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Societal Impact Statement

Globally, the combustion of fossil fuels represents the vast majority of greenhouse
gas emissions, and as such, a transition to renewable forms of energy provides the
greatest potential for mitigating climate warming. Although solar photovoltaic energy
generation is a leading climate solution, these energy facilities have a significant spa-
tial footprint. Naturally, concerns regarding the coexistence of solar development in
agriculturally productive and pristine native ecosystems remain. This study offers
insight for how plants respond to novel environmental conditions within a solar array
and contextualizes results to inform future array siting, design, and management to
realize a sustainable solar energy future.

Summary

e Photovoltaic (PV) solar arrays impose dynamic shading regimes and redistribute
precipitation to the ecosystems beneath, leading to spatial and temporal heteroge-
neity in plant growth environments. Although PV are known to alter ecosystem-
level processes in managed and native landscapes, the control of PV-induced
microenvironments on plant ecophysiological responses are largely unexplored. A
more robust and mechanistic understanding of how PV microenvironments con-
trol plant response will inform management of existing solar arrays and provide
insight for future arrays designed to enhance ecosystem services.

e Here, we evaluated carbon (photosynthetic parameters) and water relations (daily
patterns of leaf water potential ({;) and stomatal conductance (g..)) in a C3 peren-
nial grass (Bromus inermis) across PV microsites within a 1.6 ha (1.2 MW) array in
semiarid Colorado, USA.

o Light-saturated photosynthetic rate was surprisingly consistent spatially, not dif-
fering between plants growing in near full sun (between PV rows) versus those
growing in shadier microsites beneath panels (~28% of full sunlight). Additionally,
plants located in microsites receiving only direct sunlight in the morning, when air
temperature and vapor pressure deficits (VPD) were low, had greater ), and g,

than plants receiving direct sunlight primarily in the hotter drier afternoon.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | 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 km? in the United States by 2050
(Larson, 2020). As a result, an understanding of the potential impacts
of PV
more sustainable array design, siting, and management (Hernandez
et al, 2019; Sturchio & Knapp, 2023). A well-documented conse-

guence of PV infrastructure is the novel patterns of environmental het-

infrastructure on ecosystems is needed to inform

erogeneity (e.g., light, temperature, and water) induced by the physical
presence of rows of PV panels suspended above the ecosystems
beneath (Adeh et al., 2018; Armstrong et al., 2016; Choi et al., 2020;
Choi et al., 2023; Sturchio et al., 2022; Sturchio & Knapp, 2023; Tanner
et al, 2020). Indeed, PV-induced modifications in light and water
environments have been linked to altered patterns of aboveground net
primary production (ANPP) in a wide range of ecosystems globally
(Adeh et al., 2018; Andrew et al., 2021; Armstrong et al., 2016; Bai
et al., 2022; Kannenberg et al., 2023; Sturchio et al., 2022; Sturchio
et al., 2024; Sturchio & Knapp, 2023; Zhang et al., 2024). Less well-
known are the underlying ecophysiological responses of plants to
alterations in light and water availability generated by PV arrays. Such
responses have the potential to provide unique mechanistic insight for
understanding plant growth patterns within PV arrays.

Currently, our understanding of plant responses to different
microenvironments within PV arrays are limited to short-term
measurements of desert species (Hernandez et al., 2020; Smith
et al., 1987; Tanner et al., 2021; Wynne-Sison et al., 2023), as well as
seasonal and daily ecophysiological responses of irrigated specialty
crops (Barron-Gafford et al., 2019; Juillion et al., 2022; Marrou
et al.,, 2013) in agrivoltaic (AV) settings (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

People Pla T _| 1523

e Thus, while soil moisture is a primary control of plant productivity in most water-
limited grasslands, we found that VPD was a better predictor of daily patterns of
leaf-level photosynthetic and water relations responses that control aboveground
biomass production in a PV array. These findings provide new mechanistic insight
for evaluating vegetation management strategies in semiarid PV arrays.

