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Abstract. With the growing interest and research into agrivoltaic systems, new designs 
simultaneously emerge. This study focuses on one of these emerging designs in Oregon, USA 
and the effects that differing shade and irrigation regimes may have on plant productivity, nitrogen 
and water use efficiency (WUE), nutritive value parameters and seasonality within the array of an 
orchardgrass (Dactylis glomerata) crop. Three irrigation regimes were selected and names based 
on replacement of daily evapotranspiration values (ET): 100% daily ET replacement (I100), 50% 
daily ET replacement (I50), and no irrigation (I0). Additionally, three distinct shade zones were 
identified within the agrivoltaics array: eastern, western, and center. Full irrigation (I100) resulted 
in increased yields (P<0.01) while shade regime had no impact (P=0.21) on overall yield. 
Additionally, all irrigation regimes resulted in a decrease in WUE (P<0.01) when compared to no 
irrigation application. Total annual crude protein production was also affected by irrigation 
application with the highest crude protein produced in I100 and lowest produced in I0 (P<0.001). 
On a seasonal basis, both I100 and I50 irrigation regimes increased daily growth rates (P<0.01). 
These results indicate that alterations of microclimates [e.g. soil temp, moisture, PAR]may be 
occurring when shade and irrigation treatments are combined, causing effects on the plants that 
are grown with agrivoltaic systems. Further research may indicate which parameters are being 
affected most, leading to the results seen in this study.  
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1. Introduction

As agrivoltaic systems continue to rise in their popularity and application in agricultural spaces, 
new array designs have emerged. Agrivoltaic systems have been shown to create alterations in 
the microclimates found within the arrays. These effects on microclimates have been seen in 
parameters such as vapor pressure deficit (VPD), incoming photosynthetically active radiation 
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(PAR), soil moisture and temperature, and air temperature [1], [2]. Additionally, crop production 
alterations, both positive and negative, have been documented in a wide range of crops [3]. One 
of these emerging designs, as described in Proctor [4], has been economically optimized for both 
agricultural and energy production. The exact effects on microclimate and crop production, 
morphology, and nutritive value remain unclear under this construction design. This is especially 
true when irrigation regimes are included. In order to determine the effects this design has on 
microclimates and subsequent crop production and nutritive value, a facility was constructed in 
2022 following the proposed design. To test this design, a study was implemented to investigate 
the combined effects of shade and irrigation on the herbage production and nutritive value of 
orchardgrass (Dactylis glomerata) planted within solar arrays in Oregon, USA. A key component 
of this study is the creation of sub-optimal water and light conditions throughout the array. The 
intention of this study is not to optimize crop production but rather to use the findings as 
preliminary information to determine any effects caused by light-water tradeoffs to be used in 
future optimization studies.  

2. Methods 

2.1 Location and Array Design 

This study is being conduction at Oregon State University’s (OSU) North Willamette Research 
and Extension Center (NWREC), located in Aurora, OR, USA (45⁰16’ N, 122⁰44’ W 49 m a.s.l.). 
The solar array located at this site was installed in 2022. The array uses a ground mounted, single 
axis system with panels orientated East to West. Bifacial panels are used and are programed to 
track the sun. Rows are 8 m wide from pole to pole. Average annual rainfall for this site is 1050 
mm. Soil tests conducted by Oregon State University Soil Health Laboratory indicated the site 
had the following conditions: organic matter, 2.61%; available P (Bray P1), 194 ppm; Ca, 2594 
ppm; Mg, 129 ppm; K, 331 ppm; and soil pH, 6.7.  

