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Abstract: Manganese is an important essential micronutrient, and its deficiency causes latent health
issues in humans. Agronomic biofortification can promisingly improve the plant nutrient concen-
tration without changing the genetic makeup of plants. This study was designed to assess the best
method of Mn application to enhance productivity and grain Mn contents under conventional tillage
(CT) and no tillage (NT) systems. Manganese was delivered through seed coating (250-mg kg_1
seed), osmopriming (0.1-M Mn solution), soil application (1 kg ha~'), and foliar application (0.25-M
Mn solution). A general control with no seed Mn application was included, whereas hydropriming
and water spray were used as positive control treatments for Mn seed priming and Mn foliar spray,
respectively. No tillage had a higher total soil porosity (9%), soil organic carbon (16%), soil microbial
biomass carbon (4%), nitrogen (2%), and soil nutrients in the CT system. Manganese nutrition
through various methods significantly enhanced the yield, grain biofortification, and net benefits for
CT and NT systems. Averaged across two years, the maximum improvement in grain productivity
was recorded with osmopriming (28%) followed by foliar application (26%). The highest grain Mn
concentration (29% over no application) was recorded with Mn foliar applications under both tillage
systems. Moreover, the highest economic returns and marginal net benefits were recorded with
osmopriming. To improve the wheat production, profitability, and grain Mn concentration, Mn
application through priming and foliar application may be opted.

Keywords: agronomic biofortification; conservation tillage; economics; seed enhancements; soil
health; Mn use efficiency

1. Introduction

Hidden hunger is an emerging issue that is adversely affecting the global population
and has become a major challenge [1,2]. Globally, there are around 0.8 billion people
who are persistently hungry and malnourished [3]. Above two billion people suffer from
hidden hunger, particularly in developing countries [4]. The global population is escalating
with rapid growth, and food demand is also rising at the same rate. After the green
revolution, the major focus of the research was to increase the food quantity, without
any focus on the quality of food [5-7]. About 50% of the global population is influenced
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by micronutrient deficiencies, because they are solely dependent upon cereals for their
diet [8]. Micronutrients have a chief role in the metabolic and physiological functions of
the plant, and their deficiency leads to disturbances in developmental cascades of plants
and adversely affects productivity [9]. They are required in minor quantities and, at the
above optimum amount, they become toxic [10].

Manganese (Mn) is essentially needed for the better functioning of all living organisms
considered as an important micronutrient [11]. At higher concentrations, Mn reduces the
availability of iron (Fe), copper (Cu), boron (B), and zinc (Zn) in soil [12]. Manganese is
essential for neurotransmitter synthesis, brain functioning, and involved in carbohydrate
and lipid metabolism [13,14]. In plants, Mn is necessary for hydrolysis in the oxygen-
evolving complex of photosystem II. Additionally, it is required in chloroplast breakdown
and chlorophyll biosynthesis [15,16]. The deficiency of Mn impedes root development,
reduce tillering, and causes interveinal chlorosis [17,18]. The prevalence of Mn deficiency
is higher in alkaline calcareous soils [19], adversely affecting plant growth and productivity.
Staple cereals, especially wheat and rice, showed a higher sensitivity of Mn deficiency
compared with other crops [19,20]. A survey reported that, globally, 10% of agricultural
soils are Mn-deficient [21]. In soil solution, the concentration of micronutrients (Mn, copper
(Cu), iron (Fe), and zinc (Zn)) is mainly dependent upon the soil pH, redox potential, and
soil organic matter [22]. Reduction in pH or redox potential can enhance the Fe, Cu, Mn,
and Zn concentrations [23].

Conventional tillage (CT) significantly alters the soil properties and improves the
seed-to-soil contact that ultimately leads to a better crop stand [24]. Nevertheless, intensive
soil manipulation adversely affects the soil properties and deteriorates soil health and
quality [25]. In this situation, no tillage (NT) is the best option, as it involves no soil distur-
bance, ensures timely wheat plantation, and increases the productivity and profitability of
rice-wheat rotation on a sustained basis [26,27]. Wheat planting in the no tillage system, it
helps to conserve energy resources (water and fuel) and improves soil health [28].

Fundamentally, the occurrence of micronutrient deficiency is high in developing
countries, because the agriculture systems of these countries do not produce nutrient-rich
foods [29]. There are a variety of options to overcome malnutrition problems, including
food diversification, postharvest food fortification, pharmaceutical supplementation, and
biofortification [30]. Agronomic biofortification is one of the major strategies to enhance the
nutrient concentration in grain [31], which is attained by the application of micronutrients
through seed treatments (seed coating and priming) and foliar and soil application [32,33].
Biofortification with agronomic interventions is potentially an efficient, economical, easy-
to-implement, and more sustainable approach compared to genetic biofortification [34,35].