agrivoltaics, diurnal physiology, ecophysiology, ecovoltaics, renewable energy ecology, solar

ecosystem levels (Atkin & Tjoelker, 2003; Cabon et al, 2022;
Ellsworth & Reich, 1992; Smith & Dukes, 2013; Wright et al., 2004).
For example, the dichotomy of sun and shade leaf photosynthetic
response has been well-documented in many natural ecosystems
(Givnish, 1988; Hamerlynck & Knapp, 1994; Pearcy & Sims, 1994), but
a growing body of literature in PV arrays has demonstrated that plants
may benefit from reduced exposure to direct sunlight in arid and semi-
arid climates (Barron-Gafford et al., 2019; Kannenberg et al., 2023;
Knapp & Smith, 1990; Sturchio et al., 2024). Furthermore, 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 ANPP in semiarid grass-
lands (Knapp et al., 2002; La Pierre et al., 2016; Post & Knapp, 2021;
Sala et al., 1988). A proposed explanation for this disruption is that
because microsites within PV arrays can vary dramatically in both the
amount of sunlight received and the daily timing of when direct sun-
light 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.

Here, we assessed the physiological response of a Cs perennial
grass to PV-induced environmental heterogeneity in a formerly man-
aged semiarid 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 environ-
mental heterogeneity within an PV array alters Bromus inermis photo-
synthetic capacity and leaf water relations, (2) determine relationships
between daily patterns of stomatal conductance (g.,) and leaf
water potential () and key environmental drivers, and finally (3),
relate ecophysiological patterns in this dominant grass to above-
ground 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 daily and seasonal physiological responses that differed dra-
matically from those outside the array, (2) that within the PV array,
plants receiving morning light would strongly differ in their rates of
gas exchange (gs.) and overall water relations than plants receiving
afternoon light, and (3) that daily patterns of leaf water status and sto-

matal response, which should relate to productivity, will be better
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(a): Annotated photograph depicting the experimental microsites (between, east edge (Ecqge), beneath, and west edge (Wegge))

used for physiological measurements and end of season plant productivity sampling. SM sensor layout (20 cm between sensors, E-W) at two
depths is shown using white and gray dots. (b): Spatial patterns of mean ANPP for 2022 for experimental microsites (n = 12 for each AV
microsite). 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 (n = 4 for control area) with a light blue shadow representing standard error from the mean.

predicted by the atmospheric demand for water (vapor pressure defi-
cit (VPD) as determined by humidity and temperature) during periods
of direct sunlight rather than the supply of water to plants (SM).

2 | MATERIALS AND METHODS

Research was conducted at Jack's Solar Garden (JSG), an AV research
facility (https://www.jackssolargarden.com/) near Longmont, CO (ele-
vation 1508 m, 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-h clock (00:00-24:00). The climate is cold semiarid
(Képpen classification Bsk) with a mean annual 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 man-
aged for hay production, but active management (mowing) ended in
2019 when the PV array was installed. Soils at JSG are a clay loam/
sandy clay loam (39% clay, 20% silt, 41% sand) with a pH of ~7.45
and bulk density of 1.03 g/cm>. The grassland at JSG is dominated
(>80% cover) by a perennial nonnative C3 grass (B. inermis) with scat-
tered individuals of Dactylis glomerata (Cs Orchard grass), Medicago
sativa (Alfalfa), and Tragopogon dubius (Cs forb) interspersed. This
study took place beneath PV panels mounted 1.8 m above the ground
(Figure 1a). Individual PV panels at JSG are 2 m (east-west) x 1 m
(north-south) and are mounted in series on a single axis tracking sys-
tem (tracking east-west, Figure 1a).

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 (Figure 1a). Each transect was com-
prised of four replicate sampling points along the environmental gradi-
ent created by the PV panels (E.qg; beneath eastern edge of panel

where rainfall is redistributed, W,qe; 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, Figure 1a). Each experimental plot was 1 x 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 precipita-
tion redistribution from panels. At the end of the growing season
(September 29th), all experimental plots (n = 52) were sampled for
ANPP (g m~?). 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 func-
tional group (grass vs. forb). Harvested biomass was dried at 60°C for

72 h before being weighed to the nearest 0.01 g.

