
DISSERTATION 

 

ECOVOLTAICS AND GRASSLAND RESPONSES TO SOLAR ENERGY CO-LOCATION 

 

 

Submitted by  

Matthew Anders Sturchio 

Graduate Degree Program in Ecology 

 

In partial fulfillment of the requirements 

For the Degree of Doctor of Philosophy 

Colorado State University 

Fort Collins, Colorado 

Summer 2024 

 

 

 

Doctoral Committee: 

 Advisor: Alan K. Knapp 

 Troy Ocheltree 

 Meagan Schipanski 
 Nathan Mueller 



 

 

 

 

 

 

 

 

 

 

 

 

Copyright by Matthew Anders Sturchio 2024 

All Rights Reserved 

 

 

 

 

 

 

 

 

 



 

 

ii 

ABSTRACT 

 

ECOVOLTAICS AND GRASSLAND RESPONSES TO SOLAR ENERGY CO-LOCATION 

 

 

The mitigation of climate change requires a transition to renewable sources of energy, 

and of all available options solar photovoltaic (PV) energy generation has the greatest potential 

to reduce CO2 emissions by the year 2030. Even so, ground mounted PV is land use intensive, 

and ideal locations for solar development often overlap with sensitive natural ecosystems and 

highly productive agricultural land. A scalable approach with potential to alleviate the land use 

tension created by solar development is the co-location of PV arrays and grassland ecosystems. 

While this approach has many positive implications for land sparing, the ecological 

consequences of PV presence above grassland ecosystems are not well understood. In this 

dissertation I discuss how the unique microenvironments created by PV arrays alter patterns of 

productivity, physiological response, and forage quality in a semi-arid grassland in Colorado, 

USA. I also outline a new approach to PV development, Ecovoltaics, that is informed by several 

fundamental ecological concepts. An Ecovoltaic approach to solar development co-prioritizes 

energy generation and ecosystem services by intentional design and management through all 

aspects of array development. With this work, I hope to inform a more sustainable future for 

solar energy. 
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CHAPTER 1: INTRODUCTION 

 

The elimination of fossil fuel related emissions is the most effective strategy for reducing 

the future impacts of climate warming (Lee et al. 2023). As such, the development of renewable 

energy projects (e.g., solar, wind, hydro, geothermal, nuclear), which have tremendous materials 

acquisition, emission, and waste benefits compared to their fossil fuel counterparts (Fthenakis 

and Kim 2009, Miller et al. 2019, Mirletz et al. 2023), will be needed to meet energy needs. Of 

all renewable forms of energy, photovoltaics (i.e., PV) are considered to have the greatest 

potential to reduce global emissions over the next decade (i.e., PV, Lee et al. 2023). This is due 

in great part to the combined effects of a precipitous drop in PV energy cost (Feldman et al. 

2021) and policies aimed at transitioning energy grids to renewable sources (von Loesecke & 

Chermak 2023). Indeed, PV has emerged as the leading form of renewable energy globally, 

resulting in a dramatic increase in the number of ground-mounted solar arrays. For example, in 

the United States, the combination of PV and battery storage is set to account for approximately 

80% of all new utility-scale electricity-generating capacity installed in 2024 (US EIA 2023).  

Although ground mounted PV energy infrastructure is a tremendous step forward for 

sustainable energy production, the spatial footprint is substantially (~20x, van Zalk and Behrens 

2018) larger than that of a fossil fuel power plant. In addition, utility scale PV projects are often 

sited in croplands, grasslands, and arid rangelands because of their limited topography and 

exposure to high light conditions (Adeh et al. 2019). This approach causes tension with farmers, 

landowners, and community members, especially when energy production is prioritized at the 

expense of the underlying ecosystem. An agrivoltaic (i.e., AV) approach, where PV energy and 

agriculture (e.g., crops, grazing, agriculturally important pollinator habitat) are co-located on the 
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same piece of land, supports moderate ecosystem functionality through agricultural management. 

This approach has been shown to improve the acceptance of PV projects in rural communities 

(Pascaris et al. 2022), however very few experiments have evaluated how diverse forms of AV 

might be implemented at scale. To understand the potential tradeoffs and benefits for agricultural 

land uses like crop production, grazing, and pollinator habitat, more research must be done. 

 In the United States, over 99% of the land occupied by agrivoltaic facilities are co-

located on land managed for grazing or pollinator habitat (Inspire AV Map). These sites are ideal 

for AV co-location because, unlike croplands, they do not require irrigation or the use of large 

machinery. Because these lands rely on rainfall to support plant growth, the way that solar panels 

re-distribute precipitation to distinct microsites beneath them plays an important role in 

controlling patterns of soil moisture. At present, all grassland AV arrays use sun-tracking 

programs that maximize energy production by following the sun east to west across the sky. As 

this happens, PV panels concentrate rainfall at panel edges and restrict rainfall from microsites 

directly beneath panels. In grassland ecosystems known for their short-statured vegetation and 

relatively homogenous environmental conditions (e.g., rainfall and sunlight), PV panels 

introduce spatial and temporal heterogeneity through the redistribution of precipitation events 

and patterns of dynamic shade from panels. 

 In the water limited semi-arid grasslands of Colorado, the consequences of such 

environmental heterogeneity are unknown. Many foundational studies have determined that 

precipitation and soil moisture are great predictors of grassland productivity across space and 

over time (Sala et al. 1988, Lauenroth and Sala 1992, Heisler-White et al. 2008). Meanwhile, 

newer research has indicated that atmospheric demand for water will be an increasingly 

important factor regulating arid and semi-arid ecosystem health as global temperatures continue 

https://openei.org/wiki/InSPIRE/Agrivoltaics_Map
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to rise (Novick et al. 2016, Konings et al. 2017, Novick et al. 2024). The microenvironmental 

conditions within a PV array are unique in that they host a number of distinct environmental 

conditions in a small spatial area, usually less than 1m2. Apart from the redistribution of water, 

these grassland ecosystems are also characterized by high light conditions. Little research has 

been done to quantify how these plants, which are adapted to high light conditions, will respond 

to significant reductions in light availability. Another topic of particular interest is how the 

timing of such light availability (i.e., morning vs. afternoon) will alter plant physiological 

response, and ultimately aboveground productivity. 

 It has long been known that environmental heterogeneity, including spatial and temporal 

variability in resource availability, is an important determinant of ecosystem structure and 

function, and that this heterogeneity translates to biotic diversity and variability in ecological 

processes (e.g., Ricklefs 1977, Scheiner and Willig 2008). The application of this principle has 

been successful in the field of restoration ecology, where recent studies have demonstrated that 

increasing soil heterogeneity in restored fields can increase plant diversity compared to 

communities restored on homogeneous soils (Scott & Baer et al. 2019, Baer et al. 2020). 

Environmental heterogeneity has also been proposed as a means for overcoming biotic 

homogenization, and thus improving resilience to climate extremes such as droughts and heat 

waves (Holl et al. 2022). 

Although PV panels create environmental heterogeneity and environmental heterogeneity 

is regarded as an important promoter of biodiversity, PV energy facilities are rarely designed, 

constructed, and managed to leverage these abiotic patterns to restore degraded lands. Many PV 

sites located in sensitive or degraded ecosystems could benefit from a throatful and ecologically 
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informed perspective that evaluates the ecological consequences of altering environmental 

conditions. A new approach to PV development is needed to ensure a sustainable energy future. 

In the following chapters I will discuss how the unique microenvironments created by PV 

arrays alter the productivity, physiological response, and forage quality of a semi-arid grassland 

in Colorado. I will also outline a new approach to PV development, Ecovoltaics, that is informed 

by several fundamental ecological concepts. Through this work, I hope to inform a more 

sustainable future for solar energy.  
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CHAPTER 2: GRASSLAND PRODUCTIVITY RESPONDS UNEXPECTEDLY TO 

DYNAMIC LIGHT AND SOIL WATER ENVIRONMENTS INDUCED BY PHOTOVOLTAIC 

ARRAYS1 

 

2.1 Summary 

 Agrivoltaic systems (AVs) are designed to co-produce renewable photovoltaic (PV) 

energy on lands simultaneously supporting agriculture (food/forage production). PV 

infrastructure in agroecosystems alters resources critical for plant growth, and water-limited 

agroecosystems such as grasslands are likely to be particularly sensitive to the unique spatial and 

temporal patterns of incident sunlight and soil water inherent within AV systems. However, the 

impact of resource alteration on forage production, the primary ecosystem service from managed 

grasslands, is poorly resolved. Here, we evaluated seasonal patterns of soil moisture (SM) and 

diurnal variation in incident sunlight (PPFD, photosynthetic photon flux density) in a single-axis 

tracking AV system established in a formerly managed semi-arid C3 grassland in Colorado. Our 

goals were to (1) quantify dynamic patterns of PPFD and SM within a 1.2 MW PV array in a 

perennial grassland, and (2) determine how aboveground net primary production (ANPP) and 

photosynthetic parameters responded to the resource patterns created by the PV array. We 

hypothesized that spatial variability in ANPP would be strongly related to SM patterns, typical of 

most grasslands. We measured significant reductions in ANPP directly beneath PV panels, where 

SM and PPFD were both low. However, in locations with significantly increased SM from the 

shedding and redistribution of precipitation by PV panels, ANPP was not increased. Instead, 

ANPP was greatest in locations where plants were shaded in the afternoon but received high 

 
1 Sturchio, M. A., Macknick, J. E., Barron‐Gafford, G. A., Chen, A., Alderfer, C., Condon, K., ... & Knapp, A. K. 

(2022). Grassland productivity responds unexpectedly to dynamic light and soil water environments 
induced by photovoltaic arrays. Ecosphere, 13(12), e4334. 
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levels of PPFD in the morning hours, when air temperatures and vapor pressure deficits were 

relatively low. Thus, contrary to expectations, we found relatively weak relationships between 

SM and ANPP despite significant spatial variability in both. Further, there was little evidence 

that light saturated photosynthesis (Asat) and quantum yield of CO2 assimilation (ɸCO2) differed 

for plants growing directly beneath (lowest PPFD) vs. between (highest PPFD) PV panels. 

Overall, the AV system established in this semi-arid managed grassland did not alter patterns of 

ANPP in ways predictable from past studies of controls of ANPP in open grasslands. However, 

our results suggest that the diurnal timing of low vs. high periods of PPFD incident on plants is 

an important determinant of productivity patterns in grassland AV systems. 

2.2 Introduction 

 The carbon emissions advantages of renewable solar-generated electricity for meeting 

global energy demands are well-known (Tsoutsos et al. 2005, Edenhofer et al. 2011, Bevan et al. 

2012, Burkhardt et al. 2012, Raturi 2019). However, infrastructure for photovoltaic (PV) energy 

generation is land-use intensive (Hernandez et al. 2014, 2015, Trainor et al. 2016), and the 

climatic regions best suited for PV panel efficiency overlap strongly with land used for food and 

forage production (Adeh et al. 2019). Competing demands for land devoted to energy generation 

vs. food and forage production can be alleviated by co-locating solar infrastructure and 

agriculture (Goetzberger and Zastrow 1982, Dupraz et al. 2011, Macknick et al. 2013, Ravi et al. 

2016) with potential benefits and trade-offs associated with such “agrivoltaic” systems now 

emerging (Barron-Gafford et al. 2019, Maia et al. 2020, Pascaris et al. 2020).   

Semi-arid regions cover ~15 % of the Earth’s land surface (Huang et al. 2016), and the 

managed grasslands (planted and native) common in these sunny climates are particularly 

attractive for potential agrivoltaic use, in part, because these lands have lower agricultural value 



 

 

9 

compared to more humid productive regions. Further, the current use of these expansive 

ecosystems for forage production may be more compatible with the co-location of PV arrays 

than intensively managed row-crop agricultural systems. Indeed, the presence of PV panels may 

even provide a valuable shade resource for livestock when radiant heat loads are high (Maia et 

al. 2020).   

Grassland productivity, particularly in semi-arid ecosystems, is strongly limited by 

precipitation inputs (Sala and Lauenroth 1982, Sala et al. 1988, Gherardi and Sala 2019), and this 

is true of managed pastures as well (Karn et al. 1999, Smeal et al. 2005). In contrast, only the 

most productive grasslands (those with high leaf area or with significant standing dead biomass) 

are likely to be limited by light availability (Knapp and Seastedt 1986, Knapp et al. 1993, Borer 

et al. 2014). It has been well-documented that PV panels deployed in grasslands alter patterns 

and amounts of sunlight incident on plant canopies (Armstrong et al. 2016, Valle et al. 2017, 

Weselek et al. 2019). However, patterns of soil moisture beneath and between rows of PV panels 

are also altered because PV panels not only intercept and redistribute precipitation inputs, but 

also the shade cast by PV panels can significantly modify spatial patterns of evapotranspiration 

(ET; Armstrong et al. 2014, Valle et al. 2017, Weselek et al 2019) throughout a day. The net 

effects of altered precipitation and ET on soil moisture patterns within PV arrays can vary 

dramatically - with reports of reduced as well as increased soil moisture levels directly beneath 

vs. between PV panels (Adeh et al. 2018, Andrew et al. 2021, Graham et al. 2021, Weselek et al. 

2021a, 2021b). Further, the potential exists for enhanced levels of soil water to occur along PV 

panel driplines due to interception and runoff of precipitation (Choi et al. 2020). Thus, the 

presence of PV arrays in semi-arid grasslands can be expected to shift these ecosystems from 

being characterized by relatively limited spatial variability in soil moisture and light availability 
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to ecosystems with highly dynamic spatial and temporal patterns of these, and potentially other, 

resources.  

To better understand how a key grassland ecosystem service, forage production 

(aboveground net primary production, ANPP), responds to the unique resource environment 

generated by PV arrays, we assessed seasonal patterns of soil moisture and diurnal variation in 

incident sunlight in a formerly managed semi-arid C3 grassland in Colorado. Our goals were to 

(1) quantify dynamic patterns of light and soil water beneath a 1.2 MW PV array recently 

established in this perennial grassland, and (2) determine how ANPP responds to the spatial and 

temporal patterns of light and soil water induced by the PV array.    

We expected that 1) spatial patterns of ANPP within the array would be more strongly 

related to soil moisture patterns than light, 2) ANPP would be lowest directly beneath PV panels 

(due to low light and potentially dry soils) and, 3) the photosynthetic physiology (light saturated 

photosynthesis and quantum yield of CO2 assimilation) of grasses growing directly beneath PV 

panels would differ markedly from grasses growing in full sun between panels. 

