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Frontiers in Horticulture 
The effect of agrivoltaic system 
on nutrient content, yield, and 
water productivity of potatoes 
Israa M. T. Witwit1, Hadi A. Al-agele1,2* and Chad W. Higgins2 

1Department of Soil and Water Resource, College of Agriculture, Al-Qasim Green University, 
Babylon, Iraq, 2Department of Biological and Ecological Engineering, College of Agricultural Science, 
Oregon State University, Corvallis, OR, United States 
Integrating innovative technologies such as agrivoltaic systems, improving water 
use efficiency, and adopting climate-smart agricultural practices can help ensure 
that farming systems are resilient, resource-efficient, and capable of feeding 
future generations. This study aims to investigate the growth of potato plants 
both beneath and between simulated solar panels, as well as in a control area. 
The effects of two levels of deficit irrigation (35% and 50%) and three levels of 
potassium sulfate fertilizer are examined. Total yield, water productivity, and 
nutrient analysis of the plants, potatoes, and soil are conducted. The results show 
that light conditions are the most significant factor (more than irrigation or 
fertilizer) for most observations. The results show that light conditions are the 
most important factor (more so than irrigation or fertilizers), with total yields 
higher (277.9 kg or more than 17 t/ha) at irrigation level (I0.35) and (241.4 kg or 
more than 15 t/ha) at irrigation level (I0.5) in the partially shaded areas between 
the solar panels marked as (B). In contrast, the total yield in the light areas (L) was 
(253.1 kg or more than 16 t/ha) at irrigation level (I0.35) and (232.3 kg or more 
than 14 t/ha) at irrigation level (I0.5), while the yield in shaded areas (S) was (204.8 
kg or more than 13 t/ha) at irrigation level (I0.35) and (191.45 kg or more than 12 t/ 
ha) at irrigation level (I0.5). The decrease in total production in the shade was 26% 
at irrigation level (I0.35) and 20% at irrigation level (I0.5) compared to the partial-
shade area, and 19% at irrigation level (I0.35) and 18% at irrigation level (I0.5) 
compared to the light area. The results of water consumption (added water) 
indicated that the amount of water added to plants growing in shade was 
significantly less than that of plants in partial shade and light at both irrigation 
levels. The amount of added water in the shade was 3833 m3/ha at irrigation level 
(I0.35) and 3517 m3/ha at irrigation level (I0.5). In partial shade, it was 3883 m3/ha 
at irrigation level (I0.35) and 3585 m3/ha at irrigation level (I0.5). In light 
conditions, it was 3903 m3/ha at irrigation level (I0.35) and 3607 m3/ha at 
irrigation level (I0.5). The results indicated that water productivity in partial shade 
and light conditions differed significantly from that of shaded plants at both 
irrigation levels. Water productivity values in partial shade were recorded at 4.42 
kg/m3 at irrigation level (I0.35) and 4.16 kg/m3 at irrigation level (I0.5). Under light 
conditions, water productivity values measured 4.00 kg/m³ at irrigation level 
(I0.35) and 3.98 kg/m3 at irrigation level (I0.5). In the shade, water productivity 
values were 3.30 kg/m3 at irrigation level (I0.35) and 3.36 kg/m3 at irrigation level 
(I0.5). The increase in water productivity in the interpanel areas suggests that the 
combination of shading and irrigation contributed to water conservation and 
reduced evaporation, leading to more efficient water use without compromising 
overall production. The combination of full shade, 35% irrigation deficit, and low 
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potassium enhances available phosphorus and decreases potassium 
concentrations in the soil. The discovery that agrivoltaic systems can support 
healthier soil nutrient dynamics through shading and deficit irrigation is a 
promising area for future research into sustainable farming practices. 
KEYWORDS 

potassium sulfate, agrivoltaic system, crop production, deficit irrigation (DI), 
water productivity 
Introduction 

The increasing global population creates the dual challenge of 
maintaining food and energy security in a changing climate. That is, 
sustainable energy production (particularly solar energy production) 
and sustainable food production can be in tension in land resource 
development and management (Zainali et al., 2025). Should an area 
be used for food or energy production? Agrivoltaic systems relieve 
this tension by proposing a method to do both in an integrated 
manner on the same piece of land. Agrivoltaic systems refer to the 
dual use of land for agricultural production and solar installations for 
electricity generation, thereby enhancing the sustainability of both 
agricultural production and energy generation (Gorjian et al., 2022). 
An agrivoltaic system can be conceptualized as two essential 
elements: the energy canopy above the land that harvests a fraction 
of the sunlight and produces electricity, and the agricultural activities 
below the energy canopy that occur in a structured shade 
environment (Mazzeo et al., 2025). Whilst these two activities 
(energy production and agricultural production) indeed interact in 
meaningful ways, this study is conceived to target and measure how 
the agricultural elements (water and nutrients) within a structured 
shade environment are impacted. 

Recent studies have increasingly highlighted the effects of 
structured shade on crop water demand and efficiency. In 
agrivoltaic systems, the shade created by solar panels reduces 
evapotranspiration from both the soil and plant canopies. This 
shading lowers overall water demand and enhances the efficiency of 
water use (Al-Agele et al., 2021a; Barron-Gafford et al., 2019; Elamri 
et al., 2018). An open area of study is how deficit irrigation and 
nutrient management within the shaded agricultural component of 
the agrivoltaic systems function. 

A study conducted during the spring and summer of 2011 
(from March 22 to August 31) on an experimental prototype in 
Montpellier, France, found that agrivoltaic systems reduced water 
usage by 14-29% due to decreased evapotranspiration when 
growing lettuce and cucumber beneath solar panels (Marrou 
et al., 2013). This led to a significant reduction in the water 
required for plant growth during the season, with crop water 
consumption in agrivoltaic systems decreasing by 20-30%. Elamri 
et al. used model simulations to predict the benefits of agrivoltaic 
02 
installations and found that irrigation amounts could be reduced by 
20% while tolerating a 10% decrease in yield (Elamri et al., 2018). 

Recently, a study on maize (Zea mays L., RAGT IXABEL) 
grown for three years (2019, 2020, and 2021) under solar panels 
with deficit irrigation in southern France (Mediterranean climate) 
found that agrivoltaic systems reduced irrigation inputs by 19-47% 
compared to open areas by decreasing soil water depletion and 
reference evapotranspiration (Ramos-Fuentes et al., 2023). 

