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Abstract: Nitrogen (N) and sulfur (S) are essential nutrient elements, and their deficiency affects crop
growth, productivity, and nutrient uptake due to their multifaceted role in plant metabolism, which
has been well documented. Therefore, agricultural management strategies that can overcome these
deficiencies are the need of the hour. In this context, a study was undertaken with the objective to
assess the impacts of N and S applications, either basally or through split application (12.5, 25 and
50 kg ha~1), on the nutrient uptake, productivity, use efficiency, and micronutrient content status in
soybean seeds, and also the change in soil nutrient zinc (Zn) and iron (Fe) content at different critical
stages of soybean crop growth. The field trial was conducted utilizing a randomized complete-block
design, and comprised fourteen treatments with varying N and S quantities. N and S were applied
through basal and split applications in different combinations. The salient findings indicated that the
highest seed, straw yield, N, and S uptake were obtained with the application of N25+25, 525+25, and
did not significantly vary with N25+25, 512.5+12.5, N50, and N25+5S50. The highest N use efficiency
was recorded with the application of N25+550, and S use efficiency with the application of N25+25,
525+25. The split application of N and S as N25+25, 525+25 significantly increased soil Zn and Fe
content at R, and R5 stages of soybean crop growth, as well as seed Zn and Fe uptake. It can be
concluded that the basal and split application of N and S at the rate of 25 kg ha~! can improve soybean
productivity through increased mobilization and assimilation by plants. The findings indicated that
applying N and S separately, with 25 kg ha~! each basally and at the R; stage resulted in the highest
nutrient uptake, and seed and straw yields. The nutrient use efficiencies, along with Zn and Fe
uptake by seeds, exhibited noticeable improvements with this split application approach compared
to the control. Furthermore, the soil Zn and Fe contents also experienced enhancements due to
the split application of both Nand S fertilizers. These results underscore the potential benefits of
temporally adopting optimized fertilizer application strategies to maximize agricultural productivity
while ensuring efficient nutrient utilization and soil health maintenance. Further research and field
trials could provide deeper insights into the long-term impacts and scalability of this approach across
different crop varieties and environmental conditions.
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1. Introduction

Soybean (Glycine max L.) stands as the primary legume crop globally, contributing
to 56% of total global oilseed production [1]. Essential for food security, soybean serves
as a vital protein source for human and animal consumption, along with being a key oil
supplier for cooking and biofuel [2]. N and S are crucial macronutrients, vital for soybean’s
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development, yield, and protein biosynthesis. A deficiency of S can significantly impact
N metabolism, resulting in a reduced uptake from fertilizers. Both N and S fertilization
has been proven to enhance soybean growth and yield, emphasizing their significance
in the proper development, yield, and protein biosynthesis of soybean [3,4]. Numerous
reports confirm that N fertilizer enhances protein content, while S fertilizer influences
protein composition [5,6]. Soybeans, with their substantial nutrient demand, require
especially high amounts of N due to the protein content in seeds, which averages around
40% based on the dry weight of seeds [7]. This elevated N requirement is crucial for
achieving high seed yields, particularly in legumes, given their significant seed protein
content [7-9]. A global challenge is the widespread deficiency of N in soil, presenting
a major limitation. Meeting crop N requirements is complex, demanding the temporal
synchronization between seasonal indigenous N sources and crop N demand [10]. N
use efficiency is crucial, reflecting the effectiveness of crops in converting available N
into seed yield. Its main components include the relation between N absorption and
N applied (recovery efficiency), and the relation between biomass and N assimilation
(internal efficiency) [11]. The decrease in N use efficiency with increasing N fertilizer rates
is well-documented due to factors like nutrient availability and higher N losses [8,12].
Over a 40-year span, data from various sites revealed a linear increase in biological N
uptake of 0.07 kg per kg increase in soybean seed yield [13]. The availability of sulfate
in soil (as Sexists in soil as adsorbed or in its organically complex form) emerges as
a limiting factor for plant growth since cysteine, a crucial product of Smetabolism, is
essential for protein synthesis [6,14]. S-containing amino acids, crucial for human health,
highlight the significance of S in nutrition [15]. S fertilization enhances the impact of
N, improving soil processes and N use efficiency [11,16]. In poor-fertility environments
with N and S deficiencies and moderate organic matter levels, S addition enhances N
recovery and agronomic efficiency [17]. Soybeans, which have a high N requirement
during the seed-filling period, may encounter limitations in meeting their needs through
biological N fixation. The demand for N peaks during the late growth stages (R3—Rg),
and the daily observed uptake amounts range from 3.6 to 4.3 kg ha~! N at the R4~Rs
soybean growth stages [18]. However, studies suggest that in high-yielding crops like
soybeans, biological N fixation during later reproductive stages may contribute to fulfilling
N requirements, potentially reducing the need for additional N supplementation [13].
Likewise, [19] emphasizes the pivotal role of Zn absorption and accumulation by crops,
underscoring the importance of targeted focus in biofortification initiatives. The presence
of a high amount of N in wheat seed layers suggests that protein-rich seeds accumulate
more Zn and Fe levels [20]. High N and Zn supply significantly enhances the Zn contents in
seeds, surpassing the current breeding targets [21,22]. Hence, top-dressing N during early
reproductive stages proves beneficial for improving nutrient uptake and use efficiency. The
synergistic effects of N and S are essential, as evidenced by extensive research examining
soybean responses to N—Fe, S—-phosphorus, and S-boron interactions [23-25]. Despite this,
there remains a notable gap in research regarding the influence of N and S fertilization,
particularly in terms of administering basal doses alongside split application at the Ry
stage of soybean growth. Understanding this dynamic is crucial for assessing the nutrient
uptake, yield, efficiency, and their correlation with micronutrients such as Zn and Fe in
soybean seeds. Building upon this, our study implemented a novel approach, utilizing
both N and S at initial doses, supplemented by top-dressing at the R, stage. This strategic
intervention aimed to enhance the nutrient absorption, crop productivity, use efficiency,
and intricate relationship with other essential micronutrients such as Zn and Fe within
soybean cultivation.

