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Integrating livestock grazing with photovoltaic (PV) systems offers a promising 
strategy to enhance both agricultural and energy outputs from the same land. 
However, limited information is available on how field preparation methods and 
microclimatic conditions affect pasture establishment and productivity. This study 
evaluated the effects of three field preparation methods and intra-array shading 
on pasture germination, establishment, and herbage yield in an agrivoltaic system. 
Treatments included: (i) tillage followed by plastic cover (TP), (ii) plastic cover only 
(P), and (iii) herbicide application only (H), all applied prior to sowing. A diverse 
pasture mixture, comprising perennial ryegrass (Lolium perenne L.), orchardgrass 
(Dactylis glomerata L.), white clover (Trifolium repens L.), birdsfoot trefoil (Lotus 
corniculatus L.), chicory (Cichorium intybus L.), and plantain (Plantago lanceolata 
L.) was sown in between ground-mounted PV panels in spring 2020. Pastures were 
harvested periodically over two growing seasons from four 1 m-wide zones (A to 
D) within the alleys between arrays, with shading intensity decreasing from zone 
A (south side, under the panels) to zone D (north side of the alley). Photosynthetic 
photon flux density (PPFD) was monitored using calibrated photodiodes. TP resulted 
in the highest seedling establishment (782 plants/m2, p < 0.01), followed by P 
(681 plants/m2), and H (457 plants/m2). However, herbage production did not 
differ significantly among establishment methods in either 2020/21 (p = 0.10) 
or 2021/22 (p = 0.17). Herbage production was substantially lower in the most 
shaded zone (A) compared to the other zones (p < 0.01), while zones B, C, and 
D, despite varying light availability produced similar herbage yields, with zone 
D underperforming relative to zones B and C despite higher light input. These 
findings suggest that while field preparation influences seedling establishment, it 
has limited long-term impact on biomass production. In contrast, heavy shading in 
zone A substantially restricts productivity, whereas light availability in the remaining 
zones does not appear to be the primary limiting factor for herbage yield. This 
insight can inform design and management strategies to maximize agricultural 
productivity in agrivoltaic systems.
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1 Introduction

The expansion of renewable energy infrastructure is essential for 
addressing climate change and supporting a growing global 
population. In 2023, the United States installed over 32 gigawatts 
direct current (GWdc) of solar capacity, a 51% increase from the 
previous year (Solar Energy Industries Association and Wood 
Mackenzie, 2024). National capacity is expected to quadruple by 2034 
and become the leading source of electricity generation in the 
United  States by 2040. As solar energy development accelerates, 
concerns have emerged regarding land use, particularly in areas 
traditionally dedicated to agriculture (Adeh et al., 2019; Swanson et al., 
2025; Wei et al., 2025) and ecosystem services (Sturchio and Knapp, 
2023; Hernandez et al., 2014). Agrivoltaic systems which combine 
solar energy production with agricultural activities offer a promising 
strategy to address this land-use conflict. In addition to producing 
clean energy, these systems can support farming operations by 
supplying power for irrigation, processing, and other infrastructure 
(Santra, 2017; Weselek et al., 2019). Another type of multi-use solar, 
ecovoltaic systems combine solar energy production with ecological 
restoration plantings as a way to maximize benefits to soil health, 
groundwater, and wildlife while meeting energy production goals 
(Sturchio and Knapp, 2023).

Research has shown that agrivoltaic systems can maintain or even 
enhance land-use efficiency and overall productivity when 
appropriately managed (Dupraz et al., 2011; Dinesh and Pearce, 2016). 
The integration of livestock grazing with solar installations is gaining 
traction and has demonstrated potential to further increase land 
productivity (Andrew et al., 2021; Stewart et al., 2025). However, the 
introduction of photovoltaic (PV) panels alters the local microclimate 
by partially shading the underlying area. This shading reduces light 
availability and affects soil temperature and moisture, which in turn 
can influence pasture germination, growth, and persistence (Adeh 
et al., 2019; Sturchio et al., 2022). The extent to which these changes 
impact forage production depends on the physiological requirements 
of the species sown and their tolerance to variable light and 
hydrothermal conditions (Devkota et al., 1997; Dodd et al., 2005). 
Optimizing agrivoltaic systems therefore requires a deeper 
understanding of how microclimatic factors interact with agronomic 
management practices.

Successful pasture establishment under solar panels depends on 
creating favorable agronomic conditions that promote seed 
germination and seedling development. Effective weed control and 
appropriate soil preparation are critical, as they minimize competition 
for resources and enhance seed-to-soil contact, both of which are 
essential for timely and uniform germination (Thom et al., 2011). Soil 
preparation methods such as tillage can help break up compaction, 
improve aeration and water infiltration, and create a fine, even 
seedbed, conditions that are particularly important when sowing 
diverse pasture mixtures containing species with different seed sizes 
and germination requirements (Hampton et  al., 1999). However, 
implementing conventional soil preparation methods in agrivoltaic 
systems can be challenging. The physical layout of ground-mounted 
PV arrays often restricts access for agricultural machinery, limiting the 
feasibility of tillage and other equipment-dependent practices (Stewart 
et al., 2025). As a result, alternative or low-impact soil preparation 
strategies are needed to ensure successful pasture establishment in 
these environments.