Although the application of Mn improves the wheat productivity, information about
the role of Mn nutrition when applied through various methods on yield, economics, grain
Mn accumulation, and use efficiency of wheat under conventional and conservation tillage
systems is lacking. Therefore, the present study was carried out with the hypothesis that
Mn application through different methods would improve the productivity and wheat
grain biofortification of wheat under different tillage systems. The objectives of the present
study were (a) to determine the most effective method of Mn application to enhance wheat
productivity and grain biofortification under CT and NT and evaluate the economics and
Mn efficiencies of Mn application (b) to study the impacts of different tillage permutations
on soil health properties and nutrient dynamics.

2. Materials and Methods
2.1. Site, Soil and Climate

The study was executed at the Research Area, University of Agriculture, Faisalabad
(latitude 73.89° E, longitude 31.62° N and altitude 183.8 m above sea level), Pakistan dur-
ing 2017-2018 and 2018-2019. The soil of the experimental field was sandy clay loam in
texture at the Lyallpur series, classified as Haplic Yermosols in the Food and Agriculture
Organization (FAO) classification system [36] and fine-silty aridisol, hyperthermic Ustalfic,
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Haplagrid in the US Department of Agriculture (USDA) classification system [37]. Be-
fore initiation of the experiment, soil samples were collected for a soil physicochemical
analysis [38]. The initial soil analysis indicated that the soil of the study had a pH of
7.1, electrical conductivity (EC) 0.49 dSm™!, total soil organic matter 6.3 g kg™, total
nitrogen (N) 0.358 g kg~!, available phosphorus (P) 0.00702 g kg !, extractable potassium
(K) 0.086 g kg !, and Mn concentration 3.85 ppm. The climate of Faisalabad is generally
hot, subtropical to semi-arid, with maximum temperatures of 43-46 °C during summer
and the minimum temperatures of 6-9 °C during the winter. The weather data for both
experimental periods are given in Figure 1.
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Figure 1. Meteorological data during the two years of study. Source: Meteorological Cell, Univer-
sity of Agriculture Faisalabad, Pakistan. All the values of sunshine, relative humidity and mean
temperature are the monthly averages. R.H.: relative humidity.

2.2. Plant Material

Anaaj-2017 cultivar of wheat was procured from Wheat Research Institute, Faisalabad.
Germination potential and moisture contents of the seeds were determined according
to [39] and were 94% and 12%, respectively.

2.3. Experimental Details

The experiment was designed as a randomized complete block design under a split-
plot arrangement; where tillage systems were kept in the main plots and Mn application
treatments were placed in subplots. The tillage system was comprised of conventional
tillage and no tillage systems. There were seven Mn treatments viz. no application, Mn
seed coating, hydropriming, osmopriming, basal application, foliar application of Mn, and
water spray. For performing a coating of the seeds, an adhesive solution was prepared
with Arabic gum, and Mn (250 mg kg ~! seed) was added in sticky solution, and the seed
was added in the solution for 30 min and allowed to adhere on seeds. For seed priming,
seeds were dipped in aerated distilled water (hydropriming) or 0.1-M aerated Mn solution
(osmopriming) for 12 h with 1:5 seed weight to a solution: volume ratio. The aquarium
pump was used for the provision of artificial aeration to the solution during soaking. From
the soaking solution, seeds were removed, washed by using distilled water, and dried for
gaining their original weight. Mn soil application was carried out by its broadcasting at
the rate of 1 kg ha~! before seed drilling. For foliar application, 0.25-M Mn solution (Foliar
Mn) or water was sprayed using a manual sprayer at the booting stage (BBCH-40) [40].
Hydropriming and water spray were considered as a positive control for osmopriming and
Mn foliar application. The source for Mn was MnSQO,4.7H,0O for all treatments. Husbandry
practices during both experimental seasons are detailed in Table 1. Based on soil test,
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fertilizers were applied at 115:85:65 N:P:K kg ha~!, respectively. At the time of sowing,
half of the N and complete doses of P and K were applied, while the N remaining dose
was applied in two halves with first (25 days after sowing (DAS) and second irrigations
(55 DAS).

2.4. Observations, Measurements, and Data Analysis
2.4.1. Soil Properties

For the determination of soil bulk density (BD), total soil porosity (TSP), soil organic
carbon (SOC), total N, available P, and extractable K, soil samples were taken at final
harvest from two sampling depths (0-10 cm and 10-20 cm). Whereas the soil was sampled
at the anthesis stage (BBCH-69) [40] for the estimation of soil microbial biomass carbon
(SMBC) and nitrogen (SMBN). Data regarding BD [41] and TSP [42], SOC [43], total N [44],
available P [45], and extractable K [46] were estimated. Chloroform extraction method was
used for the determination of SMBC and SMBN [47,48].

2.4.2. Yield Parameters

The number of productive tillers were determined from a 1 m~2 unit area in each plot
from four random points at final harvest. Twenty spikes were randomly selected from
each plot and after threshing grains were separated. From the same spikes, grains were
counted to record grains per spike. The crop was manually harvested from each plot, tied
into bundles, sundried for a week, and weighed to record the biological yield. The crop,
from each plot was threshed with the help of a mini-thresher, grains were separated, and
grain yield was recorded. For 1000-grain weight, three subsamples of 1000 grains from
each plot were taken and weighed using digital weighing beam. The harvest index was
recorded as the ratio of dry grain yield to biological yield and expressed in percentage.