In experiments conducted in Jiangcun Forest Farm, Fugou 
County, Henan Province, China, the growth of Paulownia variety 
wheat under agrivoltaic systems resulted in a 51% reduction in yield 
due to the wheat’s inability to adapt to low light (Li et al., 2008). 

Al-Agele et al. grew tomato plants (Solanum Lycopersicon var. 
Legend) under agrivoltaic systems in three locations (control, 
interrow, and beneath panels) with two different irrigation 
treatments (full and deficit) (Al-Agele et al., 2021a). They found 
that crop production decreased as shading increased, with yields in 
the control area under full irrigation being 55.25 kg, 86.35 kg, and 
156.55 kg, respectively. Additionally, they observed increased water 
productivity in the interrow and beneath panels under deficit 
irrigation, measuring approximately 93.11 kg/m³ and 68.90 kg/ 
m³, respectively. 

A study on soybean yield under agrivoltaic systems with varying 
levels of shade (AV1 = 27%, AV2 = 16%, AV3 = 9%, AV4 = 18%) 
compared to an open area in Monticelli d’Ongina, Italy, found grain 
yields reduced by 8% and 13%, with a slight increase of 4.4% in yield 
for AV2 compared to the open area (Potenza et al., 2022). 

The effect of growing broccoli between the fall of 2019 and the 
spring and fall of 2020 under agrivoltaic systems in Naju, Jeollanam 
Province, South Korea, was also evaluated (Chae et al., 2022). The 
study found that agrivoltaic systems produced greener broccoli that 
was highly consumed, with no significant difference in production 
compared to open areas. 

Barron-Gafford et al. planted various crops under agrivoltaic 
systems in central northern Tucson, AZ, USA (Barron-Gafford 
et al., 2019). The researchers discovered that the shade generated 
by solar panels positively affected plants by reducing air 
temperature and direct solar radiation, thereby decreasing their 
water requirements during the day. They also noted a positive 
impact on crop production compared to open areas. The total fruit 
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production of red peppers and tomatoes was twice as high under 
agrivoltaic systems, while the total yield of jalapeño peppers was 
lower than in the control area. Although crop production remained 
similar to the control area, the care required for these crops used 
65% less water than open areas. 

Omer et al. (2024a) planted sweet potatoes under a novel 
agricultural photovoltaic system called Spectrum Splitting and 
Concentrated APV (SCAPV), which utilizes curved glass covered 
with multilayer polymer films (MPF) to split sunlight. They found 
that cumulative soil water evaporation was higher in the control 
area compared to SCAPV, measuring 80.53 mm and 63.38 mm, 
respectively. Additionally, sweet potato yields (both fresh and dry) 
increased by 56.13% and 56.64%. Another study examined the 
impact of two agricultural photovoltaic systems, SCAPV and Even-
lighting Agricultural Photovoltaic (EAPV), on sweet potato quality 
and yield compared to open areas (Omer et al., 2024b). The results 
indicated that sweet potato yields increased under SCAPV and 
EAPV compared to open areas, measuring 121.53 kg, 99.55 kg, and 
77.84 kg, respectively. SCAPV and EAPV also reduced average 
evapotranspiration by 31% and 23%, respectively. 

An emerging theme in the results of these experiments is that 
agrivoltaic systems lead to reduced crop water consumption and 
increased water productivity. This theme holds across crop types 
and climatic conditions (see global extent of field demonstrations). 
The next logical refinement is to enhance these water savings by also 
implementing a deficit irrigation strategy alongside the structured 
Frontiers in Horticulture 03 
shade of the agrivoltaic system (Şentürk et al., 2025). Furthermore, 
the impacts on nutrient management with shaded agriculture 
should be considered as an additional dimension (Cammerino 
et al., 2025). Climate is also a significant factor. Note that the 
studies mentioned show broad correlations with the climatological 
conditions where the structured shade is applied. This study extends 
the range of potential climatological conditions to a more extreme 
case of water scarcity and high temperatures. Potato plants were 
selected because they are strategic crops worldwide and are a staple 
in many diets. 

A major criticism of this manuscript may be that the field 
deployment and setup do not utilize solar panels to create the 
structured shaded environment in which the crops are grown 
(Abubakar et al., 2025; Khudhair et al., 2025). Instead, a series of 
shade structures are built to imitate, as closely as possible, the spatial 
and temporal distribution of shade that a structured solar array 
would provide. This is known as the simulated agrivoltaic system. 
We acknowledge that plant growth can impact the productivity of 
solar panels; however, our focus here is on how structured shade 
affects the growth, nutritional content, water demand, and fertilizer 
requirements of a potato crop. 

This study aims to cultivate potato plants in three different 
environments: beneath simulated solar panels, between them, and 
in a control area, under two levels of deficit irrigation (35% and 
50%) and three levels of potassium sulfate fertilizer. It will explore 
the interaction between deficit irrigation and potassium sulfate 
FIGURE 1 

Schematic of the experiment design and field experiment (underneath, between, and open area). Each area is sub-divided into two irrigation and 
three fertilizer treatments with three replicates of each for a total of eighteen plots. 
frontiersin.org 
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application, evaluating their effects on total yield across all planting 
areas. Additionally, the research will assess water productivity 
under each treatment condition. 
Materials and methods 

Site description and preparation 

The field study was conducted in a simulated agrivoltaic system 
in Babylon Province, Iraq. The dimensions of the experimental field 
were 40 m by 45 m (1,800 m²) (length by width). The field was 
plowed and divided into experimental plots measuring 3 m by 6 m, 
located beneath the simulated solar panels, between the panels, and 
in a control area (see Figure 1). The simulated agrivoltaic system 
was constructed from wood and topped with blue plastic, which 
shaded the soil. The choice of blue plastic as the shading material 
was inspired by spectrographic measurements conducted below the 
solar panels, which found the largest impact in blue light. The 
dimensions and slopes of the design were selected to mimic a typical 
fixed-tilt solar architecture. The design of the simulated agrivoltaic 
system measured 3 m in width and 45 m in length, with a height of 
3 m and an angle of 30 degrees (Figure 1). 

Each plot contained three lines of drip tube with a 0.75m 
distance between the lines. Each drip line had 0.2 m spacing 
between emitters, and each emitter had a flow rate of 4 L/h. An 
electrical water pump (SHIMGE) was used to apply the water to the 
field with a discharge rate of 600 l/min. 

