SOC [5 cm]), and (l–q) penetration resistance at depths of 4–24 inches, among microsites (labelled a-k) at a large, ground-mounted photovoltaic solar energy facility. Each microsite’s distance measured south-southwestward, perpendicular from the adjacent string’s leading edge, is shown in (e); distances are not to scale. Yellow boxes denote “sun”, blue boxes denote “shade”, hatched boxes denote “runoff”, and unhatched boxes denote “non-runoff”. Compact letter displays of multiple comparison tests are displayed on the top axes of subplots (a–k) and right axes of subplots (l–q) (ns = non-significant).Soils from hori-hori samples were significantly wetter in the MFG treatment than in BAU and OPN (p = 0.0010 and 0.0012, respectively; Figure 3f); however, these differences between conditions were not observed in core samples (Figure 3e). For both methods, the greatest mean GWC was observed in the VIN condition (Figures 3e,f), owing to the use of drip irrigation. Within the PV array, core samples were wetter in microsite h (i.e., center of shaded area, including runoff) than c (i.e., center of interspace area) p = 0.0166; Figure 4d), though it remains unresolved whether this was due to effects of shading or runoff. Isolating the MFG treatment, hori-hori samples were wetter in runoff zones (p = 0.0184; Figure 6b). Differences in hori-hori GWC were not observed within BAU only, BAU and MFG combined, in any sun vs. shade comparisons (Figure 5b), or any individual microsite comparisons (Figure 4f).
[image: Seven box plots show various soil property measurements for sun and shade conditions. Plots include surface penetration resistance (a), gravimetric water content (b), total carbon content (c), total organic carbon (d), total nitrogen content (e), carbon to nitrogen ratio (f), and soil organic carbon at five centimeters depth (g). Significant difference noted by an asterisk in plot (a), while others are labeled "ns" indicating non-significance. Each plot represents different sample groups in varying colors with data spread shown through boxes, whiskers, and outlier dots.]FIGURE 5 | Boxplots of (a) surface shear strength (surface τf), (b) gravimetric water content from hori-hori samples (GWC [hori-hori]), (c) total carbon (TC), (d) total organic carbon (TOC), (e) total nitrogen (TN), (f) C:N ratio and (g) soil organic carbon stock to 5 cm depth (SOC [5 cm]) between groups of sun (yellow) and shade (blue) microsites at a large, ground-mounted photovoltaic solar energy facility. Outline colors correspond to comparisons overall (i.e., agnostic of treatment; black), considering business as usual only (BAU; pink), and considering multifunctional grassland only (MFG; green). Significance levels of comparison tests are displayed on the top axes of each subplot (ns = non-significant; * = significant, such that p < 0.05).3.2 Soil mechanical properties
Surface τf was significantly greater in the OPN condition than elsewhere (p < 0.0001; Figure 3b). Within the MFG treatment, surface τf was less in the shade than in the sun (p = 0.0130; Figure 5a). However, this was not observed in the BAU condition or in BAU and MFG combined (Figure 5a). Runoff and non-runoff zones did not differ in surface τf (p ≥ 0.9176; Figure 6a).
