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Abstract: Agriphotovoltaic (Agri-PV) systems are a dual-purpose solution for resolving
land utilization conflicts through combining agricultural practices and photovoltaic power
generation. However, the reduced light intensities and altered microclimatic conditions
under PV modules may have negative effects on the productivity of crops. This study
investigated whether incorporating arbuscular mycorrhizal fungi (AMF) inoculation into
Agri-PV systems could mitigate such limitations for mint cultivation (Mentha arvensis
and Mentha × piperita). A field trial was conducted in Bandırma, Türkiye, where both
mint species were grown under and between PV panels, with and without AMF. The
photosynthetically active radiation (PAR), temperature, fresh biomass, nutrient uptake,
and essential oil content were evaluated. PAR was reduced by more than 90% under
panels, while air temperatures were 1.0–1.6 ◦C lower than those in the between-panel
areas. AMF inoculation significantly improved the yield and quality. In Mentha arvensis, the
fresh herb yield increased by 43.4% (from 10,620 to 15,230 kg ha−1), and the essential oil
content reached 10.08% under between-panel mycorrhizal conditions. For Mentha × piperita,
the highest menthol concentration (30.38%) was observed exclusively in between-panel
plots with AMF. In contrast, the highest oil content (4.50%) was achieved under shaded,
mycorrhizal conditions, indicating that both light exposure and microbial interactions
shape biochemical responses. This is the first study to demonstrate the synergistic impact
of AMF inoculation and agrivoltaic shading on essential oil crops. This paper presents a
novel and sustainable model that enhances crop productivity and biochemical quality in
solar-integrated agriculture.

Keywords: agrivoltaic; mycorrhiza; M. piperita; M. arvensis; quality

1. Introduction
Since the Industrial Revolution, increasing greenhouse gas emissions have led to

human-induced climate change, posing one of the most significant challenges to modern
civilization. Therefore, promoting renewable energy sources in the energy sector and
gradually phasing out fossil fuels are essential strategies for mitigating climate change [1].
In recent years, solar energy, as a renewable energy source, has been increasingly inte-
grated into various sectors as an innovative and sustainable approach [2,3]. In this context,
photovoltaic (PV) technologies, which have become a cornerstone of climate and energy
strategies worldwide, stand out [4,5]. However, this technology requires a substantial
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amount of land, as 1.5–3.5 hectares of land are needed to generate 1 MW of electricity [6].
Particularly in Mediterranean countries, the unplanned expansion of photovoltaic systems
places significant pressure on agricultural production [7]. To address this, agrivoltaic
systems, which integrate solar energy generation with agricultural production through
mixed-use areas where crops are cultivated under and between PV panel rows, offer key
solutions to enhance both environmental sustainability and economic efficiency [5,7]. These
systems support sustainable agriculture by enabling energy generation with solar panels
that are installed on agricultural lands [8]. However, PV panels can influence the micro-
climate, the light regime, and water efficiency, and they generate electromagnetic fields
that impact soil microorganisms [9,10]. Thus, sustainable management practices aimed at
monitoring and enhancing the flora and fauna of the soil in photovoltaic areas could lead
to the establishment of ecologically based agrivoltaic systems. Approaches to improve soil
health can enhance the success of these systems while minimizing environmental impacts.
Despite this potential, research addressing practices to improve soil fertility in agrivoltaic
systems remains limited [11,12].

Mycorrhizal fungi, in symbiotic relationships with plants, play a crucial role in en-
hancing nutrient uptake, reducing water stress, and supporting soil biodiversity in agricul-
ture [13,14]. Numerous studies have demonstrated the effectiveness of arbuscular mycor-
rhizal fungi (AMF) inoculation to improve the growth of medicinal and aromatic plants for
producing essential oils and to increase the yield and content of the main oil components.
Positive impacts of AMF inoculation have been reported in several medicinal and aromatic
plants, including Mentha arvensis L. [15], Coriandrum sativum L. [16], Ocimum basilicum L.
var. Genovense [17], Origanum sp. [18], Rosmarinus officinalis L. and Ocimum basilicum L. [19],
Inula ensifolia L. [20], Artemisia umbelliformis Lam. [21], and Mentha piperita L. [22,23].

The global market for mint essential oils is exhibiting a significant growth trend,
with projections indicating that it will reach USD 14.58 billion by 2025 and expand to USD
23.17 billion by 2029 [24]. This increase is largely driven by high demand from the cosmetics,
pharmaceutical, food, and aromatherapy sectors. In contrast, mint oil production in Türkiye
remains limited. According to 2020 data, Türkiye’s mint oil imports amounted to USD
3.7 million, making it the most imported essential oil in the country [24,25]. This highlights
the strategic economic importance of increasing domestic production and developing sus-
tainable production models. Belonging to the Lamiaceae family, with over 60 species, mint
(Mentha spp.) has long been utilized in food, beverages, chewing gum, and confectionery,
as well as in traditional medicine, due to its rich contents of secondary metabolites [26].
Peppermint oil, in particular, is known for its beneficial effects on the digestive, central
nervous, and respiratory systems and exhibits anti-inflammatory, antibacterial, antiviral,
anticancer, and antioxidant properties [27,28]. Mint oils and menthol hold significant global
economic value owing to their widespread use in pharmaceuticals, cosmetics, and the food
industry [29,30]. Essential oil of mint contains key compounds such as menthol, menthone,
menthyl acetate, menthofuran, and 1,8-cineole, along with non-volatile constituents such
as flavonoids, phenolic acids, amino acids, nucleosides, and terpenoids [31]. These compo-
nents are primarily responsible for the plant’s anti-inflammatory and antiviral activities.
However, their ratio and concentration are influenced by various factors, including the
soil’s fertility, environmental conditions, the harvest timing, and species differences [28,32].