2.3 Methods 

2.3.1 Study Site 

Research was conducted at Jack’s Solar Garden (JSG), an agrivoltaic learning and 

research facility (https://www.jackssolargarden.com/) near Longmont, CO (elevation 1508m, 

40°07'18.9"N 105°07'49.9"W, Fig. A1.1). The climate is semi-arid with a mean annual 

temperature of 9.7 °C and 365 mm of precipitation annually (Colorado Climate Center 

http://ccc.atmos.colostate.edu/). Historically, the 1.5 ha site was managed for hay production, but 

active management (mowing) ended in 2019 when the PV array was installed. The grassland at 

JSG is dominated (>80% cover) by a perennial nonnative C3 grass (Bromus inermus) with 
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scattered individuals of Dactylis glomerata (C3 Orchard grass), Medicago sativa (Alfalfa) and 

Tragopogon dubius (C3 forb) interspersed.   

Individual PV panels at JSG are 2m (east-west) × 1m (north-south) and are mounted in 

series on a single axis tracking system (tracking east-west, Fig. 2.1). When PV panels are parallel 

with the ground (at solar noon and overnight) there is ~3.2 m of interspace between the western 

edge of one row of panels and the eastern edge of the next row (Fig. 2.1, locations 5-11). A 5 m 

wide walkway separates the eastern half of the solar garden from the western half. Panels on the 

eastern half are mounted 1.8 m (6 ft) above the ground while panels on the western half are 

mounted 2.4 m (8 ft) above the ground.  

2.3.2 Experimental Design 

We established four 15.5 m transects perpendicular to the rows of PV panels within a 

portion of JSG that remains as undisturbed perennial grassland (Fig. A1.1). Two replicate 

transects, each comprised of 32 sampling points 0.5 m apart, were delineated in areas with either 

1.8 m or 2.4 m tall PV rows (Fig. A1.1) and 128 plots were established.  These transects partially 

spanned three PV rows, with the eastern most plots located underneath (Location 2, Fig. 1.1) the 

second panel in from a walkway or edge (Fig. A1.1). We named replicates after the cardinal 

direction they were oriented (North/South) and based on panel heights (N6, S6, N8, S8, numbers 

refer to feet above the ground, Fig. A1.1).  

2.3.3 Environmental Measurements 

Diurnal patterns of air temperature (Tair) and relative humidity (RH%), as well as 

precipitation inputs and other standard meteorological data were continuously recorded at a 

meteorological station adjacent to JSG throughout the 2021 growing season (May-August).  
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As noted above, Photosynthetic Photon Flux Density (PPFD) varies quite predictably beneath 

PV arrays and has been quantified and successfully modelled in the past (Marrou et al. 2013a, 

Amaducci et al. 2018). Nonetheless, to confirm patterns specific to JSG, PPFD was measured 

under full sun conditions on a mostly cloud-free day (August 5th) with an AccuPAR LP-80 

Ceptometer (Decagon Devices, Pullman, WA). PPFD measurements were recorded above grass 

canopy height (~1 m from soil surface) for each plot, at three key times of day: three hours 

before solar noon (10am), at solar noon (1pm), and three hours after solar noon (4pm) to quantify 

how light availability changed throughout the day under this single-axis-tracking PV system. 

Soil moisture (SM) responses to PV arrays are much less predictable and thus we focused more 

on quantifying spatial and temporal (seasonal) patterns of SM at JSG. We measured SM 

(volumetric soil water content from 0-20 cm) at all plots at 4–8-day intervals between May 3rd 

and August 30th using a HydroSense II Handheld Soil Moisture Sensor (Campbell Scientific, 

Logan, UT). Measurements were made during morning hours, typically between 07:00 and 10:00 

hours local time (US Mountain Time zone). This sampling scheme resulted in 1920 

measurements of SM recorded at JSG in 2021. 

2.3.4 Measuring and Modeling Light Response of Photosynthesis 

Plants directly beneath PV panels (between location 2 and 3, Fig. 2.1) and plants in the 

middle of the interspace between panels (location 8) were used to assess differences in light 

saturated photosynthesis (Asat) and the quantum yield of CO2 assimilation (ɸCO2) in B. inermis. 

Measurements were replicated (n=4) beneath and between both 1.8 and 2.4 m tall PV panels. 

Light responses of leaf-level photosynthesis were measured before peak inflorescence on July 

27th and 28th using a portable photosynthesis system (LI-6400, LiCor., Inc., Lincoln NE, USA). 

The LI-6400 was fitted with a 32 cm cuvette head and a red-blue LED light source. For all 
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measurements, flow rate was held constant at 600 µmol s-1. The LI-6400 temperature exchanger 

was set to 30 °C (approximate midday temperature for both dates), which resulted in an average 

leaf temperature (Tleaf ) of 30.8 ± 1.7 °C (standard deviation) across all measurements. Chamber 

reference CO2 was set to 410 µmol mol-1 and photosynthetic photon flux density (PPFD) was set 

to 1600 µmol m-2 s-1 before leaves were placed into the chamber. Once placed in the chamber, 

leaves typically reached steady state within 5-10 min, at which time a light response curve was 

initiated.  

All measurements occurred between 10:00 and 14:00 local time and were made on 

recently mature, fully expanded, upper canopy leaves. One-sided surface area of leaves within 

the chamber was estimated by measuring leaf length and width. Light response curves were 

constructed by measuring A at 10 reference [PPFD] values in a descending fashion (2000, 1600, 

1200, 800, 600, 400, 250, 200, 100, 50 µmol m-2 s-1, Fig. A1.2). Each light response curve was 

parameterized using a non-rectangular parabola (Marshall and Biscoe 1980) through least 

squared parameter estimation in R version 4.1.2 (R Core Team 2017). The model was fit using 

the photosynthesis package (Stinziano et al. 2021) to estimate light saturated net CO2 

assimilation rate (Asat) and quantum yield of CO2 assimilation (ɸCO2). 

2.3.5 Estimating ANPP 

At the end of the growing season (September 19th, 2021), all plots were sampled for 

ANPP. For each plot, we harvested all biomass to ground level within 0.1-m2 quadrats centered 

on the sampling point for soil moisture measurements. Because the site had been mowed in 

2020, aboveground biomass accumulating in 2021 represented ANPP. While harvesting, biomass 

was sorted by functional group (grass vs. forb). Harvested biomass was dried at 60 °C for 72 

hours before being weighed to the nearest 0.01 g. 
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2.3.6 Data Analysis 

Our primary goal was to assess spatial patterns of soil moisture and PPFD and their 

relationship to ANPP. End of season biomass accumulation, a standard method for estimating 

ANPP in ungrazed grasslands (Fahey and Knapp 2007), is a single measure of seasonally 

cumulative processes. In contrast, we measured soil moisture as it varied seasonally and PPFD as 

it varied diurnally. Thus, we initially averaged soil moisture and PPFD measurements to single 

values to be consistent with ANPP estimates. A three-way analysis of variance (ANOVA) was 

then used to test the effects of plot location (L) (1,2,3…11), PV height (H) (1.8 m, 2.4 m), 

replicate (R), and their respective interactions (L × H, L × R, H× R, L × H × R) on mean growing 

season SM measurements (n = 2762) mean daily PPFD (n = 128) and end of season ANPP (n = 

128).  

 A three-way ANOVA was used to test the effects of PV location (underneath PV vs. 

interspace between PV), PV height, replicate, and their respective interactions (Location x 

Height, Location x Replicate, Height x Replicate, Location x Height x Replicate) on 

photosynthetic parameters obtained from light response measurements (Asat, ɸCO2).  

 Finally, to assess overall relationships between abiotic factors and productivity, one-way 

ANOVA was used to relate SM and PPFD to ANPP across plot locations. Multiple linear 

regression was used to evaluate the interactive effect of SM and PPFD on patterns of 

productivity. In addition to mean growing season values, relationships between monthly SM 

values and ANPP were assessed to determine how SM in different seasons was related to patterns 

of productivity. All analyses were performed using R version 4.1.2 (R Core Team 2017). 

2.4 Results 

2.4.1 Environmental Context 
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In 2021 annual precipitation at the site was 10% higher than the long-term average (401 

mm vs. 365 mm, respectively). Seasonally, the early growing season (April, May and June) was 

~30% wetter than normal (192 mm in 2021 vs. 146 mm average), while the late growing season 

(July and August) received less rainfall than the long-term average (40 mm vs 66 mm, Colorado 

Climate Center http://ccc.atmos.colostate.edu/ ). Mean annual air temperatures were only slightly 

above the long-term average (10.6 °C vs. 9.7 °C). 

2.4.2 Light 

As expected, mean daily PPFD was significantly lower under PV panels compared to 

between panels with spatial patterns varying predictably among morning, solar noon and 

afternoon sampling periods (Fig. 2.2). Averaged across time of day and locations, PPFD levels 

were slightly lower within 1.8 vs 2.4 m PV arrays (1126 vs 1190 µmol m-2 s-1, respectively, 

Table 2.1), but the ecophysiological significance of this for C3 grasses is likely small.   

2.4.3 PPFD Effects on Photosynthesis 

The results of a three-way ANOVA indicated no significant differences between Asat or 

ɸCO2 in B. inermus grown directly beneath or between PVs, across panel heights (1.8 and 2.4 

m), across replicates, or their interactions (Fig. 2.3). Differences beneath and between panels 

were more pronounced for Asat in 1.8 m plots while differences in ɸCO2 were similar across 

panel height.  

2.4.4 Soil moisture 

Spatial patterns of growing season SM were consistent across all replicate transects 

throughout the growing season. Along one transect (N8), we recorded consistently higher SM 

values (by ~4%) relative to the other transects, and this resulted in a significant panel Height and 

a Height × Replicate interaction effect (Table 2.1). The edaphic or other cause for this deviation 
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in SM levels is unknown but importantly, it did not impact patterns or amounts of ANPP (Table 

2.1). Averaged over the growing season, and particularly in the latter half of the growing season, 

SM was highest near the western edge of the PV panels (Fig. 2.4, locations 10-11; July Aug SM 

= 29.8%) relative to between PV panels (Fig. 2.4, locations 7-8; July-Aug SM = 26.5%). In 

contrast, SM directly beneath the PV panels (locations 2-3) was consistently low with growing 

season mean SM ~8% lower than along the western edge of PV panels (Fig. 2.4).   

2.4.5 Productivity 

There were no statistical differences between panel heights (Table 2.1) or in patterns of 

forb and grass production across locations (Fig. A1.3), therefore spatial patterns of productivity 

were analyzed as total ANPP (grass + forb) along all transects. Overall, there was significant 

spatial variation in aboveground productivity (Table 2.1) with ANPP at the eastern edge of PV 

panels (Fig. 2.5, Location 5) significantly higher (by ~33%) than at the western edge (Fig. 2.5, 

Location 11, 716.2 g m-2 and 539.8 g m-2, respectively). In contrast, ANPP directly beneath PV 

panels (Fig. 2.5, location 2 and 3 mean = 488.2 g m-2) was reduced (p<0.05) by ~20% relative to 

those locations least impacted by PV panels, locations 8-9). Overall, the presence of the PV array 

and resultant variability in SM and PPFD resulted in ANPP varying by 254 g m-2 (the difference 

between locations 5 and 2, Fig. 2.5) in this grassland. This magnitude of spatial variability is 

~40% of the mean ANPP in locations least impacted by PV panels (locations 8-9). 

2.4.6 Light and soil moisture relationships with ANPP 

Results of separate one-way ANOVAs indicated that SM and PPFD were both 

significantly related to patterns of ANPP, but surprisingly neither explained >10% of the spatial 

variation in productivity (Fig. 2.6, panel a and b). Multiple regression analyses that included both 

SM and PPFD as predictors were not significant. We were also interested if spring (May and 
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June) soil moisture measurements were more strongly related to productivity than timepoints 

later in the growing season (July and August). We found weak relationships between ANPP and 

early growing season SM (Fig. 2.6, panel c and d), and no relationship between ANPP and late 

growing season SM (Fig. 2.6, panel e and f). 

2.5 Discussion 

The primary goal of our study was to assess how spatial variability in soil moisture (SM) 

and sunlight (PPFD), induced by the presence of a PV array in a managed grassland, affected 

aboveground plant productivity (ANPP) - a key ecosystem service (forage production) of semi-

arid grasslands in the western US. In these water-limited grasslands, as well as in non-irrigated 

managed pastures, soil moisture (SM) responds directly to precipitation amounts and patterns 

(e.g., Hoover et al. 2021, Griffin-Nolan et al. 2021) and both precipitation inputs and SM are 

strongly related to ANPP (Sala et al. 1988, Knapp et al. 2002, La Pierre et al. 2016, Post and 

Knapp 2021). However, despite substantial variation in SM and PPFD (Fig. 2.2 and 2.4) within 

the PV arrays at JSG, spatial variation in ANPP, which was also substantial (~ 275 g m-2 along 

the transects, Fig 2.5) was not strongly related to patterns of light and/or water availability (Fig. 

2.6). Early season soil moisture was a better predictor of ANPP compared to growing season or 

late season SM, consistent with other grasslands in the region (Derner et al 2008, Parton et al. 

2012, Chen et al. 2017), but overall, most variation in ANPP could not be attributed to water 

availability.  

We did find that ANPP was significantly reduced directly under PV panels, where both 

light and SM were lowest (Fig. 2.6). But despite these much-reduced PPFD levels, Asat and ɸCO2 

of B. inermus growing directly under PV panels did not differ significantly from plants receiving 

full sun between rows of PV panels (Fig. 2.3). Thus, of our initial predictions - that ANPP would 
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be strongly related to soil moisture, that ANPP would be lowest directly beneath PV panels, and 

that the photosynthetic physiology of grasses growing beneath PV panels would differ markedly 

from grasses in full sun - only the substantial reduction in ANPP beneath panels was realized. 

Other studies have also reported reduced productivity in the low light environments directly 

beneath PV panels (Andrew et al. 2021), although this is not always the case. Indeed, some plant 

species are more productive in the partial shade provided by PV panels (Marrou et al. 2013b, 

Barron-Gafford et al. 2019, Graham et al. 2021). The beneficial effects of shading may be 

particularly important when soil moisture is higher beneath vs. between panels (Adeh et al. 

2018). This was clearly not the case in the managed grassland we studied, however.  

