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Abstract: Low planting density and deficient nitrogen application are factors that significantly
decrease the yield of pearl millet in Pakistan. Optimizing their management is imperative in
increasing millet production efficiency, especially with N fertilization, which can strongly affect
hybrid millet response. Therefore, a field experiment was conducted at the Agronomic Research Area,
University of Agriculture, Faisalabad (semi-arid) and the Agronomic Research Station, Karor Lal
Eason, District Layyah (arid) over two summer seasons (2015 and 2016). The experiment consisted
of three intra-row spacings (10, 15, and 20 cm) as main plots, while four nitrogen rates (0, 150, 200,
and 250 kg ha−1) were randomized in subplots. The treatments were triplicated each year at both
locations. The results depicted a significant change in millet crop development with a change in
planting density and nitrogen rate in semi-arid and arid environments. The decrease in planting
density resulted 1–2 day(s) delay in 50% flowering, milking, and maturity in semi-arid and arid
region during both years of study. Higher dry matter accumulation was observed at medium planting
density (15 cm intra-row spacing) and higher levels of nitrogen (250 kg ha−1) at both locations
and growing seasons. The yield and attributed yield performed well with 15-cm plant spacing
coupled with N application from 150–200 kg ha−1, and resulted in high nitrogen use efficiency (NUE).
The results of the quadratic relationship and economic analysis linked with yield and nitrogen levels
at 15-cm spacing showed 176 and 181 kg N ha−1 optimum levels (mean of years) against the economic
N levels of 138 and 137 kg N ha−1 for Faisalabad and Layyah, respectively. The benefit–cost ratio
(BCR) showed 31% and 45% mean excessive N at 200 and 250 kg N ha−1, in Faisalabad and Layyah,
respectively. So, it is concluded that the optimum economic level of N should be sought out according
to the soil and climate of an area for the production of hybrid pearl millet on a sustainable basis.
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1. Introduction

Nitrogen is the major nutrient required to grow pearl millet. The crop shows variable phenological,
growth, and yield responses to nitrogen applications [1,2]. Generally, it is considered that pearl millet is
better adapted to poor soils with low nitrogen management [3]. However, the ideal conditions (fertile soil
and irrigation) for this crop significantly increase millet’s production efficiency [4], and it responds
favorably to higher fertilizer application. Moreover, higher plant density (15,000 to 20,000 pockets ha−1,
three plants per pocket) and N application of 30 kg ha−1 in two splits result in a higher yield [5].

The recent trends in the consumption of pearl millet for animal and poultry feed in Pakistan
have increased. It is projected that Pakistan will be the second-largest importer of pearl millet in the
world after China in 2030, importing 61,000 tons of millet [6]. Therefore, it is assumed that greater
inputs, particularly of N, coupled with high-yielding hybrids, are critical for efficient and economical
production of pearl millet in Pakistan.

Nitrogen limitations affect the phenology of crops and reduce growth and grain yield [7]. The basal
tillers of pearl millet are yield-contributing traits, and a deficiency of nitrogen can have a direct effect
on them, thus decreasing the yield [8,9]. Therefore, management of nitrogen during early growth
stages and prior to panicle initiation is useful to achieve higher production.

Research findings about different responses of pearl millet to fertilizer application have been
reported in the literature, with optimum rates ranging from 0 to >150 kg ha−1 [10,11]. The form of
N (NO3—N, NH4—N) and the mode and time of application also affect the nitrogen uptake and use
efficiency. It was concluded that absorption of ammonium over nitrate may have negative effects on the
growth and development of millet. Kumar and Kumar [12] quantified the nitrogen uptake at various
growth phases. They concluded that pearl millet utilized a high N uptake, equal to 110 kg ha−1 at the
fourth stage (vegetative), and reached the maximum uptake of 153 kg ha−1 at physiological maturity.
The hybrids produce 10–15 kg of grains, utilizing one kg of nitrogen [13]. A dose of 40 kg N ha−1 was
found to be economical for most of the millet-growing regions, but higher nitrogen applications are
recommended in soil with adequate moisture. The high-yielding varieties and hybrids use N more
efficiently than traditional cultivars [14,15]. The mechanism of utilizing higher doses of nitrogen in
most cereals needs to be understood [16]. The overall optimum N utilization and use efficiency for
grain pearl millet have not been reported for pearl millet production systems in Pakistan.

The soils of Pakistan are deficient in nitrogen, an important nutrient for the growth and
development of crops [2,14,17]. An insufficient supply of nitrogen to crops limits the leaf area,
number of leaves per plant, leaf size, and nitrogen concentration in all of the plant’s parts [18].
Because of this limitation, plants either maintain leaf size rather than maximizing leaf nitrogen or
avoid maximizing leaf area. In either case, the crop dry matter and the yield potential of the crop are
significantly affected.

Nitrogen use efficiency can easily identify soil and plant processes that contribute to nitrogen
use [19,20]. The components of nitrogen use efficiency (NUE), such as nitrogen uptake and utilization,
differ in diverse climatic conditions. Optimum growth, improved nitrogen use efficiency, and minimum
nitrogen losses can be the results of effective nitrogen monitoring [21,22].

The impact of climate change is becoming harsh due to frequent extreme weather events [23,24].
It is imperative to evaluate crops for resilience against harsh climatic conditions by sustaining yields
and soil fertility with efficient nutrient management [25–29]. Many researchers highlighted the role
of nutrient management (right source of nutrient, right quantity, right placement at the right time)
in improving the soil properties [30]. Studies with inconsistencies in optimum N levels should be
evaluated through such analytic methods, which depict a clear picture of the N level with maximum
economic return and minimum N losses in the sandy and loamy soils of Punjab, Pakistan. Therefore,
experiments were conducted to study the interactions between N fertilizer rates and planting density
in arid and semi-arid environments of Punjab, Pakistan.
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2. Methodology

2.1. Experimental Sites and Weather

The geographical locations of arid (Layyah district, 31◦13′, 70◦58′ coordinates with an altitude
of 158 m) and semi-arid (Faisalabad district; 31◦26′, 73◦04′ coordinates with an altitude of 184 m)
environments were selected to conduct field experiments (Figure 1).
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Figure 1. Geographical location of study area (Faisalabad and Layyah), Punjab, Pakistan.

The climatic index was used to compare temperatures among sites, and was calculated as per
standard procedure. The semi-arid location (Agronomy Research Area, University of Agriculture,
Faisalabad, Punjab Pakistan) accumulated 1875 and 1940 heat units during the growing seasons of
2015 and 2016, respectively. The other experimental site (Agronomic Research Station—ARS, Karor Lal
Eason, Layyah) accumulated 1916 and 1934 heat units in the years 2015 and 2016, respectively.

