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Abstract: Agrivoltaic offers a promising solution to integrate photovoltaic energy produc-
tion with ongoing agricultural activities. This research investigates the impact of agrivoltaic
on food security, using a transdisciplinary approach to study the responses of crop produc-
tion in terms of biomass and food quality produced. Mainly chicory plants were grown
in full sunlight (control plot) and shade plots generated by potential photovoltaic panels.
Two water regimes (high and low water supply) were used to analyze variations in food
security in both plots. The results showed that agrivoltaic systems effectively mitigate
crop water stress caused by high temperatures and heat waves, improving food security
by increasing biomass production and preserving food quality. While previous research
has attributed the benefits of agrivoltaics primarily to improved soil moisture, this study
demonstrates that the positive effects are primarily driven by differences in light intensity
and air temperature between the shaded and control plots. The results have strong implica-
tions for water resource management, showing that agrivoltaics can reduce water use by
approximately 50% compared to traditional agroecosystems without compromising food
security. Agrivoltaics can address the challenges of water scarcity due to declining rainfall
and reduce production costs associated with water use. Properly designed agrivoltaic
systems offer a cleaner, more sustainable alternative to traditional agricultural practices,
helping to adapt agriculture to climate change.

Keywords: food security; biomass production; food quality; water stress; climate change;
water saved; sustainable development goals; Agenda 2030

1. Introduction

Food production is a critical global issue, essential for human well-being and future
generations. It is closely tied to global warming, which adversely affects agricultural
productivity. Over the past decade, the proliferation of photovoltaic (PV) systems has aimed
to boost renewable energy production, reduce carbon dioxide emissions, and mitigate
climate change. However, converting arable land for PV use creates a conflict between
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the goals of reducing global warming and maintaining agricultural activities and food
security [1].

As a fundamental human need, food production has evolved to meet the demands of
growing populations and shift dietary preferences, ensuring food security and improved
nutrition [2,3]. Food security, defined as universal access to a sufficient, safe, and nutritious
food supply that promotes human health, extends beyond food availability to include
quality, accessibility, and sustainability [4-6]. This concept is a critical component of the
UN’s efforts to reduce hunger, malnutrition, and related social and health challenges [1,4].

Meeting the needs of an ever-growing global population means putting a significant
strain on the environment [3,7,8]. Current agricultural practices deplete natural resources,
contribute to greenhouse gas emissions, reduce soil fertility and biodiversity, cause water
shortages, and release pollutants that degrade ecosystem quality [9,10]. Water manage-
ment for irrigation also disrupts the terrestrial water cycle [11]. These challenges are
expected to worsen, with the global population projected to reach 9.7 billion by 2050 and
10.4 billion by 2100 [12]. Moreover, climate change threatens food security by reducing
water availability for crops, with rising extreme temperatures further exacerbating plant
evapotranspiration [13].

The resulting water crisis undermines the capacity of agroecosystems to support ecosys-
tem services, compromising ecological functions [14-17]. Higher temperatures and water
scarcity can not only increase evapotranspiration but also reduce primary production, the
process that converts solar energy into chemical energy, which sustains life on Earth [18-21].
This in turn threatens crop productivity and the broader ecosystem services that support
human well-being [13]. As climate change-induced droughts intensify and the world popula-
tion grows, competition for water resources, particularly for agriculture, will increase [22,23].
A sustainable approach to water management is essential, emphasizing the importance of
assessing irrigation needs to meet food demands while minimizing water consumption [24].
Without changes in the way to produce and consume food, the environmental impacts on
food production systems will become more severe, exceeding planetary boundaries, consid-
ering that the desired goal is to increase food production by more than 60 percent by 2050,
given the projected population growth [3,25,26]. Ensuring sustainable food security requires
careful management of natural resources while balancing the ecological and socio-economic
dimensions of the landscape [27].

In European countries, priorities for agricultural production should include intensify-
ing crop production within the limits of pollutant and greenhouse gas emissions, energy
consumption, and biodiversity loss, and improving the resilience of agricultural and food
systems to climate change [28]. These events force agricultural crop species to adapt, po-
tentially influencing ecosystem services crucial for food security. However, adaptation
measures, like drought escape and dehydration avoidance, may adversely affect crop yields
and the quality of edible products [13,29-32].

Understanding the consequences of climate change on food production and assessing
the effectiveness of various adaptation strategies in mitigating these impacts is challeng-
ing [13]. In this context, agrivoltaic systems offer a promising solution, enhancing both
renewable energy production and crop resilience to climate impacts [1,13,31,33]. Unlike
traditional PV systems, which resulted in monofunctional land use focused solely on renew-
able energy production, agrivoltaics integrate PV panels with crop cultivation, allowing
for both energy production and farming to occur simultaneously. This system involves
placing PV panels at a height that enables cultivation and agricultural machinery use
or incorporating them into structures like shade canopies [34]. The agrivoltaic system
can be defined as a hybrid-based solution (H-bS) combining human infrastructure into
agroecosystems with positive impacts on ecosystem services [1].
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Integrating PV panels in agricultural environments benefits food security by increas-
ing crop yield [1,34-38]. Key findings highlight the environmental benefits of agrivoltaics
systems, including reduced greenhouse gas emissions, improved water efficiency, and
improved soil quality [39]. Water efficiency is primarily driven by reduced water consump-
tion, which appears to be influenced by evaporation. Mainly, the attenuation of sunlight
reaching the soil surface can help reduce water loss and the risk of desertification (Figure 1).
As a result, frequent droughts and intense solar radiation can be reduced [1,37,40-42].

