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Abstract: Climatic variations have created many challenges for farmers, but the most important one
is the change in the dynamics of nutrient uptake by plants. Nutrients that were sufficient in soil are
now found deficient, an issue that needs more focus in order to sustain crop productivity. Magnesium
is very important plant nutrient that has a direct role in chlorophyll synthesis and interacts with other
nutrients to manage physiological mechanisms. We designed field experiments focusing on the foliar
application of magnesium at different growth and reproductive stages of a rice crop. Results reveal
that the combination of rice cultivation system and magnesium application, i.e., flooded rice with
Mg application at seedling + tillering + panicle initiation (F6T2), significantly improved crop growth
and exhibited noticeable results in crop yield and grain quality. Moreover, the rice crop also recorded
the highest benefit cost ratio (BCR) when kept flooded and fertilized with Mg at three stages; viz
seedling, tillering, and panicle initiation; during both the years. Combined application of magnesium
at growth and reproductive stages improved crop performance both in aerobic as well as in flooded
rice, but the crop grown under flooded condition showed accelerated performance in both cropping
seasons, which reflects its viability and economic feasibility.

Keywords: fine rice (Oriza sativa L.); aerobic rice; flooded rice; growth indices; magnesium (Mg) and
yield potential

1. Introduction

Rice is grown as the second major grain crop in Pakistan and is considered a potential
export commodity. Declining water resources and uneven climatic variations have created
many challenges for the rice growers. Water-saving rice cultivation systems can save a
tremendous amount of irrigation water, but it compromises yield due to the unavailability
of some nutrients under aerobic soil culture [1–5]. Application of some beneficial nutri-
ents and growth regulators are being studied to see their impact on rice production and
abiotic stress management [6–9]. In the years 2018–2019, the worlds’ rice production was
499.16 million tons [10], but because the population is growing faster, scientists will have
to find a way to produce more rice in the coming years. The United Nations estimated
that a six to eight billion person increase in the world population would occur between
2000 and 2025, and thus 40% more rice would be needed to meet dietary requirements up
to 2025 [11].

Sustainability 2021, 13, 4962. https://doi.org/10.3390/su13094962 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2467-3464
https://orcid.org/0000-0002-9897-9004
https://doi.org/10.3390/su13094962
https://doi.org/10.3390/su13094962
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13094962
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13094962?type=check_update&version=1


Sustainability 2021, 13, 4962 2 of 11

In Pakistan, rice is being grown following conventional methods of flooding and by
manual transplantation, which are laborious as well as costly methods [2,3]. As a result,
farmers are now looking for water-saving techniques, such as aerobic rice, to reduce their
labor and irrigation water expenses. In aerobic rice, cultivars are grown under dry land
conditions, just like other cereals such as wheat, with or without supplemental irrigation.
Without having aerobic cultivars, this change may alter soil nutrient dynamics, making
it an unsuitable alternative due to reduced crop yield [3,4,12]. Mg availability to plants
depends on various factors, including the distribution and chemical properties of the
source rock material and its grade of weathering, site specific climatic and anthropogenic
factors, agronomic management, and organic and mineral fertilization practices [13,14]. In
rice crop, Mg fertilization improves the uptake of nitrogen and enhances rice yield [15]; it
shows a specific role in dry matter production and its translocation in rice crop [16].

Latent and acute Mg deficiency is a common phenomenon in crop production [17].
Development of chlorosis requires preceding degradation of chlorophyll since Mg acts
as a central atom in the chlorophyll molecule. As Mg is strongly bound to this molecule,
chlorosis appears to be a late response to Mg deficiency. Magnesium is an integral part of
chlorophyll [18,19] and has a specific role in dry matter formation and its partitioning [20].
Magnesium has a weak soil bond and is more mobile in the soil than calcium, potassium,
and ammonium nitrates, and thus it is more available for a plant [21–23]. Studies revealed
that appropriate application of magnesium improved grain quality, grain yield, and yield
attributing factors in lentil and rice crops [24–26]. Additional studies reported improved
rice crop performance under magnesium supplementation [27–29]. Both methods, soil
and foliar application, were found reliable for meeting the Mg requirement of plants [19]
and gave appreciable results in a variety of different crops [30]. Magnesium responds
positively under sole application as well as when integrated with other nutrients [31].
Studies also confirmed that during magnesium deficiency, plants stored carbohydrates in
leaves, which reduced root growth attributes and numerous other vegetative characteristics
and eventually caused yield reduction [22,32].

Changes in a rice cultivation system and changes in the nutrient dynamics in soil lead
crops to face nutritional stress, which in turn impairs rice crop growth and yield [3,4,33]. In-
clusion of Mg as part of rice nutrient management may create a better balance in the soil or
the plant, resulting in better management of plant stresses. We hypothesized that Mg appli-
cation could help in maintaining the chlorophyll content in the plants, improve assimilates
translocation toward grain, and would even strengthen plants grown under aerobic condi-
tions. Consequently, we designed the current experiment with Mg application at various
growth or reproductive stages in a rice crop grown under different cultivation systems.

