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Abstract: Nitrogen is a key factor in maize (Zea mays L.) grain and biomass production. Inap-
propriate application with sub-optimum plant density and irrigation can lead to low productiv-
ity and inefficient use. A two-year field experiment was conducted to determine which nitrogen
rate, plant density, and irrigation level optimize grain, biomass yield, and water use efficiency.
Three nitrogen rates of urea (46–0–0 of N–P2O5–K2O) (N0 = 0 kg N ha−1, N1 = 270 kg N ha−1, and
N2 = 360 kg N ha−1), with three maize densities (D1 = 75,000 plants ha−1, D2 = 97,500 plants ha−1,
and D3 = 120,000 plants ha−1), and two irrigation levels (W1 = 5250 m3/hm2 and W2 = 4740 m3/hm2)
were investigated. The results show that both grain and biomass yields were affected by the main fac-
tors. The interaction between nitrogen rate and irrigation level significantly (p < 0.001) affected grain
yield but not biomass. It was observed that the grain yield increased correspondingly with nitrogen
rate and plant density, while it decreased as the irrigation level increased. Water use efficiency was
significantly (p < 0.001) affected by the main factors and their interactions. Nevertheless, water use
efficiency was highest at (5250 m3/hm2) × 270 kg N ha−1; × 360 kg N ha−1 × 120,000 plants ha−1

and increased from 62% to 68%. In addition, the highest biomass yield was recorded at 5250 m3/hm2

× 270 kg N ha−1; × 360 kg N ha−1 × 120,000 plants ha−1 while the interaction of either irrigation
level with 0 and 270 kg ha−1 or 97,500 and 120,000 plants ha−1 yielded the lowest water use efficiency.
Thus, optimized nitrogen rates, plant density, and alternate irrigation levels can support optimum
grain and biomass yields. It can also improve nitrogen and water use efficiency in maize production.

Keywords: food security; deficit irrigation; sustainable cropping; Zea mays L.; nitrogen use

1. Introduction

Global crop yields are limited by the shortage of water resources and nutrient avail-
ability. In this regard, nitrogen (N) is the most limiting nutrient in agricultural production
for optimum yield and biomass. It is the major element required for the continuous increase
in food production to ensure food security [1]. Nitrogen facilitates biomass accumulation,
increases nutrient uptake, balances dry matter production [2,3], and improves grain yield,
quality, and the resistance of crops to environmental stress [4]. It has been noted that N
deficiency can result in slow growth and development in crops, cause early leaf senescence,
and subsequently decreases in both crop productivity and quality [5]. Although optimum
N rate and use efficiency are affected by several factors, research suggests that N can be
reduced and N use efficiency (NUE) increased without compromising yield [6,7].

High N fertilizer application results in economic losses and ecological hazards due to
the extra consumption of resources, water eutrophication, soil acidification, and a high rate
of greenhouse gas (GHG) emission [8,9]. Nitrogen losses are often too high and can increase
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up to 70% due to indiscriminate application, poor application methods, and low plant
population [8]. This excessive and inefficient use of N fertilizer results in poor crop yield
and an increase in production cost [8,10]. The overuse of N fertilizers in China has led to
low NUE [11]. This implies that the low NUE is not only a waste of resources or a problem
to environmental sustainability but also a setback for sustainable agriculture [12,13]. Thus,
sustainable food production and environmental sustainability are urgent concerns that
need to be addressed from an agricultural perspective.

Excessive N application by farmers is a common practice in many regions and it
has been reported to prolong the vegetative growth period and delay maturity [5]. This
means that sufficient water is needed for plants under such conditions to grow properly.
Nowadays, great efforts have been made towards saving water in agriculture, especially
in optimizing irrigation methods. Several effective patterns, including limited irrigation
and regulated deficit irrigation, have been proposed [14,15]. Due to the scarcity of water
resources, improvement in crop water use efficiency in drylands is necessary [16]. Due
to population growth, there is an increasing scarcity of water resources needed for food
production. Therefore, technologies for improving crop water use efficiency (WUE) are
critical for sustainable crop production and food security [16].

Grain, biomass yield, and WUE are mainly limited by available water and deficit
irrigation, and scheduling can affect them [14]. Studies on the effects of limited irrigation
on crop yield and WUE reported that crop yield can be largely maintained and product
quality improved while reducing irrigation volume [17,18]. According to [14], appropriately
limited irrigation and controlled soil water content level could lead to higher grain and
biomass yields. Alternatively, [19,20] suggested that increasing plant density has the
potential to increase WUE in water-scarce environments. This option is better than the
conventional method of N application in low plant populations where more N is lost, crop
yield is decreased, and available N is low [8]. According to several studies, unfertilized
N responses often provides greater yield than fertilizer N [21,22]. This suggests that N
consumption by enhanced N fertilization may lead to higher N uptake by plants but not
increase biomass production [23]. Moreover, plants grown under excessive N application
are more susceptible to lodging (because of shoot overgrowth and tenderness), pest and
disease damage, and degraded grain quality [24]. Therefore, best fertilization practices will
improve NUE and decrease GHG emission [25], while agronomic principles and practices
that utilize modern techniques to enhance NUE will reduce application rates without yield
reduction [26].

