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Abstract

Agrivoltaic systems are regarded as multifunctional land-use strategies, but their effects on
high-value aromatic crops remain poorly understood. This exploratory single-site study
described biomass production, essential oil yield, antioxidant traits and volatile composition
of Thymus vulgaris L., Salvia officinalis L. and Salvia rosmarinus Spenn. at three positions
within an agrivoltaic corridor and in an adjacent open-field control. Compared with the
open field, the agrivoltaic area received 17.7% less solar radiation, had 6.8% lower reference
evapotranspiration and strongly reduced wind speed, and showed 19.2% higher soil water
content under the same irrigation schedule. Fresh biomass per plant was 2.4-3.4 times
higher at all agrivoltaic positions than in the control, with similar values among positions,
while dry matter content varied with position. The most shaded position showed the
lowest dry matter content, associated in S. officinalis with a lower proportion of desiccated
tissue, and the highest essential oil yield on a dry matter basis (4+69.2% in T. vulgaris,
+19.4% in S. officinalis and +112.2% in S. rosmarinus), whereas on a fresh weight basis yield
was higher only in S. rosmarinus. Estimated oil production per plant was higher under
agrivoltaic conditions in all species. Antioxidant capacity was generally highest in the same
position, whereas volatile composition differed mainly from open-field control. Although
species-specific, the results point to crop position within corridors as a potential agrivoltaic
design variable. Since areas and positions were not replicated and chemical analyses were
performed on composite samples, this hypothesis requires confirmation through studies
with a replicated experimental design.

Keywords: agrivoltaic systems; aromatic plants; integrated monitoring; environmental
parameters; essential oils; GC-MS profile

1. Introduction

Agrivoltaic systems, hereafter APV, integrate photovoltaic energy production with
agricultural land use and have emerged as a strategy to improve land-use efficiency, resource
use and cropping-system resilience under climate change [1,2]. Originally proposed by
Goetzberger and Zastrow (1982) [3] as a dual-use land management approach, APV is
now recognised as a transformative solution to improve land productivity through the
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simultaneous production of electricity and agricultural biomass on the same land, and to
contribute to climate change mitigation and global sustainability goals [4-7]. By enabling
crops to grow beneath or between photovoltaic modules (hereafter PV), APV systems can
modify the crop microclimate and reduce heat and water stress while generating renewable
energy, thereby supporting the sustainable intensification of agriculture [8,9].

Recent research has increasingly examined the effects of APV-induced partial shad-
ing on crop physiology and productivity. Studies on horticultural and fruit crops, in-
cluding grapevine [10], tomato and lettuce [11,12], and strawberry, kiwi, and other fruit
species [13,14], have shown that APV structures can significantly modify the understory
microclimate by reducing incoming radiation, buffering temperature extremes, lowering
wind speed and decreasing evaporative demand.

Although PV installations modify crop microclimate, their agronomic effects are not
unequivocal: stress reduction may promote vegetative growth, whereas reduced radiation
can limit biomass accumulation or alter biochemical pathways involved in crop quality
formation [15]. This issue is particularly relevant for aromatic and medicinal plants, whose
productivity and secondary metabolism are highly sensitive to environmental modula-
tion [16,17]. Despite the rapid expansion of APV pilot systems, most studies have focused
on vegetable and fruit crops, mainly assessing yield performance and water use efficiency,
while perennial aromatic species remain poorly investigated [18-20].

Reduced light availability has been investigated extensively in essential oil-producing
plants using shade nets, and the reported responses are strongly species- and intensity-
dependent. Shading increased essential oil content in sage, oregano and rosemary [21],
in thyme, marjoram and oregano [17] and in lemon balm, mint and sweet basil [22],
whereas neutral or negative effects were reported for thyme and mint [16] and for Melissa
officinalis [23]. Shading also modifies oil composition, with shifts in the main constituents
of thyme and mint [16] and harvest time-dependent effects in sage [24]. Reduced radiation
can also induce morphological acclimation, including shoot elongation and increased
leaf area, while decreasing the dry-to-fresh biomass ratio because of the greater relative
contribution of tissue water under shaded conditions [25]. Most of this evidence, however,
comes from shade-net experiments, which impose a relatively uniform and largely diffuse
reduction in irradiance, whereas an APV structure generates moving shadows and a spatial
radiation gradient across the inter-row, together with concurrent changes in wind speed
and evaporative demand. Understanding how this spatially heterogeneous shading affects
crop growth and essential oil production, therefore, remains a key gap for the development
of multifunctional APV systems.

Mediterranean Lamiaceae, including rosemary, sage and thyme, are suitable models
for addressing this gap because of their stress resilience, economic value and use as sources
of high-quality raw materials for the cosmetic and pharmaceutical sectors [26,27]. Their
aromatic profiles are strongly influenced by environmental and agronomic factors, making
them particularly relevant for evaluating APV-induced effects on essential oil yield and qual-
ity [27]. Essential oil yield depends not only on biomass production but also on metabolite
concentration, which may respond positively to moderate stress alleviation and improved
microclimatic conditions [28,29]. Although some studies report slight reductions in total dry
matter under shading, compensatory effects, such as increased essential oil concentration
or reduced irrigation demand, can offset potential yield penalties [30]. Consequently, APV
systems may enhance overall system sustainability rather than maximising the productivity
of a single crop [29]. However, successful implementation requires careful system design
to optimise light distribution at crop level [31,32]. In fixed-tilt systems, ground-level irradi-
ance depends on panel height, row pitch, tilt, orientation and ground coverage ratio, which
together generate direct and diffuse shading patterns that vary across the inter-row and
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throughout the year [33-36]. Crops grown at different positions within the same corridor
may therefore experience markedly different light and microclimatic conditions, making
crop positions a design and management variable rather than a source of experimental
noise. Aromatic crops have also been recognised as opportunities for farm diversification
and territorial development because of their economic value and structural characteris-
tics [37-39], while recent evidence from dynamic APV systems indicates that microclimatic
conditions can modify and influence essential oil production in aromatic species [27]. These
responses can only be interpreted through integrated monitoring approaches able to link
atmospheric conditions, soil water dynamics, spatial radiation heterogeneity, and crop
performance within the APV system. Furthermore, the spatial and temporal heterogeneity
generated within APV systems is rarely quantified through integrated monitoring, despite
its relevance for understanding crop responses and product-quality outcomes.

Therefore, this exploratory single-site study evaluated the performance of a fixed
tilt APV system in central Italy using an integrated monitoring approach, as described
by Di Domenico et al. (2026) [40]. The novelty of this study lies in linking APV spatial
heterogeneity, quantified through microclimatic monitoring and a geometric shading model,
with both quantitative and qualitative traits of essential oil crops. Instead of assessing crop
yield alone, this study explores whether different light microenvironments within a fixed tilt
APV corridor are associated with differences in biomass accumulation, dry matter content,
essential oil yield, antioxidant traits and key volatile markers in Salvia rosmarinus Spenn.,
Salvia officinalis L., and Thymus vulgaris L. Specifically, this study aimed to (i) quantify
the microclimatic changes induced by the APV system and the spatial distribution of
shading across the corridor; (ii) compare biomass and essential oil production per plant
between APV positions and the open-field control; and (iii) describe how essential oil yield
and quality varied with crop position within the corridor in each species, as a basis for
hypotheses on crop placement in APV design. This approach is essential for understanding
how APV-induced microclimatic heterogeneity may affect the productivity and quality of
aromatic species intended for cosmetic and pharmaceutical applications.