Mentha arvensis L. and Mentha × piperita L. are among the most extensively culti-
vated mint species due to their high essential oil contents and economically important
constituents. M. arvensis typically thrives in temperate zones of Europe and parts of Asia,
including western and central regions, and its essential oil is characterized by high concen-
trations of menthol (30–50%) and menthone (15–30%), as well as lesser amounts of menthyl
acetate (3–10%) and minor terpenes (1–5%) [33]. Mentha × piperita, which originated as
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a natural hybrid of M. viridis and M. aquatica in Mediterranean ecosystems, produces an
essential oil that is rich in menthol (~36%), menthone (~21%), menthyl acetate (~7%), and
various secondary metabolites such as eucalyptol (~7%), isomenthone (~5%), neomenthol
(~4%), menthofuran (~3%), D-limonene (~2%), β-caryophyllene (~2%), pulegone (~1%),
and β-pinene (~1%) [34,35]. The essential oils and secondary metabolites that are obtained
from these species comprise numerous bioactive phytochemicals that are used in treating
various diseases. The growth and oil composition of mint have been improved using vari-
ous organic fertilizers, biofertilizers, and plant growth regulators. Agrivoltaic systems are
thought to have positive effects on mint cultivation through their microclimatic influence
and optimized water use [10]. By partially blocking direct sunlight on mint plants, solar
panels can prevent overheating and are expected to support healthier plant growth [36].

Although agrivoltaic systems have been studied extensively, their integration with ben-
eficial soil microorganisms, particularly arbuscular mycorrhizal fungi (AMF), has received
limited attention [37,38]. Addressing this research gap, the present study investigates the
combined effects of agrivoltaic shading and AMF inoculation on the agronomic perfor-
mance of Mentha piperita L. and Mentha arvensis L. Specifically, it examines how mycorrhizal
and non-mycorrhizal conditions influence the yield, essential oil content, and oil composi-
tion of these mint species when cultivated beneath photovoltaic panels. By highlighting the
synergies between energy-efficient land use and soil microbiome management, the findings
provide valuable insights for sustainable agriculture and offer practical implications for the
future development of agrivoltaic systems.

2. Materials and Methods
2.1. Experimental Location and Design

The experiment was carried out at EnerjiSA’s photovoltaic test site, situated in
Bandırma, North Aegean, Türkiye (see Figure 1). The photovoltaic panels that were
used during the study had a length of 1.2 m, a width of 0.6 m, a thickness of 6.8 mm, and an
angle of inclination of 25 degrees. The entire system had a combined electricity generation
capacity of 2354.7 kilowatts peak (kWp).

 

Figure 1. Location of the agrivoltaic experimental site in Bandırma, Türkiye, where the field tri-
als were conducted under photovoltaic panels installed by EnerjiSA. (The red circle marks the
experimental area).

Bandırma is classified under the Köppen system as having a Mediterranean climate
(Csa), which supports mint cultivation due to its hot summers and moist, temperate
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winters [39]. The climatic profile of Bandırma includes an average annual temperature of
14 ◦C and an average precipitation level of 685 mm per year (Table 1).

Table 1. Monthly variations in rainfall and temperature in the mint cultivation area [39].

Parameter Jananury February March April May June July August September October November December

Avg Temp (◦C) 5.8 6.7 9.2 13.0 18 22.7 25.2 25.3 21.6 16.5 12.0 7.7

Min Temp (◦C) 2.7 3.1 5 8.4 13.3 18.1 21 21.6 17.9 13.4 8.8 4.7

Max Temp (◦C) 9.1 10.4 13.6 17.6 22.6 27 29.5 29.5 25.6 20 15.5 10.8

Precip. (mm) 81 77 73 53 44 39 22 19 44 69 72 102

Humidity (%) 79 78 73 71 68 64 62 64 67 75 77 80.0

Rainy Days 9.0 8 8 6 5 5 3 3 5 6 7 10

Avg. Sun Hours 4.6 5.4 7.1 8.8 10.2 11.5 11.6 10.4 8.8 6.3 5.4 4.7

In the experiment, two different mint varieties (Mentha × piperita and Mentha arvensis)
were grown under mycorrhizal and non-mycorrhizal conditions, between and under panels
in agrovoltaic fields (Figure 2). The experiment was established during the June 2024 pro-
duction season using a randomized plot design with three replications, as detailed below:

PM0: Non-mycorrhizal, between the panels;
PM1: Mycorrhizal, between the panels;
PAM0: Non-mycorrhizal, under the panels;
PAM1: Mycorrhizal, under the panels.