According to USDA classification, the soils were Lyallpur series (fine, loamy, silik, therm) for
Faisalabad and Khumbi series (Sandy, mixed, hyper-thermic, typic torripsamments) for Layyah.
The soil characteristics of selected sites are detailed in Table 1, while fertilizer application rates are
shown in Table 2. For Faisalabad, the air temperature and rainfall data were retrieved from the
Physiology section, Department of Agronomy, University of Agriculture, Faisalabad, located 1 km
away from the experimental site. At ARS Karor (Layyah), the temperature and rainfall data were
collected from the weather observatory of the Pakistan Meteorological Department (PMD), Islamabad,
located at a 200-m distance from the experimental site (Figure 2).

Hybrid pearl millet (Poineer-86M86) was tested during the summer seasons of the years 2015 and
2016 at both locations. The pearl millet was sown in different fields at each location. The millet crop
was planted after a wheat crop in Layyah, and after the harvesting of quinoa in Faisalabad.
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Table 1. Soil characteristics of experimental sites: (a) Faisalabad, (b) Layyah.

Sand Silt Clay SOC * EC ** pH BD ** Texture N *** P **** K *****

Site Year Depth % % % % dSm−1 1:1 Mg m−3 g kg−1 ppm ppm

Faisalabad

2015

0–15 cm 51.0 26.0 23.0 0.59 1.52 8.2 1.40 Sandy clay loam 0.45 7.9 130.7

16–30 cm 50.0 28.5 22.5 0.36 1.45 8.2 1.45 Sandy clay loam 0.40 5.6 116.4

31–45 cm 50.5 28.5 22.0 0.25 1.30 8.1 1.45 Sandy clay loam 0.30 5.4 110.3

2016

0–15 cm 52.0 27.0 21.0 0.65 1.45 8.1 1.42 Sandy clay loam 0.43 8.1 135.5

16–30 cm 51.5 27.0 21.5 0.38 1.34 8.0 1.46 Sandy clay loam 0.40 5.4 110.0

31–45 cm 50.5 28.0 21.5 0.25 1.29 7.9 1.46 Sandy clay loam 0.35 4.5 105.5

Layyah

2015

0–15 cm 53.5 32.5 15.0 0.50 1.36 8.3 1.50 Sandy loam 0.40 6.4 122.0

16–30 cm 52.5 31.5 16.0 0.39 1.10 8.5 1.52 Sandy loam 0.37 6.0 119.0

31–45 cm 52.5 31.5 16.0 0.25 1.05 8.6 1.55 Sandy loam 0.34 5.7 108.0

2016

0–15 cm 54.0 31.0 15.0 0.45 1.35 8.3 1.47 Sandy loam 0.42 6.0 130.0

16–30 cm 53.5 31.0 15.5 0.35 1.07 8.5 1.50 Sandy loam 0.40 5.0 115.0

31–45 cm 52.5 31.5 16.0 0.26 1.05 8.6 1.52 Sandy loam 0.33 4.7 115.0

* Soil organic carbon, ** bulk density, *** nitrogen, **** phosphorus, ***** potassium.

Table 2. Nutrient sources and amount of application rates of N, P and K.

Description Nutrients in Source
(kg 100 kg−1)

Nutrients in Soil
(kg ha−1)

Application Rate
(kg ha−1)

Site Year Treatments N+

(Urea)
P2O5

(TSP) ***
K+

(SOP) ****
× N P K N kg P kg ** K kg

Faisalabad

2015

N1: 0 kg ha−1 23 22.5 - 9.20 15.8 261.4 0.00 41.2 0.0

N2: 150 kg ha−1 23 22.5 - 9.20 15.8 261.4 108.8 41.2 0.0

N3: 200 kg ha−1 23 22.5 - 9.20 15.8 261.4 158.8 41.2 0.0

N4: 250 kg ha−1 23 22.5 - 9.20 15.8 261.4 208.8 41.2 0.0

2016

N1: 0 kg ha−1 23 22.5 - 10.28 16.2 271.0 0.00 40.8 0.0

N2: 150 kg ha−1 23 22.5 - 10.28 16.2 271.0 109.2 40.8 0.0

N3: 200 kg ha−1 23 22.5 - 10.28 16.2 271.0 159.2 40.8 0.0

N4: 250 kg ha−1 23 22.5 - 10.28 16.2 271.0 209.2 40.8 0.0

Layyah

2015

N1: 0 kg ha−1 23 22.5 - 8.35 12.8 244.0 0.00 44.2 0.0

N2: 150 kg ha−1 23 22.5 - 8.35 12.8 244.0 105.8 44.2 0.0

N3: 200 kg ha−1 23 22.5 - 8.35 12.8 244.0 155.8 44.2 0.0

N4: 250 kg ha−1 23 22.5 - 8.35 12.8 244.0 205.8 44.2 0.0

2016

N1: 0 kg ha−1 23 22.5 - 7.37 12.0 260.0 0.00 45.0 0.0

N2: 150 kg ha−1 23 22.5 - 7.37 12.0 260.0 105.0 45.0 0.0

N3: 200 kg ha−1 23 22.5 - 7.37 12.0 260.0 155.0 45.0 0.0

N4: 250 kg ha−1 23 22.5 - 7.37 12.0 260.0 205.0 45.0 0.0
× N mineralized from soil organic matter; ** soil was calcareous in nature with sufficient K availability; *** triple
super phosphate; **** sulfate of potash.

2.2. Experimental Design and Treatments

Three plant spacings (10, 15 and 20 cm) and four nitrogen rates (0, 150, 200, 250 kg ha−1) were
compared in a split-plot design with three replicates. The plant spacings were randomized in the main
plot, while nitrogen rates were split in the sub-plots. The plot size of each subplot was 3.6 m × 1.8 m.
The main plots were separated by a 1-m non-experimental area (N.E.A.) from the border side and
subplots by a 0.75-m buffer. The interrow spacing distance was kept at 0.45 m using a single row
hand drill. Good quality seeds (95% germination rate) were used at the rate of 6.25 kg ha−1. The same
treatments were applied to the same plots in each summer season during 2015 and 2016 at both locations.
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Figure 2. Daily average temperature (◦C), crop season mean temperature (dots), cumulative pearl
millet growing degree days, GDD (dotted line) and cumulative rainfall (in bars) from seeding to harvest
at the sites of semi-arid (Faisalabad) (a) and arid environments (Layyah) (b) for the years 2015–2016.