2. Materials and Methods

Generative Al (ChatGPT 6.1) was used to generate individual illustrative icons included
in the Graphical Abstract. The overall design, layout, composition, integration of elements
and scientific content of the Graphical Abstract were created and finalised by the authors.

2.1. Study Area and Agrivoltaic Layout

This study was conducted at an experimental fixed tilt APV facility in Viterbo, central
Italy (Figure 1). The experimental design included two adjacent study areas, each mea-
suring 500 m?>—corresponding to the portions of the field in which plants were grown,
monitored and sampled: (i) an APV area equipped with photovoltaic panels and (ii) an
open-field control area. Both areas were in the same field and were managed with iden-
tical agronomic practices throughout the study period to minimise management-related
confounding effects.

The APV system consisted of fixed module rows oriented east-west, with south-facing
panels tilted at approximately 25°. Each structure comprised two vertically stacked modules
(1.67 x 1.00 m each, portrait orientation), giving a collector width of 3.34 m and a horizontal
projection of 3.03 m. The panels were mounted on a single central support pole 2.1 m high,
with the lower (southern) and upper (northern) edges at approximately 1.39 m and 2.81 m
above ground. The row pitch, measured between the support poles of adjacent rows, was
approximately 4.4 m, corresponding to a ground coverage ratio (GCR) of 0.69 and leaving
an uncovered ground strip of approximately 1.37 m between the projections of adjacent
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panel rows. This configuration created conditions of partial shading and a spatial gradient
of solar radiation at ground level.

Figure 1. Study site: (a) experimental farm in Viterbo; (b) APV corridor; (c) the adjacent open-field
control area.

Three Mediterranean aromatic species were studied: Thymus vulgaris L., Salvia officinalis
L., and Salvia rosmarinus Spenn. Uniform seedlings grown in pots were transplanted into
both the APV and open-field control areas. For each species, crop rows were established
within dedicated APV corridors, and the same crop row arrangement and species sequence
were mirrored in the adjacent open-field area to provide a full sun reference. Within the
APV system, the three crop rows were positioned across the inter-row at 1.4 m (Row 1),
2.2 m (Row 2) and 3.0 m (Row 3) north of the support pole of the reference PV row. Row 1
was therefore located beneath the upper (northern) edge of the reference panel row, Row
3 beneath the lower (southern) edge of the adjacent row to the north, and Row 2 in the
uncovered strip between the two panel projections (Figure 2). These rows represented
distinct spatial positions along the radiation gradient generated by the PV structure and were
therefore considered spatial positions within the APV configuration rather than independent
replicated treatments. Details on row positioning, plant number and monitored samples
are provided in Table 1.

1T LI

Rosemary - Salvia rosmarinus Thyme - Timus officinalis Sage - Salvio officinalis

Figure 2. North-south section of the APV corridor showing the panel geometry and the position of
the three crop rows.
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Table 1. Summary of experimental design parameters.
Category Parameter Value
Site coordinates 42.426583° N, 12.081050° E
Site Elevation 348 ma.s.l.
Experimental areas APV study area and adjacent open-field control, 500 m? each
Row orientation East-west
PV orientation and tilt South-facing; fixed tilt of 25°
Module arrangement Two Vertically stacked rrToc.iules (1.67 x 1.00 m, portrait) ;
collector width 3.34 m; single central pole 2.1 m high
APV layout Panel edge height Lower (southern) edge 1.39 m; upper (northern) edge 2.81 m
Row pitch and GCR 4.4 m (pole to pole); GCR 0.69
Cro postions dstncenonthofthe 17,1 141 breah heuppe el f e s o o
reference pole) of the adjacent row
Transplanting November 2023
Timeline Monitoring period January 2024 to May 2025
Harvest June 2025
Species S. rosmarinus Spenn., S. officinalis L. and T. vulgaris L.
Crop layout Randomly selected: 30 per species (10 plants per row), both in

Harvested and weighed plants

control area and in APV area

2.2. Plant Material, Crop Management and Condition at Harvest

Potted plants of T. vulgaris L., S. officinalis L. and S. rosmarinus Spenn. (5-6 cm tall,
7-9 cm pots) were obtained from a single batch per species from a commercial nursery in
Lazio and transplanted in November 2023, after tillage and hilling. In both areas, plants
were spaced 0.8 m within rows and rows were 0.8 m apart. In the APV area, the three
rows of each species (Rows 1-3) were placed across a 4.4 m-wide corridor (Figure 2); in
the open-field control, the three rows of each species were placed side by side, giving
nine consecutive rows 0.8 m apart. Rows were covered with biodegradable mulch film
and drip irrigated with the same schedule in both areas; no fertilisers were applied. Soil
properties were determined in May 2024 on composite samples (0-20 cm) from each area by
an accredited laboratory, following Italian official methods (Ministerial Decree 13/09/1999)
and US EPA methods for total P and K (Supplementary Table S4).

Each row was irrigated by its own drip line, with the same type of drip line and emitters
in both areas. All drip lines were supplied by a single 10 m® tank, which was emptied at each
irrigation event; each event supplied about 6 L per metre of drip line, i.e., about 5 L per plant
in both areas. Irrigation was applied every other day for two months after transplanting
(November 2023 to January 2024) and daily from April to June in both 2024 and 2025,
with the last irrigation season ending at harvest; no irrigation was applied in the other
months. APV and control were therefore compared under equal irrigation input rather
than under equivalent soil-water status; because evaporative demand was lower under APV
(Section 3.1), the same water supply may have resulted in a wetter root zone in the APV
corridors.

Plants were harvested on 11 June 2025. For each species, ten plants per row were
randomly selected (30 plants per species in the control and ten at each of the three APV
positions), cut at soil level and weighed individually in the field (platform scale, 0.1 kg res-
olution). The material was pooled by species and position. Because a single distillation unit
was available and each distillation, including loading and cleaning, required approximately
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2 h and 30 min, the twelve distillations (three species x four positions) were carried out over
two consecutive days: S. officinalis and T. vulgaris on the day after harvest and S. rosmarinus
on the second day. To avoid confounding position with processing date, all positions of
each species were processed on the same day. Until processing, the material was stored in
jute bags in a dark, dry place at approximately 15-20 °C.

Canopy condition was visually assessed by photography during field visits. These
observations were qualitative and were used only to support the interpretation of dry
matter data.

2.3. Integrated Monitoring Framework

An integrated monitoring framework was adopted to characterise the APV system
from both environmental and agronomic perspectives. Environmental variables were
measured with the sensors listed in Table 2, connected to METER data loggers (METER
Group, Pullman, WA, USA), recording at 15 min intervals. In the APV area, one set of
atmospheric sensors and one soil moisture sensor were installed in each species corridor, at
the centre of the corridor (Row 2, in the uncovered strip between panel projections) and
midway along the row; APV values are reported as the mean of the three corridors. In the
open-field control, a single set of atmospheric sensors was installed at the centre of the area,
with one soil moisture sensor per species row. Atmospheric sensors were installed at 2 m
height and soil moisture sensors at 20-25 cm depth. Microclimatic and soil data in the APV
area therefore represent the least covered position of the inter-row. Before installation, the
pyranometers, ATMOS 14 sensors and anemometers of the APV and control areas were
operated side by side during October 2023; the differences between paired sensors remained
within the accuracy declared by the manufacturers (Table 2), and no correction was applied.
APV and control data were compared over the same monitoring period (January 2024 to
May 2025). Solar radiation data were aggregated to hourly and daily values, air temperature
to daily mean, minimum and maximum, and precipitation to monthly and annual totals.
Vapour pressure deficit and reference evapotranspiration (ET;) were calculated following
Allen et al., 1998 [41]. Because wind speed in the APV area was mostly below the lower
limit of the anemometer measurement range (1 m s~!), APV wind speed indicates strongly
reduced ventilation rather than providing a quantitative estimate, and APV ET should be
regarded as approximate.