Full Reduced
Sunlight Light
Shading
. Increased Effect
High Evapo-
Temperature transpiration
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Temperature
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Water
= Retention
Increased Reduced
Evaporation Evaporation

Figure 1. Schematic representation of the interaction between photovoltaic panels and crop growth
in an agrivoltaic system. The diagram illustrates how shading affects light availability, temperature
regulation, and water retention. Plants under full sunlight experience higher temperatures and
increased evapotranspiration, leading to greater water loss. In contrast, shaded plants benefit from
lower temperatures, reduced light exposure, and enhanced water retention, mitigating water stress
and potentially improving biomass production.

This research aims to assess agrivoltaics’ role in enhancing food security by boosting
biomass production while maintaining the quality of edible crops, with a focus on minimiz-
ing water consumption relative to annual water availability. While the positive effects of
agrivoltaics on crop production in drought and heat stress conditions are well-documented,
its effectiveness under other weather conditions is less explored [1,34,35,37,39]. This study
focuses on chicory, which has shown increased productivity under shaded conditions
during drought periods in late spring [1]. This research extends the study to cooler periods,
examining chicory’s performance from late winter to early spring to evaluate agrivoltaics’
influence in less water-stressed conditions.

The goal of this study is to evaluate how agrivoltaics impacts food security across
varying water availability scenarios by comparing crop production in open-field control
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plots with that in shaded plots. Crop productivity was assessed by measuring the weight
of edible biomass, while quality was evaluated based on pigment concentrations under
different light and water conditions. We also investigated the relationship between crop
production and abiotic variables such as atmosphere, soil temperature, and moisture.
Furthermore, we analyzed water precipitation carrying capacity during the final decade of
the study period to determine the optimal water requirements for crop production under
different conditions, including areas under PV panels.

2. Materials and Methods

This study is explanatory experimental research aimed at investigating the effects
of different light and water regimes on the biomass production of Cichorium intybus L.
(variety Otrantina). The experiment was carried out in an open field setting under two
distinct environmental conditions: full sunlight and shade, to assess plant responses under
agrivoltaic panels. In both conditions, plants were exposed to uncontrolled environmental
variables, but key abiotic factors such as air temperature, humidity, soil temperature,
moisture, light intensity, and water regimes were monitored to analyze their impact on
biomass production.

2.1. Experimental Setup and Techniques

Research followed a hypothetical-deductive methodology to test the hypothesis that
shade generated by agrivoltaic systems positively influences chicory growth in cooler
weather with varying water availability, as suggested by the prior literature [1]. Hypotheses
were tested under controlled sunlight exposure and water regimes to ensure data reliability
and validity.

The experimental activities were carried out at the University of Salento’s Botanical
Garden, located il Lecce, Apulia, Southern Italy (40°20'08.3"” N 18°07'21.2" E), from 1 March
to 15 April 2024.

Cichorium intybus L. (Otrantina variety) certified seeds were obtained from the Univer-
sity’s Botanical Garden. The seeds were soaked in running tap water for 2-3 h before being
sown in 4.5 L plastic pots, with one seed per pot. Each pot was filled with commercial soil
and placed in a growth chamber at 22 °C, 60% humidity, 25 pE light intensity, and a 16/8 h
photoperiod for seed germination. Irrigation was applied at 100 mL per pot every two days
for 45 days [1]. Afterward, the seedlings were transferred to the open field.

The experimental design included two plots: one exposed to full sunlight (L) and the
other shaded (S) by a photovoltaic panel (1.4 m x 2.4 m), positioned 2.10 m above the soil to
simulate an agrivoltaic system. This setup adhered to Italian agrivoltaic guidelines [43,44],
with the panel oriented from northeast to southwest to replicate the typical PV panel
orientation in the surrounding area [1,42].

Within each plot, plants were divided into two groups, each consisting of nine chicory
plants, subjected to different water regimes: high water regime (HWR) and low water
regime (LWR). Irrigation was manually applied, with 400 mL of water per plant every
two days for HWR and 200 mL per plant for LWR. Water amounts were measured using a
graduated cylinder to ensure accuracy (Table 1). The total water supply was 5.0 L for LWR
and 9.4 L for HWR.

For each plot, daily minimum and maximum air temperatures were recorded using
two external thermometers (ThermoPro TP357, Atlanta, GA, USA with an accuracy of
£0.5 °C and measurement range from —20 °C to +60 °C), located one under the shade
panel and one in the controlled area, both at the same height from the ground (1 m). Soil
temperature and moisture were measured during the hottest day to estimate average
conditions for each group (HWR-L, LWR-L, HWR-S, and LWR-S). Additionally, annual



Horticulturae 2025, 11, 401

50f19

precipitation data from 2011 to 2024 were extrapolated from the Apulian Civil Protection
Meteorological Stations in Lecce [45].