In addition to these physical constraints, the altered light and 
moisture conditions beneath and between solar panels may further 
influence persistence of pastures, depending on the specific 
requirements of the pasture species and management factors 
(Moot et al., 2000; Andrew et al., 2024; Rosati et al 2023). Thus, 
this study evaluated how different soil preparation methods and 
shade levels affect pasture establishment and productivity within 
an agrivoltaic system. A diverse mixture of forage species was 
sown, and both seedling establishment and total dry matter 
production were assessed. Three pre-sowing weed suppression 
treatments were tested: tillage followed by plastic cover (TP), 
plastic cover alone (P), and herbicide application (H). The alleys 
between photovoltaic arrays were divided into four equal 1.0-meter 
zones. Each zone received a different level of incident radiation, 
enabling an assessment of how shade intensity influences forage 
establishment and yield.

2 Materials and methods

2.1 Site, establishment and design

The field research was conducted at the Vegetable Farm Solar 
Array (The Veg Farm), located at the Oregon State University 
Extension Station in Corvallis, Oregon (54° 16′53.4” N, 122° 45′). The 
soil is a Chehalis Silt Loam with acidic characteristics (class 1 
agricultural soil). The solar array system was established in 2015. The 
experiment took place between April 2020 and May 2022. Land 
preparation and planting began in April and May 2020. The land was 
divided into nine plots and randomly assigned to soil preparation 
treatments. In October 2020, a soil test (0–20 cm) revealed 
NO3 = 25 ppm, PO4 = 38 ppm, Ca = 4,269 ppm, Mg = 1,069 ppm, and 
K = 285 ppm. The site has a Mediterranean climate according to the 
Köppen-Geiger climate classification system. During summer 2021, 
the daily air temperatures were often higher than the long-term mean 
(LTM) (Table  1). Additionally, rainfall in most of March through 
August 2021 was 45% lower than the LTM. In contrast, rainfall 
between April and June 2022 was 67% higher than the LTM.

The experiment was a completely randomized plot design with 
three replicates. Nine pasture establishment plots (6 × 4 m) were 
randomly assigned to three soil preparation treatments between solar 
arrays: (i) tillage and plastic cover (TP), (ii) plastic cover only (P) and 
(iii) herbicide application only (H). On 21 August 2019, all plots were 
mowed, and broadcast sprayed with glyphosate (1.0 kg ai/ha). TP plots 
were tilled with a BCS two-wheel tractor with rototiller attachment on 
19 August 2019. Following the tillage of TP plots both TP and P plots 
were covered with 0.15 mm black plastic. Another application of 
glyphosate (1.0 kg ai/ha) was done in herbicide only plots on 29 April 
2020. Plastic was removed on 10 May 2020, and all plots were planted 
with a diverse pasture seed mix using a self-propelled lawn overseeder 
(Classen TS-20, Southampton, PA, USA). Plots were rolled with a steel 
drum lawn roller to improve seed-to-soil contact. The pasture seed 
mixture consisted of orchardgrass (Dactylis glomerata L.), perennial 
ryegrass (Lolium perenne L.), white clover (Trifolium repens L.), 
birdsfoot trefoil (Lotus corniculatus L.), chicory (Cichorium intybus L.) 
and plantain (Plantago lanceolata L.) All the legumes were inoculated 
with appropriate Rhizobia strains. The species sown and the seeding 
rates of each pasture mixture are presented in Table 2.
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A slug bait (FERROXX®, containing 5% sodium ferric EDTA as 
the active ingredient) was applied at a rate of 5 kg ha−1 at the time of 
seeding. Urea sulfate fertilizer (Ureasul®, Wilco; 33–0–0–12) was 
applied to all treatments at a rate of 50 kg N ha−1 in May 2020 and May 
2021. Plots were maintained under rainfed conditions, with no 
supplemental irrigation.

2.2 Measurements

2.2.1 Photosynthetic photon flux density
To account for varying shade levels, the 4 m-wide alleys between 

the solar arrays were divided into four equal zones, each 1.0-m wide. 
Zone A was the southernmost part of the alley, and began about 30 cm 
north from the legs of the south panels and ended about 20 cm north 
of the vertical projection of the hedge of the panels. Zone D was the 
northernmost part of the alley, and ended at the vertical projection of 
the PV panel edge on the north side (Figure  1). In 2022, the 
Photosynthetic Photon Flux Density (PPFD) was measured in each 
1.0 m zone, using four PAR (Photosynthetically Active Radiation) 
sensors (GaAsP photosensors, Hamamatsu, Japan) per zone, placed at 
about 20, 40, 60 and 80 cm from the edge of each zone. These sensors 
were calibrated against a quantum sensor (LI-190; LI-COR Inc., 
Lincoln, NE, USA) and connected to a data logger. PPFD was recorded 
every minute (minutely values) from dawn to dusk. Minutely values 

for the four sensors in each zone were averaged, and the average values 
were then summed up to calculate monthly and yearly values for 
each zone.