Figure 2. Diagram of the experiment.

Each experimental plot covered an area of 100 m2. Mint seedlings, sourced from
a certified supplier, were planted under and between the photovoltaic (PV) panels at a
density of 6 plants per square meter, using a spacing of 50 × 25 cm. Approximately 3
to 4 months prior to planting, 10 tons per hectare of well-decomposed farmyard manure
were incorporated into the soil beneath and between the panels. This amendment aimed
to improve the soil’s fertility and create optimal growing conditions in the shaded areas,
thereby enhancing crop productivity. During planting and again 10 days later, a com-
mercial vesicular–arbuscular mycorrhizal (VAM) inoculum (Cosme Biotech Group, India),
consisting of a consortium of three Glomus species, was applied directly to the root zone.
The formulation contained 100,000 infective propagules per kilogram and comprised three
distinct, highly adaptable VAM species belonging to the genus Glomus. The development
of the plants was monitored for an average of 90 days, and harvesting was carried out after
the onset of flowering. After harvesting, the fresh weights of the plants were determined.
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2.2. Collection of Microclimate Data

The microclimate conditions were monitored using data loggers (HOBOconnect, Mon-
itoring App., Sydney, Australia), which enabled the uninterrupted measurement of the
atmospheric and terrestrial conditions. An ATMOS 14 (METER, München, Germany)
sensor was used to measure the air temperature and relative humidity, while the solar
radiation and soil moisture content were measured using PYR and TEROS 11 sensors
(METER, München, Germany), respectively. To ensure accurate measurements, the ATMOS
14 and PYR sensors were housed 60 cm above ground level, while the TEROS 11 sensors
were installed 20 cm below ground level.

Along with the above-mentioned ATMOS 14 and PYR sensors, PAR measurements
were taken using an Onset Computer Corporation (Bourne, MA, USA)-developed S-LIA-
M003 Photosynthetic Light (PAR) Smart Sensor (ONSET, Bourne, MA, USA). This sensor
has been especially designed to measure 400–700 nm wavelengths of light. The sensors
were positioned under (UP) and between (BP) photovoltaic (PV) modules for observation
of the spatial variation in light distribution caused by shading. The sensors were connected
to a common H21-USB Data Logger, which recorded PAR readings systematically on an
hourly basis over the plants’ growth periods. The data logger recorded fine-scale temporal
data, which was then collated and averaged for further examination.

2.3. Soil Characterization

Soil fertility analyses were conducted using samples collected from three different
locations within both the under-panel (UP) and between-panel (BP) areas of the agrivoltaic
field. The results were averaged and are presented in Table 2.

Table 2. Physical and chemical properties of the Bandırma experimental soil.

Soil Between Panels
0–30 cm

Under Panels
0–30 cm

O.M.% 1.91 2.18
Total N% 0.10 0.13

Available

P

mg/kg

18.9 19.4
K 493 377

Na 203 240
Mg 1054 995
Fe 11.51 12.57
Zn 0.55 0.69
Mn 21.15 23.30
Cu 1.83 1.80
pH 7.17 7.09

Texture Sandy clay loam Sandy clay loam
EC dS/m 0.87 0.94
CaCO3% 2.47 2.05

The soil texture was analyzed using the hydrometer method developed by Bouy-
oucos [40]. The pH and electrical conductivity (EC) of the soil were measured in a 1:1
(w/v) suspension of soil and distilled water, employing a pH meter and a glass electrode
EC meter, respectively. The calcium carbonate (CaCO3) content was quantified using the
Scheibler calcimeter method, while organic matter was determined via the Walkley–Black
wet oxidation procedure [41]. Total nitrogen (N) was assessed using the Kjeldahl digestion
method, and plant-available phosphorus (P) was measured according to the Olsen extrac-
tion technique [41,42]. Exchangeable bases, including potassium (K), calcium (Ca), and
magnesium (Mg), were extracted with 1 N ammonium acetate (NH4OAc, pH 7.0) and sub-
sequently analyzed using atomic absorption spectrophotometry (Varian spectra AA220FS
spectrometer; Varian Inc., Mulgrave, Victoria, Australia). The micronutrient concentrations
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of iron (Fe), copper (Cu), zinc (Zn), and manganese (Mn) were determined using 1 N DTPA
(pH 8.2) as the extractant, allowing assessment of their bioavailable fractions in the soil [40].

The soil fertility analyses revealed noticeable variations between the soils that were
located beneath the photovoltaic panels (under-panel) and those between the panel rows
(between-panel). Prior to the establishment of the experiment, well-composted farmyard
manure was applied uniformly across the entire field at a rate of 10 tons per hectare.
However, due to the reduced exposure to direct rainfall beneath the panels, it is likely
that nutrient leaching in these shaded zones was minimal. As a result, the concentrations
of organic matter, total nitrogen (N), available phosphorus (P), sodium (Na), and certain
micronutrients were found to be higher in the under-panel soils than in the between-panel
areas. This suggests that the microclimatic conditions created by the panel shading may
have contributed to enhanced nutrient retention and reduced losses, thereby influencing
the spatial distribution of soil fertility parameters within the agrivoltaic system.