Table 1. Summary of the experimental design characterized by two plots with different sun exposure,
and each other characterized by two groups with high water regime (HWR) and low water regime
(LWR) [1].

Plot (Light Conditions) Groups (Watering Regime) ~ Plant Number Denomination

High Water Regime (HWR) 9 HWR-L
FULL SUNLIGHT (L)

Low Water Regime (LWR) 9 LWR-L

High Water Regime (HWR) 9 HWR-S
SHADE (S)

Low Water Regime (LWR) 9 LWR-S

2.2. Quantitative and Qualitative Evaluation of Chicory Biomass Production

Biomass production was assessed by measuring the fresh weight (fw) and dry weight
(dw) of chicory leaves. The basal rosette leaves, representing edible biomass, were har-
vested, weighed immediately for fw using a precision balance (Mettler Toledo PC 440,
Columbus, OH, USA) and photographed for morphological analysis. Leaf morphometry
(e.g., major and minor axes, area, and circularity) was analyzed using Image] 1.53e software
following established protocols [46].

To determine dw, 250 mg of leaf tissue was dried at 60 °C for one week, or until
the biomass weight stabilized. The water content of chicory leaves was calculated as the
difference between fw and dw [1].

To assess food quality in terms of water stress, chlorophyll (a, b, total) and carotenoid
concentrations were determined spectrophotometrically using a Shimadzu® UV-2600 in-
strument (Kyoto, Japan), following Lichtenthaler and Buschmann’s methods [47]. Results
were expressed as nmol/g fw [46].

2.3. Data Interpretation and Statistical Analysis

The hypothesis that shade-grown plants exhibit higher productivity was tested by
comparing biomass production under different light and irrigation conditions. Significant
differences in fresh and dry biomass production between plants grown in full sunlight and
those grown in shade were analyzed. The relationship between biomass production and
abiotic environmental variables was also assessed.

Statistical significance was determined by one-way ANOVA to compare the means
of each group. Assumptions of normality and homogeneity of variance were checked
using the Shapiro-Wilk test (p > 0.05 for normality) and Levene’s test (p > 0.05 for homo-
geneity) [48-52]. If ANOVA indicated significant differences (p < 0.05), post hoc pairwise
comparisons were conducted using Tukey’s Honestly Significant Difference (HSD) test [53].

To examine temperature variations over time, ANCOVA (Analysis of Covariance)
was applied to verify the homogeneity of regression slopes [54,55]. If the slopes differed
significantly (p < 0.05), the null hypothesis of equal means between groups was rejected.

3. Results
3.1. Biomass Analysis

Chicory plant biomass was evaluated under different light and water conditions by
measuring fw, dw, and total leaf surface area. Measurements were taken for plants grown
in full sunlight (L) or under PV panel shade (S), with exposure to either high (HWR) or low
(LWR) water regimes. The average of leaves fw was higher in shaded groups compared
to those in full sunlight, and more pronounced under high water regimes than low water
regimes (Figure 2a). The one-way ANOVA revealed highly significant differences between the
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groups under different light conditions (sum of squares 41,463.6; df 3; mean square 13,821.2;
F 58.54; p-value: 4.33 x 10713). The highest leaves fw was recorded in the HWR-S group
(178.9 £ 5.6 g), while the lowest value was found in the LWR-L group (85.2 £ 3.9 g). Although
the LWR-S group (134.5 & 4.2 g) had a higher fw than the HWR-L one (115.0 £ 6.5 g), Tukey’s
pairwise comparisons indicated no statistically significant differences between these two
groups (Figure 2a).

(a) Leaves fw

Tukey's pairwise comparisons
P-value HWR-L | LWR-L HWR-S LWR-S
HWR-L 0.00112 | 0.00017 | 0.06650
LWR-L 0.00017 0.00017
HWR-S 0.00017
LWR-S

1

HWR-L

LWR-L HWR-S LWR-S
(b) Water content
Tukey's pairwise comparisons

P-value | HWR-L LWR-L HWR-S LWR-S
HWR-L 0.02140 0.00250 0.13020
LWR-L 0.00016 0.00020
HWR-S 0.36150
LWR-S

LWR-L HWR-S LWR-S

(c) Leaves dw

Tukey's pairwise comparisons

P-value | HWR-L | IWRL | HWRS | LWR-S
HWR-L 0.00749 | 000017 | 0.39680
LWR-L 000017 | 0.00024
HWR-S 0.00025
- LWR-5

LWR-L HWR-S LWR-S

Figure 2. Leaves fresh weight (fw) (a), leaves water content (b), and leaves dry weight (dw) (c) of
chicory plants grown in full sunlight (L) or under shade (S), subjected to high (HWR) or low (LWR)
water regimes. Tukey’s pairwise comparisons are presented in the tables with p-values above the
diagonal. Statistically significant differences (p < 0.05) are highlighted with a yellow box and high
significant differences (p < 0.001) with an orange box. Uncolored boxes indicate no statistically significant
differences. HWR-L: high water regime in sunlight; LWR-L: low water regime in sunlight; HWR-S: high
water regime in shade; LWR-S: low water regime in shade. Bars marked in the plot with different letters
indicate significant differences among samples (Tukey’s post hoc test, p < 0.05).