2.2.2 Soil moisture and temperature
At the beginning of 2021, soil moisture and temperature sensors 

(model: 5TM, Decagon Devices, Inc., Pullman, WA, USA) were 
placed in each treatment. Because of limitations in the number of 
sensors available, in each soil preparation treatment replication, one 
sensor was placed in zones A, one between zones B and C, and one in 
zone D, for a total of nine sensors. Sensors were installed at a depth of 
30 cm, and connected to an EM50 logger station (METER Group, 
Pullman, WA, USA).

2.2.3 Seedling counts, herbage dry matter (DM) 
production and chemical analysis

Seedling numbers of pasture species in each shade zone were 
counted in three randomly placed 0.1m2 quadrats after germination 
on 19 June 2020. Herbage production was determined by cutting a 
random 0.25 m2 quadrat with electric shears to a stubble height of 
50 mm in the four shade zones in each plot on 16 July and 22 
October in 2020 and on 21 April, 27 May, 15 July and 28 November 
2021, and 30 April 2022. The herbage production in zone A across 
different establishment methods was marginal. Therefore, no 
harvest was done in that zone until summer 2021. Mean daily 

TABLE 1  Monthly rainfall and mean daily air temperatures over the two-year experimental period.

Months Air temperature (°C) Rainfall (mm)

2020 2021 2022 LTM* 2020 2021 2022 LTM*
January 6.1 4.4 4.7 211 119 160

February 5.5 5.0 6.2 160 39 133

March 6.7 8.6 8.2 55 111 111

April 10.8 10.9 8.0 10.1 85 13 146 79

May 14.1 13.3 12.0 13.1 47 22 113 60

June 16.7 19.3 16.1 80 44 36

July 19.7 21.1 19.3 49 0 14

August 20.5 20.8 19.4 0 0 13

September 17.9 17.4 16.8 50 72 34

October 12.4 11.3 11.9 46 70 81

November 6.8 9.3 6.7 181 127 174

December 5.5 4.8 4.5 180 269 194

*LTM: Long-term means of air temperature and rainfall are for the period 1997–2018. The reported values are from OSU Hyslop Farm in Corvallis, 5 km from the study site.

TABLE 2  Species grown in each treatment type and seeding rates used (kg ha−1) in the experiment.

Species Scientific names Variety Sowing rate kg ha−1

Perennial Ryegrass (G) Lolium perenne Abergreen 12

Orchard Grass (G) Dactylis glomerata Sundown 8

White Clover (L) Trifolium repens Haifa 5

Birdsfoot Trefoil (L) Lotus corniculatus VNS 8

Chicory (H) Cichorium intybus Antler 4.5

Plantain (H) Plantago lanceolata Boston 3

G, Grass, L, Legume, H, Herbs.
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growth rates (kg DM ha−1 day−1) were calculated at each harvest by 
dividing total DM production (kg DM ha−1) by the duration of 
regrowth (days) since the previous harvest. The herbage was sorted 
into botanical fractions (sown species and weeds) and then dried 
in a forced-air oven at 65°C for 48 h for dry matter (DM) 
determination. Following collection of the samples, the remainder 
of the plots was mown to a stubble height of 50 mm. A well-mixed 
bulk pluck sample was ground in a Wiley mill using a 1 mm screen 
(Thomas/Wiley, Swedesboro, NJ, USA) for chemical analyses using 
Association of Official Analytical Chemists methods (AOAC, 
2016). Samples were analyzed for DM (method 930.15). Ground 
samples were analyzed for nitrogen content (N %) by a LECO N 
analyzer (LECO FP828, MI, USA). Neutral detergent fiber (NDF) 
and acid detergent fiber (ADF) were assayed sequentially using an 
Ankom200 Fiber Analyzer (ANKOM Technology Corp., Macedon, 
NY, USA) (Van Soest et al., 1991). The NDF was analyzed with the 
inclusion of a heat stable α − amylase and sodium sulfite.

2.3 Statistical analysis

Established seedling numbers, total herbage DM production and 
botanical composition were analyzed by analysis of variance 
(ANOVA) with three replicates of a strip plot design where 
establishment method was the main plot factor (column) and the 
shade zone was the sub plot factor (rows). The effect of establishment 
method and shade on pasture growth rates and the nutritive value 

(ADF, NDF, and CP) by ANOVA with three replicates of a strip plot 
design where establishment method was the main plot factor (column) 
and the shade zone was the sub plot factor (rows) at each harvest date. 
Normality of data was tested using Shapiro Wilk test. Separation of 
treatment means declared significant by ANOVA were compared by 
Fisher’s method of protected least significant difference (LSD) at a 
p = 0.05. The computations were conducted using GENSTAT 
statistical software.

