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INTRODUCTION 

The escalating global demand for food, en-
ergy, and sustainable land use has driven inno-
vation in agricultural practices. Agrivoltaic sys-
tems, which integrate photovoltaic panels with 
agricultural production on the same land, repre-
sent a promising approach to reconcile competing 
interests for land use (Al Mamun et al., 2022). 
By enabling dual land use, agrivoltaic systems 
offer potential benefits across the food-energy-
water nexus, including enhanced land productiv-
ity, improved water use efficiency, and increased 
renewable energy generation (Barron-Gafford et 
al., 2019). Research has demonstrated that ag-
rivoltaic systems modify the microclimate be-
neath solar panels, creating conditions that may 
benefit certain crops, particularly in the regions 

experiencing high temperatures and water scar-
city (Adeh et al., 2018). These modifications in-
clude reduced solar radiation, altered temperature 
profiles, and changes in soil moisture dynamics 
(Marrou et al., 2013), all of which can significant-
ly influence plant physiological processes.

While much research has focused on yield 
impacts and system design (Weselek et al., 2019), 
there remains a critical gap in understanding 
nutrient dynamics in agrivoltaic systems, par-
ticularly from a plant physiological perspective. 
Essential macro and micronutrients, including 
nitrogen (N), phosphorus (P), potassium (K), 
calcium (Ca), magnesium (Mg), sulfur (S), iron 
(Fe), manganese (Mn), zinc (Zn), copper (Cu), 
boron (B), molybdenum (Mo), and chlorine (Cl), 
must be available in adequate concentrations 
and balanced ratios for optimal plant health and 
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yield (White and Brown, 2010). Mineral nutri-
tion plays a fundamental role in plant growth, 
development, and stress responses (Tripathi et 
al., 2022). The availability, mobility, and uptake 
of essential minerals are influenced by multiple 
environmental factors, including light intensity, 
soil temperature, moisture content, and micro-
bial activity (Marschner, 2012), all of which can 
be modified under agrivoltaic systems. Recent 
studies have begun to explore the effects of ag-
rivoltaic systems on soil properties and nutrient 
dynamics. Luo et al. (2024) found that agrivol-
taic systems significantly improved soil moisture, 
organic carbon, N, P, and K nutrients, microbial 
biomass, as well as urease activity. However, 
comprehensive studies specifically examining 
the interactions between agrivoltaic systems and 
plant mineral nutrition remain scarce, represent-
ing a critical research gap. Hence, this review ex-
amined the impact of agrivoltaic systems on plant 
nutrient dynamics, focusing on how the modified 
microclimate affects nutrient uptake, allocation, 
and overall plant physiology. Also, the potential 
effects on individual nutrients were examined, 
discussing crop specific considerations, as well as 
identify key knowledge gaps and research oppor-
tunities in this emerging field.

IMPACT OF AGRIVOLTAIC MICROCLIMATE
ON NUTRIENTS UPTAKE

Water productivity can sometimes increase 
underneath AV systems as the panels can reduce 
evapotranspiration by 14–29% and save up to 
20% on irrigation water as a result of shading 
(Marrou et al., 2013). This water conservation as-
pect is particularly significant for nutrient uptake, 
as water availability directly influences nutrient 
mobility in soil and absorption by plant roots 
(Marschner, 2011). The altered soil moisture re-
gime under agrivoltaic systems can enhance the 
diffusion of nutrients to the root surface, particu-
larly for mobile nutrients like nitrate (Fageria et 
al., 2008; Dobermann et al., 2007). In addition, 
soil microbial biomass represents the living com-
ponent of soil organic matter and plays a vital 
role in nutrient cycling and soil fertility; agrivol-
taic systems have been shown to enhance micro-
bial biomass carbon, nitrogen, and phosphorus, 
indicating improved microbial activity as well as 
soil health under these systems, which may ulti-
mately contribute to increased nutrient uptake by 

plants (Luo et al., 2024). On the other hand, the 
shading provided by solar panels typically reduc-
es maximum daytime temperatures while having 
minimal effects on minimum temperatures (Thum 
et al., 2025). The reduced temperature extremes 
under agrivoltaic systems can prevent stress in-
duced disruptions to nutrient transport systems 
within plants, maintaining more efficient uptake 
even during challenging weather conditions. 
Several studies report that high temperatures re-
duce nutrient uptake in plants by impairing root 
function and disrupting the expression as well 
as activity of key mineral transporter proteins, 
leading to decreased concentrations of essential 
nutrients (Giri et al., 2017; Mishra et al., 2023). 
A study on 58 cacao genotypes grown under 50% 
and 80% shade showed that the concentrations 
of most macronutrients such as nitrogen, calci-
um, and magnesium as well as all micronutrients 
increased under 80% shade, while phosphorus 
and potassium concentrations decreased under 
the same conditions. However, the microclimate 
impacts are not easily generalizable, as they can 
vary significantly between different agrivolta-
ics configuration of agrivoltaics, even within the 
same climate. Panel height, density, orientation, 
and transparency all influence the microclimate 
created beneath them, resulting in complex in-
teractions with plant nutrient acquisition mecha-
nisms (Dupraz et al., 2011). 