2. Materials and Methods

A fine rice cultivar, Super Basmati, which is one of most grown cultivars, was used
for both flooded and aerobic rice cultivation systems. Certified and good quality seeds
were purchased from the famous seed company ICI Pakistan. For this purpose, the field
experiment was designed as a randomized complete block design (RCBD) with split plot
arrangements, having three replications. Plot size was 4 m × 4 m with total area of 576 m−2.
There were twelve treatment combinations, which are explained in Table 1. At first, Pre-
sowing soil analysis was conducted, which showed that soil was sandy clay loam and had
an average nutrient profile (Table 1). For land preparation, one deep plough followed by
two shallow ploughs and then planking were employed for good soil tilth. Besides, ridges
were made to separate different plots for various treatments and a water channel was
also designed in such a way that all plots could be irrigated easily with a single irrigation
source. Bunds were tightened and covered with plastic, so water could not be mixed among
different plots. Hence, climate data was also taken for the period spanning two years,
which showed that the crop received more rainfall in the second year as compared to the
first year (Figure 1).
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Table 1. Physical and chemical analysis of the soil.

Determination 2016 2017

(a) Physical

Sand (%) 50.28 50.19
Silt (%) 23.70 23.61

Clay (%) 26.02 26.20
Texture Class Sandy Clay Loam

(b) Chemical

pH 7.5 7.80
Total Soluble Salts (%) 0.23 0.24

Organic Matter (%) 0.79 0.82
Total Nitrogen (%) 0.054 0.045

Available Phosphorus (ppm) 7.30 7.40
Potassium (ppm) 171 185
DTPA Mg (ppm) 11 14

Figure 1. Climatic variations during the growing periods for the years 2016 and 2017.

2.1. Crop Husbandry

The rice seeds were treated with fungicide and direct seeded at 75 kg ha−1. Rice
nursery was raised by using seeds at the rate of 1 kg/marla on the same date of sowing
for aerobic rice. Then, uprooting of the nursery and its transplanting in the main field
was performed manually by maintaining plant to plant and row to row distance of 22 cm.
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Recommended amount of fertilizers like nitrogen at the rate of 140 kg ha−1 was applied as
urea, phosphorus 80 kg ha−1 as Diammonium Phosphate (DAP), potassium 60 kg ha−1

as Sulphate of Potash (SOP) and lastly zinc at the rate of 12 kg ha−1 as ZnSO4. Besides,
nitrogen was provided in three equal splits at the time of seed bed preparation, tillering,
and panicle initiation. However, whole of P, K, and Zn was also dispersed at the time of
seed bed preparation.

In flooded rice, irrigation water was maintained at 3–4 cm in depth during trans-
plantation and a constant water depth of 5–6 cm was maintained after one week of the
transplantation. However, irrigation was stopped one week before the harvesting, when
the signs of physiological maturity were appeared. For weed control, Butachlor was put in
at the rate of 800 mL ha−1 in transplanted rice after one week of the transplantation.

To protect the rice field from borer and leaf folder, 25 kg ha−1 carbofuran was broad-
casted after seven weeks of the transplantation and direct seeded duration. Thiophenate
methyl was utilized to control fungal diseases like blast, when it reached the economic
threshold level (ETL). For the application of foliar spray at different stages, a stock solution
of 2% MgSO4 was prepared and employed at different growth and reproductive stages
as explained in Table 2. Two g of magnesium sulphate was dissolved per liter (dm−3)
of the solution and a surfactant like 0.1% Tween 20 was added in the solution to ensure
proper mixing of the nutrient in the solution. Likewise, the foliar spray was sprinkled
in the morning (08:00 to 10:00 a.m.), on the sunny days during the years 2016 and 2017.
All the growth parameters like leaf area index, leaf area duration, crop growth rate, and
net assimilation rate were measured, by following the procedure described by the pre-
vious researcher [34]. For chlorophyll contents, fresh green leaves were collected from
each treatment and weighed for 0.5 g, grinded using mortar and manufactured volume
of 5 mL using acetone. Finally, the reading of this solution is recorded on the spectropho-
tometer at 645 and 663 wavelengths, hence total contents were measured following the
formula below [35].

Total chlorophyll = (20.2 × D645 + 8.02 × D663)× 5
1000 × 0.05

mg/g f w

Table 2. Treatment plan for the experiment layout.

Foliar Application of Mg (2% MgSO4)
Rice Cultivation Systems

Aerobic Rice (T1) Flooded Rice (T2)

Seedling (F1) F1T1 F1T2
Tillering (F2) F2T1 F2T2

Panicle initiation (F3) F3T1 F3T2
Seedling + Panicle initiation F4) F4T1 F4T2
Tillering + Panicle initiation (F5) F5T1 F5T2

Seedling + Tillering + Panicle initiation (F6) F6T1 F6T2

Various yield attributes were calculated by using standard procedure. Ten primary
tillers were tagged from each treatment, measured kernel/panicle and its average was
drawn out. Additionally, grain yield per plant was also calculated by using portable electric
weighing balance. Moreover, the area of one square meter of the land was harvested and
total tillers were counted manually. This sample was earmarked as per treatment and
placed in the sunshine for drying. In the next step, those samples were threshed manually
to remove all grains and the weight of 1000 grains was reckoned from each treatment.