Table 2. Environmental sensors used in the integrated monitoring framework, with measurement
range, accuracy and calibration.

Variable

Sensor Range and Accuracy Calibration

_ -2 300 . Vi Vi
RK200-03 thermopile 0-2000 W m~*, 300-3200 nm; Individual factory sensitivity

ranometer (Hunan Rika non-linearity < +2%; cosine coefficient; side-by-side
Global solar radiation pyrai response < +7% at 10° solar inter-comparison of APV and
Electronic Technology, Changsha, elevation; temperature effect + 2% control sensors
China) # . = . .
(—10 to 40 °C); stability + 2% yr! before installation
ATMOS 14 in radiation shield Factory; side-by-side

— °C: +().3— o,

Air temperature (METER Group, Pullman, 40t0 80 %’a;?izoofc C between inter-comparison

WA, USA) before installation

Relative humidity

Factory, verified over salt
solutions at 25, 50 and
76% RH; side-by-side

inter-comparison
before installation

0-100% RH; +2-4% RH between 0

ATMOS 14 (as above) and 40 °C (20-85% RH)
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Table 2. Cont.

Variable Sensor Range and Accuracy Calibration
Davis cup anemometer (Davis o .
Wind speed Instruments, Hayward, CA, USA), 1-58 m s71; +5% inl’:z:—tcocfr}ll{ S;(jie;:g s:;lcfre
P METER version (METER Group, 100 . f llati
Inc., Pullman, WA, USA) instatiation
. o +3% of total or 0.2 mm (one
Precipitation Rain collector, tipping spoon 0.2 tip), whichever is greater, up to Factory, 0.2 mm per ti
P mm (Davis Instruments, USA) b gfl - up Yo pettip
250 mm h
Soil volumetric water 0.00-0.70 m®* m~—3; +£0.03 m® m™3 Generic mineral-soil
ot volumetric wate TEROS 12 (METER Group) (generic mineral-soil calibration); calibration
content
measurement volume about 1 L (manufacturer default)

Crop performance was assessed at harvest on randomly selected plants (Section 2.2),
followed by essential oil extraction and chemical characterisation (Sections 2.5-2.8).

2.4. Theoretical Shading Model

To aid interpretation of the shading dynamics produced by photovoltaic modules across
crop rows in each APV corridor, a simplified theoretical geometric model was developed
in the vertical north-south plane. The model assumed flat ground, infinitely long parallel
module rows with the geometry described in Section 2.1, and south-facing panels. In
line with radiation-modelling approaches commonly used in APV systems, ground-level
radiation distribution was assumed to depend primarily on system geometry and solar
position [34]. Solar elevation and azimuth were calculated at 10 min intervals over the
monitoring period (January 2024-May 2025) from site coordinates and astronomical time,
using the NOAA solar position algorithm based on [42]. For each time step, direct shading
was determined by testing whether the ray from the evaluation point towards the sun,
projected onto the north-south plane, intersected any panel of the array. Evaluation points
were placed at canopy height (0.3 m) for each crop row and at the pyranometer position
(Row 2, 2 m). For each point, the model returned the mean daily hours and percentage of
daylight under direct shade, the fraction of clear-sky direct horizontal irradiance intercepted
by the panels, and the sky view factor for isotropic diffuse radiation. Clear-sky direct
irradiance was estimated with the air mass model of Meinel and Meinel (1976) [43], using
the air mass formulation of Kasten and Young (1989) [44]. Global radiation reduction was
then estimated assuming a diffuse fraction of 0.4, with a sensitivity range of 0.3-0.5. Because
the model does not include anisotropic diffuse radiation, multiple reflections, row ends or
local three-dimensional effects, its outputs were interpreted as theoretical estimates. The
estimate at the pyranometer position was compared with the measured radiation reduction
to assess model consistency, and the model was then used to estimate radiation conditions
at crop level, where no sensors were installed.

2.5. Essential Oil Extraction Methodology and Yield Determination

Essential oils were extracted using an Inox L 20 Plus steam distillation unit (Albrigi
Luigi srl, Grezzana, VR, Italy), comprising an electrically heated boiler, a stainless-steel
alembic for loading plant material, a water-cooled condenser, and a decanter for phase sep-
aration.

All samples were processed under standardised extraction conditions. For each species
and position, a single distillation was performed on the pooled fresh biomass (2.0-2.6 kg
for T. vulgaris, 1.0-1.5 kg for S. officinalis and 1.2 kg for S. rosmarinus). Extraction was carried
out for 2 h at a boiling temperature of 100 £ 5 °C, while the condenser temperature was
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maintained at 15 + 2 °C. For each extraction, the boiler was charged with 2.5 L of distilled
water. At the end of the process, the distillate collected in the decanter spontaneously
separated into two phases: the essential oil (upper layer) and the hydrolate (lower aqueous
phase). The oil volume was read in the graduated decanter (0.5 mL resolution) and
converted to mass using the oil density. Oils were recovered, dried over anhydrous sodium
sulfate, and stored at 4 °C until analysis. Before each extraction, dry matter was determined
on two aliquots (approximately 3 g each) of the same material used for the extraction, dried
in an electric thermostatic air-drying oven at 105 & 2 °C to constant weight. Essential oil
yield was expressed on both a fresh weight and a dry matter basis (g 100 g~!). Essential oil
production per plant was estimated separately for each species and position by combining
the mean fresh aboveground biomass per plant, measured individually in the field at
harvest, with the fresh-weight essential oil yield determined from the corresponding pooled
sample. Mean biomass was calculated from ten plants at each APV position and from thirty
plants in the open-field control. Estimated essential oil production was calculated as EO
production (g plant~!) = mean fresh biomass (g plant™!) x EO yield (g 100 g~! FW)/100.
This calculation assumes that the essential oil yield of the distilled portion is representative
of the pooled biomass from the corresponding species and position. The resulting values
represent estimated mean oil.

2.6. Gas Chromatography—-Mass Spectrometry (GC-MS ) Analysis

Chemical profiling was performed using a PerkinElmer Clarus 680 GC system coupled
with a Clarus SQ 8 MS detector and fitted with a 60 m capillary column (PerkinElmer
Inc., Shelton, CT, USA), using an autosampler for automated 1 pL injections. The technical
parameters maintained during analysis are summarised in Table 3. Compound identification
was based on the combined evaluation of mass spectra and linear retention indices (LRIs).
Mass spectra were compared with those in the NIST 98 library (Version 2.0), retaining
assignments with a match > 80%. A homologous series of n-alkanes (C7-C25) was analysed
under the same chromatographic conditions as the essential oil samples. Experimental LRI
were calculated by linear interpolation between the retention times of the n-alkanes eluting
immediately before and after each compound, using the following equation: LRI = 100 x [n
+ (tRx — tR,n)/(tRn + 1 — tR,n)] [45], where tR,x is the retention time of the compound,
tR,n and tR,n + 1 are the retention times of the immediately preceding and following
n-alkanes, respectively, and n is the number of carbon atoms in the preceding n-alkane.
Experimental indices were compared with reference values reported by Adams (2007) [46]
to support compound assignments. Peak areas were integrated using TurboMass software
(Version 5.4.2, PerkinElmer Inc., Shelton, CT, USA) and relative abundances were calculated
by peak-area normalisation, without response-factor correction, and therefore represent
relative chromatographic abundances rather than absolute compound concentrations.

