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The effects of chemical fertilizers on crop growth and grain yield are relatively
well-known, but little is known about their synergistic effects with foliar nutrition.
The factorial experiment was conducted using a strip-plot design. The main
plots consisted of three chemical fertilization treatments at the following rates:
N150P105K7s5, N1goP12sKao, and NaioPissKios. The sub-plots included four combinations
of foliar feeding with carbamide [CO(NH,),], applied at doses of 4.0, 8.0, and
12.0 kg ha™! at the tillering, booting, and heading stages of winter wheat (WW),
respectively. The results indicated that the WW grain production was increased by
21.2% with foliar nutrition applied at a 4:8:12 kg/ha regime under the NigoP1,5Kq0
chemical fertilization norm compared to the control, exhibiting the highest yield
among tested variables. The total grain yield of WW increased with an increase in
chemical fertilization norms, providing a significant increase in the fodder yield
parameters. Increasing chemical fertilization increased the grain quality indices,
but the highest indicators were observed under the moderate (N;goP1,5Kq0) chemical
fertilization norm applied with the foliar nutrition (4.8:12 kg/ha regime). Overall,
this innovative farming technique has the potential to limit land degradation and
create sustainable farming systems while improving biodiversity conservation
and ecosystem services that require less chemical fertilization.
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Introduction

Food production for the world’s growing population necessitates
the development of innovative agronomic techniques at the lowest
possible cost. Nevertheless, agriculture faces potentially harmful risks
associated with land degradation and climate change, especially in
arid regions. In this circumstance, innovative and climate-resilient
farming strategies must be quickly adopted to combat environmental
challenges to effectively address food security concerns (Behnassi
etal,, 2022). Land degradation due to erosion, pollution, deforestation,
and salinization is caused by anthropogenic and climatic factors in
arid areas, whereas it is a direct threat to decreasing crop production
(Nurbekov et al., 2023). Crop productivity and quality vary greatly
based on agroecological factors, i.e., crop rotation and cultivar
selection, crop production practices, sustainable land management
and irrigation, soil health, nutrient use efficiency, digitalization
elements, soil carbon budget, and other factors (Khaitov et al,
2024a,b).

Winter wheat (Triticum aestivum) is one of the most widely
consumed crops, occupying 1.2 million hectares of irrigated and
300,000 hectares of rainfed areas in Uzbekistan (FAO (FAOSTAT),
2024). Wheat demands
micronutrients during the entire vegetation period, requiring

well-balanced macro-nutrients and

significant production inputs. Having a high productive potential,
wheat productivity mainly depends on nutrient accumulation. The
grain yield of WW in Uzbekistan was only 2.7 Mgha™ in 2000,
whereas this figure reached 5.0 Mg ha™' in 2022 (FAO (FAOSTAT),
2024). This achievement was due to the implementation of improved
land and
inconsistencies in this harsh environment.

innovative farming technologies, despite many

In fact, wheat production requires large amounts of chemical
fertilizers; however, the efficiency of these applied fertilizers remains
low, negatively impacting the ecosystem’s functionality. If the plant
experiences nutritional deficiencies at early growth stages, it may lead
to low survival, weak vegetative growth, and poor productivity under
harsh environments (Rout and Sahoo, 2015). On the other hand,
excessive nutrition usually brings vegetative growth, disease and pest
problems, low grain yield, and poor seed quality, negatively impacting
soil health, ecological balance, and food security (Arifur Rahman
etal,, 2024). The greatest challenge in crop production is low nutrient
use efficiency, ranging from 25 to 40% for nitrogen (N) and 12 to 17%
for phosphorus (P; Kaur et al., 2024; Khaitov et al., 2019). Almost 30%
of inorganic chemicals remain unused in the soil, which can strongly
influence soil contamination, releasing protons via the nitrification
process and P-fixing with acidic cations, primarily Al and Fe
(Amoakwah et al., 2024).

Considering the global energy crisis and the usage of
non-renewable resources to produce inorganic fertilizers, there is a
growing interest worldwide in developing more efficient plant
nutrition methods. In these circumstances, progress in crop
production can be achieved by modern
digital
biotechnological and precision agricultural techniques that deliver

resource- saving

agrotechnologies,  climate-smart innovations, and
both nutrient use efficiency and high crop yield (De Rosa et al., 2021).
Integrated nutrient management strategies are becoming a prerequisite
in agriculture; therefore, revising national fertilizer programs is one of
the most important conventions to improve soil health, ecosystem