[image: Box plots labeled (a) to (g) comparing various soil properties between non-runoff and runoff conditions. (a) Surface temperature (kPa), (b) Gravimetric water content (GWC), (c) Total carbon (TC), (d) Total organic carbon (TOC), (e) Total nitrogen (TN), (f) Carbon/nitrogen ratio (C/N Ratio), and (g) Soil organic carbon (SOC) at 5 cm depth. Significant differences are marked with asterisks. Each plot displays data variability and distribution for two conditions indicated by color-coded boxes.]FIGURE 6 | Boxplots of (a) surface shear strength (surface τf), (b) gravimetric water content from hori-hori samples (GWC [hori-hori]), (c) total carbon (TC), (d) total organic carbon (TOC), (e) total nitrogen (TN), (f) C:N ratio and (g) soil organic carbon stock to 5 cm depth (SOC [5 cm]) between groups of runoff (hatched) and non-runoff (non-hatched) microsites at a large, ground-mounted photovoltaic solar energy facility. Outline colors correspond to comparisons overall (i.e., agnostic of treatment; black), considering business as usual only (BAU; pink), and considering multifunctional grassland only (MFG; green). Significance levels of comparison tests are displayed on the top axes of each subplot (ns = non-significant; * = significant, such that p < 0.05).The top 8 inches (20.3 cm) of soil were significantly less resistant to penetration (i.e., softer) in the VIN condition than in OPN (p ≤ 0.0340 and 0.0498 respectively; Figures 3k,l). There were no significant differences among BAU, MFG, and OPN conditions, though OPN was more resistant to penetration (i.e., harder) throughout the 24-inch (61.0-cm) profile (Figures 3l–q). Microsite h (i.e., center of shaded area with runoff) was much less resistant to penetration than microsite c throughout the entire profile (p ≤ 0.0003; Figures 4l–q), though it remains unresolved whether this was an effect of shading or runoff.
3.3 Soil chemical properties
The VIN condition had significantly lower TOC and TN concentrations than the rest of the conditions (p < 0.0377 and 0.0047, respectively; Figures 3h,i), and lower TC than MFG and OPN (p < 0.0009; Figure 3g). BAU, MFG, and OPN conditions did not differ in TC, TOC, or TN, but OPN was highest and BAU was lowest on average for each property (Figures 3g–i). TIC concentration and CaCO3 content were completely undetectable in BAU, MFG, and OPN conditions, and barely detectable in the VIN condition (n = 2 samples greater than the limit of detection). Soil in the OPN condition had a greater C:N ratio than any of the other conditions (p ≤ 0.0145; Figure 3j).
Within the MFG treatment, runoff zones had greater TC, TOC, and TN than non-runoff zones (p = 0.0365, 0.0365, and 0.0440 respectively; Figures 6c–e). These differences were not observed in BAU or overall within the PV array (Figures 6c–e). There were no significant differences among individual microsites for any soil chemical property (Figures 4g–k), nor when aggregated for sun and shade (Figures 5c–g).
Soils in the MFG treatment had ∼25% greater average SOC stock (18.67 t·ha-1–5 cm depth) than BAU (14.88 t·ha-1; Figure 3k and Supplementary Material 7). While this difference was not statistically significant (p = 0.2111), it may signal potential for longer-term C sequestration in ecovoltaic parks, given adequate management. Though, longer-term sampling is required for more definitive conclusions, especially in light of such a small difference thus far, and the typical time frame required to confidently detect SOC changes against background noise (Smith, 2004). The OPN condition had the greatest SOC stock (p ≤ 0.0161), and the VIN condition had the least (p < 0.0386), the latter likely from intense agricultural activities (e.g., tilling, heavy machinery, etc.). There were no differences in SOC stock among microsites, individual (Figure 4k) nor either aggregated comparison (Figures 5g, 6g).
4 DISCUSSION
4.1 Analysis of results
4.1.1 Soil physico-mechanical properties and microsite granularity
Soils from core samples were wetter in microsite h than c, but no differences were detected among individual microsites for GWC in hori-hori samples. Core samples included deeper soil than hori-hori samples, so this supports the hypothesis that microsite differences in GWC only occurred below the shallow surface (<∼2 cm depth), likely due to soil drying more readily at the surface. A large body of agrivoltaics and ecovoltaics studies corroborate the effects of PV shading on soil moisture (Choi et al., 2024; Chen et al., 2024; Zhang et al., 2024; Kannenberg et al., 2023), but few have highlighted this particular phenomenon (Shang et al., 2023).
Soils in the VIN condition had the lowest penetration resistance, likely because of tilling. Within the PV array, the dramatic difference in penetration resistance between microsites c and h may be partially explained by more pronounced differences in GWC at greater depths, as increased GWC reduces penetration resistance (Lardy et al., 2022). Greater prior vehicle traffic in sun microsites and subsequent formation of a compaction layer may also explain this difference, at least at moderate depths (Choi et al., 2020), though field measurements nor information from site operators were able to verify this hypothesis. No study has investigated these soil mechanical properties in ecovoltaic parks to this date.