Leaves water content was also higher in shade groups (Figure 2b). The one-way
ANOVA showed significant differences between the water regimes (sum of squares 334.8;
df 3; mean square 111.6; F 18.3; p-value: 4.26 x 10~7). The HWR-S group had the highest
water content (64%), followed by LWR-S (62%). In contrast, the HWR-L and LWE-L had
lower values (56% and 54%, respectively). However, Tukey’s test showed that LWR-S did
not differ significantly from HWR-L or LWR-S groups (Figure 2b).

Similarly, the leaves dw followed the same trend as leaves fw, with the highest value in
the HWR-S group (64.6 + 5.8 g) and the lowest in LWR-L (37.6 & 4.2 g) (Figure 2c). One-way
ANOVA confirmed significant differences between the groups (sum of sq 3404.65; df 3;



Horticulturae 2025, 11, 401

7 of 19

mean square 1134.88, F 35.34 and p-value 2.85 x 10~17). However, Tukey’s test revealed no
significant difference between HWR-L (46.9 &+ 7.1 g) and LWR-S (51.2 & 5.1 g) (Figure 2c).

Similarly, the leaf dw followed the same trend as fw, with the highest value in the
HWR-S group (64.6 g + 5.8 g) and the lowest in LWR-L (37.6 & 4.2 g) (Figure 2c). One-way
ANOVA confirmed significant differences between the groups (sum of squares = 3404.65;
df = 3; mean square = 1134.88; F = 35.34; p-value = 2.85 X 10710y, Tukey’s test revealed no
significant difference between HWR-L (46.9 &+ 7.1 g) and LWR-S (51.2 & 5.1 g) (Figure 2c).

Morphological observations revealed no significant differences in the number of leaves
among 45-day-old chicory plants across the groups (HWR-L =29 £ 7; LWR-L = 26 + 4;
HWR-S =26 £ 5 and LWR-5 = 23 & 6; ANOVA test: df = 3/32; F = 2.019 and p-value = 0.1267).
None of the plants exhibited signs of stress, such as leaf wilting. However, noticeable differ-
ences in leaf size and shape were observed, indicating varying responses to different growth
conditions (Figure 3). Leaves from plants grown in HWR-L were predominantly oblanceolate
with toothed margins, a feature consistent across plants grown in full sunlight regardless of
water regime, as well as by HWR-S plants. In contrast, plants grown in shade with limited
water (LWR-S) displayed irregular leaf margins. Corroborating this, leaf circularity, calculated as
4 x 1 x area/perimeter?, differed significantly between groups, with leaves from shaded plants
showing higher circularity values (0.23 & 0.04 for HWR-S and 0.17 = 0.02 for LWR-S) compared
to those grown in sunlight (0.15 £ 0.02 for HWR-L and 0.11 + 0.02 for LWR-L) (Figure 4a).

HWR-L (high water regime)
=)
- TR
E N=29+7
» LWR-L (low water regime)
£
R AL AR TR
N =26+4
’HWR-S (high water regime)
D
z
1 \
G
g LWR-L (low water regime) N 205
BRI A AT
N=23+6

Figure 3. Leaves morphology of chicory plants from HWR-L, LWR-L, HWR-S and LWR-S groups. N
indicates the mean =+ the standard deviation of the number of leaves present on each plant grown
in the different groups of three independent experiments. HWR-L: high water regime in sunlight;
LWR-L: low water regime in sunlight; HWR-S: high water regime in shade; LWR-S: low water regime
in shade. Scale bars: 5 cm.
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(a) Circularity (b) Average leaves area per plant
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0.00 0

HWR-L LWR-L HWR-S LWR-S HWR-L LWR-L HWR-S LWR-S
Tukey's pairwise comparisons Tukey's pairwise comparisons
P-value HWR-L LWR-L HWR-S LWR-S P-value HWR-L LWR-L HWR-S LWR-S
HWR-L 0.02668 0.00025 0.44380 HWR-L 0.00765 0.00024 0.64100
LWR-L 0.00018 0.00100 LWR-L 0.00016 0.00043
HWR-S 0.00258 HWR-S 0.00258
LWR-S LWR-S

Figure 4. Leaves circularity values per plant (a) and average leaves area per plant (b) from HWR-
L, LWR-L, HWR-S, and LWR-S groups. Tukey’s comparisons: yellow boxes indicate statistically
significant differences (p < 0.05), and orange boxes indicate highly significant differences (p < 0.001).
Box without color indicates no statistically significant differences. HWR-L: high water regime in
sunlight; LWR-L: low water regime in sunlight; HWR-S: high water regime in shade; LWR-S: low
water regime in shade. Bars marked in the plot with different letters indicate significant differences
among samples (Tukey’s post hoc test, p < 0.05).