For quality parameters, panicles were randomly selected, like of sterile, abortive,
opaque, and normal kernel. A common electric lamp was used for this counting by posi-
tioning panicles in front of the light source, and then we converted it into percentage.
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2.2. Statistical Analysis

The collected data was tested for normality, by Shapiro–Wilk normality test, which in-
dicated that some of the parameters had non-normal distribution. Therefore, non-normally
distributed parameters were transformed by Arcsine transformation technique to meet the
normality assumption of the Analysis of Variance (ANOVA). One-way ANOVA was used
to test the significance in the dataset. Likewise, LSD at 5% probability was operated as post
hoc test to separate the means where ANOVA indicated significant differences were noted.
Every analysis was performed on SPSS software version 21.

3. Results
3.1. Growth Pattern of Rice Crop

Foliar application of magnesium significantly affected the various growth parame-
ters of the rice crop grown in different rice cultivation systems. It was evident that the
treatment combination revealed that foliar application of magnesium sulphate improved
the crop performance both in aerobic as well as in flooded rice, but the crop grown un-
der flooded condition showed accelerated growth in both the cropping seasons. Hence,
it was demonstrated that the treatment combination of Flooded rice: Mg application at
Seedling + Tillering + Panicle initiation (F6T2) significantly boosted the leaf area index
(17.5%, 26.07%), ameliorated the leaf area duration (51.38%, 40.56%), enhanced the crop
growth rate (66%, 64%), and refined the net assimilation rate (78%, 77%) over the treatment
combination of F1T1. This treatment combination was also found alike as in the Flooded
system: Mg application at Tillering + Panicle initiation (F5T2) in LAI, LAD in the first year,
while F4T2 under LAD in the second year of the experimentation. While in aerobic rice,
Treatment: Mg application at Seedling + Tillering + Panicle initiation (T1F6) also exhibited
the supreme results and improved LAI (16%, 17%), upgraded LAD (51%, 30%), refined
CGR (63%, 61%), and enhanced NAR (76%, 75%) over treatment F1T1. It was also noted
from the results that the crop grown with minimum Mg application significantly reduced
the growth as compared to the ample application (Table 3).

Table 3. Variations in growth parameters under foliar application of magnesium in different rice cultivation systems.

Treat
2016 2017

LAI LAD (Days) CGR
(g/m2/Day)

NAR
(g/m2/Day) LAI LAD (Days) CGR

(g/m2/Day)
NAR

(g/m2/Day)

F1T1 4.96 ± 0.74 f 70.3 ± 2.4 i 8 ± 1.2 h 2.12 ± 1.2 g 4.98 ± 05 f 85 ± 3.1 i 9 ± 2.1 h 2.19 ± 0.5 g
F2T1 5.48 ± 0.54 e 80.3 ± 2.9 hi 10 ± 0.8 g 3.26 ± 1.8 f 5.59 ± 0.41 e 98.3 ± 2.8 g 11 ± 3.1 g 3.27 ± 0.9 f
F3T1 5.48 ± 0.74 e 80.67 ± 3.1 h 13 ± 0.8 f 3.27 ± 0.9 f 5.59 ± 0.2 e 73.3 ± 3.2 j 13 ± 1.2 f 3.26 ± 0.12 f
F4T1 5.82 ± 0.47 d 95.33 ± 4 f 16 ± 0.7 e 5.70 ± 1.8 e 5.92 ± 0.4 d 84 ± 2.5 i 17 ± 1.5 e 5.70 ± 0.9 e
F5T1 5.81 ± 0.58 d 120 ± 5.2 e 19 ± 0.9 d 5.70 ± 2.1 e 5.91 ± 0.51 d 128 ± 2.8 e 19 ± 0.9 d 5.71 ± 1.2 e
F6T1 5.91 ± 0.74 c 142.3 ± 9.2 b 22 ± 1.2 b 8.76 ± 2.5 b 6.01 ± 0.4 c 123 ± 2.4 f 23 ± 1.2 b 8.78 ± 1.3 b
F1T2 5.22 ± 0.84 e 85 ± 3.1 g 13 ± 1.9 f 3.26 ± 3.1 f 5.58 ± 0.21 e 98 ± 3.2 g 13 ± 2.1 f 3.27 ± 0.25 f
F2T2 5.90 ± 0.45 c 95 ± 4.2 f 16 ± 2.1 e 5.70 ± 2.4 e 6 ± 0.41 c 88 ± 4.2 h 17 ± 0.9 e 5.72 ± 1.2 e
F3T2 5.90 ± 0.74 c 125 ± 8.2 d 19 ± 3.2 d 6.61 ± 4.1 d 6 ± 0.51 c 145 ± 4 b 19 ± 1.2 d 6.60 ± 1.3 d
F4T2 5.94 ± 0.46 b 129.6 ± 9.6 c 20 ± 4.2 c 7.72 ± 3.2 c 6.3 ± 0.12 b 148.3 ± 5.2 a 20 ± 2.1 c 7.77 ± 1.7 c
F5T2 5.98 ± 0.25 a 140 ± 12.2 ab 22 ± 4 b 8.76 ± 3.5 b 6.81 ± 0.41 a 132.7 ± 5.8 d 23 ± 2.5 b 8.76 ± 1.3 b
F6T2 5.98 ± 0.31 a 144 ± 14.2 a 24 ± 4.5 a 9.77 ± 3.1 a 6.82 ± 0.24 a 143.33 ± 6.1 c 25 ± 2.4 a 9.79 ± 2.1 a

Means with different letters, differ significantly. LAI: Leaf area index, LAD: Leaf area duration, CGR: Crop growth rate, NAR: Net
assimilation rate, T1: Aerobic, T2: Flooded, F1: Mg application at seedling stage, F2: Mg application at Tillering, F3: Mg application at
Panicle initiation, F4: Mg application at Seedling + Panicle initiation, F5: Mg application at Tillering + Panicle initiation, F6: Mg application
at Seedling + Tillering + Panicle initiation.