The pre-experimental soil conditions were measured. Ten soil 
samples were taken randomly within each treatment from a depth 
of 0.3 m and then aggregated to measure the field study’s physical 
and chemical soil properties (Table 1). 

A micrometeorological station was placed in the control area to 
provide baseline ambient weather data. Air temperature, relative 
humidity, wind speed, and incoming solar radiation were measured 
at 1-minute intervals, and the data were processed for daily outputs. 
These data are shown in Figure 2. 

The potato tubers class (Arizona) was purchased from the 
Netherlands. Potatoes were planted on January 12, 2024, in three 
rows in each plot (aligned with the drip line), with three replications 
for each treatment permutation, including: beneath simulated solar 
Frontiers in Horticulture 04
panels, between panels, a control area, fertilizer application levels, 
and deficit irrigation levels, respectively. Each plot contained 72 
potatoes, with 0.25m between each tuber and 0.75m between the 
rows (Figure 3). 

Phosphorus fertilizers were applied immediately before planting, 
while nitrogen fertilizers were applied at the time of plant emergence 
and periodically throughout the experiment. The soil nutrient 
measurements determined the total amount of phosphorus 
fertilizer (P2O5) added to each plot. The objective was to equalize 
the starting conditions (336–560 kg per ha) in each plot. Nitrogen (N) 
urea (46-0-0) was also added based on the soil data, but only half was 
applied at the emergence of the potato plants (168 N kg per ha). The 
remainder was applied during the growth cycle. 
Field experimental treatments 

The shade and light treatments created by the simulated 
agrivoltaic canopy were classified as follows: 1) the plots directly 
beneath the shade structures, which experienced the most shade 
and are designated as (S) for shade. Plots situated between the shade 
canopy structures encountered a partial shade and partial sun 
condition, and these treatments are designated as (B) for between. 
Control plots, located outside the influence of the shade canopy, 
receive full sun and full light conditions, designated as (L) for light. 

Three levels (0, 150, and 300 kg per ha) of potassium sulfate 
(K2SO4) fertilizer were used to define the three fertilizer treatments. 
The no fertilizer level was designated as K0, the 150 kg/ha level was 
designated as K1, and the 300 kg/ha level was designated as K2. 

Two irrigation deficit irrigation levels (35% and 50%) were used 
to define the irrigation treatments. Note that both deficit levels are 
defined relative to the available water content in the soil, and a 35% 
water deficit plot receives more water than the 50% deficit plot. The 
deficit is relative to full watering to available soil capacity. 

Collectively, the three light factors, three fertilizer levels, and 
the two irrigation deficit levels represent 18 permutations, and 
each of these permutations is replicated three times for a total of 
54 plots within the field trial. The fertilizer and irrigation factors 
are distributed randomly within each light/shade treatment: 
beneath simulated solar panels, between panels, and in a 
control area. 
TABLE 1 Chemical and physical soil properties of the field soil. 

pH 
Ec N P K Ca Mg Na Hco-3 Co3 Cl So4 

(ds/m) (meq/L) 

8.53 3.33 156.45 76.6 1.06 14 18 20.83 18 0 23.27 12.62 

Organic matter Bulk density 
Soil Texture 

Field capacity 
Wilting 
point 

Available 
Water Content 

(gm kg-1) (gm/cm3) (%) 

1.89 1.3 Silty Loam 32.51 18.7 13.81 
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Soil measurement 
Soil samples were collected post-harvest from each plot in the 

control area, with three replicates taken from both the shaded and 
unshaded areas from a depth of 0.3 m. These samples were analyzed 
to measure the available chemical elements, including nitrogen (N) 
(Buresh et al., 1982; Keeney and Nelson, 1982), phosphorus (P) 
(Murphy and Riley, 1962; Olsen and Sommers, 1982), and 
potassium (K) (Richards, 1954). 

Potato growth, yield, and chemical elements 
measurements 

The properties studied in this study include both above-ground 
measurements of the potato plants and below-ground measurements 
of the tubers. The above-ground measurements include the 
Frontiers in Horticulture 05 
germination rate, the number of aerial potato stems, and the plant 
heights. The germination rate was measured in 72 potato tubers per 
treatment and location (shade, partial shade, and control area). The 
number of aerial stems and the plant height was measured for three 
randomly selected plants in each treatment plot, respectively. Each 
measurement was then performed in triplicate. 

Below-ground measurements include the total tuber yield of 
each plot and the total N, P, K, protein, and carbohydrates of the dry 
potato tubers. These chemical composition measurements were 
performed in accordance with the methods in (Herbert et al., 
1971; Keeney and Nelson, 1982; Rastovski and van Es, 1987; 
Richards, 1954). The yield was measured in 72 potato tubers per 
treatment and location (shade, partial shade, and control area). The 
nutrient content was measured for three randomly selected plants 
FIGURE 3 

Photos of the potato growth underneath the panel (S), between the simulated solar panels (B), and the open area (lighter) (L). These photos were 
taken on the same day, March 29, 2024. 
FIGURE 2 

Micrometeorological data during the experiment, which occurred from January 12, 2024, to May 10, 2024. 
frontiersin.org 

https://doi.org/10.3389/fhort.2025.1624013
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org


Witwit et al. 10.3389/fhort.2025.1624013 
     

in each treatment plot, respectively. Each measurement was then 
performed in triplicate. 

Water applied measurement 
The amount of water applied was based on the available water 

holding capacity (AWC) within the crop’s root zone. For potatoes, 
the root zone was identified as 0 to 0.3 meters. AWC was measured 
in the laboratory prior to planting by determining the field capacity 
and wilting point percentages using a Pressure Plate Membrane and 
applying Equation 1. 

AWC =  qfc − qw (1) 

Where: AWC: Available water holding capacity, qfc is a 
percentage of field capacity and qw : The percentage of wilting point. 

AWC was measured at 13.18%, and based on this value, the 
deficit irrigation percentage was determined, providing water at 
35% and 50% of the AWC. During the growing season, water 
application for each irrigation event was monitored by measuring 
the soil moisture content using Equation 2 before irrigation. This 
was done by drying soil samples in an oven at 105°C for 24 hours. 
This process was repeated for each irrigation event at all the plots 
(fully shaded, between the shade and open area). 

MwSoil moisture content  (qw) =   *100 (2)
Ms 
Frontiers in Horticulture 06
       
 

 

 

Where: qw is the percentage of soil moisture content, Mw is the 
mass of water loss in the soil sample in the oven (gm), Ms is the 
weight of dry soil (gm). 

