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Societal Impact Statement

As solar energy expands globally, balancing renewable power generation with biodi-
versity and ecosystem health has become an urgent challenge. This study investi-
gated how native wildflowers respond at the leaf level to the unique microclimates
created by rotating solar panels in California's Central Valley. We found that panels
reduced light and water stress while prompting leaf area expansion, particularly in
shade-tolerant species. These insights reveal the potential benefits of partial shade in
semi-arid regions, highlight the plasticity of native wildflowers to altered microenvi-
ronments, and underscore the importance of strategic species selection to advance
ecological restoration efforts at large solar farms.

Summary

e Ground-mounted photovoltaic solar energy facilities (GPVs), especially those
equipped with tracking systems, are rapidly expanding worldwide, raising growing
concerns about land-use conflict and environmental degradation. Co-locating
GPVs with ecological restoration is gaining popularity, representing a promising
pathway towards sustainable renewable energy development. Yet, the physiologi-
cal and morphological responses of incorporated plants to GPVs remain understu-
died, hindering strategic planning and the effectiveness of revegetation.

e A combination of rapid, minimally invasive methods was employed in both field
and laboratory settings to investigate leaf acclimations over a 12-month period in
two native perennial wildflowers—differing in lifeform and shade tolerance—that
were sown and successfully established after a full growing season at a single-axis
tracking GPV site in the semi-arid Central Valley of California.

e Shadow cast by PV infrastructure alleviated excess light and water stresses,
promoted leaf area expansion, and suppressed polyphenol accumulation in both
species. Some responses fluctuated diurnally with panel rotation, while seasonal
variations were primarily governed by ontogenetic development. Both perennials
thrived within the array footprint, though Phacelia californica exhibited greater

light-use efficiency, transpiration rate, and chlorophyll content compared with the
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1 | INTRODUCTION

The global expansion of large, ground-mounted photovoltaic solar
energy facilities (GPVs) is primarily driven by rising electricity demand
and the urgent need to mitigate climate change (IEA, 2024). However,
the operation of PV panels alters site microclimates by casting shade,
redistributing precipitation, emitting heat, and obstructing airflow
(Armstrong et al., 2016; Barron-Gafford et al., 2019; Hassanpour
Adeh et al., 2018; Li et al., 2025; Wu et al., 2022). These shifts can
modify vegetation composition, structure, demography, and phenol-
ogy (Lambert et al., 2021; Liu et al., 2019; Tanner et al., 2020, 2021;
Uldrijan et al., 2021; Uldrijan et al., 2022 & Walston et al., 2021). In
the face of dual climate and biodiversity crises, ecovoltaics—the co-
location of PV solar energy generation with ecological restoration and
management—is a promising, albeit understudied strategy for mitigat-
ing climate change and bolstering ecosystem services (Fernandez-
Bou & Yang, 2024; Hernandez et al., 2024; Sturchio & Knapp, 2023;
Tolgyesi et al., 2023). Yet, the extent to which vegetation responds to
solar infrastructure and operation at physiological, morphological, and
biochemical levels remains poorly understood, limiting our ability to
predict and maximize restoration outcomes, such as the successful
establishment of native grasslands or prairies at GPVs (Furtak &
Nosalewicz, 2022; Mathur et al., 2018; Sturchio et al., 2024).

Leaves, as the primary organs for photosynthesis and transpira-
tion, are essential to plant growth and development (Tsukaya, 2013;
Wang et al., 2021). Shade can enhance photochemical efficiency of
Photosystem Il (®pg)) to sustain photosynthetic capacity while dimin-
ishing transpiration by curbing stomatal conductance (gs,) under
excess light or heat (Idris et al., 2018; Urban et al., 2017). Larger spe-
cific leaf area (SLA), width-to-length ratio, and chlorophyll content—
especially chlorophyll b, which is more susceptible to photodamage
than chlorophyll a—are also typically observed in shaded leaves (rela-
tive to sun leaves) to compensate for lower incident radiation, along
with reduced protective pigment pools of carotenoids and polyphe-
nols (Carins Murphy et al, 2012; Dubey, 2018; Lichtenthaler
et al., 2007). Acclimation to shade in leaves may also be evident using

high-throughput approaches in (i) reflectance spectra, such as greater

sun-loving competitor Grindelia camporum, which showed notable plasticity but

reduced stomatal conductance, indicative of a more conservative water-use

e By revealing species-specific, spatiotemporal patterns of leaf acclimation in two
native wildflowers, this study highlights how fine-scale microclimatic variability—
driven by single-axis tracking GPVs—modulates leaf physiological and morphologi-
cal responses, thereby informing strategies to align renewable energy production

with biodiversity net gain and ecosystem service delivery.

biodiversity, ecophysiology, ecovoltaic, microclimate, restoration, solar photovoltaic, vegetation,

normalized difference vegetation index (NDVI) and more negative
photochemical reflectance index (PRI), suggesting enhanced green leaf
area and light-use efficiency, respectively (Gamon et al, 2015;
Gerhards et al., 2016); and, (ii) thermal performance metrics, like lower
crop water stress index (CWSI)—inversely associated with leaf water
potential—and higher stomatal conductance index (Ig) that is linearly
correlated with g, (Craparo et al., 2017; Maes & Steppe, 2012).
Overall, such plasticity may enable plants to optimize their energy-
water balance in novel microenvironments created within GPV-
impacted landscapes.