2.3. Soil Analysis

The soil was analyzed before the sowing of the crops. Ten representative samples from 0–15 cm
and 15–30 cm depth were collected with the help of an auger using a diagonal technique. The soil
samples of each depth were mixed separately to obtain a composite sample. The samples were air dried,
crushed and sieved through a 2-mm stainless steel sieve. The samples were mixed thoroughly to obtain
a composite sample, which was analyzed for its physico-chemical properties. Bouyoucos’ hydrometer
method was used to determine the percentage of sand, silt and clay by using 1% hexametaphosphate
as a dispersing agent. An international textural triangle was used to determine the textural class of the
soil [31]. The soil pH was measured by taking a 250 g soil sample. The soil suspension was prepared
with distilled water at a 1:1 ratio. It was shaken intermittently for an hour and soil pH was determined
using a pH meter (Jenway-3510) [31,32]. Olsen’s method was applied to figure out the available
phosphorus using a spectrophotometer. The Mehlich 1 (0.05 M HCL and 0.025M H2SO4) [33] method
was used for the extraction of potassium. The potassium was determined using a flame photometer
(PFP-7 Jenway). Mineralizable nitrogen was determined using the same approach presented by [34].

2.4. Determination of Field Capacity

The field capacity was determined by the method described by Karkanis (1983) [35]. The soil was
placed in plastic rings on ceramic plates, which were connected to a high-pressure pump. The ceramic
plate allows water to be extracted at the field capacity (−30 kpa). After the sample reached equilibrium
at the required pressure, the samples were weighed and then oven dried at 105 ◦C. The oven-dried
weight of the sample was observed, and the difference in the sample weight at equilibrium and after
drying was calculated to determine the moisture percentage for the field capacity. It was determined
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that a 21% moisture content in the soil indicated the field capacity, while the permanent wilting point
was observed at 9% moisture.

2.5. Crop Management

Prior to the start of the experiment (2015–2016), the field was cultivated, leveled and irrigated
for the sowing of the crops. The crops were sown during the 1st week of July in the years 2015 and
2016 at both locations, when the soil attained its field capacity (21% moisture contents) after basal
irrigation through flooding of 80 mm. Treated seeds were drilled in a single day within each year at
both locations at a depth of 50 mm, with a row spacing of 0.45 m and plant spacing as per the planned
treatments. The intra-row spacing was maintained through thinning when the seedlings attained a
height of 0.15 m. Triple super phosphate of 57 kg P2O5 ha−1 was applied to supply phosphorus at the
time of sowing. Urea was applied at a rate of 150 kg N ha−1 in all plots and in three splits, except for the
treatments under study. The first split of nitrogen was applied at the time of sowing. The remaining 2/3
of N was side dressed into two splits (the first at tillering and the second at panicle initiation). The soil
was sufficient in K; hence, K was not applied. The crops were irrigated once at tillering and then at the
panicle initiation stage. The crops were harvested in the last week of September.

2.6. Observations

2.6.1. Crop Phenological Development

The days taken for panicle initiation, 50% flowering, milking and maturity were defined as millet
development stages. The number of plants per plot−1 were counted in each treatment after germination.
Ten plants from each plot were tagged to observe the calendar days and to attain the desired stage.
The crop phenology data were recorded upon attaining the development stage. These stages were
observed when 50% of the tagged plants showed visual signs of the stage.

2.6.2. Crop Growth and Yield Traits

Total dry matter (TDM): Total dry matter was recorded fortnightly in all plots through destructive
sampling of the outer rows of plots [2]. The sampling was continued until the maturity of the crops was
reached. Biomass production is directly proportional to the grain yield in most of the cases. However,
sometimes high biomass can cause a reduction in yield due to the “hay effect”.

Lear area: The half meter-long row was harvested from each plot at ground level at twenty-day
intervals from border plant rows (10.8 m2); the border rows (first half portion of a plot) were fixed for
destructive sampling. The fresh weight of leaves and stems were weighed using Digital Electronic
Balance. Component fractions of plants (leaf and stem) were dried in an oven (Model: WFO-600ND,
EYELA windy oven, Ser. No. 66066114) at 70 °C for 48 h and the dry weight was taken. Leaf area was
recorded using ImageJ, a computer-based application, using a 10 g sub-sample of green leaf laminae,
as described in Ealson and Bloom, 2014 [36]. Leaf area index (m2m−2) was calculated as the ratio of
leaf area to land area with twenty-day intervals [37].

Yield and yield components: Leaving appropriate borders (non-experimental area) around each
plot, the center-row’s (second half portion) area (10.8 m2) of plots were harvested at maturity to record
yield-related attributes. The harvested part was threshed manually, and final grain yield was calculated.
Total biomass at harvest was obtained by adding both grain and biological yield. Plant population
at harvest (m−2), plant height at maturity (cm), panicle (head) length (cm), panicle (head) weight (g),
grain weight panicle−1 (head), 1000-grain weight (g) and grain yield (kg ha−1) were considered as yield
attributes for pearl millet at both locations.

Agronomic assessments: Leaving appropriate borders (non-experimental area), the four rows
of plants were harvested above ground level from each replicated plot at maturity. The panicles
were separated and threshed. Both components (biomass and panicles) were weighed using a
spring balance. Ten plants from each plot of treatments were selected for the estimation of different
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components (plant height, panicle length, panicle weight, grain weight panicle−1 and unit grain
weight). The biomass and yield per plot were noted and then converted into kg per hectare using a
mathematical unit method.

2.7. Weather Data

Standard weather data were obtained from each site using the nearest weather observatory.
Daily maximum and minimum air temperature (◦C), rainfall (mm) and daily sunshine hours (h) were
provided by the weather station (Figure 2), while seasonal weather data for the crop period were
recorded regularly from an observatory situated at a one-kilometer distance from the experimental site
at Layyah (Figure 2).