3.2. Response of Yield Attributes

Treatment comparison for yield attributes also revealed the significant response to
foliarly applied magnesium sulphate at different growth stages, in both cultivation sys-
tems, i.e., aerobic and flooded rice and in both growing seasons. In the case of plant
height, treatment combination of the flooded rice: Mg application at Seedling + Tiller-
ing + Panicle initiation (F6T2) enhanced plant height (29.30, 26.61%) over the treatment
F1T1, and followed by the treatment combination of the flooded rice: Mg application at
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Tillering + Panicle initiation (F5T2). In aerobic condition, treatment F6T1 also increased
the plant height (21.23, 20.86%) over treatment F1T1. This treatment combination (T6T2)
also enhanced about 28% total tillers, improved 1000-grain weight (83, 79%), groomed
kernel/panicle (48.87, 48.14%), and lastly upgraded the paddy yield (52.71, 49%) in com-
parison to F1T1. Similarly, the highest magnesium level in aerobic rice (F6T1) also recorded
21% taller plants, 17% more total tillers, 34% higher kernel/panicle, 70% heavier grain
weight and about 38–45% more paddy yield than examined in the treatment F1T1 in both
the years, respectively. The highest paddy yield showed that Mg application at growth and
reproductive stages produced higher grains that were growing under flooded condition.
Treatment combination of F5T2 also demonstrated very interesting results in which we ap-
plied Mg at two stages (growth + reproductive), i.e., Tillering + Panicle initiation. Similarly,
in aerobic rice system, these treatment combinations improved the yield in all the areas as
compared to the other treatments explained. However, this system persisted as inferior
compared with the flooded rice production system. Besides, treatment combination with
minimum Mg application, i.e., Mg application at seedling stage, manifested the lowest
performance both in aerobic and flooded rice systems. Therefore, the pattern of all the
highlighted trends of the various treatments under both the cultivation systems was found
quite similar in the two consecutive years, i.e., 2016 and 2017 (Table 4).

Table 4. Variations in yield parameters under the foliar application of magnesium in different rice cultivation systems.

Treat
2016 2017

PH (cm) TT K/P 1000-GW
(g) PY (g/Plant) PH (cm) TT K/P 1000-GW

(g) PY (g/Plant)

F1T1 89 ± 1.8 j 166 ± 4.2 h 68.7 ± 1.3 h 6 ± 0.3 k 12.2 ± 0.02 g 91 ± 2.1 j 166 ± 1.7 i 70.6 ± 1.7 h 8 ± 0.8 l 13.1 ± 0.8 f
F2T1 101 ± 1.2 i 179 ± 4.8 g 81 ± 1.5 g 11 ± 0.7 i 15.2 ± 0.8 e 103 ± 1 i 179 ± 2.8 g 83 ± 0.54 g 13 ± 1.2 j 16.2 ± 0.7 e
F3T1 104 ± 2.1 h 185 ± 3.8 f 87 ± 0.9 f 14 ± 1.1 h 16.3 ± 0.4 e 106 ± 1.2 h 185 ± 1.8 f 89.0 ± 0.9 f 16 ± 1.2 i 15.6 ± 0.8 e
F4T1 107 ± 2.4 g 190 ± 3.8 e 93 ± 0.78 e 17 ± 0.9 f 17.6 ± 0.8 de 109 ± 1.9 g 190 ± 2.2 e 95.0 ± 1.2 e 19 ± 0.9 g 18.6 ± 1.2 d
F5T1 109 ± 2.3 f 196 ± 3.7 d 98 ± 1.1 d 19 ± 1.4 e 18.6 ± 0.7 d 111 ± 0.9 f 196 ± 2.3 d 100 ± 1.9 d 21 ± 1.2 f 19.6 ± 1.4 d
F6T1 113 ± 1.9 bc 202 ± 4.1 bc 104 ± 1.4 c 23 ± 1.7 c 19.7 ± 0.4 c 115 ± 1.1 d 202 ± 2.8 cd 107 ± 2.3 c 25 ± 1.8 d 24 ± 0.9 c
F1T2 100 ± 1.8 i 178.7 ± 4.2 gh 81 ± 1.1 g 10 ± 1.2 j 17.3 ± 0.6 f 102 ± 1.8 i 178 ± 2.4 h 83 ± 0.2 g 12 ± 1.9 k 17.3 ± 1.4 e
F2T2 106 ± 2.1 g 191 ± 2.9 e 93 ± 1.2 e 16 ± 0.9 g 21.4 ± 0.2 c 108 ± 2 g 191 ± 1.9 e 95 ± 0.7 e 18 ± 2.1 h 18.7 ± 2.1 c
F3T2 111 ± 1.9 c 197 ± 4.3 d 99 ± 0.9 d 21 ± 1.3 d 19.2 ± 0.7 d 113 ± 2.1 e 197 ± 1.2 d 101 ± 1.1 d 23 ± 4 e 20.1 ± 2.3 d
F4T2 111 ± 2.5 c 203 ± 4.4 c 105.2 ± 1.3 c 25 ± 1.4 bc 24.7 ± 0.6 b 117 ± 2.4 c 203 ± 2.3 c 107 ± 2.1 c 27 ± 2.8 c 24.9 ± 1.9 c
F5T2 119 ± 2.4 b 212 ± 3.1 b 114 ± 0.78 b 29 ± 2.1 b 25.7 ± 0.8 ab 121 ± 1.7 b 212 ± 2.8 b 116 ± 2.3 b 31 ± 1.9 b 25.8 ± 1.5 b
F6T2 126 ± 2.8 a 231 ± 3.4 a 133 ± 0.94 a 36 ± 1.4 a 25.8 ± 0.9 a 124 ± 1.9 a 231 ± 1.9 a 135 ± 0.9 a 39 ± 1.7 a 25.9 ± 1.8 a