At JSG, soil moisture was significantly lower directly beneath PV panels, and we hypothesize 

that low water availability may be as important as low PPFD for reducing ANPP. Supporting this 

interpretation was the lack of large photosynthetic differences between grasses growing between 

vs. beneath PV panels (Fig. 2.3). Although there was a trend for grasses growing in the shade of 

PV panels to have reduced photosynthetic capacity relative to those between PV panels (Fig. 

2.3), we expected to see clear evidence of physiological acclimation to this low light 

environment, consistent with past studies of sun vs. shade plants in forest understories 

(Boardman 1977, Anderson and Osmond 1987, Givnish 1988, Murchie and Horton 1997), as 

well as in productive grasslands (Knapp 1985, Knapp and Gilliam 1985). Specifically, we 

predicted that Asat would be reduced in grasses beneath PV panels whereas ɸCO2 would be 

increased in shaded leaves (suggesting an increase in ɸCO2, Walters 2005, Yamori et al. 2016). 

This lack of acclimation suggests that the PPFD levels beneath PV panels (~250 µmol m-2 s-1) 

remained above those needed to induce alterations in photosynthesis, at least in B. inermis. 
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Indeed, the low light levels in a forest understory (~2-10% of mean daily PPFD, Messier et al. 

1998) tend to be much lower than PPFD available under PV panels (~25-30%).  

Understanding the drivers of maximum ANPP in this semiarid grassland PV array is more 

of a challenge. Consistent with previous studies (Choi et al. 2020), soil moisture was highest at 

the western drip edge of PV panels (Fig. 2.4 and 2.5) which can be attributed to the high 

proportion of summer precipitation occurring in the afternoon in Colorado (Taylor et al. 2012, 

Cioni and Hohenegger 2017, Welty et al. 2020) when PV panels face west. However, ANPP did 

not appear to respond to this increase in water availability. Instead, peak ANPP was consistently 

measured at the eastern edge of PV panels (Fig. 2.5). We consider two, non-exclusive 

explanations for this peak in ANPP. First, nighttime dew formation on PV panels oriented 

parallel to the ground can lead to inputs of moisture in the morning as panels reorient to face east 

(Schindler et al. 2016). These relatively small inputs of unknown frequency were not reflected in 

our SM measurements, perhaps because the temporal frequency of these measurements was too 

low. Nonetheless, shallow SM resources are known to be important in grasslands (Nippert and 

Knapp 2007) and dew inputs can positively affect carbon uptake and the water balance of plants 

in semi-arid ecosystems (Aguirre-Gutierrez et al. 2019, Liu et al. 2020). Thus, these small but 

consistent moisture inputs may be an important driver of patterns of productivity in AV systems.   

A second driver of increased ANPP near the eastern edges of PV panels is the unique diurnal 

timing of periods of high PPFD vs. PV shading. At this location with PV arrays, direct sunlight is 

received in the morning hours when Tair and VPD are both relatively low throughout the growing 

season (Fig. A1.4, A1.5), likely enhancing Asat and water-use-efficiency in the dominant C3 grass. 

In the afternoon, when Tair and VPD are much higher, these plants are shaded. The opposite 

diurnal pattern occurs at the western edge and may explain the lack of response of ANPP to 
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increased SM here. There is evidence that grassland productivity can be controlled by VPD in 

addition to SM (Novick et al. 2016, Konings et al. 2017, Ding et al. 2018). Within PV arrays, 

unique interactions between the timing of light availability and environmental conditions may 

increase the importance of VPD as a determinant of productivity in dryland agrivoltaic systems. 

As such, future measurements throughout a diel period could assess how these concomitant 

spatiotemporal drivers of photosynthesis determine diel pattern of Asat and daily cumulative CO2 

assimilation.  

2.6 Conclusion 

While Agrivoltaics have the potential to satisfy competing demands for land required for 

photovoltaic energy generation vs. land currently used to produce forage in semi-arid regions, 

understanding the ecological consequences of combining these land uses via Agrivoltaics should 

be a research priority (Barron-Gafford et al. 2019). Compared to more topographically complex 

ecosystems, spatial heterogeneity in the availability of key resources is generally considered to 

be relatively low in grasslands with similarly low heterogeneity in ecosystem processes. Here, in 

a managed grassland in Colorado, we quantified substantial spatial and temporal variation in 

light and water availability resulting from an Agrivoltaic land use. Over relatively short spatial 

scales (~10 m) light availability varied by up to 8-fold, and soil moisture by 30%, and 

aboveground plant productivity by ~40%. As a result, the expected primary determinant of 

forage production in this grassland, soil moisture, was replaced by more complex interactions 

among soil moisture, the time of day when light was available, and diurnal variation in air 

temperature and evaporative demand. Understanding how co-locating PV panels in grasslands 

can alter key resources, ecological interactions, and resulting ecosystem services should facilitate 
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the design of new Agrovoltaic systems that can better balance renewable energy generation and 

agricultural productivity. 

 

2.7 Tables 

 

Table 2.1 Results of three-way ANOVAs to assess how transect location, height of the PV panels 

and each replicate varied for ANPP (n=128), SWC (n=2762), and PPFD (n=384). F-values with 

“*,” “**” and “***” are significant at p < 0.05, p < 0.01, and p < 0.001, respectively. 
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2.8 Figures 

 

 

 
 

Figure 2.1. Top: Late spring view of a row of PV panels in the perennial C3 grassland at Jack’s 
Solar Garden. Bottom: Transects and sampling locations (numbers) in relationship to the 
locations of PV panels. Also shown are morning, noon, and afternoon location of the sun and the 
corresponding angle of solar panels (east facing, parallel with the ground, west facing – note 
color coding). Water drops show the approximate location of the eastern drip edge (between 
location 4 and 5) and the western drip edge (between locations 11 and 1) where rain would be 
shed in the morning and afternoon, respectively. Note that for data analyses, only true replicates 
of plot locations 1-11 were used, but to more clearly illustrate spatial patterns within the AV 
system, figures show two PV panels where data for locations 12-15 are identical to locations 1-4. 
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Figure 2.2. Mean photosynthetic photon flux density (PPFD) at 10am (orange line), solar noon 
or 1pm (black line), and 4pm (purple line) along a transect perpendicular to rows of PV panels. 
Because PV panels track diurnal movements of the sun, the three different panel orientations at 
the times of measurements are color coded to match PPFD data.  
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Figure 2.3. Results of a three-way ANOVA on photosynthetic light response measurements. 
Light saturated photosynthesis (Asat), and quantum yield of CO2 assimilation (ɸCO2) beneath 
(hashed bars) and between (solid bars) PVs. Measurements were averaged ( standard error) 
across panel heights because differences were non-significant.  
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Figure 2.4. Spatial patters of early season (blue line) and late season (red line) soil water content 
(0-20 cm) along a transect perpendicular to rows of PV panels. Overall growing season average 
( standard error) is represented by a solid black line. Note that most growing season rainfall 
occurs after solar noon in this region when PV panels are facing west (as indicated by the purple 
panel, Fig. 2.1).  
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Figure 2.5. Spatial patterns of mean (  standard error) ANPP (green bars) along a transect 
perpendicular to rows of PV panels. The blue line represents mean ( standard error) growing 
season soil water content at each location. The black line represents mean daily PPFD at each 
location, presented to demonstrate light patterns simultaneously with SM% and ANPP. Letters a, 
ab, b, denote levels of significant differences in measurements of ANPP. Bars which share letters 
are not significantly different from each other. 
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Figure 2.6. Plot level relationships (n=128) between ANPP, mean growing season soil moisture 
(panel a), PPFD (panel b), and monthly averages of SM% (panels c, d, e, f). Black solid lines 
signify a common relationship across transects. Slopes, intercepts, and r-squared values are 
displayed for all significant relationships. 
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CHAPTER 3: ECOVOLTAIC PRINCIPLES FOR A MORE SUSTAINABLE, 

ECOLOGICALLY INFORMED SOLAR ENERGY FUTURE2 

 

3.1 Summary 

The majority of power generated by photovoltaic energy infrastructure is derived from 

ground mounted solar arrays that prioritize energy production, minimize operating costs and, at 

best, accommodate limited ecosystem services. We argue that co-prioritizing ecosystem services 

and energy generation via an ecologically informed, Ecovoltaics approach to solar array design 

and operation will have multiple benefits for climate, biodiversity, and the restoration of 

degraded lands. 

3.2 Introduction 

Transitioning to renewable energy is key to a sustainable future for humanity, and of the 

available options, ground-mounted photovoltaic (PV) arrays have tremendous potential for 

reducing near-term net CO2 emissions. Yet for solar power to supply electricity at a meaningful 

scale, PV infrastructure is estimated to require ~20x more land area than current fossil fuel 

infrastructure (van Zalk and Behrens 2018). This land use requirement is a serious challenge for 

solar proponents from economic, socio-political, and ecological perspectives, especially because 

ground mounted utility-scale solar facilities often prioritize energy production at the expense of 

ecosystem services (Hernandez et al. 2014). Here we argue that in many settings, PV arrays 

should be designed based on ecological principles in order to underpin a more sustainable energy 

future: an approach we term Ecovoltaics. 

 

2 Sturchio, M. A., & Knapp, A. K. (2023). Ecovoltaic principles for a more sustainable, ecologically informed solar 
energy future. Nature Ecology & Evolution, 1-4. 
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3.3 Alternatives to utility-based photovoltaic infrastructure 

Utility-scale solar installations can vary widely in their impact on ecosystem services 

(Hernandez et al. 2019) with land grading and removal of vegetation beneath PV panels having 

the strongest and most obvious negative effects. As a mitigation strategy, Agrivoltaics (AV), the 

co-location of agriculture and energy production, has emerged as an increasingly popular way to 

maintain some level of ecosystem services (i.e., producing specialty crops or forage, or providing 

pollinator habitat) beneath PV arrays. Although there is some evidence for potential crop yield, 

water use, and energy production benefits from AV systems, particularly for crops grown beneath 

elevated panels (Barron-Gafford et al. 2019), most large (>10 MW) AV systems prioritize 

electricity generation and are designed based on utility-scale PV principles (e.g., generating the 

most electricity per unit land area). In other words, most AV systems are still designed for energy 

production and secondarily rely on management to facilitate additional ecosystem services (Fig. 

3.1) 

In contrast, Ecovoltaic approaches co-prioritize energy production and ecosystem 

services during both the design and management phases of PV arrays. Central to Ecovoltaics is 

an ecological understanding of the abiotic and biotic consequences of various arrangements of 

PV panels and their potential impact on ecosystems (Randle Boggis et al. 2020). With this 

knowledge, Ecovoltaic systems can be designed to facilitate a wide range of ecological 

processes, interactions, and outcomes. 

In addition to contributing to a more sustainable energy future, Ecovoltaic approaches for 

solar energy generation would offer ecologists new opportunities to test the predictive value of 

key ecological principles. Indeed, restoration ecology has long been viewed as an “acid test” for 

ecological theory (Young et al. 2005). Designing photovoltaic (PV) arrays based on ecological 
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theory represents a similar opportunity to apply, and ultimately test, foundational ecological 

principles while mitigating losses of ecosystem services as part of the global renewable energy 

transition.  

3.4 How Ecovoltaics can enhance ecosystem services and promote biodiversity 

PV panels generate significant small scale (~1m) environmental heterogeneity in 

sunlight, soil water, and temperature across space and over time (Armstrong et al. 2016) (Fig. 

3.2). In particular, variability in light and the redistribution of precipitation shed from PV panels 

can strongly influence ecological processes below. For example, PV arrays have been shown to 

alter patterns of grassland plant productivity (Adeh et al. 2018, Sturchio et al. 2022), phenology 

(Graham et al. 2021), and nutrient content of the plants beneath arrays (Andrew et al. 2021). 

Furthermore, well-established ecological theory predicts that increasing environmental 

heterogeneity, including spatial and temporal variability in resources, can increase biodiversity 

and alter ecosystem functioning. Thus, Ecovoltaic designs would alter the spacing and operation 

of PV panels, based on ecological principles, to target specific habitat modifications and generate 

environmental heterogeneity as a tool to restore, maintain, and perhaps even enhance ecosystem 

services of the ecosystems beneath. In this way, Ecovoltaics could build on past ecosystem 

restoration research (Baer et al. 2003) that has assessed the value of increasing environmental 

heterogeneity as a means of increasing biodiversity (Baer et al. 2020). Further, because 

environmental heterogeneity has been proposed to improve resilience to climate extremes such 

as droughts and heat waves (Holl et al. 2022), Ecovoltaics approaches might assist in achieving 

climate change mitigation goals.  

3.5 Land use opportunities 
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Ecovoltaic-induced environmental heterogeneity may be able to assist in the restoration 

of many degraded land cover types in need of remediation. Ecovoltaic arrays specifically 

targeted on these lands will not only allow for more rapid implementation of solar energy, but 

also provide alternatives to PV development in native ecosystems (Barron-Gafford et al. 2019). 

Below, we identify several land cover types as candidates for an Ecovoltaic approach.  

Water-limited agroecosystems including rangelands (e.g., those in warm and dry 

environments where potential evapotranspiration meets or exceeds precipitation) are prone to 

over-utilization (e.g., poor grazing management, Bardgett et al. 2021) and may benefit the most 

from the strategic design of PV arrays (Ravi et al. 2016). These short-statured ecosystems are 

generally not light-limited and thus partial shading may have minimal impacts whereas reduced 

evaporative demand may be beneficial (Kannenberg et al. 2023). For example, in these 

grasslands, where both aridity and drought are predicted to become more severe, the 

concentration of rainfall via runoff from PV panels can emulate large rainfall events that play a 

disproportionately important role in controlling aridland ecosystem processes (Post and Knapp 

2020) and may even partially rescue these ecosystems from drought (Hoover et al. 2022). As 

noted above, the structural complexity imparted by PV panels may also provide the habitat 

amelioration necessary for facilitating increased plant diversity at small spatial scales in these 

ecosystems. 

Many lands with short-statured vegetation amenable for PV deployment are grazed by 

domestic livestock, but grazing is common in most grasslands. Broadly speaking, the 

homogenization of grazing lands (Fig. 3.2) can increase their sensitivity to climatic pressures 

(Fuhlendorf et al. 2012) and thus, there have been calls for increasing environmental 

heterogeneity in rangelands to promote diverse seedling establishment, enhance plant diversity 
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and stabilize livestock production over time (Allred et al. 2014). The dynamic 

microenvironments within an Ecovoltaic array can help serve this purpose, increasing the 

diversity of forage species available to grazers, as well as enabling a wider range of plant 

phenological strategies to persist (Graham et al. 2021) with the potential to extend the 

growing/grazing season overall. 