Research has shown that improving NUE by decreasing the N rate may delay leaf
senescence, which results in no yield loss, while late-season leaf senescence due to low N
provides a relatively higher photosynthetic capacity to crops and increases yield [8]. A
study by [27] demonstrated that N fertilizers can be minimized by 20% without yield loss
in Australia, while [28] posit that N fertilizers in China have the potential for increased use
efficiency at low rates through integrative management practices. Going by the reports from
different regions and countries, it was inferred that NUE can be increased by decreasing
N application rates [6,29]. In contrast, low N applications may produce high NUE but
result in poor yield and inefficient use of land, water, and other production inputs [30,31].
Thus, we hypothesized that a moderate reduction in N rate under high plant density and
deficit irrigation would not affect the grain and biomass yield in the Oasis irrigation region
of China, but would increase NUE (grain and biomass yields) and WUE. Therefore, the
objective of this study was to determine which N rate, plant density, and irrigation level
result in the optimum grain and biomass yield of maize, and at the same time improve
WUE in irrigated maize.

2. Materials and Methods
2.1. Experimental Site Description

The experiment was conducted at Gansu Agricultural University Experiment Station
in 2018 and 2019, from April to September, on 37◦96′ N, 102◦64′ E altitude, and 1776 m
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above sea level. Soils in this area are classified as Aridisol [32]. Average annual sunshine
duration, air temperature, precipitation, and potential evaporation in the location are
2945 h, 7.2 ◦C, 150 mm, and 2400 mm, respectively. Daily precipitation and air temperature
data were obtained from the climate data sub-station of Wuwei, which is 100 m away from
the experiment field.

During the experiment, soil samples were taken from each replicate (both fertilized
and unfertilized plots) at soil depths of 0–30, 30–60, 60–90, 90–120, and 120–150 cm. Samples
from each soil depth were bulked and mixed thoroughly. The samples were dried at room
temperature in cardboard boxes, ground to fine silt and sieved through a 0.25 mm mesh
wire sieve for chemical analysis at the State Key Laboratory of Aridland Crop Science,
at Gansu Agricultural University. The analysis of NH4

+-N and NO3
−-N was performed

using a Discrete Auto analyzer—SMARTChem 450, USA. Soil total nitrogen (TN) was
analyzed using the Kjeldahl digestion method described in [33], while soil bulk density was
determined using a metal ring pressed into the soil (intact core), and the weight determined
after drying, as described in [34]. The properties of the soil are listed in Table 1. The field
for the experiment was cropped with maize the previous year before this experiment was
carried out.

Table 1. Soil properties at the experimental site in 2018 and 2019.

2018 2019

Soil Depth (cm) NH4
+-N NO3−-N TN Bulk Density NH4

+-N NO3−-N TN Bulk Density

mg kg−1 g kg−1 g cm−3 mg kg−1 g kg−1 g cm−3

0–30 11.085 3.665 1.550 1.259 15.913 4.242 1.600 1.251
30–60 11.023 3.747 1.500 1.240 15.707 4.993 1.710 1.243
60–90 11.000 3.575 1.000 1.180 16.077 5.567 1.500 1.184
90–120 11.945 3.558 1.400 1.210 15.560 4.820 1.420 1.200

120–150 11.354 3.232 1.240 1.160 11.875 3.773 1.210 1.170

TN: total nitrogen.

2.2. Experimental Layout

The experiment was a 3 × 3 × 2 factorial experiment in a randomized complete block
design (RCBD) with three replicates. Each treatment had a plot measuring 7 × 5 m and
was separated by a gap of 80 cm. A 50 cm ridge was built between blocks to reduce the
potential of water movement between them. The treatment comprised three N rates of urea
(46–0–0 of N–P2O5–K2O) (N0 = 0 kg N ha−1, N1 = 270 kg N ha−1, and N2 = 360 kg N ha−1),
three densities of maize (D1 = 75,000 plants ha−1, D2 = 97,500 plants ha−1, and
D3 = 120,000 plants ha−1), and spacings of 40 × 33 cm, 40 × 26 cm, and 40 × 21 cm, respec-
tively. It was combined with two irrigation levels (W1 = 5250 m3hm2 and W2 = 4740 m3hm2).
Drip irrigation lines with valves were connected to water meters to regulate and measure
the amount of water irrigated.