2.4.3. Grain and Straw Mn Concentrations

Mature samples of grain and straw were taken and prepared by wet ashing [49].
Samples were oven-dried, crushed, and weighed. Afterward, these samples were digested
in a di-acid mixture (HCIO4:HNOj3 at 3:10 v/v), and Mn concentration in grains and
straw was determined on atomic absorption spectrophotometer (Perkin Elmer, San Jose,
CA, USA).

2.4.4. Estimation of Mn Use Efficiency

Manganese use efficiencies, viz., agronomic (AgE), physiological (PE), agro-physiological
(AgPE), apparent recovery (ARE), utilization efficiency (UE), and Mn harvest index (MnHI)
were calculated by following Fageria [12] and Shivay and Prasad [50].

. - ~ GYwmn —GYc
Agronomic efficiency = Vin
. . - Yvmn — Y
Physiological efficiency = ———
Y 8 Y UMn - UC
Agro — physiological efficiency = w
Mn — YC
Apparent recovery efficiency = Uwmin — Uc
Mn,
Utilization efficiency = PE x ARE
Mn harvest index = GUmin
Mn

where GYp, is grain yield of Mn fertilized plots, GY¢ is the yield of unfertilized plots, Mn,
is the total amount of Mn applied, Y is the grain and straw yield of Mn-treated plots,
Yc is the grain and straw yield of unfertilized plots, Uy, is the Mn uptake in the grain
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and straw of Mn-fertilized plots, and Uc is the uptake of Mn in the grain and straw of
untreated plots.

2.4.5. Economic Analysis

For the estimation of net benefits and the benefit:cost ratio (BCR), an economic analysis
was performed following [51]. For deriving adjusted grain and straw yield, the actual
grain and straw yield was reduced by 10%. Seed, irrigation, fertilizers, plant protection,
labor cost, and harvest were included as a fixed cost, whereas tillage operations and Mn
nutrition were included as a variable cost. The marginal analysis was performed by the
following [52].

2.4.6. Statistical Analysis

Data were statistically analyzed using computer software Statistix 8.1. For mean sepa-
ration, Tukey’s HSD (honest significant difference) test was applied at the 5% probability
level [53]. SigmaPlot 10.0 was used for graphical representation of data.

Table 1. Crop husbandry details in wheat during 2017 and 2018 and 2018 to 2019.

Year 2017-2018 2018-2019
Tillage System Conventional Tillage No Tillage Conventional Tillage No Tillage
Previous crop stubble 14 November 17 November
management
Soaking (Rauni) irrigation 17 November 17 November 21 November 21 November
Land preparation
3 cultivations of field up to
depth of 0.3 m + 2 21 November 26 November
plankings
Seeding rate (kg ha™1) 125 125 125 125
Hombre 37.25% FS Hombre 37.25% FS Hombre 37.25% FS Hombre 37.25% FS
Seed treatment (Imidacloprid and (Imidacloprid and (Imidacloprid and (Imidacloprid and

Tebuconazole) 2 mL kg ~*

Tebuconazole) 2 mL kg~

Tebuconazole) 2 mL kg~

Tebuconazole) 2 mL kg~

Sowing with a manually

Direct seeding in
undisturbed post rice soil

Sowing with a manually

Direct seeding in
undisturbed post rice soil

Sowing (ggflzt\?:nif;}) with a manually operated (ggiitjifgi}) with a manually operated
NT drill (23 November) NT drill (28 November)
Fertilizers application or. o, o, o,

N:P:K kg ha~! 115:85:65 115:85:65 115:85:65 115:85:65
Total 80 WG Total 80 WG Axial 50 EC (pinoxaden) Axial 50 EC (pinoxaden)

Weed management (sulfosulfuron and (sulfosulfuron and at 30 DAS at 30 DAS

iodosulfuron) at 30 DAS iodosulfuron) at 30 DAS
Harvesting 20 April 20 April 24 April 24 April

DAS = Days after sowing. NT = no tillage. FS = Flowable concentrate for seed treatment.

3. Results

3.1. Soil Properties

Wheat tillage systems (WTs) had a significant impact on the soil BD, TSP, SOC, SMBC,
and SMBN at both sampling depths during both years of experimentation (Table 2). Soil BD
was recorded higher (3% at 0-10 cm and 4% at 10-20 cm) from A CT system in comparison
to NT system for both years (Table 2). Under NT, substantial improvements were observed
at 0-10 cm and 10-20 cm sampling depths in TSP (8% and 9%), SMBC (4% and 3%), SMBN
(3% and 2%), and SOC (17% and 15%) on an average of two years (Table 2).

