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AbstractAbstractAbstractAbstract    
    
The soil's capability to adjust and mitigate the effects of water shortage due to climate change is limited 

in some regions such those that suffer from the low rainfall rates. This experimental field study aimed to assess 
the effects of two inorganic nitrogen forms on maize performance (i.e., growth, yield, grain protein content, 
and gross returns) and rainwater use efficiency (RUE). Treatments comprised three replicates of synthetic 
nitrogen forms (i.e., urea and nitrate) that were located in the main plots with four levels that were assigned to 
the subplots (i.e., 0, 25, 50, and 100 kg N ha-1). Nitrate application resulted in a higher plant height (62 cm) at 
the vegetative phase with superior values (11.6%) recorded in grain protein than those obtained from other 
treatments. In addition, the highest grain yield was obtained in nitrate-treated plots in comparison to other N 
application forms. The leaf area index registered optimal values when 50 kg N ha-1 was applied. On the 
application of two nitrogen forms, nitrate resulted in a higher RUE (2.1-3.4 kg ha-1 mm-1) than that obtained 
from maize treated with urea (1.3-1.9 kg ha-1 mm-1). This translated to a 123-234% increase in RUE over the 
control (N0), which is the key smallholder farmers’ practice. It is recommended that producing maize using 
nitrate nitrogen at 50 kg N ha-1 as opposed to urea can increase yield stability, and rain use efficiency with higher 
gross returns in water-scarce agro-ecologies in SSA. 
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IntroductionIntroductionIntroductionIntroduction    
 
Maize is considered one of the most important sources of human food and part of the staple diet in many 

developing countries as well as the highest contributor to feed grain globally (FAO, 2018; Cheptoek et al., 

2021; 2022). It is also a potentially critical bio-energy source with an average cropped land area of 228 million 
ha (FAO, 2018; Battaglia et al., 2020). Scholars (Alexandratos and Bruinsma, 2012) project maize production 

must increase by 66% by the year 2050 to meet its global demand due to the rapidly increasing world population 
estimated to plateau at around 9 billion in the same year (United Nations, 2015). However, the current 
variation in climatic conditions characterized by higher temperatures with decreasing rainfall has caused an 
overall drying trend that has prompted changes in precipitation patterns (IPCC, 2021; Nyawade et al., 2021). 

This bears the result of higher demand for water by crops maize inclusive. As a consequence, the same scenario 
has continuously prompted alternative water sourcing to enable the maize crop to fulfil its water requirements 
(Saddique et al., 2020; Wang et al., 2020; Xiao et al., 2020).  

In most smallholder farms, especially in arid and semi-arid lands (ASALs) with an average annual 
precipitation range of 50 - 600 mm, the evapotranspiration rate often surpasses that of the annual rate of total 
precipitation resulting in low maize yields (Nicholson, 1994; Khattak and Ali, 2015; Khan and Hasan, 2017). 
Not only does water scarcity limit crop productivity by upsetting biochemical processes like mineralization, 
especially in N-based nutrients, but it also affects the availability of nutrients via extraction of nutrients from 
the soil and by influencing soil microbial activities (Ochieng’ et al., 2021; Raza et al., 2021; Mirzapour et al., 

2022; Kisaka et al., 2023). Moreover, soil moisture besides acting as a solvent for nutrients is also a medium of 

their transportation within the plant for growth as Schwingshackl et al. (2017) observed. During the crops' 

critical growth period, any threats of water stress will result in radical scarcities in soil moisture and agricultural 
drought which in most cases exacerbate low crop production as reported by Gitari et al. (2018), Cuthbert et al. 

(2019), Otieno et al. (2021), Seleiman et al. (2021). Furthermore, soil water content falling ≤ 20 % results in a 

rapid decline in the matric potential of the furrows and soil ridges thereby making redistribution of soil 
moisture slow with a penalty of irregular plant growth due to impaired nutrient uptake (Nyawade et al., 2019; 

Rahimi et al., 2022).    

