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!National Authority for Remote Sensing and Space Sciences (NARSS), Cairo, Egypt, 2Department of
Environmental Management, Institute of Environmental Engineering, RUDN University, Moscow,
Russia, *Faculty of Agriculture, Cairo University, Giza, Egypt

Introduction: Precision farming is an agricultural management practice that
addresses various challenges by observing and measuring the variability of field
crops, utilizing accurate and timely information about agricultural resources. A
fundamental aspect of precision farming is the use of site-specific management
zones (SSMZs). SSMZs improve agricultural management by customizing
treatments for specific production zones, thereby conserving resources while
enhancing crop productivity and quality. This research aimed to investigate the
application of magnesium fertilizer in SSMZs for Allium cepa, as opposed to
traditional methods based on soil and plant attributes.

Methods: To achieve this, a 10-meter grid-sampling scheme was implemented
across the field, comprising 12 points where soil samples were collected from
the top 20 cm before planting green onions in June 2021. Normalized Difference
Vegetative Index (NDVI) data during the harvest stage of the green onion growth
cycle were sourced from Sentinel-2 satellite imagery at each sampling point.
Yield mapping was performed at harvest. Key yieldlimiting factors were identified
through stepwise multiple analyses, which included soil properties (such as
organic matter) and canopy parameters (such as bulb diameter, phosphorus,
magnesium, and NDVI).

Results: Overlay maps illustrated soil parameters, growth, and biochemical
measurements, and evaluated the effect of foliar spraying with different
magnesium sources on the growth, productivity, and quality of green onions,
indicating three distinct SSMZs: zone (1), zone (I1), and zone (lll), with areas of 1.97
ha, 1.35 ha, and 2.79 ha, respectively. The use of magnesium oxide nanoparticles
(nMgO) in a site-specific management zone resulted in a remarkable green onion
yield of 152.14 tons/ha. The assessed soil properties and plant characteristics
revealed that foliar applications of (hMgO) significantly improved the nutritional
status, growth, and quality of green onions (Allium cepa L.).

Discussion: The modeling process effectively classified the study area into three
management zones for soil treatments and three additional management zones
for plant treatments. Implementing such a process will lower the costs of soil
analysis and enhance overall agricultural income.
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1 Introduction

Green onion (Allium cepa L.) has significant economic value in
Egypt, serving as a crucial crop for local consumption and a key
export commodity (El-Hamd et al., 2016). The quality of its growth
relies on 17 essential nutrients, including magnesium, which are
crucial for proper development. To ensure optimal growth quality and
favorable plant development, these nutrients should be present in
appropriate quantities, sourced, and balanced in appropriate ratios
(Maathuis, 2009). Magnesiums direct role in chlorophyll synthesis and
photosynthesis enhances the visual appearance of plant tissues,
resulting in greener leaves and increased mass deposition (Paulus
et al., 2022). Foliar applications involve spraying liquid fertilizers
directly onto plant leaves, providing a more efficient method for
delivering both macro and micronutrients. This technique maximizes
yield while minimizing losses (Rahman et al., 2017).

In Egypt, green onion production commonly neglects the spatial
differences in soil and crop conditions. Many farmers prefer to apply
uniform fertilizer management practices throughout the field,
resulting in excessive input usage in areas with abundant nutrients and
insufficient application in areas with limited nutrients (Ferguson et al.,
2002). Such improper management practices lead to increased field
management costs, reduced yields, and compromised crop quality.

The Normalized Difference Vegetation Index (NDVI) is closely
associated with the physiological parameters of plants, including the
leaf area index (LAI) and canopy properties, which influence crop
yield and biomass (Sultana et al., 2014). NDVTI has been regarded as a
comprehensive measure of overall plant growth, incorporating various
growth factors (Govaerts et al., 2007). In green onion cultivation, both
the green leaves and the small white bulbs are harvested. High NDVI
values, influenced by factors such as green leaf area and plant biomass
levels, act as reliable indicators of canopy properties. Consequently,
these canopy properties effectively predict the yield and quality of
green onions (Chang et al., 2014). In GIS, spatial interpolation
techniques are utilized to estimate attribute values at unsampled sites,
facilitating the generation of spatially continuous data (Li and
Heap, 2011).

Among interpolation methods, inverse distance weighting (IDW)
emerges as one of the most widely employed techniques. This
deterministic spatial interpolation model is preferred by geoscientists
and geographers, partly due to its extensive integration into various
GIS packages (Mirzaei and Sakizadeh, 2016), (Narany et al., 2014).
The fundamental principle of the IDW method is based on the
interconnectedness of attribute values between two points, where their
similarity diminishes as the distance separating them increases.
Typically, a power or exponential function is utilized to adjust the
distance weight, capturing the spatial interaction between locations.
The IDW method plays a critical role in predicting unknown attribute
values at specified locations. For instance, inverse distance weights
were employed to create representative maps depicting various soil
qualities on the northwestern coast (Nady et al., 2022). To date, few
studies have investigated the use of vegetation indices for delineating
management zones to implement fertilizer management in fields
planted with green onions in Egypt.
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Researchers have laboriously relied on ArcGIS’s Spatial Model
Builder and IDW interpolation in their studies on spatial variability
in agricultural fields. A geospatial analytic model has achieved a more
accurate delineation of SSMZ in agriculture. According to (Filintas
et al, 2023), Different datasets, including soil properties, plant
measurements, and remote sensing information, are all part of the
knowledge that these methods seek to understand in site-specific
management zones (Yuan et al.,, 2022). According to Hendawy et al.
(2024), several approaches have been used to maximize agricultural
productivity in various Delta fields and SSMz. Ranjan and Yadav
(2024) investigated this information vacuum by describing SSMZs in
fields of green onions. They use Spatial Model Builder and IDW
interpolation to optimize magnesium (Mg) treatments to maximize
crop yield. These results are added to the growing body of research
that has shown the significance of precision agriculture in
environmentally friendly farming methods and resource conservation
(Lanauskas et al., 2021).