2.2 Plot Design and Irrigation Regime 

An existing stand of orchardgrass (variety not specified), planted in October of 2022, was selected 
for this trial. Plots of 2.5 m x 6 m were established, with 6 m representing the distance of 
harvestable area in the alleyways between rows of panels. Plot breaks of 1.5 m were used. Three 
shade zones were established in each plot: the eastern most 1.5 m, the western most 1.5 m, and 
the remaining 3 m in the middle (center). Three irrigation regimes were selected: no irrigation (I0), 
50% replacement (I50) of daily evapotranspiration (ET) and 100% replacement (I100) of daily ET. 
Daily ET was determined using the Agrimet data station located on site. The experiment layout 
was a strip plot design where the irrigation regimes were the main plots, and the shade zones 
were subplots with four replications. Replacement values were determined by taking the 
difference between daily ET and rainfall. Irrigation occurred every three to five days, weather 
permitting once soil probe volumetric water content (VWC, m3/m3) values at the 20-30 cm depth 
reached a value between 0.28 and 0.3 m3/m3. TEROS 11 probes by METER Group were installed 
in April of 2024 at 20-30 cm soil depth. Irrigation ceased once reliable rains returned in the fall. 
Water use efficiency (WUE) was calculated as annual forage yield per total water applied (rainfall 
+ irrigation).  
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Table 1. Mean monthly soil moisture content (m3/m3) at 20-30 cm soil depth. 

I0 = no irrigation, I50 = irrigated to 50% daily ET replacement, I100 = irrigated to 100% daily ET 
replacement, NA = not available/probe failure 

Table 2. Mean monthly soil temperature (C⁰) at 20-30 cm soil depth. 

I0 = no irrigation, I50 = irrigated to 50% daily ET replacement, I100 = irrigated to 100% daily ET 
replacement, NA = not available/probe failure 

2.3 Nitrogen Regime 

A nitrogen (N) replacement strategy was used after every harvest (3% N on a dry matter (DM) 
basis). Additionally, a blanket coating of 50 kg N/ha was applied in Fall 2023 and 20 kg N/ha in 
Spring 2024. Nitrogen use efficiency (NUE) was calculated as foraged yield per unit of fertilizer 
N.  

2.4 Light Monitoring 

In February 2025, a light bar comprised of PYR sensors from METER Group was installed within 
the same array row, but outside of the plots. PYR sensors were spaced 0.25 m apart and spanning 
the entire 8 m of the rows. Photosynthetically active radiation (PAR) was estimated as 0.45 of the 
incoming radiation values as PAR has been reported in previous studies as ranging from 0.45 to 
0.50 of total incoming solar radiation [5]. It is important to note that all shade zones within this 

Irrigation 
Regimes 

Shade 
Rows April May June July Aug. Sept. Oct. Nov. 

0I East NA 0.329 0.307 0.196 0.172 0.172 0.218 0.360 
 Center 0.324 0.310 0.229 0.157 0.153 0.154 0.188 0.350 
 West 0.345 0.334 0.303 0.207 0.178 0.174 0.195 NA 
50I East 0.333 0.319 0.289 0.242 0.220 0.194 0.245 0.356 

 Center 0.312 0.277 0.204 0.151 0.149 0.145 0.181 0.335 
 West 0.346 0.338 0.307 0.226 0.206 0.199 0.234 0.363 
100I East 0.324 0.330 0.319 0.329 0.335 0.321 0.330 0.351 
 Center 0.347 0.323 0.319 0.319 0.323 0.300 0.322 0.358 
 West 0.334 0.320 0.314 0.295 0.308 0.275 0.299 0.347 

Irrigation 
Regimes 

Shade 
Rows April May June July Aug. Sept. Oct. Nov. 

0I East NA 15.0 17.2 20.9 21.8 19.3 13.7 9.6 
 Center 12.1 14.1 17.5 21.7 22.5 19.9 14.2 9.7 
 West 11.5 13.5 17.2 21.0 22.2 19.7 14.7 NA 
50I East 11.6 14.4 16.6 19.7 20.8 18.6 13.9 10.0 

 Center 11.3 15.5 17.1 20.4 21.1 18.8 13.8 9.9 
 West 11.1 15.3 16.9 19.9 21.1 19.0 13.9 9.7 
100I East 11.6 13.6 16.4 19.1 20.5 18.4 14.0 10.1 
 Center 11.1 14.6 17.0 19.6 20.6 18.3 13.3 9.9 
 West 11.3 14.9 16.7 19.7 20.6 18.4 13.4 9.4 
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configuration receive some hours of shade throughout the day. However, timing of the shade is 
different across shade zones.  