The volume of water added was calculated to replenish the total 
water loss from the soil by using Equation 3. 

qw* rbVolume of water applied  (Vw )  = *D*A (3)
rw 

Where: (Vw) is the volume of water applied (m3), qw is the 
percentage of soil moisture content, rb is black density (g/cm3), rw 

is water density (g/cm3), D is root depth (m), and A is field 
area (m2). 

The irrigation time was calculated using an Equation 4. 

VwIt =  (4) 
q*N 

Where: It is the irrigation time (hr), q is the drip emitter 
discharge (m3/hr), and N is the total drip emitters in the field. 
Water productivity 

The actual water productivity was measured by water applied to 
the crop during the season. WP actual can be expressed as in 
Equation 5: 
TABLE 2 Effect of shade, partial shade, and light, irrigation, potassium fertilizer, and their interactions on the germination rate of potato tubers. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 59.00 62.49 60.49 60.66 

I0.50 55.17 54.83 58.50 56.17 

K1 

I0.35 61.87 62.67 61.87 62.13 

I0.50 57.51 64.51 65.99 62.67 

K2 

I0.35 56.00 64.00 63.50 61.17 

I0.50 63.00 63.50 68.00 64.83 

LSD (0.05) 4.88 N.S 

S 58.76 62.00 63.06 

LSD (0.05) 1.25 
 

K 

K×S 

K0 57.09 58.66 59.50 58.42 

K1 59.69 63.59 63.93 62.40 

K2 59.50 63.75 65.75 63.00 

LSD (0.05) N.S 1.85 
I 

I×S 
I0.35 58.96 63.05 61.95 61.32 

I0.50 58.56 60.95 64.16 61.22 

LSD (0.05) 3.76 N.S 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
 
frontiersin.org 

https://doi.org/10.3389/fhort.2025.1624013
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org


Witwit et al. 10.3389/fhort.2025.1624013 
 WP − actual (kg m−3)  =  Ya=VT (5) 

where, Ya is the actual yield (kg), and VT is the Total water 
applied (m-3) measured during the season. 
Statistical analysis 

GenStat software version 12.1.0.3278 was used to analyze the 
experiment data using a Split-Split Design within a Randomized 
Complete Block Design (RCBD). The comparison was made using 
the treatment means with the Least Significant Differences Test 
(L.S.D) at significance levels of 0.05 and 0.01 to determine 
statistical significance. 
Results and discussion 

Germination rate of potato tubers 

The statistical analysis showed the full sun (L) treatments had a 
significantly higher germination rate than the full shade (S) 
treatments (Table 2). Potassium fertilizer treatment (K) showed 
significant differences between the fertilizer levels. There are no 
significant differences between the interaction of irrigation and 
Frontiers in Horticulture 07 
fertilizer. Also, there are significant differences between the 
bi-directional irrigation and shade. The tri-directional interactions 
showed significant differences between all the treatments. 
Number of aerial potato stems 

Table 3 showed that statistically significant differences were found 
between shade-level treatments. Potassium fertilizer treatment (K) 
showed significant differences between the fertilizer levels. There 
were significant differences between the interaction of fertilizer and 
irrigation. There were significant differences between the interaction of 
fertilizer and shade and irrigation and shade. In addition, full light (L) 
plots had statistically fewer stems than either the full shade (S) 
treatments or the partially shaded (B) treatments between panels. 
There are significant differences between the interaction of irrigation 
and shade. There were no significant differences found between other 
individual treatments or tri-directional interactions. 
Plant heights 

The statistical analysis found significant differences between shade-
level treatments and potassium fertilizer levels (Table 4). There were 
significant differences between the interaction of fertilizer and shade 
TABLE 3 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on the number of aerial potato stems. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 1.84 2.33 1.59 1.92 

I0.50 1.89 2.11 2.00 2.00 

K1 

I0.35 2.48 2.25 1.86 2.20 

I0.50 2.80 2.64 2.05 2.50 

K2 

I0.35 2.72 2.38 1.78 2.29 

I0.50 2.32 1.84 1.89 2.02 

LSD (0.05) N.S 0.22 

S 2.34 2.26 1.86 

LSD (0.05) 0.16 
K 

K×S 

K0 1.86 2.22 1.80 1.96 

K1 2.64 2.44 1.96 2.35 

K2 2.52 2.11 1.84 2.15 

LSD (0.05) 0.25 0.17 
I 

I×S 
I0.35 2.34 2.32 1,74 2.14 

I0.50 2.34 2.20 1.98 2.17 

LSD (0.05) 0.21 N.S 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
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TABLE 4 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on the plant heights (cm). 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 46.64 38.43 35.02 40.03 

I0.50 39.77 37.45 37.12 38.12 

K1 

I0.35 40.97 39.14 35.72 38.61 

I0.50 38.97 37.45 42.76 39.73 

K2 

I0.35 45.93 42.76 40.12 42.93 

I0.50 41.15 42.57 36.69 40.14 

LSD (0.05) N.S N.S 

S 42.24 39.64 37.91 

LSD (0.05) 2.28 
K 

K×S 

K0 43.21 37.94 36.07 39.08 

K1 39.97 38.30 39.24 39.17 

K2 43.54 42.67 38.40 41.54 

LSD (0.05) N.S 0.9 
I 

I×S 
I0.35 44.51 40.11 36.95 40.53 

I0.50 39.97 39.16 38.86 39.33 

LSD (0.05) 3.79 N.S 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
 
TABLE 5 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on the total yield of each plot. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 23.51 32.86 20.66 25.68 

I0.50 23.61 22.23 26.29 24.04 

K1 

I0.35 22.85 28.42 31.47 27.58 

I0.50 20.88 29.11 30.26 26.75 

K2 

I0.35 19.23 30.83 23.96 24.67 

I0.50 24.17 32.47 30.46 29.03 

LSD (0.05) 5.21 N.S 

S 22.38 29.32 27.18 

LSD (0.05) 1.36 
K 

K×S 

K0 23.56 27.54 23.47 24.86 

K1 21.87 28.76 30.86 27.17 

K2 21.70 31.65 27.21 26.86 

LSD (0.05) 2.57 N.S 

(Continued) 
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and irrigation and shade. Full light (L) plots had statistically shorter 
stems than partially shaded (B) treatments between panels, and the 
partially shaded treatments (B) between the panels had statistically 
shorter stems than the full shade treatments (S) below the panels. This 
is consistent with prior observations that tie  lower light  levels  with
phenotypical expressions with longer stems at lower light levels. No 
significant differences were found between other individual treatments 
or interactions. 
The average yield of potatoes 