2.4. Plant Analysis

The mint plants, which were harvested from each plot at the end of September, were
washed with distilled water in the laboratory and then dried at 65–70 ◦C for 48 h. The
dried samples were ground and prepared for plant nutrient element analyses. The total
nitrogen (N) content of plants was determined using a modified Kjeldahl method. The
phosphorus (P) content was measured colorimetrically using the vanadomolybdophos-
phoric yellow color method with dry ash extract [43]. Elemental analysis was performed
using two techniques; flame photometry was employed for the quantification of K, Ca, and
Na, while the Mg, Fe, Zn, Mn, and Cu levels were determined using atomic absorption
spectrophotometry (Varian spectra AA220FS spectrometer; Varian Inc., Mulgrave, Victoria,
Australia) [40,43].

Essential oil extraction was carried out using the hydrodistillation method. Plant
material was collected just before full flowering. Specifically, the upper one-third of
each plant (containing flowers, buds, and young leaves) was harvested. The harvested
material was then shade-dried at room temperature, following a previously described
protocol [44]. Distillation was conducted using a Clevenger-type apparatus in accordance
with a previously outlined protocol [40].

The obtained essential oil samples were stored in dark glass bottles at 4 ◦C and pro-
tected from light until analysis. Qualitative and quantitative analyses of essential oils were
conducted using gas chromatography (GC) and gas chromatography–mass spectrometry
(GC-MS) techniques. The chemical composition of the essential oils was identified using a
GC-MS system (Hewlett-Packard—HP 6890 GC System, Agilent Technologies Inc., Santa
Clara, CA, USA), coupled with a selective mass detector (HP 5973) and equipped with an
HP-5 capillary column (60 m × 0.25 mm internal diameter, 0.25 µm film thickness). The
GC-MS analysis was performed using an electron ionization (EI) source at 70 eV. Helium
was used as the carrier gas at a constant flow rate of 1.0 mL min−1. The quantitative
analysis of the essential oils was performed by comparing the retention times of sample
compounds with those of commercial standards of major constituents. Additionally, the
arithmetic indices calculated from compound retention times in an alkane series using an
FID detector were matched with the reported retention index data [45–47].

2.5. Statistical Analyses

The effects of fertilizer treatments for each experimental year were assessed using
analysis of variance (ANOVA), followed by multiple comparisons of means via the least
significant difference (LSD) test. All statistical evaluations were conducted using the JMP
Pro 16 software package.
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3. Results
3.1. Photosynthetically Active Radiation (PAR)

The average PAR values, measured at midday, revealed significant differences be-
tween the two areas. As expected, the areas under the panels (UP) consistently showed
lower PAR values, ranging approximately between 60.6 and 272.8 µmol m−2 s−1 and with
an average value of 124 µmol m−2 s−1. The between-panel (BP) areas showed notably
higher PAR values, ranging between 986 and 2429 µmol m−2 s−1 and averaging around
2085 µmol m−2 s−1. This substantial reduction in PAR under the panels aligns with find-
ings from previous studies on agrivoltaic systems, indicating significant impacts of shading
on the availability of solar radiation for plants beneath PV panels (Figures 3 and 4) [48–50].

 

Figure 3. The mean solar radiation throughout the crop cycle, measured in the between-panel (BP)
areas across different dates.

 

Figure 4. Throughout the growing period, the solar radiation beneath the panels (UP) showed
variation in average values across different dates.
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3.2. Temperature Analysis

The air temperature measurements, taken concurrently with PAR measurements at
approximately 13:00 h, showed notable differences. The UP areas were always cooler
compared with the BP areas. On average, the temperatures of the areas under panels were
approximately 1.0–1.6 ◦C lower than those measured between panels. This temperature
reduction was in accordance with findings reported by previous studies, highlighting that
shading from photovoltaic panels reduces air temperatures, thereby potentially moderating
plant canopy temperatures and reducing plant water stress, ultimately enhancing the water
use efficiency (Figure 5).

 

Figure 5. Average air temperatures under (UP) and between panels (BP).

3.3. Mentha arvensis vs. Mentha × piperita Yield and Macro- and Micronutrient Elements

It has been observed that mycorrhiza applications significantly influence the yield
of mint that is cultivated in agrivoltaic systems, particularly in between-panel areas
(Tables 3 and 4). For Mentha arvensis, the highest yield (15,230 kg ha−1) was obtained
from between-panel areas treated with mycorrhiza (PM1), whereas the lowest yield
(6250 kg ha−1) occurred in under-panel areas without mycorrhiza application (PAM0)
(Table 3). In the case of Mentha piperita, the highest yield (18,190 kg ha−1) was recorded in
between-panel areas with mycorrhiza application (PM1), but this yield was not statistically
different from that of the between-panel areas with no mycorrhizal treatment. Conversely,
under-panel conditions clearly demonstrated the positive impact of mycorrhiza, yielding
up to 13,490 kg ha−1 (Table 4). Accordingly, it can be concluded that mint yield may vary
significantly under agrivoltaic conditions depending on the cultivar; however, biomass
production can substantially increase with mycorrhiza treatments in both between- and
under-panel areas. Specifically, the shading provided by photovoltaic panels appears
particularly beneficial for yield and quality parameters in Mentha piperita.