Table 3. GC-MS instrumental and analytical parameters.

Parameter Specification
Gas Chromatograph PerkinElmer Clarus 680 GC
Elite-5 MS capillary (60 m x 0.25 mm x 0.25 ym) (5%
Column diphenyl/95% dimethyl polysiloxane
stationary phase)
Injection 1 uL, Splitless
Injection Temperature 220 °C
Carrier Gas Hydrogen 99.99999% purity 1 mL/min
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Table 3. Cont.

Parameter Specification

Gas Generator Hydrogen Generator AD (Cinel Srl-Padova-Italy)

40 °C (2 min), 5 °C min~! to 110 °C (3 min), 10 °C
min~! to 230 °C (2 min)

Oven Program

Mass Spectrometer PerkinElmer Clarus SQ 8 MS
Ion Source Temperature 180 °C
GC Inlet Line Temperature 200 °C
Scan Mode Full scan (m/z 35:400)
Identification NIST 98 library (v. 2.0), match > 80%
Quantification Relative peak area (%), TurboMass v. 5.4.2

2.7. Determination of Total Phenolic Content (TPC)

For the chemical characterization, 100 uL of each pure essential oil was dissolved in
10 mL of pure methanol (Carlo Erba, Cornaredo, Italy), following the procedure described by
EL-Lateef Gharib & Teixeira da Silva (2013) [47]. The resulting methanolic solution served
as the stock sample for the quantification of TPC. Concurrently, the same preparation was
employed to evaluate the overall antioxidant capacity via the ferric reducing antioxidant power
(FRAP) assay. This preliminary dilution ensured complete solubilization of the extract and
optimal reactivity with the analytical reagents. The TPC of the essential oils was determined
using the Folin—Ciocalteu colorimetric method [48], slightly adapted. As the Folin—-Ciocalteu
reagent is light-sensitive, all determinations were carried out in centrifuge tubes wrapped in
aluminium foil. For each sample, 4 mL of distilled water, 1 mL of the diluted essential oil, and
0.5 mL of Folin—Ciocalteu reagent (ITW Reagents, S.R.L., Monza, Italy) were added to the
tube. After 2 min, 2 mL of a 20% sodium carbonate (Sigma-Aldrich, Merck KGaA, Darmstadlt,
Germany) solution was added. The mixture was then brought to a final volume of 10 mL with
distilled water, vortexed, and incubated for 30 min in the dark at room temperature.

Absorbance was measured at 765 nm using a UV-Vis spectrophotometer against a blank
containing all reagents except the sample. TPC was expressed as gallic acid equivalents per
gram of essential oil (mg GAE g~! EO), based on a calibration curve (y = 450.84x + 4.8393;
R? = 0.9966) prepared using gallic acid standard solutions (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) in the range of 10-320 pg/mL, and converted from volume to mass
using the measured oil density. Each essential oil sample was analysed in duplicate.

2.8. Ferric Reducing Antioxidant Power (FRAP) Assay

Antioxidant capacity was determined using the Ferric Reducing Antioxidant Power
(FRAP) assay following Benzie and Strain (1999) [49], adapted for 96-well microplates
(Infinite 200 PRO, Tecan, Salzburg, Austria). The assay is based on the reduction of the
Fe3*-TPTZ complex to its ferrous form (Fe?*-TPTZ) under acidic conditions (pH 3.6),
producing an intense blue colour with maximum absorbance at 593 nm. Each well con-
tained 160 pL of freshly prepared FRAP reagent (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany), 30 puL of distilled water, and 10 uL of either diluted essential oil, Trolox standard
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), or methanol as the reagent blank.
The microplate was incubated in the dark for 30 min at 37 °C, after which absorbance was
measured at 593 nm using the automated reader. Antioxidant capacity was expressed
as millimoles of Trolox equivalents per litre of essential oil (mmol TE L~! EO), based on
a calibration curve (y = 1.2134x — 0.0532; R? = 0.9956) prepared with Trolox standard
solutions (0.1-2.0 mM). Each essential oil sample was analysed in duplicate.
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2.9. Data Analysis

This study was designed as an exploratory, single-site case study. The APV area and
the open-field control were single, unreplicated areas, and plants of each species were
sampled in a single APV corridor, in which Rows 1-3 represent distinct spatial positions
along the radiation gradient generated by the PV structure. Neither areas nor positions were
replicated: for both the APV versus open-field contrast and the comparison among positions,
the experimental unit is a single area or row (n = 1). Individual plants are observational
units (subsamples) within each position and do not provide independent replicates of a
treatment. Accordingly, no inferential tests were applied, and all variables are reported
descriptively. Fresh aboveground biomass, plant height and plant width are reported as
mean + SD of the ten plants harvested in each row, where SD describes plant-to-plant
variability within a position; in the open-field control, the three mirrored rows were pooled
(30 plants). Essential oil yield, dry matter content, TPC, FRAP and volatile composition
were determined on pooled material from each species and position (a single distillation per
position analysed in duplicates), and their SD values represent analytical repeatability only.
Microclimatic variables were compared between the APV and control areas as cumulative or
period mean values and differences, expressed in °C for air temperature and as percentage
differences for the other variables. Analyses were carried out using Python (v. 3.12) with
the SciPy library (v. 1.17, Virtanen et al., 2020 [50]), and results are reported as mean +
standard deviation (SD).

A principal component analysis (PCA) on standardised variables was used as an
exploratory visualisation of the relationships among dry matter, essential oil yield, TPC
and FRAP across positions, without inferential purpose (Supplementary Figure S1).

3. Results
3.1. Microclimate and Soil Characterization

Microclimatic variables followed similar seasonal trends in the APV and open-field
areas, but their intensity differed due to the presence of the photovoltaic structure (Figure 3;
Table 4). Because APV sensors were located at the centre of each corridor, these data
describe conditions in the uncovered strip (Row 2). Over the monitoring period (January
2024-May 2025), mean air temperature was slightly lower under APV than in the control
(13.38 vs. 13.58 °C; —1.5%). The reduction was larger for mean daily maximum temperature
(20.75 vs. 21.17 °C; —2.0%) than for mean daily minimum temperature (6.52 vs. 6.84 °C),
suggesting a slightly larger effect on daytime maxima, although differences of this size are
of the same order as sensor accuracy (Table 2). Cumulative precipitation was 9.0% lower in
the APV area (1186.0 vs. 1302.8 mm), reflecting partial interception by the modules, while
the monthly distribution remained similar between areas.

Table 4. Cumulative and period-mean values of the main environmental parameters in the open-field
control and APV areas (January 2024-May 2025).

Parameter Unit Control APV * A%
Mean air temperature °C 13.58 13.38 —1.5%
Cumulative precipitation mm 1302.8 1186.0 —9.0%
Mean wind speed ms™! 3.77 0.34 —91.1%
Cumulative ET,, mm 1115.7 1039.6 —6.8%
Mean soil water content m® m=3 0.215 0.257 +19.2%
Cumulative solar radiation MJ m~2 9596.6 7901.4 —-17.7%

* APV values are means of the sensors installed at the centre of the three species corridors (Row 2),
at 2 m height for atmospheric variables and at 20 cm depth for soil water content; control soil water
content is the mean of one sensor per species.
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Figure 3. Trends in the microclimatic variables monitored in the open-field area and the APV
area. Data refer to the period January 2024-May 2025. (a) Daily maximum (upper line), mean
(thick line) and minimum (dashed line) air temperature. (b) Difference in daily maximum (solid
line), mean (dashed line) and minimum (dotted line) air temperature between APV and open field
(APV — open field). Negative values indicate lower temperatures under APV, and the horizontal line
marks zero difference. (c¢) Daily volumetric soil water content. The shaded area marks the summer
period (June—August 2024). (d) Monthly cumulative precipitation.