Table 5 presents the statistical analysis for the average yield. 
Statistically significant differences were recorded in the average 
Frontiers in Horticulture 09
yield. The treatments between panels (B) 29.32 Kg/m2 and the 
treatments in the fill sun (L) (27.18 kg/m2) were statistically similar 
to each other and both were statistically greater than the yield in the 
full shade zone below the panels (S) 22.38 kg/m2. There were 
significant differences between the interaction of fertilizer and 
shade. Full light (L) plots had statistically lower average yield 
than partially shaded (B) treatments between panels, and the 
partially shaded treatments (B) between the panels had 
statistically higher average yield than the full shade treatments (S) 
below the panels. There were significant differences between the 
interaction of irrigation and shade. Also, no significant differences 
were found in individual and bi-directional interactions. There were 
significant differences found in tri-directional interactions between 
all the treatments [shade (S), between shade (B) and full light (L)]. 
TABLE 5 Continued 

I 

I×S 
I0.35 21.86 30.70 25.36 25.98 

I0.50 22.89 27.93 29.00 26.61 

LSD (0.05) 3.95 N.S 
 

S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀ 
represent two irrigation levels. 
N.S., Not Significant. 
TABLE 6 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on total Nitrogen concentration in the plant. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 1.15 0.78 0.78 0.90 

I0.50 0.76 0.83 1.00 0.86 

K1 

I0.35 0.93 0.96 1.29 1.06 

I0.50 1.22 1.03 0.71 0.99 

K2 

I0.35 1.32 0.78 1.04 1.05 

I0.50 0.97 1.15 0.91 1.01 

LSD (0.05) 0.19 N.S 

S 1.06 0.92 0.95 

LSD (0.05) 0.05 
K 

K×S 

K0 0.96 0.81 0.89 0.88 

K1 1.07 1.00 1.00 1.02 

K2 1.14 0.96 0.98 1.03 

LSD (0.05) N.S N.S 
I 

I×S 
I0.35 1.14 0.84 1.04 1.00 

I0.50 0.98 1.01 0.87 0.95 

LSD (0.05) 0.09 N.S 
S, Shade; B, Between the shade; L, Light area; K= potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
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Total nitrogen concentration in potatoes 

The statistical analysis outputs for total nitrogen concentration in 
the potatoes are presented in Table 6. The total nitrogen concentration 
in the shade (S) showed significant differences compared to full light 
(L) and between shades (B). Only one significant interaction was 
observed. Irrigation level (I0.35) with shade  (S)  was  significantly greater 
than irrigation level (I0.35) with between the panel (B) and full light (L). 
All other variables and interactions were not significant. There were 
significant differences found in tri-directional interactions between all 
the treatments [shade (S), between shade (B) and full light (L)]. 

Total phosphorus concentration in potatoes 

The statistical analysis outputs for total phosphorus 
concentration in the potatoes are presented in Table 7. The total 
phosphorus concentration in the shade (S) and full light (L) showed 
significant differences than between the shades (B). In addition, 
potassium fertilizer and irrigation showed significant differences for 
individual treatment. The bi-variate of total phosphorus 
concentration showed significant differences between potassium 
fertilizer and shade, and irrigation and shade. 

There were no significant differences in the total phosphorus 
concentration in the potatoes for the other bi-variate and tri
variate interactions. 
Frontiers in Horticulture 10 
Total potassium concentration in potatoes 

Table 8 presents the statistical analysis of the total potassium 
concentration in the potatoes. Shade treatment showed significant 
differences. Full shade (S) 0.29 meq/l and partial shade between 
the panels (B) 0.3 meq/l were both significantly greater than the 
full  sun (light)  (L) 0.22 meq/l. The  concentration within the

potatoes for the treatments with the irrigation level (I0.5) and

light (L) was significantly smaller than all treatments except the 
treatment with irrigation level (I0.35) and light (L). In addition, 
irrigation level (I0.35) with light (L) were statistically smaller than 
all treatments except irrigation level (I0.5) with  light  (L)  and
irrigation level (I0.5) with shade (S). The interaction between the 
irrigation level (I0.5) with between panel (B) and the irrigation 
level (I0.35) with shade (S) about (0.32) were statistically greater 
than all treatments except the irrigation level (I0.35) with between 
panel (B). K*S interactions were found to be significant. K0*L was 
significantly smaller than all of the full shade and partially shaded 
treatments between panels but was not significantly different from 
the other full sun treatments. K1*L was significantly smaller than 
all the partially shaded treatments between the panels and was 
significantly smaller than K0*S. K0*S and K2*B had the same level 
(0.33) and were significantly greater than all full light (L) 
conditions. There were significant differences in tri-variate 
interactions between all the treatments. 
TABLE 7 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on total phosphorus concentration in the plant. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 0.08 0.08 0.10 0.09 

I0.50 0.07 0.07 0.07 0.07 

K1 

I0.35 0.11 0.12 0.12 0.12 

I0.50 0.11 0.10 0.08 0.09 

K2 

I0.35 0.12 0.08 0.12 0.10 

I0.50 0.08 0.07 0.07 0.07 

LSD (0.05) N.S N.S 

S 0.09 0.08 0.09 

LSD (0.05) 0.01 
K 

K×S 

K0 0.08 0.07 0.09 0.08 

K1 0.11 0.11 0.10 0.11 

K2 0.10 0.07 0.10 0.09 

LSD (0.05) 0.02 0.01 
I 

I×S 
I0.35 0.10 0.09 0.11 0.10 

I0.50 0.09 0.08 0.07 0.08 

LSD (0.05) 0.02 0.02 
S, Shade; B, Between the shade; L, Light area; K= potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
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The increased potassium concentration under shade may be 
due to better water retention and reduced stress, which enables the 
plants to absorb more potassium from the soil. These conditions 
are particularly beneficial under reduced irrigation levels, as shade 
helps maintain a more stable moisture environment for 
nutrient uptake. 
 