Crop water requirement and supply ought to be balanced against water scarcity and efficiency of 
nutrient use to establish an equilibrium on the right time and amount of water supplied to the crop for the 
realization of optimum water productivity also known as “Crop per drop” (Rockström, 2003; Chai et al., 2016; 

Nasar et al., 2021, 2022b; Nyawade et al., 2020; Alhammad et al., 2023a). On the other hand, nutrient uptake 

efficiency is viewed as the proportion of nutrients used in producing the economic yields (White et al., 2018; 

Mugo et al., 2021; Mwakidoshi et al., 2021; Mirriam et al., 2022; Muindi et al., 2023). Therefore, RUE is often 

considered as the ratio of primary net productivity of the aboveground yield to the annual rainfall is equally so 
informative to water use efficiency (WUE) (Gitari et al., 2017). The efficiency of water use is closely linked to 

the effectiveness of the use of precipitation since there is no other water source, especially in arid and semi-arid 
zones of the world where RUE had a stable value of ≈ 4 kg of dry matter ha-1 mm-1 rainfall (Varvel, 1995; 
Hatfield et al., 2001). Understanding RUE is critical in addressing the challenges of climate change, food 

security, and environmental degradation (associated with indiscriminate nitrogen fertilizer use) from both 
socioeconomic and technological perspectives (Zhang et al., 2015; Rahimi et al., 2023). 

Water use efficiency is the relationship between the attained marketable yield and the complete amount 
of water utilized during production by the plant, measured in kg m-3 (Kadigi et al., 2004). It enables one to 

assess the possible rise in crop yield due to improvised water use (Angus and van Herwaarden, 2001; Nyawade 
et al., 2021). A precise estimation of the balance between soil water and crop evapotranspiration under varied 

nitrogen forms and rates is significant in boosting the crop water productivity of maize in rain-fed agriculture. 
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Production of maize under erratic rainfall patterns, with soil moisture scarcity, therefore, requires more 
focus on the efficient use of water as previously documented by Pereira et al. (2012). Numerous interventions 

that farmers have adopted to promote efficient use of water under scarce moisture conditions include 
mulching, supplemental irrigation, and amplified indiscriminate N fertilizer use on crops (Danga et al., 2015; 

Zhang et al., 2017; Nduwimana et al., 2020; Mwadalu et al., 2021; Nasar et al., 2022a). Nonetheless, the use of 

organic mulches (maize stalks) as a moisture conservation strategy in maize production is untenable due to its 
competitive alternative uses as fodder and fuel (Gachene, 2015). Additionally, besides crop residues being 
prone to termite infestation under tropical ecologies, they are also subject to rapid decomposition. Careful 
choice of N form among smallholder maize farmers is critical in enhancing soil moisture use efficiency for 
optimal returns (Ochieng’ et al., 2021). 

Nitrogen nutrient is the world’s most deficient in agricultural soils and a primary component of plant's 
nucleic acid and protein therefore, low soil nitrogen depresses plant production as well as its physiological 
protein content (Beeckman et al., 2018; Heydarzadeh et al., 2021; Mwadalu et al., 2022). The use of synthetic 

nitrogen fertilizers has been on the increase since the 1960s globally (Lu and Tian, 2017; Heydarzadeh et al., 

2023). However, most smallholder farmers who produce maize under conditions of low soil nitrogen and 
moisture scarcity are equally ignorant of the proper choice of the most efficient N fertilizer products to use or 
are constrained by economic implications associated with these acquisitions (Gitari et al., 2019).  

This trend among farmers often leads to indiscriminate use of nitrogen (N) fertilizers with deleterious 
consequences of diminishing returns due to poor nutrient use efficiency (NUE) caused by wrong nitrogen 
species and low water use efficiency (WUE) related to ineffective use of precipitation (Hatfield et al., 2001). 

Therefore, given the current overall scenario of scarce water and land resources, the proper choice of nitrogen 
form could improve both crop yields and WUE. The current study therefore sought to determine the effects 
of Urea and Nitrate inorganic nitrogen forms on maize growth, yield, grain protein content, and gross returns 
and rainwater use efficiency. 