Wind speed showed the strongest response, with a mean value of 0.34 m s~! in the APV
corridor compared with 3.77 m s! in the open field (—91.1%); as APV values were mostly
below the starting threshold of the anemometer, this difference indicates strongly reduced
ventilation rather than a precise estimate of its magnitude. Cumulative solar radiation
measured at 2 m height was 17.7% lower under APV (7901.4 vs. 9596.6 M] m~2), with larger
differences between January and May 2024 and more modest reductions during the summer
months. The combined reduction in radiation and ventilation decreased cumulative ET, by
6.8% (1039.6 vs. 1115.7 mm), with stronger reductions during periods of high atmospheric
demand, particularly from March to September 2024.

Soil water content responded to the altered microclimate in different ways throughout
the season (Figure 3c). Over the entire period, mean soil water content was 19.2% higher
under APV than in the control (0.257 vs. 0.215 m®> m~=3), with the largest differences in the
thyme (0.320 vs. 0.263 m®> m~3; +22%) and sage corridors (0.260 vs. 0.202 m®> m~=3; + 29%)
and a smaller difference in the rosemary corridor (0.191 vs. 0.181 m®> m~3; +6%). However, a
temporary reversal occurred from June to August 2024, when soil water content under APV
was 15.0% lower than in the control. This indicates that soil water dynamics were influenced
not only by shading, but also by precipitation interception, irrigation, reduced evaporation,
crop water uptake and APV-induced spatial heterogeneity. The soil was classified as
sandy loam (USDA) in both areas, with similar chemical and biological properties: pH
7.9-8.1, organic matter 3.3% and 3.1%, total N 0.26% and 0.24%, and microbial abundance
of approximately 52,000 and 48,000 CFU g~! in the APV and control areas, respectively
(Supplementary Table 54).
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3.2. Theoretical Shading at Crop Level

The theoretical shading analysis showed that the APV structure did not reduce radia-
tion uniformly but created a spatial gradient of light availability within the corridor. All
three crop rows were potentially affected by structural shading, although with different
durations and intensities (Table 5). Row 1, located beneath the upper edge of the reference
panel row, was the most shaded position, with 10.5 h day ! of direct shade (87% of daylight)
and 95% of clear sky direct irradiance intercepted. Row 2, in the uncovered strip, showed
intermediate values (9.6 h day~!; 80% of daylight; 85% of direct irradiance intercepted),
whereas Row 3 was the least affected by direct shading (8.1 h day~!; 68% of daylight; 54%
of direct irradiance intercepted), although its proximity to the lower panel edge resulted in
the lowest sky view factor (0.30). Consequently, the estimated reduction in global radiation
at crop level ranged from —60% in Row 3 to —80% in Row 1.

Table 5. Theoretical shading and estimated reduction in global solar radiation at crop level and at the
radiation sensor position within the APV corridor (January 2024-May 2025).

Direct

Evaluation = Direct Shade Irradiance Sky View Estim. Global

Position . 1 Radiation
Height (m) (h Day™) Inter;:epted Factor Reduction (%)
(%)
Row 1 0.3 10.5 95 0.42 —-80
Row 2 0.3 9.6 85 0.46 -72
Row 3 0.3 8.1 54 0.30 —60
Radiation 2.0 56 31 0.81 26
sensor

3.3. Plant Growth, Dry Matter and Essential Oil Yield

Fresh biomass per plant was higher under APV than in the control for all three species
(Figure 4), ranging from 1.53-1.60 vs. 0.47 kg plant~"! in T. vulgaris, 1.57-1.70 vs. 0.65 kg
plant~! in S. officinalis and 1.60-1.77 vs. 0.62 kg plant~! in S. rosmarinus, with similar values
among the three APV positions. Plant width was larger at all APV positions than in the
control, with the largest differences in Row 1 for S. officinalis and S. rosmarinus and in Row 3
for T. vulgaris (Table 6).

(a) Thymus vulgaris (b) Salvia officinalis (c) Salvia rosmarinus
25

2.0

15

Fresh aboveground biomass (kg plant™!)

Control Row 1 Row 2 Row 3 Control Row 1 Row 2 Row 3 Control Row 1 Row 2 Row 3

Figure 4. Fresh aboveground biomass of (a) T. vulgaris, (b) S. officinalis and (c) S. rosmarinus in the
open-field control and at the three positions within the APV corridor.

Dry matter content differed among positions: Row 1 had markedly lower values than
the control in all species (—50.3% in T. vulgaris, —42.4% in S. officinalis and —29.1% in S.
rosmarinus; Table 7), whereas Rows 2 and 3 showed values closer to the control. Field
observations suggested that these differences were associated with canopy condition rather
than with the hydration of living tissue: plants in Row 1 retained a largely green canopy,
whereas a substantial part of the canopy in Row 2 and, to a lesser extent, in Row 3 consisted
of desiccated, grey-brown leaves still attached to the plants. This within corridor pattern
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matched the ranking of dry matter content in this species (Row 1 < Row 3 < Row 2). Because
whole plants were harvested, desiccated tissue was included in the harvested biomass and
contributed to its dry matter content. The estimated dry biomass per plant was lowest
in Row 1 among the APV positions, although it remained higher than in the control in
all species (+63% in T. vulgaris, +51% in S. officinalis and +103% in S. rosmarinus); since
it includes a variable proportion of non-living tissue, these values should be interpreted
with caution.

Table 6. Plant height and width at harvest according to plant position.

Species Position Height (cm) Width (cm)

Control 295+27 445+ 4.6
T vuloaris Row 1 30.0 £ 2.0 51.7 £ 2.9
- Row 2 31.3+23 50.0 £ 2.0
Row 3 293+ 3.1 533+ 4.2

Control 478 £ 15.6 69.7 + 26.6

S. officinalis Row 1 56.3 + 3.5 98.3 +12.6

’ Row 2 60.0 £ 6.2 770+ 17.5
Row 3 56.7 + 2.9 833+ 7.6

Control 33.7+53 40.0+11.4

S . Row 1 38.7 £ 12.5 66.3 + 10.0
- TOSMHATLIUS Row 2 423+45 56.0 + 5.3
Row 3 43.0+4.4 570+ 1.7

Table 7. Dry matter, essential oil yield, total phenolic content and antioxidant capacity according to
plant position.

Species Position Dry Matter EO Yield (g  EO Yield (g Estim. EO TPC (mg FRAP (mmol
(%) 100g'FW) 100g'DM) perPlant(g) GAEg'EO) TEL!EO)

Control 82.0+ 0.6 0.19 0.23 0.9 163.1 +9.1 69.6 + 2.4

T. oulgaris Row 1 40.7 +45 0.16 0.39 24 179.8 + 164  89.0+5.7
Row 2 79.6 + 1.3 0.16 0.20 24 180.5 + 6.4 88.0+ 1.1

Row 3 824+13 0.26 0.32 42 1599 +11.8  79.4+09

Control 57.4 +0.2 0.69 1.21 45 113.0 + 3.7 25.0+0.3

5. officinalis Row 1 33.1+20 0.48 1.44 8.1 1175+ 28 447 +02
Row 2 542 +4.7 0.58 1.06 9.4 88.9 + 0.9 38.7+0.8

Row 3 493 +0.1 0.55 1.11 8.6 74.6 + 2.8 261+ 1.6

Control 59.7 + 1.6 0.79 1.32 49 733+ 1.7 19.9 + 0.8

, Row 1 423+03 1.19 2.80 21.0 1149 + 84 33.0+45
S.rosmarinus g 575+ 0.2 0.79 1.38 12.7 69.8 + 6.7 226+ 0.5
Row 3 60.7 + 1.6 1.03 1.69 16.5 989+ 25 214+ 03

Each position represents one pooled biological sample. SD values for dry matter, TPC and FRAP
represent analytical repeatability only and not biological variability. Essential oil yields and estimated
oil production per plant derive from a single distillation per position and are reported without SD.