3 Results

3.1 Soil moisture and temperature

Soil moisture, expressed as volumetric water content (VWC), 
decreased sharply from March through August 2021, following the 
reduced rainfall, compared to the long-term average (Figure 2a). This 
moisture loss was slower in zone A (the most shaded), compared to 
the other zones. By August 2021 all treatments reached the same 
minimum soil moisture, and recovered thereafter, until December 
2021, after which they remained at similar constant values until the 
end of the experiment, with no spring drop as in 2021, since rainfall 
was similar (March) or greater (April and May) that the long-term 
average. Soil temperature increased in spring and summer and 
decreased in autumn and winter but, in Spring 2021, it increased less 
in the most shaded zone A, where moisture was higher, than in the 
other zones (Figure 2b).

a b
FIGURE 1

Views of the four 1.0-m-wide shade zones within the solar arrays and the experimental plots during the establishment phase on 11 June 2020 (a), and 
of the established pastures on November 2, 2021 (b).
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3.2 Incoming radiation in the different 
zones

The radiation (i.e., photosynthetic photon flux density, 
PPFD) incident on the different zones was lowest in the October–
February period, and peaked in June (zone A) or July (all other 
zones) (Figure 3a). Over the whole year, the PPFD reaching the 
ground varied from about 1,550 mol m−2 in zone A, to about 
7,200 mol m−2 in zone D. However, the variation in irradiance 
was not uniform during the year, with greater reductions in 
irradiance, compared to zone D (the most illuminated zone 
overall) in Spring (March) and Autumn (October) 
(Supplementary Figure S1). Over the whole year, the reduction 
in incident irradiance, compared to zone D, was minor for zone 
C (9%) and medium for zone B (45%), while the reduction was 
dramatic (78%) for zone A (Figure 3b).

3.3 Established seedling number

Significant effects of soil preparation (p < 0.01) and shade zones 
(p < 0.01) were recorded on established seedling numbers (Figure 4). 
The highest number of seedlings was recorded in tillage and plastic 
treatment (782 plants/m2), followed by plastic only (681 plants/m2). The 
herbicide only treatment provided the lowest established seedling 
numbers (457 plants m−2). The highest number of established seedlings 
was recorded in zone B (981 plants m−2) while the lowest number 
occurred in the most shaded zone A (406 plants m−2), and the number 
of seedlings was intermediate in zone C and D (578 and 590 plants m−2, 
respectively). In regards to individual plant species, establishment 
method and shade had a major effect (all p < 0.05) on the number of 
established seedlings for all species except birdsfoot trefoil and 
orchardgrass. The number of birdsfoot trefoil seedlings was similar with 
till and plastic and plastic only methods but greater (p < 0.05) than 

FIGURE 2

Monthly averages of (a) soil moisture (volumetric water content, m3 m−3) and (b) soil temperature, in zone A (the most shaded), zone B/C (sensor 
placed between the two zones) and zone D (the most sunlit).
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FIGURE 3

(a) Monthly pattern (expressed in absolute terms) and (b) yearly totals (expressed in percentage of the zone D, the most sunlit zone overall), of incident 
radiation (Photosynthetic Photon Flux Density, PPFD), in the different zones of the alley between PV panel arrays.
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herbicide only establishment method. However, birdsfoot trefoil was the 
only species whose seedling numbers were not affected (p = 0.19) by 
shade regimes. In contrast, establishment method did not affect the 
number of orchardgrass seedlings (p = 0.16). The number of seedlings 
was dramatically higher in zone B than other shade zones for all the 
pasture species including broadleaved weeds. Plantain, white clover and 
broadleaved seedling numbers were substantially lower (p < 0.05) in the 
most shaded zone A than other zones.

3.4 Herbage dry matter (DM)

The herbage dry matter (DM) production from the different sampling 
dates is shown as cumulated production over the first year (including all 

harvests up to 23 April, 2021), and the second year (including all 
subsequent harvests, ending with 1 May 2022). In the first year (2020/21), 
DMP did not differ (p = 0.10) among pasture establishment treatments 
(Figure 5a). However, zone A had a much lower (p < 0.01) DMP than 
other shade zones. Similarly, in the second year (2021/22), the method of 
establishment had no effect on pasture DMP (p = 0.17) but zone A had 
the lowest (p < 0.01) DMP, while zone B and C had the highest DMP, and 
zone D had intermediate DMP (Figure 5b).