Effects from fixed-tilt PV panels have been shown to increase
chlorophylls while reducing anthocyanins and flavanols in a sun-loving
bromegrass in France (Lambert et al., 2022) and facilitate chlorophyll,
starch, and nutrient accumulation of two desert shrubs in Nevada,
USA, at the expense of smaller canopy volumes and seed yields
(Wynne-Sison et al., 2023). In Italy, negative effects of excessive mid-
day irradiance on photosynthesis and drought susceptibility in grape-
vines were attenuated from GPV-driven shading (Ferrara et al., 2023).
Crops such as wheat, lettuce, and pepper cultivated beneath elevated
PVs demonstrated increased leaf length, width, temperature, g, and
yield compared with those in open-field conditions (Barron-Gafford
et al., 2019; Dupraz et al., 2011; Marrou et al., 2013). Unlike fixed-tilt
systems, single-axis tracking PVs project non-persistent shadow onto
the ground as they constantly rotate to follow the sun's trajectory
throughout the day, leading to more complex plant eco-physiological
responses that may influence growth, survival, and competitive
interactions (Li et al., 2025; Suuronen et al., 2017; Vaverkova
et al, 2022; Yue et al., 2021). Studies on a single-axis GPV in
Colorado, USA, revealed that a cool-season bromegrass shaded in the
afternoon exhibited higher g, and leaf water potential than those
shaded in the morning, resulting in a 15% increase in net aboveground
productivity (Knapp & Sturchio, 2024; Sturchio et al., 2022; Sturchio
et al,, 2024).

To date, no eco-physiological studies at GPVs have specifically
focused on wildflowers, despite their capstone role in ecological res-
toration. Ecological restoration is defined as the process of assisting

the recovery of a degraded, damaged, or destroyed ecosystem to
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reflect values regarded as inherent in the ecosystem and provide eco-
system services that people value (Martin, 2017). Wildflowers support
all four types of ecosystem services despite their short height,
suggesting a potentially consummate role in ecological restoration at
ecovoltaic solar parks where contact between tall plants and GPV
infrastructure poses risks (Blaydes et al, 2022, 2024; Dolezal
et al.,, 2021; Graham et al., 2021; Walston et al., 2018, 2023). While
the monitoring process can be time-consuming and field-intensive,
advances in technology like spectroscopy now allow for non-
destructive estimates, reducing the need for prolonged sampling
(Serbin et al., 2015). Here, we combined rapid, minimally invasive field
techniques with basic laboratory analyses to assess how two peren-
nial wildflowers native to California's Central Valley, with distinct

People Planet PI'F 1 e

morphologically at the leaf level to the microclimatic conditions of a
single-axis, tracking GPV.

We hypothesized that, within the array footprint, leaves exposed
to greater shadow from PVs would not only experience increased
photochemical performance, light-use efficiency, maximum quantum
yield, stomatal conductance, transpiratory cooling, and water content,
but also develop larger surface areas and chlorophyll pools to com-
pensate for reduced light availability, while accumulating fewer photo-
protective pigments, such as carotenoids, anthocyanins, and flavanols
(Table 1). We further expected these acclimations to interact with
temporal dynamics at both diurnal and seasonal scales, conferring
advantages to shade-tolerant species in the afternoon and summer-
time. Together, our study examines wildflower responses across spa-

tial gradients within the array, temporal variation at both diurnal and

Abbreviations, descriptions, and predicted responses to shade from single-axis, tracking large, ground-mounted photovoltaic panels

shade and stress tolerances, respond physiologically and
TABLE 1
for 21 morphological and physiological parameters examined in this study.
No. Parameter Abb. Description
1 Specific leaf area SLA Leaf area per unit dry mass, indicating resource
allocation strategies
2 Length-to-width ratio LW Leaf shape measure, affecting boundary layer
resistance
3 Maximum quantum yield Fv/Fm  Potential efficiency of photosystem Il in dark-adapted
leaves
4 Photochemical efficiency ®PSII Proportion of absorbed photons for photochemistry in
illuminated leaves
5 Stomatal conductance sw Rate of gas exchange through stomata, affecting
energy-water balance
6 Transpiration rate E Rate of water loss from leaves via stomata
7 Leaf vapor pressure deficit VPDjeys  Driving force for transpiration
8 Adjusted leaf temperature  Tjeaf - Deviation of leaf temperature from ambient air
AT temperature
9 Crop water stress index CWSI Plant water stress based on stomatal closure and
transpiration rates
10 Stomatal conductance Ig Proxy for stomatal function and water use efficiency
index
11 Water band index WBI Relative leaf water content based on near-infrared
reflectance
12 Normalized difference NDVI Leaf greenness and overall vegetation health
Vege index
13 Photochemical reflectance PRI Xanthophyll cycle activity and light-use efficiency
index
14 Plant senescence PSRI Leaf senescence and pigment degradation
reflectance index
15 Carotenoid reflectance CRI Concentration of carotenoids protecting against
index oxidative stress
16  Anthocyanin reflectance ARI Concentration of anthocyanins protecting against UV
index stress
17 Flavanol reflectance index  FRI Concentration of flavanols protecting against oxidative
and UV stress
18 Chlorophyll content index  CCI Total chlorophyll concentration, influencing