Total N, available P, and extractable K were also affected by tillage systems during
2017-2018 and 2018-2019 (Figure 2), whereas the results were nonsignificant for total N
during the first year of study. Total N was 12% higher in the NT system, compared to CT
during 2018 to 2019. The highest available phosphorus was recorded (9% and 8%) with a
NT system compared to CT during both study years. Likewise, NT showed the highest
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values (6% and 7%) for extractable K compared with CT during the 2017 to 18 and 2018 to
19 (Figure 2).

3.2. Yield Parameters

A manganese application considerably influenced the productive tillers during both
study years. However, WTs had no considerable impact on the productive tillers. Across
different WTs, the highest value for the number of productive tillers i.e., 12% higher during
each year, was observed with osmopriming, compared with those in no Mn application
treatment. Grains per spike were substantially improved with Mn application, and 23%
and 27% higher grains per spike were observed with osmopriming during the first and
second years of study, respectively. Results were statistically at par for the first year to
foliar-applied Mn in case of grains per spike. The highest 1000-grain weight (20% and 32%
over control) was noted with osmopriming during 2017-2018 and 2018-2019, respectively.
However, osmopriming was statistically at par with Mn foliar application during both
years. The highest biological yield was found by soil-applied Mn in the CT system and
NT system for the first and second years, respectively. The grain yield was highest (36%
and 26% over control) with osmopriming in the NT system during both study years. Grain
yield (26% over control) was found with osmopriming for the second year. The harvest
index was highest with a foliar application of Mn for both years (Table 3).

3.3. Grain and Straw Mn Concentrations

Manganese nutrition significantly improved the grain and straw Mn accumulation.
For both years, the highest grain Mn content was recorded by its foliar application under
both WTs (Figure 3). The highest straw Mn concentration was noted with osmopriming
during both years in the CT and NT systems (Figure 3).

Table 2. Influence of tillage systems on soil health parameters recorded after wheat harvest.

2017-2018 2018-2019
Treatments
0-10 cm 10-20 cm 0-10 cm 10-20 cm
Soil Bulk Density (g cm—3)
Conventional tillage 154 A 1.50 A 1.56 A 155 A
No tillage 149B 145B 154 A 1498B
HSD (p < 0.05) 0.02 0.01 NS 0.03
Total Soil Porosity (%)
Conventional tillage 39.00 A 38.07 B 41.67B 38.66 B
No tillage 40.51 A 41.03 A 4511 A 4241 A
HSD (p < 0.05) NS 1.28 1.43 0.79
Soil Microbial Biomass Carbon (ug g~1)
Conventional tillage 155.31 B 161.52 A 167.73 165.98 B
No tillage 162.10 A 162.87 A 173.76 17113 A
HSD (p < 0.05) 1.74 NS 1.10 124
Soil Microbial Biomass Nitrogen (ug g~1)
Conventional tillage 508 B 486 B 514 B 507 B
No tillage 519 A 498 A 532 A 515 A
HSD (p < 0.05) 9.4 2.99 14.87 2.66
Soil Organic Carbon (g kg™1)
Conventional tillage 7.02B 6.28 B 6.98 B 6.89 B
No tillage 8.36 A 7.09 A 8.08 A 8.08 A
HSD (p < 0.05) 0.063 0.08 0.072 0.25

HSD = honestly significant difference and NS = Non-significant; Means sharing the same letter during a year for
a parameter do not differ significantly at p < 0.05 HSD.
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Figure 2. Influence of conventional tillage and no tillage systems on (i) total nitrogen (g kg 1), (ii) available phosphorous
(mg kgfl), and (iii) extractable potassium (mg kgfl) in the soil after wheat harvest. Error bars above indicates the +S.E. of
three replicates. Means sharing the same letter during an experimental year for a parameter do not differ significantly at

p < 0.05.

3.4. Manganese Use Efficiency Indices

The application of Mn considerably influenced the efficiency indices (Table 4). How-
ever, the effects of WTs were not significant for efficiency indices. Mn seed coating showed
the highest AgE during both years. The PE was highest, with soil-applied Mn during
both study years. Likewise, the AgPE was highest, with soil-applied Mn for the first year,
whereas the highest AgPE was observed with soil-applied Mn in a CT system during the
second experimental year; the results were statistically similar to the soil-applied Mn in
the NT system. ARE and UE were highest by seed coating with Mn for both experimental
years. MnHI was highest with foliar-applied Mn during both study years, and the results
were statistically at par to seed coated with Mn during the second year (Table 4).