Total protein concentration in potatoes 

The statistical analysis of total protein concentration in potatoes 
is presented in Table 9. Shade treatment did result in a significant 
impact. The highest protein levels were observed in the shaded area 
beneath the panels, which were significantly higher than those in 
the areas between the panels (B, partial shade). There is a significant 
difference in the individual treatment in the potassium (K) and 
irrigation (I) treatments. No significant interactions were found 
between potassium (K) and shade (S) treatments. However, the 
interaction between potassium (K) and irrigation (I) treatments and 
irrigation (I) and shade (S) were significant. Specifically, the 
combination of irrigation level (I0.35) and shade (S) resulted in 
lower protein levels than all other I*S interactions, except for the 
I0.5*L combination. On the other hand, the I0.35*S interaction 
Frontiers in Horticulture 11 
produced the highest protein concentration among all I*S 
treatments, significantly greater than all other treatments except 
I0.35*L. Significant effects were found for tri-variate interactions. 
Total carbohydrate concentration in 
potatoes 

The statistical analysis of total carbohydrate concentration in 
potatoes is presented in (Table 10). Light treatment did result in a 
significant impact. The highest carbohydrate levels were observed in 
the light area and beneath the panels, which were significantly higher 
than those in the shade areas (S). There is a significant difference in the 
individual factor irrigation (I) treatments. No significant interactions 
were found between potassium (K) and irrigation (I) treatments. 
However, the interaction between potassium (K) and shade (S) 
treatments and irrigation (I) and shade (S) were significant. 
Specifically, the combination of irrigation level (I0.35) and  shade (S)

resulted in lower carbohydrate levels than all other I*S interactions, 
except for the I0.5*L combination. On the other hand, the I0.35*S 
interaction produced the highest carbohydrate concentration among 
all I*S treatments, significantly  greater than  all  other treatments except  
I0.35*S. Significant effects were found for tri-variate interactions. 
TABLE 8 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on total potassium concentration in the plant. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 0.31 0.26 0.23 0.27 

I0.50 0.27 0.33 0.22 0.27 

K1 

I0.35 0.32 0.22 0.24 0.26 

I0.50 0.31 0.23 0.19 0.25 

K2 

I0.35 0.32 0.31 0.22 0.28 

I0.50 0.28 0.30 0.24 0.27 

LSD (0.05) 0.03 N.S 

S 0.30 0.28 0.22 

LSD (0.05) 0.01 
K 

K×S 

K0 0.29 0.29 0.22 0.27 

K1 0.32 0.23 0.22 0.25 

K2 0.30 0.31 0.23 0.28 

LSD (0.05) 0.03 N.S 
I 

I×S 
I0.35 0.32 0.27 0.23 0.27 

I0.50 0.29 0.28 0.22 0.26 

LSD (0.05) 0.02 N.S 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
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TABLE 9 Effect of shade, partial shade, and light, irrigation, potassium fertilizer, and their interactions on total protein concentration in the plant. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 8.18 3.52 4.69 5.46 

I0.50 5.02 5.51 6.51 5.68 

K1 

I0.35 6.54 5.88 8.53 6.98 

I0.50 7.76 6.43 4.44 6.21 

K2 

I0.35 7.62 4.80 7.78 6.74 

I0.50 5.38 6.54 5.05 5.66 

LSD (0.05) 0.76 0.68 

S 6.75 5.45 6.17 

LSD (0.05) 0.54 
F
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K 

K×S 

K0 6.60 4.52 5.60 5.57 

K1 7.15 6.15 6.48 6.60 

K2 6.50 5.67 6.41 6.20 

LSD (0.05) N.S 0.73 
I 

I×S 
I0.35 7.45 4.73 7.00 6.39 

I0.50 6.05 6.16 5.33 5.85 

LSD (0.05) 0.39 0.26 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
 
TABLE 10 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on total carbohydrate concentration in 
the potatoes. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 1.70 2.44 3.17 2.44 

I0.50 2.46 1.63 2.38 2.16 

K1 

I0.35 2.40 2.76 2.81 2.66 

I0.50 2.80 2.61 2.75 2.72 

K2 

I0.35 2.24 3.10 1.87 2.40 

I0.50 1.58 2.95 2.85 2.46 

LSD (0.05) 0.36 N.S 

S 2.20 2.58 2.64 

LSD (0.05) 0.16 
K 

K×S 

K0 2.08 2.03 2.78 2.30 

K1 2.60 2.69 2.78 2.69 

K2 1.91 3.02 2.36 2.43 

LSD (0.05) 0.27 0.21 

(Continued) 
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Available nitrogen concentration in the soil 

The statistical analysis of available nitrogen concentration in the 
soil is presented in (Table 11). Only the individual irrigation factor 
was found to be significant with I0.35. Significant interactions were 
found between potassium (K) and shade (S) treatments and 
between irrigation (I) and shade (S) treatments. Tri-variate 
interactions were found to be significant. B*I*K interactions were 
significant with I0.35*K2*B (400.50) statistically different (higher) 
from all full sun treatments, shaded and I0.35 treatments, and 
partially shaded and I0.5 treatments. The combination of full 
shade and 35% irrigation deficit likely reduces nitrogen leaching, 
as the cooler, less water-stressed environment beneath the panels 
could reduce evaporation and runoff, helping to retain nitrogen in 
the soil. This interaction, coupled with the low potassium 
application, may optimize soil conditions for nitrogen availability. 
Frontiers in Horticulture 13 
Available phosphorus concentration in the 
soil 

Table 12 presents the statistical analysis of available phosphorus 
concentration in the soil. The potassium levels had significant 
differences. The potassium and irrigation levels had significant 
differences. Treatments with higher levels of potassium K2 had 
higher phosphorus in the soil than treatments with lower K0 levels. 
Significant interactions were found between potassium (K) and 
shade (S) treatments and between irrigation (I) and shade (S) 
treatments. Treatments with lower levels of irrigation I0.5 had less 
phosphorus in the soil than treatments with lower I0.5 levels. K*S 
interactions were found to be significant. K2*B was significantly 
higher than K1*S. I*S interactions were found to be significant. I0.5*S 
was significantly lower than I0.35*S. The tri-variate interactions 
between S*I*K were found to be significant with I0.35*K1*B 
TABLE 10 Continued 

I 

I×S 
I0.35 2.11 2.77 2.62 2.50 

I0.50 2.28 2.40 2.66 2.45 

LSD (0.05) 0.21 N.S 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀ 
represent two irrigation levels. 
N.S., Not Significant. 
TABLE 11 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on Nitrogen concentration in the soil. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 325.10 317.10 312.30 318.20 