Average leaf area was also affected by growing conditions, with the largest leaves
(2609 =+ 307 cm?) found in HWR-S plants, followed by LWR-S and HWR-L (2014 + 217 cm?
and 1833.4 + 481.1 cm?, respectively). The smallest leaves (1302.1 + 213.9 cm?) were found in
the LWR-L group. While ANOVA indicated significant differences among groups (df = 3/32;
F = 24.95; p-value = 1.61 x 1078), pairwise comparisons showed no significant difference
between HWR-L and LWR-S but supported the ANOVA results in the other cases (Figure 4).

3.2. Chlorophyll and Carotenoid Content

Wavelengths of light and water stress can significantly influence photosynthetic activ-
ity, thereby affecting chlorophyll and carotenoid content [56,57]. To investigate the effects
of shade and varying irrigation regimes under our experimental conditions, we quantified
chlorophyll and carotenoid content across the four treatment groups. Pigment analysis
revealed that levels of chlorophyll a (Chl a, Figure 5a), chlorophyll b (Chl, Figure 5b),
and carotenoids (Figure 5c) were highest in the LWR-S group (Chl a: 1.08 £ 0.11 mg/g
fw, Chl b: 0.39 £ 0.05 mg/g fw and carotenoids: 0.30 & 0.05 mg/g fw), followed by the
HWR-S group (Chl a: 1.01 £ 0.08 mg/g fw, Chl b: 0.32 £ 0.04 mg/g fw and carotenoids:
0.28 &+ 0.03 mg/g fw), both of which were grown in shaded conditions. In contrast, lower
pigment concentrations were obtained in the LWR-L (Chl a: 0.67 £ 0.07 mg/g fw, Chl
b: 0.23 £+ 0.04 mg/g fw, and carotenoids: 0.21 £ 0.01 mg/g fw) and HWR-L (Chl a:
0.76 £ 0.07 mg/g fw, Chl b: 0.23 &+ 0.05 mg/g fw and carotenoids 0.24 + 0.03 mg/g fw)
groups, which were grown under full sunlight. One-way ANOVA revealed statistically
significant differences among the groups for Chl a (df = 3/32, F = 142.9, p = 9.461 x 10~%),
Chlb (df =3/32 F = 78.44, p = 1.348 x 10~2°). and carotenoids levels (df = 3/32, F = 40.0,
p =2.82 x 10~'7). However, Tukey’s pairwise comparisons indicated no statistically signifi-
cant differences in Chl b levels between the two full sunlight groups (HWR-L and LWR-L),
while supporting the ANOVA results for the other comparisons. The ratio of Chl a to Chl b
was highest in the HWR-L group, followed by the HWR-S, both characterized by a higher
water regime (Figure 5d), lower ratios were instead observed in the LWR-S and LWR-L
plots. One-way ANOVA showed statistically significant differences in the Chl a/Chl b
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ratio among the groups (df = 3/32, F = 104, p = 4.59 x 10~°), though Tukey’s pairwise
comparisons did not show statistically significant differences between LWR-L group and
the HWR-S or LWR-S groups.

mg/g fw

(a) Chl-a (b) Chl-b
b 14
a 1 12
c 1 I R
d 08
=t b
04 C c a u
02 ’—I—‘ ’—I—‘
0
HWR-L LWR-L HWR-S LWR-S HWR-L LWR-L HWR-S LWR-S
Tukey's pairwise comparisons Tukey's pairwise comparisons
P-value | HWR-L | LWR-L HWR-S LWR-S P-value | HWR-L | TWR-L | HWR-S | LWR-S
HWR-L 000213 | 000014 | 000012 HWR-L 0.99760 | 0.00014 | 0.00014
LWR-L 0.00014 0.00014 LWR-L 0.00014 0.00014
HWR-S 0.02107 HWR-S 0.00014
LWR-S LWR-S
(c) Carotenoids . (d) Chl a/Chl b
e ab a
b 3.5 b
c a 7 g 3
T d 5 T 5
T - 2
15
1
HWR-L LWR-L HWR-S LWR-S HWR-L LWR-L HWR-S LWR-S
Tukey's pairwise comparisons Tukey's pairwise comparisons
P-value HWR-L LWR-L HWR-S LWR-S P-value HWR-L LWR-L HWR-S LWR-S
HWR-L 0.00087 0.01958 0.00014 HWR-L 0.00276 0.02437 0.00014
LWR-L 0.00014 0.00014 LWR-L 0.88810 0.23410
HWR-S 0.00265 HWR-S 0.04859
LWR-S LWR-S

Figure 5. Chlorophyll a (a), chlorophyll b (b), and carotenoids (c) contents, and the Chl a/Chl b ratio
(d) in chicory leaves from the HWR-L, LWR-L, HWR-S and LWR-S groups. In the tables, yellow
boxes indicate statistically significant differences (p < 0.05), orange boxes indicate high statistically
significant differences (p < 0.001), and uncolored boxes indicate no statistically significant differences.
HWR-L: high water regime in sunlight; LWR-L: low water regime in sunlight; HWR-S: high water
regime in shade; LWR-S: low water regime in shade. Bars marked in the plot with different letters
indicate significant differences among samples (Tukey’s post hoc test, p < 0.05).