IMPACT OF AGRIVOLTAIC MICROCLIMATE
ON NUTRIENT AND BIOMASS 
ALLOCATION

Shading induced by agrivoltaic systems may 
result in yield reductions for some crops; how-
ever, under specific climatic conditions, it can 
offer protective benefits that enhance crop per-
formance or improve quality attributes (Asa’a 
et al., 2024). The altered light environment in 
agrivoltaic systems significantly impacts how 
plants allocate nutrients within their tissues. 
Plants plastically modify how they distribute 
biomass between leaves and roots (L/R, g g⁻¹), 
as well as adjust leaf mass per area (LMA, g 
m⁻²) and leaf nitrogen content per unit area 
(Narea, g N m⁻²), in response to environmental 
factors like light intensity and nutrients supply 
such as nitrogen (poorter et al., 2012) by alter-
ing these allocation patterns to optimize their 
relative growth rate (RGR, g g⁻¹ d⁻¹) (Sugiura 
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and Tateno, 2011). Light intensity not only di-
rectly affects plant morphology, but also acts as a 
regulatory signal that interacts with endogenous 
plant hormones involved in resource allocation. 
Endogenous levels of cytokinins (CKs) and gib-
berellins (GAs) are influenced by nitrogen avail-
ability, while GAs also respond to environmental 
variables such as light intensity, and are trans-
ported from the leaves to the shoot apex to regu-
late how plants allocate biomass between roots 
and shoots, as well as alter leaf mass per area 
(LMA) and the leaf area ratio (LAR), ultimately 
affecting nitrogen uptake, Rubisco production, 
and the net assimilation rate (NAR) (Sugiura et 
al., 2016). While nutrient allocation refers to how 
plants distribute absorbed nutrients among or-
gans and tissues to support metabolic processes 
and development, biomass allocation such as the 
distribution of growth between roots and shoots 
can be considered a structural outcome and one 
component of overall nutrient allocation strate-
gies. In parallel with these internal physiological 
adjustments, agrivoltaic systems have also been 
shown to significantly impact soil organic carbon 
(SOC) content and overall soil quality. Studies 
in dry-hot valley eco-fragile areas have demon-
strated a noteworthy enrichment in SOC within 
agrivoltaic systems. For instance, under-panel 
ryegrass cultivation showed a 14.94% increase 
in SOC compared to control areas (Luo et al., 
2024). Similarly, in degraded grassland ecosys-
tems, PV array areas exhibited a 17.93% increase 
in soil carbon storage (Zhang et al., 2024). This 
enrichment is often attributed to the deposition of 
higher-assimilation products into the soil through 
enhanced plant growth and biomass production 
under favorable microclimatic conditions (Nie 
et al., 2012). However, the impact on SOC can 
vary depending on the specific environmental 
context and duration of the AV system’s opera-
tion. Contrasting results have been reported, with 
some studies indicating no significant changes in 
physicochemical properties. Conversely, a study 
in a natural grassland ecosystem in coastal Italy 
found a significant decrease of 61% in soil or-
ganic matter and 50% in total nitrogen beneath 
PV panels after 7 years, alongside reduced soil 
enzyme activity (Moscatelli et al., 2022). These 
varied outcomes underscore the complex inter-
play between shading, crop type, and long-term 
ecological processes. On the other hand, soil 
moisture under intense light restricts the vertical 
growth of seedlings, ultimately impacting their 