Precision agriculture (PA) is a crop management approach that
considers the spatial and temporal variability of factors directly or
indirectly impacting agricultural product yield or quality (Groher
et al., 2020). PA soil and plant attribute maps are fundamental
information sources (Moral et al., 2020). The typical process for
creating these maps begins with field sampling, followed by map
interpolation. Sampling density varies based on area size and resource
availability (Pereira et al., 2022). The advancement of site-specific
management (SSM) promotes the delineation of Management Zones
(MZs) within a field tailored to specific applications. This approach
aims to achieve uniformity in overall yield while optimizing
profitability and desired outcomes within each MZ. These objectives
include enhancing production quantity and quality while reducing
input requirements (McBratney et al., 2005). Management Zones
(MZs) typically rely on classification methods that consider the
spatial characteristics of multiple variables collected in the field
(Aggelopooulou et al., 2013). Some variables can be considered when
identifying MZs, including crop yield, physical and/or chemical soil
data, vegetation indexes, and even combinations of these variables
(Gavioli et al., 2019).

In Egypt, Crop Management Zones (MZs) were established in
2011, resulting in significant reductions in the costs of N, P, and K
fertilizers 25.14, 22.10, and 5.34%, respectively, under precision
farming. These findings underscore the cost-effectiveness of precision
farming methods (El Nahry et al., 2011). Field data collection serves
as the initial phase in the implementation of precision agriculture
(Rodriguez et al.,, 1977). Various data types contribute to defining
management zones, including soil information, which encompasses
parameters such as soil electrical conductivity (EC), organic matter
(OM), pH levels, and soil nutrient concentrations (Fu et al., 2010;
Marques et al., 2010); (2) crop information, including yield and quality
parameters, which also play a role in defining management zones
during precision agriculture implementation (Aggelopooulou et al.,
2013), (Tagarakis et al., 2013). The vegetation index, such as the
Normalized Difference Vegetation Index (NDVI), is a valuable tool for
evaluating plant performance (Ali et al, 2022). To enhance the
accuracy of management zone delineation, it is crucial to understand

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1508115
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Aliet al.

the relationship between MZs created from productivity maps and
those produced from NDVI data collected via satellite imagery
2020).

The objectives of this article were threefold: to characterize the

(Damian et al.,

factors’ spatial variability, delineate Management Zones (MZs)
utilizing soil properties, plant measurements, and NDVI, employ the
inverse-distance weighting (IDW) method, and delineate the optimal
soil properties and plant measurements influenced by foliar
magnesium application within the identified best MZs.

2 Materials and methods

2.1 Study area

The research was conducted on a 6.27-hectare green onion field
situated in Abu Sultan, Ismailia Governorate, Egypt, at coordinates
30°24'43.95”N, 32°1548.08”E (Figure 1). The experimental site
features an arid climate, with an annual temperature of 24.56°C,
which is slightly below Egypt’s average by 0.34%. Ismailia typically
receives about 2.52 mm (0.1 inches) of precipitation annually, spread
over 7.46 wet days, accounting for 2.04% of the year. The main soil
texture in the region was identified as loamy sand. The research
investigated the effect of foliar spray of various magnesium sources
on green onion plants to enhance their nutritional status, growth, and
quality under a pivot irrigation system. Planting began on 12 July
2021, and harvesting took place on 10 October 2021. Foliar spraying
on the leaves was carried out 30 days after sowing during the
vegetative development phase and again 60 days after sowing during
the growth stage of green onion sprouts. The treatments included
phenolic acid (magnesium chelate), magnesium phosphate (KAFOM

10.3389/fsufs.2025.1508115

Mg), magnesium sulfate, magnesium nitrate (Mg-L), and magnesium
oxide nanoparticles (nMgO). A completely randomized design was
used in the experimental setup.

Before the cultivation of green onions in June 2021, random soil
samples were collected from the field using a grid-sampling method
consisting of 12 grids (Figure 2). During each grid sampling, three
samples were taken from the upper layer (0-20 cm) within a five-
meter radius of each grid. The coordinates of each sampling site were
recorded using a GPS device and later transported to the laboratory.
Twelve composite soil samples were air-dried, ground to pass through
a 2-mm sieve, and analyzed using standard methodologies.
We measured the soil pH in a water suspension (1:2.5) with a glass
electrode pH meter. The potassium bichromate titrimetric method
was used to determine the organic matter (OM) content, the alkaline
hydrolysis diffusion method assessed nitrogen (N) levels, the alkaline
sodium bicarbonate extractant in a 20:1 ratio evaluated phosphorus
(P) content, and the neutral ammonium acetate extraction method
quantified potassium (K) levels.