2. Materials and Methods
2.1. Location Description, Experimental Design, and Crop Husbandry

A field experiment was conducted during the kharif season of 2018 under rainfed
conditions to evaluate the changes in N and S mobilization and other pertinent nutrients
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such as Zn and Fe, the nutrient uptake and efficiency, and productivity of soybean, as
influenced by the mode of N and S application. The experimental soil belongs to Sarol
series (iso-hyperthermic, montmorollinitic, typic haplusterts) at the ICAR-Indian Institute
of Soybean Research, Indore, India. The pertinent characteristics of the soil initially were as
follows: pH, 8.20; OC, 4.6 g kg’l; EC,0.10dsm™L; clay content, 56.2%; CaCO3, 7.0%; and
available N, P, K, S exchangeable calcium, magnesium, DTPA-extractable Zn, and Fe at
145 ppm, 6.2 ppm, 258 ppm, 6.58 ppm, 32.9 cmol (P+) kg1, 27.2 cmol (P+) kg1, 0.80 ppm,
2.32 ppm, and 5.9 ppm, respectively. The objective was to evaluate the effects of basal and
split N and S applications on soybean’s nutrient uptake, use efficiency, and productivity.
The experimental soil, classified as Vertisols, mainly supported a soybean-wheat cropping
system. The trial was conducted using a randomized complete-block design with three
replications and fourteen treatments involving different quantities of N and S (12.5, 25,
and 50 kg ha™'), applied through basal and split applications at the R; stage in various
combinations. Urea and Di ammonium phosphate (DAP) were used for N, while bentonite
Swas used for S application (Table 1). Di ammonium phosphate (DAP) was used for the
basal application of N for 25 kg ha~!, and for 50 kg ha~! N, half was applied through DAP
and the rest through urea. Urea was utilized for the split application of N. For potassium,
the muriate of potassium at a rate of 67 kg ha~! K was applied as a basal dose for all the
treatments. The crop geometry was maintained at 40 cm x 10 cm row-to-row and plant-to-
plant distances, respectively. The seeds were coated with rhizobia, and each experimental
plot measured 3.6 m in width and 6 m in length. The monthly average temperature
and rainfall data for the growing season were obtained from the institute’s meteorological
records and are presented in Figure 1. All recommended agronomic practices were followed
to ensure alignment with the established norms and procedures.

Table 1. Experimental treatment combinations.