functions, and services (Paul et al., 2024),
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Recent advances in precision agro-biotechnology have led to
the development of foliar feeding techniques, which play a
significant role in improving soil-plant resilience and nutrient use
efficiency. In addition to these benefits, foliar feeding aids in
restoring natural nutrient cycles, enhances plant stress tolerance,
and increases crop yield while requiring less chemical fertilizer and
pesticide use (Ishfaq et al., 2022). Several studies have reported that
foliar fertilization is a beneficial substance that is often used as a
means of producing plant hormones or stimulants (Patil and
Chetan, 2018). This technique is an innovative approach to
precision fertilizer management strategies that can be 8 to 20 times
more effective than ground application (Igbal et al., 2019); however,
in field conditions, it is not always achievable (Khaitov et al.,
2024a,b). In some areas, foliar feeding is used to manage
micronutrient deficiencies and improve nutritive values on cash
crops, mostly in greenhouses.

The serious issues associated with imbalanced chemical
fertilization and subsequent land degradation require immediate
action. However, the optimal and efficient utilization of inorganic
fertilizers often overlooks the details of output forms in terms of
balanced mineral nutrition. To date, there has been limited scientific
research on the application of foliar feeding in conjunction with
chemical fertilizers to improve wheat productivity in arid open-
field environments.

Therefore, the current study was designed to (i) evaluate the
impact of variable rates of foliar and soil nutrition on WW productivity
and soil fertility and (ii) identify the best interaction point for the
efficient use of these practices for WW production in arid
irrigated lands.

Materials and methods
Study site

Field experiments were carried out at a farmer’s field in the Jondor
district of the Bukhara region (with geographical coordinates 43.59°
N, 64.10° E) for 3 consecutive years (2020, 2021, and 2022). The
research region receives an average of 310 + 60 mm of rainfall
annually, with the most precipitation occurring in the late winter or
early spring. This region experiences a sunny and dry environment
with 210 days without frost. July has the highest temperature of 37°C,
while January records the lowest temperature of 0°C. In line with the
long-term average, the study site during the experiment years, i.e.,
2020 and 2021, experienced 327.2 and 229.8 mm of precipitation,
respectively (Figure 1). In contrast to the previous year, the 2022
rowing season was warmer and drier. During the experiment years,
the air temperature was almost constant to produce WW. The relative
moisture content is almost 70%, and the evapotranspiration is
1886.25 mm on average per year.

Typical sierosem soils in this region were not saline (2-4 dS m™")
and contained low levels of humus and nitrogen (N). The total
amounts of phosphorus (P) and potassium (K) were 0.17 and 2.0%,
respectively. In the 0-30 cm soil profile, the humus content was 1.29%,
total N was 0.09, and total P was 0.14. Soil bulk density was 1.50 g/cm’
at the 0-30 cm soil profile. At the 30-50 cm soil depth, N-NO; was
11.0-12.1 mg/kg, P,Os was 14.5-16.8 mg/kg, and K,O was
210-220 mg/kg.
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FIGURE 1

Air temperature (in curves) and precipitation data (in columns) were recorded in the study area, Tashkent region (2019-2022 years long-term data).

Jul Aug Sep Oct Nov Dec

Experiment design

The experiment was conducted using a split-plot design with three
replications in one block. The area of each plot was 240 m?’
(50 m x 4.8 m), while the data-collecting area was 120 m*

The main factor in the experiment was three chemical fertilization
treatments at the following rates: NsoPosKss, NigoP2sKep, and
NP 145K 0s. The sub-plots included different combinations of foliar
feeding with carbamide [CO(NH,),] at the tillering, booting, and
heading stages of WW, with doses of 4.0, 8.0, and 12.0 kg ha™!,
respectively.

Three inorganic sources of N, P, and K were applied in the form
of ammonium nitrate (34%), superphosphate (17%), and muriate of
potash (52%). For this trial field, the applied doses of chemical
fertilizers N, P (P,Os), and K (K,O) were divided into three sections.
Ten days before planting, a basal dose comprising 100 kg ha™' N (in
the form of urea), 80 kg ha™" P, and 60 kg ha™' K was administered to
a 15-20 cm deep soil layer. The two remaining portions were divided
into equal parts and used as a band placement throughout the first and
second irrigation cycles in spring at the booting and heading stages.

WW (cv. Grom) was planted at a rate of 200 kgha™ at the
beginning of October. Furrow irrigation was applied three times at a
norm of 700-800 m* per hectare identically to all plots. Based on
regional agronomic practices, all other agronomic activities, including
plant protection, weeding, and other measures, were carried out
uniformly in each plot.