development and survival, thus, seedlings allo-
cate a greater proportion of photosynthetic prod-
ucts to their root systems, promoting enhanced 
root development that facilitates water and nu-
trient absorption; in contrast, the seedlings ex-
posed to low light conditions allocate biomass to 
aboveground structures, thereby improving their 
capacity for light capture (Walters et al., 1993; 
Kaelke et al., 2001; Kelly et al., 2015; Tang et al., 
2015). Plants adaptively allocate more biomass 
to shoots under limited above ground resources 
like light or CO₂, and to roots when nutrients or 
water are scarce, in order to optimize access to 
the most limiting resource (Poorter and Nagel, 
2000). Similarly, under low light conditions, 
freshwater macrophytes Myriophyllum spicatum 
and Elodea canadensis allocated more biomass 
to shoots over roots, showed lower carbon-to-
nitrogen ratios, reduced nitrogen use efficiency, 
and shifted carbon away from secondary me-
tabolites toward growth, reflecting a coordinat-
ed adjustment in nutrient allocation to optimize 
performance in shaded environments (Cronin 
and Lodge, 2003), and in line with that, mono 
seedlings grew taller and had larger stems, more 
leaves, greater leaf area, and higher dry weight 
under 75% light, while A. pseudosieboldianum 
performed better at 55% light (Zhang et al., 
2022). This approach recognizes that nutrient al-
location is influenced by light intensity, which is 
altered by the presence and configuration of solar 
panels in agrivoltaic systems. 

THE IMPACT OF MINERALS ON 
PHOTOSYNTHESIS AS INFLUENCED 	
BY AGRIVOLTAIC MICROCLIMATE 

One key element that influences plant growth 
is light (Hatamian and Salehi, 2017; Khawlhring 
et al., 2012). Light is absorbed by chlorophylls 
and other pigments that are present in leaves and 
different part of plants as well as used for pho-
tosynthesis to produce glucose and oxygen. Low 
light levels cause insufficient ATP production 
for the biosynthesis of carbohydrates and fixa-
tion of carbon, which inhibits plant development 
(Shao et al., 2014). As light intensity rises, pho-
tosynthesis proceeds at a linear pace. The expan-
sion of the absorption rate levels off as light in-
tensity increases until a specific light saturation 
point is reached (Trommsdorf et al., 2022). The 
rate of photosynthesis remains constant despite 
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additional increases in light intensity because 
light harvesting reactions have a limited capacity 
(Chapin et al., 2011). The underlying premise of 
all these techniques is that plants have an internal 
light saturation threshold that photosynthesis sta-
bilizes at, and that they only utilize a portion of 
the solar spectrum to develop (Honsberg et al., 
2021; Riaz et al., 2022). This suggests that agri-
voltaic systems could be compatible with certain 
crop species that do not require high light inten-
sities and can reach their light saturation point 
even under the reduced irradiance beneath solar 
panels. Yamori, (2016) reported that C4 pathway 
plants are typically less efficient in low light con-
ditions, as an additional ATP for the C4 cycle can-
not be sufficiently supplied, causing C4 plants to 
perform worse than C3 species under such envi-
ronments. Such crops may continue to photosyn-
thesize efficiently under partial shading, making 
them suitable candidates for cultivation within 
agrivoltaic setups.

Photosynthesis, the process by which plants 
convert light energy into chemical energy, is in-
tricately linked with nutrient uptake and utiliza-
tion. Both macronutrients (e.g., nitrogen, phos-
phorus, potassium, calcium, magnesium, sulfur) 
and micronutrients (e.g., iron, zinc, manganese) 
are indispensable for overall plant growth and 
development, playing vital roles in physiologi-
cal functions such as photosynthesis, respiration, 
and general growth (Ferreira et al., 2023). Plants 
require macronutrients in large quantities and mi-
cronutrients in lower quantities to perform vital 
physiological functions like photosynthesis, res-
piration, and growth, ensuring an adequate and 
balanced availability of these nutrients in the soil 
is crucial for supporting healthy plant develop-
ment (Karthika et al., 2018). This strong integra-
tion implies a direct causal link: the efficiency and 
capacity of the photosynthetic machinery are fun-
damentally constrained by the adequate supply 
and proper balance of these specific mineral nutri-
ents. When soil nutrient availability is low, plants 
exhibit distinct visible symptoms. For instance, 
shortages of N, K, Mg, and Fe often cause leaves 
to turn yellow, whereas deficiencies in nitrogen, 
P, and Mg can lead to a reddish-purple coloration 
(Nam et al., 2021; De Bang et al., 2021; Jezek et 
al., 2023; Lu et al., 2020; Bell, 2023). Without 
them, the very structures and enzymes required 
for photosynthesis cannot function optimally. 
Any environmental alteration, such as the modi-
fied light environment in agrivoltaic systems, that 

affects a plant’s ability to acquire or utilize these 
essential nutrients will inevitably have a pro-
found impact on its photosynthetic efficiency and 
overall productivity. This underscores the critical 
need to meticulously monitor and manage the nu-
tritional status of crops within agrivoltaic setups 
to ensure optimal plant performance, extending 
beyond merely managing light conditions.