3.5. Economic and Marginal Analysis

The economic analysis showed that manganese application improved the net benefits
of wheat through either application method grown in both tillage systems. Nevertheless,
the highest net benefits and BCR were noted with osmopriming in the CT and NT systems.
Among WTs, the NT system had the highest net benefits compared with the CT system
(Table 5). Likewise, the highest marginal rate of return was recorded with osmopriming
(Table 6).
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Table 3. Effect of manganese application on the yield and related traits of wheat planted under two tillage systems.
2017-2018 2018-2019
Treatments
Conventional Tillage No Tillage Mean (Mn) Conventional Tillage No Tillage Mean (Mn)
Productive Tillers (m—2)
No application 3llg 320 e 315.5E 300 i 311 ef 305.5E
Seed coating 338 ¢ 349b 343.5B 330 ¢ 332¢ 331.0 B
Hydropriming 318 ef 325d 3215C 305 gh 313 ef 309.0 DE
Osmopriming 349b 360 a 354.5 A 339b 344 a 3415 A
Soil application 351b 340 ¢ 3455B 322d 329 ¢ 3255C
Water spray 319 ef 317 £ 318.0 DE 303 hi 310 ef 306.5 DE
Mn-foliar application 319 ef 32le 320.0CD 309 fg 3l4e 311.5D
Mean (WTs) 329 A 333 A 315B 322 A
HSD (p < 0.05) Mn = 3.02 WTs =0.61; Mn = 5.14
Number of Grains per Spike
No application 37a 36a 36.5C 35a 36a 35.0D
Seed coating 42 a 41a 415B 41a 41a 41.0C
Hydropriming 37a 36a 36.5C 36a 36a 36.0 D
Osmopriming 44 a 46 a 450 A 44 a 45a 445 A
Soil application 41a 42 a 415B 40 a 41a 40.5C
Water spray 38a 37 a 375C 36 a 35a 355D
Mn-foliar application 45a 45a 455 A 43 a 43 a 43.0B
Mean (WTs) 407 A 404 A 393 A 39.6 A
HSD (p < 0.05) Mn=1.13 Mn =0.71
1000-Grain Weight (g)
No application 38.84 a 39.69 a 39.26 D 34.56 £ 35.27 ef 3491 E
Seed coating 4395 a 43.95a 43.95B 42.16d 43.95 ¢ 43.05B
Hydropriming 39.65 a 38.71a 39.18 D 35.89e 36.51 e 36.20 D
Osmopriming 45.70 a 4541 a 4555 A 46.21 a 46.23 a 46.22 A
Soil application 4216 a 42.16a 42.16C 41.16d 4236d 41.76 C
Water spray 38.15a 39.65 a 38.90 D 34.15f 36.45e 35.30 DE
Mn-foliar application 46.22 a 47.00 a 46.61 A 44.67 bc 45.97 ab 4532 A
Mean (WTs) 4210 A 4240 A 39.83 B 40.96 A
HSD (p < 0.05) Mn =1.31 WTs =1.03; Mn = 0.94
Biological Yield (t ha™1)
No application 7.18 gh 7.03h 710F 731h 742 gh 736 E
Seed coating 7.92 ef 7.78 £ 7.85D 8.04e 8.11de 8.07C
Hydropriming 739¢g 721 gh 730E 7.45 fg 7.59 f 752D
Osmopriming 8.37 be 8.18 cd 8.28 B 8.28 cd 8.44c 8.36 B
Soil application 8.60 a 8.40 ab 8.50 A 8.62b 8.85a 8.74 A
Water spray 7.26 gh 711h 7.19 EF 7.35 gh 751 fg 7.43 DE
Mn-foliar application 8.11de 7.96 def 8.04C 798 e 798 e 798 C
Mean (WTs) 7.83 7.67 7.87 A 8.02 A
HSD (p < 0.05) Mn = 0.15; WTs x Mn =0.22 Mn =0.09; WTs x Mn =0.13
Grain Yield (tha™1)
No application 3.09h 3.14h 3.11E 3.33 ef 3.34 ef 334E
Seed coating 3.67 e 371e 3.69 C 3.76 d 3.73d 3.74D
Hydropriming 32lg 3.25fg 323D 3.32 ef 3.34 ef 333E
Osmopriming 4.01c 421a 411A 4.18a 419a 418 A
Soil application 3.85d 3.89d 3.87 B 3.94c 393 ¢ 3.93C
Water spray 3.28 £ 321lg 324D 3.34 ef 3.29f 332E
Mn-foliar application 411b 4.02c 4.06 A 4.06b 4.04b 4.05B
Mean (WTs) 3.60 3.63 3.71 3.70
HSD (p < 0.05) Mn = 0.046; WTs x Mn = 0.065 Mn = 0.038; WTs x Mn = 0.051
Harvest Index (%)
No application 43.04a 44.66 a 43.85F 45.65 cde 45.29 cde 4547 C
Seed coating 46.34 a 47.7 a 47.02C 46.77b 46.00 be 46.38 BC
Hydropriming 4344 a 45.09 a 44.26 EF 44.66 def 44.00 £ 4433 D
Osmopriming 49.44 a 52.84a 51.14 A 50.64 a 49.57 a 50.10 A
Soil application 44.77 a 46.31a 4554 D 45.71 bed 44.41 ef 45.06 CD
Water spray 4518 a 4510a 45.14 DE 45.44 cde 43.81f 44.63 D
Mn-foliar application 49.11a 49.15a 49.13 B 50.84 a 50.17 a 50.78 A
Mean (WTs) 4590 A 47.30 A 4713 A 46.15 A
HSD (p < 0.05) Mn =0.95 Mn =1.52