Soil and plant chemical analysis

During the trial, soil samples were taken monthly from each
replicated plot at a depth of 0 to 30 cm in sealable plastic bags.
Following a two-week period of air drying at ambient temperature, the
soil samples were pulverized and sieved using a 2-mm mesh screen
before chemical analysis. Using a 1:5 ratio of soil to distilled water, the
pH and EC characteristics of the soil were determined using an EC
meter. The Tyurin method was used to determine organic materials,
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and the Lancaster method (NIAST, 2000) was used to assess available
phosphate. The chemical composition of soil samples was examined
using the accepted techniques established by Ryan et al. (2001). The
standard core method was used to determine soil bulk density.

Plant samples that had been dried were pulverized and sieved
using a 2-mm mesh to determine their chemical composition. One
milliliter of concentrated sulfuric acid and 10 mL of 50% perchloric
acid were poured into a tube containing 0.5 g of samples. The samples
were then heated on a hot plate to decompose. Kjeldahl distillation,
the vanadate method, and an inductively coupled plasma
spectrophotometer were used to analyze total nitrogen, P,0, and K,O,
respectively.

The grain of WW was analyzed in a 1 m* area in each plot after
harvesting the whole plots. The obtained values were recalculated after
reaching the standard moisture (14%), and the 1,000-seed weight was
determined. An Infratec™ Grain Analyzer 1,241 was used to ascertain
grain protein and gluten content (%).

Statistical analysis

Using the CropStat 2.7. Statistical software program (2015), the
collected data on grain and fodder yield, nutrient uptake, and grain
quality parameters were subjected to a two-way analysis of the
variance process (foliar feeding and chemical fertilization). The fixed
predictor variables were the rates of chemical fertilizers. Unless
otherwise specified, the main and interaction effects of predictor
factors on dependent variables were considered significant at p < 0.05.

Results and discussion
Grain yield
WW grain and fodder yield values significantly (p < 0.05) varied

among soil NPK application, foliar treatment, and years, as well as
their two- and three-way interactions reaching a significant level
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(Table 1). The effect of soil NPK application, foliar treatment, and their
interactions was significant (p < 0.05) for grain quality indicators, such
as 1,000-grain weight, protein content, and gluten content. However,
the year effect and its interactions were not significant.

Chemical fertilization in combination with foliar nutrition
significantly enhanced the grain yield of WW with a statistically
significant difference (Table 2). The main effect (chemical fertilization
norms) was significant, exhibiting the effectiveness of chemical
fertilization on the grain yield of WW. An increase in chemical
fertilization norms consistently enhanced WW grain yield, whereas
the highest grain production of WW was found at the moderate
(N50P1,5Ks) chemical fertilization norm in tandem with the 4:8:12 kg/
ha foliar nutrition regime. In this treatment, the average grain yield
was 26.7% higher compared to the same (NgP;,5Kg) chemical
fertilization treatment without any foliar feedings. Regardless of the
foliar nutrition regimes, the lower chemical fertilization norm
(N,50P105K75) generated lower WW grain production compared to
other treatments.

WW grain yield significantly increased with the treated foliar
feeding norms. The greatest effect was observed at the 4:8:12 kg/ha
foliar nutrition regime, exhibiting 14.9, 26.7, and 22.4%, respectively,
under N,;0P;45K 05, NigoP125Kog, and NysoP0sKy5 chemical fertilization
norms compared to the respective control groups.

In the majority of cases, the application doses of the foliar feeding
significantly affected WW grain yield. These results emphasized that
foliar feeding used at the correct rate and time can enhance the
efficiency of applied chemical fertilizers for WW production.

Similarly, the synergistic impact of chemical fertilization and
foliar feeding had a significantly higher straw yield of WW (Table 3).
The highest straw yield was observed when N4P;,:Ky, chemical
fertilizers were used in combination with the 4:8:12 kg/ha foliar
nutrition regime, producing a 7.30 Mg ha™' straw yield. This hit was
followed by 7.25 and 7.21 Mgha™' straw yield generated under
N,,0P145K 05 fertilization x 0: 8: 12 kg/ha and NgP;,5Kg, x 0.0: 8.0:
12.0 kg/ha foliar nutrition treatments, respectively.

Both grain and straw yields of WW decreased because of the
application of the higher chemical fertilization norm (N,oP,45K,¢5) in
combination with the 4:8:12 kg/ha foliar nutrition regime, showing a
toxic effect at high concentrations. When nutrients were sufficient,
foliar feeding significantly increased crop yield in comparison to the
control, indicating a positive link between N input and grain
production. However, increased N applications in unfavorable

10.3389/fsufs.2024.1508913

circumstances may contribute to higher N loss in degraded soils
because of denitrification (Afzal et al, 2015; Khaitov and
Abdiev, 2018).