2.3. Field Management

A moldboard plough was used to till the soil to a depth of 20 cm in April of both
years, followed by a rotary tiller to loosen soil lumps. Nitrogen application was applied in
triplicate, with 20% top-dressed and incorporated to 20 cm soil depth using a rotary tiller
before maize seeding. The remaining was split into two portions. It was applied by deep
placement into the soil at the nine-leaf collar stage and 15 days after flowering. A white
plastic film of (120 cm wide and 0.01 mm thickness) was mulched on the plots before maize
planting each year. Maize cultivar (Xianyu 335) was planted on 17 and 19 April in 2018
and 2019 using a hand-held pressure-inject planter. Irrigation was carried out at 90, 120,
and 90 mm at the nine-leaf, fourteen-leaf, and grain-filling stages, respectively, using drip
irrigation lines. Weeds were controlled by hand throughout the crop-growing period in
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both years. There was no chemical application for weed and pest control, and no diseases
and pests were recorded during the experiment.

2.4. Grain and Biomass Yield Sampling

Grain yield was measured in the physiological maturity period of maize. Four rows
of non-sampled maize plants with a 3 m length were harvested to determine the grain
yield of maize in each treatment. These grains were sun-dried, cleaned, and weighed after
threshing with a small grain sheller. Biomass weight of the harvested maize was also
collected, as well as the WUE (kg m3), and calculated as described in Equation (1) [35]:

WUE = Y/ETc (1)

where Y is the grain yield (kg ha−1), and ETc is the total actual evapotranspiration over the
whole growing season (mm).

ETc = Pe + I + U − R − Dw − ∆S (2)

where Pe is the effective precipitation (mm) as measured by the United States Department
of Agriculture Soil Conservation Services [36], I is irrigation quota (mm), U is the upward
capillary flow (mm), R is the runoff (mm), Dw is the downward drainage (mm), and ∆S is
the change in the soil water stored in a soil layer of 0–150 cm (mm).

2.5. Statistical Analysis

The data were analyzed using a general linear model in GenStat (edition 12.1) for
variations in means at a 5% significance level. Where differences were indicated (p ≤ 0.001),
Duncan’s multiple comparison test was used to separate the means. Pearson correlation
test was used to determine the associations between the grain, biomass yield, and WUE,
also at a 5% significance level

3. Results
3.1. Physicochemical Properties of Soil and Key Weather Parameters during the Study Period

The contents of NH4
+-N, NO3

−-N, total nitrogen (TN), and soil bulk density were
taken from soil depths ranging from 0–30, 30–60, 60–90, 90–120, to 120–150 cm for both
2018 and 2019 (Table 1). In 2018, the content of NH4

+-N showed a slight decrease as the
sampling depth increased from 0 to 90 cm while it increased with sampling depth from 90
to 150 cm. In 2019, the NH4

+-N content decreased with sampling depth from 0 to 60 cm,
increased at 60 to 90 cm, and then decreased at 90–150 cm. Additionally, soil NO3

−-N was
observed to increase from depths of 0 to 60 cm before decreasing thereafter, with increasing
depth in 2018 (60–150 cm). In 2019, the content of NO3

−-N increased from a depth of 0 to
90 cm before decreasing further below ground (90 to 150 cm). Comparatively, the contents
of NH4

+-N and NO3
−-N in 2019 were higher than that in 2018, which suggests that the

applied treatments can improve the different N forms required for plant growth. There
were significant differences between NH4

+-N and NO3
−-N in soil depths and by year (2018

and 2019). Additionally, soil TN decreased from 0 to 90 cm, increased from 90 to 120 cm,
and decreased from 120 to 150 cm in 2018, while in 2019, the trend was increased from 0 to
60 cm and decreased from 60 to 150 cm. The soil bulk density generally decreased with
sampling depth except at 60 to 90 cm, and little change was observed between the values
of 2018 and 2019. This indicates that sustainable agronomic practices could significantly
improve soil N content without disturbing the nature of the soil at the different depths.

Air temperature and precipitation were recorded in 2018 and 2019 during the exper-
iment (Figure 1). They were recorded from March through to September each year till
maize was harvested. In 2018 the highest precipitation was recorded in August (53.7 mm)
while the highest in 2019 was recorded in June (41.6 mm). The highest temperature was
recorded in July 28.3 and 23.9 ◦C in both 2018 and 2019, respectively. Additionally, the
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average rainfall and temperature were 0.99 mm and 15.2 ◦C in 2018 and 0.75 mm and
14.8 ◦C, respectively.
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3.2. Effect of Irrigation Level, N Rate, and Plant Density on Grain Yield (kg ha−1) of Maize

The effect of irrigation level, N rate and plant density on the grain yield of maize is
illustrated in Figure 2. Irrigation level did not have any significant (p = 0.522) effect on grain
yield in 2018, hence the grain yields of both W1 (5250 m3/hm2) and W2 (4740 m3/hm2)
were statistically similar even though the value for W2 was numerically higher. The grain
yield in 2019 was significantly (p < 0.001) affected by the irrigation level, with W2 having a
significantly higher yield than W1. Additionally, grain yield for W1 decreased significantly
in 2019 when compared with the 2018 value, while that of W2 remained fairly similar
(Figure 2A).