IMPACT OF SHADING ON PLANT 
ELEMENTAL COMPOSITION

While partial shading in agrivoltaic systems 
provides beneficial microclimatic conditions, 
it also significantly affects how plants absorb, 
process, and allocate essential mineral nutrients. 
These effects are complex and depend on the spe-
cific nutrient, plant species, as well as the unique 
environmental changes created by the configura-
tion of agrivoltaics. Given the limited number of 
studies directly addressing nutrient-specific re-
sponses to shading under agrivoltaic systems, this 
section focuses on the potential effects of altered 
light conditions on the uptake and dynamics of 
selected essential mineral elements.

NITROGEN

Nitrogen (N) is a vital mineral nutrient for 
plants, serving as a fundamental building block 
of proteins, nucleic acids, phospholipids, chloro-
phyll, hormones, vitamins, and alkaloids (Wand 
et al., 2024). Its uptake and distribution can vary 
under shaded environments, with responses influ-
enced by light intensity, plant species, and grow-
ing conditions. Studies on soybeans indicate that 
shade can lead to reduced nitrate reductase activ-
ity and chlorophyll concentration in leaves, there-
by limiting nitrogen assimilation and potentially 
affecting overall plant growth and seed nitrogen 
accumulation (Nacer et al., 2011). This suggests 
that prolonged or intense shading may further im-
pair the plant’s capacity to process and translo-
cate nitrogen efficiently, ultimately constraining 
overall productivity. Within an agrivoltaic micro-
climate, lettuce plants grown under higher light 
exposure accumulated more nitrate compared to 
those grown under shaded conditions. The lowest 
nitrate concentration (29.47 mg/kg) was recorded 
in plants that received initial fertilization, were 
grown in shade, and irrigated at 100%, while the 
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highest value (31.23 mg/kg) was found in plants 
with the same fertilization level, exposed to more 
light, and irrigated at 50% (Khudhair et al., 2024). 

PHOSPHORUS

Shading has been shown to influence phos-
phorus dynamics in plants, though its effects can 
vary depending on the cropping system and plant-
microbe interactions. In intercropping systems, 
the wheat grown under shaded conditions exhib-
ited elevated shoot phosphorus concentrations, 
possibly due to reduced growth rates and dilution 
effects, or altered root competition and uptake dy-
namics (Whitehead and Isaac, 2012). Conversely, 
in mycorrhizal plants such as Medicago truncat-
ula, short-term shading led to a sharp reduction 
in phosphorus translocation to the shoots, accom-
panied by phosphorus accumulation in the roots, 
likely within fungal tissues (Konvalinková et al., 
2015). This contrast suggests that while shading 
may enhance phosphorus concentration in some 
plants under specific systems, it can also disrupt 
phosphorus allocation in the plants reliant on my-
corrhizal symbiosis.

POTASSIUM

Potassium (K) is a vital nutrient involved in 
numerous biochemical and physiological process-
es that regulate plant development and metabolic 
activity (Wang et al., 2013). Potassium supports 
NADPH production for photosynthesis as well as 
facilitates the transport of metabolites, minerals, 
hormones, and water; thus, its deficiency can se-
verely impair the vascular transport in plants (Ku-
mari et al., 2015). Light intensity influences both 
the uptake and utilization of potassium in plants 
(Song et al., 2020). For instance, in greenhouse 
grown cucumber, higher light intensities (e.g., 240 
μmol m⁻² s⁻¹) have been shown to increase potas-
sium content compared to lower intensities (120 
μmol m⁻² s⁻¹) (Grygoray et al., 2015). Cucumber 
and corn show increased potassium uptake with 
longer periods of light exposure (Xiong-song et 
al., 2004; Li and Liu, 2013). The uptake and ac-
cumulation of potassium in plants are influenced 
not only by light intensity but also by light wave-
length; however, these effects can differ among 
plant species (Kim et al., 2020). In a study on ten 
leafy vegetables including green and red lettuce, 

lamb’s lettuce, mizuna, swiss chard, red chard, 
spinach, rocket, chicory, and tatsoi plants grown 
under lower light intensity (200–400 μmol m⁻² s⁻¹) 
exhibited higher leaf potassium content and great-
er dry matter accumulation compared to those ex-
posed to higher light levels (800–1200 μmol m⁻² 
s⁻¹) (Colonna et al., 2016). These findings suggest 
that agrivoltaic shading can influence potassium 
accumulation, potentially benefiting leafy greens, 
though these species specific effects necessitate 
tailored optimization of crop selection and man-
agement within such systems. 