These results suggest that foliar feeding influences nutritional
status and WW grain production by directly influencing vegetative
and generative growth. In addition to chemical fertilization, foliar
feeding, particularly in sufficient norms, has a major impact on WW
growth and production (Biclashov et al., 2022). A sufficient amount of
nutrients significantly increases the grain weight; on the other hand,
an excessive supply of nutrients can have a detrimental effect on plant
development, which stunts the plant’s growth and reduces its yield
production (Fozia et al., 2018; Pandey et al., 2017).

Grain quality

In this study, the role of chemical fertilization in combination with
foliar nutrition was similarly apparent, significantly enhancing WW
grain quality indices (Table 4). Compared to the low chemical
the tested
parameters—1,000-grain weight, protein content, and gluten

treatment (N ,5P,0sK;5) without foliar nutrition,

content—increased by 5.4, 3.9, and 0.4%, respectively, under the
moderate chemical fertilization regime (N4,P;,5K), and by 6.03, 4.6,
and 0.77%, respectively, under the high fertilization regime
(N,10P 145K 05). However, the effect of chemical fertilization on the grain
quality parameters was more pronounced with foliar nutrition.
Despite the increased chemical fertilization, which significantly
improved WW grain quality parameters, the highest values were
found at the moderate (N,4,P;,5Ky,) fertilization combined with the
4:8:12 kg/ha foliar feeding regime, exhibiting significantly higher
concentrations of protein (16.3%), gluten (26.3%), and 1,000-grain
weight (39.8¢g). When comparing the best
(NP 125Kgo + 4:8:12 kg/ha foliar feeding) against the lowest one
(N50P105K55 without foliar feeding), the grain quality parameters were

treatment

14.4, 5.9, and 3.1% higher for 1,000-grain weight, protein, and gluten,
respectively.

The chemical fertilization x foliar feeding positively impacted
nutrient concentration in the grain. The N, P, and K concentrations
were significantly affected by chemical fertilization doses x foliar
feeding regimes. The nutrient contents of WW grain increased with
increasing chemical fertilization norms. Increased synthesis and
availability of proteins and photosynthates, such as gluten, in the grain

TABLE 1 Analysis of variance (F-values and significant levels) for grain yield, fodder yield, 1,000-grain weight, protein, and gluten contents of WW
cultivated on NPK soil and foliar nutrition regimes.

Source of Grain yield, Fodder yield, 1,000-grain weight, Protein (%) Gluten (%)
variation Mg ha! Mg ha? g

F P F P F P P F P
Soil NPK(S) 2123 <0.05 1454 <0.05 12.2 <0.05 6.7 <0.05 7.6 <0.05
Foliar (F) 161.5 <0.05 1336 <0.05 10.7 <0.05 54 <0.05 5.6 <0.05
SxF 19.7 <0.05 413 <0.05 85 <0.05 4.7 <0.05 35 <0.05
Year (Y) 46.4 <0.05 289 <0.05 15 NS 13 NS 1.5 NS
SxY 345 <0.05 26.8 <0.05 1.1 NS 1.0 NS 11 NS
FxY 24.6 <0.05 19.9 <0.05 0.8 NS 0.4 NS 0.9 NS
SxFxY 145 <0.05 15.7 <0.05 0.6 NS 05 NS 05 NS
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TABLE 2 Grain yield of WW (Mg ha™).

10.3389/fsufs.2024.1508913

Main plot Foliar treatment dates and norms, kg/ha Grain yield, Mg ha!
(kg/ha) o . . .
Tillering Booting Heading Experiment years Average
2021 2022
Without foliar treatment 463 g 458¢g 459h 4.60f
N 4.0 8.0 - 5.30f 5.38¢ 5.40e 5.36d
150
Pus 4.0 - 12.0 5.66e 5.46d 531g 5.48d
Ky - 8.0 12.0 5.68¢ 561d 551e 5.60d
4.0 8.0 12.0 5.60e 561d 5.68¢ 5.63d
Without foliar treatment 5.25f 5.12f 5.08f 5.15e
N 4.0 8.0 - 6.00d 5.98¢ 5.81d 5.93¢
180
Pus 4.0 - 12.0 6.51b 591c 5.82d 6.03c
Koo - 8.0 12.0 6.53b 6.12¢ 6.01c 6.23b
4.0 8.0 12.0 6.63a 6.58a 6.48a 6.53a
Without foliar treatment 5.57e 5.51d 5.42e 5.50d
N 4.0 8.0 - 6.33¢ 6.08¢ 5.98¢c 6.14c
210
P 4.0 - 12.0 6.51b 6.18b 6.10c 6.23b
Kios - 8.0 12.0 6.55b 6.23b 6.21b 6.33b
4.0 8.0 12.0 6.38¢ 6.30b 6.28b 6.32b
LCD 0.5 0.08 0.12 0.17 0.18

Means in each column followed by the same letters are not significantly different at p > 0.05.