Soil properties were measured in up to eleven microsites in pursuit of elucidating the effects of PV panel shading, runoff collection to leading edges, and appropriate spatial granularity for future observations. While radiation and hydrological properties have been modeled as a gradient across a GPVs (Wu et al., 2022), for practical reasons, many soils-focused studies at GPVs have only sampled at limited microsites (e.g., shade under PV panels vs. sun interspace, or zones east and west of single-axis tracking panels) (Moscatelli et al., 2022; Armstrong et al., 2016; Lambert et al., 2021; Choi et al., 2024). Because significant differences in some properties were observed between runoff and non-runoff zones, sufficient microsite resolution must be characterized by sampling more granularly than a “sun vs. shade” dichotomy, with a keen focus on runoff zones and other features. For example, future study of soils at fixed-tilt sites like Rancho Seco likely warrant three to four microsites for maximal granularity without sacrificing replication: e.g., interspace, shade without runoff, shade with runoff, and leading edge. However, some physico-mechanical properties likely do not necessitate future measurement in more granular microsites, as they tended to vary little within sun and shade zones. Microsite-targeted restoration, tracking capabilities, and other features may complicate the application of these findings at other GPVs.
4.1.2 Soil C
The MFG treatment had a slightly greater average SOC stocks and amplified TC and TOC in runoff zones after only 2 years of restoration, indicating potential for soil C sequestration. Though only the top 5 cm of topsoil was sampled, similar increases in SOC stocks deeper in the soil profile may be encouraged by deep plumes of soil moisture from runoff zones and establishment of perennial root systems (Lal, 2009; Lal, 2019; Manning et al., 2015). Literature has shown mixed results on soil C sequestration with ecovoltaic practices (Krasner et al., 2025), with some successful outcomes (Lambert et al., 2022) and others still in search of the best management practices for their specific site contexts (Armstrong et al., 2016; Choi et al., 2020).
The OPN condition had a significantly greater average SOC stock than either condition within the PV array, likely from a relative lack of disturbance. Therefore, granted the OPN condition can serve as an adequate space-for-time replacement for prior land use at this site, PV construction and/or operation have likely released appreciable stores of soil C at the soil surface. Other field studies have also shown that conventionally developed, unrestored GPVs (i.e., analog to the BAU condition) negatively affect C cycling (Moscatelli et al., 2022; Lambert et al., 2021). Ecovoltaics may serve as a tool to partially mitigate management-driven C emissions in these conventionally developed sites, but this study’s findings cast doubt on the sequestration of additional C (e.g., for carbon credits). However, ecovoltaics may confer numerous benefits other than soil C sequestration (e.g., pollinator habitat, habitat continuity for mammals, erosion control, water holding capacity, aesthetics and community acceptance, etc.; Supplementary Material 4), which must be considered when planning to remediate a GPV (Hernandez et al., 2019; Walston et al., 2024; Cypher et al., 2021). Furthermore, much more thorough and long-term sampling is required to parse these differences in SOC stocks (Smith, 2004), especially in light of the novelty of ecovoltaics.
Critically, low-impact site design and construction (e.g., conforming to natural grading, minimizing vegetation disturbance, designating tread paths for heavy machinery to minimize soil disturbance, avoiding wet-season construction to minimize compaction, etc.) is a more certain way to preserve ecosystem function and SOC stocks at GPVs. However, opportunity still lies in synergizing restoration with microsites to augment the land’s existing capacity for soil C sequestration (or other ecosystem services) beyond what would be possible without GPV development, as demonstrated by the runoff zones in this study.