3.3. Abiotic Variables Analysis

Maximum temperatures in the two experimental plots (full sunlight and shade) in-
creased over time, with statistically significant differences between the groups (ANCOVA,
F =6.733, p = 0.011; homogeneity of slopes: F = 1.13. p = 0.291; residual normality tested
with Shapiro-Wilk). Maximum air temperatures were consistently higher in the full sun-
light plot, with differences of up to 10 °C compared to the shaded plot. However, minimum
air temperatures did not show statistically significant differences between the groups (AN-
COVA, F = 2.444, p = 0.138; homogeneity of slopes: F = 0.004, p = 0.949; residual normality
tested with Shapiro-Wilk) (Figure 6).
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Figure 6. Maximum and minimum air temperatures recorded in the full sunlight plots (HWR-L and
LWR-L) and shaded plots under the PV panels (HWR-S and LWR-S) from 1 March 2024, to 15 April
2024. Dotted lines indicated the linear trends over time.

Moreover, no significant differences in maximum or minimum air humidity were
found between full sunlight and shade plots. Maximum air humidity remained around
99% for both plots, with only minor variations (Figure 6). Minimum air humidity was
higher under the shade, but this difference was not statistically significant (ANCOVA,
F =1.68, p = 0.198; homogeneity of slopes: F = 0.004, p = 0.949; residual normality tested
with Shapiro-Wilk) (Figure 7).

Air Humidity
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Figure 7. Minimum and maximum air humidity recorded in the full sunlight plots (HWR-L and
LWR-L) and shaded plots under the PV panels (HWR-S and LWR-S) from 1 March 2024 to 15 April
2024. Dotted lines indicated the linear trends over time.
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[Nluminance values recorded during maximum shade under the panels were approxi-
mately 4136 £ 693 Ix, while full sunlight values reached around 128,341 & 7165 Ix. These
values were highly significantly different (t-test, p = 9.1 x 10~?). ANOVA revealed that
watering regime, illuminance, and air temperature significantly affected soil tempera-
ture (sum of squares 1848.9, df = 3/32, mean square = 616.3, F =25.1, p =19 x 10_14)
(Figure 8a) and soil moisture (sum of squares 3595.3, df = 3/32; mean square = 1198.4,
F=619,p =84 x 10~3!) (Figure 8b). Shaded plots showed lower average soil temperatures
(HWR-S:20.6 £ 4.2 °C and LWR-S5: 25.0 & 5.3 °C) compared to full sunlight plots (HWR-L:
27.7 £ 5.6 °C and LWR-L: 28.5 £ 4.6 °C). Pairwise comparisons showed no significant
differences in soil temperature between the full sunlight groups (HWR-L vs. LWR-L) or the
shaded groups (HWR-S vs. LWR-S). Soil moisture was higher in the HWR-S (22.9 £ 4.8%)
and HWR-L (22.2 & 4.1%) groups, both receiving a high-water regime, compared to the
LWR-S (13.9 &£ 3.7%) and LWR-L (20.2 £ 4.9%) groups, which received less water. Pairwise
comparisons indicated no statistically significant differences in soil moisture between the
high-water regime groups (HWR-L vs. HWR-S).

(a) Soil Temperature (b) Soil Moisture
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-
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-
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HWR-L LWR-L HWR-S LWR-S HWR-L LWR-L HWR-S LWR-S
Tukey's pairwise comparisons Tukey's pairwise comparisons
P-value | HWR-L LWR-L HWR-S LWR-S P-value | HWR-L LWR-L HWR-S LWR-S
HWR-L 0.76410 7.72x10% 0.00051 HWR-L 7.72x10° 0.77440 0.03165
LWR-L 7.72x10¢ | 1.29x10° LWR-L 7.72x10% | 7.72x10%
HWR-S 0.03160 HWR-S 0.00129
LWR-S LWR-S

Figure 8. Average soil temperature (a) and moisture (b) for chicory plants (9 plants per plot) grown
in full sunlight and shade under PV panels, subjected to different water regimes. Tukey’s pairwise
comparisons are shown in tables: Q values below the diagonal, p-values (same) above. Yellow
boxes indicate0 statistically significant differences (p < 0.05), orange boxes indicate highly significant
differences (p < 0.001), and uncolored boxes indicate no significant differences. Bars marked in the plot
with different letters indicate significant differences among samples (Tukey’s post hoc test, p < 0.05).

The annual cumulative precipitation showed strong variability, consistently remaining
below 900 mm. Between 1 January and 30 April, precipitation was always below 400 mm,
and in the chicory cultivation period (1 February to 30 April), it remained under 200 mm
(Figure 9).

Annual cumulative precipitation showed strong variability, consistently remaining
below 900 mm. Between January 1 and April 30, precipitation was always below 400 mm,
and during the chicory cultivation period (1 February to 30 April), it remained under
200 mm (Figure 9).
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Figure 9. Annual cumulative precipitation from January 2011 to June 2024, as recorded by the Apulian
Civil Protection meteorological stations in Lecce. The dates shown in the title of the graph indicate the
day and month when the information was aggregated for each year, and are highlighted in different
colours in the graph.