WTs = Wheat tillage systems, Mn = Manganese, and HSD = Honestly significant difference. Means sharing the same letters for main effects
and interactions do not differ significantly at p < 0.05 for a parameter during the growing season.
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554 55 1
50 - 50 -
45 4 " . 5
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Grain Mn concentration (mg kg-l) 20172018
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Conventional tillage No tillage Conventional tillage No tillage
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(o

Mn-foliar application

Straw Mn concentration (mg kg_l) 20172018
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Conventional tillage No tillage Conventional tillage No tillage

Figure 3. Influence of Manganese (Mn) application on grain Mn concentrations (mg kg~!) during (i) 2017-2018 and in
(ii) 2018-2019, straw Mn concentration (mg kgfl) during (iii) 2017-2018 and in (iv) 2018-2019; Error bars above the means
indicate the £ S.E. of three replicates. Means sharing the same letter during an experimental year for a parameter do not
differ significantly at p < 0.05.
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Table 4. Effect of manganese application methods on Mn use efficiencies of wheat under two tillage systems.
2017-2018 2018-2019 2017-2018 2018-2019
Treatments
reatmen cT NT Mean (Mn) CT NT Mean CT NT Mean (Mn) CT NT Mean
(Mn) (Mn)
Agronomic Efficiency (kg kg~1) Physiological Efficiency (kg kg~1)
No application - - - - - - - - - - - -
Seed coating 18,560 a 18,240 a 18,400 A 13,547 a 11,840 a 12,693 A 4243 ¢ 43.86 ¢ 43.15B 49.88 a 51.97 a 50.93 BC
Osmopriming 2040 b 1760 b 1900 B 1513 b 1420 b 1467 B 53.94 bc 52.66 ¢ 53.30 B 63.08 a 66.20 a 64.64 B
Soil application 760 b 750 b 755 B 603 b 570 b 587 C 12240 a 111.96 ab 117.18 A 1439 a 1454 a 144.7 A
Mn-foliar application 736 b 856 b 796 B 685 b 659 b 672 BC 45.37 c 46.81 c 46.09 B 30.58 a 43.64 a 37.11C
Mean (WTs) 5524 A 5402 A 4087 A 3622 A 66.0 A 63.8 A 71.8 A 76.8 A
HSD (p < 0.05) Mn = 1530 Mn = 874 Mn =185 Mn =209
Agro-Physiological Efficiency (kg kg=1) Apparent Recovery Efficiency (%)
No application - - - - - - - - - - - -
Seed coating 33.38a 33.77 a 33.57C 28.98 de 27.01e 28.00C 145.63 a 69.6 b 107.6 A 11875 a 54.72 a 86.73 A
Osmopriming 45.84 a 39.54 a 42.69 B 4123 ¢ 38.55 cd 39.89 B 3.83¢ 3.46 ¢ 3.64B 3.09a 2.84a 2.96 BC
Soil application 6747 a 6117 a 64.32 A 65.32 a 57.74 ab 61.53 A 123 ¢ 123 ¢ 123B 094 a 099 a 0.96 C
Mn-foliar application 45.06 a 5320 a 49.13 B 48.30 bc 63.84 a 56.07 A 1419 c 13.41c 13.80 B 11.84a 8.80a 1032 B
Mean (WTs) 4794 A 46.92 A 45.96 46.78 4122 A 21.92 A 33.65 A 16.83 A
HSD (p < 0.05) Mn = 8.90 Mn =8.13; WTs x Mn =11.50 Mn =21.63 Mn = 8.04
Utilization Efficiency (kg kg™") Manganese Harvest Index (%)
No application - - - - - - 44.57 cde 44.21 de 4439 C 49.98 cd 49.87 c 49.43C
Seed coating 5920 a 3000 b 4460 A 5840 a 2760 b 4300 A 44.95 b-e 46.72b 45.83 BC 50.18 bed 51.28 b 50.73 B
Osmopriming 198.3 ¢ 177 ¢ 187.6 C 195¢ 187.7 ¢ 191.3 B 4344 ¢ 46.69b 45.07 BC 51.02 be 50.77 be 50.89 B
Soil application 142 c 137 ¢ 139.5C 131c 143 c 137 B 45.73 bed 46.41 bc 46.07 B 50.50 be 50.94 bc 50.72 B
Mn-foliar application 620 c 6244 c 622.2B 360 ¢ 3733 ¢ 366.7 B 49.10 a 50.49 a 49.80 A 53.88 a 54.98 a 54.43 A
Mean (WTs) 1720 A 984.6 B 1632 A 866 B 4556 A 46.90 A 5091 A 51.57 A
HSD (p < 0.05) Mn = 382.66 Mn = 408.1 Mn =1.55 Mn =091

WTs = wheat tillage systems, Mn = manganese, CT = conventional tillage, NT = no tillage, HSD = honestly significant difference. Means sharing the same letters for main effects and interactions do not differ
significantly at p < 0.05 for a parameter during the growing season.
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Table 5. Economics of Mn application methods in wheat under conventional tillage and no tillage (pooled data for 2017-2018

and 2018-2019).