Contextualization with other land uses is vital in understanding landscape impacts and evaluating the large-scale feasibility of ecovoltaics. Rangeland soils in the Sacramento Valley have SOC stocks averaging approximately 15 t-C·ha-1–10 cm (Carey et al., 2020), suggesting that the disturbance from GPV development at Rancho Seco is roughly comparable to grazing on average. However, many factors may influence the SOC impacts of grazing at a particular site (e.g., land use history, background soil conditions, grazing intensity, and GPV presence in rangevoltaics applications); thus, more targeted and harmonized observation is necessary to systematically compare grazing to GPVs, both conventional and multi-use (Thomas, 2025). Greatly reduced SOC stocks in the VIN condition (i.e., by ∼50%), demonstrate that viticulture depletes SOC stocks much more than GPV development and operation, conventional or restored.
4.1.3 Soil N and other factors important for vegetation
The MFG treatment also had greater TN concentrations in the central PV runoff zone. C:N ratio was depressed in BAU and MFG conditions as compared to OPN, indicating C uptake was likely not limited by N stocks. However, outcompetition of native grassland species by R. raphanistrum and other annual weeds (Supplementary Material 6) introduces the concern that some soil N may have been held as NH4+ via biological nitrification inhibition (BNI) (O’Sullivan et al., 2017). Limitation of available nitrogen for desired perennial grasses may have diminished soil C uptake, and may even limit C storage pathways into recalcitrant mineral-associated organic matter (MAOM) (Bai and Cotrufo, 2022; Cotrufo et al., 2019). While many previous ecovoltaics studies have measured TN concentrations (Moscatelli et al., 2022; Choi et al., 2020; Lambert et al., 2022), few have partitioned N into separate pools (e.g., organic, inorganic, microbial) important for their distinct influences in fertility and restoration (and therefore soil C dynamics) (Armstrong et al., 2016; Lambert et al., 2021), warranting future study in this area.
There has been study on other important aspects of soil nutrition in GPV contexts as well, but research efforts are yet to strongly align. Choi et al. found that vegetated areas under PV panels improved soil nutrient content (e.g., P, K, Ca, Mg, etc.) and overall quality over time (Choi et al., 2023). Also, Moscatelli et al. observed significantly increased P concentrations in unrestored soils under PV panels compared to an adjacent fallow field (Moscatelli et al., 2022). Varied effects on soil pH have been observed in past studies, including overall acidification of GPV soils in grassland systems (Zhang et al., 2023). Other factors like cation exchange capacity (CEC) have been measured, but not yet investigated in detail (Tanner et al., 2020; Moscatelli et al., 2022).
An auxiliary vegetation survey highlighted reduced abundance and diversity in the shade overall (Supplementary Material 6), but with localized abundance in runoff zones, mirroring TC, TOC, TN, and GWC patterns and corroborating studies at similar sites (Lambert et al., 2021; Lambert et al., 2022; Schindler et al., 2018). Though it was hypothesized that abiotic conditions (e.g., penetration resistance, soil moisture, bulk density) would be improved in the shade and therefore usher vegetation establishment, concentrated runoff (or lack thereof) may be a greater driver of vegetation establishment and persistence, especially in a water-limited environment like the semi-arid grasslands of California’s Central Valley (Knapp and Sturchio, 2024). Further, hydrological factors are essential to germination and root development of restored plant species (Choi et al., 2024; Unger and Kaspar, 1994). Vegetation establishment was likely sensitive to other unmeasured factors, too, such as shading or competition with noxious weeds.
4.2 Vegetation management
This study tested some best management practices for ecovoltaics widely agreed upon by industry stakeholders. Solar developers and scientists alike champion immediate vegetation (re)establishment after disturbance, ideally of perennial grass communities with dense roots, to mitigate erosion and soil moisture losses (Zhu et al., 2015; Zhao et al., 2020; Machovina and Feeley, 2017; Belmonte, 2024). Though restoration was non-ideal, multi-use solar practitioners generally recognize that any plant cover, even weeds, provides essential ecosystem services. This study additionally sought to establish vegetation communities tolerant to shade conditions under PV panels. The two most dominant seeded species (i.e., B. carinatus, E. glaucus; Supplementary Material 2b and 2c) were tolerant to partial shade (Calscape, 2024a; Calscape, 2024b), but were much more robust in sunlit interspaces and runoff zones (Supplementary Material 6).