photosynthetic capacity

Predicted response to PV shade

Increase due to enhanced needs for light
capture

Increase due to enhanced needs for light
capture

Increase due to reduced photodamage or
photoinhibition

Increase due to lower photoprotective
energy dissipation

Increase to maximize CO2 uptake and
transpiration

Decrease due to reduced evaporative
cooling demand

Decrease due to greater relative humidity in
atmosphere

Decrease due to reduced radiation
absorption

Decrease due to reduced evaporative
cooling demand

Increase due to larger stomatal opening for
gas exchange

Increase due to better water retention

Increase due to sustained chlorophyll
content

Decrease due to lower photoprotective
energy dissipation

Decrease due to delayed senescence

Decrease due to reduced need for
photoprotection

Decrease due to reduced need for
photoprotection

Decrease due to reduced need for
photoprotection

Increase due to enhanced needs for light
capture
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seasonal scales, and species-level differences between the two native
perennials, providing a multi-dimensional perspective on plant-PV
interactions. These findings offer valuable insights into the plasticity
of wildflowers to PV tracking systems, guiding species selection to
enhance both ecological and functional co-benefits of restoration
efforts in renewable energy landscapes (Hernandez et al., 2019;
Sturchio et al., 2024).

2 | METHODS

2.1 | Site description

The experiment was conducted at a 13 MW, (16.3 MWy) GPV
located in an agricultural landscape near the University of California,
Davis (USA; 38.520268, —121.739191). The Central Valley of
California is characterized by the Mediterranean climate with annual
global horizontal irradiance of 1,854 kWh/m?, mean temperature of
16.4°C, and annual precipitation of 498 mm (U.S. Climate Data,
2024). Average reference evapotranspiration in Davis was 40 mm,
139 mm, 203 mm, and 101 mm in winter, spring, summer, and
autumn, respectively (CIMIS, 2024). The 62-acre (0.251 km?) single-
axis, tracking GPV was constructed in 2015 on a former cropland with
Yolo-series soil composed of well-drained loam (SoilWeb, 2024). The
multi-crystalline solar modules are mounted on east-west rotating
racks, positioned 1.37 m above ground with a pole-to-pole distance of
4.5 m. The site was dominated by nonnative, invasive plants due to
the absence of effective weed control measures beyond regular mow-
ing, including but not limited to Malva neglecta, Erodium cicutarium,
and Festuca perennis (for more details, see Li et al., 2025).

To explore relationships among tracking GPVs, native prairie
establishment, and ecological outcomes, we created eight experimen-
tal plots within the array footprint in December 2021, each measuring
23 m in length by 3 m in width. The locations were all carefully
selected on level terrain with minimal slope (< 0.3%) and water pool-
ing, and were prepared and sown with a seed mix comprising 11 indig-
enous wildflower species. The restoration plots were categorized into
one of three microenvironments, or micro-patches, based on temporal

shading patterns:

a. Two plots shaded in the morning (MS)—areas along the edge of
array footprint, bordered by panel strings to the east, receiving
direct sunlight during the midday and afternoon (Figure 1c);

b. Two plots shaded in the afternoon (AS)—areas along the edge of
array footprint, bordered by panel strings to the west, receiving
direct sunlight during the morning and midday (Figure 1d);

c. Four plots shaded in both morning and afternoon (BS)—areas
within the array footprint, bordered by panel strings to both the
east and west, receiving direct sunlight the during midday only
(Figure 1e).

At the time of the restoration, operational constraints and safety

regulations precluded restoration activities within areas both without

infrastructure installations and directly beneath PV panels—full-sun
and full-shade conditions, respectively. Compared with areas without
PV installations onsite, MS, AS, and BS experienced 90.9%, 88.0%,
and 82.8% of photosynthetic active radiation (PAR), 102%, 89.2%,
and 97.8% of vapor pressure deficit (VPD), 77.1%, 70.1%, and 69.4%
of wind speed, and 106%, 111%, and 117% of soil moisture, respec-
tively (Li et al., 2025). Post seeding, all plots were managed via hand

weeding of non-native exotic plants in early 2022 and 2023.

2.2 | Survey protocol

G. camporum and P. californica were selected, as both species:
(i) thrived on all plots following a year of establishment (December
2021 - November 2022); (ii) remained viable year-round as peren-
nials, allowing for the assessment of seasonal patterns; (iii) exhibited
distinct lifeforms, with G. camporum being erect and up to 1.97 m
height and P. californica growing as a basal rosette up to 1.07 m only;
and, (iv) represented contrasting light preferences, with G. camporum
being sun-loving (Plants For A Future, 2025; Putah Creek
Council, 2025) and P. californica being shade-tolerant (Gardenia, 2025;
Grassroots Ecology, 2022), enabling comparative analysis of plants'
responses to the microclimate mosaics introduced by single-axis,
tracking GPVs.

A total of 12 surveys were conducted around mid-month from
December 2022 to November 2023. At the beginning of each survey, a
fully expanded topmost leaf from 15 stems of both wildflower species
per micro-patch type was randomly selected (1 leaf x 15 stems x 2
species x 3 micro-patches = 90 leaves) and tagged with a slim,
numbered vinyl thread loosely tied to the petiole. Measurements were
taken across three time windows—morning (8:30 am - 10:30 am),
midday (11:00 am - 1:00 pm), and afternoon (1:30 pm - 3:30 pm)—to
(i) capture critical periods of daily microclimate fluctuations and eco-
physiological contrasts, and (ii) align with well-accepted methodologies
in plant physiological research (Buckley, 2017; Sperry & Love, 2015).