 
 

Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Experimental treatments and design  

This field experiment was laid out as a split plot in a randomized complete block design (RCBD) with 
three replicates. The subplots that measured 3 × 3 m were separated using a path measuring 0.5-m within the 
blocks that were 1 m far from each other. Treatments comprised three replicates of synthetic nitrogen forms 
(i.e., Urea and Nitrate) that were located in the main plots with four levels that were assigned to the subplots 
(i.e., 0, 25, 50, and 100 kg N ha-1). The two synthetic nitrogen forms (Urea and Nitrate) were supplied using 
urea and calcium nitrate fertilizers, respectively. Preparation of land to suitable tilth was done before the onset 
of rains. The fertilizers were applied in two splits (25% at 14 days following planting and 75% 40 days 
afterward) with a blanket treatment on all plots with Muriate of Potash and triple superphosphate at the rate 
of 10 kg P ha-1. A test crop (‘Haraka’ maize variety) was planted at an intra-row spacing of 0.3 m and inter-row 
spacing of 0.75 m. Planting of two seeds per hole was done and thinning to a seedling per hole was performed 
14 days after emergence leaving a population density of 44,289 plants ha-1. Agronomic activities like weed and 
pest control were duly conducted. 

 
Study site description 

A consecutive two-year (Short 2019 and 2020 long rain seasons) study was conducted at the main 
campus, Kenyatta University, Kenya (36°55′34″E, 1°10′59″S, and altitude of 1580 m) research and 
demonstration farm. The site has a bimodal pattern of rainfall where the months of mid-march and June 
experience long rains while those of October and December receive short rains. During the 2019 short rain 
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season, a cumulative rainfall amount of 427 mm was received. This was, however, higher by a value of 18% than 
the 346 mm average value recorded in a 20-year (2000-2019) period. On the other hand, in the 2020 long rain 
season, a 224 mm quantity of rainfall was registered although this was lower than the 20-year (long-term) 
average by 84 mm. The months of November and March (2019 and 2020, respectively) recorded the highest 
(147 and 89 mm) rainfall in the corresponding order (Ochieng’ et al., 2021). The soil was loamy sand, with a 

bulk density of 1.6 g cm-3, organic carbon of 2.4 g kg-1, 4.8 mg kg-1 of available P, 0.3 g kg-1 of total N, and pH 
of 6.1. Rainfall amount and average air temperature during the study years are captured in Figure 1. 

 

 
Figure 1.Figure 1.Figure 1.Figure 1. Rainfall and temperature as observed during the experimental seasons (2019 short rains and 2020 
long rains) 

 
Sampling, measurements, and analyses 

A net area measuring 2 x 2 m at the center of each plot was used for data collection. Random selection 
and tagging of three plants from this net area were done and measurement of various parameters of growth was 
done at vegetative, tasseling, and harvesting (V-10, VT, and R6 respectively) phenological stages (Stevens et al., 

1986). Data collected were plant height, number of leaves, leaf area index, and leaf area. Determination of plant 
height was done using a graduated tape measure where the length from the ground to the tip of the youngest 
leaf collar was measured. The number of leaves was physically counted from the first visible plant leaf from the 
base to the fully opened, youngest leaf collar. Plant leaf area was calculated as a product of the width (broadest 
mid-portion breadth of the leaf) and that of the total length of the leaf multiplied by a correction factor (0.75 
for maize) as prescribed by Rajeshwari et al. (2007). Estimation of plant leaf area index (LAI) was done by 

multiplying the number of leaves plant-1 by the corresponding plant leaf area to result in the total leaf area, 
which was in turn divided by the respective land area accordingly (Ochieng’ et al., 2021) (Eq. 1). 

