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Abstract: Inadequate nutrient management is one of the major challenges for sustainable soybean pro-
duction in semi-arid climatic conditions. Hence, a 3-year (2015–2017) field experiment was conducted
to assess the effect of foliar application of macro- and micronutrients on the growth, productivity,
and profitability of soybean. Eight foliar nutrient sprays at the pod initiation stage—water spray
(WS), 2% urea solution, 2% di-ammonium phosphate solution (DAP2%), 0.5% muriate of potash
solution (MOP0.5%), 2% solution of 19:19:19 nitrogen phosphorus and potassium (NPK2%), and a
0.5% solution each of molybdenum (Mo0.5%), boron (B0.5%), chelated-zinc (Zn 0.5%) and no-foliar nu-
trition (NFN)—were compared with a basal-applied recommended dose of fertilizers (RDF: 30 kg N,
75 kg P, and 40 kg K ha−1) in a randomized block design (RBD), replicated three times. Foliar-applied
chelated Zn@0.5% (Zn0.5%) at the pod initiation stage resulted in more pods per plants. In addition
to Zn0.5%, urea2%, NPK2%, and B0.5% significantly improved the pods per plant over treatment by
no-foliar nutrition (NFN). The RDF-supplied soybean subsequently sprayed with Zn0.5% produced
the highest seed yield, which was 18.5–37.8% higher than that of NFN treatment Yield improvement
due to the application of B0.5%, DAP2%, and urea2% varied between 19.2–23.7, 16.6–20.4 and 18.6–20%,
respectively. Foliar nutrition showed the largest net returns from Zn0.5%. The water-use efficiency
(WUE) and production efficiency increased by 18.4–37.6 and 34.9–37.5%, respectively, due to Zn0.5%

over the efficiencies from NFN treatment. Monetary efficiency (ME) gains due to Zn0.5% were 24%
higher, while ME efficiency gains due to urea2%, NPK2%, and B0.5% varied between 15–16%. Thus,
this study suggested that the foliar application of 0.5% Zn and B, urea, NPK fertilizer, and DAP at
2%, along with RDF. is a profitable nutrient management option for quality soybean production in a
semiarid region. However, nutrient partitioning, changes in soil chemical and biological indicators,
and environmental aspects need critical examination in future studies.

Keywords: foliar nutrition; seed yield; zinc; resource use efficiency; micronutrients; soybean

1. Introduction

Soybean (Glycine max L. Merr.) is one of the key industrial grain legume crops through-
out the world. It is known for its high productivity, profitability, and diverse industrial
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uses [1,2]. Globally, soybean has a prime position in vegetable oils and in protein supply
for humans and livestock [1,2]. This protein-rich and soil-fertility restoring seed-legume
crop can be cultivated under diverse climatic conditions, and it can potentially contribute
in addressing the nutritional security issue [3]. Soybean improves soil fertility, adding
50–300 kg of nitrogen (N) ha−1 to the soil by fixing atmospheric N through root-nodule
inhabiting bacteria [2,4] and by returning 1–1.5 t ha−1 nutrient-rich leaf litter [5]. In addition
to being a rich source of protein, soybean seed contains a good amount of micronutrients,
such as Zn, Fe, and Mn [6], and essential amino acids; hence, soybean is regarded as a
complete food in Indian diets.

A balanced supply of macro-and micronutrients to the soybean crop is essential for
achieving higher productivity, quality, and profitability. Basal application of macro- and
micronutrients have resulted in enhanced seed and oil yields in soybean [2]. However,
antagonistic and synergistic effects were also observed among these nutrients in soil
and plants [7–9]. Intensive cropping, excessive use of high analysis fertilizers without
the addition of organic amendments, and secondary and micronutrients cause nutrient
stress, which has resulted in poor economic returns and soil fatigue [10–12]. Furthermore,
soybean growers generally ignore the uses of micronutrients and rely excessively upon high
analysis fertilizers, especially N, P, and K [13,14]. Applications of sulfur (S), boron (B), and
molybdenum (Mo) are also equally essential for sustainability in soybean production [15].

In addition to improving yield, applying microelement fertilizers increases a plant’s
resistance to environmental stresses [2,16]. The availability of suboptimal nutrients retards
enzymatic activities and metabolic functions in plant systems, which results in physiologi-
cal stress [17]. Thus, positive responses to the application of deficient trace elements were
observed in the growth and yield of field crops [18]. However, applications of macronu-
trients such as P, K, and S resulted in serious yield penalties in soybean. Poor growth
and yield of soybean were observed in the absence of micronutrients, and their adequate
supplies enhanced soybean productivity and quality [6].

Zn, iron (Fe), and manganese (Mn) are cations that need to be transported from the soil
solution into the roots; these accumulated micronutrients are then partitioned among dif-
ferent plant parts [19]. Foliar application of nutrients can be a viable strategy in alleviating
nutrient deficiency in plant systems by smart delivery at the point of assimilation. Foliar
application of N and other plant nutrients has potential advantages over soil application
for the fertilization of crops, in that it increases the efficiency of fertilizer use and allows
quick relief of physiological stress [20,21] due to the rapid translocation into and from
leaf to seed [22]. Soybean undergoes an N-related “self-destruction” mechanism, and
nutrient removal from leaves enhances leaf senescence and hastens the termination of seed
fill [23]. Thus, if foliar fertilization maintains leaf nutrition and delays the “self-destruction”
mechanism, then photosynthesis could be enhanced and/or prolonged. Therefore, foliar
application of essential nutrients will serve the need for nutrients when applied at suitable
growth stages of crops. The plant growth stage and the availability and mobility of mi-
cronutrients determine their concentrations in different plant organs. Transferring these
nutrients from the root through the stem, leaf, and pod walls into developing seeds is
highly dependent on congenital soil and environmental conditions, as well as on nutrient
content in different plant parts in the chain [10,24].