The rate of N applied had a significant (p < 0.001) positive effect on grain yield for both
2018 and 2019 (Figure 2B). The yield increased with an increase in N rate from 0 kg N ha−1

(N0) to 360 kg N ha−1 (N2) for both years. However, the yield for 2019 was generally lower
compared with that of 2018, except for N0. The yields of N1 and N2 were statistically
similar but differed significantly from that of N0 for the year 2018. The yields for the
different N rates in 2019, on the other hand, all varied significantly from one another.

Plant density also significantly (p < 0.001) influenced grain yield in both 2018 and 2019
(Figure 2C), with respective p-values of 0.008 and 0.037. For the year 2018, the yields of D1
differed significantly from D2, while in 2019 they differed significantly from D3. Addition-
ally, the grain yield corresponded positively with plant density from 75,000 plants ha−1

(D1) to 97,500 plants ha−1 (D2) but declined marginally at 120,000 plants ha−1 (D3) for 2018.
However, there was a linear increase in grain yield with plant density for 2019. There was
a general marginal reduction in grain yield for the year 2019 as compared with 2018.

In terms of interaction effects, only the interaction between irrigation level and N
rate produced a significant (p = 0.043) variation (Table 2) in grain yield. The interactions
between irrigation level and plant density (p = 0.398) (Table 3), N rate and plant density
(p = 0.116) (Table 4), as well as the three-factor interaction (p = 0.384) (Table 5), did not
have any marked consequence on grain yield. Notably, it was observed that decreasing
the irrigation level while increasing N rate slightly increased grain yield irrespective of
the year of cultivation, except for N1 and N2 in 2018, where the yields were higher at W1
as compared with W2. Though there was a general increase in grain yield as both N rate
and plant density increased, except for a decline at N2D3 for 2018, there was no significant
difference between treatments and between years. Nonetheless, the highest grain yield
for 2018 (16,584 kg ha−1), which was recorded by W1N2D2, was about 62% higher than
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the lowest, recorded at W1N0D1. For 2019, the highest grain yield was recorded from
W2N2D3, about 68% higher than the lowest, recorded from W1N0D1, though there were
no significant differences between the years.
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Table 2. Interaction effect of irrigation level and nitrogen (N) rate on grain yield, biomass and water
use efficiency (WUE) of maize.

Irrigation
Level N Rate Grain Yield

(kg/ha)
Biomass Yield

(kg/ha)
WUE

(kg/m3)
Grain Yield

(kg/ha)
Biomass Yield

(kg/ha)
WUE

(kg/m3)

2018 2019

N0 6596 ± 287 b 22,637 ± 4427 a 0.019 ± 0.00 a 6225 ± 677 a 24,450 ± 3559 a 0.017 ± 0.00 a

W1 N1 14,919 ± 298 a 39,000 ± 3419 a 0.008 ± 0.00 c 12,196 ± 632 a 37,632 ± 3110 a 0.007 ± 0.00 e

N2 15,501 ± 431 a 32,415 ± 2277 a 0.009 ± 0.00 c 13,143 ± 535 a 52,663 ± 6781 a 0.010 ± 0.00 c

N0 7786 ± 281 b 22,768 ± 1307 a 0.012 ± 0.00 b 8332 ± 242 a 33,269 ± 3659 a 0.011 ± 0.00 b

W2 N1 14,728 ± 447 a 34,413 ± 2970 a 0.007 ± 0.00 c 13,231 ± 521 a 32,970 ± 3487 a 0.009 ± 0.00 d

N2 15,037 ± 489 a 31,383 ± 2298 a 0.009 ± 0.00 c 15,768 ± 787 a 38,378 ± 2831 a 0.009 ± 0.00 c,d

p-value 0.043 0.674 <0.001 0.402 0.055 <0.001

Values (mean± standard error of mean) in the same column with different superscripts are significantly different.
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Table 3. Interaction effect of irrigation level and plant density on grain yield, biomass and water use
efficiency (WUE) of maize.

Irrigation
Level Plant Density Grain Yield

(kg/ha)
Biomass Yield

(kg/ha)
WUE

(kg/m3)
Grain Yield

(kg/ha)
Biomass Yield

(kg/ha)
WUE

(kg/m3)

2018 2019

D1 11,979 ± 1458 a 26,735 ± 2692 a 0.013 ± 0.00 a,b 9721 ± 1176 a 38,034 ± 7095 a 0.012 ± 0.00 b

W1 D2 12,636 ± 1588 a 29,853 ± 4163 a 0.015 ± 0.00 a 10,490 ± 1125 a 40,781 ± 5882 a 0.013 ± 0.00 a

D3 12,401 ± 1374 a 37,464 ± 4603 a 0.009 ± 0.00 c,d 11,352 ± 1359 a 35,930 ± 5631 a 0.009 ± 0.00 e

D1 11,680 ± 1043 a 25,040 ± 1445 a 0.011 ± 0.00 b,c 12,015 ± 1094 a 36,643 ± 2346 a 0.011 ± 0.00 c

W2 D2 13,265 ± 1414 a 30,441 ± 2779 a 0.010 ± 0.00 c,d 11,902 ± 1064 a 34,527 ± 3055 a 0.010 ± 0.00 d

D3 12,606 ± 1215 a 33,083 ± 3305 a 0.008 ± 0.00 d 13,415 ± 1419 a 33,447 ± 4514 a 0.007 ± 0.00 f

p-value 0.398 0.667 0.015 0.745 0.859 <0.001

Values (mean± standard error of mean) in the same column with different superscripts are significantly different.