3.5 Botanical composition

Both establishment method and shade had an impact on the 
establishment and composition of pasture species (Figures 6a–d). In 

FIGURE 4

Established seedling numbers on 19 June 2020, as affected by (a) soil preparation method and (b) shade zones in the agrivoltaic system. Bars represent 
SEM for total number of plants.

FIGURE 5

Herbage dry matter (DM) production of pastures as affected by soil preparation method and shade zones in agrivoltaic systems in the first (2020/21) (a), 
and second (2021/22) (b) year after establishment. Bars represent SEM for establishment method and shade zone interaction.
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the first year (2020/2021) after establishment (Figures 6a,b), perennial 
ryegrass content of pastures did not differ based on the establishment 
method (p = 0.84), but shade zone D (most sunlit) tended (p = 0.08) 
to have lower ryegrass content than zone B (7.5 vs. 17.5%). In contrast, 
shade zones did not affect orchardgrass content, but orchardgrass 
content was higher with herbicide only method than with the other 
two establishment methods. Similarly shade zone did not affect 
chicory proportion of the pastures, while pastures tended to have 
lower (p = 0.05) plantain in zone A than other zones. Conversely, 
plantain content did not differ (p = 0.52) among establishment 
methods, while pastures appeared to have higher (p = 0.06) chicory 
when established with plastic only method than other establishment 
methods. White clover content ranged from 1.6–6.0% and was affected 
both by establishment method (p < 0.01) and shade zone (p < 0.01). 
White clover content was higher in zone A than other zones and when 
the soil was prepared using till and plastic than other methods. 
Birdsfoot trefoil content was marginal (0.2–2.4%) but was higher 
(p < 0.05) in zone D than other zones. However, its content in pastures 

did not differ (p = 0.38) among pasture establishment methods. The 
weed content did not differ based on the establishment method, but it 
was higher (p < 0.05) in zone A than other zones. Pastures in zone B 
had higher (p < 0.01) dead material than other zones, while pastures 
in zone A did not generate any dead material.

In the second year (2021/2022) after establishment (Figures 6c,d), 
establishment method affected only chicory and orchardgrass. The 
content of chicory and orchardgrass was higher (p < 0.05) in plastic 
only and herbicide only method respectively, than other methods. The 
effect of shade on perennial ryegrass, plantain, birdsfoot trefoil, weeds 
and dead material content were consistent with the previous growing 
season (all p < 0.05).

3.6 Mean daily growth rates

Mean daily growth rates of pastures differed based on pasture 
establishment methods in July 2020 and May 2022 (p < 0.05), while 

FIGURE 6

Botanical composition (%) of pastures as affected by establishment method (a,c) and shade zones (b,d) in agrivoltaic systems in first (2020/21) (a,b), 
and second (2021/22) year after establishment (c,d). Bars represent SEM for total grasses (TG), total forbs (TF) and total weeds (TW). BFT = Birdsfoot 
trefoil.
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the difference among shade zones were significant at all harvests (all 
p < 0.05; Figure 7). The highest pasture growth rates were recorded in 
early June 2021, for all establishment methods and shade zones. Mean 
daily pasture growth rates in pastures that were established using till 
and plastic were higher than plastic only establishment method in July 
2021 and both herbicide only and plastic only establishment methods 
in May 2022. However, despite being significant, such differences were 
minimal, and much smaller than differences across sampling dates 
and shade zones. Mean daily pasture growth rates were consistently 
the highest in zones B and C, while zone A had the lowest growth rates 
throughout the experimental period (all p = 0.05). No interactions 
were detected between pasture establishment and shade zones for 
mean daily growth rates (all p > 0.05).

3.7 Nutritive value

The establishment method affected ADF content of pastures only 
on 16 July 2020 when forages had higher (p < 0.05) ADF content in 
herbicide only than other establishment methods (Figure 8a). The 
ADF and NDF content of pastures were higher (p < 0.01) in zone A 
than zones C and D in harvests on 21 April 2021 and 30 April 2022 
(Figures  8a–d). An interaction was detected (p < 0.05) between 
establishment methods and shade zones for NDF content on 22 July 
2021 as pastures established with herbicide only method had higher 
NDF in zone C than those established with till and plastic method, 
while the NDF content in other zones did not differ. In contrast, 
pastures had higher CP in zones A and B than C and D on 21 April 
2021 (Figures 8e,f). While this effect disappeared for ADF and NDF 
in the subsequent harvests, it was persistent with CP, in all harvests 
except on 22 October 2020 and on 22 July 2021 when the CP content 
of pastures was similar across pasture establishment methods and 
shade zones (all p > 0.05). Pasture establishment method did not affect 
(all p > 0.05) CP content of pastures over the 2-year experimental 
period. It was of note that the CP content of pastures in zones A, B was 

only higher (p < 0.05) than zone D but similar to zone C on 28 
November 2021.