21 | Environmental measurements

Air temperature (T, C°), relative humidity (RH%), and photosynthetic
photon flux density (PPFD, pmol m™2 s7%), 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 min using CS310 Quantum Sensors (Campbell Scien-
tific, Logan, UT) located in plots directly between PV support posts
(Figure 1a, Between), 80 cm east of support posts (Figure 1a, Eegge)s
directly in line with support posts (Figure 1a, Beneath), and 80 cm
west of support posts (Figure 1a, Weqge). Eedge and Wegge Were
located 80 cm in either direction of support posts to quantify tempo-
ral patterns of light availability underneath eastern and western drip
edges, respectively. PPFD measurements were recorded at grass can-
opy height, which required continuous adjustments as the canopy
grew taller throughout the growing season. An on-site meteorological
station provided control plot PPFD, T.;, and RH%.
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Volumetric water content (VWC, referred to as SM in the text)
was measured every 15 min for all experimental microsites and con-
trol plots using CS616 Soil Moisture Sensors (Campbell Scientific,
Logan, UT). Each plot had paired sensors recording SM at depths of
0-15 cm (shallow) and 15-30 cm (deep) (Figure 1a).

2.2 | Photosynthesis and light

Plants located in each of the microsites indicated in Figure 1, as well
as in the control plot, were used to assess differences in light-
saturated photosynthesis (A..;) and the quantum yield of CO, assimi-
lation ($COy) in B. inermis. Duplicate measurements were made on
separate leaves across transects (3 transects, 2 reps, n = 6 leaves per
microsite). Light responses of leaf-level photosynthesis were mea-
sured biweekly during peak growing season (June & July) using a por-
table photosynthesis system (LI-6800, LI-COR, Inc., Lincoln NE, USA).
The LI-6800 was fitted with a 3 x 3 cm cuvette head and a red-blue
LED light source. For all measurements, flow rate was held constant
at 600 pmol s~. The LI-6800 temperature exchanger was set to the
prevailing midday temperature, which resulted in an average leaf tem-
perature (Ties¢) setting of 31.3 + 2.1°C (standard deviation) across all
measurements. Chamber reference CO, was set to 420 pmol mol ™2,
and PPFD was set to 1800 umol m~2 s~ 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 pmol m™2 s~ in a descending stepwise fashion
(Figure S1). Each light response curve was parameterized using a
non-rectangular parabola (Marshall & Biscoe, 1980) through least
R wversion 4.1.2 (R Core
Team, 2017). The model was fit using the photosynthesis package

squared parameter estimation in

(Stinziano et al., 2021) to estimate light-saturated net CO, assimila-
tion rate (Anet), quantum yield of CO, assimilation ($CO,), and light
compensation point (LCP, light level needed for photosynthesis to

exceed respiration).

2.3 | CO,response of photosynthesis

Similar to light response curves, CO, response curves of photosyn-
thesis (A-C;) were measured biweekly during peak growing season
(June and July) using a LI-6800. Duplicate measurements were made
on separate leaves across transects (n = 6 leaves per microsite). Envi-
ronmental conditions, leaf position, and timing of A-C; measurements
were the same as light response measurements. All A-C; curves were
constructed by measuring net photosynthesis (A.e;) at 12 reference

[CO,] values between 0 and 1500 umol mol~! in a stepwise fashion

P 1525

(420, 300, 250, 150, 100, 50, 0, 420, 650, 800, 1200, 1500, see

Figure S2). At each reference value, an auto-matching program limited
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fluctuations of reference CO, < 0.1 umol mol~! before logging to
ensure accurate measurements. Each A-C; curve was parameterized
of Cj
et al., 1980) using nonlinear 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

using the Farquhar model photosynthesis (Farquhar

estimates the maximum rate of rubisco carboxylation (Vcmax) and the
maximum rate of electron transport for RuBP regeneration (Jinax). The
temperature correction function was set to field measurements of
Tiear (leaf temperature). Leaf mesophyll conductance to CO, was not
estimated; thus, V.max and Jnax 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 umol m™2 s~! (ie, saturating light) and reference CO,
420 umol mol~?* (i.e., ambient CO, concentration) to determine rela-
tionship between A and g.. Because a strong relationship between
the two was evident (see results), we used measurements of g5 to

infer responses in A.