Grain Straw Adj uf;ted Adjusted Gross T.otal T(?tal Total Net Benefit
. . Grain Straw Fixed Variable "
Treatments Yield Yield . . Income Cost Benefits Cost
(tha-1) (tha-1) Yield Yield % ha-1) Cost Cost 6 ha-1) 6 ha-1) Ratio
(tha™1) (tha™1) ($ha1) ($ha1)

No application 3.21 4.03 2.89 3.63 904 519.86 56.25 576.11 279.96 1.57

Mn-coating 3.72 4.27 3.34 3.84 1029 519.86 60.86 580.72 399.83 1.77

Hydropriming 3.27 4.15 2.94 3.74 922 519.86 57.81 577.68 296.03 1.60

Osmopriming 4.10 4.17 3.69 3.76 1113 519.86 62.50 582.36 482.69 191

CT S.Oll . 3.90 4.72 3.51 4.24 1089 519.86 68.75 588.61 452.06 1.85
application

Water spray 3.31 4.00 2.98 3.60 925 519.86 57.81 577.68 298.94 1.60

Mn-foliar 4.09 401 3.68 361 1103 519.86 70.31 590.18 46427 1.87
application

No application 3.25 3.98 2.93 3.58 910 482.04 56.25 538.29 327.32 1.69

Mn-coating 3.72 4.23 3.35 3.80 1028 482.04 60.86 542.89 440.66 1.89

Hydropriming 3.30 4.11 2.97 3.69 926 482.04 57.81 539.85 341.52 1.72

Osmopriming 4.20 4.21 3.78 3.79 1137 482.04 62.50 544.54 547.24 2.09

NT S.Oll . 3.91 4.72 3.52 4.24 1092 482.04 68.75 550.79 496.86 1.98
application

Water spray 3.25 4.06 2.93 3.66 914 482.04 57.81 539.85 32941 1.69

Mn-foliar 4.03 3.85 3.63 3.46 1084 482.04 70.31 552.35 486.77 1.96
application

1$ =128 PKR, USD $ 10.15/40 kg for grain, USD $ 1.87/40 kg for straw, CT = conventional tillage, and NT = no tillage.

Table 6. Marginal analysis for the effects of Mn application on the wheat performance in different tillage systems (pooled

data for 2 years).
Treatments Total Variable Net Benefits Marginal Cost Marginal Net Marginal Rate
Cost ($ ha—1) $ha-1) (€3] Benefits ($) of Return (%)
No application 56.25 279.96
Mn-coating 60.86 399.83 4.61 119.87 2600.64
Hydropriming 57.81 296.03 1.56 16.07 1028.38
CT Osmopriming 62.50 482.69 6.25 202.72 3243.59
Soil application 68.75 452.06 12.50 172.10 1376.80
Water spray 57.81 298.94 1.56 18.98 1214.75
Mn-foliar 70.31 464.27 14.06 184.31 1310.66
application
No application 56.25 327.32
Mn-coating 60.86 440.66 4.61 113.34 2458.90
Hydropriming 57.81 341.52 1.56 14.21 909.12
NT Osmopriming 62.50 547.24 6.25 219.92 3518.75
Soil application 68.75 496.86 12.50 169.54 1356.31
Water spray 57.81 329.41 1.56 2.09 134.00
Mn-foliar 70.31 486.77 14.06 159.46 1133.92
application

1$ = 128 PKR, CTW = conventional tillage, and NT = no tillage.