TABLE 3 Straw yield of WW (Mg ha™).

Main plot Foliar treatment date and norm, kg/ha Fodder yield,
(kg/ha) o . . :
Tillering Booting Heading Experiment years Average
2020 2021
Without foliar treatment 5.80f 5.61e 572g 5.71e
N 4.0 8.0 - 6.67d 6.34d 6.25¢ 6.42d
150
Pus 4.0 - 12.0 6.45d 6.48d 6.51d 6.48¢
Ky - 8.0 12.0 6.83¢ 6.61c 6.51d 6.65¢
4.0 8.0 12.0 6.90c 6.45d 6.39d 6.58¢
Without foliar treatment 6.21e 6.01e 6.08f 6.10d
N 4.0 8.0 - 7.25b 6.81c 6.79¢ 6.95b
180
Pos 4.0 - 12.0 7.37a 6.81c 6.91b 7.03b
) - 8.0 12.0 7.35a 7.10b 7.18a 7.21a
4.0 8.0 12.0 742 7.20a 7.18a 7.30a
Without foliar treatment 6.72¢ 6.45d 6.39d 6.52¢
N 4.0 8.0 - 7.15b 7.08b 7.01b 7.08b
210
Pus 4.0 - 12.0 747a 7.31a 6.99b 7.18a
Kios - 8.0 12.0 7.41a 7.13b 7.21a 7.25a
4.0 8.0 12.0 7.51a 7.48a 7.28a 7.20a
LCD 0.5 0.27 0.32 0.23 0.21

Means in each column followed by the same letters are not significantly different at p > 0.05.

may have resulted from improved uptake of N and P, as well as other
elements. This is the reason that these factors are critical to the yield
and quality of WW grain. However, at the high chemical fertilization
level, especially with foliar feeding, all grain quality parameters have

Frontiers in Sustainable Food Systems

fallen to a certain level, indicating a toxic point for plant life (Iakar
et al., 2020; Khaitov, 2018).

N, P, and K concentrations in WW grains were significantly
increased with an increase in chemical fertilization doses, regardless
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TABLE 4 Grain quality.

10.3389/fsufs.2024.1508913

Main plot Foliar treatment date and norm, kg/ha 1,000-grain Protein, % Gluten, %
(kg/ha) .. . . weight,
9 Tillering Booting Heading gnt. g
‘Without foliar treatment 34.8d 15.2¢ 25.8¢
N 4.0 8.0 - 36.9¢ 15.3d 25.9¢
150
Pus 4.0 - 12.0 37.0c 15.4d 26.1b
K - 8.0 12.0 37.1c 15.6¢ 26.2b
4.0 8.0 12.0 37.0c 15.5¢ 26.1b
‘Without foliar treatment 36.7¢ 15.8b 25.9b
N 4.0 8.0 - 37.0c 15.9b 26.0b
180
P 4.0 - 12.0 38.1b 16.1ab 26.1b
Ky - 8.0 12.0 39.8a 16.2a 26.3a
4.0 8.0 12.0 39.8a 16.3a 26.3a
Without foliar treatment 36.9¢ 15.9b 26.0b
N 4.0 8.0 - 37.6b 15.9b 26.1b
210
Pus 4.0 - 12.0 37.8b 15.9b 26.2a
Kios - 8.0 12.0 38.4b 16.0b 26.2a
4.0 8.0 12.0 38.0b 16.0b 26.2a
LCD 0.5 1.23 0.21 0.14

Means in each column followed by the same letters are not significantly different at p > 0.05.

of foliar feeding (Table 5). Nevertheless, the pronounced effect of this
combination was detected at the higher N,,(P,45K,, fertilization in
tandem with the 4:8:12 kg/ha foliar feeding regime, resulting in the
highest N (2.320 mg/kg), P (0.920 mg/kg), and K (1.540 mg/kg)
concentrations in the WW grains.

Means in each column followed by the same letters are not
significantly different at p > 0.05.

Similarly, relatively higher nutrient uptake by WW was observed
with the higher N;,(P,45Kq, fertilization combined with the 4:8:12 kg/
ha foliar feeding regime. This combination resulted in the uptake of N
(268.3 kg/ha), P (80.8 kg/ha), and K (196.1 kg/ha), followed by the
N,10P 145Ky fertilization combined with the 4:8:12 kg/ha foliar feeding
regime, which resulted in N (265.1 kg/ha), P (80.1 kg/ha), and K
(192.1 kg/ha), respectively.