Apart from soil and plant conditions [25], the distribution of micronutrients into
different plant parts is genotype-dependent [26]. Pod formation or pod initiation is one
of the most nutrient sensitive stages; hence, adequate nutrients supplied through foliar
application can potentially abate the yield penalty application [2]. In situations where
soil is not able to support the proper nutrient demand of the crop during the early crop
growth period, a suitable time to reclaim depleted NPK from the leaves is possible only
during the seed-filling period or the pod formation stage [27]. Earlier research results
indicated that foliar application during the seed-filling period is most effective in attaining
the highest soybean yields, because nodules stop fixing N, root growth stops, and the
uptake of some nutrients slows and stops [20]. The foliar spray of essential nutrients
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during the critical demand period maintained the nutrient balance in leaves, improved
the photosynthesis rate, and ultimately increased biomass production [2,21]. Additionally,
foliar-applied micronutrients have been shown to improve soybean yields in soils that are
deficient in essential nutrients [28–30]. Although the amounts and proportions of various
nutritional elements required for soybean are likely to differ, foliar fertilization during
the pod development stage should be efficient. However, research on the comparative
effects of urea (N), DAP (N and P), NPK (19:19:19), MOP (K) fertilizers, Mo, B, and Zn on
soybean is limited. Additionally, in hidden hunger cases, soybean plants do not show any
visible foliage symptoms, but yield reduction occurs. Hence, it was hypothesized that the
foliar application of macro- and micronutrients can improve the growth, productivity, and
resource-use efficiency of soybean in semiarid ecoregions. Thus, the present investigation
was conducted to assess the effect of foliar-applied nutrients on the growth and produc-
tivity of soybean, and to evaluate the foliar application of macro- and micronutrients on
profitability and resource-use efficiency of soybean in a semiarid region.

2. Material and Methods
2.1. Study Site and Weather Condition

A 3-year field investigation (rainy season of 2015, 2016, and 2017) was carried out at
the Research Farm, ICAR-Indian Agricultural Research Institute, New Delhi, at 28◦40′ N
77◦12′ E. The experimental field enjoyed subtropical and semiarid-type climates with hot
summers and cold winters. The soils were sandy loam in texture and low to medium in
fertility (Table 1), classified as alluvial. Rainfall of 402.7, 136.3, and 66.8 mm was received
during 2015, 2016, and 2017, respectively. Maximum temperatures of 36.1, 34.9, and 35.5 ◦C
were recorded in September during 2015, 2016, and 2017, respectively. The entire crop
season’s average maximum temperature, minimum temperature, sunshine hours, and
pan evaporation were 33.1 ◦C, 21.2 ◦C, 5.5 and 4.8 mm day−1, respectively, in 2015; the
corresponding values for these weather parameters for 2016 were 26.6 ◦C, 18.9 ◦C, 3.3, and
4.4, and for 2017 they were 32.3 ◦C, 20.6 ◦C, 5.3, and 3.9. The weekly weather conditions for
the crop period of all three study years are depicted in Figure 1.

Table 1. Chemical properties of experimental field soil (0–15 cm layer).

Properties Average Value

2015 2016 2017

Oxidizable organic C (g kg−1) 4.7 4.9 4.8
Available nitrogen 195 190 194
Available P2O5 kg ha−1 27.6 26.2 25.7
Available K2O kg ha−1 309 280 288
Soil pH 7.4 7.3 7.3
Available Zn (mg kg−1) 0.66 0.65 0.65

2.2. Experimental Design and Crop Management

The investigation was conducted with nine treatments comprising macro- and mi-
cronutrient foliar sprays at the pod initiation stage—water spray (WS), 2% solution of
urea2%, 2% di-ammonium phosphate solution (DAP2%), 0.5% muriate of potash solution
(MOP0.5%), 2% solution of 19:19:19 NPK (NPK2%), and a 0.5% solution each of Mo (Mo0.5%),
B (B0.5%), chelated-Zn (Zn 0.5%), and no-foliar nutrition (NFN)—in addition to a uniformly
soil-applied recommended dose of fertilizers (RDF: 30 kg N, 75 kg P and 40 kg K ha−1) in
all plots. Ammonium molybdate and borax were used as sources of MO and B in all three
years. All the treatments were imposed on thrice-replicated randomized block designs
in the same field in all years. The plot size was 3.6 m × 6 m. Medium-duration soybean
(PS 1347) was planted from the last week of July to the first week of August after the onset
of monsoon rains, with a seed rate of 70 kg ha−1 at plant-to-plant and line-to-line spacing of
45 cm and 10 cm, respectively. Before sowing, the seeds were first treated with Imidacloprid
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(0.01% solution) and then with thiram+ bavistin (2.5 g + 1 g kg−1 seed). The RDF was
applied basally. To reduce the weed problem, pendimethalin (pre-emergence herbicide) at
a rate 0.75 kg ha−1 was applied, followed by one hand weeding at 40 days after sowing
(DAS). However, during 2017, a post-emergence application of imazethapyr at 75 g ha−1

was performed at 25 DAS. The crop was irrigated five, two, and three times during 2015,
2016, and 2017, respectively. Imidacloprid at 1 mL l−1 water was applied to check whitefly
infestation. Similarly, monochrotophos (1 mL l−1 water) were applied to control other
insect infestations. During all three years, the crop was harvested during first fortnight
of November.
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Figure 1. Mean meteorological parameters during 2015, 2016, and 2017.

2.3. Data Collection
2.3.1. Growth Contributing Parameters

Five plants from sampling rows, second from the border on both sides of the plot, were
randomly chosen and cut with a sharp-edged knife from ground level to determine plant
growth indicators. The heights of all plants were measured from the base of the stem to the
tip of the longest branch of the plant, using a meter scale, and averaged out. All leaves from
sampled plants were removed, and their leaf area was measured using a leaf area meter
(Model LI-COR-3100). The total leaf area of the five plants was divided by the total ground
area occupied to obtain the leaf area index (LAI). All leaves and shoots were dried in an
oven at 70 ◦C until their weight became constant, to determine dry matter accumulation
(DMA). All primary and secondary branches from five randomly selected plants were
counted and averaged to determine the number of branches plant−1 at crop maturity.