Means with different letters, differ significantly. PH: Plant Height, TT: Total Tillers, K/P: Kernel/panicle, GW: Grain Weight, PY: Paddy
Yield, T1: Aerobic, T2: Flooded, F1: Mg application at seedling stage, F2: Mg application at Tillering, F3: Mg application at Panicle
initiation, F4: Mg application at Seedling + Panicle initiation, F5: Mg application at Tillering + Panicle initiation, F6: Mg application at
Seedling + Tillering + Panicle initiation.

3.3. Kernel Quality

Results revealed that the application of the strategy of foliar application of Mg sig-
nificantly improved and enhanced the quality traits of the fine rice. Thus, the treatment
combination of Flooded rice: Mg application at Seedling + Tillering + Panicle initiation
(F6T2), produced on average of about 41.5% higher normal kernels as compared with F1T1.
Similarly, under aerobic system treatment, F6T1 recorded 39.57% more normal kernels
than F1T1. Normal kernels are the grains which were fully filled and healthiest which can
represent quality grains, these grains were found inferior in treatment combination of F1T1
(aerobic rice: Mg application at seedling stage). This treatment combination was also found
second-class as compared to flooded rice too. Similarly, if we see the unwanted kernels,
it was obvious from the results that the treatment combination of F6T2 recorded 45.64%
lower abortive kernels, 40% less opaque kernels and 16.72% reduction in sterile kernels.
Hence, in aerobic rice treatment comparison, it was also evident that the treatment F6T1
also reduced about 20.70% abortive kernels, decreased 8% opaque kernel, and declined
8.55% sterile kernels in comparison with the treatment F1T1.These unwanted kernels were
found highest in treatments with minimum application of Mg, i.e., a single application on
the seedling stage. All these kernels have a share in overall yield of the crop, as these are
partially filled or unfilled grains, but in the sense of quality, these grains impair overall rice
quality. Trend was also similar in both the cropping years (Table 5).
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Table 5. Variations in the quality parameters under the foliar application of magnesium in different rice cultivation systems.

Treat

2016 2017

Normal
Kernel (%)

Abortive
Kernel (%)

Opaque
Kernel

(%)
Sterile

Kernel (%)
Normal

Kernel (%)
Abortive

Kernel (%)
Opaque
Kernel

(%)
Sterile

Kernel (%)

F1T1 40.3 ± 5.1 h 16.3 ± 0.8 a 15.9 ± 0.4 a 13.4 ± 0.2 b 44. 9 ± 1.5 g 17.9 ± 0.2 a 15.9 ± 0.21 ab 13.5 ± 0.21 b
F2T1 67.9 ± 8.1 e 14.5 ± 0.7 b 15.9 ± 0.2 ab 11.2 ± 0.5 h 69.6 ± 1.8 e 15.4 ± 0.24 c 15.9 ± 0.41 a 11.4 ± 0.34 h
F3T1 65.2 ± 7.3 g 14.6 ± 1.2 b 16.0 ± 0.3 a 12.2 ± 0.21 f 66.9 ± 1.6 f 15.4 ± 0.34 c 16 ± 0.33 a 12.3 ± 0.24 f
F4T1 66.9 ± 5.4 f 11.3 ± 1.3 d 15.8 ± 0.41 ab 12.8 ± 0.3 c 69.9 ± 1.7 de 15.3 ± 0.21 c 15.8 ± 0.31 b 12.9 ± 0.10 c
F5T1 68.2 ± 6.2 e 14.1 ± 0.7 b 15.8 ± 0.24 bc 12.4 ± 0.5 d 70.9 ± 2.3 cde 15.1 ± 0.27 c 15.8 ± 0.38 bc 11.4 ± 0.12 h
F6T1 69.2 ± 4.2 d 14.3 ± 0.21 b 14.6 ± 0.54 bc 12.1 ± 0.4 g 70 ± 8.1 cde 12.1 ± 0.34 f 14.6 ± 0.21 d 12.5 ± 0.31 d
F1T2 64.3 ± 5.8 g 14.5 ± 0.34 b 15.12 ± 0.31 b 12.3 ± 0.4 e 67 ± 2.3 f 16.1 ± 0.47 b 15.1 ± 0.41 bc 12.4 ± 0.34 e
F2T2 69.6 ± 6.1 d 14.5 ± 0.41 b 14.9 ± 0.24 c 14 ± 0.5 a 71.3 ± 2.6 bc 15.3 ± 0.61 c 14.9 ± 0.34 c 14.1 ± 0.21 a
F3T2 69.6 ± 7.1 c 13.5 ± 0.12 c 14.2 ± 0.8 cd 12.4 ± 0.4 d 71.7 ± 1.9 ab 14.4 ± 0.51 d 14.2 ± 0.36 cd 12.5 ± 0.25 d
F4T2 69.5 ± 4.2 d 14.5 ± 1.2 b 13.2 ± 0.4 d 11 ± 0.21 i 71.9 ± 1.7 ab 11.8 ± 0.31 g 13.2 ± 0.31 e 11.1 ± 0.31 j
F5T2 70.2 ± 5.2 b 10.9 ± 0.9 d 10.2 ± 0.7 de 11.1 ± 0.3 i 71.1 ± 2.5 bcd 11.2 ± 0.27 h 10.1 ± 0.21 ef 12.2 ± 0.24 g
F6T2 73.2 ± 4.3 a 7.4 ± 0.21 e 9.5 ± 0.3 e 11.2 ± 0.1 h 75.9 ± 2.7 a 8.1 ± 0.29 i 9.5 ± 0.24 f 11.2 ± 0.12 i