2.8. Quadratic Response of Yield to Nitrogen

Regression analysis was carried out to study the response of millet grain yield to different nitrogen
levels for three intra-row spacings. The quadratic equations were fitted to calculate the optimum
nitrogen for different plant spacings. The relationships were plotted between observed grain yield
and nitrogen levels for each plant spacing to set equations. The amount of nitrogen for the maximum
grain yield (point of inflection) of millet was calculated for each intra-row spacing using the following
formula by considering x as optimum nitrogen. The response of millet yield to N rates (0, 150, 200,
250 kg ha−1) at different plant spacings (10, 15, 20 cm) were described with a quadric response curve
for each site, as in the following equation:

Y = a + bN + cNˆ2 (1)

where Y is the pearl millet yield (kg ha−1), N is the amount of fertilizer applied (kg N ha−1), and a,
b and c are estimated parameters. Linear regressions were used to establish relationships among
variables. A linear parallel curve analysis with grouped data was performed [38] to determine if the
response to increasing nitrogen rate differed between intra-row spacings. The N rate required to reach
maximum grain yield (NOptimum) was estimated using the fitted parameters of the quadratic model.
The NOptimum rate was therefore calculated as described by [2]:

Noptimum =
−b

2(a)
(2)

The economics of the experiments at Faisalabad and Layyah were analyzed using a simulated
pearl millet grain yield. The input cost of intra-row spacings and nitrogen application levels were
considered as variables for both years of study, while the rest of the inputs were considered as fixed
costs. The cost of production and income from millet grain yield were calculated with each unit increase
in nitrogen for three intra-row spacings. The benefit–cost ratio (BCR) was calculated to quantify the
economically optimum level of nitrogen. The following formula was used:

Bene f it Cost Ratio (BCR) =
Income (derived f rom millet grain yield)

Input Cost
(3)

while the amount of excessive nitrogen (%) was calculated by subtracting the economically optimum
amount of nitrogen from the applied nitrogen for N200 and N250. The following formula was used,
as described by [39]:

Excessive N (%) =

[
Nitrogen (applied) −Nitrogen (optimum)

Nitrogen(applied)

]
× 100 (4)
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2.9. Statistical Analysis

The variables under study were analyzed statistically as a split-plot design with three replications.
The effects of different levels of plant spacing and nitrogen on measured variables were analyzed
statistically by employing Fisher’s Analysis of Variance Technique and differences among treatment
means were compared using the Honest Significant Difference (HSD) Test at a 5% probability level.
Computer-based Statistix v10 software was used to perform the statistical analysis.

3. Results

3.1. Crop Development

3.1.1. Days to Panicle Initiation (PI)

Panicle initiation is the first indication of a reproductive phase in pearl millet crops. The results
regarding days to panicle initiation are shown in Table 3. The results indicated significant differences
in subplot effects under the conditions of Faisalabad and Layyah for the years 2015 and 2016,
while nonsignificant effect were observed for the main factor under study (plant spacing) at both
locations and crop seasons. Different nitrogen levels significantly affected the days to panicle initiation
of pearl millet at Faisalabad and Layyah for the years 2015–2016. Pearl millet crops’ panicle initiation
was delayed by increasing the nitrogen rate. The maximum days to panicle initiation were recorded
upon application of 250 kg N ha−1 in 2015 (38) at Faisalabad and a similar trend was observed in the
second year (2016) of experimentation. However, pearl millet crops took 37 days to panicle initiation
in the year 2015 and 38 days in 2016 at Layyah. The interactive effect of plant spacing and nitrogen
level was found to be nonsignificant at both locations and crop seasons.

3.1.2. Days to 50% Flowering

This is an important stage that determines the seed setting and grain filling in a panicle of millet.
Main and subplot effects were found to be significant regarding days to flowering. Plant spacing had
significant effect on the days taken to flowering for pearl millet in Faisalabad and Layyah in 2015 and
2016. The maximum number of days to flowering were observed at 20-cm plant spacing followed
by 10-cm and 15-cm spacing. The delay in flowering with a 20-cm plant spacing might be due to an
increase in tillers and wide intra-row spacing. However, there was no significant difference in days to
flowering between 10-cm and 20-cm intra-row spacing at both locations and crop seasons. The nitrogen
level significantly affected the days to flowering at Faisalabad and Layyah during crop seasons 2015
and 2016. The maximum delay in flowering (64) was observed in plots where 250 kg N ha−1 was
applied in 2015 and 65 days in 2016 in Faisalabad, while the maximum delay was 62 days in 2015
and 66 days in 2016 at Layyah. This amount of nitrogen increased vegetative growth in millet and
caused a delay in flowering, while flowering occurred much earlier where no nitrogen fertilizer was
applied at both locations and in both years. So, an increase in nitrogen fertilizer gradually delayed the
flowering of pearl millet at both location in the years 2015–2016. The results are depicted in Table 3.
The interactive effects of intra-row spacing and nitrogen level were found to be nonsignificant in
Faisalabad and Layyah during both years of study.
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Table 3. Effect of intra-row spacing and nitrogen level on phenology and growth of millet under arid and semi-arid regions.

Treatments Days to Panicle Initiation Days to 50% Flowering Days to Milking Days to Maturity Total Dry Matter (kg ha−1) Nitrogen Use Efficiency

2015 2016 2016 2015 2015 2016 2015 2016 2015 2016 2015 2016

Faisalabad (Semi-arid)

Plant Spacing (A)

10 cm 35 34 60 B 60 B 69 B 66 B 87 B 85 B 16680 B 17015 B 13.95 14.20

15 cm 35 34 60 B 61 A 68 B 66 B 87 B 85 B 18580 A 18907 A 16.23 16.24

20 cm 35 34 61 A 61 A 70 A 67 A 88 A 87 A 14533 C 14860 C 13.68 13.96

HSD (5%) - - 0.42 0.98 1.11 0.72 0.72 1.02 1241.0 1233.7 3.94 4.11

Significance NS NS * * * * * * ** ** NS NS

Nitrogen level (B)

0 kg ha−1 31 C 30 C 54 D 55 D 63 C 62 D 73 D 71 D 10071.6 C 10409 C - -

150 kg ha−1 35 B 35 B 60 C 61 C 70 C 66 C 90 C 88 C 18236.8 B 18564 B 17.0 A 17.4 A

200 kg ha−1 37 A 36 B 62 B 63 B 72 A 68 B 93 B 90 B 18558.7 B 18885 B 14.6 B 15.0 B

250 kg ha−1 38 A 38 A 64 A 65 A 73 A 70 A 95 A 92 A 19524.2 A 19851 A 12.2 C 12.0 C

HSD (5%) 1.53 1.31 1.50 1.43 1.43 1.48 1.38 1.45 887.4 883.7 2.3 2.2

Significance ** ** ** ** ** ** ** ** ** ** ** **

Interaction (A × B) NS NS NS NS NS NS NS NS NS NS NS NS

Layyah (Arid)

Plant Spacing (A)

10 cm 34 35 58 B 61 B 68 B 67 B 85 B 87 B 16856 B 16696 B 14.26 12.91

15 cm 34 35 58 B 61 B 68 B 67 B 85 B 87 B 18879 A 18679 A 15.46 15.20

20 cm 34 35 60 A 62 A 69 A 68 A 86 A 88 A 15173 B 14954 C 12.82 12.65

HSD (5%) - - 0.42 14E-16 0.94 0.72 0.42 0.42 1756.1 865.7 2.9 4.3

Significance NS NS * * * * * * ** ** NS NS
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Table 3. Cont.