Treatment Coding

Treatment Details

N S
NO0S0 0 kg ha~! nitrogen 0 kg ha~! sulfur
N(25) Basal dose at a rate of 25 kg ha~1 nitrogen -
N(50) Basal dose at a rate of 50 kg ha~! nitrogen -
N(25+25) Basal dose at a rate of 25 kg ha~! nitrogen + Split )
application of 25 kg ha~! nitrogen at the R; stage
Basal dose at a rate of 12.5 kg ha~! nitrogen + Split
N{12.5+12.5) application of 12.5 kg ha~! nitrogen at the R; stage
S(25) - Basal dose at a rate of 25 kg ha~! sulfur
S(50) - Basal dose at a rate of 50 kg ha~! sulfur
Basal dose at a rate of 12.5 kg ha~! sulfur + Split
S(12.5+12.5) application of 12.5 kg ha~! sulfur at the R; stage
5(25+25) } Basal dose at a rate of 25 kg ha~! sulfur + Split
application of 25 kg ha~! sulfur at the R; stage
Basal dose at a rate of 25 kg ha~! nitrogen + Split ~ basal dose at a rate of 12.5 kg ha~! sulfur + Split
N(25+25), 5(12.5+12.5) application of 25 kg ha~! nitrogen at the R, stage  application of 12.5 kg ha~! sulfur at the R; stage
N(12.5+12.5), Basal dose at a rate of 12.5 kg ha~! nitrogen + Split ~ Basal dose at a rate of 12.5 kg ha~! sulfur + Split
S(12.5+12.5) application of 12.5 kg ha~! nitrogen at the R, stage  application of 12.5 kg ha~! sulfur at the R; stage
Basal dose at a rate of 12.5 kg ha~! nitrogen + Split Basal dose at a rate of 25 kg ha~! sulfur + Split
N(12.5+12.5), 5(25+25) application of 12.5 kg ha~! nitrogen at the R; stage application of 25 kg ha~! sulfur at the R; stage
N(25+25), S(25+25) Basal dose at a rate of 25 kg ha~! nitrogen + Split Basal dose at a rate of 25 kg ha~! sulfur + Split
’ application of 25 kg ha~! nitrogen at the R stage application of 25 kg ha~! sulfur at the R; stage
N(25), S(50) Basal dose at a rate of 25 kg ha~1 nitrogen Basal dose at a rate of 50 kg ha~! sulfur
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Figure 1. Agro-meteorological conditions throughout the seasons in 2018.

2.2. Chemical Analysis of Plant and Soil Samples

The plant samples from the various treatments were dried in a hot-air oven at 65 °C
for 3 days or until attaining constant weight to evaluate the macronutrients (N, S) and
micronutrients (Zn, Fe) in the plant samples. To determine the contents of S, Zn, and Fe,
the finely powdered samples were digested using a di-acid mixture consisting of nitric acid
and perchloric acid at a ratio of 5:4 v/v (volume/volume). The plant samples were kept for
pre-digestion overnight and were digested for 1 h at a temperature of 320 °C until they were
colorless. The Scontent in seeds was estimated using the turbidimetric method, while N
was determined after acid digestion and thereafter steam distillation by Kjeldahl’s method.
The digested content was directly introduced into the atomic absorption spectrophotometer
to determine the content of Zn and Fe. The results were then expressed in milligrams
per kilogram (mg kg ) for the plant materials. The diethylene triamine penta-acetic acid
(DTPA) extraction technique, developed by [26], at a pH of 7.3, was carried out to determine
the soil micronutrients, such as Zn and Fe. The extracted micronutrients were quantified in
the DTPA solution using an atomic absorption spectrophotometer [27]. The analysis was
carried out at the Soil-Science Chemistry /Fertility /Microbiology Laboratory of the IISR.
The nutrient uptake and use efficiency were calculated using the following equations:

Nutrient uptake (kg ha™!) by seeds = seeds N or S (kg) x yield of seeds tha™!

Nutrient uptake (kg ha 1) by straw = straw N or S (kg) x yield of straw t ha ™!
Total uptake (kg ha™!) = seeds uptake of nutrient + Straw uptake of nutrient

Agronomic efficiency (AE) is defined as the incremental economic yield (kg) per (kg~!)
of the applied nutrient.
GYr —GYc

AE) =
(AE) F kgha!