2.2 Plant measurements

2.2.1 Growth measurements

Throughout growth, the plants height was monitored by
measuring the distance from the surface to the apex of the longest leaf,
and the bulb’s diameter was assessed perpendicular to the longitudinal
axis at its widest diameter.

2.2.2 Biochemical measurements
The pigments involved in photosynthesis (chl. a, b) were measured
in the laboratory. According to the results, 0.05 mL of the pigment
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FIGURE 1
Location map of Farm Abu Sultan, Ismailia Governorate, Egypt.
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FIGURE 2
Field grid samples using GPS.

extract was added to 0.95 mL of 80% buffered acetone (Pillai and
Atiya, 2004).

Total soluble solids (T.S.S) were measured in the juice extracted
from the white sheath leaves of each onion, with each determination
replicated using a hand refractometer at 20°C.

Protein (mg/g): Green onion plants were dried in an oven at 70°C,
ground, and analyzed for protein content following the method
described by Company (1967).

The total flavonoid content (mg/100 g) was assessed using a
colorimetric assay. One hundred microliters of extract were added
to four milliliters of distilled water. Subsequently, 0.3 mL of 5%
sodium nitrite was added. After 5 min, 0.3 mL of 10% aluminum
chloride was injected. After 6 min, 2 cc of 1 M sodium hydroxide
was added to the mixture. The solution was immediately diluted
with 3.3 cc of filtered water and properly mixed. The absorbance
was measured at 510 nm relative to a blank sample. Catechin served
as the standard for the calibration curve. The extract’s total
flavonoid concentration was quantified in milligrams of catechin
equivalents per gram of sample (mg/g), according to Zhishen
et al. (1999).

The total phenolic content was assessed using the Folin—
Ciocalteu reagent, with results expressed as Total Phenol % (mg
GAE.g™' DW) (18). In conclusion, 0.5 mL of the extract was
combined with 0.5 mL of Folin-Ciocalteu reagent. The solution was
held at 25°C for 5-8 min before adding 2 mL of a 7.5% sodium
carbonate solution, then the volume was adjusted to 8 mL with
water. After 2 h, the absorbance was measured at a wavelength of
725 nm. Gallic acid served as the reference for the calibration
curve. The total phenolic content was measured in milligrams of
gallic acid equivalents per gram of sample (mg/g) (Dutta
etal., 2024).
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2.2.3 Nutrients

Samples of the green onion were ground and wet digested as
described by Haluschak (1981), and their nitrogen (N), phosphorus
(P), potassium (K) contents, and magnesium (Mg) were determined
according to the methods. The concentrations of potassium (K) and
magnesium (Mg) in the plant tissues were measured using an atomic
absorption spectrophotometer (PerkinElmer 1,100 B), while
phosphorus (P) was analyzed using the ammonium vanadate-amino
naphthol method. For total nitrogen (N) determination, 50 mg of leaf
powder was digested for 3 h at 320° C following the Kjeldahl method.
After cooling, the clear digestate was diluted to exactly 20 mL. Aliquots
of this solution were reacted with alkaline phenol and sodium
hypochlorite in an alkaline medium (pH 11.5) in the presence of
sodium nitroprusside as a catalyst, and the intensity of the resulting
indophenol blue color was measured in a Hitachi UI100
spectrophotometer at 662 nm.

2.2.4 Yield components

During the harvesting period, all plants from each plot were
collected to assess plant weight (g), yield per plot (kg), and total yield
(kg/ha) after 120 days from sowing.

2.2.5 Normalized difference vegetation index
(NDVI)

NDVT was calculated using Sentinel-2 satellite images obtained
from the ESA Copernicus Open Access Hub in 2021. The images were
acquired in GeoTiff format, featuring pixel dimensions of 10 m. The
images acquired in 10 October 2021.

At the harvest stage, one image from the satellite was chosen for
the green onion field under study. Satellite images displayed the
highest quality, i.e., with no cloud cover in the area of study.

The NDVI was calculated from the satellite Sentinel —2 via
location samples point using the SNAP 8.0 software according to
Equation (1):

NIR-R

NDV[ =—"——— (1)
NIR + R

where NIR is the near-infrared region, and R is the red region. In
Sentinel 2, the NIR corresponds to band 8 and the R to band 4.

2.3 Data analysis

Descriptive statistics, including the mean, standard deviation
(SD), maximum, minimum, coeflicient of variation (CV), and
skewness, were calculated for each variable using IBM SPSS Statistics
22 software. The Kolmogorov-Smirnov statistic was used to evaluate
the normality of all these variables. The primary yield-limiting factors
for green onion in this study were examined using stepwise multiple
regression analysis as the method for variable selection.