The role of the grazer is just as meaningful. In managed and unmanaged grasslands, 

domesticated and native grazers play an important role in determining plant community structure 

(Koerner et al. 2018), and in solar arrays there are potential reciprocal benefits of grazers for 

energy generation. Grazers can facilitate PV performance by reducing plant height which 

minimizes shade on panels, while shade from PV panels can reduce heat stress in large animals, 

positively influencing their physiology and well-being (Hernandez et al. 2019). There are, 

however, concerns about PV installations disrupting migratory movements of native ungulates 

(Sawyer et al. 2022). Designing arrays that are dispersed more widely, incorporate transit 

corridors, or include fencing that retain habitat connectivity could facilitate migratory 

movements of native ungulates (Moore-O’Leary et al. 2017).   

Finally, severely degraded or abandoned agricultural lands are obvious candidates for an 

Ecovoltaic approach (Hernandez et al. 2019). Environmental heterogeneity imposed by 

Ecovoltaics could facilitate the recovery of diverse biotic communities that typically require 

decades to recover after abandonment and degradation. Indeed, biodiversity may require more 

than 80 years to recover after agricultural abandonment when compared to native undisturbed 

ecosystems (Ladouceur et al. 2023). This is particularly true for meters-scale spatial turnover of 

plant community dynamics (β-diversity), the scale at which PV panels increase environmental 

heterogeneity (Fig. 3.2). Both Europe and the US offer substantial amounts of abandoned 
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agricultural land, ideal for the deployment of PV arrays designed and operated with an 

Ecovoltaic approach. Indeed, industrially degraded lands (i.e., brownfields, and retired mining 

lands) could similarly benefit from Ecovoltaic installations, where the concentration of resources 

might accelerate the establishment of plants used for phytoremediation (Fig. 3.2). 

3.6 Ecovoltaic design options 

PV arrays can themselves be somewhat diverse in their design, with clear differences in 

microclimatic consequences for the plants beneath. Fixed axis panel arrays provide deep shade 

for shade tolerant species and redistribute rainfall to a single panel edge, effectively 

concentrating this resource in consistent microsites. In contrast, single axis tracking arrays (i.e., 

where panels move east-west to track diurnal solar movements) provide more dynamic 

microenvironmental patterns (Sturchio et al. 2022). Here even plants directly beneath panels 

receive periods of direct sunlight daily (Kannenberg et al. 2023). In ecosystems where the 

dominant vegetation requires longer periods of full sunlight, panel rows can be spaced further 

apart to reduce the amount of shade on the landscape. Conversely, in systems where reduced 

water loss from evapotranspiration is the goal, Ecovoltaic designs that maximize shading at key 

times of the day could be more advantageous.  Finally, panel angle is another parameter of 

Ecovoltaic interest because it has direct implications for the redistribution of precipitation. For 

example, designs that align panels perpendicular to the ground during rain events will result in 

very different soil moisture patterns than fixed or single axis tracking arrays.  

3.7 Conclusion 

We contend that ground-mounted solar arrays designed and managed based on ecological 

principles can provide a more sustainable approach to future PV energy expansion. The 

Ecovoltaics approach we describe above represents an extension of Agrivoltaics, which primarily 
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relies upon agricultural management to provide limited ecosystem services beneath PV arrays 

designed for maximal energy generation. In contrast, we argue that a more ecologically informed 

design strategy should enhance ecosystem services much more than agrivoltaic approaches. 

Moreover, such designs can be deployed on a wide range of degraded land cover types. 

Ecovoltaics has the potential to be used as a restoration tool for such lands, to promote desired 

biotic communities and interactions that support ecosystem function as well as potentially 

improve resilience to climate extremes. Indeed, in particularly harsh ecosystems, Ecovoltaic 

designs could provide refuge from droughts and heatwaves, while the spatiotemporally dynamic 

microenvironments promote resource complementarity, niche differentiation, and habitat 

conservation that goes beyond the static protection of plant communities.  
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3.8 Figures 

 

 

 

 
 

Figure 3.1. Solar array design and management goals. The vast majority of power generated by 
PV infrastructure globally is from utility-scale solar installations (https://www.seia.org/solar-
industry-research-data) designed to maximize energy production per unit land area, while 
minimizing cost and maintenance. As a result, the ecosystems in which they are placed are often 
minimally valued, resulting in negative impacts to, or a total loss of, natural ecosystem integrity3 
(see left panel). Agrivoltaics (AV) allow for ecosystem functionality through agricultural 
management but are typically also energy-prioritized and thus use the same array designs as 
utility scale PV. Ecovoltaic approaches, are designed and managed to co-prioritize ecosystem 
services with energy generation, and thus could be targeted for lands that might benefit from the 
presence of PV panels (see text). Therefore, Ecovoltaics is both a grid level electricity solution 
for reaching emissions goals, and a land use solution that may support recovery of ecosystem 
services on degraded lands. At the bottom of this figure, green highlighting indicates that 
ecosystem services are being prioritized.  For example, Ecovoltaic approaches prioritize 
ecosystem services during both the design and management phase of ground mounted solar 
installations. 
 

 

 

 

https://www.seia.org/solar-industry-research-data
https://www.seia.org/solar-industry-research-data
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Figure 3.2. How ecosystem services and attributes in degraded agroecosystems, rangelands or 
other low statured ecosystems might be enhanced by an Ecovoltaic approach. Strategic 
deployment of PV panels can increase both spatial (sunlight and water, upper right) and temporal 
(sunlight and temperature, upper left) environmental and resource heterogeneity. Critically, cool-
shaded, cool-wet, and warm- wet microsites can be created by PV panels in areas where 
environment homogeneity previously dominated. Size of icons in the top panels depict 
magnitude of a featured resource. Depicted in the lower panels is an example of how increased 
resource heterogeneity promotes ecosystem services, as well as potential land uses that might 
benefit from the physical presence of solar infrastructure. 
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CHAPTER 4: ECOPHYSIOLOGICAL RESPONSE OF A C3 PERENNIAL GRASS TO NOVEL 

PHOTOVOLTAIC MICROENVIRONMENTS 

 

4.1 Summary  

As the world transitions to renewable energy generation, land area devoted to ground 

mounted photovoltaic (PV) solar arrays is expected to increase dramatically, influencing both 

managed and native ecosystems. These PV arrays impose dynamic shading regimes and 

redistribute precipitation inputs on the ecosystems beneath, leading to spatial and temporal 

heterogeneity in plant growth environments. While the presence of PV infrastructure has 

previously been documented to alter community and ecosystem processes in grass-dominated 

ecosystems, underlying plant ecophysiological responses to the unique microenvironments 

generated by PV arrays are largely unexplored.  Here, we evaluated how photosynthetic 

parameters and water relations in a C3 perennial grass (Bromus inermis) varied across a range of 

microsites within a 1.6 ha (1.2 MW) PV array in the semi-arid, high sunlight climate of 

Colorado, USA. Overall, photosynthetic parameters and leaf water potentials (ψL) were generally 

higher for plants growing within the PV array compared to outside, suggesting that solar inputs 

intercepted by PV panels reduced overall plant water stress. Within the PV array, photosynthetic 

capacity (i.e., light-saturated photosynthetic rate) was surprisingly consistent spatially, not 

differing between plants growing in near full sun (between PV rows) vs. those growing directly 

beneath panels in more shaded environments (~28% of full sunlight). We also found that plants 

located in microsites receiving direct sunlight only in the morning, when air temperature and 

vapor pressure deficits (VPD) were low, had greater ψL and stomatal conductance (gsw) than 

plants receiving direct sunlight primarily in the afternoon, when temperatures and VPD were 
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higher. The reduction in physiological function in plants receiving primarily afternoon sunlight 

occurred despite such locations harboring increased soil moisture from PV panel runoff from 

afternoon rain events. Thus, while soil moisture is a primary control of plant growth in most 

water-limited grasslands, we found that VPD is a better predictor of the intraday leaf-level gas 

exchange responses that control patterns of aboveground biomass production in a PV array.  

4.2 Introduction 

 As the cost of photovoltaic (PV) energy decreases (Feldman et al. 2021), the deployment 

of ground mounted PV arrays is expected to expand, covering up to ~ 61,000 km2 in the United 

States by 2050 (Larson et al. 2020). As a result, an understanding of the potential impacts PV 

infrastructure has on ecosystems is needed to inform more sustainable array design, 

management, and siting (Hernandez et al. 2019, Sturchio and Knapp 2023). A well-documented 

consequence of PV infrastructure is the novel patterns of environmental heterogeneity (e.g., 

light, temperature, water) induced by the physical presence of rows of PV panels suspended 

above the ecosystems beneath (Armstrong et al. 2016, Adeh et al. 2018, Choi et al. 2020, Tanner 

et al. 2020, Sturchio et al. 2022, Choi et al. 2023, Sturchio and Knapp 2023). Indeed, PV-induced 

modifications in light and water environments have been linked to altered patterns of 

aboveground primary production (ANPP) in a wide range of ecosystems globally (Armstrong et 

al. 2016, Adeh et al. 2018, Andrew et al. 2021, Bai et al. 2022, Sturchio et al. 2022, Kannenberg 

et al. 2023, Sturchio and Knapp 2023, Sturchio et al. 2024, Zhang et al. 2024). Less well-known 

are the ecophysiological responses of plants to alterations in light and water availability 

generated by PV arrays. We contend that such responses have the potential to provide unique 

mechanistic insight for understanding plant growth patterns within PV arrays.  
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 Currently, our understanding of plant physiological responses to different 

microenvironments within PV arrays are limited to short-term measurements of desert species 

(Smith et al. 1987, Hernandez et al. 2020, Tanner et al. 2021, Wynne-Sison et al. 2023), as well 

as seasonal and diurnal ecophysiological responses of irrigated specialty crops (Marrou et al. 

2013, Barron-Gafford et al. 2019, Juillion et al. 2022) in Agrivoltaic settings (AV, an approach to 

solar energy development where the land beneath PV panels is co-utilized for agricultural 

production, Dupraz et al. 2011, Dinesh & Pearce 2016). However,  the majority of AV land use to 

date involves perennial agroecosystems, such as restored and managed grasslands, generating 

ecosystem services in the form of forage production and pollinator habitat (Inspire AV Map). 

How these long-lived perennial species will respond to the novel environments imposed by PV 

arrays is unresolved. 

 Environmental variation in light, temperature, and water are well-known to affect plant 

physiology at the leaf, whole-plant, and ecosystem levels (Ellsworth and Reich 1992, Atkin and 

Tjoelker 2003, Wright et al. 2004, Smith and Dukes 2013, Cabon et al. 2022). In the case of PV 

arrays, dynamic light regimes and the redistribution of precipitation (via panel runoff) result in 

spatially heterogeneous patterns of soil moisture (SM) that have been shown to weaken (Sturchio 

et al. 2022) the otherwise robust positive relationship between SM and aboveground net primary 

production (ANPP) in semi-arid grasslands (Sala et al. 1988, Knapp et al. 2002, La Pierre et al. 

2016, Post and Knapp 2021). A proposed explanation for this disruption is that because 

microsites within PV arrays can vary dramatically in both the amount of sunlight received, as 

well as the diurnal timing of when direct sunlight is incident, the altered solar radiation regime 

dampens SM as a driver of plant growth. Ecophysiological evidence consistent with this 

hypothesis and supporting these patterns of ANPP is lacking, however.  

https://openei.org/wiki/InSPIRE/Agrivoltaics_Map
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 Here, we assessed the physiological response of a C3 perennial grass to PV induced 

environmental heterogeneity in a formerly managed semi-arid grassland in Colorado, USA. Past 

research at this site revealed consistent and substantial variation in ANPP depending on the 

microsite within the PV array (see Sturchio et al. 2022, Sturchio et al. 2024). The goals of this 

study were to 1) quantify how environmental heterogeneity within an PV array alters Bromus 

inermis photosynthetic capacity and leaf water relations, 2) determine relationships between 

diurnal patterns of stomatal conductance (gsw) and leaf water potential (ψL) and key 

environmental drivers, and finally 3), relate ecophysiological patterns in this dominant grass to 

aboveground productivity. 

We expected that 1) the wide variation of spatial and temporal amounts and patterns of 

light availability within the PV array would lead to diurnal and seasonal physiological responses 

that differed dramatically from those outside the array, 2) that within the PV array, plants 

receiving morning light would strongly differ in their rates of gas exchange (gsw) and overall 

water relations than plants receiving afternoon light, and 3) that diurnal patterns of leaf water 

status and stomatal response, which should relate to productivity, will be better predicted by the 

atmospheric demand for water (vapor pressure deficit as determined by humidity and 

temperature) during periods of direct sunlight rather than the supply of water to plants (SM).  

4.3 Materials and Methods 

4.3.1 Site Information 

Research was conducted at Jack’s Solar Garden (JSG), an agrivoltaic research facility 

(https://www.jackssolargarden.com/) near Longmont, CO (elevation 1508m, 40°07'18.9"N 

105°07'49.9"W). JSG is on Mountain Daylight Time (UTC - 06:00) and all references to time of 

day are reported on a 24-hour clock (00:00-24:00). The climate is semi-arid with a mean annual 

https://www.jackssolargarden.com/
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temperature of 9.8°C and 367 mm of precipitation annually (Colorado Climate Center 

http://ccc.atmos.colostate.edu/). Historically, the 1.5 ha site was managed for hay production, but 

active management (mowing) ended in 2019 when the PV array was installed. The grassland at 

JSG is dominated (>80% cover) by a perennial nonnative C3 grass (Bromus inermus) with 

scattered individuals of Dactylis glomerata (C3 Orchard grass), Medicago sativa (Alfalfa) and 

Tragopogon dubius (C3 forb) interspersed. This study took place beneath PV panels mounted 1.8 

m above the ground (Fig. 4.1a). Individual PV panels at JSG are 2m (east-west) × 1m (north-

south) and are mounted in series on a single axis tracking system (tracking east-west, Fig. 4.1a).  