Physiological efficiency (PE) is characterized by the seed yield (kg) per (kg~!) of
nutrient uptake.
GYr —GYc

(PE) = GNUg — GNU¢
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Apparent nutrient recovery efficiency (ANR) is employed to indicate a plant’s capabil-
ity to assimilate the applied nutrients from the soil.

SNUr — SNU
(ANR) % = ————>"-C » 100
F kgha
where
GYr : Signifies the grain yield with N or S application.
GYc : Represents the grain yield for the control group.
F : Denotes the amount of applied fertilizers, whether N or S.

GNUr : Stands for the grain nutrient uptake with N or S application.
GNUc : Indicates the grain nutrient uptake for the control group.

2.3. Statistical Analysis

The data were analyzed using SAS statistical software (ver.9.2; SAS Institute., Cary,
NC). The one-way ANOVA was performed using the ANOVA procedure in SAS Enterprise,
and the least-significant differences (LSD) test at p = 0.05 was utilized to differentiate
between the treatment means. For multivariate analysis and to establish robust Pearson
correlations among various features, Biplot and correlation plots were generated using
Origin Pro 2023b software.

3. Results
3.1. Nutrient Uptake (kg ha=1)

Seed, straw, and total N and S uptake by soybean markedly increased with various
basal doses and split N and S synchronizations (Figures 2 and 3). The results revealed
that the highest seed, straw, and total N assimilation by soybeans were achieved when
N and S were each applied in two splits at 25 kg ha~! as a basal dose and 25 kg ha™!
split application at the R; stage of soybean growth. This did not statistically differ from
treatments with 50 kg ha~! N application as the basal dose; 25 kg ha~! N as basal and
split application at the R, stage with 12.5 kg ha~! S as the basal dose and split application
at the R, stage, or 25 kg ha~! N plus 50 kg ha~! S as the basal doses. However, these
results significantly differed from those obtained with the other treatment combinations
in this study, including the control. The lowest seed, straw, and total N and S absorption
were observed with no N and S applications (control). The study observed substantial
increases in N uptake across various components of the soybean plant. Specifically, there
was an 85.0% increase in N uptake by seeds, a 67.3% increase in N uptake by straw, and
an overall 81.0% increase in total N uptake compared to the control. Similarly, the results
also indicated that S uptake by seeds, straw, and total absorption significantly varied with
various basal and split applications of N and S. The highest seed, straw, and total uptake of
S was observed with the application of N and S in two splits at 25 kg ha~! as the basal dose
and 25 kg ha~! split application at the R; stage. This did not significantly vary with the
application of 25 kg ha~! N plus 50 kg ha~! S as the basal doses; or 12.5 kg ha~! N plus
12.5kgha ! N, 25 kg Sha! plus 25 kg S ha~! as the basal and split at the R; stage. The
lowest seed, straw, and total uptake of S was observed in the control plots. Compared to
the control, there was a significant enhancement in S uptake across various components
of the soybean plant. Specifically, S uptake by seeds increased by 96.5%, while uptake
by straws substantially rose to 177.5%. Overall, total S absorption exhibited a significant
increase of 133.4% compared to the control.



Agronomy 2024, 14, 570 6o0f 14

250 mGNU m SNU mTNU
~ B
7, 200 - 3
%150 . 2
-4
E
=
4y

= 100 -
g M2
Z 50 | |=

0

Figure 2. Effect of Nand Sfertilization on the grain, straw, and total N uptake by soybean. The
presented data represent the mean values with standard error bars, and distinctions between the
means are indicated by dissimilar letters at p = 0.05, as established by the least-significant difference
(LSD) test. The abbreviations used in the figure are as follows: GNU, grain N uptake; SNU, straw N
uptake; and TNU, total N uptake.
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- (=) (=]

S ]

Sulfur uptake (kg ha')

Figure 3. Effect of Nand Sfertilization on the grain, straw, and total S uptake by soybean. The
presented data depict the mean values with standard error bars, and distinctions between the means
are indicated by distinct letters at p = 0.05, as determined by the least-significant difference (LSD) test.
The abbreviations used in the figure are as follows: GSU, grain S uptake; SSU, straw S uptake; and
TSU, total S uptake.
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3.2. Seed and Straw Yield (mg ha=1)