I0.50 269.50 256.80 338.70 288.30 

K1 

I0.35 292.70 333.90 340.40 322.40 

I0.50 337.70 320.90 278.2 312.30 

K2 

I0.35 301.40 400.50 322.50 341.50 

I0.50 323.50 301.20 303.50 309.40 

LSD (0.05) 41.48 N.S 

S 308.30 321.70 315.90 

LSD (0.05) N.S 
K 

K×S 

K0 297.30 286.90 325.50 303.20 

K1 315.20 327.40 309.30 317.30 

K2 312.40 350.90 313.00 325.40 

LSD (0.05) 34.99 N.S 
I 

I×S 
I0.35 306.40 350.50 325.10 327.30 

I0.50 310.20 293.00 306.80 303.30 

LSD (0.05) 20.69 11.93 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
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significantly greater than I0.5*K1*S, I0.35*K2*L, I0.35*K0*B, and 
I0.5*K0*L, respectively. 
Available potassium concentration in the soil 

Table 13 shows the statistical analysis of available potassium 
concentration in the soil. The shade levels had significant differences. 
Between the shade and the shade treatment areas were higher than the 
light area. K*I interactions were found to be significant. K2*S was 
significantly higher than K1*L. K*S interactions were found to be 
significant. K2*S was significantly higher than K1*L. I*S interactions 
were found to be significant. I0.5*L was significantly lower than I0.5*B. 
There were many significant tri-variate interactions. The tri-variate 
interactions between K2*I0.5*L were significantly smaller than K2*I0.5*S 
but no other full sun treatments. K0*I0.35*S was  significantly smaller 
than all partial shade (B treatments) except K1*I0.35*B and is smaller 
than all other shade treatments. K2*I0.5*L was significantly smaller than 
all partial shade treatments except K1*I0.35*B and K2*I0.5*B. K2*I0.5*L 
was significantly smaller than half of the full shade treatments: 
K0*I0.35*S, K0*I0.5*S, K1*I0.5*S, K1*I0.35*S, and K2*I0.35*S. 

It is notable that the treatment with the most fertilizer, most 
water, and most sun was statistically similar to the plot with the least 
fertilizer, least water, and least sun. These 2 plots represented the 2 
lowest potassium concentrations in the soil. 
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Total yield, water applied, reduction, and 
water productivity 

The results indicate that total yield increased in the partially shaded 
zones between the panels. The differences in the light conditions were 
more pronounced at 35% irrigation deficit relative to the 50% irrigation 
deficit levels, respectively (Figure 4). The statistical analyses show a 
significant reduction with a p-value (0.05) in the total yield of the 
potatoes below the panels in full shade (S) to both higher light-level 
treatments. These differences were significant for both 35% and 50% 
irrigation deficit levels. There were no significant differences (p>0.05) in 
the total yield for plant growth between the panels (B) and the full light 
control (L) at each 35% and 50% irrigation deficit level, respectively. A 
statistically significant difference in total yield was found between 
irrigation treatments within the full shade (S) treatments and the 
partial shade (B) treatments. The 35% irrigation deficit led to higher 
yields relative to the 50% irrigation deficit levels. However, there 
were no significant differences in the total yield between the 35% and 
50% irrigation levels within the full light control (L). The results 
regarding total yield are consistent with findings from other 
research (Şentürk et al., 2025). 

Statistically different amounts of water were applied to all plots. 
That is, the total water applied at the full shade (S), partial shade (B), 
and light (L) plots was significantly different even within the 35% 
deficit level and within the 50% level, respectively (Figure 4). Note 
TABLE 12 Effect of shade, partial shade and light, irrigation, potassium fertilizer, and their interactions on phosphorus concentration in the soil. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 40.44 24.90 37.16 34.17 

I0.50 35.80 36.31 29.17 33.76 

K1 

I0.35 34.06 57.35 42.27 44.56 

I0.50 24.47 27.54 39.38 30.46 

K2 

I0.35 51.12 42.41 24.50 39.34 

I0.50 42.13 52.46 45.71 46.77 

LSD (0.05) 9.03 4.84 

S 38.00 40.16 36.37 

LSD (0.05) N.S 
K 

K×S 

K0 38.12 30.61 33.17 33.96 

K1 29.26 42.45 40.82 37.51 

K2 46.63 47.43 35.11 43.06 

LSD (0.05) 6.59 4.51 
I 

I×S 
I0.35 41.87 41.55 34.64 39.36 

I0.50 34.14 38.77 38.09 37.00 

LSD (0.05) 5.15 N.S 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
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TABLE 13 Effect of shade, partial shade, and light, irrigation, potassium fertilizer, and their interactions on potassium concentration in the soil. 

Potassium levels Irrigation levels S B L K×I 

K0 

I0.35 28.65 32.64 30.91 30.73 

I0.50 41.32 42.34 34.84 39.50 

K1 

I0.35 32.53 36.40 32.22 33.72 

I0.50 34.31 42.91 35.54 37.58 

K2 

I0.35 39.19 39.28 35.88 38.12 

I0.50 43.90 34.30 27.11 35.10 

LSD (0.05) 5.27 5.07 

S 36.65 37.98 32.75 

LSD (0.05) 1.06 
F
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K 

K×S 

K0 34.99 37.49 32.87 35.12 

K1 33.42 39.66 33.88 35.65 

K2 41.54 36.79 31.50 36.61 

LSD (0.05) 3.53 N.S 
I 

I×S 
I0.35 33.46 36.11 33.00 34.19 

I0.50 39.84 39.85 32.49 37.40 

LSD (0.05) 3.76 N.S 
S, Shade; B, Between the shade; L, Light area; K, potassium fertilizer levels, K₀, 0 kg/ha potassium fertilizer; K₁, 150 kg/ha potassium fertilizer; K₂, 300 kg/ha potassium fertilizer; I₀.₃₅ and I₀.₅₀
 
represent two irrigation levels.
 
N.S., Not Significant.
 
FIGURE 4 

Presents the total yield, total water applied during the season, Water reduction percentage, and water productivity. This represents a summary of the 
measurements from the 54 plots within the experimental area. Yield was measured as the total yield of the 72 plants in each plot. 
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that the irrigation levels increase as the total light on the plots 
increases for both deficit irrigation levels. This is because the 100% 
irrigation level is determined by available soil moisture as measured 
(see methods section). That the shaded plants required less watering 
is consistent with prior agrivoltaic studies (Al-Agele et al., 2021b) 
However, the total reduction in water by percentage is less than 
initially anticipated given the level of shade (Figure 4). This could be 
explained by the exceptionally hot growing conditions with daily 
temperatures exceeding 40°C and relative humidity (93%). 
The results regarding the total water applied are consistent with 
findings from other research (Marrou et al., 2013). 