4.3.2 Experimental Design 

We established three 10.4 m transects perpendicular to the rows of PV panels within a 

portion of JSG that has been maintained as an undisturbed perennial grassland (Fig. 4.1a). Each 

transect was comprised of 4 replicate sampling points along the environmental gradient created 

by the PV panels (Eedge; beneath eastern edge of panel where rainfall is redistributed, Wedge; 

beneath western edge of panel where rainfall is redistributed, Beneath; directly beneath panel, in 

line with the panel support beams, and Between; between rows of panels, Fig. 4.1a). Each 

experimental plot was 1 × 0.5 m with a 3 m north-south gap separating transects. Control plots 

were located ~20 m outside the solar array in a similarly managed portion of the formerly hayed 

grassland, but not affected by the shade or precipitation redistribution from panels. At the end of 

the growing season (September 29th), all experimental plots (n = 52) were sampled for 

aboveground net primary production (ANPP, g m-2). Because the site had been mowed at the end 

of the 2021 growing season, aboveground biomass accumulating in 2022 represented ANPP. 

While harvesting, biomass was sorted by functional group (grass vs. forb). Harvested biomass 

was dried at 60 °C for 72 hours before being weighed to the nearest 0.01 g. 

http://ccc.atmos.colostate.edu/
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4.3.3 Environmental measurements 

Diurnal patterns of air temperature (Tair), relative humidity (RH%), and Photosynthetic 

Photon Flux Density (PPFD), were continuously recorded at a meteorological station on site at 

JSG, May-September 2022, henceforth referred to as the growing season. We recorded PPFD 

every 15 minutes using CS310 Quantum Sensors (Campbell Scientific, Logan, UT) located in 

plots directly between PV support posts (Fig. 4.1a, Between), 80cm east of support posts (Fig.  

4.1a, Eedge), directly in line with support posts (Fig. 4.1a, Beneath), and 80cm west of support 

posts (Fig. 4.1a, Wedge). Eedge and Wedge were located 80cm in either direction of support posts to 

quantify temporal patterns of light availability underneath eastern and western drip edges 

respectively. PPFD measurements were recorded at grass canopy height which required 

continuous adjustments as the canopy grew taller throughout the growing season. An on-site 

meteorological station provided control plot PPFD, Tair, and RH%. 

Volumetric water content (VWC, referred to as SM in the text) was measured every 15 

minutes for all experimental microsites and control plots using CS616 Soil Moisture Sensors 

(Campbell Scientific, Logan, UT). Each plot had paired sensors recording SM at depths of 0-15 

(shallow) and 15-30cm (deep), (Fig. 4.1a). 

4.3.4 Light Response of Photosynthesis 

Plants located in each of the microsites indicated in Fig. 4.1a, as well as in the control 

plot, were used to assess differences in light saturated photosynthesis (Asat) and the quantum 

yield of CO2 assimilation (ɸCO2) in B. inermis. Duplicate measurements were made on separate 

leaves across transects (3 transects, 2 reps, n=6 plants). Light responses of leaf-level 

photosynthesis were measured bi-weekly during peak growing season (June & July) using a 

portable photosynthesis system (LI-6800, LiCor., Inc, Lincoln NE, USA). The LI-6800 was fitted 
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with a 3x3 cm cuvette head and a red-blue LED light source. For all measurements, flow rate 

was held constant at 600 µmol s-1. The LI-6800 temperature exchanger was set to the prevailing 

midday temperature, which resulted in an average leaf temperature (Tleaf ) setting of 31.3 ± 2.1 °C 

(standard deviation) across all measurements. Chamber reference CO2 was set to 420 µmol mol-1 

and photosynthetic photon flux density (PPFD) was set to 1800 µmol m-2 s-1 before leaves were 

placed into the chamber. Once placed in the chamber, leaves typically reached steady state within 

5-10 min, at which time a light response curve was initiated.  

All measurements occurred between 09:00 and 13:00 local time and were made on recently 

matured, fully expanded, upper canopy leaves. One-sided surface area of leaves within the 

chamber was estimated by measuring leaf length and width. Light response curves were 

constructed by measuring A at 12 reference [PPFD] values between 2000 and 0 µmol m-2 s-1 in a 

descending stepwise fashion (Figure A2.1). Each light response curve was parameterized using a 

non-rectangular parabola (Marshall and Biscoe 1980) through least squared parameter estimation 

in R version 4.1.2 (R Core Team 2017). The model was fit using the photosynthesis package 

(Stinziano et al. 2021) to estimate light saturated net CO2 assimilation rate (Anet), quantum yield 

of CO2 assimilation (ɸCO2), and light compensation point (LCP, light level needed for 

photosynthesis to exceed respiration). 

4.3.5 CO2 response of photosynthesis 

Similar to light response curves, CO2 response curves of photosynthesis (A-Ci) were 

measured bi-weekly during peak growing season (June and July) using a LI-6800. Duplicate 

measurements were made on separate leaves across transects (n=6). Environmental conditions, 

leaf position, and timing of A-Ci measurements were the same as light response measurements. 

All A-Ci curves were constructed by measuring net photosynthesis (Anet) at 12 reference [CO2] 
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values between 0 and 1500 μmol mol-1 in a stepwise fashion (420, 300, 250, 150, 100, 50, 0, 420, 

650, 800, 1200, 1500, see Figure A2.2). At each reference value, an auto-matching program 

limited fluctuations of reference CO2 <0.1 μmol mol-1 before logging to ensure accurate 

measurements. Each A-Ci curve was parameterized using the Farquhar model of C3 

photosynthesis (Farquhar et al. 1980) using non-linear least squared parameter estimation in R 

version 4.1.2 (R Core Team 2017). The model was fit using the fitaci function from the 

Plantecophys package (Duursma 2015). The model estimates the maximum rate of rubisco 

carboxylation (Vcmax) and the maximum rate of electron transport for RuBP regeneration (Jmax). 

The temperature correction function was set to field measurements of Tleaf (leaf temperature). 

Leaf mesophyll conductance to CO2 was not estimated, thus Vcmax and Jmax are apparent values 

that reflect both biochemical limitations and mesophyll conductance (e.g., Salmon et al. 2020). 

Spot measurements were selected at chamber PPFD 1800 µmol m-2 s-1 (i.e., saturating light) and 

reference CO2 420 μmol mol-1 (i.e., ambient CO2 concentration) to determine relationship 

between A and gs. Because a strong relationship between the two was evident (see results), we 

used measurements of gs to infer responses in A. 

4.3.6 Diurnal measurements of stomatal conductance (gs) and leaf water potential (ψL) 

 At two-week intervals, diurnal measurements of stomatal conductance (gsw) were made at 

five times throughout the day (09:00, 11:00, 13:00, 15:00, and 17:00 hrs) using a portable 

porometer/fluorometer (LI-600, LiCor., Inc, Lincoln NE, USA). Three replicate measurements 

were taken per experimental plot (between, Eedge, beneath, Wedge, and control) per transect, 

resulting in nine plot level replicates across transects. Grass gsw has been shown to be variable 

along leaf blades (Ocheltree et al. 2012), so as a precautionary measure, all gsw measurements 

were taken from a standardized point on B. inermis leaves.  
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Leaf water potential (ψL) was measured at a similar temporal and spatial frequency diurnally. 

Three leaves were removed per plot per transect, resulting in nine plot level replicates. Sampled 

leaves were placed in plastic bags with damp paper towel. ψL was measured on site at JSG using 

a Scholander-type pressure chamber (PMS Instruments, Corvallis, OR, USA). All leaves were 

sampled within 40 minutes of diurnal timepoints, and all measurements were made within an 

hour. 

4.3.7 Data Analysis 

Spatial patterns of aboveground net primary production (ANPP) were similar across all 

transects, so data were analyzed using a one-way analysis of variance (ANOVA) to test plot level 

effects. Similarly, sunlight (PPFD) and growing season means of diurnal physiological response 

(gsw and ψL) had little variation at the transect level and as a result were analyzed using one-way 

ANOVA. Two-way ANOVA was used to test for differences between SM at two measurement 

depths (0-15 and 15-30cm) (Microsite × Depth), and to test how the presence of shade related to 

diurnal physiological response (gsw × Shade) and (ψL × Shade). A relative weight analysis (rwa 

package in R, cran.r-project.org/web/packages/rwa/rwa.pdf) was used to quantify microsite level 

differences of direction and magnitude for total variance in a regression model for gsw and ψL into 

weights, reflecting the proportional contribution of the predictor variables (SM and VPD). 

Relative weight analysis allowed us to quantify the proportional influence of covarying 

environmental drivers on plant physiological processes. Analysis of co-variance (ANCOVA) was 

then used to determine sensitivity of gsw and ψL to SM and VPD via microsite level differences of 

slope coefficients. 

4.4 Results 

4.4.1 Precipitation and Temperature 

chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https:/cran.r-project.org/web/packages/rwa/rwa.pdf
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In 2022, annual precipitation at the site was 11% higher than the long-term average (404 

vs. 365 mm, respectively). However, the early growing season (April, May, June) was ∼40% 

drier than normal (89 mm in 2022 vs. 148 mm average), and the late growing season (July, 

August) was ∼30% wetter than the long-term average (96 mm vs. 65 mm, Colorado Climate 

Center; http://ccc.atmos.colostate.edu/). Mean annual temperature (10.2 °C) was slightly above 

the 30-year average (9.8 °C). 

4.4.2 Light 

Compared to open field conditions, light within the array was reduced by ~38.3% during 

the growing season averaged across all microsites (Fig. 4.2a, b). As expected, plants Between 

rows of panels received the most sunlight within the PV array (72.3% of control), followed by 

Eedge (52%), Wedge (37%), and Beneath panel (28%). Differences between PPFD on a single 

cloudless day (Fig. 4.2a, b insets) and means over the growing season highlight the reduced 

magnitude of afternoon sunlight available to Wedge and Beneath panel microsites by ~10% and 

~6%, respectively. Reduced Wedge PPFD in the afternoon was likely a result of increased cloud 

cover that consistently developed over nearby mountains. 

4.4.3 Soil Moisture 

Measurements of SM revealed that Eedge and Wedge microsites were, on average, wetter 

than all experimental microsites at depths of 0-15cm (Fig. 4.2, Fig. A2.3). The amplification of 

precipitation events at panel edges increased shallow SM ~2-4 times more for Eedge and Wedge 

compared to controls (Fig. 4.2c, d). Statistically significant differences between shallow and 

deep SM were only apparent in PV microsites where rainfall was concentrated (Wedge and Eedge) 

or impeded (Beneath), see Fig. 4.2 and A2.3. At these microsites, deep soils were typically wetter 

than shallow, apart from Eedge where shallow soils were consistently wetter than deep (Fig. 4.2f, 
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A2.3). The Beneath microsite was relatively unaffected by rainfall events (e.g., did not increase 

in direct response to precipitation events), yet maintained seasonally consistent moisture status 

likely through a combination of belowground hydrological processes, lateral moisture transfer 

from adjacent areas, and reduced evapotranspiration. 

4.4.4 Productivity 

Although a few species other than B. inermis persist at the study site, none were present 

in PV sampling transects, and because of this, ANPP statistical analyses only account for B. 

inermis production. Patterns of ANPP were consistent across transects, however results of a one-

way-ANOVA indicated there were statistically significant differences between microsites (p < 

0.001, Fig. 4.1b). We found that plants in the Eedge microsite were on average 30% (± 5 SE) more 

productive (p < 0.01) than control, while Beneath plants were 22% (± 4 SE) less productive than 

controls. To infer how these results might scale to the landscape level, we standardized ANPP by 

plot area (following Kannenberg et al. 2023). Averaged across plots and standardized by 

microsite area, we estimated that ANPP within the array overall was not statistically different 

from control ANPP (p = 0.28), although the calculated mean ANPP in the array was ~6.1% lower 

than the control. 

4.4.5 Photosynthetic Capacity  

On average, we found that Asat and ɸCO2 were significantly (p < 0.05, see Fig. 4.3) higher 

for plants within the PV array (18.1 ± 1.02 SE, 0.056 ± 0.002 SE, respectively), compared to 

control plants outside the array (9.7 ± 1.4 SE, 0.038 ± 0.003 SE, respectively). Although 

differences in Vcmax, and Jmax were not statistically different between PV microsites and control (p 

= 0.24 and 0.11, respectively), means of Vcmax and Jmax were ~32% and 40% higher respectively 
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(See Fig. A2.4). The strong relationship between A and gs (Fig. 4.3c) at an ambient concentration 

of CO2 indicates that measurements of gsw can reliably be inferred as reflective of responses in A. 

4.4.6 Diurnal Physiology 

Differences in gsw and ψL varied throughout the diurnal cycle, but temporal differences in 

these traits depended upon spatial, microsite level differences (significant Time of Day × 

Microsite interactions). Based on seasonally averaged diurnal patterns, Eedge plants had 

significantly higher gsw than plants located in all other experimental microsites (p < 0.001) at the 

first measurement period (9:00 am local time). This pattern continued throughout the morning 

(11:00), when gsw for Eedge and Beneath plants were significantly higher than all other plants (Fig. 

4.4a). By midday (13:00) control plants had significantly lower gsw compared to all plants located 

within the PV array, and this trend was sustained for much of the day.  

To determine how variation among microsite-level diurnal measurements differed 

throughout the growing season, a one-way ANOVA was used to compare daily averages of gsw 

between microsites. The results of this analysis show that Eedge had significantly higher gsw than 

all other PV (+18-45%) and control plots (+115%) (Fig. 4.4b). Additional one-way ANOVAs 

were used to determine how the presence of shade altered microsite specific response of gsw 

throughout the growing season. Only experimental microsites in the array were used for this 

analysis because control plots never experienced PV shade. As expected, the presence of shade 

significantly reduced gsw across all microsites except for Wedge, where plants had 18 ± 4% higher 

gsw in the shade (Fig. 4.4b inset).  

At the first diurnal measurement period, plants located in Wedge and Between microsites 

had significantly (p < 0.001) higher ψL than those located in Control and Beneath microsites. 

Mid-morning measurements at 11:00, indicated that Eedge plants had significantly lower ψL than 
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those located in Wedge and Beneath, however, by midday (13:00), microsite level differences in 

ψL were no longer statistically different. However, in the early afternoon (15:00) Control ψL 

decreased significantly below all other microsites (Fig. 4.4c), and by late afternoon when final 

diurnal measurements were taken, ψL for Beneath and Control plants were significantly lower 

than plants in all other experimental microsites.  

Mid-day ψL is often assumed to estimate maximum daily water stress, so to better 

illustrate variation in measurement means of this key physiological variable, a separate one-way 

ANOVA (Fig. 4.4d) was used to analyze a subset of measurements at mid-day (i.e., solar noon, 

13:00). This analysis revealed that Eedge and Beneath plants had significantly higher mid-day ψL 

than Wedge, Between, and Control plants. As with gsw analyses, additional one-way ANOVAs were 

used to determine how the presence of shade related to diurnal response of ψL (Fig. 4.4d inset). 