Treatments Days to Panicle Initiation Days to 50% Flowering Days to Milking Days to Maturity Total Dry Matter (kg ha−1) Nitrogen Use Efficiency

2015 2016 2016 2015 2015 2016 2015 2016 2015 2016 2015 2016

Nitrogen level (B)

0 kg ha−1 30 A 31 C 53 C 56 D 65 D 62 C 71 D 72 D 11150 B 10305 B - -

150 kg ha−1 34 B 35 B 59 B 61 C 68 C 67 B 88 C 89 C 18396 A 18460 A 16.6 A 15.8 A

200 kg ha−1 36 A 36 B 61 A 63 B 70 B 69 A 90 B 92 B 18718 A 18781 A 14.3 A 14.0 A

250 kg ha−1 37 A 38 A 62 A 66 A 71 A 70 A 93 A 95 A 19613 A 19558 A 11.8 B 11.0 B

HSD (5%) 1.54 1.31 1.52 1.53 1.53 1.43 1.52 1.52 1484.7 1304.5 2.6 2.1

Significance ** ** ** ** ** ** ** ** * * ** **

Interaction (A × B) NS NS NS NS NS NS NS NS NS NS NS NS

* Significant, ** highly significant, NS = not significant.
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3.1.3. Days to Milking Stage

Milking stage is an important indication of grain formation. Significant effects of plant spacing
were found on days to milking stage in Faisalabad and Layyah (Table 3). The plant spacing of 20 cm
took more days to milking in 2015 (70) and 2016 (67) in Faisalabad, while 69 and 68 days were recorded
in Layyah in 2015 and 2016, respectively. Nitrogen level had a highly significant effect regarding
days to milking stage in pearl millet at both locations and crop seasons. An increase in nitrogen
resulted in a delay in the milking stage of pearl millet. Maximum days to milking were recorded when
250 kg N ha−1 was applied in Faisalabad (73, 70) and Layyah (71, 70) during crop seasons 2015 and
2016, respectively. The interaction of intra-row spacing and nitrogen application were found to be
nonsignificant during both years of study and at both locations.

3.1.4. Days to Maturity

Days to maturity indicate the life cycle of a crop in a season. The life cycle of millet can be affected
by different stress conditions and limitations of agronomic factors. In this study, days to maturity
were significantly affected by plant spacing and highly significant effects were found due to nitrogen
applications on millet crops in Faisalabad and Layyah during experimental seasons 2015 and 2016.
The days to maturity were high at 15 cm spacing followed by 10 cm and 15 cm intra-row spacings in
2015 and 2016 in Faisalabad and Layyah. Maximum days to maturity were observed in 2015 (95) and
2016 (92) in Faisalabad, while in the case of Layyah, significantly higher days to maturity were found
in 2015 (93) and 2016 (96). The results are shown in Table 3. The interactive effects of intra-row spacing
and nitrogen rate were found to be nonsignificant at both locations during crop seasons 2015 and 2016.

3.2. Crop Growth

3.2.1. Total Dry Matter Accumulation (kg ha−1)

Total dry matter accumulation was significantly affected by intra-row spacing and nitrogen
application. The maximum amount of dry matter accumulated when millet was sown with an
intra-row spacing of 15 cm in Faisalabad in 2015 (18,580 kg ha−1) and 2016 (18,907 kg ha−1) and in
Layyah during crop seasons 2015 (18,879 kg ha−1) and 2016 (18,679 kg ha−1). The minimum amount of
biomass was obtained at a plant spacing of 20 cm at both locations and in both years (2015–2016) of
study, as shown in Table 3. Nitrogen level, as a subfactor, significantly affected the total dry matter
accumulation during the 2015−16 crop season at both locations. Maximum biomass production was
recorded at a nitrogen application of 250 kg ha−1, followed by 150 and 200 kg N ha−1 at Faisalabad in
years 2015–2016, while all levels of nitrogen (150, 200, 250 kg ha−1) statistically increased the biomass of
pearl millet. However, application of 250 kg N ha−1 gave higher biomass in year 2015 (19613 kg ha−1)
and 2016 (19,558 kg ha−1) at Layyah. The treatment without application of nitrogen to pearl millet
crop responded least in dry matter accumulation at both locations and years. So, the increase in
nitrogen rate caused more dry matter accumulation in pearl millet. The interactions of intra-row
spacing and nitrogen level showed nonsignificant effects at Faisalabad and Layyah in both years of
study. The results of total dry matter accumulation are shown in Table 3.

3.2.2. Leaf Area Index

Leaf area index is the outcome of leaf area over land area. It is directly linked with the biomass
production of crops. Plant spacing and nitrogen level significantly affected the leaf area index under
arid and semi-arid environments. The maximum leaf area index was observed at plant spacings
of 15 cm, while the minimum was observed at 20 cm (Figures 3 and 4). Highly significant effects
were found due to the application of different nitrogen rates on pearl millet crops. The application
of 250 kg N ha−1 gave a maximum leaf area index in year 2015 and 2016 at Faisalabad and Layyah.
These effects are significantly on par with 200 kg N ha−1 at both locations and years. Contrary to main
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effects, the interactive effects of intra-row spacing and nitrogen rate did not significantly affect the leaf
area index at both locations during crop seasons 2015 and 2016.

1 
 

Figure 3:

 

  Figure 3. Time series leaf area index (LAI) of millet affected by plant spacing and nitrogen rate in
Faisalabad in crop seasons 2015 and 2016.
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Figure 4: 

 

 Figure 4. Time series leaf area index (LAI) of millet affected by plant spacing and nitrogen rate in
Layyah in crop seasons 2015 and 2016.