The higher nutrient uptake under the above-mentioned
treatments was probably related to the intensive growth and
development of crops and greater nutrient availability in the soil. The
lower nutrient uptake was detected at the lowest chemical fertilization
regime (Njs5PsK7s) without foliar nutrition. Nutrient uptake
increased with an increase in chemical fertilization doses and foliar
feeding norms, accordingly. In agreement with previous studies, this
finding elaborated a positive interaction between chemical fertilization
and foliar nutrition on grain quality parameters when the right doses
are applied (Nayak et al., 2024; Kumar et al., 2020). However, the
highest parameters were achieved with moderate chemical
fertilization, while the efficiency of these fertilizers depends mostly on
foliar nutrition.

Nutrient use efficiency

Table 6 shows a synergistic effect of chemical fertilization and
foliar feeding on generating 1 Mg of WW grain. Higher chemical
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fertilization doses decreased the amount of N, P, and K for this
indicator, regardless of the foliar feeding application.

In recent years, several models related to the accumulation,
distribution, and remobilization of nutrients in plants’ aboveground
and belowground parts have been created and used (Raun et al., 2019).

As shown in Table 7, the highest N value (46.3 kg) was shown with
the N,jP14sKjpp treatment without foliar feeding, whereas the
4:8:12 kg/ha foliar application with the same rate of N treatment
decreased N amount by 8.4%. Similarly, the highest P (13.5 kg) and K
(31.4 kg) values were found under the high chemical fertilization
norm (N;P,45K,gp) with the 4:0:12 kg/ha foliar feeding regime.

This pattern was also evident in the overall output of WW,
indicating that the use of chemical fertilizers significantly enhanced
WW yield and that foliar feeding improved its efficacy.

Although the plants’ primary entry point is their roots, the form,
transport, and availability of water; root architecture and distribution;
plant species; and soil compaction all affect how nutrients are
absorbed and accumulated in the grains (Tadayon and Hosseini,
2022). In the case of foliar nutrition, nutrients get access to the leaf
before going via a leaf cell’s cytoplasm, thereby increasing the efficacy
of plant nutrition.

Crop productivity can be improved with early foliar treatments by
encouraging more vigorous growth or optimizing the yield potential
(Afshari et al., 2022). The effects of enhanced nutrient complexation
with the amine group present in the substrate utilized for foliar
nutrition led to improved absorption and accumulation of nutrients
in grains during foliar feeding (Swierczynski et al., 2022). Plants
typically absorb nutrients from the soil through their roots; however,
a number of variables, including soil pH, moisture content, and
compaction, are anticipated to impact how well the roots absorb
nutrients (Bloch et al., 2020).

According to reports, macronutrients (N, P, and K) have an
impact on the growth and development of plants since they are
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TABLE 5 Change of total forms of N, P, and K in WW grains.

10.3389/fsufs.2024.1508913

Main plot Foliar treatment date and norm, kg/ha Nitrogen, mg/ = Phosphorus, mg/  Potassium, mg/
(kg/ha) o . . k k k
9 Tillering Booting Heading 9 9 9
Without foliar treatment 2.090e 0.100d 1.380¢
N 4.0 8.0 - 2.100e 0.720c 1.390c
150
Pus 4.0 - 12.0 2.110e 0.780b 1.400¢
Kss - 8.0 12.0 2.115¢ 0.800b 1.415b
4.0 8.0 12.0 2.095¢ 0.790b 1.410b
Without foliar treatment 2.250c 0.780b 1.410b
N 4.0 8.0 - 2.300b 0.790b 1.420b
180
P 4.0 - 12.0 2.340a 0.800b 1.430b
Ky - 8.0 12.0 2.345a 0.810b 1.450b
4.0 8.0 12.0 2.350a 0.820b 1.440b
Without foliar treatment 2.200d 0.810b 1.510a
N 4.0 8.0 - 2.280¢ 0.820b 1.520a
210
Pus 4.0 - 12.0 2.300b 0.900a 1.530a
Kios - 8.0 12.0 2.310b 0.930a 1.540a
4.0 8.0 12.0 2.320b 0.920a 1.540a
LCD 0.5 0.028 0.075 0.88

TABLE 6 Uptake of N, P, and K from 1 ha WW field.