Table 3. Fresh yield and macronutrient contents of Mentha arvensis.

Fresh Herb Yield
kg/ha

N
%

P
%

K
%

Na
%

Ca
%

Mg
%

PM0 10,620 ab 2.80 b 0.20 c 2.20 c 0.19 b 2.07 b 0.60
PM1 15,230 a 2.81 b 0.26 bc 2.31 bc 0.29 ab 2.10 b 0.61

PAM0 6250 b 3.35 a 0.28 b 2.44 ab 0.38 a 2.14 b 0.60
PAM1 9580 ab 3.40 a 0.40 a 2.60 a 0.19 b 2.70 a 0.60

SD 125 0.029 0.015 0.041 0.003 0.093 0.051

p ** ** ** ** ** * ns

* p < 0.05; ** p < 0.01; ns: non-significance. Lowercase letters denote comparisons between treatments and data
sharing the same letter are not significantly different from each other, n = 3.
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Table 4. Fresh yield and macronutrient contents of Mentha piperita.

Fresh Herb Yield
kg/ha

N
%

P
%

K
%

Na
%

Ca
%

Mg
%

PM0 15,720 a 2.63 c 0.30 ab 2.07 b 0.06 b 1.51 c 0.90
PM1 18,190 a 2.85 bc 0.35 a 2.32 b 0.04 b 1.93 ab 0.87

PAM0 9730 b 3.24 ab 0.27 b 2.61 a 0.09 a 1.64 bc 0.89
PAM1 13,490 ab 3.35 a 0.26 b 2.67 a 0.09 a 2.10 a 0.89

SD 100 0.086 0.012 0.058 0.002 0.06 0.032

p ** ** ** * * ** ns

* p < 0.05; ** p < 0.01; ns: non-significance. Lowercase letters denote comparisons between treatments and data
sharing the same letter are not significantly different from each other, n = 3.

Mycorrhizal inoculation under agrivoltaic conditions significantly affected the
macronutrient uptake in both mint species (Tables 3 and 4). For Mentha arvensis, the
nitrogen (N) contents were generally higher in under-panel areas, although the effect of
mycorrhizal application on the plants’ N content was limited. The highest N content
(3.40%) was recorded under mycorrhizal conditions under panels (PAM1). Furthermore,
the phosphorus (P) uptake in Mentha arvensis was notably enhanced by mycorrhizal in-
oculation; for instance, in under-panel conditions, the P content increased up to 0.40%
compared with the 0.28% of the no-mycorrhiza (PAM0) treatment. Similarly, plants under
between-panel conditions showed a moderate increase in P contents, reaching 0.26% with
mycorrhizal application (PM1) and 0.20% without mycorrhiza (PM0). The potassium (K)
content exhibited a similar trend, with the highest level (2.60%) being obtained under
PAM1 conditions and the lowest (2.20%) under PM0 conditions. Interestingly, the highest
calcium (Ca) and sodium (Na) contents were observed under PAM0 conditions in Mentha
arvensis. The magnesium (Mg) contents did not show statistically significant differences
between treatments.

Comparable trends were observed for Mentha × piperita, highlighting that mycorrhizal
treatments in under-panel conditions notably improved the N, K, Na, and Ca uptake.
The highest N (3.35%), K (2.67%), and Ca (2.10%) contents were recorded in the under-
panel, mycorrhiza-treated Mentha × piperita. The phosphorus content peaked (0.35%)
under between-panel conditions with mycorrhizal application. Although the Mg content
was not statistically affected by the treatments, variability in Mg uptake was evident
between mint varieties, with Mentha × piperita demonstrating higher Mg levels than Mentha
arvensis. These findings suggest that the mycorrhizal inoculation significantly enhanced
macronutrient uptake, thus promoting plant growth under agrivoltaic conditions.

Regarding the micronutrient contents of mint varieties grown under agrivoltaic condi-
tions, our results confirmed a positive influence of mycorrhizal inoculation on micronutrient
uptake (Tables 5 and 6).

Table 5. Micronutrient contents of Mentha arvensis (mg/kg).

Fe Mn Zn Cu

PM0 262 b 29 b 40 c 32
PM1 274 b 39 b 48 b 39

PAM0 474 a 39 b 48 b 31
PAM1 482 a 86 a 60 a 37

SD 12.57 3.55 0.68 1.80

p * * ** ns
* p < 0.05; ** p < 0.01; ns: non-significance. Lowercase letters denote comparisons between treatments and data
sharing the same letter are not significantly different from each other, n = 3.
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Table 6. Micronutrient contents of Mentha piperita (mg/kg).