3.3. Yield and Yield Components

3.3.1. Number of Panicles (m−2) at Harvest

Plant spacing and nitrogen rate significantly affected the number of panicles (m−2) in Faisalabad
and Layyah during 2015 and 2016. A high number of panicles were recorded at a plant spacing of
15 cm at both locations for both years of study. The maximum number of panicles (m−2) were attained
when 150 kg N ha−1 was applied in Faisalabad and Layyah in 2015 (37, 36.8) and 2016 (37.7, 37.4),
respectively, which were statistically on par with 200 and 250 kg N ha−1 (Table 4). The treatment
without the application of nitrogen performed the worst in terms of the number of panicles produced
(m−2) due to a smaller number of plants/tillers at both locations and years. The interactive effects of
intra-row spacing and nitrogen level were found nonsignificant at both locations and crop seasons
(2015 and 2016).
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3.3.2. Plant Height (cm)

Plant height is the distance of the main photosynthetic tissue (excluding inflorescence) or the
maximum stature a plant attains during its life cycle. It largely depends upon the nutrients applied to a
crop. Plant spacing significantly affected the plant height. The maximum plant height was observed at
a 15-cm intra-row spacing of millet at both locations in 2015 and 2016. However, the results showed that
a lower plant height (200.51 cm) was observed in 2015 at Faisalabad and in 2016 at Layyah (200.27 cm).
Similarly, the application of different nitrogen rates to millet crops significantly affected the plant
height of millet in Faisalabad and Layyah during crop seasons 2015 and 2016. The plants’ stature was
quite short when no nitrogen was applied at both locations and years. However, the recorded data
showed that millet plants attained maximum height at a nitrogen applicate rate of 150 and 200 kg ha−1

at both locations and crop seasons. The results depict that an increase in nitrogen application beyond
200 kg ha−1 did not respond to an increase in plant height (Table 4).

3.3.3. Panicle Length (cm)

Millet panicle length determines the number of grains per panicle and, consequently, the millet
yield. However, in case of this study, different three-plant spacings of millet did not significantly
affect the panicle length in Faisalabad and Layyah in crop seasons 2015 and 2016. The application
of nitrogen at different rates to millet significantly affected the panicle length at both locations and
seasons. A greater panicle length was achieved with the application of nitrogen at a rate of 150 and
200 kg N ha−1. The increase in nitrogen beyond 200 kg ha−1 caused a decrease in the length of panicles
due to the increase in the biomass of millet. The results are presented in Table 4. The interactive effect
of intra-row spacing and nitrogen level did not affect panicle length significantly at both locations and
years of study.

3.3.4. Panicle Weight (g)

This is the unit weight of panicles, including kernels and their parts, and directly contributes
towards the grain yield of millet. A high panicle weight was obtained when millet crops were sown
with 15-cm plant spacings in Faisalabad and Layyah in both years of study. The sub-plot effects of
nitrogen rate significantly affected panicle weight with maximum weight (47.2 g) in 2015 and 47.4 g in
2016 at Faisalabad. While higher significant panicle weight was obtained from pearl millet in 2015
(47.1 g) and 2016 (50 g) at Layyah. These values were found statistically at par with 150 kg N ha−1

application at both locations and years. The minimum panicle weight was observed without application
of nitrogen in pearl millet crop at both location and crop seasons. The interactive effects of intra-row
spacing and nitrogen level did not affect significantly at Faisalabad and Layyah during crop season
2015 and 2016 (Table 4).

3.3.5. Kernel Weight per Panicle (g)

Kernel weight was significantly affected by intra-row spacing and nitrogen rate at both locations
and crops seasons. High kernel weight per panicle was observed when millet crop was planted at
15 cm intra-row spacing in year 2015 (36 g) and 2016 (39.2 g) at Faisalabad. Similarly, 15 cm plant
spacing gave high kernel weight (38.3 g) in year 2015 and 38.7 g in year 2016 at Layyah. The sub-plot
effect of nitrogen application was found to be highly significant in Faisalabad and Layyah during
crop seasons 2015 and 2016. The application of 200 kg N ha−1 gave a maximum kernel weight per
panicle in 2015 (35.5 g) and 2016 (38.7 g) in Faisalabad, while 38 g and 38.2 g were obtained in 2015 and
2016, respectively, in Layyah. The interactive effect of plant spacing, and nitrogen application did not
significantly affect kernel weight per panicle in the millet crops. These results are presented in Table 4.
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Table 4. Effect of plant spacing and nitrogen level on yield and yield attributes of pearl millet under semi-arid and arid regions.

Treatments
Plant Population (m−2) Plant Height (cm) Panicle Length (cm) Panicle Weight (g) Grain Weight Panicle−1 (g) 1000-Grains Weight (g) Grain Yield (kg ha−1)

2015 2016 2016 2015 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

Faisalabad (Semi-arid)

Plant Spacing (A)

10 cm 28.5 B 29.0 B 187 B 192 B 30 32 43.1 B 43.3 B 30.6 B 33.3 B 8.0 B 8.7 B 2573 B 2678 B

15 cm 45.8 A 46.2 A 200 A 205 A 30 33 47.3 A 47.4 A 36.0 A 39.2 A 9.32A 10.0 A 2953 A 3058 A

20 cm 26.7 B 26.9 B 175 C 180 C 28 30 39.0 C 39.4 C 25.0 C 28.3 C 6.8 C 7.5 C 2189 C 2219 C

HSD (5%) 4.46 4.72 5.24 5.24 5.20 3.65 4.25 2.45 2.230 3.44 0.50 0.54 343.5 349.19

Significance ** ** ** ** NS NS ** ** ** ** ** ** ** **

Nitrogen level (B)

0 kg ha−1 23.9 B 24.7 B 138 C 143 C 26 B 28 B 34.3 C 34.5 C 20.6 C 23.8 C 7.1 C 7.7 C 1370 C 1400 C

150 kg ha−1 37.0 A 37.7 A 209 A 214 A 31 A 33 A 47.2 A 47.4 A 35.1 AB 38.4 AB 8.6 A 9.3 A 3023 A 3120 A

200 kg ha−1 37.8 A 38.2 A 206 A 211 A 31 A 34 A 47.3 AB 47.5 A 35.5 A 38.7 A 8.7 A 9.4 A 3096 A 3192 A

250 kg ha−1 35.9 A 35.7 A 196 B 201 B 29.6 AB 32.1 A 43.8 B 44.0 B 30.9 B 34.2 B 7.8 B 8.4 B 2698 B 2717 B

HSD (5%) 4.43 4.24 4.07 4.07 4.29 3.07 3.55 2.93 4.32 4.49 0.62 0.60 402.3 402.7

Significance ** ** ** ** * * ** ** ** ** ** ** ** **

Interaction (A × B) NS NS NS NS NS NS NS NS NS NS NS NS NS NS

Layyah (Arid)

Plant Spacing (A)

10 cm 28.1 B 28.9 B 189 B 186 B 30.4 30.4 42.7 AB 46.1 B 33.2 B 33.3 B 08.5 B 8.2 B 2765 AB 2618 B

15 cm 45.4 A 45.6 A 214 A 200 A 31.1 31.1 46.9 A 50.2 A 38.3 A 38.7 A 10.2 A 9.5 A 3113.9 A 3063 A

20 cm 26.5 B 26.6 B 183 B 175 C 28.43 28.4 39.1 B 42.1 C 28.8 C 28.6 C 07.6 C 7.0 C 2386.6 C 2310 C

HSD (5%) 6.80 4.41 19.54 5.24 3.97 3.97 4.30 3.46 2.71 4.60 0.54 0.54 417.4 306.3

Significance ** ** ** ** NS NS ** ** ** ** ** ** ** **
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Table 4. Cont.