4 Discussion

The present study provides an insight into the complex 
relationship between soil preparation methods, shading, and their 
interaction on several variables such as soil moisture and temperature, 
seedling establishment, herbage dry matter production (DM), 
botanical composition, growth rates, and the nutritive value of 
pastures grown in an agrivoltaics system. Our research illustrates that 
both the level of shading and the soil preparation approach play a role 
in seedling establishment. Till and plastic soil preparation led to 
higher number of established seedlings but the pasture DM production 
was not affected by soil preparation method. The shade zone had more 
dramatic effect on pasture yield, botanical composition and nutritive 
value. Heavy shade (zone A) caused a reduction in forage yield and 
growth rates but an increase in crude protein content of forages. This 
is in line with the findings of Weselek et al. (2021) and Andrew et al. 
(2024) who reported similar reduction in forage production in 
partially shaded areas under ground-mounted, fixed axis solar panels. 
In contrast, Sturchio and Knapp (2025) reported an approximately 
20% increase in herbage production within solar arrays compared to 
adjacent open grassland, with some locations, particularly near panel 
edges in single-axis tracking systems showing yield increases of up to 
90%. Together, these contrasting outcomes highlight the importance 
of system design and spatial variability within arrays. As suggested by 
Dupraz et al. (2011) and Marrou et al. (2013), well-designed agrivoltaic 
systems can be  optimized to not only minimize yield losses but 
potentially enhance pasture productivity, particularly when 
microclimate conditions are managed to benefit plant growth.

In the current study, soil preparation using till and plastic method 
possibly created the good seedbed and favorable conditions for 
germination and seedling growth, leading up to an average of 782 

FIGURE 7

Mean daily growth rates of pastures as affected by soil preparation method (a) and shade zones (b) in agrivoltaic systems, at the different sampling 
dates during the experiment. Bars represent SEM. *Above the period indicates that the difference was significant at that sampling time (p < 0.05).
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established plants/m2. Plastic cover is not a conventional approach for 
weed control in pasture systems, and there is limited research on its 
impact on pasture establishment. It is likely that the plastic cover 
facilitated water retention in the topsoil (0–5 cm) (Díaz-Hernández 
and Salmerón, 2012), creating a favorable environment for seedling 
germination. Although the established seedling numbers were much 
lower in herbicide only treatment, it is of note that the established 
seeding numbers were still over 400 plants/m2 which is considered to 
be an agronomically successful establishment (Thom et al., 2011). This 
was also reflected in the herbage dry matter yields which did not differ 
in relation to soil preparation methods even during the establishment 
year when higher plant numbers usually lead to greater yield. 

However, pastures established with till and plastic resulted in faster 
growth rates (13 kg DM ha−1 d−1) in early establishment stage (16 July 
in 2020) than those that were established using plastic only (9 kg DM 
ha−1 d−1) and herbicide only (6 kg DM ha−1 d−1). This result is in line 
with the previous research by Ates et al. (2013) who reported a positive 
correlation between plant density and forage yield during the 
establishment stage, although the significance of plant density tends 
to diminish as the season progresses due to compensatory growth of 
individual plants. In fact, such differences disappeared later on.

Overall, the pasture yield obtained in this current study was 
similar to the yield of diverse pastures (4.5 t DM ha−1 y−1) that was 
reported by Andrew et  al. (2024) in another agrivoltaics study 