Table 4. Interaction effect of nitrogen (N) rate and plant density on grain yield, biomass and water
use efficiency (WUE) of maize.

N Rate Plant
Density

Grain Yield
(kg/ha)

Biomass Yield
(kg/ha) WUE (kg/m3) Grain Yield

(kg/ha)
Biomass Yield

(kg/ha)
WUE

(kg/m3)

2018 2019

D1 6906 ± 354 a 20,152 ± 1680 a 0.017 ± 0.00 a 6976 ± 889 a 29,550 ± 3633 a 0.015 ± 0.00 b

N0 D2 7099 ± 560 a 19,328 ± 2236 a 0.020 ± 0.00 a 7380 ± 583 a 29,942 ± 5552 a 0.018 ± 0.00 a

D3 7569 ± 339 a 28,627 ± 5712 a 0.010 ± 0.00 b 7479 ± 867 a 27,086 ± 5404 a 0.009 ± 0.00 d

D1 13,882 ± 379 a 30,344 ± 2497 a 0.009 ± 0.00 b,c 12,083 ± 701 a 38,269 ± 3548 a 0.009 ± 0.00 d

N1 D2 15,426 ± 437 a 36,499 ± 3763 a 0.008 ± 0.00 b,c 12,480 ± 786 a 36,492 ± 3195 a 0.008 ± 0.00 d

D3 15,162 ± 305 a 43,276 ± 3905 a 0.006 ± 0.00 c 13,578 ± 648 a 31,143 ± 5230 a 0.006 ± 0.00 e

D1 14,700 ± 340 a 27,166 ± 1703 a 0.010 ± 0.00 b 13,544 ± 969 a 44,197 ± 9318 a 0.011 ± 0.00 c

N2 D2 16,327 ± 224 a 34,613 ± 2358 a 0.009 ± 0.00 b,c 13,727 ± 757 a 46,528 ± 6509 a 0.009 ± 0.00 d

D3 14,779 ± 741 a 33,917 ± 3171 a 0.009 ± 0.00 b,c 16,094 ± 941 a 45,835 ± 5516 a 0.009 ± 0.00 d

p-value 0.116 0.511 <0.001 0.569 0.962 <0.001

Values (mean± standard error of mean) in the same column with different superscripts are significantly different.

Table 5. Interaction effect of irrigation level, nitrogen (N) rate, and plant density on grain yield,
biomass and water use efficiency (WUE) of maize.

Irrigation
Level N Rate Plant

Density
Grain Yield

(kg/ha)
Biomass Yield

(kg/ha)
WUE

(kg/m3)
Grain Yield

(kg/ha)
Biomass Yield

(kg/ha)
WUE

(kg/m3)

2018 2019

D1 6229 ± 302 a 17,974 ± 1481 a 0.020 ± 0.00 a 5539 ± 1325 a 26,330 ± 7432 a 0.018 ± 0.00 b

N0 D2 6440 ± 732 a 16,195 ± 2418 a 0.026 ± 0.00 a 6487 ± 608 a 24,947 ± 7515 a 0.023 ± 0.00 a

D3 7121 ± 382 a 33,743 ± 11549
a 0.011 ± 0.00 b,c 6648 ± 1738 a 22,072 ± 5964 a 0.010 ± 0.00 e,f,g

D1 14,334 ± 462 a 33,151 ± 4143 a 0.008 ± 0.00 b,c 11,377 ± 981 a 39,764 ± 5268 a 0.008 ± 0.00 g,h,I,j

W1 N1 D2 14,884 ± 423 a 39,702 ± 6818 a 0.009 ± 0.00 b,c 12,523 ± 1544 a 39,630 ± 5795 a 0.007 ± 0.00 j,k

D3 15,538 ± 558 a 44,146 ± 6785 a 0.006 ± 0.00 c 12,688 ± 965 a 33,503 ± 6475 a 0.007 ± 0.00 j,k

D1 15,375 ± 342 a 29,079 ± 2430 a 0.010 ± 0.00 b,c 12,247 ± 749 a 48,008 ± 20034 a 0.011 ± 0.00 d,e,f

N2 D2 16,584 ± 159 a 33,662 ± 2582 a 0.009 ± 0.00 b,c 12,459 ± 643 a 57,765 ± 7411 a 0.010 ± 0.00 e,f,g,h