2.3.2. Photosynthetically Active Radiation (PAR), Normalized Difference Vegetation Index
(NDVI), and Chlorophyll Content

A Ceptometer (LP–80 Accu PAR) was used to measure the incident PAR at the top of
the plant canopy and the PAR penetrating through the canopy to the bottom (5 cm above
the ground) of plants; net intercepted PAR was computed as incident PAR or penetrated
PAR. For each experimental plot, five readings were taken and averaged [3,31]. NDVI
was measured using a hand-held Green SeekerTM (Optical Sensor), positioned and run
with a triggering button pressed 60–65 cm above the crop canopy, and the average values
were recorded. Leaf chlorophyll content was determined in terms of soil-plant analysis
development (SPAD) values using a chlorophyll meter or a SPAD meter [3,27].
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2.3.3. Crop Growth Rate and Relative Growth Rate

The crop growth rate (CGR) and the relative growth rate (RGR) were determined
for the periods 45–60 DAS and 60–75 DAS, by taking into account the dry matter produc-
tion, m−2, at 45, 60, and 75 DAS. The following equations were used to estimate these
two parameters:

CGR (g m−2 days−1) =
1
P
× (W2 −W1)

(T2 − T1)
(1)

where P is the ground area, W1 and W2 are the oven-dry weights of plants m−2 recorded at
time T1 and time T2, respectively, and T1 and T2 are the time intervals.

RGR (g g−1 day−1) =
(LogLn W2 − LogLn W1)

(T2 − T1)
(2)

where Log Ln is the natural log, W1 and W2 are the oven-dry weights of plants m−2 recorded
at time T1 and time T2, respectively, and T1 and T2 are the time intervals.

2.3.4. Yield Contribution Parameters

For the determination of yield contribution parameters, five plants were randomly
selected from the sampling rows in each plot. All the pods from the selected plants were
manually plucked and counted, averaged, and expressed as pods per plant. Regarding
the number of seeds per pod, at harvest, ten pods were randomly selected and unbolted,
and the obtained seeds were counted, averaged, and expressed as seeds per pod. Similarly,
for the estimation of the seed index, 100 seeds from each plot were counted and sun- and
oven-dried (70 ◦C) for 48 and 2 h, respectively; thereafter, the weight was recorded by
electronic balance and expressed in g.

2.3.5. Seed and Stover Yields and Harvest Index

For the determination of grain and stover yield, all plants were harvested at the ground
with the help of a manually operated iron sickle after leaving the border rows in each plot.
The harvested crop was sun-dried for 7 days to make the plant biomass brittle and to reach
the condition so that the pods and grains were easily threshed. Plot-wise total biomass
produce was weighed and threshed by a mechanical thresher. Recovered grains were
cleaned manually, dried in the sun for 4 days, and weighed. The grain yield was then
subtracted from the total biomass produce (biological yield) to obtain the stover yield. All
yields were presented at 14% moisture content. Thereafter, harvest index was estimated
with the following expression.

Harvest index (%) =
Seed yield (kg ha−1)

Biological yield (kg ha−1)
(3)

2.3.6. Resource-Use Efficiencies

Water-use efficiency (WUE) was determined by taking into account seed yield water
use (irrigation + effective rainfall), using the following equation.

WUE (kg hamm−1) =
Total seed yield (kg ha−1)

Wateruse (mm)
(4)

Production efficiency (PE) is the per day production capacity of a particular treatment.
PE was expressed in kg ha−1 day−1 and computed using the following equation:

PE =
Total seed yield (kg ha−1)

Crop duration (Days)
(5)

Similarly, monetary efficiency (ME) is the per-day economic return capacity of each
treatment. It is expressed as USD ha−1 day−1 and computed by using the following equation:
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ME =
Total net returns (USD ha−1)

Cropping period (Days)
(6)

2.4. Statistical Analyses

Year-wise data on all observations were subjected to the “Analysis of Variance” tech-
nique for a randomized block design (RBD) using the standard procedure. The significance
of differences among different treatments was tested using the F-test. The least signifi-
cant difference (LSD) values were computed for the parameters that exhibited significant
differences. The treatment means were compared at a 5% level of significance.

3. Results
3.1. Plant Height, Branches per Plant, Leaf Area Index, and Dry Matter Accumulation

Foliar application of macro- and micronutrients significantly influenced all of the
studied parameters of soybean growth, such as plant height, dry matter accumulation
(DMA), and leaf area index (LAI). However, the production of branches did not depict
any significant effect (Table 2). In all three study years, the plants were significantly
taller under foliar nutrition of urea2%, DAP2%, and NPK2% than under the foliar nutrition
of NFN and MOP0.5%. The foliar application of other nutrients did not increase plant
height significantly. The use of urea2%, DAP2%, NPK2%, and Zn0.5% improved branching
in soybean when compared with NFN and WS, but the differences stood well below a
significant magnitude. The DMA followed the general trend with respect to plant height.
The LAI of the crop treated with foliar-applied urea2%, DAP2%, NPK2%, and Zn0.5% was
significantly greater than that of the NFN- and MOP0.5%-treated plots. Foliar application
of B and Mo at 0.5% concentration also improved the DMA and the LAI, compared to
applications with NFN and MOP0.5% (Table 2).

Table 2. Effect of foliar nutrition on plant height, number of branches and dry matter accumula-
tion/plant, leaf area index, and leaf- chlorophyll content (SPAD values) in soybean (2015–2017).