Main plot Foliar treatment date and norm, kg/ha Nitrogen kg/ Phosphorus kg/ Potassium kg/
(kg/ha) T . . ha ha ha
J Tillering Booting Heading
Without foliar treatment 168.3e 39.8¢ 105.9d
N 4.0 8.0 - 195.7d 48.6d 110.4d
150
Pios 4.0 - 12.0 195.8d 48.3d 118.2¢
Kos - 8.0 12.0 198.5d 50.1d 119.1c
4.0 8.0 12.0 209.1d 52.2¢ 122.3¢
Without foliar treatment 228.1¢c 59.2¢ 166.1b
N 4.0 8.0 - 240.1c 66.1b 168.2b
180
Piss 4.0 - 12.0 240.2¢ 67.1b 170.8b
Ko - 8.0 12.0 246.4b 68.1b 167.1b
4.0 8.0 12.0 250.4b 70.2b 175.2b
Without foliar treatment 251.3b 73.1b 168.0b
N 4.0 8.0 - 260.4a 81.3a 188.2a
210
Puss 4.0 - 12.0 263.9a 79.1a 190.4a
Kus - 8.0 12.0 265.1a 80.1a 192.1a
4.0 8.0 12.0 268.3a 80.8a 196.1a
LCD 0.5 124 8.76 14.6

Means in each column followed by the same letters are not significantly different at p > 0.05.

engaged in several metabolic processes, such as photosynthesis and
respiration (Cho et al., 2023). The enhanced uptake of nutrients
from the soil by roots is indirectly related to these activities.

The applied treatments had no significant effect on soil quality
parameters (humus, N, P, and K concentrations), regardless of the
applied combinations in both 0-30 and 30-50 cm soil profiles (Table 8).
The provision of additional macroelements to plants via foliar feeding,
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up to an upper limit, may have facilitated a decrease in nutrient uptake
from the soil (Brar et al., 2015; Nikiforov et al., 2019). It was anticipated
that increasing nutrient uptake through foliar seeding would reduce
the amount of chemical fertilizers used in irrigated WW production
(Patel et al., 2022; Jahangir et al, 2024). In arid agroecosystems,
reducing the doses of applied inorganic fertilizers in this experiment is
an essential step to developing sustainable soil management systems.
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TABLE 7 N, P, and K amount to generate 1 ton of grain yield.

10.3389/fsufs.2024.1508913

Main plot Foliar treatment date and norm, kg/ha Nitrogen kg/ Phosphorus kg/ Potassium kg/
(kg/ha) o . . ha ha ha
9 Tillering Booting Heading
Without foliar treatment 36.6¢ 8.6d 23.0d
N 4.0 8.0 - 36.2¢ 9.0d 21.9d
150
Puos 4.0 - 12.0 36.8¢ 9.0d 22.2d
Krs - 8.0 12.0 35.3¢ 9.0d 24.6d
4.0 8.0 12.0 35.5¢ 9.1d 24.8d
Without foliar treatment 43.7b 11.3¢c 27.8¢
N 4.0 8.0 - 41.3b 11.3¢ 28.9b
180
Pus 4.0 - 12.0 41.2b 11.5¢ 29.3b
) - 8.0 12.0 40.9b 11.3¢ 27.8b
4.0 8.0 12.0 41.1b 11.5¢ 28.8b
Without foliar treatment 46.3a 13.4a 30.9a
N 4.0 8.0 - 44.1a 13.5a 31.4a
210
Pus 4.0 - 12.0 43.2b 12.9b 31.2a
Kios - 8.0 12.0 42.6b 12.8b 30.9a
4.0 8.0 12.0 42.7b 12.8b 31.2a
LCD 0.5 1.67 1.34 2.45

Means in each column followed by the same letters are not significantly different at p > 0.05.

TABLE 8 Soil chemical characteristics at the end of the experiment.