D3 14,544 ± 1017 a 34,504 ± 6414 a 0.009 ± 0.00 b,c 14,722 ± 761 a 52,215 ± 8452 a 0.010 ± 0.00 f,g,h,i

D1 7584 ± 274 a 22,330 ± 2679 a 0.014 ± 0.00 b 8414 ± 354 a 32,769 ± 630 a 0.012 ± 0.00 c,d

N0 D2 7758 ± 774 a 22,462 ± 3055 a 0.014 ± 0.00 b 8274 ± 727 a 34,937 ± 8526 a 0.013 ± 0.00 c

D3 8017 ± 478 a 23,512 ± 1889 a 0.009 ± 0.00 b,c 8310 ± 203 a 32,100 ± 9238 a 0.008 ± 0.00 I,j

D1 13,430 ± 547 a 27,537 ± 2476 a 0.009 ± 0.00 b,c 12,789 ± 1000 a 36,773 ± 5741 a 0.010 ± 0.00 e,f,g

W2 N1 D2 15,968 ± 693 a 33,296 ± 3751 a 0.008 ± 0.00 c 12,436 ± 837 a 33,354 ± 2756 a 0.010 ± 0.00 f,g,h,i

D3 14,787 ± 107 a 42,406 ± 5425 a 0.006 ± 0.00 c 14,469 ± 612 a 28,784 ± 9450 a 0.006 ± 0.00 k

D1 14,026 ± 73 a 25,253 ± 2220 a 0.010 ± 0.00 b,c 14,842 ± 1566 a 40,387 ± 4265 a 0.012 ± 0.00 c,d,e

N2 D2 16,070 ± 400 a 35,565 ± 4499 a 0.008 ± 0.00 b,c 14,996 ± 919 a 35,291 ± 5533 a 0.008 ± 0.00 h,I,j

D3 15,014 ± 1287 a 33,330 ± 2298 a 0.009 ± 0.00 b,c 17,467 ± 1403 a 39,456 ± 6324 a 0.008 ± 0.00 I,j

p-value 0.384 0.502 0.023 0.941 0.951 <0.001

Values (mean± standard error of mean) in the same column with different superscripts are significantly different.
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3.3. Effect of Irrigation Level, N Rate, and Plant Density on Biomass Yield (kg ha−1) of Maize

Figure 3 shows how irrigation level, N rate, and plant density influenced the biomass
yield of maize. Figure 3A shows that irrigation level had no significant influence on biomass
yields in 2018 (p = 0.421) and 2019 (p = 0.377). Nonetheless, biomass yields marginally
increased with an increase in irrigation level for both years. The biomass recorded in
2019 was significantly higher compared with that recorded in 2018. Nitrogen rate had
a marked effect (p < 0.001 and p = 0.004) individually on the biomass yield of maize for
both 2018 and 2019. For the year 2018, it was discovered that N1 and N2 were statistically
similar but differed positively from N0, with N1 nonetheless recording the highest value
(Figure 3B). In 2019, the biomass yield corresponded with a change in N rate, with N2
differing significantly from N0 and N1. There was a marked increase in biomass yield in
2019 compared with 2018, with a slight exception for values of N1. Regarding the effect of
plant density on biomass yield, a noticeable (p = 0.006) effect was only recorded in 2018,
and not in 2019 (p = 0.782). The biomass yield increased as plant density increased, and a
significant variation was only observed between D1 and D3. Biomass yield for 2019 was
substantially higher as compared with that of 2018, except for D3 (Figure 3C).
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Figure 3. The effects of irrigation level (A), N rate (B), and plant density (C) on biomass yield of
maize. Lowercase letters on bars compare means within the same year, while the uppercase letters
compare means between the two years. Bars with different lowercase letters within the same year
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significant differences.
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In terms of combined effect (Tables 2–5), there was no significant effect on the biomass
yield of maize for both years, as their p-values were all above 0.05. The biomass generally
increased as irrigation level and N rate increased for both years. A similar observation
was made for the combination of irrigation level and plant density. There were also no
special trends observed in the biomass yield in relation to the three-factor interactions.
However, the highest (44,146 kg ha−1) biomass yield in 2018 was recorded in W1N1D3 and
the lowest (16,195 kg ha−1) in W1N0D2. In 2019, W1N2D2, which recorded the highest
(57,765 kg ha−1), was about 62% higher than the lowest, recorded in W1N0D3.