Essential oil yield on a dry matter basis was highest in Row 1 in all species, with
increases of 69.2% in T. vulgaris, 19.4% in S. officinalis and 112.2% in S. rosmarinus compared
with the control, whereas Row 2 and Row 3 showed more variable, species-specific responses
(Table 7). On a fresh weight basis, the highest yield was observed in Row 3 for T. vulgaris,
in Row 1 for S. rosmarinus and in the control for S. officinalis. Combining biomass and yield,
the estimated essential oil production per plant was higher under APV than in the control
in all species. The highest values were observed in Row 3 for T. vulgaris (4.2 vs. 0.9 g plant™!
in the control) and in Row 1 for S. rosmarinus (21.0 vs. 4.9 g plant™!), whereas the three
APV positions showed similar values in S. officinalis (8.1-9.4 vs. 4.5 g plant™!).
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3.4. Total Phenolic Content and Antioxidant Capacity

Total phenolic content and antioxidant capacity of the essential oils varied with plant
position, with species-specific patterns (Table 7). In T. vulgaris, TPC was highest in Row 1
and Row 2 (approximately + 10% compared with the control), and FRAP was higher in
all APV positions, particularly in Row 1 (4+27.8%) and Row 2 (4+26.4%). In S. officinalis,
FRAP increased markedly in Row 1 (+78.8%) and Row 2 (+54.8%), while TPC increased
only slightly in Row 1 (+4.0%) and decreased in Row 2 and Row 3. In S. rosmarinus, Row
1 showed the highest values for both TPC and FRAP, with increases of 56.7% and 65.5%,
respectively, compared with the control. Overall, Row 1 showed the highest or near-highest
antioxidant capacity in all species. As these values were obtained from a single essential oil
sample per position, they indicate trends rather than statistically tested differences.

An exploratory PCA showed that, in all species, Row 1 was mainly associated with
essential oil yield on a dry matter basis and antioxidant capacity, whereas the control was
more closely related to dry matter content (Supplementary Figure S1).

3.5. Essential Oil Volatile Composition

The relative composition of the essential oils differed between the APV positions and
the open-field control. Complete volatile profiles are reported in Supplementary Tables
51-53, while selected markers are summarised in Table 8. In T. vulgaris, thymol was the
dominant compound, ranging from 44.4 to 50.6%. The open-field control (50.61%) and Row
1 (49.66%) showed the highest relative abundances, whereas values were lower in Row
3 (44.43%) and Row 2 (44.71%). Conversely, the precursor monoterpenes p-cymene and
v-terpinene showed slightly higher relative abundances under APV conditions, reaching
18.87% and 11.55%, respectively, in Row 2. Carvacrol remained relatively stable across
treatments, varying between 5.36 and 6.78%.

In S. officinalis, «-thujone and camphor were the main constituents. Relative abundances
of n-thujone varied within a narrow range (24.57-26.35%), indicating limited effects of grow-
ing position on this compound. In contrast, 1,8-cineole increased under APV conditions,
reaching approximately 19-20% compared with 14.68% in the control. Camphor showed
the opposite trend, decreasing from 23.70% in the control to approximately 17.7-19.2% in
the APV rows.

Table 8. Selected volatile markers of essential oils according to plant position (relative abundance, %).

Species Compound Control Row 1 Row 2 Row 3
p-Cymene 15.49 16.94 18.87 17.85
T. vulgaris Y-Terpinene 10.11 11.48 11.55 11.21
Thymol 50.61 49.66 44.71 44.43
Carvacrol 6.42 5.36 6.78 6.78
1,8-Cineole 14.68 19.78 19.32 19.14
S. officinalis «-Thujone 26.32 24.57 26.35 24.67
’ B-Thujone 4.27 4.93 5.20 5.19
Camphor 23.70 19.19 17.66 17.69
«-Pinene 2.75 9.59 10.21 9.68
S ) 1,8-Cineole 65.73 61.37 60.56 61.23
- TOSTHATIUS Borneol 3.67 3.69 3.79 3.76
Camphor 6.28 5.24 5.57 5.39

Relative abundance (% of total peak area, without response-factor correction) from a single essential
oil sample per position.

In S. rosmarinus, 1,8-cineole remained the predominant constituent irrespective of

treatment, accounting for 60.6—-65.7% of the volatile fraction. Relative x-pinene abundance
increased markedly under APV conditions, rising from 2.75% in the control to approximately
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9.6-10.2% in the APV rows. Conversely, camphor and 1,8-cineole showed slightly lower
proportions under APV, whereas borneol remained substantially unchanged.

Thus, APV conditions induced species-specific shifts in the relative distribution of
volatile compounds, mainly between the APV and open-field conditions rather than among
APV positions. These shifts included an increase in a-pinene in S. Rosmarinus; an increase
in 1,8-cineole and a reduction in camphor in S. officinalis; and a moderate decrease in thymol
accompanied by higher proportions of its biosynthetic precursors in Row 2 and Row 3 of T.
vulgaris. As each profile was obtained from a single essential oil sample per position, these
differences are reported descriptively.

4. Discussion
4.1. Agrivoltaic Microclimate and Spatial Heterogeneity

The APV system primarily acted as a microclimatic moderator, reducing environmental
stress conditions without substantially changing the average temperature regime. Mean
air temperature under APV was only slightly lower than in the open field (—0.20 °C over
the monitoring period), whereas the most evident thermal effect was on daily maximum
temperatures, which were reduced by approximately 0.42 °C. Temperature differences
between areas were small and of the same order as sensor accuracy, so the APV effect on
air temperature appears limited compared with its effects on radiation, wind speed and
evaporative demand, in agreement with previous studies describing APV systems as able to
mitigate heat stress and atmospheric water demand [30,31,51]. The 17.7% reduction in solar
radiation measured at 2 m height confirms the shading effect of the photovoltaic structure,
although the geometric model indicates a considerably stronger reduction at crop level
(Section 3.2). Reduced light availability can mitigate radiative and thermal stress in Mediter-
ranean environments, but can also involve trade-offs in biomass production, phenology
or product quality, depending on crop requirements and developmental stage [33,52-54].
Wind speed within the corridor was markedly lower than in the open field, indicating that
the modules and supporting structures acted not only as shading elements, but also as
physical barriers to air circulation within the cultivated corridor, as previously reported for
PV structures [55,56]. The combined reduction in radiation and ventilation led to lower
reference evapotranspiration, particularly during the months of highest atmospheric de-
mand, supporting the interpretation that the APV system reduced evaporative pressure.
However, the magnitude of these effects depends on system geometry, panel height, row
spacing, orientation, ventilation and sensor position [30,31,36,57,58]. Consistently, soil
water content was on average 19.2% higher under APV, with the largest differences in the
thyme and sage corridors, suggesting improved soil moisture conservation. Nevertheless,
the temporary summer reversal, with lower soil water content under APV between June
and August, indicates that water dynamics were also influenced by rainfall interception,
irrigation, evaporation, crop uptake and water redistribution beneath the panels. As the
two areas had comparable soil properties, these differences can be mainly attributed to the
microclimatic and hydrological effects induced by the APV structure [32].