Figure 1. Day time averages of Total Incoming Shortwave Radiation and PAR from 2/28/2025-
6/19/2025. Shade zones are indicated by dashed lines. Sensor location represents sensors spaced 0.25 

m apart from pole to pole 

2.5 Sample Collection and Processing 

Plots were harvested once more than 50% of marked plants in the 100% ET replacement plots 
had reached the third-leaf stage. Forage samples were collected from each irrigation–shade 
treatment across four replicates using a 0.25 m² quadrat and mechanical shears at a cutting height 
of 30 mm. After sampling, the remaining area of each plot was mown to a 30 mm stubble height, 
and excess material was removed from the plots. Collected samples were subsampled for 
botanical composition (orchardgrass, dead material, and weeds). Both bulk and botanical 
subsamples were oven-dried at 65 °C for 48 hours and then weighed to determine dry matter 
content on a per-hectare basis. Dried samples were ground and processed by near infra-red 
spectroscopy using the methods described in Ates et al. [6]. Mean daily growth rates (kg DM ha⁻¹ 
d⁻¹) were determined by dividing the total herbage production (kg DM ha⁻¹) by total days between 
harvests.  

2.6 Statistical Analysis 

Data were analyzed using ANOVA with four replicates as a strip plot design where irrigation 
regimes are the main plots (columns), and the shade zones were subplots (rows). When ANOVA 
was significant, a Fishers protected L.S.D (P<0.05) was used to separate the means.  

 

4



Kirschten et al. | AgriVoltaics Conf Proc 4 (2025) "AgriVoltaics World Conference 2025" 

3. Results 

Total herbage yield did not differ between I0 and I50 irrigation regimes, whereas the I100 regime 
resulted in higher yields (P<0.01) (Table 3). However, shade rows did not affect forage yield 
(P=0.21). The weed content of forages remained below 5% across all irrigation and shade 
regimes, though an interaction tendency was observed (P=0.06), with higher weed content 
appearing in the west rows under the full irrigation regime. WUE of forages under I50 and I100 
irrigation did not differ, but both were lower (P<0.01) than under I0. Nitrogen use efficiency (NUE) 
tended to be greater (P<0.07) under I50 compared to the I0 regime. Crude protein differed between 
all irrigation regimes (P<0.001) with I100 resulting in the highest content and I0 resulting in the 
lowest. Crude protein did not differ between western and center shade zones, whereas eastern 
shade zones resulted in higher content (P=0.021). Metabolizeable energy did not differ between 
I50 and I0 irrigation regimes, but they were lower (P=0.002) than full irrigation regime.  

Table 3. The effect of irrigation and shade regimes on the yield, botanical composition, water use 
efficiency (WUE), and nitrogen use efficiency (NUE), and nutritive value of orchardgrass in agrivoltaics. 

Other = weeds and dead material, NUE=nitrogen use efficiency; SEM= standard error of 
means for interaction; I=irrigation regimes; SR=shade rows 

The effect of irrigation on forage growth rates was significant only during the summer, with 
I100 and I50 irrigation regimes resulting in greater (P<0.01) daily growth rates than I0 (Figure 2). 
While shade had no strong effect on forage growth rates, forages in the east rows tended (P=0.06) 
to grow faster than those in the west and center rows during the summer months. 