Main Foliar treatment date and norm, Humus % Nitrogen % Phosphorus % Potassium %
plot kg/ha
(kg/ T . .
ha) Tillering Booting Heading 0-30 30— 0-30 30— 0-30 30-50 0-30 30—
50 50 50
Without foliar treatment 1.107 0.983 0.100 0.090 0.127 0.121 1.754 1.624
Ny 4.0 8.0 - 1.107 0.982 0.101 0.090 0.118 0.120 1.758 1.630
Pios 40 - 12.0 1.106 0.982 0.100 0.091 0.127 0.120 1.759 1.629
Kss - 8.0 12.0 1.107 0.982 0.100 0.091 0.127 0.120 1.758 1.629
4.0 8.0 12.0 1.108 0.982 0.099 0.090 0.128 0.120 1.759 1.630
Without foliar treatment 1.106 0.982 0.100 0.090 0.128 0.121 1.758 1.629
Nuw 4.0 8.0 - 1.106 0.982 0.100 0.089 0.128 0.121 1.758 1.629
Py 4.0 - 12.0 1.107 0.982 0.099 0.089 0.129 0.121 1.758 1.628
Ko - 8.0 12.0 1.107 0.982 0.099 0.090 0.130 0.122 1.759 1.628
4.0 8.0 12.0 1.106 0.982 0.100 0.089 0.130 0.121 1.759 1.629
Without foliar treatment 1.105 0.981 0.098 0.089 0.129 0.122 1.758 1.629
Nuwo 4.0 8.0 - 1.105 0.980 0.098 0.089 0.129 0.122 1.758 1.628
P 4.0 - 12.0 1.106 0.980 0.098 0.088 0.130 0.123 1.759 1.628
Kios - 8.0 12.0 1.106 0.981 0.099 0.088 0.130 0.123 1.758 1.628
40 8.0 12.0 1.106 0.982 0.098 0.089 0.130 0.122 1.758 1.628
LCD 0.5 NS NS NS NS NS NS NS NS

In addition to enhancing nutritional balance and lowering the
need for chemical fertilizers, foliar feeding as supplemental nutrition
can minimize land degradation, conserve biodiversity, increase crop
yield, and contribute to global food security.

The foliar nutrition strategy synergistically enhanced nutrient
availability to sustain profitable WW production under continental
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climatic conditions, as indicated by a considerably higher NUE
attained at the NgP,,5Ky) x 4:8:12 kg/ha foliar application. It further
increase to N,,oP 45K;os kg/ha did not provide a beneficial effect in
WW vegetative and generative parameters.

Figure 2 shows a positive correlation between increased WW yield
and increased chemical fertilization doses; nevertheless, foliar
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Correlation between chemical fertilization doses and foliar nutrition modes averaged over the study years.

nutrition exerted additive effects when applied on the right date and
doses (4:8:12 kg/ha). The difference in Pearson’s coefficient between
the treatment of chemical fertilization (N,gP;,5Ksy) coupled with foliar
feeding (4:8:12 kg/ha) was higher (R2 = 0.8844) than the difference in
the treatment of chemical fertilization (N,,P;45K,5) associated with
foliar nutrition (R2 = 0.6981). There was also a positive correlation at
the lower chemical fertilization doses (N,5,P,0sK;5) correlated with
foliar feeding with a Pearson’s coeflicient value of R2 = 0.7356.

This study clearly demonstrates that higher rates of chemical
fertilizers are not always profitable. In contrast, the judicious use of
fertilizers combined with foliar feeding can enhance both high yield and
nutrient use efficiency. This finding is consistent with the study by Singh
etal. (2021), who emphasized this approach as a key pathway for scaling
up nutrient management options, including foliar nutrition, which
should be widely adopted for crop production, especially in degraded
soils (Lovreskov et al, 2022; Shareef et al, 2021). Avoiding and
minimizing soil degradation and repairing degraded land through these
non-conventional soil stabilization techniques are crucial in the fight
against desertification (Kaur et al, 2020; Raun et al,, 2019). While
integrating multiple tools, this strategy minimizes nitrogen loss, improves
nitrogen usage efficiency, maximizes crop output, and limits negative
anthropogenic impacts on the environment (Khaitov et al., 2024a,b).

Judicious use of chemical fertilizers in conjunction with foliar
nutrition should be studied further to produce the notable yield-
boosting effects of WW as seen in this study. However, future studies
should focus on the optimal rate of necessary microelements and
nanonutrition while taking into account the financial and
environmental advantages of growing WW in arid regions.

Conclusion

This study revealed that the synergistic effect of chemical
fertilization and foliar nutrition doses was more pronounced at the
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NP 155Kgo X 4:8:12 kg/ha interactions, reaching the highest WW
grain yield (7.3 Mg ha™') among other variables. Similarly, the effect
of foliar feeding exerted additive effects with the 4:8:12 kg/ha regime
on protein, gluten, and 1,000-grain weight of WW in combination
with the moderate (N4P;,5Kq) chemical fertilization norm. In
addition, N, P, and K concentrations in WW grain were affected by the
NgoP125Kgo X 4:0:12 kg/ha treatment interactions.

Taken together, foliar nutrition is an essential technique for
enhancing the efficiency of applied chemical fertilizers in WW
production. As this study showed, it is important to use the
optimum rate of fertilization and innovative application techniques
to improve plant growth, boost WW productivity, and mitigate
climate-related risks while rehabilitating agroecosystem services in
arid lands.
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