2.4 Creating variability maps
The inverse distance weighted (IDW) function in ArcGIS 10.4.1

software was used to produce interpolation of soil properties and
parameters of green onion plants. It presents a good estimation of
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FIGURE 3

The structure model of site-specific management zone.

the spatial variable (Wang and Wang, 2012). This procedure is based
on grid calculations concerning nearby points located within the
radius of the user-defined search, according to the following
Equation (2):

)

where zp is the value predicted at point P, zi is the z value at the
determined point i, and di is the distance between point 0 and point
1. This technique was used with 12 neighboring samples to estimate
each grid point. A power of two was utilized to weigh the
nearest points.

2.5 Spatial modeling for management
zones

The locations of soil parameters were digitized to determine their
geographic coordinates and calculate the weighted average value for
each parameter. Additionally, plant measurements of green onions
were analyzed using the Inverse Distance Weighting (IDW)
interpolation method in ArcGIS 10.4.1.

2.6 Model building

To facilitate the creation of site-specific management zones
(SSMZs), the Spatial Model Builder in ArcGIS was utilized to study
the integration and analysis of diverse information. This technology
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allowed us to streamline the process by integrating NDVI data with
soil characteristics and plant biochemical measures. The input datasets
included soil properties (such as pH, organic matter, and magnesium),
plant measurements (including bulb diameter, chlorophyll, and yield),
and NDVT values gathered from Sentinel-2 satellite imagery. These
datasets were converted into raster format, standardized to a consistent
scale, and weighted based on correlation analysis, which assessed their
relative influence on green onion production.

We created spatially continuous maps of critical parameters by
interpolating data from unsampled sites using the Inverse Distance
Weighting (IDW) method, which enabled the analysis of spatial
variability. This phase relied heavily on identifying differences
throughout the research area. We conducted a weighted overlay
analysis to examine a separate map that illustrates areas with varying
potential for green onion yield generated by combining these
interpolated layers. Statistical criteria and suitability ratings were used
to categorize this map into three management zones: highly suitable,
moderately acceptable, and low suitability.

Spatial Model Builder was used to automate geoprocessing steps,
and result visualization was easy. Utilizing IDW allowed for the
precise collection of soil and plant characteristic spatial variability
despite a restricted number of sample sites. The final result, which
comprised a management zone map and comprehensive spatial maps
for each parameter, provided an actionable framework for optimizing
magnesium treatments and enhancing site-specific crop management.

To distinguish agricultural development priorities, the first step
was identifying and creating vegetative and chemical measurements,
soil resources, and land surface datasets. After identifying which
datasets were required as inputs in an adequate format (raster format),
the chosen inputs included pH, electrical conductivity (EC), and
organic matter (O.M %), as well as nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), and plant growth
parameters. These parameters included biochemical measurements
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FIGURE 4

The structure of the model builder for site-specific management zones in the study area.

such as plant height, bulb diameter, N%, P%, K%, Mg%, protein, total
phenol, total flavonoid content, T.S.S, chlorophyll a and b, NDVI,
and yield.

The second step involved reclassifying datasets by adjusting each
to a common scale of values (e.g., from 1 to 4). Higher scale values
were assigned to more appropriate attributes.

Finally, each input dataset could be assigned a percentage impact
based on its importance to soil productivity, as specified. For all
datasets, the total influence must equal 100%. The cell values of each
input dataset were multiplied by their corresponding influence
percentages (weights). The resulting cell values were summed to
generate the final output dataset of this model, which identified the
most suitable area for producing green onions with high productivity
and quality characteristics under various magnesium treatments
(Figure 3).

Given the extensive array of soil and plant characteristics utilized
for decision-making, automated programs were integrated into

Frontiers in Sustainable Food Systems

ArcGIS-10.4.1 to identify site-specific management zones and address
various study objectives. The model building involved the creation and
customization of geoprocessing workflows. The model builder has
been implemented in site-specific management zones (Nady et al.,
2022; Jalhoum et al., 2022; AbdelRahman and Tahoun, 2019). For
example, soil quality was evaluated using a geostatistical approach
within the GIS model builder (Noori and Panda, 2016), which also
effectively established multivariate regression models based on digital
image values related to site-specific onion growth parameters through
GIS modeling. The flowchart for this site-specific model is shown in
Figure 4. Each step is represented by boxes indicating input
information (blue), processes (yellow), and output (green). The output
from the first stage served as the input for the next stage. The
procedure at each stage was simple, utilizing the drag-and-drop
functionality from the tools available in the GIS toolbox, such as
extract and reclassify. This study consisted of two stages: (1) examining
spatial variability and comparing various geostatistical methods and
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FIGURE 5
Flowchart of the study methodology.

(2) performing descriptive statistics using SPSS software. The
methodology and steps of this study are illustrated in Figure 5.