Three calibrated handheld scientific instruments were applied
consecutively to the same predefined spot, specifically the central-left
portion of the lamina by visually aligning the focus area of each instru-
ment along the midrib and positioned between the primary vein and
an adjacent secondary venation, of each marked leaf across all three
rounds of sampling per campaign to maintain consistency, following
standard protocols:

a. Leaf temperature (Tea) was recorded by Eé (Teledyne FLIR,
Wilsonville, OR, USA; Figure 1h), an infrared imaging camera. To
simulate water-limited (Tqr,) and well-watered (T, states, tem-
peratures were also recorded from six additional topmost, fully
expanded leaves per micro-patch—three coated with a thin layer of
Vaseline and three sprayed with pure water on the adaxial and
abaxial surfaces. All measurements were taken at a fixed emissivity
of 0.97, with distances kept at 0.2 m and angles avoiding glare
effects. Leaves with potential deviations in emissivity were

excluded from analysis.
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FIGURE 1

Aerial map of UC Davis Experimental Ecovoltaic Park (a), including plot locations within experimental research area and micro-

patches (b), photos of three micro-patches captured at 9:00 am in May 2023: AM shade (¢ ; c), PM shade (:»; d), and AM & PM shade («n;€),
photos of LI-600 (combined fluorometer and porometer; f), CI-710 s (leaf spectrometer; g), and Eé (thermal IR camera; h) in use on the field, and
photos of Phacelia californica (i) and Grindelia camporum (j) with their leaves scanned and processed by ImageJ. Aerial images (a, b): Google earth;

photos c-i: Yudi Li.

b. ®pgy (unitless), gew (Mol m™2 s~1), transpiration (mol m=2 s1; E),

leaf VPD (kPa; VPDjes), PAR (umol/m? s), air temperature (°C; AT),
and relative humidity (%; RH) were concurrently recorded by LI-
600 (LI-COR, Lincoln, NE, USA; Figure 1f), a combined fluorometer
(saturating pulses of ~10,000 umol/m3s) and porometer (see
Notes S1 & S2 for equations used, respectively). Maximum (F.,)
and minimum (F,) fluorescence of dark-adapted leaves were also
recorded at both pre-dawn (4:30 am - 5:30 am) and daytime
(10:30 am - 11:00 am or 1:00 pm - 1:30 pm; after foil covering
for 45 min).

c. NDVI, PRI, water band index (WBI), plant senescence reflectance
index (PSRI), as well as six pigment proxies—carotenoid
reflectance index (CRI), anthocyanin reflectance index (ARI), flava-
nol reflectance index (FRI), chlorophyll content index (CCl), chloro-
phyll a index, and chlorophyll b index—were automatically derived
from reflectance or absorbance (for CCl, chlorophyll a, and chloro-
phyll b only) spectrums (340 nm - 1,100 nm) recorded by CI-710 s
(CID Bio-Science, Portland, WA, USA; Figure 1g), a leaf spectrome-
ter (see Note S3 for equations used by CI-710 s).

At the end of campaigns, all the 90 leaves were harvested, stored
in a freezer, and transported to a laboratory at UC Davis where the
following parameters were assessed: (i) leaf area (cm?), maximum
length (cm), and maximum width (cm) using a conventional scanner
and Image) software (Figure 1i-j) (Schneider et al, 2012); and,
(i) biomass (g) after drying the leaves in an oven at 64°C for 72 h.

We further calculated:

1. Vapor pressure deficit (kPa; VPD) based on AT and RH, following
Ward and Trimble (2003):

RH
_ 17274572 _
VPD =0.6108 xe AT32754 <1 7100)

2. Maximum quantum yield (unitless; F,/F.) based on pre-dawn
dark-adapted F,, and F,, following Blankenship (2021):

Fm—Fo
Fm

Fy/Fm=

3. Crop water stress index (unitless; CWSI) and stomatal conductance
index (lg; unitless) based on Tiea, Tary, and Tyer, following Jones
(1999):

CWSI = Tleaf - Twet

dry — Twet
| — Tdry - Tleaf
=t ———
Tleaf - Twet

4. Specific leaf area (cmz/g; SLA) from leaf area and dry biomass, and

shape ratio (L/W) from maximum length and width:

leaf area

StA= dry biomass

_ maximum length
"~ maximum width

L/W

2.3 | Data analysis

All statistics were implemented in R 4.2.1 software (R Core Team,
Vienna, Austria) using a suite of packages tailored to our diverse data-
sets. Generalized linear models (GLMs) were fitted to the four meteo-
rological indices (AT, RH, VPD, PAR) and 21 physiological and
morphological indices (Table 1) as response variables against species
(two levels: G. camporum and P. californica), micro-patches (three
levels: AS, BS, and PS), time of day (three levels: morning, midday, and
afternoon), season (four levels: winter—December to February,
spring—March to May, summer—June to August, autumn—September
to November), and their two-way interactions. Additional GLMs were
constructed for the same set of indices against each meteorological
and water flux (gsw, E, and VPD,.) variables, with species as a covari-
ate. Combining these two approaches can effectively disentangle the
relative contributions of broad ecological conditions (e.g., seasonality)
and specific environmental drivers (e.g., PAR and VPD) in shaping the
performance of two native perennial wildflowers within a GPV-
impacted landscape.