Treatments
Plant Population (m−2) Plant Height (cm) Panicle Length (cm) Panicle Weight (g) Grain Weight Panicle−1 (g) 1000-Grains Weight (g) Grain Yield (kg ha−1)

2015 2016 2016 2015 2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

Nitrogen level (B)

0 kg ha−1 24.1 B 24.5 B 142 B 138 C 26.5 B 26.5 B 33.3 C 37.1 C 22.8 C 23.6 C 7.8 C 7.3 C 1589 C 1568 C

150 kg ha−1 36.8 A 37.4 A 212 A 209 A 31.6 A 31.6 A 47.1 A 50.0 A 38.0 A 38.2 A 9.4 A 8.8 A 3176 A 3122 A

200 kg ha−1 37.0 A 37.8 A 216 A 206 A 32.0 A 32.0 A 46.4 A 50.6 A 37.1 A 38.5 A 9.4 A 8.9 A 3249 A 3194 A

250 kg ha−1 35.5 A 35.2 A 210 A 195 B 29.8 AB 29.8 AB 40.8 B 46.6 B 32.8 B 34.0 B 8.54 B 8.02 B 2729.3 B 2742.1 B

HSD (5%) 4.94 4.9 18.43 4.07 3.47 3.47 5.56 3.04 4.57 4.38 0.59 0.60 446.3 377.8

Significance ** ** * ** * * ** ** ** ** ** ** ** **

Interaction (A × B) NS NS NS NS NS NS NS NS NS NS NS NS NS NS

* Significant, ** highly significant, NS = not significant.
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3.3.6. Thousand-Grain Weight (g)

Thousand-grain weight is an important component of the grain yield of millet. This important
parameter was significantly affected by plant spacing and nitrogen level. The plant spacing of 15 cm
gave the highest 1000-grain weight in the year 2015 (9.3 g) in Faisalabad, while the same trend (10 g)
was observed in the second year (2016) and second location in both years. Highly significant effects
were found on 1000-grain weight for all nitrogen treatments. The application of 200 kg N ha−1 gave
the highest 1000-grain weight (8.0 g, 9.4 g, 9.4 g, 8.9 g) in Faisalabad and Layyah in crop seasons 2015
and 2016, respectively (Table 4). The interactions of plant spacing and nitrogen level were not found to
be significant in Faisalabad and Layyah during crop seasons 2015 and 2016.

3.3.7. Grain Yield (kg ha−1)

Grain yield is the economic return of a crop and the outcome of yield attributes. It is a major
concern of farmers and the community, who want to increase the grain yield year on year. It was
significantly affected by the intra-row spacing and nitrogen rate in Faisalabad and Layyah during
both years of study. The maximum grain yield was threshed from the millet plots, where the crops
were planted at 15-cm plant spacings in 2015 (2953 kg ha−1) and 2016 (3058 kg ha−1) in Faisalabad,
while, in Layyah, the highest grain yield was obtained in 2015 (3113 kg ha−1) and 2016 (3063 kg ha−1),
which is relatively more than Faisalabad. The grain yield obtained in Layyah during crop season
2015 (3113 kg ha−1) was statistically on par with the grain yield obtained from 10-cm plant spacings
(2765 kg ha−1). The grain yield of millet responded significantly to the application of nitrogen at both
locations and crop seasons. The maximum grain yield was obtained (3096, 3192 kg ha−1) in 2015 and
2016, respectively, in Faisalabad, while a similar trend was recorded in Layyah, with maximum yields
of 3249 and 3194 kg ha−1 in 2015 and 2016, respectively (Table 4). The minimum grain yield was
recorded in the treatment without the application of nitrogen. The treatment without the application
of nitrogen gave an almost 50% lower grain yield compared to other treatments.

3.4. Nitrogen Response Curve

The regression analysis showed significantly strong relationship between millet grain yield and
nitrogen application rate at Faisalabad and Layyah during both years of study (2015–2016). Based on
these yield–nitrogen response curves (Figures 5 and 6), the optimum nitrogen levels for the maximum
yield of millet for both crop seasons were calculated as shown in Table 5 for Faisalabad and Table 6
for Layyah. The requirement of the nitrogen level was observed to be different for different intra-row
spacings at both locations. The results elucidated that continuous application of nitrogen may not
be economical for millet farming communities. The optimum nitrogen levels of 176 and 177 kg ha−1

were calculated for the Faisalabad location in 2015 and 2016, respectively, at a plant spacing of 15 cm.
These optimum levels of nitrogen led to maximum yields of 3566 kg ha−1 and 3695 kg ha−1 in 2015 and
2016, respectively. The economics of these optimum nitrogen application did not allow us to apply
such high amounts of N and resulted in savings of 31% and 45% of excessive N at 200 kg ha−1 and
250 kg ha−1 N rates, respectively, during 2015 and 2016 at the Faisalabad location. However, increasing
or reducing the plant spacing resulted in more nitrogen requirements for millet with a reduced millet
yield in Faisalabad in 2015 and 2016.

Similarly, in the case of the second location of the experiment (Layyah), maximum yields of millet
(3674, 3644 kg ha−1) were recorded at optimum nitrogen levels of 188 kg ha−1 and 174 kg ha−1 during
2015 and 2016, respectively, at a plant spacing of 15 cm. The difference in yields and nitrogen during
both years is nonsignificant. However, the economically optimum nitrogen levels were found to be 29%
and 33% less over N200 and 43% and 47% less over N250 when recorded from quadratic relationships
in 2015 and 2016, respectively. The amount of excessive nitrogen at N200 and N250 in the Layyah
district for each year was nonsignificant at 10 cm and 20 cm (Tables 5 and 6). The unit increase in
yield due to the application of each kilogram of N is depicted in Figure 7, which clearly shows that the



Sustainability 2020, 12, 7715 18 of 23

optimum nitrogen level, determined through curve fitting, showed the maximum benefit–cost ratio
(BCR) at both locations during 2015 and 2016.
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Table 5. Optimum nitrogen rates for maximum millet grain yield, economical millet grain yield,
and excessive nitrogen of millet at different intra-row spacings in Faisalabad during 2015 and 2016.