ψL was only significantly higher for Beneath and Between plants when PV shade was present. 

The large variation of sun and shade ψL for Between plants is likely a result of early morning 

shade (09:00, Fig. 4.4d) delaying stomatal opening and thus ψL was more reflective of soil water 

potential at the site. 

4.4.7 Relationships between environmental drivers and physiology 

 Through relative weight analysis, we determined that SM and VPD had substantially 

different effects on gsw and ψL across the growing season and these effects varied in direction and 

magnitude between plots (Fig. A2.5). For example, SM contributed to most of the variation in 

gsw for Wedge and Between plants, but VPD contributed to most of the variation in ψL. However, at 

the Eedge VPD was responsible for variation in gsw, and SM for ψL. Beneath physiological 

responses were equally impacted by SM and VPD, while variation in Control plant gsw, and ψL 

were both driven by VPD. The relative contribution of variation attributed to VPD in Control 
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plants, however, may also be due to the lack of early season SM measurements in control plots 

(e.g., Fig. 4.2c). 

There was a consistently positive relationship between SM and gsw across plots (r2 = 0.54, 

Fig. 4.5e), but no significant pattern between SM and ψL (Fig. 4.5f). In contrast, both gsw and ψL 

displayed negative relationships in response to increased VPD, with the slopes of those 

relationships differing between microsites (VPD × Microsite interaction, Fig. 4.5, panel b, d), 

indicating that some plots responded more strongly to VPD. Indeed, comparison of Eedge and 

Wedge (Fig. 4.5b, d) highlights the control of VPD on plant water status and thus gsw response, 

despite both microsites experiencing wetter soils and similar amounts of light availability. 

Overall, slopes of relationships between ψL and VPD were higher for plants in Control, 

Wedge, and Between microsites, indicating greater sensitivity to VPD throughout the growing 

season compared to Eedge and Beneath plants (Fig. 4.5a, b). In contrast, slopes of relationships 

between gsw and VPD were more negative for Eedge and Between plants, indicating more 

sensitivity in stomatal response to increasing VPD (Fig. 4.5c, d). 

4.5 Discussion 

Our goal was to determine how microsites with different environmental conditions within 

PV arrays can alter physiological responses that underly patterns of productivity in a C3 grass. 

Consistent with previous work (Sturchio et al. 2022, Sturchio et al. 2024), we found that plants 

located on the Eedge of PV panels, exposed to morning sunlight and afternoon shade, had the 

highest ANPP despite receiving less direct sunlight (Fig. 4.2b) than control plants. Surprisingly, 

photosynthetic parameters (Asat, ɸCO2) were similar across microsites within the array but were 

significantly lower for plants growing in control plots outside of the array. These control plants 

also had consistently lower ψL throughout the growing season and were presumably more water 
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stressed. We found that plants exposed to primarily morning light consistently had the higher gsw 

and ψL throughout the growing season (Fig. 4.4). Additionally, Eedge plants had the highest 

sensitivity of stomatal response to changes in VPD (Fig. 4.5d), but ψL was relatively unchanged 

by changes in VPD (Fig. 4.5b).  

4.5.1 The importance of the diurnal timing of direct sunlight  

Strong positive relationships between SM and gsw highlight the importance of SM as a 

determinant of productivity in water limited grasslands. However, variation in SM happens at 

coarser time scales and is less consistent than diurnal fluctuations of VPD. Diurnal patterns of 

gsw and ψL are more dependent upon changes in VPD, evidenced by the contrasting relationships 

between Eedge and Wedge plants which receive direct sunlight in the morning or afternoon, 

respectively (Fig. 4.5a, b). Therefore, SM is likely more physiologically important in PV arrays 

than previously reported (i.e., Sturchio et al. 2022), however, diurnal patterns of physiological 

response indicate that VPD is more important for controlling diurnal patterns of plant water 

balance and potentially the apparent differences in end of season production across microsites. 

The ability of Eedge plants to maintain a consistent ψL regardless of changes in VPD is 

likely due to afternoon shading, reducing physiological stress when atmospheric demand is at its 

highest. This is in stark contrast to the physiological response of Wedge plants that receive a 

majority of sunlight in the afternoon, where gsw is limited by high VPD (Fig. 4.5d) and ψL 

responds more dynamically (Fig. 4.5c). Although Eedge and Wedge plants exist just two meters 

apart and receive nearly identical amounts of direct sunlight daily, the association between time 

of day and VPD (Fig. 4.6) drastically impacts their diurnal physiology. The relationship between 

gsw and SM illustrates this point by showing that Eedge and Wedge plants are capable of similar gsw 

maximums, but that Eedge achieved those at much lower levels of soil moisture (Fig. 4.5f). 
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However, the relative importance of SM and VPD as limiting factors of production might be 

expected to change during drought conditions. Future studies that quantify how these 

relationships change under severe water limitation will help determine the potential water 

savings benefits of photovoltaic colocation in water limited ecosystems. 

4.5.2 Photosynthetic response to novel PV light regimes 

Dynamic photosynthetic parameters and their response to alterations in sunlight 

availability have been well documented across leaf, plant, and ecosystem levels (Thornley 1974, 

Chazdon and Pearcy 1991, Kull and Kruijt 1998, Emmel et al. 2020). In this unique 

environment, we found that despite a ~40% reduction in photosynthetically active light within 

the array, Asat and ɸCO2 were both significantly higher for plants inside the PV array compared 

to control plants (Fig. 4.3). Control plants also had consistently lower midday plant water 

potential than those within the array. These responses indicate that reductions in the availability 

of direct sunlight might negligibly impact the overall capacity of photosynthesis in C3 grasses 

and a reduction in solar radiation may even help alleviate water stress in dry climates. This 

finding has important implications for the future design of PV arrays that co-prioritize ecosystem 

services and energy production (i.e., Ecovoltaics, see Sturchio and Knapp 2023). If light is not a 

sizeable limitation to photosynthesis in vegetation under the panels, numerous management 

options could be applied while minimally impacting vegetation carbon uptake and growth. 

Temperature is an environmental variable that has demonstrated considerable control on 

instantaneous and seasonal fluctuations of photosynthetic response (Atkin and Tjoelker 2003, 

Yamori et al. 2014, Smith and Dukes 2017). As previously stated, patterns of stomatal 

conductance were much different for Eedge and Wedge plants (morning light vs. afternoon light) 

(Fig. 4.4, A2.6), however these differences had no discernable effect on light and CO2 response 
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(Asat, ɸCO2, Vcmax, and Jmax, Fig. 4.3, Fig. A2.4) of all plants grown in PV microsites. This result 

is in contrast to the lower rates of Asat in control plants (Fig. 4.3, Fig. A2.4) which could be the 

result of a combination of longer exposure to direct sunlight and elevated leaf temperatures (~ 4 

°C higher for control plants than PV plants, Figure A2.7), therefore promoting greater water 

stress. Temperature response of photosynthesis was not directly tested in this study, but further 

inquiry may be useful in determining whether biochemical limitation via temperature stress 

varies between plants grown in PV shade and control plants. 

4.5.3 Building an ecological understanding of PV agroecosystems 

As first noted by Smith et al. (1987) more than 30 years ago, in arid and semi-arid 

systems, reductions in solar irradiance from PV panels may be offset by the benefits of higher 

plant water potential during times of limited water availability. Indeed, the mechanistic 

importance of when light is available might help inform ecologically informed approaches to 

solar development that prioritize plant water relations over energy production during the hottest 

and driest days of the growing season (Sturchio and Knapp 2023). These dynamic PV 

microenvironments shift the nature of resource limitation in space and time, enabling potential 

applications related to water stress abatement.  

Future work that tests the efficacy of these principles in more diverse grasslands will play 

an essential role in determining where large-scale solar projects are developed and how they are 

managed. For example, in more diverse rangelands there will be more opportunities to test how 

plants from different functional groups (i.e., C3 grass, C4  grass, forb, shrubs) alter their patterns 

of physiological response to the unique microenvironmental conditions in an PV array. Of 

particular interest is determining if C4 plants (i.e., “warm season” species) respond differently to 

the unique PV-generated microenvironments. Distinct temporal shifts in phenology (Graham et 



 

 

63 

al. 2021) and seasonality (Sturchio et al. 2024) of key ecosystem services (e.g., floral resources 

and forage quality) have been reported in other PV arrays. A physiologically rooted investigation 

for how environmental heterogeneity contributes to phenological patterns of floral production, 

forage quality, and water use, will enable us to better predict ecosystem response and the overall 

sustainability of PV co-location. 

4.6 Conclusion 

In conclusion, we found that microenvironmental conditions created by PV panels altered 

patterns of photosynthetic response, water balance, and productivity of a C3 grass in semi-arid 

Colorado. We found that photosynthetic parameters (Asat, ɸCO2, Vcmax, and Jmax) were similar for 

plants in PV microsites, but consistently lower in control plants outside the array. This reduction 

was also present, although muted, in patterns of ANPP, and were likely a result of a combination 

of higher overall water stress (i.e., coupled response of gsw and ψL) and perhaps temperature 

stress from prolonged exposure to direct sunlight. In fact, the relationship between timing of light 

availability and atmospheric water demand (i.e., morning vs. afternoon see Fig. 4.6) limited gsw 

for plants growing in afternoon sunlight when temperatures were hotter and drier. This work 

provides mechanistic insight into the physiological processes that underly function in these novel 

ecosystems. The apparent physiological benefits of shade highlight the compatibility of water 

limited grasslands and PV cover, at least for C3 grasses. Further work that identifies the 

contribution of environmental conditions to physiological variability across species and biomes 

is needed to inform sustainable PV co-location. 
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4.7 Figures 

 

 

 

 

 

 

 
 

Figure 4.1. Left: Annotated photograph depicting the experimental microsites (between, Eedge, 
beneath, and Wedge) used for physiological measurements and end of season plant productivity 
sampling. Soil moisture sensor layout (20cm between sensors, E-W) at two depths is shown 
using white and grey dots. Right: Spatial patterns of mean aboveground net primary productivity 
(ANPP) for 2022 for experimental microsites are shown in bars. Patterns of production are 
comparable to those reported previously at the same site (Sturchio et al. 2022, Sturchio et al. 
2024). Lines on vertical bars represent standard error from the mean. Letters above bars denote 
statistical differences (p<0.05). The control microsite mean ANPP is depicted by a dashed 
horizontal line with a light blue shadow representing standard error from the mean.  
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Figure 4.2. (a) Mean growing season patterns of diurnal photosynthetic photon flux density 
(PPFD) in a control site (with no influence of the PV array) and in the two PV microsites that 
differed dramatically in incident solar radiation (directly beneath and in-between panels. (b) 
PPFD patterns in two PV microsites that experience opposing diurnal patterns of PPFD (morning 
vs. afternoon sun) as well as unequal amount precipitation due to redistribution (runoff) of 
precipitation occurring primarily in the afternoon from late day thunderstorms. Insets in both (a) 
and (b) show diurnal patterns of PPFD on a cloudless day with grey shadowing on lines 
representing standard error from the mean. In (c-f), growing season soil moisture is similarly 
shown, illustrating the concentration of precipitation at panel edges. Note the differences 
between 0-15cm (c and d) and 15-30cm (e and f). Plot level statistical differences between 
shallow and deep soil moisture are shown in supplemental Figure 3.  
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Figure 4.3. Light saturated photosynthesis (Asat, see panel a) and quantum yield of CO2 
assimilation ( CO2, see panel b). PV microsite means are shown using vertical bars with 
vertical lines indicating standard error from the mean. The control microsite mean is depicted by 
a dashed horizontal line with a light green shadow representing standard error from the mean. 
Star indicates significant difference between control microsite and all PV microsites (* < 0.05). 
Relationship between A (assimilation of CO2) and gsw (stomatal conductance to water vapor) 
combined for plants in all microsites combined is shown in panel c. 
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Figure 4.4. Growing season means (n= 8 timepoints) of stomatal conductance to water (gsw) and 
leaf water potential (ψL) over time (diurnally, panels a and c) and across space (microsites, panels 
b and d). Open circles indicate timepoints when plants receive direct sunlight, and closed circles 
indicate when plants are shaded by PVs. Letters above bars represent statistical similarity, where 
shared letters indicate statistical similarity. Insets in panels b and d indicate the variable patterns 
of plant physiology when leaves of different plots experience sun vs. shade. 
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Figure 4.5. Relationships between VPD and leaf physiological traits (gsw and ψL) contrasting PV 
microsites as in Fig. 2.  Relationships between soil moisture and leaf physiological traits (e and 
f) were not split in this way because slopes of relationships were consistent across plots. Note 
that control and beneath plots are not shown in (f) due to the small range in soil moisture 
encountered during sampling dates. 
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Figure 4.6. Single day example for the diurnal patterns of environmental drivers of 
photosynthesis. Red and blue lines indicate light intensity (PPFD) for plots located identical 
distance from PV support pole on east and west edges respectively. Dashed black line indicates 
diurnal pattern of vapor pressure deficit (VPD). Grey line represents air temperature. 
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CHAPTER 5: AGRIVOLTAIC ARRAYS CAN MAINTAIN SEMI-ARID GRASSLAND 

PRODUCTIVITY AND EXTEND THE SEASONALITY OF FORAGE QUALITY3 

 

5.1 Summary 

 The co-location of photovoltaic energy generation and agricultural land use (Agrivoltaics, 

AV) has become increasingly popular in recent years. Although the benefits of AV in croplands 

have great promise, the development of AV systems has primarily occurred in former grasslands 

and sites now managed as grasslands, because of their relatively flat topography and consistently 

high solar irradiation. Evidence is accumulating that grassland productivity can be maintained 

within solar arrays, but how grassland productivity responds to grazing within solar arrays is 

largely unknown, despite the prevalence of grazing as a vegetation management option. Here, we 

report the results of a study aimed at quantifying how a semi-arid C3 grassland growing beneath 

an AV system in Colorado (USA) responded to simulated grazing treatments (canopy removal in 

June or July). In the absence of simulated grazing, there were no differences between 

aboveground primary production in the AV grassland vs. an adjacent control grassland. However, 

simulated grazing in June and July had a compensatory effect and, in some cases, annual 

productivity exceeded that in the control grassland. Additionally, we found that simulated 

grazing increased forage protein content later into the growing season compared to un-grazed AV 

and control sites. Overall, our results indicate that grazing within a grassland AV array is unlikely 

to negatively impact forage production, and that forage quality in this semi-arid region may even 

be increased later into the growing season with grazing.  