Weed suppression is a critical part of vegetation management, especially in early establishment of an ecovoltaic park. Typical best practices for large-scale projects include herbicide application, shallow tillage, mulching, occasional mowing, rotational grazing, and/or cover crop cultivation to control noxious weeds and prevent aggressive species from overtaking newly established seedlings (Abbas et al., 2018). While this site included management practices to encourage growth of target species (e.g., raking, mulching), it did not include adequate targeted weed suppression and site preparation activities.
4.3 Study limitations
This study’s unique site and geographic context provided many experimental challenges. Some, including (i) potential presence of the federally listed endangered California tiger salamander (Ambystoma californiense), (ii) low and dense configuration of PV panels, and (iii) rocky terrain, hindered the use of heavy mechanical sampling equipment, and therefore the depth of sampling. Instrument measurements were frequently blocked by rocks, too, resulting in slowed or incomplete data collection, especially in the case of the infiltrometer and penetrometer. The fast-approaching dry season prevented seasonal sampling, and logistical challenges to site access limited overall research efforts.
Restoration in the MFG treatment demonstrated minor evidence of vegetation establishment and improvements to soil surface properties, though aspirations of multifunctionality were limited by a number of factors. First, restoration lacked sufficient site preparation (e.g., initial herbicide application, decompaction, tilling, solarization, soil amendments, etc.), a critical component for the successful establishment of a restored vegetation community. The aforementioned site-specific challenges restricted the use of machinery to loosen compacted soil, essential for seed germination and root development. Premature and overstocked grazing in the growing season after seeding (i.e., spring 2023) thwarted perennial establishment. Additionally, the dominance of invasive and noxious plants was exacerbated by the site managers' reluctance to use chemical spraying (2,4-D, the only herbicide permitted on the property) for continuous weed suppression, further impeding the emergence and growth of desired, less competitive grass species. Also, though seeded species were shade-tolerant, their preference for full sun might have further reduced their competitiveness (e.g., possibly via reduced germination rate (Hernandez et al., 2020)) in the shade.
More sampling in the OPN and VIN conditions could reduce variability, reduce concerns of spatial auto-correlation, and improve understanding of soil properties outside of the PV array. A single-transect design may not have completely accounted for landscape heterogeneity, despite adjacency, potentially obscuring the effects of management. Bulk density cores and surface hori-hori samples were unharmonized in the VIN treatment, possibly increasing variability of SOC estimates, too. Additional sampling in more contexts (e.g., rangelands, roads, other developed areas) could provide further insight on prior land conditions and more granular analysis of land uses within the GPV fenceline. Sampling within the PV array was limited to eight transects between two conditions, but observation of additional transects could decrease variability from inherent soil heterogeneity and more strongly highlight treatment differences. Furthermore, direct adjacency of BAU and MFG plots might have allowed seeds to spread to the leading edges of BAU plots, though this effect was likely negligible due to manual seeding methods and PV panels obstructing seed spread.
Hori-hori samples were selected for C and N quantification, despite mismatching with bulk density estimations from core samples, because they were much easier to replicate given site constraints. Core sampling was limited by hard, rocky soils and other aforementioned challenges, only allowing few shallow samples (5 cm). When used in a 5 cm estimate, ∼10 mm (1 cm) hori-hori samples may have overestimated and increased the variance of SOC stock estimates, as most soils have the greatest, yet most heterogeneous soil C concentrations at the surface (Silver et al., 2010). Cores collected to 30 cm, homogenized, and used for both TOC and BD quantification would provide standardized SOC stock estimations consistent with literature (United Nations, 1998; Stolbovoy et al., 2005; Smith, 2004), though the combination sampling method and quadratic extrapolation approach used in this study (Supplementary Material 7) obtained best available estimates with the provided limitations. Most SOC stock observations were less than 100 t-C·ha-1–30 cm, which corroborates estimations for the Central Valley presented by the California Air Resources Board (California Air Resources Board, 2018).