The APV area did not behave as a uniformly shaded environment, but rather as a
spatially heterogeneous system. The geometric model indicated that panel geometry, solar
elevation and shadow movement created a mosaic of light microenvironments within the
cultivated corridor, consistent with previous studies on the spatial and temporal variability
of ground-level radiation and PAR in APV systems [34,35]. Row 1, located beneath the
upper edge of the panels, was the most shaded position, whereas Row 3 received more
direct radiation during the high sun months but a smaller share of diffuse radiation because
of its proximity to the lower panel edge. The model also showed that radiation measured at
2 m height, close to the panel plane, substantially underestimates the shading experienced
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at crop level, where the estimated reduction in global radiation ranged from 60% to 80%.
Although these values are likely upper bounds, since the model overestimated the reduc-
tion measured at the sensor position, the difference between sensor height and crop level
remains substantial. This has practical implications for APV monitoring: sensors placed
at standard meteorological height may not represent the light conditions of low-growing
crops. This heterogeneity is particularly relevant for aromatic plants, as radiation influences
both vegetative growth and secondary metabolite biosynthesis. Therefore, row position
should be considered an agronomic factor capable of modulating yield and product quality
under APV conditions [36,59-61], although in this study this could not be tested with
replicated positions.

4.2. Plant Growth, Dry Matter and Essential Oil Response

Fresh biomass per plant was approximately three times higher under APV than in
the open field in all species, despite a modelled reduction of 60-80% in global radiation
at crop level. This difference should not be interpreted as direct stimulation of growth by
shading. Both areas received the same irrigation schedule, but plants in the open field
were exposed to full radiation, considerably higher wind speed and higher evaporative
demand, and soil water content was lower for most of the monitoring period. Because
irrigation input was identical, the higher soil water content under APV is itself part of the
APV effect described here; the biomass difference should therefore be interpreted as the
response to APV under equal water supply, not under equal water availability. Moreover,
plant spacing and the water supplied per plant at each irrigation event (about 5 L) were the
same in both areas, so the higher biomass under APV cannot be attributed to differences in
water supply per plant or in plant spacing. These conditions are likely to have limited the
establishment and growth of the young plants during their first year after transplanting,
so that the biomass difference probably reflects the buffering of less favourable open-field
conditions more than a positive effect of shading per se. As plant condition in the control
area was not systematically documented, this interpretation remains to be verified, and
the magnitude of the APV effect may differ once plants are fully established, when light
limitation may become more relevant.

Dry matter content was markedly lower in Row 1 than at the other positions in all
species. Shading can reduce the dry-to-fresh biomass ratio by increasing tissue water
content [25,62,63], but the magnitude of the difference between Row 1 and Row 2, located
0.8 m apart and with comparable modelled radiation (—80% and —72%; Table 5), is difficult
to explain by differences in tissue hydration alone. Field observations in S. officinalis instead
indicate that a large part of the difference reflected the proportion of desiccated tissue in
the harvested biomass: Row 1 plants remained largely green, whereas plants in Rows 2 and
3 carried a considerable amount of dead foliage. The causes of this within-corridor pattern
could not be determined. The symptoms resemble cold injury, and the APV area recorded
lower minimum temperatures and very low wind speed (Section 3.1). This contrasts with
the nighttime warming often reported beneath PV modules [30], but calm conditions and
exposure to the night sky are known to favour radiative cooling and cold-air accumulation
near the ground [64], and ventilation within the corridor was strongly reduced [55]. As air
temperature was measured only at 2 m height in the central strip, this hypothesis could
not be tested at crop level. Differential water loss during the one to two days of storage
before processing may also have contributed to the differences in dry matter content. Finally,
because essential oil yield on a dry matter basis is calculated on total dry mass, it is sensitive
to the composition of the harvested material. In Lamiaceae, essential oil is produced and
stored mainly in leaf glandular trichomes [65]; if desiccated foliage and woody stems
contained less o0il than living leaves, for example, because of volatilisation from damaged
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trichomes, a higher proportion of such tissue would lower dry matter-based yields. The
higher dry matter-based yield of Row 1 may therefore partly reflect a larger share of living,
green tissue rather than a higher oil concentration in living tissue.

Essential oil yield on a dry matter basis was highest in Row 1 in all three species, with
increases over the control of 69.2% in T. vulgaris, 19.4% in S. officinalis and 112.2% in S.
rosmarinus. However, part of this increase reflects the lower dry matter content of Row 1: on
a fresh weight basis, the increase was confirmed only in S. rosmarinus. When biomass and
yield were combined, the estimated essential oil production per plant was higher under
APV than in the control in all species, with the highest values in Row 3 for T. vulgaris and in
Row 1 for S. rosmarinus, and similar values across positions in S. officinalis. This indicates
that the effect of APV depends not only on the presence of shading, but on the combination
of plant position, light availability, evaporative demand and species-specific physiological
responses, and that actual oil productivity should be assessed by considering oil yield,
biomass and plant density together. Milenkovi¢ et al. (2021) [17] observed that modifying
light intensity using shade nets can increase the essential oil yield of thyme, marjoram and
oregano, improving certain quality parameters, and also reported a slightly higher oil yield
in shaded sage plants; similarly, Lalevi¢ et al. (2023) [16] highlighted that shading can alter
the yield, chemical composition and biological activity of essential oils in various Lamiaceae.
The response observed in this study thus fits into a broader context in which essential oil
production is regulated by multiple factors, including radiation, temperature, humidity;,
water status, genotype and phenological stage [66]. Jordan et al. (2009) [67] also showed
that water regime modifies yield, oil quality, phenolic content and antioxidant activity in
Thymus zygis, supporting the role of water status in the responses observed here.

4.3. Antioxidant Traits and Volatile Profile

The essential oils showed species-specific differences in total phenolic content and
ferric reducing capacity, with Row 1 generally exhibiting values comparable to or higher
than those of the control and other APV positions. In T. vulgaris, TPC was higher in Row
1 and Row 2 than in the control and Row 3, while FRAP was higher in all APV positions
(+27.8% in Row 1). In S. officinalis, FRAP values were 78.8% and 54.8% higher in Row
1 and Row 2, respectively, than in the control, while TPC was only slightly higher in
Row 1. In S. rosmarinus, Row 1 showed the highest values for both TPC and FRAP, with
increases of 56.7% and 65.5%, respectively. These observations describe differences in the
chemical properties of the extracted oils but do not establish whether reduced radiation
or evaporative demand altered antioxidant-related biosynthetic pathways. These results
suggest that reduced radiation and evaporative demand may support antioxidant-related
metabolism, although the response was species-specific. The partial decoupling between
TPC and FRAP, particularly evident in sage, suggests that the Folin—Ciocalteu response
alone does not fully account for the variation in ferric reducing capacity. Differences in
the identity and relative abundance of reactive constituents, together with the different
response characteristics of the two assays, may contribute to this pattern. However, the
compounds responsible for these responses were not specifically quantified, and their
individual contributions cannot be resolved from the present data.