2.4 | Daily plant water relations

At 2-week intervals, daily measurements of stomatal conductance
(gsw) were made at five times throughout the day (09:00, 11:00,
13:00, 15:00, and 17:00 h) using a portable porometer/fluorometer
(LI-600, LI-COR, Inc., Lincoln NE, USA). Three replicate measurements
were taken per experimental plot (between, Eeqge, beneath, Weqge,
and control) per transect, resulting in nine replicates across transects
(n = 9 leaves per microsite). Grass gs,, has been shown to be variable
along leaf blades (Ocheltree et al., 2012), so as a precautionary mea-
sure, all g5, measurements were taken from a standardized point on
B. inermis leaves.

Leaf water potential () was measured at a similar temporal and
spatial frequency throughout the day. 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. Y, was
measured on site at JSG using a Scholander-type pressure chamber
(PMS Instruments, Corvallis, OR, USA). All leaves were sampled
within 40 min of set timepoints, and all measurements were made

within an hour.

2.5 | Data analysis

Spatial patterns of 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 daily physiological response (gs and ;) 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 15-30 cm) (Microsite x Depth)
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and to test how the presence of shade related to daily physiological
response (gs,, x Shade) and ({, x 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 mag-
nitude for total variance in a regression model for g, and U, into
weights, reflecting the proportional contribution of the predictor vari-
ables (SM and VPD). RWA allowed us to quantify the proportional
influence of covarying environmental drivers on plant physiological
processes. Analysis of covariance (ANCOVA) was then used to deter-
mine sensitivity of g, and Y, to SM and VPD via microsite-level dif-
ferences of slope coefficients.

3 | RESULTS

3.1 | Precipitation and temperature

In 2022, annual precipitation at the site was 11% higher than the
long-term average (404 vs. 367 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 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).

32 | Light

Compared to open field conditions, light within the array was reduced
by ~38.3% during the growing season averaged across all microsites
(Figure 2a,b). As expected, plants Between rows of panels received the
most sunlight within the PV array (72.3% of control), followed by E.qge
(52%), Weage (37%), and Beneath panel (28%). Differences between
PPFD on a single cloudless day (Figure 2a,b insets) and means over
the growing season highlight the reduced magnitude of afternoon
sunlight available to Weqg. and Beneath panel microsites by ~10% and
~6%, respectively. Reduced W,qg. PPFD in the afternoon was likely a
result of increased cloud cover that consistently developed over

nearby mountains.

33 | S™M

Measurements of SM revealed that E.qg. and W,qg microsites were,
on average, wetter than all experimental microsites at depths of O-
15 cm (Figure 2, Figure S3). The amplification of precipitation events
at panel edges increased shallow SM ~2-4 times more for E.4g. and
W,gge compared to controls (Figure 2c,d). Statistically significant differ-
ences between shallow and deep SM were only apparent in PV micro-
sites where rainfall was concentrated (W,4ge and E.yge) or impeded
(Beneath), see Figure 2 and Figure S3. At these microsites, deep soils

were typically wetter than shallow, apart from E.q. where shallow

soils were consistently wetter than deep (Figure 2f, Figure S3). 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.

3.4 | Plant aboveground 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 represent 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, Figure 1b). We found that plants in
the Ecqqe 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.

3.5 | Photosynthetic capacity

On average, we found that A, and $CO, were significantly (p < 0.05,
see Figure 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 Vemax and Jnax Were not statistically different between
PV microsites and control (p = 0.24 and 0.11, respectively), means of
Vemax and Jmax were ~32% and 40% higher, respectively (See
Figure S4). The strong relationship between A and gs (Figure 3c) at an
ambient concentration of CO, indicates that measurements of g, can

reliably be inferred as reflective of responses in A.