3 Results and discussion
3.1 Descriptive statistics

Table 1 presents descriptive information about the chemical
characteristics of the soil. The soil exhibited a low coeflicient of
variation (CV = 2.38%), was alkaline, and had a pH range from
7.80 to 7.97. The mean organic matter content was 0.49%. The
available nitrogen, phosphorus, and potassium content in the soil
was deemed acceptable for green onion growth, with mean values
of 21.21 ppm, 7.95 ppm, and 206.15 ppm, respectively. Magnesium
in the soil had the highest coeflicient of variation at 14.05%.
Regarding the properties of green onion plants, potassium levels
ranged from 3.14 to 3.88%, with a low coeflicient of variation
(CV =6.19%). The quality standards for exporting green onions
were determined by plant height and bulb diameter, with results
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indicating means of 41.91 cm and 1.21 c¢m, respectively. The mean
NDVI value at the harvest stage was 0.56, showing intermediate
spatial variability (CV < 18.84%). The green onion yield was
recorded at 49.91 tons/m’, demonstrating significant variation by
region (CV = 43.86%).

The Pearson correlation coeflicients for all attributes used in the
study are shown in Figures 6, 7. A significant association among all
parameters included in the study was found at the 0.05 and 0.01
probability levels. The study indicated that most soil parameters and
yield had a positive relationship, with a notable correlation coefficient
0f 0.97 between yield and organic matter, electrical conductivity (EC),
available nitrogen, and pH, particularly for organic matter at the 0.01
probability level. The correlation coefficients between yield and
available P, available K, Ca, and Mg were 0.37, 0.71, 0.44, and 0.95,
respectively. Figure 6 illustrates the Pearson correlation matrix of soil
factors and yield.

The investigation into green onion production revealed strong
positive associations (p < 0.01) with organic matter, bulb diameter,
phosphorus, magnesium, and NDVI, indicating that these variables
were the primary limiting factors for green onion growth quality.
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TABLE 1 Descriptive statistics for soil and green onion plant parameters (n = 36).

Variables® Min Max Mean S.D Skewness CV% Pk—s®

Soil
EC (ds/m) 1.22 1.95 1.68 0.16 —0.54 9.96 0.06
pH 7.53 8.31 7.91 0.18 0.23 2.38 0.20
Organic matter % 0.36 0.62 0.49 0.06 0.07 14.03 0.20
Nitrogen (ppm) 18.99 24.95 21.21 1.56 0.72 7.38 0.05
Phosphorus (ppm) 7.10 9.08 7.95 0.64 —-0.02 8.08 0.00
Potassium (ppm) 198.31 220.12 206.15 6.23 0.88 3.02 0.01
Calcium (megq/L) 3.06 4.31 3.43 0.37 1.03 10.79 0.00
Magnesium (megq/L) 2.36 4.27 3.41 0.48 0.08 14.05 0.12

Green onion plant
Plant height (cm) 28 55 4191 6.51 —0.21 15.53 0.15
Bulb diameter(cm) 0.70 1.90 1.21 0.26 0.23 21.81 0.20
Nitrogen % 3.22 4.61 3.73 0.41 0.94 10.91 0.00
Phosphorus % 0.28 0.43 0.36 0.04 -0.23 11.54 0.20
Potassium % 3.11 4.03 3.46 0.21 0.48 6.19 0.20
Magnesium % 0.23 0.42 0.31 0.04 0.01 15.71 0.20
Chlorophyll a (mg\g EW) 523 8.65 5.99 0.92 1.4 15.45 0.00
Chlorophyll b (mg\g EW) 2.14 6.47 3.73 1.28 0.54 34.49 0.00
Total flavonoid content (mg\100 g) 143.26 189.62 162.46 14.56 0.27 8.96 0.01
Total Phenol % (mgGAE.gl DW) 201.32 308.06 239.13 29.08 0.63 12.12 0.01
T.S.S (mg\g Dw) 1.82 4.14 3.01 0.74 0.05 24.60 0.01
Protein (mg\g) 8.20 11.50 9.45 0.89 0.68 9.51 0.11
NDVI 0.35 0.76 0.56 0.11 0.26 18.84 0.02
Yield (kg/m?) 16.5 87.10 49.91 21.89 0.42 43.86 0.01

“Ec, Electrical conductivity; T.S.S, Total Soluble Solid; NDVI, Normalized difference vegetation index. "The normal distribution probability of Kolmogorov-Smirnov (K-S), Pk-s > 0.05,

indicates the variable is normally distributed.

3.2 Geospatial analysis for input
parameters

3.2.1 Spatial distribution of some soil properties

The IDW interpolation method was used to convert the spatial
data on soil into digital databases of soil chemical characteristics (EC,
pH, OM%, N, P, K, Ca, and Mg) for generating site-specific
management zones (SSMZ). The soil variability maps are illustrated
in Figures 8-11.

Electrical conductivity (EC) values range from 1.49 to 1.88
(dS/m), as shown in Figure 8A. The highest value is between 1.77 and
1.88, while the lowest is from 1.49 to 1.64. The soil pH presented in
Figure 8B has an alkaline range of 7.8 to 7.97. The variability map for
soil organic matter (OM %) shows values ranging from 0.45 to 0.54,
as illustrated in Figure 9A. Figure 9B displays the variability range of
available nitrogen, which is between 19.3 and 23.92 ppm. Phosphorus
values, as detailed in Figure 10A, fall within the 7.13-8.96 ppm range.
The range with the lowest value is 7.13-7.53, while the range with the
highest value is 8.27-8.96. Potassium values are shown in Figure 10B
within the range of 199.3 to 219.15 ppm. Calcium values range from
3.11 to 4.11 (megq/L), as depicted in Figure 11A. Conversely,
magnesium values fluctuate between 2.43 and 4.23 (meq/L), illustrated
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in Figure 11B. This spatial variability in magnesium content reveals a
strong correlation with plant growth, as areas with higher magnesium
levels consistently show better NDVI values and yield.