Fe Mn Zn Cu

PM0 276 b 37 b 32 33 b
PM1 287 b 64 ab 35 33 b

PAM0 350 a 56 ab 37 30 b
PAM1 365 a 79 a 39 56 a

SD 6.85 6.45 1.71 1.76

p * ** ns *
* p < 0.05; ** p < 0.01; ns: non-significance. Lowercase letters denote comparisons between treatments and data
sharing the same letter are not significantly different from each other, n = 3.

The iron (Fe) content in Mentha arvensis was notably influenced by the growing condi-
tions and mycorrhizal inoculation. For example, the Fe concentration in the mint plants that
were grown between the panels was found to be 262 mg/kg (PM0), while it was 482 mg/kg
when grown under mycorrhiza-inoculated under-panel conditions (PAM1). Similarly, in
Mentha × piperita, the highest Fe content (365 mg/kg) was recorded in PAM1, while the
lowest (276 mg/kg) occurred under PM0 conditions. Additionally, the manganese (Mn)
and zinc (Zn) contents in Mentha arvensis reached their maximum levels in mycorrhizal
under-panel conditions. For Mentha × piperita, the Mn and copper (Cu) concentrations
were highest under PAM1 conditions, whereas the Zn content did not differ significantly
between treatments.

These findings highlight the substantial benefits of mycorrhizal inoculation for mint
cultivation under photovoltaic systems. Mycorrhiza applications enhanced the nutrient
availability in the root zone, positively affecting the health and biomass production of
plans. Particularly, the shading that was provided by the panels may have reduced nutrient
leaching, increased the soil’s organic matter retention, and improved its water-holding
capacity, thereby enhancing the mint yield and macronutrient uptake.

3.4. Essential Oil Yield and Components

The shading and microclimatic conditions provided by photovoltaic (PV) panels in
agrivoltaic systems significantly influence the yield and composition of mint essential oils.
Furthermore, when combined with mycorrhizal inoculation under and between PV panels,
the soil’s fertility can be sustainably managed, enhancing the effectiveness of agrivoltaic
systems in terms of the yield of mint essential oil and its constituents (Tables 7 and 8).
The yield and composition of essential oils vary notably between mint species. Mentha
arvensis primarily contains menthol, menthone, limonene, isomenthone, neomenthol, and
germacrene-D, while Mentha × piperita oil composition prominently features menthol,
menthone, menthofuran, isomenthone, 1,8-cineole, and menthol acetate.

Table 7. Composition of essential oil yield and Mentha arvensis components.

EO
%

Menthol
%

Menthone
%

Limonene
%

İsomenthone
%

Neomenthol
%

Germacren-D
%

PM0 6.67 b 66.02 9.83 3.42 a 4.40 2.16 1.42 b
PM1 10.08 a 65.91 11.50 3.07 b 4.69 2.26 1.68 a

PAM0 7.33 ab 67.91 10.71 3.02 b 4.90 2.32 1.20 c
PAM1 7.92 ab 68.56 10.20 1.38 c 4.69 2.42 1.49 ab

SD 0.70 1.14 0.71 0.067 0.19 0.065 0.042

p ** ns ns ** ns ns **

** p < 0.01; ns: non-significance. Lowercase letters denote comparisons between treatments and data sharing the
same letter are not significantly different from each other, n = 3.
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Table 8. Composition of essential oil yields and Mentha piperita components.

EO
%

Menthol
%

Menthone
%

Menthofurane
%

İsomenthone
%

1,8 Cineol
%

Menthol Acetate
%

PM0 3.23 b 25.66 b 32.37 b 15.76 ab 3.56 5.35 b 1.70 bc
PM1 3.67 b 30.38 a 20.35 d 12.33 b 3.51 5.44 b 3.25 a

PAM0 3.33 b 27.46 ab 27.07 c 16.34 a 3.86 6.60 a 2.03 b
PAM1 4.50 a 18.79 c 41.90 a 15.46 ab 3.44 6.52 a 0.89 c

SD 0.34 0.76 0.74 0.72 0.20 0.19 0.21

p * ** ** * ns * **

* p < 0.05; ** p < 0.01; ns: non-significance. Lowercase letters denote comparisons between treatments and data
sharing the same letter are not significantly different from each other, n = 3.

Comparing the oil yields of both mint species, our results showed that Mentha arvensis
generally had higher yields, with the highest (10.08%) being in the treatment group grown in
between-panel plots and receiving mycorrhizal inoculation (PM1). In contrast, the highest
essential oil yield from Mentha × piperita (4.50%) was obtained in the under-panel treatment
with mycorrhizal application (PAM1). While mycorrhizal treatments increased the oil yields
from Mentha arvensis, especially under between-panel conditions, in Mentha × piperita, the
combination of shading from photovoltaic panels and mycorrhizal inoculation enhanced
oil production.