4. Discussion
4.1. Biomass Production and Water Saving

Agriculture is increasingly threatened by the dual challenges of climate change, which
leads to reduced water availability and higher temperatures [13,58,59]. Additionally, com-
petition for land use is intensifying as PV farms expand for renewable energy production,
driven by policies aimed at reducing carbon dioxide emissions [13].

Our study demonstrates that integrating crop cultivation with PV installations, re-
ferred to as agrivoltaics, can effectively support food security by improving biomass
production even in the face of climate change pressures. While previous studies have
focused on biomass production during hotter months (e.g., May and June) [1,36], fewer
have explored the impacts of agroecological practices during cooler periods [60,61].

In this study, chicory plants grown in shaded conditions beneath PV panels exhibited
a 41% increase in biomass production compared to full sunlight conditions with the same
HWR. Similarly, shaded plants in the low watered regime (LWR) group produced 46%
more biomass than their full sunlight counterparts. Remarkably, biomass production in the
LWR-S group was statistically comparable to that of the HWR-L group, despite receiving
50% less water.

Our findings align with previous research that observed higher biomass production in
shaded environments compared to full sunlight, even during different seasons character-
ized by higher temperatures and light intensities [1]. Both experiments were conducted at
the same location and employed similar cultivation and biomass measurement methods,
with the primary difference being the season of cultivation.

In the present study, conducted in late winter and early spring, the mean maximum
temperature in the full sunlight area was 29.2 & 1.6 °C, while in the shaded area under the
panels, it was 26.9 £ 3.7 °C. In contrast, the previous experiment carried out between late
spring and early summer, recorded a mean maximum temperature of 38.1 £ 5.4 °C in full
sunlight and 33.9 £ 2.7 °C in the shaded area.
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[luminance levels also varied between the two studies. In the present experiment, the
maximum illuminance under the panels was approximately 4136 & 693 Ix, while in full
sunlight, it reached 128,341 £ 7165 Ix. In the previous experiment, illuminance under the
panels was 9388 £ 1339 Ix, compared to 166,485 £ 13,037 Ix in full sunlight [1].

Despite these differences in temperature and solar radiation, both studies consistently
demonstrated that the shading provided by the agrivoltaic system enhances biomass
production compared to full sunlight conditions.

These findings demonstrate that agrivoltaics can efficiently support food production
while saving water, regardless of the crop’s primary growing season (spring and summer),
making it a promising strategy for agricultural sustainability, especially in water-limited
regions. The agricultural productivity of an agrivoltaic system is primarily determined
by the PV panel technology and configuration, which includes row spacing and overall
layout [62].

In the context of the Apulia region, Southern Italy, water-saving strategies like agri-
voltaics could significantly reduce irrigation costs for crops such as chicory. Currently,
the cost of chicory production, based on water usage, could drop from a range of EUR
125-325/ha to EUR 725-2175/ha, depending on water prices (ranging from EUR 0.25/m?
to EUR 1.45/m3) and crop water needs of water in consideration of climate conditions
(1000-3000 m?/ha) [63]. These findings are particularly relevant given the region’s low
annual rainfall, which has stayed below 900 mm over the past 12 years (2011-2023), with
less than 200 mm recorded during the chicory growing season (February—April) (Figure 8).
Water saving is critical in Southern Italy where rainfall is insufficient to meet the water
demand for crop production. The availability of water for agriculture, human use, and
ecosystems largely depends on the spatial and temporal distribution of precipitations and
on evapotranspiration rates [64—66]. Chicory’s water requirements exceed the region’s
natural precipitation, resulting in a consistent water deficit. To address this challenge, it is
essential to implement rainwater harvesting systems that maximize the use of available
rainfall, promoting sustainable crop production despite limited water resources.

As water resources become limited due to climate change, enhancing soil water
retention will be critical for food security. Projections indicate that temperate regions will
face increasing water stress in the coming years [58]. Therefore, agrivoltaics offers a viable
solution to mitigate water shortages by maintaining crop yields under reduced water
availability, highlighting its potential to contribute to global food security efforts.

4.2. Differences in Photosynthetic Pigment Concentrations

Plants growing in full sunlight underwent more severe water stress than those under
PV panels, which negatively affects chlorophyll (Chl a and Chl b) concentrations. Water
stress accelerates oxidative processes that degrade chlorophylls, reducing the plant’s capac-
ity to absorb light and impairing photosynthetic carbon fixation processes [67]. This study
showed that plants grown in full sunlight had lower chlorophyll concentrations than those
grown in shaded conditions, regardless of water regime (Figure 8). This reduced chloro-
phyll content likely compromises photosynthetic efficiency, resulting in lower biomass
production in sun-exposed plots.