3.2.2 Spatial distribution of some green onion
measurements

The IDW interpolation method was employed to convert the field
measurements of green onion plants into digital databases of
vegetative and chemical characteristics, including plant height, bulb
diameter, N-P-K, Mg, chlorophyll a, b, total flavonoids, total phenols,
T.S.S., protein, NDVI, and yield, for the creation of site-specific
management zones (MZ). The resulting maps are illustrated in
Figures 12-18.

As shown in Figure 12A, the values for plant height range from 32
to 46.29 cm. The largest value ranges from 36.43 to 42.99 cm, while
the lowest is 32 cm. The range of bulb diameter is illustrated in
Figure 12B as 0.8 to 1.5 cm. Figure 13A indicates that nitrogen varies
between 3.3 and 4.4% in the interpolation map. The range of
from 029 to 0.41% is
Figure 13B. Potassium values, ranging from 3.14 to 3.88%, are

phosphorus  values depicted in

described in Figure 14A. Figure 14B presents magnesium readings in
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FIGURE 6
Pearson’s correlation matrix of soil variables.

TABLE 2 Total area for management zones based on measurements of soil properties and canopy parameters.

Key characteristics Mg treatment

Area (soil

Area soil = Area plant

and plant)

Zone (I) High Mg, OM, NDVI Maintenance nMgO 1.97 ha 4.44 ha 2.19 ha 0.628 152.14 ton/ha
Zone (IT) Moderate Mg and OM, 1.35ha 1.6 ha 0.54 ha 0.495 86.57 ton/ha
Supplemental nMgO
intermediate NDVI
Zone (I1I) Low Mg and OM, lowest 2.79 ha 0.08 ha 3.43 ha 0.560 146.89 ton/ha
NDVI High dose of nMgO

ArcGIS’s Spatial Model Builder and the IDW interpolation method were utilized to examine the variations in magnesium (Mg) availability and crop responses across different zones. By
employing IDW to spatially estimate Mg levels and other characteristics at unsampled locations within the study area, we created a continuous spatial map that highlighted areas with
fluctuating magnesium (Mg) availability. To establish distinct management zones (MZs), the Spatial Model Builder integrated these interpolated data layers with additional datasets that

encompassed soil parameters (e.g., pH, organic matter, Mg), plant biochemical measurements (e.g., chlorophyll, bulb diameter, and NDVI values), and more. The examination of these MZs
illustrated the field-wide variation in Mg availability and its effects on crop responses, including yield and quality. Zone I, which had sufficient magnesium, required minimal input to maintain
high productivity. In contrast, Zone III, which exhibited lower magnesium levels, showed significant yield improvements when enhanced Mg treatments were applied. This spatially explicit

approach established a robust foundation for tailoring Mg treatments to the unique needs of each zone.

the range of 0.24 to 0.38 ppm. According to Figure 15A, the range for
chlorophyll values is from 5.24 to 8.13 mg/g EW. Conversely,
Figure 15B shows that the range of values for chlorophyll b values is
from 2.15 to 6.05 mg/g EW.

According to Figure 16A, total flavonoid levels can range from
143.92 to 183.76 (mg\100 g). The maximum value is 170.33 to 183.76
(mg\100 g), while the lowest value is 143.92 to 153.45 (mg\100 g).

Frontiers in Sustainable Food Systems

Figure 16B shows the total phenol percentage, which ranges from
202.44 to 295.53 (mgGAE.gl D.W).

According to Figure 17A, the T.S.S. value in the interpolation map
ranges from 1.90 to 4.06 (mg/g D.w.). The range of results for protein
is 8.43 to 10.99 (mg/g), as shown in Figure 17B. The NDVI values,
ranging from 0.37 to 0.75, are illustrated in Figure 19A. Figure 198
displays yield values from 17.31 to 86.49 (ton/m?). Areas with higher
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FIGURE 7
Pearson’s correlation matrix of green onion canopy parameters.

&

NDVI values consistently correlate with higher green onion yields,
highlighting NDVTs role as an effective indicator of plant health and
productivity. The highest yield value falls between 66.95 and 86.49
ton/m?, while the lowest is between 17.31 and 40.91 ton/m?.

3.2.3 Site-specific management zones map

Management zones included two categories: soil resources and
plant growth and biochemical measurements. Soil resources include
pH, electrical conductivity (EC), organic matter (O.M. %), available
nitrogen (N), available phosphate (P), available potassium (K),
calcium (Ca), and magnesium (Mg). Plant growth and biochemical
measurements comprise plant height (cm), bulb diameter (cm), N%,
P%, K%, Mg%, protein (mg/g), total phenols, total flavonoid content
(mg/100 g), T.S.S. (mg/g Dw), chlorophyll A, B (mg/g EW.), NDVI,
and yield (ton/m?). Based on the results from soil resource overlay
maps, vegetative growth, biochemical measurements, and the current
land suitability for green onions, three site-specific management zones
(SSMZ) were identified (Figure 17).