L-menthol, the primary compound giving mint its characteristic cooling sensation,
which is widely used in the cosmetic, pharmaceutical, and food industries, was signifi-
cantly higher in Mentha arvensis than in Mentha × piperita. The highest L-menthol content
(68.56%) in Mentha arvensis was recorded in the under-panel treatment with mycorrhiza
(PAM1); however, the statistical differences among treatments were not significant. For
Mentha × piperita, the highest L-menthol level (30.38%) was recorded in the between-panel
mycorrhizal treatment plants (PM1), whereas the lowest (18.79%) was observed in plants
grown under the panels and with mycorrhizal application. L-menthol can be biosynthe-
sized from menthone through enzymatic processes, which are influenced by environmental
factors such as the water stress, temperature, and soil fertility, as well as genetic factors
inherent to the plant. No significant effects of treatments were observed for the menthone
content in Mentha arvensis. For Mentha × piperita, the highest menthone concentration
(41.90%) was recorded in under-panel mycorrhizal (PAM1) conditions, and the lowest
(20.35%) was recorded in the between-panel mycorrhizal treatments (PM1).

The limonene content in Mentha arvensis reached its peak (3.42%) under between-panel
conditions without mycorrhiza (PM0), while the germacrene-D content was highest (1.68%)
under between-panel mycorrhizal conditions. The effects of treatments on the isomenthone
and isomenthol contents were statistically insignificant. For Mentha × piperita, menthofuran
reached the highest level (16.34%) under the under-panel conditions without mycorrhiza
(PAM0). The 1,8-cineole content in Mentha × piperita was higher in the under-panel areas
than in between-panel areas, whereas the menthol acetate content peaked (3.25%) under
between-panel mycorrhizal treatment (PM1). These results demonstrate that agrivoltaic
conditions can variably influence essential oil synthesis in different mint varieties by
affecting the secondary metabolism associated with plant stress responses. Additionally,
mycorrhizal treatments appear to play an important role in essential oil biosynthesis under
agrivoltaic conditions.

4. Discussion
In this study, the effects of arbuscular mycorrhizal fungi (AMF) inoculation on the

growth, nutrient content, yield, and essential oil composition of Mentha arvensis and
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Mentha × piperita were studied under agrivoltaic conditions in Bandırma, Turkey. Our
results indicated that mycorrhiza treatments significantly enhanced nutrient uptake and
essential oil production in both mint varieties, demonstrating substantial contributions
toward sustainable agricultural production. In addition, the photosynthetically active
radiation (PAR) and temperature variations under the fixed photovoltaic (PV) panels were
measured. The microclimatic conditions of the areas under (UP) and between (BP) the
panels were examined.

Partial shading, recognized as a sustainable agricultural practice, has been shown
to positively influence the yield and quality of mint, particularly when combined with
mycorrhizal inoculation. The fresh herb yield of Mentha arvensis has been reported to range
from 9460 to 37,500 kg per hectare, with essential oil contents between 1.68% and 2.72%,
of which menthol constitutes 75.9% to 79.3% [51]. For Mentha piperita, the fresh yields
range from 14,200 to 31,500 kg/ha in Germany and 6700 to 13,500 kg/ha in Türkiye, with
essential oil contents reported to be between 2.40% and 2.85% [52]. In the present study, the
effects of mycorrhizal application under photovoltaic panel shading and in between-panel
areas were evident for both mint species. For Mentha arvensis, the fresh herb yield ranged
from 6250 to 15,230 kg/ha, with essential oil contents between 6.67% and 10.08%. In
Mentha × piperita, yields ranged from 9730 to 18,190 kg/ha, and the essential oil contents
varied between 3.23% and 4.50%. These findings underscore the synergistic benefits of
combining agrivoltaic shading with AMF applications to enhance both productivity and
secondary metabolite accumulation in mint cultivation.

Agrivoltaic systems have emerged as a novel and holistic strategy that integrates pho-
tovoltaic energy production with agricultural activities on the same land unit. The shading
effect provided by photovoltaic (PV) panels helps regulate microclimatic conditions by
increasing the soil surface temperatures during colder seasons and reducing excessive
heat stress during summer. This thermal buffering contributes to soil moisture conser-
vation and enhances the nutrient uptake efficiency by minimizing evapotranspiration
losses [53]. In this study, the soil samples collected from beneath the panels were observed
to contain higher levels of certain nutrients than samples taken from the between-panel
areas. This finding suggests that PV panels may help preserve the nutrient content in soil
by shielding it from adverse environmental factors such as rainfall, wind erosion, and
extreme heat. Additionally, the partial shading provided by the panels can enhance the
near-surface water availability by promoting nocturnal dew formation and may also lead
to temperature differentials between the areas beneath and between the panels. Beyond
these agronomic benefits, crop cultivation under PV arrays can facilitate passive cooling
of the panels, thereby improving the photovoltaic conversion efficiency. When properly
designed and managed, agrivoltaic systems offer a promising solution to reduce land use
competition between food and energy production, fostering synergistic interactions that
support sustainable land management and resource optimization [54–56].