MAGNESIUM

Magnesium (Mg) is the second most preva-
lent cation in plants and plays a critical role in 
various physiological and biochemical functions, 
such as photosynthesis, enzyme activation, as 
well as the synthesis of nucleic acids and proteins 
(Chen et al., 2018). Magnesium serves as the cen-
tral atom in the chlorophyll molecule and acts as a 
cofactor for many enzymes essential to photosyn-
thesis and metabolic processes (de Sousa Ferreira 
et al., 2023). Under shaded conditions, leaves 
contain more chlorophyll per unit leaf weight 
than sun-exposed leaves; however, at equal mag-
nesium concentrations, the proportional reduc-
tion in chlorophyll due to magnesium deficiency 
is similar in both, resulting in a higher percentage 
of leaf magnesium being bound to chlorophyll in 
shade leaves (up to 57%) compared to sun leaves 
(up to 37%) (Dorenstouter et al., 1985). Studies 
on Phyllanthus niruri have shown that moder-
ate shading (60%) enhances magnesium uptake, 
while heavy shading (95%) significantly reduc-
es it, indicating that excessive shade can impair 
magnesium acquisition (Hanudin et al., 2012). 
Similarly, in Boesenbergia stenophylla (jerangau 
merah), magnesium and potassium uptake were 
higher under 70% shade than under 90% shade, 
despite higher chlorophyll levels being observed 
at the greater shading level. Notably, the plants 
under 70% shade were taller and accumulated 
more dry matter, suggesting that moderate shad-
ing supports better overall growth and nutrient 
absorption (Saptu et al., 2021). This evidence 
indicates that while extreme light reduction from 
agrivoltaic systems can hinder magnesium up-
take, moderate shading levels appear to either 
maintain or even enhance magnesium absorption 
in certain plant species. 
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CALCIUM

Calcium (Ca²⁺), an essential macronutrient 
for plant growth, yield, and quality, is trans-
ported with water through root channels to the 
xylem via apoplastic or symplastic pathways, 
then moves to shoots driven by transpiration 
and organ growth (Kabir and Díaz-Pérez, 2025). 
Increased transpiration rates in leaves and fruits 
may enhance their Ca²⁺ uptake (De Freitas et al., 
2013). However, high light intensity raises vapor 
pressure deficit, boosting leaf transpiration more 
than fruit transpiration, which reduces plant wa-
ter potential and limits the fruit Ca²⁺ uptake (de 
Freitas et al., 2011). Hence, shading the canopy 
to lower light intensity can offset the adverse 
impact of high light and temperature on Ca²⁺ 
uptake (Montanaro et al., 2006). In cacao, shad-
ing significantly increased shoot calcium con-
centration, with plants grown under 80% shade 
exhibiting higher Ca levels than those under 
50% shade, although this was accompanied by 
reduced calcium uptake efficiency due to lower 
biomass accumulation (Arévalo-Gardini et al., 
2021). Similarly, 50% shading in ‘Greensleeves’ 
apple increased fruit Ca²⁺ uptake by improving 
plant water potential and enhancing Ca²⁺ trans-
port to the low-transpiring fruit (de Freitas et 
al., 2011). These findings suggest that the spe-
cific light reduction implemented in agrivoltaic 
systems could be a viable strategy to enhance 
calcium accumulation in certain crops, provided 
that the balance between increased uptake and 
potential impacts on biomass or physiological 
disorders is carefully considered. 

CONCLUSIONS

In conclusion, agrivoltaic systems present 
a transformative approach to land use, but their 
success hinges on a comprehensive understand-
ing of their effects on plant physiology, particu-
larly nutrient dynamics. This review has high-
lighted that the modified microclimate under 
solar panels can significantly influence nutrient 
uptake, allocation, and utilization, with effects 
varying widely depending on the specific nutri-
ent, crop species, and system design. While mod-
erate shading can enhance the uptake of certain 
nutrients and improve water use efficiency, it can 
also pose challenges for nutrient assimilation and 
biomass allocation. Future research should focus 

on long-term, field-based studies across diverse 
climatic conditions and crop types to unravel the 
complex interactions between agrivoltaic systems 
and plant mineral nutrition. A deeper understand-
ing of these dynamics is essential for developing 
best practices for nutrient management in agrivol-
taic systems, ultimately s of both food and energy 
production on the same land.
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