3.2.3.1 Zone (l)

This zone is characterized by loamy sand and covers 1.97
hectares. It is ideal for producing green onions with high-quality

Frontiers in Sustainable Food Systems

characteristics. It has an electrical conductivity of 1.71 dS/m, a pH
of 7.93, organic matter at 0.49%, nitrogen at 21.31 ppm,
phosphorus at 8.27 ppm, potassium at 203.58 ppm, calcium at
3.35 meq/100 g, and magnesium at 3.31 meq/100 g, as shown in
Figure 19A. Green onion plants in Zone (I) have a height of
46.29 cm, a bulb diameter of 1.32 cm, nitrogen content of 3.66%,
phosphorus at 0.36%, potassium at 3.51%, magnesium at 0.34%,
and a yield of 53.93 to 152.14 tons per hectare, as shown in
Figure 19B.

3.2.3.2 Zone (I1)

This zone covers approximately 1.35 ha. The contents of this zone
include an electrical conductivity (EC) of 1.64 ds/m, a pH of 7.93,
organic matter at 0.51%, nitrogen at 22.34 ppm, phosphorus at
8.27 ppm, potassium at 207.55 ppm, calcium at 3.81 (megq/l), and
magnesium at 3.65 (meq/l). Among the vegetative characteristics of
green onion plants in Zone (II) are a plant height of 43 cm, a bulb
diameter of 1.32 cm, nitrogen at 3.66%, phosphorus at 0.38%,
potassium at 3.51%, magnesium, chlorophyll a at 7.22 (mg/g EW),
chlorophyll b at 4.01 (mg/gEW.), total flavonoids at 161.73
(mg/100 g), T.S.S at 2.97 (mg/g Dw), protein at 9.68 (mg/g), and a
yield of 86.57 tons/ha.
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FIGURE 13
Spatial distribution of green onion measurements: (a) nitrogen (b)-phosphorus.
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FIGURE 15
Spatial distribution of green onion measurements: (a) chlorophyll a and (b) chlorophyll b levels.
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FIGURE 19
Map of site-specific management zones based on (a) soil and (b) plant properties.
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Map of the management zone based on measurements of soil

properties and canopy parameters.

3.2.3.3 Zone (llI)

This zone covers approximately 2.79 ha. The EC of this zone is
1.64 ds/m, with a pH of 7.93. Organic matter is 0.48%, nitrogen is
21.31 ppm, phosphorus is 8.27 ppm, potassium is 212.15 ppm,
calcium is 3.81 meq/L, and magnesium is 3.65 meq/L.

Among the vegetative characteristics of green onion plants in
Zone (III) are a plant height of 39.85 cm, a bulb diameter of 0.8 cm,
nitrogen content of 3.30%, phosphorus content of 0.35%, potassium
content of 3.51%, magnesium content of 0, chlorophyll at 5.24, total
flavonoids at 170.32 (mg/100 g), total soluble solids (T.S.S) at 2.97
(mg/g Dw), protein content of 9.68 (mg/g), and a yield of 146.89 tons/
ha (Figure 20; Table 2).

4 Discussion

To enhance the nutrient status, growth, and quality of green
onion plants grown under a pivot irrigation system, this study
investigated the effects of various magnesium sources on the plants.
Foliar spraying of magnesium is one method for correcting
magnesium deficiencies in crops. This application of foliar can be an
optimal approach for increasing crop output and achieving a rapid
response (Fageria et al., 2009). The foliar application of magnesium
directly to plants has been shown to increase their leaf magnesium
content, photosynthesis rate, and biomass accumulation (Jezek et al.,
2015). It has been shown that using foliar applications of magnesium
oxide nanoparticles (nMgO) on green onions enhances yield (Hassan
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etal,, 2023). Magnesium plays a key role in chlorophyll synthesis and
photosynthesis, directly influencing plant growth and yield. In this
study, areas receiving Mg supplementation showed significant
improvements in yield and bulb diameter, aligning with previous
findings (Filintas et al., 2023). When applied as a foliar spray,
MgONPs provide plants with a readily absorbable form of
magnesium. The enhanced availability of magnesium improves
photosynthesis efficiency, leading to increased biomass production
and yield (Cai et al., 2018). Magnesium also plays a key role in
activating enzymes involved in metabolic processes across different
plants. It is an essential cofactor for enzymes responsible for glucose
metabolism, protein synthesis, and energy transfer. Delivering MgO
nanoparticles through foliar spraying enhances nutrient uptake and
stimulates the production of these enzymes, ultimately boosting plant
development and yield (Wang et al., 2020). The spatial variability of
soil and plant characteristics is a key factor in devising effective
agricultural management strategies to maximize crop production and
minimize losses (Morgan et al., 2017).