FIGURE 8

Nutritive value (%) of pastures as affected by soil preparation method (a,c,e,g) and shade zones (b,d,f,h) in agrivoltaics systems, at the different 
sampling dates during the experiment. Bars represent SEM. *Above the period indicates that the difference was significant (p < 0.05).
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managed under grazing conditions in Oregon. It is noteworthy that 
agrivoltaic pasture yields are often lower than those of pastures grown 
in open fields, as noted by Andrew et al. (2021) and Weselek et al. 
(2021). However, in arid conditions where water and not light is the 
limiting factor, the reduction in light availability can decrease crop 
evapotranspiration and water stress and increase yield (Sturchio et al., 
2022; Sturchio et al., 2025), although this was not the case under the 
conditions of this study. The pasture establishment methods had 
variable effects on the production and persistence of individual plant 
species. It is probable that relative competitiveness of each species was 
altered by the soil preparation and their tolerance to shade (Shelton 
et al., 1987). At the establishment stage in 2020, the proportion of 
orchardgrass was much higher with herbicide only (16.4%) than other 
two soil preparation methods (5.4–6.9%). It is likely that the fast-
establishing plant species such as perennial ryegrass, plantain and 
chicory benefitted the conducive environment created by herbicide 
only and plastic and till preparation methods suppressing the slow-
establishing orchardgrass. It is of note that the total proportion of 
perennial ryegrass, plantain and chicory was 51.4%, 64.7 and 58.9% 
in herbicide only, plastic only and till and plastic establishment 
methods, respectively. Over the entire experimental period, pastures 
were composed predominantly of sown grasses, non-leguminous 
forbs and broadleaved weeds, while the proportion of legumes 
remained less than 3% in the pastures. The poor legume persistence 
in agrivoltaics was also highlighted by Andrew et al. (2024) due to 
their low tolerance to shade as reported by (Pang et al., 2019). In 
contrast, both plantain and chicory contributed to the forage 
production substantially covering over 40% of the botanical 
composition. This outcome validates the conclusions drawn by 
Devkota et  al. (1997), who categorized plantain as a forb with 
moderate shade tolerance. Our findings align with those of Andrew 
et  al. (2024), who suggested the inclusion of forbs in agrivoltaic 
pastures as a means of diversification. The low proportion of birdsfoot 
trefoil confirms the observations of Devkota et  al. (1997), who 
identified Lotus species as the most shade-tolerant legumes albeit with 
lower shoot yield than white clover and subterranean clover (Trifolium 
subterraneum) as it takes longer to establish than most other legumes. 
Thus, the low proportion of birdsfoot trefoil could be due to the poor 
competitiveness of birdsfoot trefoil, a typically slow establishing 
legume (Seeno et  al., 2022). The pastures in the current study 
contained about 20% weeds independent of the establishment 
method, while weeds were in much greater proportion in the most 
shaded zone A (almost 40%) than in the other zones (10–15%). This 
large proportion of weeds potentially contributed to reduced pasture 
yield in zone A, although the 78% reduction in incident radiation was 
probably the main factor. Our finding of increased weeds with 
increasing shade is in line with Dodd et al. (2005) who demonstrated 
a close positive relationship between weed content and shade intensity. 
Overall, weed management is a major issue in agrivoltaics pastures 
and robust weed management practices are needed for pasture 
establishment in agrivoltaics (Andrew et al., 2024). Yet, weeds are 
usually mostly palatable for grazing livestock, and therefore they can 
be tolerated better in a pasture, where they are part of the yield than 
in other crops, where they would detract from the yield by competing 
with the crop. This makes grazing and forage production an easier 
option for agrivoltaics systems, than crop cultivation where weed 
management would have to be more effective, which is difficult to 
achieve under and around PV panels.

The results of this study showed that there was a consistent 
pattern of lower dry matter production in the most shaded part of 
the alley (zone A) as compared to the other zones. Previous studies 
carried out either under artificial shade conditions (Varella-Garcia 
et  al., 2001; Dodd et  al., 2005) or within silvopastoral systems 
(Devkota and Jha, 2009) indicated that light plays a predominant 
role in determining understory forage production. It is noteworthy 
that the decline in pasture growth rates and overall annual forage 
production in the most shaded area (zone A) was accompanied by a 
delayed decline in soil moisture levels in these areas during the late-
spring and early-summer months. Thus, light and not soil moisture 
appears to have limited forage production in the most shaded zone 
A. This contrasts with the findings of Adeh et  al. (2019), who 
reported a 90% increase in forage yield under full shade during 
summer. Although more modest, Andrew et al. (2021) and Andrew 
et al. (2024) also noted a slight rise in forage yield in fully shaded 
areas during summer, though this increase did not offset the 
decreased growth in spring and fall.

In the present study, the consistently lower forage yield in the 
most shaded zone A might also result in part from poor forage 
establishment, coupled with a higher proportion of weeds in these 
areas. Dry matter production was significantly higher, at all sampling 
dates, in the other three zones, which received greater irradiance. 
However, zone B had similar biomass production as zones C and D, 
despite receiving little more than half the radiation, suggesting that 
light was not limiting biomass production, except for zone A. This is 
further supported by observing that that peak growth rates and peak 
irradiance did not coincide. Peak irradiance occurred in August (due 
to a combination of long days and clear sky), while peak growth 
occurred from late April to Early June 2021. Thus, irradiance was not 
the limiting factor for biomass production, at least during the summer. 
Surprisingly, in the second year after establishment, where DM 
production was highest, zone D produced significantly less than zone 
B and C, despite receiving the most radiation overall. Thus, something 
other than radiation appears to have limited DM production in zone 
D. The relationship between irradiance and DM production is even 
more complex considering that, although on a yearly basis there was 
a clear gradient, with decreasing irradiance from zone D to A, this was 
not always the case when considering the monthly trends. In fact, only 
in early spring (March) and early autumn (September) the monthly 
data shows a clear gradient of decreasing irradiance from zone D to 
A. On all other months, the incident radiation was similar for zones 
D and C. Zone D, despite having the highest overall irradiance, 
actually received slightly less irradiance than zone C in May and June, 
but much higher irradiance in March and September. This should 
have resulted in greater biomass production in zone D, given that 
slightly less radiation in the summer should favor, or at least not limit, 
plant growth in a water-limited and high-temperature-limited, and 
non-light-limited system (Adeh et al., 2019; Andrew et al., 2021). 
While greater irradiance in spring, when light is lower and more likely 
limiting than water, should also promote higher yields. Instead, 
biomass production in zone D was reduced between one third and one 
half, in the second growing season (the season with the highest 
growth), compared to zones B and C. This further supports that 
something other than radiation limited DM production in zone 
D. Our preliminary observations suggest that this reduction in 
biomass production might have been related to water logging and 
nutrient leaching caused by the PV panels concentrating rainwater in 
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zone D, where we noticed some yellowing of the vegetation after long 
rainy periods. This hypothesis will be investigated in further studies.