Treatment

Plant Height
(cm) Branches/Plant

Dry Matter
Accumulation

(g/Plant)
Leaf Area Index SPAD Values

2015 2016 2017 2015 2016 2017 2015 2016 2017 2015 2016 2017 2015 2016 2017

WS 54.0 51.5 66.6 5.5 5.2 5.7 15.9 13.4 16.2 3.2 2.7 3.2 37.9 37.6 38.1
Urea2% 60.7 57.1 74.3 5.7 5.4 6.2 17.4 15.3 18.2 3.5 3.4 3.6 42.2 41.7 42.6
DAP2% 59.5 56.4 72.8 5.6 5.1 6.0 17.1 14.8 17.4 3.4 3.3 3.5 41.6 40.1 41.4
MOP0.5% 53.1 47.9 65.4 5.8 5.5 5.9 15.7 13.2 16.5 3.0 2.7 3.1 36.9 35.6 37.2
NPK2% 60.1 56.8 73.6 6.0 5.7 6.1 17.4 14.0 17.9 3.4 3.1 3.5 41.0 39.7 41.4
Mo0.5% 56.2 54.3 70.5 5.6 5.3 5.9 16.5 14.4 17.0 3.3 3.1 3.4 38.5 38.9 39.2
B0.5% 57.6 53.9 69.2 5.6 5.5 5.9 17.1 14.1 17.4 3.3 3.1 3.4 38.8 37.8 39.6
Zn 0.5% 58.4 55.1 72.1 5.8 5.5 6.1 17.9 14.6 18.0 3.4 3.2 3.5 39.9 39.0 40.0
NFN 54.2 51.1 66.4 5.4 5.3 5.8 15.8 13.4 16.2 3.1 2.8 3.2 37.6 37.5 38.0
SEm ± 1.76 1.72 2.06 0.44 0.34 0.37 0.50 0.43 0.61 0.10 0.11 0.09 1.12 1.11 1.13
CD (p < 0.05) 5.26 5.16 6.18 NS NS NS 1.50 1.28 1.83 0.29 0.33 0.27 3.39 3.33 3.40

WS: water spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phosphate solution, MOP0.5%: 0.5% muriate
of potash solution, NPK2%: 2% solution of 19:19:19 NPK, Mo0.5%: 0.5% molybdenum solution, B0.5%: 0.5% boron
solution, Zn 0.5%: 0.5% chelated-Zn solution, and NFN: no-foliar nutrition.

3.2. Photosynthetically Active Radiation (PAR), Normalized Difference Vegetation Index (NDVI),
and Chlorophyll Content

Foliar spray of MOP0.5% caused a small reduction in leaf chlorophyll content measured
in terms of SPAD values. However, the N-containing fertilizers urea2%, DAP2%, and NPK2%
significantly increased the leaf chlorophyll contents, compared to NFN and water spray
(WS). The increases in SPAD values due to the application of B, Mo, and Zn were non-
significant. The general range for leaf SPAD values was 35.6 at MOP0.5% to 42.6 in the
urea2% treated crop. The values of NDVI, which are indicators of N content in the crop
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canopy and the overall vigor of the crop, were significantly greater for plots treated with
the N-containing fertilizers urea2%, DAP2%, and NPK2%, compared with plots treated with
WS, NFN, and MOP0.5%; the NDVI and SPAD values were the lowest in the MOP0.5%
treated crop (Figure 2). Like NDVI, N-containing fertilizers significantly increased net PAR
interception over MOP0.5% and WS. On average, urea2%, DAP2%, NPK2%, B0.5%, Mo0.5%,
and Zn0.5% enhanced net PAR interception by 17, 13, 14, 7, 8, and 10% over NFN (Figure 3).
The amount of PAR reaching the bottom of the plant canopy followed the trend that was
opposite to the net PAR intercepted. The crop canopies under foliar application of N-
containing fertilizers permitted a lower penetration of PAR through the canopy as more of
it was intercepted. However, the canopy of the crop either did not receive foliar nutrition
(NFN, WS) or received a foliar application of B0.5%, Mo0.5%, and Zn0.05%, allowing higher
amounts of PAR to reach the bottom of crop plants (Figure 4).
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Figure 2. NDVI of soybean crop canopy under different foliar-applied nutrients (2015–2017).
WS: water spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phosphate so-
lution, MOP0.5%: 0.5% muriate of potash solution, NPK2%: 2% solution of 19:19:19 NPK,
Mo0.5%: 0.5% molybdenum solution, B0.5%: 0.5% boron solution, Zn 0.5%: 0.5% chelated-Zn solu-
tion, and NFN: no-foliar nutrition.
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Figure 3. PAR intercepted by crop canopy in soybean under different foliar-applied nutrients
(2015–2017). WS: water spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phos-
phate solution, MOP0.5%: 0.5% muriate of potash solution, NPK2%: 2% solution of 19:19:19 NPK,
Mo0.5%: 0.5% molybdenum solution, B0.5%: 0.5% boron solution, Zn 0.5%: 0.5% chelated-Zn solution,
and NFN: no-foliar nutrition.
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Figure 4. PAR transmitted down the crop canopy in soybean under different foliar-applied nutri-
ents (2015–2017). WS: water spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phos-
phate solution, MOP0.5%: 0.5% muriate of potash solution, NPK2%: 2% solution of 19:19:19 NPK,
Mo0.5%: 0.5% molybdenum solution, B0.5%: 0.5% boron solution, Zn 0.5%: 0.5% chelated-Zn solution,
and NFN: no-foliar nutrition.

3.3. Crop Growth Rate and Relative Growth Rate

The crop growth rate (CGR) and relative growth rate (RGR) determine the exponential
growth of any crop. Foliar application of macro- and micronutrients exerted a significant
influence on both the CGR and the RGR, although only for the period 60–75 DAS. In all
three study years, urea2% and Zn0.05% resulted in a significant enhancement in CGR and
RGR when compared with NFN during the period 60–75 DAS. Moreover, DAP2%, NPK2%,
and B0.5% also caused significant improvement in the CGR in at least one study year. In all
three years, MOP0.5% recorded the lowest CGR (Table 3).

Table 3. Effect of foliar nutrition on the crop growth rate (CGR) and the relative growth rate (RGR) at
different growth stages of soybean (2015–2017).

Treatment

CGR RGR

45–60 DAS 60–75 DAS 45–60 DAS 60–75 DAS

2015 2016 2017 2015 2016 2017 2015 2016 2017 2015 2016 2017

WS 12.4 10.5 13.1 8.4 6.6 8.1 0.041 0.040 0.042 0.018 0.017 0.017
Urea2% 12.4 11.2 14.4 11.5 9.4 10.3 0.041 0.041 0.044 0.024 0.022 0.020
DAP2% 13.6 10. 6 13.6 9.2 9.6 9.5 0.043 0.040 0.042 0.019 0.023 0.019
MOP0.5% 13.3 10.2 13.5 6.3 6.1 8.0 0.042 0.039 0.042 0.013 0.016 0.016
NPK2% 13.9 11.1 14.9 9.7 7.3 9.8 0.044 0.042 0.046 0.020 0.018 0.019
Mo0.5% 13.1 11.8 14.1 8.9 7.8 8.8 0.043 0.044 0.045 0.019 0.018 0.018
B0.5% 13.4 10.6 14.6 9.7 7.3 9.4 0.043 0.039 0.046 0.020 0.018 0.019
Zn 0.5% 13.7 10.5 14.1 11.0 8.7 10.2 0.043 0.038 0.043 0.022 0.021 0.020
NFN 12.5 10.8 12.8 7.7 6.7 8.2 0.041 0.042 0.041 0.017 0.017 0.017
SEm ± 1.24 1.21 0.97 0.61 0.59 0.62 0.002 0.004 0.003 0.002 0.001 0.001
CD (p = 0.05) NS NS NS 1.83 1.77 1.86 NS NS NS 0.005 0.004 0.003