Irrigation 
regimes 

Shade 
rows 

Yield  

DM kg 
1-y 1-ha 

Botanical 
composition, % 

WUE 

kg 
1−mm 

NUE 

kg DM 
yield/kg 

N 

applied 

Crude 
Protein 

Production 

Metabolizable 
Energy 

Production 

orchard 
grass 

other 1-y 1-kg ha  1-Mcal/kg ME ha
1-y 

0I 

East 6419  98.5 a 1.5 6.5  44.1 747 147 

Center 5604 99.0 a 1.0 5.7  38.5 532 129 

West 5812  99.2 a 0.8 5.9  40.0 599 134 

50I 

East 7305  98.3 a 1.7 4.9  51.6 857 157 

Center 6211  98.6 a 1.4 4.2  43.9 623 138 

West 6336  98.9 a 1.1 4.2  44.8 743 139 

100I 

East 8828  99.5 a 0.5 4.4 45.9 1152 195 

Center 7924  98.7 a 1.3 4.0  41.2 904 176 

West 7573  95.6 b 4.4 3.8  39.4 971 165 

SEM 510.1 0.67 0.65 0.36 3.29 51.9 11.4 

IRP  0.01 0.27 0.25 0.01 0.07 < 0.001 0.002 

SRP  0.21 0.16 0.16 0.27 0.21 0.021 0.257 

IR × SRP  0.94 0.05 0.06 0.96 0.95 0.951 0.927 
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Figure 2. Mean growth rates (kg DM ha-1 d-1) of orchardgrass as affected by irrigation regimes (a) 
and shade rows (b). Bars represent SEM values. * when the difference was significant 

4. Discussion  

When compared to values reported in previous studies, orchardgrass production in this study was 
lower overall regardless of irrigation or shade regime combination [7]. This reduction was primarily 
attributed to waterlogging conditions and lower N application rates than those seen in Mills et al. 
[7]. However, the impact of shaded areas on forage production was minimal, despite a numerical 
difference observed between relatively higher shaded plots (eastern and western) and relatively 
lower shaded (center) rows. The results of this study showed that while I100 increased total annual 
production, there was a cost in reduction of WUE. Additionally, it was found that I100 increases the 
production of crude protein and metabolizable energy. The reduction in WUE in favor of increased 
total annual and nutritive value production in I100 settings is a factor that producers within this array 
design will need to keep in mind, especially in regions which may face uncertain or challenging 
water futures. A further two years of this study are planned and will aid in understanding these 
results in regards to the effects on production and nutritive value of forages produced in this 
system. Shade regime also affected crude protein production, with shade zones containing 
relatively higher content. In addition to this, a trend discovered through this study is the array 
design seeming to favor increased production in eastern shade zones. While overall production 
tended to towards an increase in eastern shade zones, this was not statistically significant 
(P=0.21). These results may be in part due to the timing of shading within this zone as compared 
to other shade zones and the associated effects this may have on microclimates. Eastern shade 
zones received morning shade and midday to afternoon sun resulting in observances of morning 
dew only within this shade zone. Further analysis of light data, soil moisture at the 5-10 cm soil 
depth, and infrared canopy temperature readings may point to microclimate differences within the 
array that lead to this result.  

5. Conclusions 

The forage production of orchardgrass was generally lower than the values reported in previous 
studies, even in the center rows under full irrigation. A likely reasoning for this noticeable reduction 
in production is a water logging effect. This site receives high rainfall in the winter and spring, 

6



Kirschten et al. | AgriVoltaics Conf Proc 4 (2025) "AgriVoltaics World Conference 2025" 

which may cause waterlogging of the soil, a known challenge in orchardgrass crops, particularly 
for early season growth. This fact in combination with the inherent sub-optimal water application 
rates from the study design may account for decreases in production. Additionally, it was 
discovered through soil samples processed in late 2024 that the row selected for this trial has low 
soil N content. The combination of waterlogging and low N content may explain the low overall 
production experienced during this study.   

 Due to the results found during the 2024 growing season along with the discovery of low 
soil N content, an additional year has been added onto this study to now cover three years of 
growing seasons. In order to remedy the low soil N content discovered in 2024, an increased 
spring N blanket application was applied and then followed with additional soil testing. As these 
results only represent the first year of data, it is hoped that a soil N correction and addition of a 
third year will provide a more accurate picture of the impacts this array design has on the 
production potential and nutritive value of an orchardgrass crop.  
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