 
3 Sturchio, M. A., Kannenberg, S. A., & Knapp, A. K. (2024). Agrivoltaic arrays can maintain semi-arid grassland 

productivity and extend the seasonality of forage quality. Applied Energy, 356, 122418. 
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5.2 Introduction 

 Increasing energy production from ground mounted photovoltaic (PV) solar 

arrays is a realistic approach for reducing greenhouse gas emissions in the near term (IPCC 

2023). However, the land area required for PV is much greater than that of fossil fuel-based 

energy systems (US DOE 2021), and the requirements of this land are more stringent. The ideal 

locations for PV arrays are topographically flat with high annual solar irradiation. However, if 

water is available, most of this land is currently used for agricultural production (e.g., croplands 

and forage production, Adeh et al. 2019), which creates a land-use conflict and hinders the 

widespread deployment of PV.  

To alleviate some of this land use tension and improve the sustainability of PV 

development, agrivoltaic systems (AV), where agriculture and energy production are co-located 

on the same land, have emerged as a promising solution (Dupraz et al. 2011, Macknick et al. 

2013, Dinesh & Pearce 2016, Barron-Gafford et al. 2019, Macknick et al. 2022). In some cases, 

AV facilities have been shown to improve growing conditions for the plants beneath and reduce 

the water demand of specialty crops (Barron-Gafford et al. 2019). However, concerns related to 

the use of farm equipment around PV structures, the long-term productivity of prime agricultural 

land, and sociopolitical hurdles have limited the expansion of crop producing AV at the gigawatt 

(GW) scale (Pascaris et al. 2020, 2021). For these reasons and others, AV development co-

located with grazing lands and/or pollinator habitat has become the most popular version of AV 

in the US, currently covering ~100x greater land area than that of crop producing AV arrays 

(Inspire Agrivoltaics Map, https://openei.org/wiki/InSPIRE/Agrivoltaics_Map). Given this 

disproportionate interest in non-crop AV development, including interest in “ecovoltaic” 

https://openei.org/wiki/InSPIRE/Agrivoltaics_Map
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approaches where ecosystem services are prioritized within PV arrays (Sturchio and Knapp 

2023), it is important that we quantify how PV arrays alter ecosystem function. 

Vegetation management is of high importance in AV arrays, in particular reducing the 

height of vegetation to avoid panel shading. While mowing has traditionally been the means to 

accomplish this, grazing at AV facilities has recently been deployed as a cost reduction strategy 

that adds an additional layer of land use functionality (McCall et al. 2023). In the upcoming 

decade, the number of AV facilities utilizing grazing management is likely to grow, and although 

operators and practitioners have begun to develop these strategies, there is a clear need to better 

understand how the unique microenvironments beneath solar panels interact with management 

strategies to impact forage production and plant nutritional quality throughout the growing 

season. Past studies of grassland AV facilities (without grazing) have shown that PV panels alter 

ecological processes that regulate ecosystem health and function (Armstrong et al. 2016, Adeh et 

al. 2018, Sturchio et al. 2022, Kannenberg et al. 2023). In Oregon, USA, where precipitation 

inputs are highest during cool winter months (i.e., Mediterranean climate), researchers reported 

an inverse relationship between productivity and forage quality in a grass dominated pasture, 

where low productivity microenvironments beneath PV arrays supported higher quality forage 

(Andrew et al. 2021). In a complementary study, delays in flowering phenology were related to 

unique AV microenvironments (Graham et al. 2021), with potential implications for extending 

the grazing season and buffering climate driven pollinator mismatch (Walston et al. 2022, Choi 

et al. 2023, Sturchio and Knapp 2023). The impacts of grazing on forage productivity and 

quality, though, have yet to be investigated. 

Short-statured grassland ecosystems like those of the semi-arid western US are ideal 

candidates for PV development because they require minimal management and are generally 
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more limited by water than light (Sturchio and Knapp 2023). In an AV array located in semi-arid 

Colorado, USA, panel-induced heterogeneity in environmental drivers alter patterns of plant 

productivity (Sturchio et al. 2022). However, soil moisture, which is typically a strong predictor 

of productivity in water limited grasslands (Sala and Lauenroth 1982, Sala et al. 1988, Gherardi 

& Sala 2019), was only weakly related to the patterns of aboveground net primary production 

(ANPP). This highlights the significant uncertainties that remain with regards to semi-arid 

grassland AV systems and controls on forage production. For example, grazing in semi-arid 

rangelands has been shown to promote a compensatory growth response of new tissue that is 

high in nitrogen (N), and which can enhance overall ANPP (Oesterheld and McNaughton 1991, 

Van Staalduinen and Anten 2005). Yet, the impacts of different grazing regimes on forage 

productivity and quality have yet to be investigated in a semi-arid AV ecosystem. Such research 

is necessary to inform and guide the widespread deployment of AV systems geared towards 

forage production. 

Here, we report the results of a study aimed at understanding how a semi-arid C3 

grassland previously managed for hay production, responded to different simulated grazing 

management strategies within an AV array. Our goals were to 1) quantify how the timing of 

grazing alters overall productivity, and whether those patterns differ between the distinct 

microenvironments generated by solar arrays, and 2) determine whether forage quality changes 

throughout the growing season and if those changes differ between distinct microenvironments. 

Based on previous work in this solar array (Sturchio et al. 2022) and independent research in 

grazed grasslands (e.g., Knapp et al. 2012), we expected that 1) more favorable 

microenvironments (e.g., high soil moisture and afternoon shade) will support increased 

production consistently throughout the growing season despite reductions in light availability, 2) 
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the heterogeneous AV microclimate will alter the seasonality of forage quality, and 3) grazing 

treatments will improve overall production, and regrowth forage quality will be higher in grazed 

plots regardless of grazing timing. 

5.3 Materials and Methods 

5.3.1 Experimental Design 

The research was conducted at Jack's Solar Garden (JSG), an agrivoltaic learning and 

research facility (https://www.jackssolargarden.com/) near Longmont, CO (elevation 1508 m, 

40°07′18.9″ N, 105°07′49.9″ W). The climate is semiarid with a mean annual temperature of 

9.7°C and 365 mm of precipitation annually (Colorado Climate Center; 

http://ccc.atmos.colostate.edu/). Historically, the 1.5-ha site was irrigated and managed for hay 

production, but active agricultural management ended in 2019 when the PV array was installed. 

The grassland section at JSG is a remnant of the non-native grasses and forbs that were originally 

planted for hay production. The site is dominated (>90% cover) by the perennial C3 grass, 

Smooth Brome (Bromus inermis), with scattered individuals of Orchard Grass (Dactylis 

glomerata, C3 perennial grass), Alfalfa (Medicago sativa, C3 legume), and Yellow Salsify 

(Tragopogon dubius, C3 forb) interspersed. These species are all highly palatable forage products 

that range in terms of quality (e.g., M. sativa is a nitrogen fixer and therefore has higher protein 

content than B. inermis). Individual PV panels at JSG are 2 m (east–west) × 1 m (north–south) 

and are mounted in series on a single-axis-tracking system (tracking east–west, Fig. 5.1). The 

tracking system is bound to a maximum angle of 45° to the east in the morning and west in the 

afternoon. When PV panels are parallel with the ground (at solar noon and overnight), there is 

approximately 3.2 m of interspace between the western edge of one row of panels and the eastern 

edge of the next row. Because taller panel heights provide greater potential for various 
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management strategies, in this case grazing by sheep or cattle, we chose to utilize the east side of 

the array which has elevated panels mounted 2.4 m (8 ft) off the ground. 

We established four transects perpendicular to rows of PV panels, each comprised of 4 

replicate sampling points along the environmental gradient created by the PV panels (Eedge; 

beneath eastern edge of panel where rainfall is redistributed, Wedge; beneath western edge of 

panel where rainfall is redistributed, Beneath; directly beneath panel, in line with the panel 

support beams, and Between; between rows of panels, Fig. 5.2). Each experimental plot was 1  

0.5 m with a 1 m north-south gap separating transects. Each transect was assigned an 

aboveground biomass removal treatment (simulating grazing) in June or July, or no biomass 

removal (un-grazed) and all plots were harvested at the end of the season (EOS, September 29th) 

to estimate Aboveground Net Primary Productivity (ANPP). We selected June for the first 

grazing treatment because it aligned with 1) peak inflorescence, and 2) a timepoint when AV 

managers typically graze to reduce vegetation height. We added a second timepoint (July) to 

determine whether forage quality would remain consistent or decline throughout the growing 

season. If “grazed” before EOS, the biomass removed previously was added to the EOS harvest 

for total annual ANPP estimates. A control transect, with four sampling plots, was located ~10 m 

outside the array and sampled at EOS. To estimate ANPP, we harvested aboveground biomass to 

ground level within 0.1-m2 using quadrats centered in experimental plots. We recognize that 

complete biomass removal at this small scale does not perfectly simulate large herbivore grazing 

patterns, but it does remove the canopy, providing us with a measure of post-grazing regrowth 

potential along the varying locations within the PV array. Because the site had been mowed in 

2021, aboveground biomass accumulating in 2022 represented ANPP for that year. While 

harvesting, biomass was sorted by functional group (grass vs. forb), then dried at 60°C for 72 h 



 

 

80 

before being weighed to the nearest 0.01 g. Dried plant tissue was ground and analyzed for total 

plant N via an elemental analyzer at the Colorado State University Soil, Water, and Plant Testing 

Laboratory (agsci.colostate.edu/soiltestinglab). Percent plant N values were converted to % 

crude protein (%CP) by applying the commonly used conversion factor of 6.25 (Krul 2019). 

5.3.2 Environmental measurements 

 Air temperature (Tair) and relative humidity (RH%) were continuously recorded at a 

meteorological station on site at JSG throughout the growing season (May-September 2022) and 

were used to calculate vapor pressure deficit (VPD). Previous measurements of photosynthetic 

photon flux density (PPFD) have documented general trends of light availability within this PV 

facility (Sturchio et al. 2022, Kannenberg et al. 2023). In summary, Beneath plots received only 

~30% of diurnal light energy compared to control plots, most of which comes in the form of 

direct sunlight in the early morning and late afternoon, Wedge (~42%) mostly in the afternoon, 

Eedge (~47%) mostly in the morning, and Between (~70%) when the sun is at its highest point, 

typically between the hours of 9:30am-3:30pm.  

Volumetric water content (VWC, referred to as SM hereafter) was measured in an 

adjacent section of JSG every 15 minutes for all experimental and control plots using CS616 Soil 

Moisture Sensors (Campbell Scientific, Logan, UT). Each plot received a 30cm probe inserted at 

a 45 angle for integrated measurements of 0-15 cm SM. In most grasslands in this semiarid 

region and even in more mesic regions, the majority of root biomass is found in the upper 20 cm 

(see Post & Knapp, 2020), therefore, in Fig 5.2 we reported 0-15 cm SM.  

5.3.3 Data analysis 

Our primary goal was to assess how PV panels altered patterns of ANPP and forage 

quality across space and in response to different simulated grazing treatments. To do this we used 
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treatment specific (June, July, EOS, June regrowth, July regrowth) one-way analyses of variance 

(ANOVA) to determine how productivity varied across plot level microsites (Wedge, Beneath, 

Eedge, Between). Measurements were then weighted by percentage of total field area (Wedge = 

11.5%, Eedge = 11.5%, Beneath = 27%, Between = 50%) to compare ANPP between AV 

management treatments and controls at the array-scale. Because forage quality (i.e., plant N) is a 

spot measurement and cannot be added over time like other accumulative measurements (e.g., 

ANPP), we used a two-way ANOVA (Microsite  Management Treatment) to compare how % 

crude protein (%CP) varied across space and seasonally between different management 

treatments. All analyses were performed in R version 4.1.2 using R stats Package developed by R 

Core Team (R Core Team, 2017). All data met the normal distribution assumptions of ANOVA, 

requiring no transformation. 

5.4 Results 

5.4.1 Environmental 

In 2022, annual precipitation at the site was 11% higher than the long-term average (404 

vs. 365 mm, respectively). However, the early growing season (April, May, June) was ~40% 

drier than normal (89 mm in 2022 vs. 148 mm average), and the late growing season (July, 

August) was ~30% wetter than the long-term average (96 mm vs. 65 mm, Colorado Climate 

Center; http://ccc.atmos.colostate.edu/). Because of this pattern in water availability, monthly 

means of plot level SM were relatively consistent throughout the growing season (Fig. 5.2, 

bottom). Mean annual temperature (10.2 C) was lower than in 2021 (10.6 C), but still slightly 

above the 30-year average (9.8 C). 

5.4.2 Productivity 

http://ccc.atmos.colostate.edu/


 

 

82 

As predicted, and consistent with results from the same site in 2021 (Sturchio et al. 

2022), ANPP measured at the end of the growing season was significantly higher at the Eedge of 

PV panels than all other experimental and control plots (p < 0.001, Fig. 5.3). This spatial pattern 

was consistent across un-grazed and grazed treatments. In addition, Beneath panel plots in June 

grazed and un-grazed treatments were significantly less productive than all other microsites 

within the array (p = 0.02, Fig. 5.3). Patterns of regrowth were proportionally similar across 

microsites, compensating between 24-36% and 15-24% of ANPP in June and July grazed 

treatments respectively. For example, EOS re-sampling of June grazed plots (i.e., second 

sampling, see Fig. 5.3 hatched bars), indicated that re-growth was significantly higher in Eedge 

plots compared to Beneath and Between plots (p < 0.001), with Beneath plots having 

significantly lower re-growth than both Eedge and Wedge.  

Area weighted means, an analog for field-level ANPP, revealed that un-grazed AV was 

~8% (p = 0.22, not significant) less productive when compared to control plots (297 g m-2 vs. 

326 g m-2). However, when the same scaling was applied to total ANPP (including regrowth) 

from June and July grazed treatments, area weighted ANPP was ~10% (p = 0.13, not significant) 

and ~7% (p = 0.34, not significant) higher than un-grazed controls, respectively (Fig. 5.4).  