Error distributions were assessed using the “fitdistrplus” pack-
age (Delignette-Muller & Dutang, 2015), fitting Gaussian for real
numbers (e.g., AT, NDVI), Beta (with “logit” transformation) for
numbers between 0 and 1 (e.g., ®ps; and CWSI), and Gamma (with
“log” transformation) for positive numbers (e.g.,, VPD and gg,).
Model assumptions, such as overdispersion and zero inflation, were
evaluated with the “DHARMa” package (Hartig & Lohse, 2022). If
violations were detected, GLMs were improved through the
“gImmTMB” package (Brooks et al., 2023). Feature selection was
guided by the lowest Akaike Information Criterion (AIC) to balance
model complexity and explanatory power. For pairwise post hoc
comparisons, Tukey's honestly significant difference (HSD) test was
applied via the “emmeans” package (Lenth & Lenth, 2018), which
inherently corrects for multiple comparisons. While our analyses
included a large number of response variables, Tukey HSD effec-
tively controls the Type | error rate, reducing the likelihood of false
positives and ensuring that significant differences are statistically

robust.
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All R scripts used for data analysis and simulation are provided in
Code S1, and all raw datasets supporting the results are provided in
Dataset S1.

3 | RESULTS

Throughout the day, the leaves of both wildflower species showed a
progressive decline in ®PSll, accompanied by increased transpiration
rate, CWSI, and anthocyanin proxy across all micro-patches (Figure 3).
No significant differences were observed for g, and other spectral
indices (Figures 3d,f,m,0 and S1). CWSI on morning-shade plots ran-
ged from 68% to 96% in the morning and midday but converged with
the other two micro-patches in the afternoon during which the differ-
ences became no longer significant—mirroring VPD and VPDjes—
while lg displayed the opposite pattern (Figure 2; Tables S1 and S2).
Variations in g, aligned more strongly with adjusted leaf temperature
(inversely) than with transpiration and remained the lowest on
morning-shade plots for P. californica and midday-sun plots for
G. camporum until the afternoon (Figures 3d,e,m,n and Sic, I). Both
species exhibited the highest WBI and the lowest PSRI and
reflectance-based anthocyanin and flavanol indicators on midday-sun
plots (Figures 3f,i,l,0,q,r and S1i,t).

Throughout the year: (i) SLA and spectrum proxies of chlorophylls
and carotenoids peaked in spring; (i) maximum quantum yield stabi-
lized from spring onwards (C. phacelia: 0.813 + 0.026; G. camporum:
0.820 + 0.017); (iii) Ig closely tracked VPD, peaking in summer, while
CWSI and anthocyanin reflectance index revealed the opposite
trends; and, (iv) NDVI and PRI were 1.1 and 10 times higher, respec-
tively, in spring and summer compared with winter and autumn
(Figures 2, 4, and S2; Table S3). Differences in SLA and PRI across
micro-patches became nonsignificant in summer (Figures 4a,e,l,p and
S2a-c,|-n). The length-to-width ratio of C. phacelia and G. camporum
steadily increased and decreased over time, respectively (Figure 4b,n).
In summer, transpiration and gsw of G. camporum remained compara-
ble to spring levels, with the lowest values observed on midday-sun
plots before summer (Figure S2o0-p). Conversely, for P. californica,
they declined by 30% and 24%, respectively, in summer, with the
highest values occurring on midday-sun plots (Figure S2d,e; Table S3).

C. phacelia exhibited significantly higher SLA, g, g, transpiration
rate, reflectance-based spectral indices, and most pigment proxies,
while lower length-to-width ratio, maximum quantum yield, adjusted
leaf temperature, CWSI, and anthocyanin proxy than G. camporum
5 and S3). SLA of

G. camporum and C. phacelia on midday-sun plots was 7%-10% and

across micro-patches(p < 0.05) (Figures
13%-20% greater, respectively, than the other two micro-patches
(Table S4). Similarly, WBI was the highest on midday-sun plots for
both species, followed by afternoon-shade plots, whereas PSRI and
spectrum-derived anthocyanin and flavanol levels showcased the
5j,i,n-0). The

(i) photochemical-related indicators (®ps;, PRI) were observed on

opposite trends (Figure lowest values of

afternoon-shade plots, and (ii) CWSI and VPDje5s on morning-shade
plots (Figures 5d,g,h,| and S3b,c,f). Trends of transpiration and g,

P’:’J—7

differed between the two species and inversely mirrored adjusted leaf

People P

temperature: they peaked on midday-sun plots for C. phacelia,
whereas G. camporum displayed the opposite (Figures 5e,f and S3a).

There was a strong negative correlation between ®pg;, and PAR
(adjusted R? = 0.68-0.69; p < 0.0001), with similar coefficients and
intercepts between two wildflowers (Figure 6a). Transpiration rate
had a moderate positive correlation with both PAR and VPD (adjusted
R? = 0.35-0.47; p < 0.0001), with C. phacelia consistently showing
larger intercepts than G. camporum (Figure 6c,j; Table S5). In contrast,
adjusted leaf temperature and Ig declined with increasing PAR for
both species (adjusted R? = 0.27-0.35; p < 0.0001) (Figure 6g). CWSI
and g.,, exhibited weak or nonsignificant correlations with all microcli-
matic variables (Figures 6éb,e,i,l and S4b,e,il). Both transpiration and
adjusted leaf temperature were tightly linked to g, (positively
and negatively, respectively) and inversely correlated with each other
(adjusted R? = —0.65 - —0.74; p < 0.0001) (Figure S5ij,l,p,q).

4 | DISCUSSION

In this study, we found that micro-patch variation at this single-axis
tracking GPV shaped diurnal and seasonal patterns of leaf physiology
and morphology in two native wildflowers, despite the results encom-
passing a single year of measurements from partial-shade conditions
within the array footprint. Specifically, our 12-month dataset collected
provides valuable insights into the acclimation of native wildflowers,
results which inform decision making on species selection for revege-
tation efforts and, thus, the transition toward ecovoltaics. Further, our
results may be useful considering that (i) many perennials function as
facultative biennials or even annuals in arid and semi-arid regions like
the Central Valley of California (Amos et al.,, 2024); (ii) the three
micro-patches we studied collectively account for a substantial share
of the total GPV area (e.g., 47% in our case; Li et al., 2025); and
(iii) the 18 indices we measured are well-established indicators of
plant performance and stress.