This interpretation agrees with previous studies showing that antioxidant assay re-
sponses in Lamiaceae depend on matrix composition, chemical profile, extraction method
and assay type [68-70]. Moreover, interactions among essential oil constituents may con-
tribute to the measured activity, as reported for thyme oils [66], although such interactions
were not evaluated here. Given the single pooled oil sample analysed per species and
position, these patterns remain descriptive and require confirmation through independent
biological replication [71].
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The volatile profiles differed mainly between APV and open-field conditions rather
than among APV positions, indicating that APV affected not only oil quantity but also oil
composition. In T. vulgaris, thymol remained the dominant constituent in all positions, con-
firming the preservation of the thymol chemotype. However, plants in Rows 2 and 3 showed
a lower relative proportion of thymol, together with slightly higher relative proportions
of y-terpinene and p-cymene, whereas Row 1 was similar to the control. «y-Terpinene is
the monoterpene precursor of thymol, whereas p-cymene is formed as a by-product of the
same pathway [72]. One possible explanation is that the environmental conditions at these
positions altered the balance between the precursor and the end product of the pathway,
as light intensity has been reported to modify the volatile profile and gene expression in
T. vulgaris [25] and to shift the composition of thyme oils under shading [17]. Differences
in phenological stage among positions may also have contributed, as the composition and
antioxidant activity of thyme essential oils vary with phenological stage and among Thymus
species and chemotypes [66,73,74].

However, the observed differences were modest and derived from a single pooled
sample per position, and neither biosynthetic activity nor pathway regulation was di-
rectly assessed. This interpretation therefore remains hypothetical and requires validation
through independent biological replication and targeted analyses of gene expression and
enzyme activity. In S. officinalis, APV plants showed a higher relative proportion of 1,8-
cineole and a lower relative proportion of camphor than the control, whereas x-thujone
and p-thujone varied within a relatively narrow range. This does not necessarily indi-
cate an overall reduction in quality, but rather a change in chemical profile, with different
implications depending on the intended use of the oil. Similar effects were reported by
Milenkovié et al. (2021) [17], who observed that photoselective nets altered both essential
oil yield and composition in sage, with cis-thujone, trans-thujone, camphor and 1,8-cineole
among the main constituents. In S. rosmarinus, the most evident compositional differences
between APV and the control were observed: although 1,8-cineole remained the dominant
constituent, the relative proportion of x-pinene was more than three times higher under
APV than in the control, while 1,8-cineole and camphor showed moderate decreases in
relative abundance. The maintenance of 1,8-cineole, a-pinene and camphor as the main
constituents [75,76] suggests that the characteristic rosemary chemotype was preserved,
despite changes in the relative distribution of secondary metabolites.

Taken together, these results indicate that APV conditions primarily affected the balance
among volatile constituents rather than the presence or absence of key marker compounds.
As each essential oil profile was obtained from a single sample per position, these com-
positional differences should be confirmed with replicated analyses. Nevertheless, they
indicate that APV conditions may shift oil composition in species-specific directions, with
implications for the intended use of the oil.

4.4. Implications for Product-Oriented APV Management, Limitations and Future Perspectives

The species-specific patterns observed in this study suggest that Mediterranean aro-
matic crops may not respond as a functionally homogeneous group under APV conditions.
At this site, the position was associated with higher dry matter-based oil yield and antioxi-
dant capacity but with lower dry matter content, and the relative abundance of key volatile
markers differed between APV and the open field. Row position within the APV corridor
should therefore be considered not only as a source of microclimatic variability, but also as
a potential management variable for orienting production toward different product objec-
tives. For example, in the present system, the highest estimated oil production per plant
was observed for rosemary, which was placed beneath the upper panel edge, and thyme
beneath the lower panel edge, whereas sage showed similar values across the corridor. The
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monitoring framework made it possible to relate APV-induced environmental conditions to
crop-specific responses and to distinguish species effects from position effects within the
APV corridor, which radiation, temperature or oil yield measurements alone would not
have allowed.

Some limitations should be considered when interpreting these results. First, this
study compared a single APV installation with a single adjacent open-field area, with one
corridor per species. Plants within each area and position are therefore subsamples rather
than independent replicates, and differences between APV and control cannot be fully
separated from other site-specific effects, although the two areas were adjacent, received
the same management and had similar soil properties. Moreover, estimated essential
oil production per plant was obtained by combining mean fresh biomass measured on
individual plants at harvest with the oil yield determined from a single distillation of
pooled material. This estimate assumes that the distilled portion adequately represents
the composition and oil content of the pooled biomass. It does not capture variation in oil
yield among individual plants or variability among independent distillations. These values
should therefore be interpreted as sample-based estimates, and differences among positions
require confirmation through independent biological sampling and replicated distillations.

Similarly, essential oil yield, dry matter, TPC, FRAP and volatile composition were
determined on pooled material, with a single distillation per species and position. Oil
volume was read with a resolution of 0.5 mL, corresponding to a reading uncertainty of
about 5-7% for the smallest oil volumes obtained, which is not negligible relative to some
of the differences in fresh-weight yield among positions. Dry matter was determined on
two small aliquots of heterogeneous whole-plant material after one to two days of storage,
which may have affected both absolute values and position-dependent differences, and
consequently the dry-weight-based yields.

Third, microclimatic and soil moisture sensors were installed only in the central strip
of each corridor, with one soil moisture sensor per corridor, and wind speed in the APV
area was mostly below the starting threshold of the anemometer, which also affects the
calculation of ET,. Radiation at crop level was therefore estimated with a two-dimensional
geometric model which, at the sensor position, overestimated the measured reduction, so
crop-level values should be regarded as upper bounds. Finally, the results refer to young
plants, a single harvest and one growing cycle, and yields were expressed per plant rather
than per unit area.

Future studies should include replicated APV corridors and control plots, multi-year
observations with repeated harvests, row-level measurements of radiation (preferably PAR)
and soil moisture, replicated distillations with gravimetric oil determination, dry matter
determined on separate plant fractions immediately after harvest, and yield assessment
per unit area combined with land equivalent ratio estimates. These data would make it
possible to confirm the position-dependent responses observed here and to translate them
into design and management guidelines for APV systems with high-value aromatic crops.

5. Conclusions

Focusing on aromatic Mediterranean species, which remain underrepresented in APV
research, this exploratory single-site study described how a fixed-tilt APV system modified
the crop environment and how crop traits differed between the APV corridor and an
adjacent open field, and among positions within the corridor. Compared with the open
field, the APV area was characterised mainly by lower incident radiation, strongly reduced
ventilation and lower evaporative demand, rather than by substantial changes in mean air
temperature, and by higher soil water content for most of the monitoring period under
the same irrigation input. Integrated monitoring and geometric modelling indicated that
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the APV corridor is not a homogeneous environment, but rather a mosaic of light and
microclimatic microenvironments, with radiation at crop level likely to be considerably
lower than that measured at standard sensor height. Under these conditions, fresh biomass
per plant was higher at all APV positions than in the open-field control in all species,
a difference that probably reflects the buffering of less favourable open-field conditions
during establishment rather than a direct effect of shading. Dry matter content, essential
oil yield, total phenolic content and antioxidant capacity differed among positions. Row
1, the most shaded position, showed the highest essential oil yield on a dry matter basis,
largely associated with a lower proportion of desiccated tissue in the harvested biomass,
and the highest or near-highest antioxidant capacity in several species. Volatile composition
differed mainly between APV and the open field, with species-specific shifts in the relative
proportions of the main constituents while the chemotypes were preserved.

Because the APV and control areas and the positions within the corridor were not
replicated, plants were subsampled within positions, and chemical traits were determined
on single pooled samples, these differences are site-specific observations and cannot be
attributed causally to APV shading or to plant position. They suggest, however, that
APV may modify the balance among biomass, dry matter, oil yield and phytochemical
quality in a species-specific way, and that crop position within the corridor may be a
relevant design and management variable. This hypothesis should be tested in replicated,
multi-year experiments, with replicated distillations, row-level radiation and soil moisture
measurements and yield assessment per unit area, before it can inform crop placement in
APV systems with high-value aromatic crops.
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