The data indicated that both seed and straw yields of soybeans were significantly
affected by basal and split N and S applications alone, as well as by combined application
treatments (Figure 4). The application of N and S at 25 kg ha~! each in two splits as the basal
doses and split applications at the R; stage produced the highest seed yield, which was
statistically similar to treatments with 25 kg ha~! N as the basal dose and split application
at the R, stage with 12.5 kg S as the basal dose and split at the R; stage; 25 kg ha=! N
plus 50 kg ha~! S as the basal doses; and 50 kg ha~! N as the basal dose alone. However,
it significantly differed from other basal and split N and S applications, as well as from
treatments with no N and S applications. The control plots produced the lowest seed yield.
Similarly, the lowest straw yield of soybeans was obtained from the control treatment,
where no N and S fertilizers were applied (Figure 4). N and S fertilization significantly
increased the straw yield of soybean. The most beneficial effects were observed in the
treatments where N and S were applied at the rate of 25 kg ha~! each in two splits as
the basal doses and split applications at the R, stage, which was statistically similar to
treatments with 25 kg ha=! N plus 50 kg ha~! S as the basal doses; and 50 kg ha~! N as the
basal dose alone. However, it significantly varied from other treatment combinations. The
findings indicated a considerable improvement in both the seed and straw yield of soybean
with the application of N and S. Specifically, there was a notable increase of 56.9% in seed
yield and a significant rise of 34.8% in straw yield compared to the control group.

@ Grains yield m Straw yield
Z 3 2 = %
g = 5 < 3
5] o6 4y 4y
o T 9 ©° o, v T < o
o & © 3]
_a e B o =
[ L) - [&]
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Figure 4. Effect of Nand Sfertilization on the grain and straw yield of soybean. The presented data
depict the mean values with standard error bars, and distinctions between the means are indicated
by distinct letters at p = 0.05, as determined by the least-significant difference (LSD) test.

3.3. Zn and Fe Content of Seeds and Soil (mg kg™1)

The seed and soil Zn and Fe content were significantly enhanced with different basal
and split applications of N and S (Table 2). The results indicate that the split application of N
and S (N25+25, 525+25) significantly increased soil Zn and Fe content at the R, and Rs stages
of soybean crop growth. This was statistically similar to N and S fertilization with (N25+25,
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512.5+12.5) and (N12.5+12.5, 525+25) as the basal dose and split application at the R, stage.
However, the lowest soil Zn and Fe contents were estimated from the control. Likewise,
the split N and S application (N25+25, S25+25) as the basal doses and split applications
at the R, stage significantly increased the seed Zn and Fe content. The lowest seed Zn
and Fe contents were found in the control group. Moreover, significant improvements
were observed in the Zn and Fe content of soybean seeds with the application of N and S
compared to the control group. Specifically, there was a notable increase of 41.0% in the
seed Zn content and a substantial rise of 68.8% in the seed Fe content of soybeans.

Table 2. The impact of various basal and split N and S applications on soil Zn and Fe contents at the
R, and Rs growth stages, as well as seed Zn and Fe contents.

Soil Zn Soil Fe Soil Zn Soil Fe
Content Content Content Content Seed Zn Seed Fe
Treatment (mg kg*l) (mg kg*l) (mg kg*l) (mg kg*l) Content Content
R, Rs (mg kg—1) (mg kg—1)
Control 0.68+£0.048 358+ 0.048 0.76 &+ 0.02 8 3.80 4+ 0.021 3484+ 1.7h 789 +24f
N(25) 079 £0.03°  3.80+0.05¢ 0.84 +0.03 ¢ 40940039 425+13°9  1121+£39°
N(50) 0.85+0.02> 391+ 0.04" 0.88 +£0.02b 41440069 463 +15P 1139 £ 5.6°¢
N(25+25) 0.81 £0.02¢ 3.76 +0.03 0.89 & 0.06 P 419 +0.03bc  464+12°% 1253 +71b
N(12.5+12.5) 072 +£0.02f  369+004° 077+002¢8 391+003fh 364+10f" 81.0+29¢f
S(25) 0.73 £0.04¢f 371 +0.06 ¢ 0.74 +£0.028 388+0058" 371+12f 1024 +254
S(50) 076 £0.01% 373+0.029¢ 079 +001f 394+004°8 397+£13°¢ 1048+1449
S(12.5+12.5) 0714+0.02%8  364+002f 0.75 4+ 0.04 8 388 +0.03¢f 353+068" 868+34°
S(25+25) 0.76 & 0.029 379 +0.04°¢ 079 £0.039f 395+ 0.04% 408+139 1005+ 4.74
N(25+25), S(12.5+12.5) 0.88+0.042>  38740.05P 091 +0032> 42140072 466+07> 12694272
N(12.5+12.5), S(12.5+12.5) 0.78 £0.05¢4 373 +£0.039¢ 081 £0.03d 391 +004f8" 368+09 8408 £ 7.7¢f
N(12.5+12.5), S(25+25) 077 £0.03¢ 379 +0.04° 0.82 + 0.05 ¢ 3.98 +0.03 ¢ 37.7+08f 882+ 6.0°
N(25+25), S(25+25) 0.90+0.052  3.99 4 0.072 0.94 +0.042 427 +£0.042  49.1+092  1332+2.82
N(25), S(50) 0.87 £0.03> 391 +0.05P 091+0043> 41640053 436+151° 11524+20€
LSD (p = 0.05) 0.04 0.06 0.04 0.06 1.9 7.2