Means with different letters, differ significantly. T1: Aerobic, T2: Flooded, F1: Mg application at seedling stage, F2: Mg application at
Tillering, F3: Mg application at Panicle initiation, F4: Mg application at Seedling + Panicle initiation, F5: Mg application at Tillering + Panicle
initiation, F6: Mg application at Seedling + Tillering + Panicle initiation.

Similarly, other quality traits also showed the significance of the foliar applica-
tion of magnesium, as the treatment combination of Flooded rice: Mg application at
Seedling + Tillering + Panicle initiation (F6T2) produced highest kernel protein contents
and kernel amylose contents. While the single application of Mg at the seedling stage
in aerobic cultivation system produced the lowest protein contents. Likewise, the leaf
analysis for Mg contents, i.e., LMgC (ppm), also disclosed that its highest dose enhanced
its contents as compared to the other treatments. Thus, it is also evident that the maxi-
mum leaf magnesium conc. (460.77 ppm) was produced with foliar applied MgSO4 at
Seedling + Tillering + Panicle initiation growth stages under flooded irrigation system,
as compared to all the other combinations. However, minimum leaf magnesium conc.
(213.19 ppm) was detected in foliar application of MgSO4 at the Seedling stage under
aerobic conditions. It might be the cause that plant improved growth with an efficient
amount of chlorophyll contents, which further enhanced the yield and the quality trains
of the rice crop (Table 6). The crop grown under flooded condition and received Mg
at the most of its growth stages also recorded highest BCR in both the years, while in
the second year crop received Mg application at tillering and panicle initiation (F5T2)
also noted similar BCR with treatment combination of flooded rice: Mg application at
Seedling + Tillering + Panicle initiation (F6T2), Table 7.

Table 6. Effect of the foliar application of Mg on total chlorophyll contents, kernel amylose contents, kernel protein contents,
and leaf Mg contents in rice grown under different rice cultivation systems.

Treat
2016 2017

TCC
(mg g−1 FW) KAC (%) KPC (%) LMgC (ppm) TCC

(mg g−1 FW) KPC (%) KAC (%) LMgC (ppm)