WS: water spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phosphate solution, MOP0.5%: 0.5% muriate
of potash solution, NPK2%: 2% solution of 19:19:19 NPK, Mo0.5%: 0.5% molybdenum solution, B0.5%: 0.5% boron
solution, Zn 0.5%: 0.5% chelated-Zn solution, and NFN: no-foliar nutrition.

3.4. Yield Attribute-Pods/Plant, Seeds/Pod, and Seed Index

Foliar nutrition treatments Zn0.5%, B0.5%, and urea2%, applied at the pod initiation stage,
were more consistent in a significantly increased number of pods/plant when compared
with NFN treatments; the increase due to NPK2%, compared with NFN, was significant
only in 2017. Although Mo0.5%, DAP2%, and MOP0.5% also enhanced pod formation,
their effect was non-significant. The average increase in pods per plant followed the
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order Zn0.5% > urea2% > B0.5% = NPK2% > DAP2% > MOP0.5% > Mo0.5%. Pod bearing was
1.3 times greater during 2015 and 2017 than in 2016. A similar trend was observed for the
seed index; Zn0.5%, B0.5%, NPK2%, urea2%, and DAP2% resulted in higher seed indices than
those of MOP0.5% and NFN.

3.5. Yield

Soybean treated with Zn0.5%, B0.5%, NPK2%, and urea2% produced significantly higher
grain yields than soybean treated with the control (NFN), with increases of 18–37, 16–23, and
14–23%, respectively. Increments in grain yield due to the application of DAP2% (7–17%),
MOP0.5% (4–10%), and Mo0.5% (1–7%), compared to increments due to the application of
NFN, were not significant in any of the three years (Table 4). Thus, the largest increase in
yield was obtained with Zn0.5%, and the increase was significant overall for other foliar
nutrition treatments, bearing B0.5% in 2015. In the other two study years (2016 and 2017),
the increase in yield due to Zn0.5% was significant when compared to the increases due
to DAP2%, MOP0.5%, Mo0.5%, and WS. Unlike grain yield, straw yield did not differ due
to foliar nutrition in any of the study years. Grain yield was more than 50% higher and
straw yields were approximately 15% higher in 2015 and 2017 than in 2016. The harvest
indices (HI) were the same among all treatments in 2016 and 2017. However, in 2015, Zn0.5%
(0.36) and B0.5% (0.35) resulted in significantly higher HI, compared with NFN, WS, urea2%,
and MOP0.5%.

Table 4. Effect of foliar nutrition on yield attributes, yields, and harvest indices of soybean
(2015–2017).

Treatment Pods Per Plant Seed Index Seed Yield (kg ha−1) Straw Yield (kg ha−1) Harvest Index

2015 2016 2017 2015 2016 2017 2015 2016 2017 2015 2016 2017 2015 2016 2017

WS 38.2 31.1 40.6 9.6 9.2 10.4 1781 1187 1883 4030 3581 4524 0.31 0.25 0.29
Urea2% 42.4 35.3 46.5 10.5 10.5 10.8 1994 1439 2136 4376 3901 4890 0.31 0.28 0.30
DAP2% 43.5 31.2 42.7 10.6 10.1 10.7 2064 1326 1998 4232 3660 4669 0.33 0.27 0.30
MOP0.5% 42.1 28.1 42.0 10.7 9.7 10.6 1947 1238 1929 3942 3375 4400 0.33 0.27 0.31
NPK2% 43.4 32.1 46.3 10.8 10.3 10.9 2008 1397 2136 4385 3726 4693 0.31 0.27 0.31
Mo0.5% 40.3 27.7 40.5 10.2 9.7 10.6 1881 1218 1883 4007 3686 4673 0.32 0.25 0.29
B0.5% 45.5 31.8 45.2 11.0 10.2 11.2 2176 1347 2159 4121 3388 4397 0.35 0.29 0.33
Zn 0.5% 48.7 38.7 47.8 11.2 11.1 11.5 2372 1563 2204 4258 3459 4546 0.36 0.31 0.33
NFN 38.0 27.3 40.0 9.7 9.0 10.4 1759 1134 1860 3963 3574 4584 0.31 0.24 0.29
SEm ± 2.07 1.85 1.41 0.31 0.40 0.35 116.5 81.0 83.6 272 319 226 0.01 0.02 0.02
CD (p = 0.05) 6.19 5.56 4.22 0.92 1.21 NS 349.2 242.8 250.8 NS NS NS 0.04 NS NS

WS: water spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phosphate solution, MOP0.5%: 0.5% muriate
of potash solution, NPK2%: 2% solution of 19:19:19 NPK, Mo0.5%: 0.5% molybdenum solution, B0.5%: 0.5% boron
solution, Zn 0.5%: 0.5% chelated-Zn solution, and NFN: no-foliar nutrition: DAS: days after sowing.