This section addresses the interpolation method for several
specific soil chemical properties and biochemical properties of plants.
These properties include EC, pH, organic matter (O.M.%), nitrogen
(N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg),
plant height, bulb diameter, N%, P%, K%, Mg%, protein, total
flavonoid content, total phenol, T.S.S., chlorophyll a, b, NDVI, and
yield. The technique being evaluated is Inverse Distance Weighted
(IDW), a relatively new method that is widely utilized for interpolating
soil and plant parameters. IDW is, however, an easier approach to
employ (Morgan et al., 2017).

Descriptive analyses were conducted after the collection and
investigation of soil samples from the field (Srivastava et al., 2008). The
pH of the alkaline soil ranged from 7.80 to 7.97, with a low coefficient
of variation (CV = 2.38%). The mean content of OM was 0.49%. The
study found that soil N, P, and K content were acceptable for green
onion growth, with mean values of 21.21 ppm, 7.95 ppm, and
206.15 ppm, respectively. The highest coefficients of variation were
observed in soil magnesium (14.05%). According to previous research,
magnesium has larger coefficients of variation than many other soil
nutrients (Ishfaq et al., 2022; Liu et al,, 2021; Wang et al., 2020). The
mean levels of N, P, K, and Mg in the soil were 21.21 ppm, 7.95 ppm,
206.15 ppm, and 3.41 meq/L, respectively, and were favorable for the
growth of green onion plants. Plant height and bulb diameter were the
two most important field measurements analyzed for the
characteristics of green onion plants, including export quality
standards (Nourbakhsh and Cramer, 2022). The harvest stage showed
intermediate spatial variability, with a mean NDVI value of 0.56, while
green onion yield varied significantly across regions. The study found
strong positive associations between soil variables, canopy parameters,
and green onion production, indicating that organic matter, bulb
diameter, phosphorus, magnesium, and NDVI are the primary
limiting factors. The efficiency of determining management zones can
be improved by utilizing NDVI data from satellite images (Damian
et al., 2020).

The study identified three management zones (AEZ) for green
onions based on soil resources (Zeraatpisheh et al., 2022), plant
growth, biochemical measurements (Chang et al., 2014), and land
suitability, using overlay maps and modeling applications. To
enhance fertilizer management, boost crop productivity, and tailor
magnesium treatments to specific zone conditions, it was essential to
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delineate management zones (MZs). Soil characteristics, plant
growth metrics, and NDVI data were utilized to establish various
management zones (MZs). In Zone I, which is characterized by high
levels of organic matter and magnesium, minimal magnesium inputs
were necessary to maintain high output when plant development
variables such as NDVI and bulb diameter were favorable. Zone II
presented more moderate circumstances, requiring additional
magnesium to improve nutrient availability and increase output.
Zone III exhibited low levels of organic matter and magnesium,
necessitating more magnesium treatments to close the gaps and
enhance plant growth. Foliar magnesium, particularly in the form of
nMgO, was applied to address the specific needs of each zone
(Filintas et al., 2023). We evaluated crop growth and quality in each
area to assess the effectiveness of these methods. Zone I produced the
best yield with smaller amounts of Mg, while Zone III showed
significant improvements in growth and quality when provided with
higher amounts. The results show that MZs are important for
determining appropriate nutrients and highlighting the benefits of
managing resources based on specific site requirements to improve
crop growth (Yuan et al, 2022). Zone I is highly suitable for
producing green onion plants with superior qualities (Jalhoum et al.,
2022). The treatment with magnesium oxide nanoparticles (nMgO)
represents a significant aspect of Zone L.

5 Conclusion

This investigation employed geostatistical tools to quantify the
spatial variations of specific management zones concerning soil and
plant qualities. The data were aggregated into three management
zones using principal component analysis and the Inverse Distance
Weighting (IDW) interpolation method. The management zone for
soil properties included electrical conductivity, pH, organic matter,
nitrogen, phosphorus, potassium, calcium, and magnesium.
Meanwhile, the management zone for plant properties considered
plant height, bulb diameter, N-P-K, magnesium, chlorophyll a and
b, total flavonoids, total phenols, total soluble solids, protein,
NDVI, and yield. The results revealed three distinct site-specific
management zones (SSMZs): zone I, zone II, and zone III, with
areas of 1.97 ha, 1.35 ha, and 2.79 ha, respectively. The effect of
(nMgO) in
management zones contributed to a significant green onion yield
of 152.14 tons/ha. Zone I exhibited the highest productivity,
significantly influenced by foliar applications of magnesium oxide

magnesium oxide nanoparticles site-specific

nanoparticles (nMgO). Therefore, to enhance green onion yields,
careful management of magnesium oxide nanoparticles (nMgO) is
essential in these areas. NDVI data derived from satellite Sentinel-2
images effectively defined management zones and assessed plant
health conditions. Results indicated that Zone I had the highest
NDVI value under the influence of nMgO. The application of
magnesium oxide nanoparticles demonstrated considerable
improvement in the nutritional status, growth, and quality of green
onions (Allium cepa L.), as evidenced by the indicators of soil and
plant qualities analyzed in this case study. These findings illustrate
the potential of geospatial tools in precision agriculture, providing
scalable solutions for enhancing productivity and sustainability in
resource-limited farming systems.
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