F1T1 1.19 ± 0.01 f 5.51 ± 0.05 i 3.19 ± 0.07 f 213.1 ± 0.01 f 1.23 ± 0.07 f 3.1 ± 0.05 g 7.51 ± 0.04 i 223.1 ± 0.04 g
F2T1 2.27 ± 0.05 e 8.45 ± 0.07 h 5.27 ± 0.03 e 255.2 ± 0.08 e 2.29 ± 0.07 e 5.2 ± 0.02 f 8.45 ± 0.01 h 265.2 ± 0.07 f
F3T1 2.27 ± 0.04 e 10.87 ± 0.03 g 5.27 ± 0.04 e 355.2 ± 0.07 e 2.29 ± 0.01 e 5.2 ± 0.09 f 10.87 ± 0.05 g 345.2 ± 0.01 f
F4T1 2.61 ± 0.08 cd 12.12 ± 0.05 f 6.61 ± 0.06 d 366.6 ± 0.04 d 2.62 ± 0.02 de 6.6 ± 0.07 e 12.12 ± 0.06 f 376.6 ± 0.03 e
F5T1 2.60 ± 0.04 d 15.23 ± 0.06 e 6.6 ± 0.05 cd 406.60 ± 0.06 cd 2.61 ± 0.07 d 6.6 ± 0.06 cd 15.23 ± 0.04 e 416.6 ± 0.07 cd
F6T1 2.70 ± 0.02 c 17.34 ± 0.08 d 6.7 ± 0.07 c 416.70 ± 0.07 c 2.71 ± 0.05 cd 6.7 ± 0.07 d 17.34 ± 0.02 d 436.7 ± 0.09 d
F1T2 2.26 ± 0.09 ef 10.87 ± 0.07 g 5.2 ± 0.07 ef 215.2 ± 0.02 ef 2.28 ± 0.06 ef 5.26 ± 0.06 fg 10.87 ± 0.06 g 235.2 ± 1.0 fg
F2T2 2.27 ± 0.07 e 17.34 ± 0.03 d 6.6 ± 0.06 d 266.61 ± 0.06 d 2.28 ± 0.04 e 6.6 ± 0.02 cd 17.34 ± 0.08 d 286.6 ± 0.8 cd
F3T2 2.70 ± 0.05 c 20.41 ± 0.07 c 7.7 ± 0.04 c 377.7 ± 0.07 c 2.70 ± 0.02 c 7.7 ± 0.03 bc 20.41 ± 0.07 c 387.7 ± 1.2 bc
F4T2 2.72 ± 0.04 b 20.43 ± 0.09 c 7.7 ± 0.02 bc 387.7 ± 0.02 bc 3.00 ± 0.01 bc 7.69 ± 0.07 c 20.43 ± 0.06 c 397.6 ± 0.05 c
F5T2 2.76 ± 0.3 ab 22.54 ± 0.02 b 9.7 ± 0.04 b 419.7 ± 0.01 b 3.51 ± 0.03 ab 9.76 ± 0.02 b 22.54 ± 0.02 b 429.7 ± 0.06 b
F6T2 2.77 ± 0.08 a 24.74 ± 0.04 a 10.7 ± 0.07 a 460.7 ± 0.07 a 3.52 ± 0.04 a 11.7 ± 0.09 a 28.74 ± 0.07 a 471.7 ± 0.04 a

Means with different letters, differ significantly. TCC: total chlorophyll contents, KAC: kernel amylose contents, KPC: kernel protein
contents, LMgC: leaf magnesium contents, T1: Aerobic, T2: Flooded, F1: Mg application at seedling stage, F2: Mg application at Tillering, F3:
Mg application at Panicle initiation, F4: Mg application at Seedling + Panicle initiation, F5: Mg application at Tillering + Panicle initiation,
F6: Mg application at Seedling + Tillering + Panicle initiation.
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Table 7. Cost benefit ratio of the rice crop during the foliar application of magnesium on different cultivation methods.

Years Treatments Cultivation
Method

Grain Yield
kg ha−1

Gross Value
(Rs/ha)

Total Cost
(Rs/ha)

Net Return
(Rs/ha) BCR

2016 Seedling stage Aerobic 1400 169,650 111,000 58,650 1.53
Tillering Aerobic 1500 181,650 112,000 69,650 1.62
Panicle initiation Aerobic 1500 181,650 112,500 69,150 1.61
Seedling + Panicle initiation Aerobic 1600 193,650 113,000 80,650 1.71
Tillering + Panicle initiation Aerobic 1650 199,650 110,000 89,650 1.82
Seedling + Tillering + Panicle initiation Aerobic 1720 208,050 112,000 96,050 1.86
Seedling stage Flooded 1800 217,650 112,500 105,150 1.93
Tillering Flooded 1970 238,050 113,000 125,050 2.11
Panicle initiation Flooded 2100 253,650 113,500 140,150 2.23
Seedling + Panicle initiation Flooded 2250 271,650 114,000 157,650 2.38
Tillering + Panicle initiation Flooded 2400 289,650 115,000 174,650 2.52
Seedling + Tillering + Panicle initiation Flooded 2500 301,650 117,000 184,650 2.58

2017 At seedling stage Aerobic 1450 180,250 112,000 68,250 1.61
Tillering Aerobic 1550 192,550 113,000 79,550 1.70
Panicle initiation Aerobic 1600 198,700 113,500 85,200 1.75
Seedling + Panicle initiation Aerobic 1700 211,000 114,000 97,000 1.85
Tillering + Panicle initiation Aerobic 1750 217,150 111,000 106,150 1.96
Seedling + Tillering + Panicle initiation Aerobic 1820 225,760 113,000 112,760 2.00
At seedling stage Flooded 1900 235,600 113,500 122,100 2.08
Tillering Flooded 2070 256,510 114,000 142,510 2.25
Panicle initiation Flooded 2200 272,500 114,500 158,000 2.38
Seedling + Panicle initiation Flooded 2350 290,950 115,000 175,950 2.53
Tillering + Panicle initiation Flooded 2500 309,400 116,000 193,400 2.67
Seedling + Tillering + Panicle initiation Flooded 2550 315,550 118,000 197,550 2.67

4. Discussion

It is perceptible from the analysis and results that the rice crop needs Mg at various
stages and the uniform spread of Mg application over growing season at some critical
stages can definitely boost the rice crop production. The results demonstrate that from
59 to 84% of the nutrients present in the ripe plants were absorbed between tillering and
flowering. Additionally, more than 90% of the N and K, 80% of the P and Ca, and 65% of
the Mg were absorbed prior to flowering, and then soaked up after heading [36]. Hence,
it was also riveting to note that Mg when applied at the tillering stage only resulted in
reduced growth indices over those where Mg was applied at two stages, i.e., seedling and
tillering stage. It depicts that rice plants positively responded to Mg supply at seedling and
tillering stages consequently. Hence, growth is improved even further in plots where rice
plants were supplied with Mg at panicle initiation stage too. Significantly, the minimum
growth (LAI, LAD, CGR, NAR, etc.) was reflected in rice plants grown in aerated condition
treated with one-time Mg application at the seedling stage. It might be due to the reduced
irrigation water and less absorbed nutrients in aerobic rice plants [1,2], and we need to be
more careful about nutrient application while growing the crop in aerobic soil culture [7–9].