3.6. Economic Budgeting

The use of Mo0.5% resulted in the highest cost of cultivation (USD 672.2 ha−1), followed
by B0.5%, (USD 544.3/ha), but yield enhancements due to these treatments were small. Thus,
the net returns and benefit-cost (B:C) ratio were lower in these two treatments than in the
other foliar nutrition treatments (Table 5). Net returns from crops sprayed with chelated
Zn0.5%, NPK2%, urea2% and DAP2% were greater by 21–58%, 15–17%, 8–30%, and 25–63%,
respectively, over NFN. Mo0.5% recorded 223–396% lower net returns than Zn0.5% applied
plots. Even NFN-applied crops yielded 46 and 104% greater net returns than Mo0.5% in
2015 and 2017, respectively. The net returns from the Mo0.5% applied plots were only USD
0.9 ha−1 in the low-yield year (2016). The highest B:C ratio was recorded with the use
of urea 2% during 2016 and 2017, followed by chelated Zn0.5%. However, in 2015, Zn0.5%
recorded the highest B:C ratio, which was significantly higher than NFN, WS, MOP0.5%,
Mo0.5%, and B0.5%. Foliar nutrition of urea2%, NPK2%, B0.5% and Zn0.5% resulted in the ME
of 9.76, 9.71, 9.72, and USD 9.93 ha−1day−1 were significantly higher than NFN and WS in
2017. Moreover, the use of Zn0.5% was more advantageous than the use of MOP0.5% and
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Mo0.5%. In 2016, Zn0.5%, urea2%, and NPK2% improved ME significantly over NFN, and in
2015, Zn0.5% and B0.5% were significantly better than NFN and WS. The three-year average
increase in ME with urea2%, NPK2%, B0.5% and Zn0.5% was 16, 15, 16, and 24% over NFN
and 14, 13, 14, and 22% over WS.

Table 5. Effect of foliar nutrition on cost of production, net returns, B:C ratio, and monetary efficiency
of soybean (2015–2017).

Treatment

Cost of Cultivation
(USD ha−1)

Net Returns
(USD ha−1)

B:C
Ratio

Monetary Efficiency
(USD ha−1day−1)

2015 2016 2017 2015 2016 2017 2015 2016 2017 2015 2016 2017

WS 439.0 407.1 438.9 378.7 217.3 592.7 0.86 0.53 1.35 6.99 5.79 8.67
Urea2% 441.4 409.5 441.3 470.3 332.9 720.6 1.07 0.81 1.63 7.79 6.88 9.76
DAP2% 447.0 415.0 446.9 488.8 271.2 643.2 1.09 0.65 1.44 8.00 6.36 9.16
MOP0.5% 440.5 408.6 440.4 440.8 230.5 608.5 1.00 0.56 1.38 7.53 5.92 8.81
NPK2% 474.5 442.5 474.3 442.9 275.9 681.0 0.93 0.62 1.44 7.84 6.65 9.71
Mo0.5% 672.3 640.4 672.2 184.6 0.9 364.3 0.27 0.10 0.54 7.32 5.93 8.71
B0.5% 544.5 512.5 544.3 432.8 173.7 611.8 0.79 0.34 1.12 8.35 6.36 9.72
Zn 0.5% 462.3 430.4 462.2 596.8 349.8 720.4 1.29 0.81 1.56 9.05 7.23 9.93
NFN 429.9 397.9 429.3 377.2 203.8 593.5 0.88 0.51 1.38 6.89 5.57 8.60
SEm ± - - - 51.0 36.0 42.3 0.11 0.09 0.084 0.44 0.33 0.36
LSD (p = 0.05) - - - 152.9 107.8 126.9 0.34 0.26 0.25 1.31 1.00 1.07

WS: water spray, Urea2%: 2% solution of urea, DAP2%:2% solution of di-ammonium phosphate,
MOP0.5%: 0.5% solution of muriate of potash, NPK2%: 2% solution of 19:19:19 NPK, Mo0.5%: 0.5% solution
of molybdenum, B0.5%: 0.5% solution of boron, Zn 0.5%: 0.5% solution of chelated-Zn, and NFN: no-foliar nutrition,
USD = 75 INR.

3.7. Water-Use Efficiency and Production Efficiency

Applying Zn0.5% resulted in larger WUE (39.5, 26.0, and 34.7 kg hacm−1) than that
resulting from other foliar-applied nutrients; however, the results of this treatment were
similar to those of B0.5%, DAP2%, and urea2% in 2015, 2016, and 2017, respectively (Figure 5).
The increase in WUE was due to Zn0.5%, and the application was 18–38% over the increase
due to NFN treatment. The three-year average increase in WUE due to Zn0.5% was 29.5%
over the increase due to NFN treatment. Likewise, a 16.8–28.1% increase in WUE resulted
from the use of Mo0.5%, compared with NFN. PE significantly improved with foliar nutrition
of various macro- and micronutrients during 2015 and 2016. On average, the crop treated
with Zn0.5%, B0.5%, NPK2%, DAP2%, and urea2% recorded an average of 30, 20, 17, 14, and
18% higher PE over crop treated with NFN (Figure 6).Sustainability 2022, 14, x FOR PEER REVIEW  12  of  18 
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Figure 5. Water-use efficiency in soybean under different foliar-applied nutrients (2015–2017).
WS: water spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phosphate solution, MOP0.5%:
0.5% muriate of potash solution, NPK2%: 2% solution of 19:19:19 NPK, Mo0.5%: 0.5% molybdenum
solution, B0.5%: 0.5% boron solution, Zn 0.5%: 0.5% chelated-Zn solution, and NFN: no-foliar nutrition.
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Figure 6. Production efficiency in soybean under different foliar-applied nutrients (2015–2017). WS: water
spray, Urea2%: 2% urea solution, DAP2%: 2% di-ammonium phosphate solution, MOP0.5%: 0.5%
muriate of potash solution, NPK2%: 2% solution of 19:19:19 NPK, Mo0.5%: 0.5% molybdenum solution,
B0.5%: 0.5% boron solution, Zn 0.5%: 0.5% chelated-Zn solution, and NFN: no-foliar nutrition.