5.4.3 Forage quality 

 In line with our hypothesis, we found consistent declines in forage quality throughout the 

growing season across all AV microsites (Fig. 5.5). Providing further support for our hypothesis, 

a two-way ANOVA revealed strong Microsite  Management Treatment interactions (p < 0.001), 

indicating that microsite level differences in forage quality also differed across treatments. For 

example, control plants, which were only sampled at EOS, had ~30% higher forage quality 

(crude protein, %CP) when compared to all un-grazed AV plants at EOS. However, %CP was 
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similar for June sampled AV plants and EOS control plants. Furthermore, grazed AV plots re-

sampled at EOS had similar %CP values to that of controls, and in the case of July grazed Eedge 

plants, EOS %CP was ~35% higher than that of controls (Fig. 5.5). 

5.5 Discussion 

Forage production (or ANPP) in grasslands is a valuable ecosystem service that is 

important for the economics of grazing as an agricultural land use (Irisarri et al. 2019). In this 

study we found that an elevated AV array, built to maximize energy production and 

accommodate grazing, did not have a significant impact on end of season ANPP totals in the 

absence of simulated grazing activity. More importantly, re-growth following simulated grazing 

led to equal or greater ANPP than in un-grazed sites at all microenvironment locations 

throughout the array. Consistent with predictions informed by previous work (Sturchio et al. 

2022, Kannenberg et al. 2023), plants grown on the Eedge were the most productive throughout 

the growing season and in response to simulated grazing treatments. This consistency across the 

growing season and in response to grazing treatments supports our hypothesis that AV 

microenvironments with morning sun (when air temperatures and VPD are low) would be more 

conducive to C3 grass production (Yamori et al. 2013). Although there are still many questions 

regarding array designs for optimized facilitation of ecosystem services within solar arrays 

(Randle-Boggis et al. 2020, Blaydes et al. 2021, Sturchio and Knapp 2023), this finding indicates 

that a previously managed low diversity semi-arid grassland can maintain productivity within an 

AV array and that the timing of grazing is unlikely to strongly affect total annual productivity. 

5.5.1 Patterns of forage quality  

Patterns of forage quality were consistent across space and over time in AV plots. The 

observed steady decline in CP throughout the growing season following peak inflorescence (end 



 

 

84 

of June-beginning of July) is consistent with the seasonal translocation of nitrogen out of leaf 

tissue and into roots and rhizomes as grasslands senesce and enter dormancy (Hayes 1985, 

Heckathorn and DeLucia 1994). Previous work has demonstrated that AV arrays can delay the 

phenology (seasonal timing) of flowering (Graham et al. 2021), and we hypothesize that 

differences in end of season forage quality between AV and control plants might also be due to 

the influence that solar arrays have on phenological patterns. We did not measure control forage 

quality throughout the growing season, so we are unable to definitively determine phenological 

differences between AV and control. However, differences in either direction (i.e., earlier spring, 

delayed fall) have positive implications for extending the growing and grazing season. 

Grazed plots, however, were able to overcome the seasonal decline in CP through the 

formation of new, CP rich plant material. Indeed, grazing and defoliation have been shown to 

functionally reset the forage quality clock as new aboveground tissue with high CP form (Nowak 

and Caldwell 1984, Van Staalduinen and Anten 2005). We found a similar response to our 

simulated grazing treatments where regrowth was of similar or greater quality than that of early 

season forage.  

Overall, our findings indicate that un-grazed AV pasture had lower forage quality than 

that of un-grazed control pasture at EOS, however re-growth forage quality exceeded CP levels 

of un-grazed control pasture, indicating that capacity for high quality forage within AV array 

might be related to the seasonal timing when sampling occurred. We hypothesize that 

incorporating ungulate grazers into grassland AV, in addition to adding a layer of functionality to 

the land beneath PV, could potentially extend the availability of high-quality forage. What 

remains an untested yet important question, is how the interaction between AV development and 

grazing unfolds in more diverse native grasslands where C3 and C4 grasses co-exist. Future 
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research that explores this interaction within PV arrays and grazing management is needed to 

devise effective strategies that improve the sustainability of solar grazing in semi-arid climates. 

Synergistic efforts that examine animal behavior (Kampherbeek et al. 2022), ungulate forage 

preference (Pauler et al. 2020), and their influence on grassland AV ecosystem processes will be 

integral for advising the future of AV grazing management. 

5.5.2 Implications of AV in managed semi-arid grasslands 

Grassland productivity is directly related to animal productivity and reproductive success 

(Frank et al. 1998, Daskin and Pringle 2016). As grazing becomes more frequently utilized as a 

strategy for maintaining vegetation in semi-arid grassland AV arrays, careful consideration must 

be given to the subsequent impact that AV have on forage production and quality. Overall, our 

results indicate that an AV array designed with row spacing intended to maximize energy 

production did not significantly reduce forage production or quality in a C3 dominated grassland. 

Additionally, the system maintained the capacity to recover from simulated grazing through 

compensatory growth. Indeed, in regions where water scarcity is of concern, the combination of 

enhanced water savings (Kannenberg et al. 2023) and support of crucial ecosystem services like 

forage production could make AV a useful water conservation strategy that supports agricultural 

land use beneath solar arrays.  
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5.6 Figures 

 

 

 

 

 

 

 

 

 
 

Figure 5.1. Conceptual figure of experimental design. Microsites (panel b) are color coded in the 
transect map (panel a) to demonstrate Microsite  Transect design. Control plots were in part of 
the field that received no abiotic influence from PV panels. 
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Figure 5.2. Soil moisture (SM, 0-15 cm) throughout the growing season, broken up by month, 
with monthly means shown as dashed horizontal lines. 
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Figure 5.3. Means and standard errors of aboveground net primary productivity (ANPP). Text 
inside of bars denotes timepoint at which first sampling occurred (e.g., June, July, and end of the 
growing season). Hatched bars represent re-growth biomass sampled at the end of the growing 
season. Control plot means (sampled once at the end of the growing season) are presented with a 
dashed line and purple shadow which signifies  standard error. 
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Figure 5.4. Management treatments scaled by area weighted means across plots to demonstrate 
Array level ANPP. As shown in previous figures control plot means sampled once at the end of 
the growing season are presented with a dashed line and purple shadow which signifies  
standard error. 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

90 

 

 

 

 

 

 

 

 
 

Figure 5.5. Means of crude protein analysis. Text inside of bars denotes timepoint when 
sampling occurred (e.g., June, July, and end of the growing season). Hatched bars represent re-
growth biomass sampled at the end of the growing season. Control plot means (sampled once at 
the end of the growing season) are presented with a dashed line and purple shadow which 
signifies  standard error. 
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CHAPTER 6: CONCLUSIONS 

 

Of all renewable energy generation options, a transition to solar photovoltaic (PV) has the 

greatest potential to reduce fossil fuel related emissions by the end of 2030 (Lee et al. 2023). To 

meet energy needs, ground mounted PV (i.e., the cheapest form of PV energy) must expand 

dramatically. Some estimates report that PV will require ~61,000 km2 of land area by 2050 

(Larson et al. 2020), and a majority of the ideal locations for PV development exist in lands 

already managed for agriculture (e.g., cropland and grazing, Adeh et al. 2019). This can cause 

land use tension when productive farm and rangelands are graded, and vegetation removed to 

prioritize electricity production per unit area. Foundational research on the topic of PV land use 

and ecological outcomes was mainly focused on the negative impacts of PV development and 

habitat change (Hernandez et al. 2014, Hernandez et al. 2020, Randle-Boggis et al. 2020, 

Grodsky and Hernandez 2021). Since then, dual-use approaches to PV like agrivoltaics (AV), 

where land beneath PV panels is agriculturally managed, have stimulated questions related to 

solar co-location optimization. In this dissertation I focused on addressing questions related to 

the ecology of dual-use PV facilities located in rainfed grassland ecosystems in order to inform 

sustainable PV energy co-location in one of the ecosystems most frequently targeted for PV 

development. 

6.1 Research Summary 

 My research demonstrated that PV arrays create considerable heterogeneity in the abiotic 

controls of aboveground primary production (ANPP) in a semi-arid C3 perennial grassland. My 

first study (Chapter 2) reported the result of elevated ANPP in microsites that received direct 

morning sunlight and afternoon shade, rather than in microsites where rainfall redistribution 
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amplified soil moisture. This was unexpected because water limited ecosystems typically 

respond positively to larger soil water inputs (Sala et al. 1988, Heisler-White et al. 2008, Post 

and Knapp 2021). Our findings highlighted the potential importance of diurnal variation in 

environmental conditions, for example, temperature and evaporative demand (VPD) increase 

throughout the day and reach maximums in afternoon hours. Therefore, we concluded that plants 

which received higher soil water inputs also carried out most of their photosynthetic activity in 

hot and dry afternoons, ultimately limiting ANPP.  

 Although the high spatial and temporal variation in soil water and sunlight had been well 

described within PV arrays (Adeh et al. 2018, Choi et al. 2020, Graham et al. 2021, Sturchio et 

al. 2022), the concept of implementing intentional design and management strategies that utilize 

PV arrays to facilitate the enhancement of ecosystem services had not. In Chapter 3, I outlined 

ecological concepts in support of an Ecovoltaic approach to solar development, whereby energy 

generation and ecosystem services are co-prioritized. The Ecovoltaic approach provides an 

avenue for applying well-established ecological theories (e.g., heterogeneity begets biodiversity) 

in PV arrays to promote processes that support biodiversity and enhance ecosystem services. An 

ecologically informed approach to PV development could potentially improve the restoration of 

water limited and degraded lands, thus relieving the land use burden on pristine natural and 

prime agricultural lands. 

To test our hypothesis that temporal variation in environmental conditions, specifically 

the favorability of morning conditions and their relation to increased ANPP, we focused on 

quantifying the physiological mechanisms underpinning this relationship (Chapter 4). We 

collected diurnal measurements of leaf water potential (ψL) and stomatal conductance to water 

vapor (gsw) throughout the growing season to better understand how leaf water balance was 
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affected by the timing of direct sunlight availability. We found that plants receiving morning 

sunlight and afternoon shade had significantly higher gs and ψL compared to control plants and 

for plants within the array that received afternoon sunlight and morning shade. This result 

indicated a clear physiological benefit of reduced water stress in plants receiving morning 

sunlight rather than exposed to direct sunlight in the hot and dry afternoon. Measurements of 

photosynthetic capacity (light and CO2 response of photosynthesis) were additionally collected 

to identify how unique PV microenvironments alter biochemical constraints of photosynthesis. 

Overall, we found that plants from all PV microsites had significantly higher rates of light 

saturated photosynthesis (Asat) and a higher quantum yield of CO2 assimilation (ɸCO2). While 

not surprising that plants which received less sunlight had higher ɸCO2, allowing them to reach 

maximum rates of CO2 assimilation more quickly when light was available, higher overall rates 

of Asat for plants within the PV array experiencing less direct sunlight were a surprise.  

Forage production is one of the most highly valued ecosystem service provided by 

rangeland ecosystems (Zhao et al. 2020), and as such, a greater understanding of how PV co-

location in grasslands alters forage production dynamics is important for future management of 

these facilities. The final study of my dissertation (Chapter 5) reported that a semi-arid C3 

perennial grassland co-located with a single axis tracking PV array, was capable of maintaining 

levels of forage production and regrowth after simulated grazing when compared to non-AV 

control grassland. Forage quality was also similar to control grassland, and after simulated 

grazing regrowth had higher forage quality at the end of the growing season, indicating a shift in 

the seasonality of forage production. 
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6.2 Implications and Future Directions 

 Overall, the results of my dissertation provide support for the successful co-location of 

solar energy generation facilities and grassland ecosystems in the semi-arid west. Grassland 

productivity, forage quality, and gas exchange were either maintained or improved in response to 

PV cover, illuminating potential synergies through an Ecovoltaic approach to PV development.  

Of great importance, but not addressed by this work, is the response of more diverse semi-arid 

grasslands composed of multiple plant functional groups (e.g., C3, C4, forbs, annuals). To do this, 

an understanding of the physiological mechanisms underpinning the response of more diverse 

communities will allow ecologists to predict long term ecosystem dynamics in grassland PV 

facilities. 

 The application of Ecovoltaic principles, whether it be during PV site design, 

management, or both, has yet to be tested. Long term monitoring and evaluation of such 

strategies will not only help to understand the overall impact of co-locating grassland and PV 

energy facilities, but also potentially improve our understanding of basic biological processes. 

PV facilities offer an opportunity to test questions related to resource limitation and amplification 

like no other field-based study system. Ecologists would do well to use the infrastructure for 

experiments to test and potentially improve the efficacy of fundamental ecological concepts.  
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APPENDIX 1 
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Figure A1.1. In panel a, the study site location is highlighted in a red box. In panel b, the 
location of experimental transects are highlighted in red boxes, and in panel c, individual 
transects are notated with yellow lines running perpendicular to the solar array. The transect 
specific alphanumeric code used unique identifiers for direction (N = north, S = south) and feet 
above the ground (6 (1.8 m) or 8 (2.4 m)). 
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Figure A1.2. Raw light response of photosynthesis data. 
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Figure A1.3. One-way ANOVA results of mean ANPP under PVs vs. between PVs, across 
transects. The second panel shows the results of the same ANOVA but only for grass, and the 
third panel shows ANOVA results for forb only.  
 

 

 

 

 

 

 



 

 

105 

 

 

 
 

Figure A1.4. Light patterns starting mid-morning (9am), captured every two hours until mid-
afternoon (3pm). 
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Figure A1.5. Environmental parameters separated at solar noon (calculated using suncalc 
package, Thieurmel et al. 2019) and averaged across the growing season. Panels a, c, and e, show 
patterns throughout the growing season. Panels b, d, and f, show mean growing season values for 
each parameter.  
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Figure A2.1. Mean light response curves separated by microsite. Grey shadowing represents 
standard errors. 
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Figure A2.2. Mean A-Ci response curves separated by microsite. Grey shadowing represents 
standard errors. 
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Figure A2.3. ANOVA results of soil moisture depth comparison microsite. 
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Figure A2.4. A-Ci response curve model outputs: top) maximum rate of rubisco carboxylation, 
bottom) maximum rate of electron transport for RUBP regeneration. 
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Figure A2.5. A relative weight analysis was used to quantify microsite level differences of total 
variance for gsw (a) and ψL (b) into weights, thus capturing the proportional contribution of 
environmental predictor variables (SM and VPD). 
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Figure A2.6. Relationships between stomatal conductance and leaf temperature separated by 
microsite.  
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Figure A2.7. Mean growing season diurnal leaf temperature separated by microsite. The inset 
figure shows area weighted means for leaves in control and PV microsites. 

 

 

 

 

 

 

 

 