The data provided represent the mean values obtained from three replicate samples, and the standard deviation
(SD) is specified. In the same column, distinctions between the means are indicated by distinct letters at a
significance level of p = 0.05, as determined by Fisher’s least-significant difference (LSD) test.

3.4. Nutrient Use Efficiency

The basal and split N and S applications significantly influenced the efficiency indexes
during the study year (Table 3). The highest agronomic use efficiency was recorded with
the treatment of 25 kg ha~! N plus 50 kg ha~! S as the basal dose (N25+S50) at the time
of sowing, while the highest use efficiency for S was recorded with 25 kg ha~! N along
with 12.5 kg ha=! S (N25+25,512.5+12.5) as the basal dose and split at the R, stage. The
maximum apparent N recovery was noted with the application of 25 kg ha~! N plus
50 kg ha=1 S (N25+550) as the basal doses, followed by 25 kg ha~! N (N25) as the basal
dose alone. Similarly, for S, the highest recovery was observed with 25 kg ha~! N along
with 12.5 kg ha=! S (N25+25,512.5+12.5) each in two splits as the basal doses and split at
the R, stage, followed by treatments where 25 kg ha~! N and S were individually applied
in two splits as the basal doses and split applications at the R, stage; and 25 kg ha~! N plus
50 kg ha=! S as the basal doses. A parallel trend was observed regarding physiological
use efficiencies. The highest physiological efficiency for both N and S was calculated with
25 kg ha~! N plus 50 kg ha—! S (N25+550) as the basal doses. The results obtained for crop
productivity, uptake, and use efficiencies can be attributed to the synergistic effect of N and
S fertilizer applications.
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Table 3. The influence of different basal and split N and S applications on agronomic, recovery, and
physiological use efficiency in soybean crop.

N Agronomic N Physiological N Recovery S Agronomic S Physiological

Treatment Efficiency kg Efficiency kg Efficiency  Efficiency kg Efficiency kg S]g?fjecciz‘;lecry
kg1 kg1 % kg1 kg1 y
N(25) 23.96 10.07 238 - - -
N(50) 16.12 10.36 156 - - -
N(25+25) 16.12 10.00 129 - - -
N(12.5+12.5) 8.36 9.41 89 - - -
S(25) - - - 10.00 196.85 5.1
S(50) - - - 5.62 145.60 3.9
5(12.5+12.5) - - - 5.52 186.49 3.0
S5(25+25) - - - 7.20 185.57 3.9
N(25+25), S(12.5+12.5) 15.32 9.77 157 30.64 210.44 14.4
N(12.5+12.5),
S(12.5+12.5) 9.52 9.48 101 9.52 146.91 5.0
N(12.5+12.5), S(25+25) 17.16 10.29 167 8.58 170.24 5.0
N(25+25), 5(25+25) 21.86 10.73 204 21.86 246.73 8.9
N(25), S(50) 38.28 11.68 333 19.14 257.26 7.4