4. Discussion

Soybean is a relatively long duration crop compared to most rainy season crops;
its duration is especially long (110–140 days) under north Indian plain conditions. The
crop has fairly high nutrient requirements—for each t of grain produced, soybean crop
removes 146 kg N, 25 kg P2O5, 53 kg K2O, 5 kg S, 476 g Fe, 104 g Zn, 123 g Mn, 41 g Cu,
55 g B, and 13 g Mo ha−1 from the soil [32]. Most often, nutrients are supplied to soybean
through soil applications only, which undergo several chemical reactions in the soil before
the plants can absorb them, reducing their recovery efficiency and use efficiency due to
fixation in the soil colloids and leaching, erosion, or volatilization losses [31,33]. Ultimately,
their availability to plants declines as the crop progresses toward its reproductive stage.
Moreover, there is a sharp decrease in the root activity of soybean during seed development,
and nutrients translocate from leaves and pods to grain; thus, nutrients are inadequate
in leaves for various metabolic activities. The nutrient-starved leaves turn yellow, with
ultimately poor photosynthesis and grain yield [34] However, as seeds fill, these seeds
become the dominant sink for carbohydrates being produced in the leaves [35]. When crop
growth proceeds, the soluble carbohydrate content of the stems and roots decreases [36],
nodules stop fixing N, root growth stops, and the uptake of some nutrients slows and stops.
Nutrient deficiencies in soybean occur at the flowering or pod development stages, when
the plant’s requirement is highest [36,37]. Thus, as expected, applying a small amount of
macronutrient fertilizers, such as urea2%, DAP2%, and NPK2%, and micronutrients, Zn0.5%,
B0.5%, and Mo0.5%, through foliar sprays directly on foliage during the pod initiation stage,
in addition to a low dose of soil-applied fertilizers during sowing, significantly improved
most of the growth parameters, yield attributes, yield, and resource-use efficiency of the
soybean crop when compared with NFN treatment (no foliar nutrition).

The time of sowing is a nonmonetary input and an important yield and quality
determinant in crop production. In the current study, the grain yield of soybean was
reduced by approximately 50% during 2016, compared to the yields of the 2015 and
2017 study-years. This occurred because of late planting (2 August) of soybean, when
weather conditions became favorable after continuous rains following the onset of monsoon,
resulting in a drastic reduction in grain yield (Table 4). During 2015 and 2017, soybean was
planted with the early onset of monsoon during the middle of July, which was beneficial in
attaining higher growth and yield of soybean in comparison to 2016. The number of daily
sunshine hours averaged over the entire crop period was more than 5 in 2015 and 2017, but
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in 2016, it was just above 3, which also partly explains the reason for the low crop harvest in
2016. Additionally, air temperatures, especially the weekly mean minimum temperatures,
were much lower during the grain-filling period (7.3–13.9 ◦C) in 2016 than during the same
crop stage in 2015 (13.9–18.5 ◦C) and 2017 (12.7–13.9 ◦C), which might have negatively
impacted photosynthesis as well as the translocation of photosynthates from source to sink,
and finally hampered grain filling and yield formation in 2016 [3,31,38].

All of the studied growth parameters—plant height, branching, LAI, and dry matter
production—were significantly improved by urea2%, DAP2%, NPK2%, and Zn0.5%, although
the effect of Zn0.5% on plant height was not significant in all three years. Foliar application
of B and Mo at 0.5% concentration also improved dry matter production and LAI, compared
to applications of NFN and MOP0.5%, but the differences were not significant in any of
the study years. The improvement in growth parameters due to foliar application of
N-containing fertilizers, urea2%, DAP2%, and NPK2%, could be ascribed to the fact that
foliar-applied fertilizers during calm conditions (morning hours) can directly enter plant
leaves, and the nutrients present in them (N, NP, and NPK, respectively) could have
enhanced the process of photosynthesis and regulated other metabolic processes in the
plant, resulting in higher plant growth [38,39]. Zn is a constituent of several enzymes and
proteins and is involved in a wide range of processes, including a role in photosynthesis,
growth hormone production, and stem elongation; thus, its foliar application at a time
when the plant requirement is high (flowering or pod initiation) is expected to improve the
growth of the soybean crop [39,40]. Boron plays an important role in cell division, especially
in the shoot apex and young leaves, and Mo is a constituent of important enzymes such as
nitrate reductase and xanthine dehydrogenase [41] and is also involved in growth hormone
synthesis—for example, abscisic acid [39,42]. Hence, an increase in DMA and LAI due
to foliar feeding in the current study was reflected in higher yields. Unlike the above
fertilizers or nutrients, MOP0.5% exhibited a negative influence on all studies of the growth
characteristics of soybean, as its application induced scorching of leaves, destruction of
chlorophyll, and, finally, lowering of photosynthesis [38].

As N is an important constituent of chlorophyll, all N-containing fertilizers, urea2%,
DAP2%, and NPK2% significantly increased the leaf chlorophyll contents, compared to the
increases with NFN and WS treatments. The SPAD values were lowest for the MOP0.5%-
treated crop, as it caused scorching of leaves, likely due to the presence of chloride in
MOP. Reduction in the chlorophyll content in soybean due to foliar application of MOP
was also reported in some studies [43]. Higher leaf chlorophyll contents for crops sprayed
with N-containing fertilizers resulted in higher photosynthetic rates and plant growth,
which intercepted higher amounts of PAR. The higher interception of PAR led to greater
photosynthesis, further improving plant growth parameters. On average, urea2%, DAP2%,
NPK2%, B0.5%, Mo0.5%, and Zn0.5% enhanced net PAR interception by 17, 13, 14, 7, 8, and
10% over that from NFN treatment, although the effect was larger and significant for
urea2%, DAP2%, and NPK2% only. However, the role of B0.5%, Mo0.5%, and Zn0.5%, apart
from N-containing fertilizers, in promoting the growth and vigor of soybean plants was
also sizable. NDVI measured with optical sensors is the most widely used parameter in
assessing crop health, vigor, and greenness. The NDVI values were higher in urea2%-,
DAP2%-, and NPK2%-treated crops than in the NFN- and WS-treated plots. Micronutrient
applications did not show a significant increase in NDVI values, unlike the increase due to
major nutrients such as N.

The crop growth rate (CGR) and the relative growth rate (RGR) reveal the extent of
exponential growth of any crop, and both were altered by foliar application of macro-
and micronutrients, although only for the period 60–75 DAS. Urea2%, Zn0.5%, DAP2%,
NPK2%, and B0.5%, by virtue of their role in DMA through continued photosynthesis, led to
significant improvement in CGR and RGR. In all three study years, MOP0.5% recorded the
lowest CGR, as it hampered plant growth negatively by burning sprayed plant leaves, and
thus reduced the photosynthetically active area. Among the study years, 2016 recorded
the lowest CGR and RGR for both the 45–60 and 60–75 DAS periods, due to unfavorable
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climatic conditions (a higher temperature during flowering and low temperatures during
grain filling) causing late sowing of the crop.