Water productivity was calculated as the total yield (kg) divided 
by the total water applied (m³) to each treatment (Figure 4). The 
results indicate that water productivity for plant growth between the 
panels was high, measuring approximately 2.80 kg/m³ at 35% deficit 
irrigation levels. In contrast, the lowest water productivity was 
observed in the shaded area, at about 1.95 kg/m³ under 50% 
deficit irrigation levels. Statistical analyses revealed a significant 
difference in water productivity between plant growth in the panels 
and full light conditions compared to deficit irrigation levels, with a 
p-value of 0.05. The results regarding water productivity are 
consistent with findings from other research (Endrie, 2017). 
Conclusion 

Global agricultural production is expected to rise in response to 
population growth, and this increase in production is more desirable 
when achieved through sustainable methods. Agrivoltaic systems 
represent a promising solution that could facilitate sustainable 
agriculture while enhancing agricultural output. This study aimed to 
examine the growth of potato plants both beneath and between 
simulated solar panels, as well as in a control area, under two levels 
of deficit irrigation (35% and 50%) and three levels of potassium 
sulfate fertilizer. 

The highest yields were found in the partially shaded zones 
between panels. These yields were statistically similar to those 
obtained from the full sun treatment, and both partial shade and full 
sun resulted in statistically higher yields compared to the full shade 
directly beneath the panels. These yield differences did not correspond 
to reductions in nitrogen, phosphorus, or carbohydrate levels in the 
potatoes. The potatoes grown in the partially shaded area, where yield 
was greatest, exhibited statistically higher levels of potassium compared 
to the full sun treatment. Conversely, the potatoes grown in the fully 
shaded condition directly beneath the panels had significantly higher 
protein levels than both the partial shade and full sun treatments. We 
conclude that irrigated potatoes grown in the partially shaded areas 
between panels are just as productive as those grown in an open field. 
Furthermore, no sacrifices in nutritional content were detected between 
the potatoes grown in the partially shaded area between the simulated 
solar panels and the full sun condition. Indeed, the potatoes grown in 
treatment B had similar or greater nutritional content than the L 
treatments, with potassium being the only nutrient that was statistically 
greater in B treatments. 
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The study highlights the potential of Agrivoltaic systems to 
enhance agricultural productivity by providing optimal shading 
conditions (particularly in partial shade) while improving land use 
efficiency. However, it also underscores the importance of balancing 
water management to ensure crop health and yield under varying 
irrigation regimes. The results suggest that integrating partial 
shading with moderate irrigation deficit could effectively improve 
potato production, particularly in water-scarce areas. 

The study demonstrates that Agrivoltaic systems, especially 
with partial shading, can improve water productivity, making 
them a promising solution for sustainable farming in regions with 
water limitations. By carefully balancing light levels and irrigation, 
such systems can help maximize crop yield per water unit, 
contributing to more sustainable and efficient agricultural 
practices. This approach could be scaled to other crops and 
regions, helping to meet growing food demands while mitigating 
the environmental impact of traditional farming practices. 
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Şentürk, B., Öylek, Y., Kanar, Z. S., Ç elik, R., Kurtulus ̧, G., and Özden, T. (2025). The 
impact of photovoltaic panels on the environment and yield parameters in an open field 
agrivoltaic system: A case study in Ayaş, Ankara.  Renewable Energy, 123553. 
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Zainali, S., Lu, S. Ma, Fernández-Solas, Á., Cruz-Escabias, A., Fernández, E. F., 
Zidane, T. E. K., et al. (2025). Modelling, simulation, and optimisation of agrivoltaic 
systems: A comprehensive review. Appl. Energy 386, 125558. doi: 10.1016/ 
j.apenergy.2025.125558 
frontiersin.org 

https://doi.org/10.1109/ACCESS.2025.3568717
https://doi.org/10.3390/su13084328
https://doi.org/10.3390/su13052850
https://doi.org/10.1038/s41893-019-0364-5
https://doi.org/10.1038/s41893-019-0364-5
https://doi.org/10.1007/BF01063408
https://doi.org/10.3390/agronomy15051177
https://doi.org/10.3390/agronomy15051177
https://doi.org/10.3390/agronomy12061415
https://doi.org/10.1016/j.agwat.2018.07.001
https://doi.org/10.1016/j.rser.2022.112126
https://doi.org/10.1016/S0580-9517(08)70641-X
https://doi.org/10.2134/agronmonogr9.2.2ed.c33
https://doi.org/10.2134/agronmonogr9.2.2ed.c33
https://doi.org/10.21070/ijhsm.v2i1.56
https://doi.org/10.1007/s10457-008-9122-9
https://doi.org/10.1016/j.eja.2012.08.003
https://doi.org/10.1016/j.apenergy.2025.125750
https://doi.org/10.1016/j.apenergy.2025.125750
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.2134/agronmonogr9.2.2ed.c24
https://doi.org/10.1007/978�981�99�2649�7_50
https://doi.org/10.52825/agripv.v1i.588
https://doi.org/10.3390/horticulturae8121160
https://doi.org/10.1016/j.agwat.2023.108187
https://doi.org/10.1016/j.agwat.2023.108187
https://doi.org/10.2139/ssrn.5035143
https://doi.org/10.1016/j.apenergy.2025.125558
https://doi.org/10.1016/j.apenergy.2025.125558
https://doi.org/10.3389/fhort.2025.1624013
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org

	The effect of agrivoltaic system on nutrient content, yield, and water productivity of potatoes
	Introduction
	Materials and methods
	Site description and preparation
	Field experimental treatments
	Soil measurement
	Potato growth, yield, and chemical elements measurements
	Water applied measurement

	Water productivity
	Statistical analysis

	Results and discussion
	Germination rate of potato tubers
	Number of aerial potato stems
	Plant heights
	The average yield of potatoes
	Total nitrogen concentration in potatoes
	Total phosphorus concentration in potatoes
	Total potassium concentration in potatoes
	Total protein concentration in potatoes
	Total carbohydrate concentration in potatoes
	Available nitrogen concentration in the soil
	Available phosphorus concentration in the soil
	Available potassium concentration in the soil
	Total yield, water applied, reduction, and water productivity

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