3.5. Pearson Correlation and Principal Component Analysis (PCA)

The correlation analysis results revealed a significant strong positive correlation be-
tween numerous N, S, Zn, and Fe uptakes through the seeds and straws of soybean, as
well as Zn and Fe contents in the soil (Figure 5). Notably, strong positive correlations
were observed between seed N uptake, and both straw N uptake (0.98) and total N uptake
(0.99), indicating a high degree of association between these variables. Similarly, substantial
positive correlations were found within S- and Zn-related variables. For instance, seed S
uptake shows a notable positive correlation with straw S uptake (0.95) and total S uptake
(0.98). Furthermore, the strong positive correlation among the seed Zn content and soil Zn
content (0.94) reflects the interconnectedness of plant and soil Zn levels. These correlation
coefficients provide valuable insights into the interdependencies among different nutrient
content and uptake parameters. Principal component analysis (PCA) for the studied traits
revealed that a strong association exists among nutrient uptake by both plant and soil
(Figure 6). In this case, PC1 is primarily influenced by positive contributions from seed
N uptake, straw N uptake, total N uptake, seed S uptake, straw S uptake, total S uptake,
seed Zn content, soil Zn content, and straw Fe content. Among these, the highest positive
coefficients are associated with seed N uptake, total N uptake, and seed S uptake. These
variables contribute positively to the overall variability captured by PC1. On the other
hand, PC2 is characterized by negative contributions from most variables, with notable
positive contributions from the seed Fe content and seed Zn content. Specifically, the seed
Fe content has the highest positive coefficient, indicating its strong influence on the second
principal component. PC2 captures additional variability in the dataset, orthogonal to PC1,
and is dominated by the contrasting effects of the seed Fe content and seed Zn content. In
summary, the PCA results suggest that PC1 is influenced by a broad range of variables,
while PC2 is particularly sensitive to the contrasting effects of the seed Fe content and
seed Zn content. These principal components provide a more concise representation of the
original variables, capturing the essential patterns and relationships within the data.
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TSU, total S uptake; GZnC, seed Zn content; GFeC, seed Fe content; SZnC, soil Zn content; and SFeC,
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4. Discussion