3.4. Effect of Irrigation Level, Nitrogen Rate, and Plant Density on WUE of Maize

Figure 4 shows that WUE was considerably (p < 0.001) influenced by the irrigation
level, N rate, and plant density for both years. In terms of irrigation level (Figure 4A),
WUE increased as the irrigation level increased, irrespective of the year. Nevertheless, the
WUE for W1 was marginally higher in 2018 than in 2019, while that of W2 remained fairly
similar for the two years. Generally, WUE values were not significantly (p > 0.001) different
between the two years (2018 and 2019). Nitrogen rate generally decreased with the WUE,
as values of N1 and N2 were significantly lower than that of N0 for the two years. Water
use efficiency for N0, N1, and N2 rates varied significantly (p < 0.001) from one another
(Figure 4B), with N0 recording the highest values in 2018 and 2019. Plant density showed
a significant (p < 0.001) effect on WUE for both 2018 and 2019, with D3 registering signifi-
cantly lower values than D1 and D2 in both years (Figure 4C). Plant density at 75,000 and
97,500 plants ha−1 did not significantly differ, but differed at 120,000 plants ha−1 in both
years (2018 and 2019). However, WUE was higher in D2 for both years, while D3 remained
lower and indifferent for 2018 and 2019.

Water use efficiency was significantly affected by all the interactions between/among
the factors, as their p-values were far lower than 0.001. The combination of 5250 m3/hm2

with 0 kg N ha−1 levels was found to result in higher WUE as compared with 270 and
360 kg N ha−1 for both years (2018 and 2019). Water use efficiency values declined with
an increase in plant density on 5250 m3/hm2 and 4740 m3/hm2 for both 2018 and 2019.
However, plant density at 120,000 plants ha−1 with 0, 270, and 360 kg N ha−1 in both years
resulted in a lower WUE. Combining all three factors, WUE was the lowest (0.006 kg/m3)
at both W1N1D3 and W2N1D3, and the highest (0.026 kg/m3) at W1N0D2 in 2018. This
means that alternating irrigation levels with lower nitrogen rate and higher plant density
reduces water use efficiency, but increases grain and biomass yields in maize. In 2019, the
lowest (0.006 kg/m3) and highest (0.023 kg/m3) WUE were also recorded on W2N1D3 and
W1N0D2, respectively.

Table 6 shows how grain yield, biomass, and WUE are associated with each other. A
strong positive significant relationship existed between grain yield and biomass yield. This
shows that as the biomass yield increased, the grain yields also increased. Grain yield and
WUE had a significant negative relationship, showing that as the WUE increased, the grain
yields decreased. A significant negative link was observed between biomass and WUE.

Table 6. Correlations among grain, biomass yield, and WUE of maize.

Grain Yield Biomass Yield WUE

Grain yield 1 0.611 ** −0.685 **
Biomass Yield 0.611 ** 1 −0.511 **
WUE −0.685 ** −0.511 ** 1

** denotes p < 0.001 and indicate a significant correlation.
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Figure 4. The effects of irrigation level (A), nitrogen rate (B), and plant density (C) on water use
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years indicate significant differences.

4. Discussion

Sustainable agronomic practices aimed at enhancing N use are paramount. Farmers
apply higher amounts of N fertilizers to arable lands, and overapplication and inappropri-
ate management reduces NUE, escalates resource constraints, and increases N footprints.
In this study, the grain yield increased as the N rate was increased (Figure 2B). This finding
agrees with [37], where the increase in N application with higher plant density corre-
sponded to higher grain yield. The higher yield can be attributed to higher kernel numbers.
This clearly shows that the N content in the soil, without N application (N0 kg N ha−1

treatments) before and during the experiment (Table 1) was not enough to produce higher
maize grain yields, as 0 kg N ha−1 recorded the lowest yield. Thus, 270 to 360 kg N ha−1

was needed to produce maximum yield. These findings are similar to the findings of [38],
who observed an increase in grain yield when N rate was increased. Moreover, the findings
in this study contradict [39], where grain yield was higher with increased plant density
and lower N application. Elsewhere, [40] reported that grain yield was directly related to
the applied N rate and the yield was higher for the second year of cultivation than the first
year. Again, this disagrees with our findings, where grain yield for the second year was
generally lower than the first year. Additionally, in their study, [41] showed that an increase
in grain yield corresponded to a higher irrigation level and N rate. These findings partially
agree with our results, where grain yield was higher in 2018 with higher irrigation, but was
significantly affected in 2019. In other studies, contrary results have been reported which
may be related to the difference in the values of the different parameters considered in our
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study. For instance, [42] found that N rate (0–240 kg N ha−1) and plant density (33,333,
44,444, and 55,555 plants ha−1) did not significantly influence grain yield, neither was there
a linear trend observed. This does not entirely agree with our findings since there was a
relationship between nitrogen rate and plant density. Higher nitrogen rate and higher plant
density stimulated maize productivity.

Additionally, other researchers found that irrigation level, N rate, and their interaction
had a significant effect on the yield of maize irrespective of the year of cultivation [43,44],
where higher nitrogen rates and irrigation levels increased grain yield substantially. These
findings partially differed from the findings of this study as irrigation level did not have
much substantial influence on maize yield in both years. Notwithstanding, we think that
the variation in N in the soil before the experiment could partly contribute, and supported
grain and biomass yield variations in 2018 and 2019, since 0 kg N ha−1 recorded the lowest
yields. Though soil N was lower in 2018 than in 2019, grain yield was lower in W2 in 2019.
Yearly higher N and irrigation could affect soil N and hence grain yield. This indicates that
soil N content can be significantly improved without disturbing the nature of the soil at the
different depths.