The microclimatic heterogeneity imposed spatially across the
three micro-patches was insufficient to alter leaf shape, maximum
quantum yield, greenness (NDVI), or spectrally derived carotenoid and
chlorophyll levels in both species (Figures 5 & S3) (Lim & Kim, 2021).
More pronounced changes in chlorophyll content, as reported in stud-
ies such as Dai et al. (2009) and Semeraro et al. (2024), may occur
under higher interception of incident radiation (e.g., >25%), such as
the micro-patch directly beneath PV modules. However, stems grow-
ing in midday-sun plots, subjected to 7%-9% more shade and shorter
photoperiods, exhibited notable morphological and physiological
adjustments of leaves, including: (i) 7%-20% larger specific leaf area
(SLA), indicating expanded area to promote light capture at the
expense of thickness; (i) 14%-27% and 8%-18% reductions in
the proxies of anthocyanin and flavanol, respectively, suggesting
decreased photoprotection; (i) up to 200% decrease in Plant Senes-
cence Reflectance Index (PSRI), signaling healthier conditions, such as
delayed senescence; and, (iv) 1.2%-1.6% higher Water Band Index
(WBI), reflecting enhanced water retention that is critical in drought-
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FIGURE 2 Boxplots of ambient temperature (°C; a-c), relative humidity (%;d-f), vapor pressure deficit (kPa; g-i), and photosynthetic active
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normal color) -

; j-1) across three micro-patches - MS (morning-shade; lighter color), BS (midday-sun; darker color), AS (afternoon-shade;
faceted by four seasons (win - winter, Spr - spring, sum - summer, Aut - autumn), three daytimes (AM - morning, MM - midday,

PM - afternoon), and two species (CPH - Phacelia californica, GVG - Grindelia camporum) at the UC Davis experimental Ecovoltaic Park (Davis,
California, United States). Statistical differences between levels, as determined by Tukey's honestly significant difference (HSD) test, are denoted

using Greek symbols (e.g., o, B, Y).

prevailing semiarid regions (Figure 5am-o; Table S4) (Fagnano
et al., 2024; Jagodzinski et al., 2016; Lambert et al., 2022). Although
the vapor pressure deficit of midday-sun plots was 1.2 times that of
the other two micro-patches, the elevated transpiration demand may
be offset by a combined 11% greater soil moisture and 8% slower
wind speed, as we reported in Li et al. (2025) at the same GPV
(Table 2.h), contributing to a thicker boundary layer resistance under
attenuated direct airflow. Significantly higher WBI of both species on
afternoon-shade than morning-shade plots also highlighted the

benefits of shade to maintain water balance in leaves (Figure 5j)
(Barron-Gafford et al., 2019; Kannenberg et al.,, 2023; Sturchio &
Knapp, 2023).

Diurnally, physiological parameters of instantaneous responses
were influenced by a combination of meteorological conditions and
PV panel rotation, as hypothesized. Photosynthetically active radia-
tion was a primary driver of chlorophyll fluorescence, with photo-
chemical efficiency (®ps)) in both perennials progressively declining

from 8:30 am. to 3:30 p.m. (Figures 3a,l and 6a-cj-I) due to
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FIGURE 3 Boxplots of photochemical efficiency (®ps); unitless), flavanol reflectance index (FRI; unitless), photochemical reflectance index
(PRI; unitless), stomatal conductance (gg.; Mol m~2 s~ %), transpiration rate (E; Mol m~2 s~ %), water band index (WBI; unitless), stomatal
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¢), photochemical efficiency (@psy;; unitless; d), stomata conductance (gq; Mol m™2 s~1; e), transpiration rate (E; Mol m~2 s~1; f), crop water stress
index (CWSI; unitless; g), stomata conductance index (Ig; unitless; h), plant senescence reflectance index (PSRI; unitless; i), water band index (WBI;
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- MS (morning-shade; lighter color), BS (midday-sun; darker color), AS (afternoon-shade; normal color) - between two species (CPH - Phacelia
californica, GVG - Grindelia camporum) at the UC Davis experimental Ecovoltaic Park (Davis, California, United States). Statistical differences
between levels, as determined by Tukey's honestly significant difference (HSD) test, are denoted using Greek symbols (e.g., o, B, and y).

photosynthetic compromised capacity to harvest photons (Figure 2j) (i) anthocyanin proxy, consistent with previous findings on photopro-
(Cuzzuol et al., 2020; Franck & Vaast, 2009; Grassi et al., 2009; tective pigment accumulation under light stress, which may also be
Narayanan et al., 2015). This was coincident with the escalation of driven by changes in pH, water potential, or antioxidant reaction
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FIGURE 6 Best-fitted GLM models of photochemical efficiency (®PSII; unitless), photochemical quenching (gP; unitless), non-photochemical
quenching (NPQ; unitless), stomata conductance (gs.; Mol m~2 s~1), transpiration rate (E; Mol m~2 s~1), adjusted leaf temperature (Tieas - AT; °C),

crop water stress index (CWSI; unitless), stomata conductance index (Ig; unitless; h) against photosynthetic active radiation (PAR, pmol m—2 s~ %;

1

a-i) and vapor pressure deficit (VPD, kPa; j-r) for Phacelia californica (CPH; red) and Grindelia camporum (GVG; green) at the UC Davis
experimental Ecovoltaic Park (Davis, California, United States). Adjusted R? and p-values are labeled at species level.