In addition, the yield associated parameters reflected significant variations among
employed treatments. Besides, highest paddy yield was attained in the flooded plots,
where rice plants received Mg fertilization at three stages, i.e., seedling, tillering, and
panicle initiation, that could be attributed, to improve tillers, to enhance kernel to panicle
ratio and the production of the heavier 1000 grains (Table 4). Hence, it might be due to the
sufficient availability of Mg nutrients to all the rice plants, which may create balance among
different essential nutrients and plants to improve physiological mechanisms including
photosynthesis. Some previous studies also reported better crop performance under Mg
application under foliar or soil application methods [17,27,29].

High mobility of Mg in the soil as well as in the plants have got attention for its needs to
be considered in the nutrient management. Therefore, the understanding of Mg physiology
in the plants and its role under stress condition is highly important for successful and
sustainable crop production [37]. Thus, for wheat it has been shown that the nitrogen
application has not only improved the Mg uptake, but also enhanced the translocation from
the root to the shoot. Similarly, by increasing the NO3− supply increased the uptake of
Mg, but decreased the translocation [38]. Particularly, under low Mg conditions, there was
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a higher risk of Mg deficiency symptom development. Besides, the actual Mg availability
over a growing season heavily depends on (i) various environmental factors (rainfall and
timing, etc.), (ii) site-specific conditions (soil type, availability of other nutrients, etc.), and
(iii) the crop species making a precise prediction almost impossible [37]. Additionally, Mg
application significantly improved the kernel yield which might be due the direct role of
Mg in plants as well its role in the uptake of other nutrients as reported previously [39].
The yield differences among aerobic and flooded rice ranged from 8 to 69% depending
on the number of seasons, dry and wet seasons and varieties. Similarly, the yield gap
between aerobic and flooded rice can be owing to the variation in the sink formation and to
some extent it depends upon the grain filling percentage and 1000 grain weight. Therefore,
among the yield components the sink size could have resulted in more yield gap between
aerobic and flooded rice [40].

Mg directly involves in chlorophyll synthesis, contributing to improve photosynthesis
and assimilates production. Likely, the heavier grains under Mg application at three stages
suggest that Mg uptake and assimilation could have improved the dry matter production,
translocation and accumulation. Hence, the data reflects the importance of Mg application
to rice plants at the three stages under reduced/flooded condition. It was pertinent to
observe that besides growth and yield, the highest normal kernel % was obtained after
injecting Mg fertilizer dose at seedling, tillering and panicle initiation. Whereas least
abortive kernels, opaque kernels, and sterile kernels % age was also produced in the
treatment F6T2 under Mg application at three different stages. Mg is an integral part of
chlorophyll, and by providing supplemental Mg, can improve photosynthetic efficiency
too. Improved Mg fertilization at critical stages can also aid in improving the quality of
the production.

Improved TCC, KAC, KPC, and LMgC were found highest in the flooded rice plots
supplied with Mg at 3 stages viz seedling, tillering, and panicle initiation. Therefore,
the degree of the enrichment of the above parameters decreased gradually as the Mg
supplementation reduced from 3 to 1. Hence, it was again discerned that the plots with
poor condition owing to flooding, reflected better performance in terms of parameters
mentioned above. Likewise, the higher leaf Mg content in plots receiving Mg at all the
3 stages mentioned above explains why the total chlorophyll contents are higher in these
plots as compared to the other plots receiving less Mg. Moreover, the flooded plots with rice
plants having better leaves TCC and LMgC, TPC, and KAC in comparison to the aerobically
maintained plots. Higher benefit cost ratio (BCR) in rice plots kept flooded and fertilized
with Mg at three stages viz seedling, tillering, and panicle initiation during both the years
reflects the viability and economic feasibility of application of Mg at the above mentioned
three stages during both the years of the study. However, during the 2nd year of this study,
the plots where Mg was applied to the soil at two stage, i.e., tillering and panicle initiation
under flooded condition, demonstrated similar benefit cost ratios (BCR), as was the case
where three-time Mg was applied. It might be due to most favorable climatic conditions
and the higher soil magnesium contents, which alleviated the crop performance.

5. Conclusions

Rice plants grown under flooded condition and with combined application of Mg
at growth and reproductive stages (F6T2) enhanced (52.71% and 49.42%) grain yield
over rice grown in aerobic condition and with single application of Mg at seedling stage
(F1T1) in both growing seasons, respectively. Similarly, rice produced aerobically also
enhanced (38%, 45%) paddy yield with combined Mg application (F6) as compared with
single application (F1). Moreover, the strategy of combined Mg fertilization on growth as
well as on reproductive stages (F6) also emerged as economically sound with the highest
BCR (2.58, 2.53) under flooded condition followed by aerobic system (1.86, 2.0) in both
cropping seasons.
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