It may be  concluded that, in the condition of the present 
experiment light limited biomass production mostly in Zone A 
(under the panels), while light was not limiting in the center of the 
alley (zones B and C), where other factors, likely low temperature 
in winter and high temperature and/or soil water limitation in the 
summer, appear to limit plant growth. As for zone D, additional 
limitations might be related to water logging and nutrient leaching 
due to rainfall concentration in this area. Thus, shade appeared to 
be not the main factor limiting forage growth in the agrivoltaics 
system studied, except under the panels (zone A). The present 
findings suggest that proper management, with irrigation, cold-
hardy and/or drought tolerant crops, and appropriate drainage and 
nutrient management, might go a long way in improving pasture 
productivity in agrivoltaics systems, at least in the alley area and in 
the conditions of the present experiment.

The nutritive value of pastures was also affected by the differences 
in shade conditions, while soil preparation method virtually had no 
effects. Notably there was an increase in CP content of pastures in 
shaded areas. In previous studies, an increase in herbage nitrogen 
concentration ranging from 0.2% (Dodd et  al., 2005) to 0.6% 
(Ciavarella et al., 2000) was documented in shaded pastures compared 
to unshaded ones. Increased protein in the shade is documented also 
in grains (Panozzo et al., 2019) and forages (Mantino et al., 2021). This 
could be related to the lower lighting causing stimulation of nitrogen 
accumulation in the growing plants (Elgersma and Søegaard, 2016). 
This accumulation can be explained by the so-called dilution effect: 
greater nutrient availability per unit of biomass production (Li et al., 
2010; Artru et al., 2017; Arenas-Corraliza et al., 2018). An alternative 
hypothesis is an extended crop growth period in the shade, such as an 
extended grain filling period in cereals (Lnurreta-Aguirre et al., 2018; 
Temani et al., 2021). In contrast, the NDF and ADF contents of forages 
in shaded areas occasionally were greater in fully shaded areas. This 
could be related to the fact that, where light is limited, plants tend to 
elongate, prioritizing resource allocation towards more fibrous 
structures that provide mechanical support and stability, such as stems 
(Lin et al., 2001). However, the different species composition in the 
most shaded zone A, with greater proportion of weeds, might also 
contribute to explaining the differences in plant composition.

5 Conclusion

The study investigated the impact of different soil preparation 
methods in an agrivoltaic systems, revealing insights into their 
complex interactions with shading and microclimatic conditions. 
Tillage combined with plastic cover resulted in superior seedling 
establishment, while shading had a more pronounced effect on 
pasture yield, botanical composition, and nutritive value. Shade had 
a significant impact, altering the proportion of plant species and 
favoring the growth of certain fast-establishing species like perennial 
ryegrass, plantain, and chicory while suppressing slower-establishing 
species like orchardgrass. Conversely, soil preparation methods, 
particularly tillage combined with plastic cover, facilitated superior 
seedbed conditions, enhancing seedling establishment across all 
treatments. However, except for the early effects on plant 
establishment, soil preparation methods did not affect sward 

productivity very much. The effects of shade were more pronounced, 
but mostly limited to the most shaded zone A (i.e., under the panels, 
78% shade). In the alley, shade was intense only in zone B (45% 
shade), with little differences between zones C and D, and biomass 
production appeared to be limited more by factors other than light, 
likely including drought and/or temperature (both high and low) 
stress. Finally, excessive rainwater collection on the south side of the 
PV panel arrays might add additional stress in terms of water logging 
and nutrient leaching, further limiting biomass production, at least in 
the conditions of this experiment. However, in more arid 
environment, it is possible that the water collection may enhance 
yield, rather than reduce it, by alleviating water stress. While the 
radiation limitation (i.e., shade) due to the solar panels cannot 
be easily overcome, at least without reducing the electrical output of 
the agrivoltaic system, it is interesting to know that, at least under the 
condition of this experiment, biomass production might be limited 
more often, and on most of the area, by factors other than shade. 
Therefore, it appears possible to optimize the agricultural 
management, thus improving the productivity of agrivoltaic systems. 
However, the results here obtained are closely related to the specific 
design and geographical location of this experiment, and results 
might change, at least in some aspects, at different sites with different 
latitude, climate, soil, and photovoltaic design, particularly panels 
height, tilt, width, and alley width.
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