3.6 | Daily water relations patterns
Differences in gs and U, varied throughout the daily cycle, but tem-
poral differences in these traits depended upon spatial, microsite-level

differences (significant Time of Day x Microsite interactions).

3.7 | Stomatal conductance

Based on seasonally averaged daily patterns, E.qq plants had signifi-
cantly higher g, than plants located in all other experimental micro-
sites (p < 0.001) at the first measurement period (9:00 a.m. local
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FIGURE 2 (a) Mean growing season
patterns of daily photosynthetic photon flux (a)
density (PPFD) in a control site (with no
influence of the solar array) and in the two
solar array microsites that differed
dramatically in incident solar radiation
(directly beneath and in-between panels).

(b) PPFD patterns in two solar array
microsites that experience opposing daily
patterns of PPFD (morning vs. afternoon sun)
as well as unequal amounts of precipitation
due to redistribution (runoff) of precipitation
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time). This pattern continued throughout the morning (11:00 a.m.),
when g, for E.qg and Beneath plants were significantly higher than
all other plants (Figure 4a). By midday (13:00 p.m.) control plants had
significantly lower g, 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 daily measure-
ments differed throughout the growing season, a one-way ANOVA
was used to compare daily averages of g, between microsites. The
results of this analysis show that E.q had significantly higher
(p =0.02) g5 than all other PV (+18%-45%) and control plots
(+115%) (Figure 4b). Additional one-way ANOVAs were used to
determine how the presence of shade altered microsite-specific
response of gs, throughout the growing season. Only experimental

microsites in the array were used for this analysis because control

Date

plots never experienced PV shade. As expected, the presence of
shade significantly reduced g, across all microsites except for We,g.,
where plants had 18% * 4% higher gs,, in the shade (Figure 4b inset).

3.8 | Water potential

At the first daily measurement period, plants located in Weqg. and
Between microsites had significantly (p < 0.001) higher , than those
located in Control and Beneath microsites. Midmorning measurements
at 11:00 a.m. indicated that E.qe plants had significantly lower
than those located in Weqee and Beneath; however, by midday
(13:00 p.m.), microsite-level differences in {, were no longer statisti-

cally different. However, in the early afternoon (15:00 p.m.), Control
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FIGURE 3 Light-saturated photosynthesis (A, see panel (a)) and

guantum yield of CO, assimilation (® CO,, see panel (b)). Solar array
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 solar array microsites

(* < 0.05). Relationship between A (assimilation of CO,) and g,
(stomatal conductance to water vapor) combined for plants in all
microsites combined is shown in panel (c).

U, decreased significantly below all other microsites (Figure 4c), and
by late afternoon, when final daily measurements were taken, g, for
Beneath and Control plants were significantly lower than plants in all
other experimental microsites.

Midday (), 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 (Figure 4d)
was used to analyze a subset of measurements at midday (i.e., solar
noon, 13:00 p.m.). This analysis revealed that E.44. and Beneath plants
had significantly higher midday y, than Wy, Between, and Control
plants. As with g, analyses, additional one-way ANOVAs were used
to determine how the presence of shade related to daily response of
U, (Figure 4d inset). Y, was only significantly higher for Beneath and
Between plants when PV shade was present. The large variation of
sun and shade ; for Between plants is likely a result of early morning
shade (09:00 a.m., Figure 4d) delaying stomatal opening and thus ;.
was more reflective of soil water potential at the site.

3.9 | Relationships between environmental drivers
and plant responses

Through RWA, we determined that SM and VPD had substantially dif-
ferent effects on g and W, across the growing season and these
effects varied in direction and magnitude between plots (Figure S5).
For example, SM contributed to most of the variation in gs for Wegge
and Between plants, but VPD contributed to most of the variation in
.. However, at the Ecqee VPD was responsible for variation in gey
and SM for W,. Beneath physiological responses were equally
impacted by SM and VPD, while variations in Control plant gs,, and y,
were both driven by VPD. The relative contribution of variation attrib-
uted to VPD in Control plants, however, may also be due to the lack of
early season SM measurements in control plots (e.g., Figure 2c).