4. Discussion

The results supported the hypothesis that Mn nutrition in wheat by different ap-
plication methods increased the productivity, net benefits, grain Mn concentration, and
its efficient use in conventional, as well as conservation, tillage systems (Tables 3—-6 and
Figure 2); nevertheless, a variation was found for various Mn application methods and
WTs. The no tillage system enhanced the soil health attributes in comparison to the CT
system, as depicted by a decrease in soil BD and improvement in total soil porosity, soil
organic carbon, soil microbial biomass nitrogen, soil microbial biomass carbon, total N,
available P, and extractable K for both years of experimentation (Table 2 and Figure 2). Soil
BD was higher under the CT system owing to intensive tillage and soil compaction with
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heavy tillage implements [54,55]. Lower BD under the NT system due to minimizing the
soil disturbances, which makes its way towards improving the soil pores’ continuity [56]. It
is well-documented that with a decrease in soil BD, TSP increased [57]. Moreover, residues
holding on to soil surface results in firm aggregates formation and improves TSP [58-60], as
less soil disturbance improves the transmission and storage pores of soil [61]. Furthermore,
the reduction in soil compaction under the NT system provided a feasible environment
for the microbial population in the soil, thus improving the SMBC, SMBN, and SOC [62].
Higher residues retention on the soil cover amended the soil health owing to a greater
availability of carbon for decomposition; as reduced soil disturbance in the NT system
provide organic C continuously for soil microfauna, thus enhancing the microbial activity
and biomass [63-65]. No tillage (NT) decreases the decomposition of SOM and reduces the
soil C losses and improves the SMBC, SMBN, and SOC [66]. Soil microbial biomass carbon
and SOC were improved under the NT system, which may be due to the conservation of
mineralizable C from reserved residues that improve the results of biological activities of
soil by increasing the concentration of soil enzymes, including phosphatase and urease [67].
Contrarily, the CT exposed stored soil carbon due to an intensive disturbance of soil that
may lead to the depletion of SOC, lessening the biological activity, and active microbial
biomass [68,69]. In addition, under the CT system, the dispersal of soil particles owing to
intensive soil disturbances intensifies carbon-rich macropores and free the SOM particles
having higher degradability and poor stability results in SOC loss [70]. Concentrations of
total N and available P were improved under the NT system, because N and P are directly
associated with the presence of crop residues, as it enhances the storage of N and N in the
top layer of the soil [71]. Likewise, no tillage leads to more contents of P stratification near
the soil surface [72]. In a CT system, the soil is highly exposed to the aerial environment
that leads to N volatilization. Moreover, higher nitrate leaching was observed in a CT
system compared with the NT system [73]. In CT, during plowing, soil inversion shifts
fertile subsoil to the surface, leading to the possibility of leaching [74].

Both WTs and methods of Mn applications significantly affected the yield and associ-
ated traits (Table 3). Better results regarding the productive tillers, grain weight, and grain
yield with the NT system were due to better soil properties and nutrient dynamics [75].
Under both tillage systems, Mn nutrition through either method significantly enhanced
the grain yield of wheat (Table 3). Manganese has a significant role in photosynthesis and
assimilates translocation toward grains during grain development [76]. A deficiency of
Mn leads to the poor development of anthers, pollens infertility, reduction in assimilates
translocation, poor seed setting, and declined grain yield [77].

Among the application methods, osmopriming and foliar applications effectively
improved the yield and yield contributing components. Manganese osmopriming pro-
duced the highest number of productive tillers owing to uniform and vigorous stand
establishment. Primed seeds have excessive metabolites that are readily available during
planting [78]. It plays a significant role to readily start and completes the process of germi-
nation, which can lead to uniform crop standing even under adverse conditions [79] and
leads to improved seed setting and grain weight [33]. Manganese nutrition improves the
number of tillers and seeds set due to better pollen germination and fertilization [80]. After
osmopriming, foliar-applied Mn enhanced the wheat yield for both WTs, because it is an
efficient method of application owing to various reasons, including lower application rates,
uniform application and distribution, and rapid plant response [81]. The lower response
of Mn basal application was might due to lower SOM and alkaline calcareous soils that
reduced the Mn availability to plants [82]. Grain weight with Mn application on foliage
might be due to an improved source-sink relationship that ensures maximum assimilates
supply during grain development [83]. Such findings could be helpful for model and
non-model plants [84,85].

The manganese foliar application might improve the grain yield; as Mn foliar fertil-
ization at the anthesis stage efficiently translocates the Mn towards reproductive parts,
and then accumulates in grains [86,87]. In addition, the foliar application of Mn resulted
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in absorption in the leaf epidermis, and after remobilization, it was transported into de-
veloping grains via xylem [88]. Furthermore, foliar-applied Mn improved the grain Mn
contents that may be due to the accumulation of Mn on flag leaf and better translocation
toward grains, with the appropriate balance of photosynthates among vegetative, as well
as reproductive parts.

Wheat tillage systems, different Mn application methods, and their interactions signif-
icantly affect their net benefits and BCR (Table 5). Maximum net income and BCR were
achieved by osmopriming in the NT system. The lowest income and BCR were recorded
where Mn was not applied in the CT system (Table 5). Nonetheless, the marginal study
showed that osmopriming is the better profitable approach of Mn application with the
highest marginal rate of return (Table 6).

5. Conclusions

The application of Mn through either method enhanced the productivity, economic
returns, and grain biofortification under both tillage permutations. The highest wheat yield
and economic returns were achieved with osmopriming followed by foliar-applied Mn,
particularly under the no tillage system. The variations in the efficacy of Mn application
methods in relation to the grain Mn contents was also found among different tillage
systems, because the Mn foliar approach gave the maximum grain of Mn accumulation
under both tillage systems. Among the tillage systems, the no till system improved the soil
health attributes, as shown by higher TSP, SMBC, SMBN, and SOC due to the improved
microbial activity and nutrient concentration compared with a conventional till system. In
crux, wheat cultivation under the no tillage system with Mn application as osmopriming
and foliar application is helpful in attaining better yield and grain biofortification.
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