The experiment was based on the hypothesis that the basal and split applications of
N and S increase nutrient uptake through seeds, straws, and total uptake, productivity,
use efficiencies, and micronutrient uptake in soybeans. Soybeans, owing to their high
protein and oil content, require substantial amounts of N and S. While soybean can partially
meet its N requirement through atmospheric N fixation, supplementation with both N
and S is crucial for optimal growth. The findings showed that the split applications of
N and S fertilizers significantly enhanced the seed, straw, and total absorption of N and
S in soybeans (Figures 2 and 3). The positive results of the split application at a later
crop stage indicate improved nutrient content and uptake. The reported findings align
with those of [28,29], who observed an increased total uptake of N and S in soybeans
with the applications of N and S. The maximum daily N uptake rates during the R4 to Rs
growth stages were observed by [18], while [19] measured a higher daily N uptake rate
(4.6 kg ha™!) at the Ry growth stage. According to [30], in soybeans, only up to 52% of
total N uptake originates from symbiotic N fixation, with the remaining N requirement
coming from nitrates taken up from the soil. The plants remobilize N from leaves to
seeds, reducing photosynthesis and limiting yield potential if total N supply does not meet
soybean needs [31]. Numerous researchers, including [3,32-35], found that basal and split
N and S applications increased soybean seed yield, a result confirmed by the current study
(Figure 4). Our findings agreed with [29], who reported significantly higher soybean seed
yield with N application. Split N and S applications enhanced seed yield compared to
the control group, attributed to increased root system activity, photosynthesis rate, and
maximum leaf area index [4,36-38]. Soybeans exhibit a high N demand, particularly during
the seed-filling stage. Supplying N from existing resources supplements this demand,
preventing premature aging of plants during this stage, and as a result, enhanced seed
yield [24,39]. The experiment also indicated that split N and S application also significantly
improved the soil Zn and Fe content at the R; and R5 stages of soybean growth (Table 2).
Similarly, a significant increase in DTPA extractable Zn in the soil was recorded with doses
and sources of S compared to the control [40]. The seed and straw Zn and Fe contents
were enhanced with the split application of N and S compared to no N and S applications
(Table 2). N fertilization is recognized to increase the grain yield of wheat and facilitate
a greater uptake of Fe and Zn by grains [20,41]. Similarly, [19] emphasized the critical
role of N in the absorption and uptake of Zn in crops, highlighting its importance in
biofortification, particularly with Zn, in food crops. During the anthesis stage, when Zn
supply is withheld, the process of Zn remobilization from sources existing prior to anthesis
becomes highly reliant on N supply, contributing significantly to the Zn content in nearly
all seeds [20]. The embryo and aleurone layers of wheat seeds, indicating that the highest
grain protein content stored higher amounts of Zn and Fe, were identified in grains [23].
Augmenting the availability of Zn and N exhibited a substantial effect on the accrual of
Zn within the endosperm, achieving concentrations that exceeded the current benchmarks
established in breeding objectives [21,23]. This suggests that N and S application can
contribute to the biofortification of soybean seeds. Agronomic biofortification, recognized
as a potent strategy for addressing micronutrient deficiency in plants [22], underscores
the significance of N supply as a crucial element in augmenting the levels of Zn and Fe
in crops [42]. Nfertilization is known to not only increase wheat grain yield, but also to
facilitate the uptake of Fe and Zn by wheat grain [41,43]. The uptake and transport of
Fe and Zn to grain is probably facilitated by metal-chelating compounds [44], such as
2-deoxymugineic acid (DMA), primarily for the translocation of Fe and Zn from the flag
leaves to grain in wheat [45]. Kutman et al. [46] reported that N nutrition is critical for both
the uptake and translocation of Zn and Fe to wheat grain, and they showed that at a high N
rate, nearly 80% and 60% of total shoot Zn and Fe, respectively, were harvested with grain.
Improving the N status of plants from low to sufficient resulted in a threefold increase in
the shoot Fe content of wheat plants [47]. Similarly, Erenoglu et al. [20] demonstrated that
N is a critical player in the uptake and accumulation of Zn in plants and thus deserves
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special attention in the biofortification of food crops with Zn. The highest agronomic use
efficiency, apparent N recovery, and physiological efficiency were also found with the
split application of N and S in this study (Table 3). N use efficiency, which involves the
transformation of available N into seed yield, showed decreasing efficiency with increasing
N fertilizer rates [8,12,48], likely because limiting factors like the presence of additional
nutrients or increased N fertilizer losses can influence the agricultural system. S fertilization
not only amplifies the impact of N, but also plays a role in soil processes, enhancing the
crop’s N use efficiency. This enhancement is credited to a higher N recovery rate without
alterations in internal efficiency [11,16]. The apparent interconnectedness of N and S
underscores the rationale for a comprehensive examination of the combined effects of these
essential nutrients. The addition of S improved the N recovery efficiency and agronomic
efficiency of available N in poor-fertility environments characterized by a deficiency of
N and S [17]. While our findings suggest promising outcomes, the one-year duration of
this study, particularly when dealing with large-scale quantitative measurements, presents
a significant limitation. Further research is necessary to comprehensively validate these
results, especially concerning the assessment of their long-term impact. Additionally, it
is crucial to conduct studies across varied environments to evaluate factors such as crop
productivity, soil health, and economic feasibility. These insights will be instrumental in
informing sustainable agricultural practices moving forward.

5. Conclusions

The study findings indicate that the application of Nand Sas basal doses, combined
with split application during the R, growth stage of soybean, led to significant improve-
ments in nutrient uptake, yield, agronomic use efficiency, and seed Zn and Fe content. This
combined approach emerged as the most effective in achieving favorable outcomes. Based
on the study findings, it is suggested to implement a combined N and S application strategy
for soybean cultivation. Specifically, applying 25 kg ha~! of each N and S in two splits as
the basal doses, along with a split application at the R, growth stage, can maximize total
N and S uptake, leading to higher seed and straw yields. This approach also enhances
agronomic use efficiency, particularly with the application of 25 kg ha~! N plus 50 kg ha~!
S as the basal doses. Additionally, split N and S applications contribute to increased soil
Znand Fe content during key growth stages, potentially biofortifying soybean seeds and
addressing micronutrient deficiencies. Overall, implementing this nutrient management
strategy can enhance crop productivity, nutrient uptake, use efficiency, and seed nutritional
content in soybean cultivation. Further research is needed to validate these findings across
different environments and assess long-term impacts on crop productivity, soil health, and
economic feasibility.
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