(Figure 3it) (Hatier & Gould, 2009; Hughes, 2011);

(ii) transpiration rate, indicating reliance on evaporative cooling to reg-

and,

ulate leaf temperature, as reflected by larger differentials with ambi-
ent temperature that came at the cost of higher risk of hydraulic
failure, evidenced by elevated Crop Water Stress Index (CWSI) and
lowered stomatal conductance index (Ig) (Figure 3e-h,p-s) (Grossiord
et al., 2020; Rinza et al., 2021). The transient fluctuations in leaf
anthocyanin proxies were unlikely to be solely an optical artifact given
the absence of transient fluctuations in the other measured pigments
(Figure S1le-g,m-o0) (Merzlyak et al., 2008). Shadow cast by PV panels
in the morning and midday effectively prompted the leaf photochemi-
cal (i.e., ®pg;; and PRI) and hydro-thermal (i.e., transpiration and CWSI)
performances on morning-shaded plots, the advantages of which on
afternoon-shaded plots diminished in the afternoon when vapor
pressure deficit remained high (also observed in Knapp &
Sturchio, 2024)—as the heat emission from adjacent operating panels
was also the greatest during the day (Figure 3).

Contrary to our hypothesis, seasonal benefits of panel shading
were not more pronounced in summer, likely because plant ontogeny
exerted a stronger influence at this scale (Figures 2, 4, and S2) (Mand

et al.,, 2010; Poorter et al., 2019). This was particularly prominent in

the divergent trends of leaf length-to-width ratio between the two
perennials: G. camporum shifted toward a more drought-resistant
shape with reduced elongation from December 2022 to November
2023, while P. californica developed increasingly longer, narrower
leaves to enhance heat dissipation and optimize photosynthesis
over time (Figure 4b,m) (Poorter et al, 2009; Valladares &
Niinemets, 2008). SLA and spectrally derived indicators of carotenoid
and chlorophyll content in both species peaked in spring coinciding
with active growth by prioritizing resource acquisition via leaf area
enlargement and pigment accumulation to maximize light harvesting
while preemptively reinforcing photoprotective mechanisms in antici-
pation of oxidative stress in summer (Figure 4a,g,h,l,r,s) (Jagodzifiski
et al, 2016; Lambers et al., 2008; Niinemets, 2010; Pompodakis
et al., 2005). The relatively stable maximum quantum yield, above
0.80, spring through autumn across all three micro-patches demon-
strated their capacities in sustaining photochemical functions
(Figure 4c,n) (Colom & Vazzana, 2003; Lichtenthaler et al., 2007). Sig-
nificant decreases of NDVI (—8%) and PRI (—92%) from summer to
autumn signaled a transition out of peak growth (Figure 4d, o, p;
Table S3) (Gamon et al., 2015). The reduced incident radiation mea-
sured during summer compared with spring caused by denser
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vegetation canopies and thus interspecific shading, may explain the
sharp declines in flavanol proxies and PSRI, particularly in C. phacelia
which has a low-stature rosette form (Figures 2I, 4f,q, and S2¢,k,n,v)
(Behmann et al., 2014; Tolgyesi et al., 2023).

While both native wildflowers thrived within the array footprint,
P. californica was proven to be particularly well-suited for environments
with partial shades, evident through an ensemble of superior perfor-
mances, including significantly higher SLA (1.13 times), width-to-length
ratio (1.27 times), light-use efficiency (PRI; 1.38 times), transpiration
rate (1.32 times), greenness (NDVI; 1.06 times), and pools of chlorophyll
(1.03 times) and flavanol (1.45 times) than those in G. camporum
(Figure 5; Table S4) (de Casas et al., 2011; Wang et al., 2020). Notably,
the increase of SLA in P. californica on midday-sun plots compared with
the other two micro-patches (4+14%-20%) was twice that of
G. camporum (+7%-10%), showcasing a more plastic morphological
change in response to induced shade (Wynne-Sison et al., 2023).
P. californica also maintained greater stomatal conductance (gg,) on
midday-sun plots, suggesting the prioritization of carbon gain over
water retention through prolonged stomatal opening even under higher
vapor pressure deficit; whereas the leathery leaves of G. camporum
exhibited the opposite pattern, implying a more conservative, isohydric
strategy that warrants further investigation through direct measure-
ments of leaf water potential under a gradient of soil moistures
(Figures 2h and 5e) (Grossiord et al., 2018; Urban et al., 2017). Despite
the large standard errors associated with g, it is known to fluctuate
dynamically, and even slight variability can have significant ecological
implications (Table S4) (Buckley, 2017; Klein, 2014; McDowell
et al., 2008; Sperry & Love, 2015). Regardless, G. camporum success-
fully established and proliferated at this site, challenging its classifica-
tion as strictly sun-loving documented by some authoritative California
plant databases (Mahanty, 2023). In our context, G. camporum could be
instead characterized as a competitor and P. californica as a stress-
tolerator to better reflect their differing life history strategies and sensi-
tivities to factors beyond sunlight availability (Ferrara et al., 2023).