Plant Spacing
Optimum N

(kg ha−1)
Maximum

Yield (kg ha−1)
Economically

Optimum N (kg ha−1)
Excessive N
at N200 (%)

Excessive N
at N250 (%)

2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

10 cm 195 194 3034 3153 145 145 27.5 27.5 42 42
15 cm 176 177 3566 3695 138 138 31 31 45 45
20 cm 198 174 3019 2761 157 139 21.5 30.5 37 44
Mean 190 182 3206 3203 147 141 27 30 41 44

Assuming prices of N = 0.79 USD per kg and millet grain = 0.23 USD per kg.
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Table 6. Optimum nitrogen rates for maximum millet grain yield, economical millet grain yield,
and excessive nitrogen of millet at different intra-row spacings in Layyah during 2015 and 2016.

Plant Spacing
Optimum N

(kg ha−1)
Maximum

Yield (kg ha−1)
Economically

Optimum N (kg ha−1)
Excessive N
at N200 (%)

Excessive N
at N250 (%)

2015 2016 2015 2016 2015 2016 2015 2016 2015 2016

10 cm 191 173 3227 3097 142 131 29 34.5 43 48
15 cm 188 174 3674 3644 141 133 29.5 33.5 44 47
20 cm 187 171 3001 2841 142 132 29 34 43 47
Mean 188 172 3300 3194 141 132 29 34 43 47

Assuming prices of N = 0.79 USD kg−1 and millet grain = 0.23 USD kg−1.
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4. Discussion

The focus of the research on grain pearl millet remains on developing dwarf hybrids [40].
The nutrient availability to pearl millet crops significantly increases/decreases the millet yield.
The limiting condition of nutrients, particularly nitrogen (N), reduce the performance of hybrid
millets [41]. However, the increase in the N rate is not always associated with an increase in millet grain
production [40]. Therefore, an experiment to optimize the N rate to improve millet grain production
was conducted in Faisalabad (semi-arid) and Layyah (arid) over two years (2015 and 2016). There is
significant effect of nitrogen rate on the phenology of pearl millet. An increase in the nitrogen rate
causes the delay of panicle initiation, flowering, milking and maturity of crops. Bationo et al. (1992) [42]
found no significant effects of different nitrogen levels on the phenology of millet. Contrary to this,
significant effects of nitrogen application were found on crop development by [43].

Several studies showed significant effects of increasing N application on plant height, panicle
length, panicle weight and grain yield of millet. Maximum plant height, panicle length, panicle weight,
grain weight per panicle and millet grain production were found when 150 kg N ha−1 was applied
to millet. The significance of yield components is statistically on par at an N application level of
200 kg ha−1. The trend of our results is supported by [44]. The increase in the plant height and panicle
length in response to increasing nitrogen applications, might be due to the role of N in stimulating cell
division and elongation, in addition to millet development. This might be attributed to the minimal
nitrogen losses and efficient N use. Our results are quite similar to those reported by [45].

The different rate of N showed significant differences (p < 0.001) in the yield attributes of millet.
Our data showed a significant effect of N rates on panicle weight, grain weight per panicle and
1000-grain weight at both locations and crop seasons. The treatment without the application of N
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caused the lowest yield attributes. These results might be due to the increase in photosynthetic
processes and carbohydrate accumulation in the grain due to the increasing nitrogen rate, and vice
versa. The role of nitrogen in increasing the number of tillers also cannot be neglected. These findings
are in agreement with [12].

The millet grain production per ha was significantly affected by the increase in the rate of nitrogen,
which is statistically similar to the findings of [46,47]. All the available evidences emphasized the
magnitude of this finding. NUE is an important component to assess the efficiency of the amount
of nitrogen applied to any crop. Significant differences in plant spacing and nitrogen application
were found using NUE. Maximum NUE was found when pearl millet was planted at 15-cm spacings.
Various denoted results depicted that high quantities of nitrogen (50%) are not assimilated in rice,
wheat [48] and pearl millet during unfavorable weather conditions. In such conditions, the recovery
efficiency of nitrogen is much lower in rice (31 ± 18%), wheat 18 ± 11%) and pearl millet (30 ± 12%)
than the global cereal N use efficiency (33%) [49].

Poorly managed inputs (resources) include imbalanced, excessive and improper fertilizer
application. These aspects are the main constraints for the availability of nutrients. Among all
nutrients, N use in field crops [50] is comparatively high, but the response of the yield to high
applications of nitrogen is substantially low for pearl millet as well [9]. However, from an economic and
environmental point of view, nitrogen use efficiency has high significance [51]. NUE can be improved
by balancing the use of N application under optimized management options (tillage, planting time,
planting density, planting method and adequate irrigation) [52]. In addition to optimized management
options, the selection of proper planting material (seed, fertilizer) and the suitability of weather
conditions significantly contribute to the improvement of NUE, up to as much as 50% in cereals [40].

The data presented in the Table 3 show significant effects of nitrogen level on nitrogen use efficiency,
but nonsignificant effects of planting density on NUE in both seasons and locations. Pearl millet with a
nitrogen application of 150 kg N ha−1 showed a high nitrogen efficiency (17, 16.6 kg grains kg−1 of N,
17.4, 15.8 kg grains kg−1 of N in Faisalabad and Layyah in year 2015 and 2016, respectively). However,
in Layyah, these results were statistically on par with the application of 200 kg N ha−1. Increasing
nitrogen rates resulted in decreased nitrogen use efficiency. The interaction between plant spacing and
nitrogen rate had a nonsignificant effect on the millet crops.

5. Conclusions

This study concludes that decreases in planting density caused a delayed in 50% flowering,
milking, and maturity by 1–2 days in the semi-arid as well as the arid environment. A higher dry
matter accumulation was recorded at a medium planting density (15 cm intra-row spacing) and a
higher level of nitrogen (250 kg ha−1) at both locations. The yield and yield attributed performed well
at 15 cm plant spacing coupled with N application from 150–200 kg ha−1 and resulted in a high NUE.
The results of the quadratic relationship and economic analysis linked with yield and nitrogen levels
showed 176 kg N ha−1 and 181 kg N ha−1 optimum levels (means of both years) compared to economic
N levels of 138 kg N ha−1 and 137 kg N ha−1 for Faisalabad and Layyah, respectively. The economic
analysis showed 31% and 45% mean excessive N at 200 and 250 kg N ha−1, respectively, for Faisalabad
and Layyah. Overall, the results reveal that it is imperative to achieve the sustainable production
of grain millet by optimizing efficient economic levels of N according to the soil type and climatic
conditions of different regions in Punjab, Pakistan.
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