Recent studies have extensively explored how shading from PV panels can impact the
yields and quality parameters of crops. Photovoltaic shading has been shown to provide
suitable microclimatic conditions, mitigating the adverse effects of excessive solar radiation
and supporting crop health [57–59]. Crops that are not typically suited to high solar expo-
sure may thrive better and yield higher nutritional values under PV shading [59]. While
some high-light-demanding crops (potatoes, corn, tomatoes, cucumbers, sweet peppers)
may experience limited yield reductions (<25%), crops with moderate light requirements
(asparagus, ornamentals) often show no significant adverse effects. For instance, broccoli
that was cultivated under agrivoltaics in South Korea showed a greener and more favorable
appearance compared with open-field broccoli [60]. Hence, partial shading from agrivoltaic
systems can be particularly beneficial for crops that respond positively to shading, such
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as medicinal and aromatic plants that are known for enhanced oil synthesis and bioactive
compound production under shaded conditions [61,62]. In this study, the partial shading
provided by agrivoltaic systems was observed to have differential effects on Mentha arvensis
and Mentha × piperita varieties. However, in both mint types, the partial shading generally
exhibited a positive impact on the plants’ nutrient contents. Notably, Mentha × piperita
showed a more pronounced response in terms of essential oil synthesis and the accu-
mulation of bioactive compounds under shaded conditions. These findings suggest that
even among varieties of the same plant species, the effectiveness of shading may vary,
highlighting the need for cultivar-specific optimization in agrivoltaic applications.

The observed enhancement in nutrient uptake following AMF (arbuscular mycorrhizal
fungi) inoculation can be attributed to several well-established mechanisms [63,64]. AMFs
form symbiotic associations with plant roots, during which extraradical hyphae extend
beyond the root zone and significantly increase the effective root surface area [65]. This
expansion facilitates the absorption of relatively immobile nutrients such as phosphorus (P),
zinc (Zn), and copper (Cu), especially under nutrient-limited conditions [66,67]. Moreover,
AMF colonization alters the root architecture and modifies the biochemical properties of the
rhizosphere, thus enhancing the enzymatic activity, adjusting the pH, and improving the
solubilization and mobility of nutrients. Importantly, AMFs also contribute to improved
plant–water interactions by enhancing the water uptake efficiency, which in turn supports
nutrient transport and physiological processes in the roots [68]. These interactions can
lead to the induction of stress-related phytohormones such as abscisic acid (ABA), helping
plants cope better with abiotic stress conditions. In our study, such mechanisms probably
contributed to the increased macro- and micronutrient concentrations that were observed in
both Mentha arvensis and Mentha × piperita, particularly under the moderated microclimatic
conditions that were created by photovoltaic (PV) panel shading. This suggests a syner-
gistic interaction between AMF inoculation and agrivoltaic-induced shading, enhancing
nutrient acquisition and thereby supporting improved plant performance and essential
oil production.

According to our study results, cultivating mint species such as Mentha arvensis and
Mentha × piperita, which are widely used in the pharmaceutical, cosmetic, and food in-
dustries, appears to be highly advantageous under photovoltaic systems. Partial shading
conditions, further enhanced by mycorrhizal applications to form sustainable agricultural
practices, positively impacted the yield and quality parameters of mint. The integration
of agrivoltaics with sustainable soil management practices supports yield and quality
improvements while preserving ecosystem balance [50]. Sustainable agrivoltaic man-
agement potentially resolves conflicts between photovoltaic installations and agriculture,
particularly in ecologically fragile regions, enhancing climate resilience in crop production.

5. Conclusions
Agrivoltaic systems offer promising and integrative solutions by combining renewable

energy production with sustainable crop cultivation. The shading effect of photovoltaic
panels, when strategically managed, can enhance soil’s moisture conservation and water
use efficiency, particularly benefiting shade-tolerant or moderately light-demanding crops.

In this study, mycorrhizal inoculation significantly improved the performance of
two mint species (Mentha arvensis and Mentha × piperita) when grown under agrivoltaic
conditions. Notably, the highest fresh biomass yields for both species were recorded in
between-panel (BP) areas with mycorrhizal treatment (PM1), while the lowest yields were
observed in under-panel (UP) areas without inoculation (PAM0). Mycorrhizal application
also enhanced macro- and micronutrient accumulation, including of N, P, K, Ca, Fe, Zn,
and Mn, in both species. Furthermore, the essential oil yield peaked in Mentha arvensis
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under BP conditions with mycorrhiza (10.08%), whereas Mentha × piperita showed the
highest essential oil content (4.50%) under UP conditions with mycorrhizal inoculation.
While the composition of essential oil components differed between the species, overall
improvements in both quantity and quality under mycorrhizal treatment were evident.

These findings highlight the synergistic potential of integrating mycorrhizal biotech-
nology into agrivoltaic systems to enhance the productivity and quality of crops in the
context of sustainable agriculture. However, further research is required to fully understand
and optimize these integrative strategies under diverse agroecological conditions. Future
studies should prioritize long-term evaluations of soil health, including microbial dynamics,
organic matter stability, and nutrient cycling, within agrivoltaic environments. Additionally,
multi-crop trials involving species with differing light and water requirements could offer
broader insights into the applicability and scalability of these systems. Assessing seasonal
variability, crops’ physiological responses, and the persistence of mycorrhizal benefits over
time will also be essential for developing resilient and adaptive agrivoltaic models.
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