Environmental factors such as soil properties, temperature and climate change, which
vary from one geographical zone to another and from one year to another, have been
reported to have a substantial influence on the grain yield of maize [42], as shown in
Figure 1 and Table 1. This may best explain some of the variations between the findings of
this study (between the different years) and previous studies. Excessive N input and water
supply have been reported to adversely affect yield [45]; however, this was not entirely the
case in this research, which recorded higher yields with higher N application and plant
density with alternate irrigation. This suggests that N rates and irrigation applied in this
study were not excessive beyond the amount required by the maize plants. This shows that
the irrigation levels and N rates used in this study promoted N uptake to enhance yield.
On the other hand, higher N rates in both years (2018 and 2019) with plant densities of up
to 97,500 and 120,000 plants ha−1 with alternating irrigation gave higher yields and were
most likely to give maximum grain yield depending on the year of cultivation.

Biomass yield was generally affected by irrigation level in 2018 and 2019. This means
that higher irrigation level of 5250 m3hm2 generated higher biomass compared with the
low irrigation of 4740 m3hm2. This relationship may not be entirely linear at irrigation
levels beyond 5250 m3hm2, as excess water supply, which has been reported to prolong
the growth and maturity of maize [45], may affect production negatively, as was observed
in this study. The trend observed concerning the effect of irrigation level on biomass
corroborates with the trends found in similar studies [43,44], which state that nitrogen rate
and irrigation regime affect the yield and water use efficiency of crops. The effect of the N
rate on biomass yield is similar in trend to that reported by [46], which states that higher N
rates can result in higher biomass yield. However, the relatively higher biomass yields at
a higher irrigation level (5250 m3hm2) for both years in terms of the main effect suggests
that the total weight of maize plant increased as the amount of water applied increased,
showing no signs of prolonged vegetative growth stage and maturity, as postulated by [45].
Three-factor interaction in both years (2018 and 2019) did not significantly affect biomass.
Thus, the highest biomass yields shown by W1N1D3 and W1N2D2 for 2018 and 2019,
respectively, show that higher irrigation at 5250 m3hm2, 270 to 360 kg N ha−1 and plant
density between 97,500 to 120,000 plants ha−1 can lead to optimized biomass yield. This
means that a lower nitrogen rate with higher plant density depletes soil nitrogen, and
therefore more nitrogen with less plant density was needed to maintain a higher biomass
yield in 2019.

Water use efficiency did not correspond to irrigation level but decreased with an
increase in N rate and higher plant density. These findings are in tandem with the findings
of [47], where WUE was more strongly increased under irrigation. This trend in irrigation
levels is contrary to the findings of [48], who found the opposite. The findings on the
effect of plant density on WUE in this study differ in trend from that is reported by [49]
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where WUE generally increased with an increase in plant density of up to (67,500 to
142,500 plants ha−1) irrespective of the year. The decrease in WUE with an increase in plant
density observed in this study corroborates previous findings by [47]; this might have been
due to high competition for water because of the high density. Nevertheless, the lowest
WUE at both W1N1D3 and W2N1D3 shows that alternating irrigation levels with a N rate
of 270 kg N ha−1 and 120,000 plants ha−1 may result in inefficient use of water irrespective
of the year of cultivation. This suggests that higher plant density with lower nitrogen
application might reduce the water use efficiency of crops.

5. Conclusions

Maize growth and yield were studied under varied conditions of irrigation, N rate,
and plant density. It was observed that N rate, plant density, and the interaction with
irrigation level had significant effects on grain and biomass yields. Increased N rate, al-
ternate irrigation levels, and increased plant density increased grain yields irrespective
of the year of cultivation. For the three-factor interaction effect (W1N1D3 and W1N2D3),
applying 5250 m3hm2 and 270 kg N ha−1 to 120,000 plants ha−1 recorded the high-
est (44,146 kg ha−1) biomass yield in 2018, while the application of 5250 m3hm2 and
360 kg N ha−1 to 120,000 plants ha−1 yielded the topmost (57,765 kg ha−1) biomass yield
in 2019. In this study, WUE markedly varied with changes in the different factors and all
their interactions and increased with higher irrigation. Our results also show that WUE
was lowest at the highest plant density and suggest that optimal WUE can be achieved at
lower plant density. The interaction of higher plant density × lower nitrogen rate × higher
irrigation might result in inefficient use of water, as observed in W1N0D2. A strong and
positive relationship existed between grain and biomass yields. This illustrates that as
biomass yield increased, the grain yields also increased. Grain yield and WUE had a
significant negative relationship, indicating that as WUE increased, grain yield decreased.
In conclusion, the interaction of nitrogen, irrigation, and plant density management can
effectively reduce nitrogen and water losses, improve WUE and NUE, and consequently
optimize the grain and biomass yields of maize.
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