All sampling was conducted in the same season and at the same location, so changes over time or between GPVs were not observed. Sampling over time, in conjunction with measuring more sensitive soil C fractionations (e.g., POM C, POXC) and/or direct measurement of gas fluxes, may provide stronger evidence of soil C sequestration in ecovoltaic parks in future studies. To increase understanding of the effects of restoration on soil surface properties in GPVs globally, more comparable sites must be observed.
Outcomes from this study spur many long-term research questions to address in the interface between multi-use GPVs and soils. To what degree can sought-after co-benefits (e.g., improvements to soil physico-mechanical and hydrological properties) be realized at a given site after successful establishment of an ecovoltaic park? Will long-term (i.e., >10 years) management of an ecovoltaic park for soil C sequestration (e.g., perennial grassland establishment, infrequent mowing) sequester comparable soil C to the same practices in an open space? Or, significantly reduce life-cycle land use impacts of the site? Last, which properties are the most important and accessible to measure for setting and monitoring restoration goals–and how often should they be measured?
5 CONCLUSION
This study’s goals were to (i) characterize 13 unique soil surface properties at a fixed-tilt GPV in the Central Valley of California, USA, (ii) quantify the effects of native grassland restoration on these properties, (iii) evaluate the structure of fixed-tilt GPV microsites, and (iv) understand implications for SOC stocks among experimental conditions, including other land-uses.
As GPVs have a growing global land use footprint, this study was designed to evaluate the feasibility of on-site restoration to mitigate adverse impacts and support of ecosystem services at the soil surface. Overall, multifunctional grassland restoration was challenging owing to a lack of site preparation options for restoration, noxious weeds, and rocky soils. However, even this limited restoration approach increased soil moisture overall (likely via improved soil water holding capacity), alleviating water stress for future vegetation establishment. The multifunctional grassland treatment was highly effective (i.e., for TC, TOC, TN, and GWC) when paired with runoff zones while the BAU condition was not, spotlighting the importance of co-locating native seed banks with adequate establishment conditions. Furthermore, this study highlighted the management of auxiliary GPV land assets (i.e., analogous to the OPN condition), as these minimally disturbed lands may harbor more diverse plant communities and larger SOC stocks than areas inside the PV array, despite drier and more compacted soils. These open spaces make up ∼30% of GPV land area in the United States, and therefore must be considered equally to land within the PV array footprint (Levin, 2025).
Sampling took place in up to eleven microsites with varying degrees of sunlight exposure and concentration of runoff by PV panels. Most strikingly, runoff zones demonstrated accelerated soil C and N accrual when combined with grassland restoration. Shade microsites had softer soils (i.e., less surface shear strength) than sunny, interspace microsites, and a combination of shade and runoff improved penetration resistance and soil moisture. This study upholds that a site-specific, customized approach is necessary to understand environmental conditions at GPVs at the microsite scale. In particular, keen attention is needed to understand how runoff zones and other unique features of interest can be leveraged for restoration goals.
Regardless of ecovoltaics management, Rancho Seco outperformed Bronco Wine Co. in many soil surface properties. The Bronco Wine Co. vintner is the fourth largest producer of wine in the United States with over 140 km2 of vineyards (Bronco Wine Co., 2020), but worsening drought stress from climate change may shift suitability away from viticulture and toward GPVs (Shivers et al., 2018), magnifying the importance of local land use comparisons. These findings reflect the potential of GPVs to reduce soil degradation and ecosystem impacts compared to conventional agriculture, especially in conjunction with low-impact development practices and/or multi-use solar project types (i.e., ecovoltaics, agrivoltaics, or rangevolatics).
The site-specificity and novelty of ecovoltaics necessitates unprecedented nuance. More research must be done to assess the needs and goals of specific GPVs, as the applications from this study may be limited only to sites with similar characteristics. Further, longer-term and more detailed monitoring of soil C (e.g., finer partitions like POM and MAOM) in GPVs is timely. Maintaining and augmenting terrestrial carbon sinks will play a pivotal role in mitigating climate change and maintaining ecosystem function; hence, in light of rapid global expansion of GPVs, ecovoltaics provides a unique transdisciplinary opportunity to manage working lands sustainably.
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