For future eco-physiological studies of leaves at GPVs, selecting
parameters and instruments based on temporal scale could enhance
understanding. Fluorometers, porometers, and infrared cameras effec-
tively capture diurnal, instantaneous dynamics, while spectral indices
and functional traits provide additional insights into seasonal trends
(Gerhards et al., 2016; Pompodakis et al., 2005). Combining multiple
techniques can offer complementary perspectives on the intricate
mechanisms governing plant energy-water balance (Drake et al., 2013;
Aubrecht et al., 2016; Furtak & Nosalewicz, 2022). For example, while
we found evidence supporting the constraint of high leaf vapor pressure
deficit on stomatal aperture in G. camporum, as reported for a perennial
bromegrass by Sturchio et al. (2024), this effect was only marginally sig-
nificant for P. californica. Instead, gy, was strongly correlated with
adjusted leaf temperature (R? = 0.51-0.61), highlighting the primary
role of stomatal regulation in preventing leaf overheating (Figure S5)
(Michaletz et al., 2016; Urban et al., 2017).

However, the decoupling between Ig and g, and between PRI
and ®pg;, underscored the potential biases and necessary cautions

when relying solely on a single thermal or spectral instrument to

kg 1=

indirectly assess leaf physiological responses without verification from

People P

direct, established methodologies (Craparo et al., 2017; Gamon &
Berry, 2012; Gamon & Bond, 2013). Another caveat was the use of
spectrally derived proxies without calibration against extracted pig-
ments: aside from potential deviations, their mass-based concentra-
tions could not be calculated, which may help explain the absence of
significant differences in carotenoid and chlorophyll levels across
micro-patches, as well as the counterintuitive seasonal patterns
observed in anthocyanin—all were estimated on a per-area basis
(Figures 4r-t, 5m, and S3d,e) (Croft et al., 2017; Mahanty, 2023).
While these spectroscopic pigment parameters may lack the exact
quantitative precision of traditional methods, they offer scalable, non-
destructive, and cost-effective insights into the diversity of micro-
patches created by GPV infrastructure and its operation to inform
ecological restoration management decisions related to plant stress.

A major limitation of this study is that it covers only a single year
(December 2022 to November 2023) in the lifecycle of these approxi-
mately 1-year-old perennials and, thus, results should not be tempo-
rally extrapolated beyond this period, as they often exhibit delayed or
cumulative responses—that is, legacy effects - to altered environ-
ments driven by annual variations. On the other hand, the absence of
full-sun (open spaces) and full-shade (beneath PV panels) controls
limits the extent to which we can evaluate the plant acclimation
across the full microclimatic gradient (i.e., “micro-patches”) typical of
GPVs. Consequently, we cannot conclusively determine whether their
growth was enhanced or suppressed, as direct extrapolation may be
erroneous, and as relationships with light levels can be non-linear and
compounded by other abiotic and biotic factors like ambient tempera-
ture, soil moisture, and intra- and inter-specific competition.

With our industry and community partners, we have facilitated
the re-vegetation of the single-axis, tracking GPV (i.e., across all
micro-patches within the array footprint) with diverse, native seed
mixtures since late 2024, enabling longer-term, multi-year eco-
physiological assessments across a broader range of environmental
heterogeneity, management practices (e.g., mowing and grazing), and
herbaceous species. Future studies to expand our measurements
include: (i) carbon fixation, which does not always correlate linearly
with ®pg), (Baker, 2008; Magney et al., 2020); (i) pigment and nutrient
content (e.g., nitrogen and potassium) through chemical extraction fol-
lowed by high-pressure liquid chromatography to improve the calibra-
tion of spectral indices; (iii) tissue-level assessments beyond leaves,
such as net productivity, relative growth rate, biomass allocation, and
other functional traits to provide a more comprehensive evaluation of
acclimation (Halbritter et al., 2020); and (iv) additional microclimate
parameters to refine our scientific grasp of interactions with PV infra-
structures (Maes & Steppe, 2012).

5 | CONCLUSION
This study showcases the role of single-axis, tracking GPVs in driving
microclimate variation, particularly through changes in radiation expo-

sure and heat loads, and their subsequent effects on the physiological
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and morphological traits of native perennial wildflowers. Spatially,
even subtle differences in the microclimate conditions—known as
micro-patches—within the array footprint resulted in distinct eco-
physiological acclimations, with afternoon shading proving particularly
beneficial for water conservation in both species (Li et al., 2025). Tem-
porally, we found that diurnal dynamics of leaf physiology were driven
by the combined effects of the microclimatic conditions created by
PV panels and their rotation, while seasonal trends in leaf physiology
were shaped predominantly by plant ontogeny. P. californica exhibited
traits associated with stress tolerance, such as greater SLA, light-use
efficiency, transpiration rate, and pigment accumulation in partially
shaded environments, whereas G. camporum displayed more conser-
vative traits, thriving in a range of light conditions if the risk of water
loss was minimized. Thus, framing them simply as ‘“shade-tolerant”
and “sun-loving” may overlook their nuanced adaptive strategies.
Therefore, relying on certain online databases—which may mis-
categorize G. camporum or other native species as strictly “sun-loving”
or “shade-intolerant”—could lead to their exclusion from seed selec-
tion within the array footprint, despite their potential to thrive under
such conditions. This, in turn, may result in missed opportunities, eco-
logically and economically, for solar developers to enhance botanical
and structural diversity at their projects. Moving forward, we aim to
expand long-term eco-physiological assessments across a broader
spectrum of microclimates, species, indicators, and methodologies to
not only deepen the understanding of the interplay between vegeta-
tion and GPVs, but to also optimize strategic planning for ecovoltaic

solar parks.
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