There was a consistently positive relationship between SM and
gsw across plots (r* = 0.54, Figure 5e) but no significant pattern
between SM and Y, (Figure 5f). In contrast, both g, and Y, displayed
negative relationships in response to increased VPD, with the slopes
of those relationships differing between microsites (VPD x Microsite
interaction, Figure 5, panels (b, d)), indicating that some plots
responded more strongly to VPD. Indeed, comparison of E.q. and
Weqge (Figure 5b,d) highlights the control of VPD on plant water status
and thus gs,, response, despite both microsites experiencing wetter
soils and similar amounts of light availability.

Overall, slopes of relationships between ; and VPD were higher
for plants in Control, Weqq., and Between microsites, indicating greater
sensitivity to VPD throughout the growing season compared to E.qg
and Beneath plants (Figure 5a,b). In contrast, slopes of relationships
between g, and VPD were more negative for E.q. and Between
plants, indicating more sensitivity in stomatal response to increasing
VPD (Figure 5c,d).

4 | DISCUSSION

Our goal was to determine how microsites with different environmen-
tal conditions within solar PV arrays can alter physiological responses
that underly patterns of productivity in a C; grass. Consistent with
previous work (Sturchio et al., 2022; Sturchio et al., 2024), we found
that plants located on the E.q. of PV panels, exposed to morning
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FIGURE 4 Growing season means 020 4
(n = 8 timepoints) of stomatal (a)
conductance to water vapor (g.,,) and leaf
water potential () 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 PV
solar panels. 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 versus
shade. In all figure panels, standard error 0.00
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sunlight and afternoon shade, had the highest ANPP despite receiving
less direct sunlight (Figure 2b) than control plants. Surprisingly, photo-
synthetic parameters (Ast, $CO,) 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 con-
sistently lower (leaf water potential) Y, throughout the growing sea-
son and were presumably more water stressed. We found that plants
exposed to primarily morning light consistently had the higher (stoma-
tal conductance to water vapor) gs,, and ), throughout the growing
season (Figure 4). Additionally, E.4ge plants had the highest sensitivity
of stomatal response to changes in VPD (Figure 5d), but Y, was rela-
tively unchanged by changes in VPD (Figure 5b).

41 |
sunlight

The importance of the timing of direct

Strong positive relationships between SM and gs,, highlight the impor-
tance of SM as a determinant of productivity in water-limited grass-
lands. However, variation in SM happens at coarser time scales and is

less consistent than daily fluctuations of VPD. Daily patterns of g,

13:00 15:00 17:00

and ), are more dependent upon changes in VPD, evidenced by the
contrasting relationships between E.qg. and W,qg. plants, which receive
direct sunlight in the morning or afternoon, respectively (Figure 5a,b).
Therefore, SM is likely more physiologically important in PV arrays
than previously reported (i.e., Sturchio et al., 2022); however, daily pat-
terns of physiological response indicate that VPD is also important for
controlling daily patterns of plant water balance and potentially the
apparent differences in end of season production across microsites.
The ability of E.4g plants to maintain a consistent ), regardless
of changes in VPD is likely due to afternoon shading, reducing physio-
logical stress when atmospheric demand is at its highest. This is in
stark contrast to the physiological response of Weqq. plants that
receive a majority of sunlight in the afternoon, where g, is limited by
high VPD (Figure 5d) and ), responds more dynamically (Figure 5c).
Although E.qee and Weqee plants exist just two meters apart and
receive nearly identical amounts of direct sunlight daily, the associa-
tion between time of day and VPD (Figure 6) drastically impacts their
diurnal physiology. The relationship between g, and SM illustrates
this point by showing that Eqge and Weqge plants are capable of similar
8sw Maximums but that E.q. plants achieved those at much lower

levels of SM (Figure 5f). However, the relative importance of SM and
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VPD as limiting factors of production might be expected to change 4.2 | Photosynthetic response to novel PV light