Chlorophyll content is a well-established indicator of photosynthetic capacity, sup-
ported by strong physiological and biochemical evidence. A significant correlation exists
between leaf chlorophyll content and maximum carboxylation capacity, which regulates
the maximum rate of CO; assimilation. Since chlorophyll is responsible for light capture, it
directly influences the energy available for the Calvin-Benson cycle reactions [68].
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The ratio of Chl a to Chl b also varied across groups, reflecting the plants” adaptative
responses to light intensity. Plants in high-light environments, such as those in full sunlight,
typically exhibit higher Chl a/Chl b ratios, explaining the differences observed between
HWR-L and HWR-S groups. Instead, in shaded conditions, the lower Chl a/Chl b ratio
may suggest that the plant requires more Chl b to absorb the available light. Under water
stress, however, there can be a relative increase in Chl b compared to Chl a, as Chl b may
be more resilient to environmental stress [1,69-71]. This trend explains the differences
between the HWR and LWR groups under both light conditions.

Despite a lower Chl a/Chl b ratio in shaded plants, the concentrations of both Chl
a and Chl b are higher compared to plants grown in full sunlight. Additionally, shaded
plants accumulate more biomass (both fresh and dry), which reflects the organic matter
produced and serves as a growth index. This suggests that the plants are better adapted to
the limited light conditions under the panels, likely supporting enhanced growth despite
reduced light intensity [71,72].

Higher carotenoid concentrations were also observed in plants grown under the PV
panels, likely due to their ability to adjust to low-light conditions. Indeed, carotenoids are
crucial for absorbing blue—green light, which predominates in shaded environments [1].

4.3. The Impact of Abiotic Components

Biomass production and pigment concentrations were influenced not only by irrigation
but also by differences in light intensity and temperature between the full sunlight and
shaded plots. In this study, light levels (illuminance values) in the shade plot were only
3% of those in the full sunlight plots during midday (11:00-14:00), which contributed to
lower soil and air temperatures. Maximum air temperature in full sunlight was up to 10 °C
higher than in shaded pots, likely explaining the increased water stress experienced by
plants in sun-exposed areas (Figure 2).

Soil moisture levels did not differ significantly between the HWR-L and HWR-S
groups, but the average soil temperature was notably higher in the full sunlight plots
(Figure 8). This pattern was consistent across the LWR groups. No significant temperature
differences were observed between LWR-L and HWR-L; however, a significant difference
in soil moisture was detected, reflecting the varying water regimes between the two groups.
A similar trend was recorded in the shaded plot, where soil moisture differed significantly
between LWR-S and HWR-S, but no significant temperature differences were found.

Unlike many studies that attribute enhanced crop yields under PV panels primarily to
differences in soil moisture compared to fully sunlight conditions [1], our findings suggest
that the key driver of biomass production is the reduction in both soil and air temperature
afforded by the PV panels, rather than soil moisture levels alone. This temperature modu-
lation appears to play a more significant role in promoting plant growth and productivity
under shaded conditions.

Agrivoltaics’ ability to mitigate temperature stress is particularly relevant in light of
the global temperature anomaly trends observed since 1989. European countries have
experienced even higher temperature anomalies compared to the global average, with
peaks of 3 °C above normal, compared to 2 °C globally (Figure 10). By reducing maximum
temperatures by up to 10 °C, PV panels can help mitigate the adverse effects of rising
temperatures on crop production.
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Figure 10. Monthly average temperature anomalies on global and European scales. The red line
represents the moving average of values over time [73] (Annual Global Climate Report, 2024).

5. Conclusions

Many studies have demonstrated the benefits of agrivoltaic systems in supporting
crop production during hot periods, primarily by maintaining higher soil moisture levels
under PV panels compared to full sunlight conditions. However, this study reveals that
agrivoltaics can also enhance food production during favorable weather conditions for
crop growth, as observed in this case study conducted from March to April 2024. By
growing chicory under identical soil and irrigation conditions (both high and low water
regimes), we observed that the increased crop yield under PV panels was not related to
soil moisture retention but to reduced water stress, as the shaded plants experienced lower
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soil and air temperatures compared to those in full sunlight. This reduction in water stress
was confirmed by photosynthetic pigment analysis (Chl a, Chl b, and carotenoids), which
indicated better physiological performance under the PV panels.

The results of this study show that efficiency in water use can be linked to a direct
reduction in water stress on plants and less on soil evapotranspiration. Thus, agrivoltaics
helps to reduce the water footprint of agricultural activities by supporting crop production
with lower water inputs, without sacrificing biomass yield compared to traditional farming
systems. This reduction in water use also lowers production costs while maintaining food
output, making agrivoltaics particularly valuable in the context of global warming. The
cumulative annual precipitation data further emphasize the importance of water saving, as
crop activities frequently operate at a water deficit, using more water than is replenished
by annual rainfall. The main limitation of this study is that the experiments focused on a
single variety and a single growing season. Given the different seasons in which chicory
can be grown, it would be valuable to apply the same methodological analysis to another
season that has not yet been tested. Furthermore, it is essential to extend this methodology
to fruit crops to assess the different effects of the agrivoltaic system on crop production.

With the global population expected to increase by 70% by 2050 and corresponding
demands for both energy and food (United Nations, 2014), agrivoltaics presents an inno-
vative solution within international energy policy to reduce greenhouse gas emissions,
which aligns well with strategies such as the Common Agricultural Policy (CAP), which
aims to ensure food security while promoting sustainable and environmentally friendly
agricultural practices (CAP, 2024).
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