Since the RDF was applied basally to all plots, and subsequently foliar nutrition
treatments were imposed at the pod initiation stage, the foliar-applied nutrients could have
resulted in more absorption of nutrients by the leaves, and their effect was reflected more in
the final yield of the crop than in growth characteristics. The increments in yield consequent
to foliar applications of Zn0.5% and B0.5% during the pod formation stage resulted primarily
from an increase in the number of pods/plants, seeds/pods, and seed indices. Earlier
studies have also shown that micronutrients, particularly Zn, Fe, and Mn, applied by foliar
spraying increased soybean yield [44,45]. This showed that foliar application of Zn to
plants at the pod initiation stage minimized the Zn deficiency effect in soybean to a greater
extent and led to the highest seed yields. In soybeans, foliar application of B in the early
reproductive stage has been shown to increase stem branching, the number of pods, and
the seed yield of soybean [1,2,46]. Concurrently, this increased seed yield of soybean with
Zn and B application might be due to increased Zn and Bo contents in grain and stover,
and their uptake by the soybean crop. The potential yield of soybean is influenced by filled
seeds obtainable from a foliar fertilizer application, but that is normally not filled before
foliar application [2]. Zn is a growth-promoting substance that controls the development
of the shoot and plays an important role in electron transport, photophosphorylation,
photosynthetic enzymes, and biomass production [9]. Furthermore, zinc may be required
for chlorophyll production, pollen function, and fertilization [47,48].

Interestingly, spray applications that contained only N, or N, P, and K, such as urea,
DAP, and 19:19:19 NPK, also resulted in small increases in yield that stood much below
the yield enhancement occurring due to Zn application. These results suggest that beyond
an optimal requirement, NPK foliar application does not improve reproductive yield as
micronutrients do. Ross et al. [40] reported that additional N on leaves could not be
utilized, due to hormonal changes or functional loss of anabolic enzymes. In contrast,
foliar fertilization of plants with urea can lead to decreased yield due to leaf burn (leaf tip
necrosis), which is often observed after foliar fertilization with urea [49]. This leaf burn
increases with leaf urease activity, and is due to the ammonia produced from urea by this
activity. However, such negative impacts of N-containing fertilizers were not noticed in the
current study; it is likely that the experimental field soil was generally light in texture and
low in fertility; instead, there was a gain in grain yield. Additional application of 20 kg N
per ha at 60 days after sowing increased the seed yield by 11%, compared with RDF applied
at the time of planting [50].

Mo and B are costly chemicals, and their foliar nutrition (Mo0.5% and B0.5%) escalated
soybean cultivation costs by 54.6 and 26.7%, respectively, over NFN. However, the corre-
sponding improvement in yield was disproportionately low. Thus, net returns and the
B:C ratio were lower in these two treatments than they were in the other foliar nutrition
treatments. Net returns from crops sprayed with chelated Zn0.5%, NPK2%, urea2%, and
DAP2% were higher by margins of 21–58%, 15–17%, 8–30%, and 25–63%, respectively, over
NFN treatment. Mo0.5% recorded 223–396% lower net returns than Zn0.5%-applied plots.
Even NFN-applied crops, despite producing lower grain yields, resulted in 46 and 104%
greater net returns over Mo0.5% in 2015 and 2017, respectively, due to the lower cost of
cultivation in NFN, suggesting that the use of Mo and B was not economical in this study.
Spraying water incurred an additional cost of approximately USD 12 ha−1 and marginally
increased seed yield; thus, net returns from this treatment were the same as those in NFN
treatment. Spraying water only did not carry any advantage. The higher ME in the Zn0.5%,
B0.5%, urea2%, and NPK2% plots is attributed to higher grain yield and gross returns from
these treatments [51,52].

Foliar nutrition to soybean significantly influenced the WUE and PE of soybean during
2015–2017. The variations in WUE among foliar nutrition treatments were mainly governed
by variations in seed yields, as water applied through irrigation or rainfall was equal for
all treatments. Zn application also increases the water use efficiency of chickpea [52]. Like
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WUE, PE, which depicts grain production per ha per day, largely followed the trend of
grain yield. The use of Zn0.5%, B0.5%, NPK2%, DAP2%, and urea2% increased PE by 29.7, 19.9,
17, 14, and 17.6%, respectively, over NFN treatment. Across the foliar nutrition treatments,
net returns, monetary efficiency, PE, and WUE were lowest during 2016 compared to the
other two study years, due to drastically lower grain and straw yields that resulted from
late planting and thus reduced crop duration in 2016.

5. Conclusions

The results proved the hypothesis that foliar application of macro- and micronutrients,
along with a recommended dose of fertilizers, improves the growth, seed yield, and
resource-use efficiency of soybean by averting nutrient stress during peak nutrient demands
(flowering and pod initiation stages) in a semi-arid region. These findings support the
following conclusions

• Soybean treated with Zn0.5%, B0.5%, NPK2%, and urea2% recorded 18–37, 16–23, and
14–23% higher grain yields over control treatment (NFN).

• Net returns from crops sprayed with chelated Zn0.5%, NPK2%, urea2%, and DAP2%
were greater by 21–58%, 15–17%, 8–30%, and 25–63%, respectively over those from
NFN treatment.

• Foliar application of Zn0.5% increases WUE by 29.5% over NFN treatment. Similarly, a
spray of Mo0.5% enhanced WUE by 16.8–28.1% over NFN treatment.

• Foliar nutrition of Zn at 0.5% spray, followed by 2% urea, 2% NPK (19:19:19 fertilizer),
and 2% DAP resulted in significantly higher yield (1563–2372 kgha−1), net returns (USD
596.8–720.4 ha−1), ME (USD 9.05–9.93 ha−1day−1), and PE (14.3–20.1 kg grain ha−1day−1).

Thus, to realize potential yields and profits, soybean crops require foliar feeding of
micronutrients, such as Zn and B, both at 0.5% solution, and macronutrient fertilizers urea,
NPK, and DAP, all at 2%, over and above basally applied RDF. This could be particularly
essential for low- to medium-fertility soils.
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