during drought conditions. Future studies that quantify how these regimes

relationships change under severe water limitation will help determine

the potential water savings benefits of PV co-location in water-limited Dynamic photosynthetic parameters and their response to alterations
ecosystems. in sunlight availability have been well-documented across leaf, plant,
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and ecosystem levels (Chazdon & Pearcy, 1991; Emmel et al., 2020;
Knapp & Smith, 1990; Kull & Kruijt, 1998; Thornley, 1974). Typically,
shade grown leaves acclimate to low light conditions by reducing
photosynthetic maxima and light compensation point (i.e., point where
photosynthesis exceeds respiration), while increasing the quantum
yield of CO, assimilation ($CO,) to photosynthesize in low light
environments more efficiently (Givnish, 1988; Hamerlynck &
Knapp, 1994; Pearcy & Sims, 1994). However, unlike low light condi-
tions found in forest understories, single axis tracking PV arrays allow
all plants to consistently receive some extended exposure to full
sunlight (Adeh et al., 2018; Sturchio et al., 2022). In this unique envi-
ronment, we found that despite a ~40% reduction in photosyntheti-
cally active light within the array, A and $CO, were both
significantly higher for plants inside the PV array compared to control
plants (Figure 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 neg-
ligibly impact the overall capacity of photosynthesis in C5 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 & Knapp, 2023). If light is
not a sizeable limitation to photosynthesis in vegetation under the
panels, numerous management options could be applied while mini-
mally impacting vegetation carbon uptake and growth.

Temperature is an environmental variable that has demonstrated
considerable control on instantaneous and seasonal fluctuations of
response (Atkin & Tjoelker, 2003; Smith &
Dukes, 2017; Yamori et al., 2014). As previously stated, patterns of

photosynthetic

stomatal conductance were much different for E.qge and Wegqe plants
(morning light vs. afternoon light) (Figures 4, S6); however, these
differences had no discernable effect on the photosynthetic response
to light and CO, (Asat, $CO2, Vemaxs and Jiax, Figures 3, S4) for all
plants grown in PV microsites. This result is in contrast to the lower
rates of A, in control plants (Figures 3, S4), 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 S7), 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.

4.3 | Sustainable solar stewardship

As solar land use expands, the economic advantages of solar must also
be balanced with the ecological consequences of such development.
Forage production is one of the most highly valued ecosystem ser-
vices 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 will be important for future man-

agement of these dual-use facilities. Our findings highlight the
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potential importance of daily variation in environmental conditions

People P

(temperature and evaporative demand increase throughout the day
and reach maximums in afternoon hours) and their respective control
of plant productivity. These physiological mechanisms underpinning
increases in ANPP illuminate potential synergies for ecovoltaic
applications.

Implementation of intentional design and management strategies
that utilize PV arrays to facilitate the enhancement of ecosystem
services are rare. However, a growing body of research investigating
the ecological benefits associated with such an approach can equip
landowners, solar developers, and policy makers with the necessary
information to make ecologically informed decisions regarding PV
development, thus improving the sustainability of PV land use in the

long term.

4.4 | Building an ecological understanding of PV
ecosystems

As first noted by Smith et al. (1987) more than 30 years ago, in arid
and semiarid 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 impor-
tance 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 & 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 opportu-
nities to assess how plants from different functional groups (i.e., C5
grass, C, 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 than “cool season” Cj species to the
unique PV-generated microenvironments. Distinct temporal shifts in
phenology (Graham et 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 based inves-
tigation for how environmental heterogeneity contributes to pheno-
logical patterns of floral production, forage quality, and water use will
enable us to better predict ecosystem response and the overall sus-
tainability of PV co-location.

5 | CONCLUSION

In conclusion, we found that microenvironmental conditions created

by PV panels altered patterns of photosynthetic response, water
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relations, and productivity of a Cs grass in semiarid Colorado. We
report that photosynthetic parameters (Ast, $CO2, Vemax and Jmax)
were similar for plants in PV microsites but consistently lower in con-
trol plants outside the array. This reduction was also present, although
muted, in patterns of ANPP, and was likely a result of a combination
of higher overall water stress (i.e., coupled response of g, and )
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
Figure 6) limited g, 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 high-
light the compatibility of water-limited grasslands and PV cover, at
least for C5 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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