��� =
����	 	��� �
�� (���/�	���)×	��� �����


���� �
�� (���/�	���)
          (1) 

 
At each of the phenological phases, three plants per plot were randomly picked for additional destructive 

sampling by cutting, chopping, and recording biomass weights. Mixing of the chopped samples was done and a 
1 kg composite sample was drawn, packed in zip lock sampling bags, and transported to the lab for analysis of 
total N uptake. Moreover, samples of grains obtained from manually threshed cobs and dried to a moisture 
content of 12.5% at harvesting were taken. The samples were oven-dried at 60 °C to constant dry weight and 
the recorded weights were used to calculate the yield on a dry weight basis. The samples were then Wiley milled 
and analyzed for total N using micro-Kjeldahl procedures (Kirk, 1950). Uptake of N in the plants was obtained 
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as a product of total dry biomass and that of total N while the protein content of the grain was obtained as a 
product of total N (%) and a conversion factor of 6.25 as prescribed by Mosse (1990). 

 
Determination of water use efficiency  
In this experiment, since direct measurement of evapotranspiration was not undertaken in both years, 

rainwater use efficiency (RUE) was calculated in lieu of water use efficiency (WUE). This is because RUE 
provides similar information to that of WUE by diagnosing the level of effectiveness of precipitation to the 
treatments independently and can be considered as the quantity of grain produced (weight kg-1) per mm of 
rainfall received (Le Houérou 1984; Varvel, 1995) (Eq. 2). 

RUE =  
�
� � ! �	�)

"� ���		 (��)
            (2) 

 
Gross returns analysis 
Calculation of maize yield was done by obtaining an average per treatment for the two seasons and 

revenue accrued from maize was calculated using prices (0.9 US$ kg-1) at the farm gate. The prevailing retail 
prices during the study period informed the unit costs. Hence, the gross economic return (revenue) of maize 
was computed as illustrated in Equation 3 (Soratto et al., 2022). 

Revenue = Grain yield x Market price        (3) 
 
Statistical analysis of data 

The data on RUE and N forms on maize growth parameters and yield were collected, cleaned, 
computed, arranged, and designed for analysis of variance (ANOVA) in the R environment (R, Development 
Core Team 2016) version 3.4.2. Means separation was done using Tukey’s LSD test at a 5% significance level. 

 
 
ResultsResultsResultsResults    
 
Plants growth parameters 

Urea application depressed plants' height at both phenological stages V10 and VT (vegetative and 
tasseling) by 14 and 19% respectively compared to the peak heights (62 and 214 cm) recorded in nitrate-treated 
plots at vegetative and tasseling stages respectively (Table 1). On the contrary, unfertilized plots (control) 
registered the least values (46 and 146 cm) on plant height at the respective V10 and VT stages. Application of 
nitrogen to the plants significantly (p ≤ 0.05) enhanced their heights with increasing levels where optimal 

heights of 65 and 240 cm were recorded in plants that received 50 kg N ha-1. Nonetheless, there was no 
significant improvement in plant height (61 and 236 cm) with a further increase in N fertilizer rate to 100 kg 
N ha-1 in relation to the 50 kg N ha-1 rate. 

Treatment with nitrate had a significant (p < 0.001) higher leaf area and leaf area index (Table 2). Plants 

supplied with nitrate exhibited a larger leaf area (LA) at both growth stages as compared to those that received 
urea. Urea decreased the variable by 32% at the vegetative stage. Irrespective of the nitrogen forms, control plots 
recorded the lowest LA with a cumulative increase to a plateau at the rate of 50 kg N ha-1. A similar trend was 
observed in plant height with increased fertilizer (N) levels to 100 kg N ha-1. 

Leaf area index (LAI) diminished at the vegetative stage in the order of nitrate (1.8) > urea (1.0), while 
plants treated with nitrate recorded greater LAI (6.3) than those that received urea (4.8) nutrition. Based on 
N levels, the same trend reported for LA was observed with unfertilized plots registering the least (0.7 and 3.6) 
LAI at vegetative and tasseling phenological phases, respectively. 
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Table 1.Table 1.Table 1.Table 1. Plant height (cm) at vegetative (V10) and tasseling (VT) growth phases (means ± standard error) 
as influenced by nitrogen forms at various levels during the experimental seasons (2019 short rains and 
2020 long rains) 

Treatment 
Rate 

2019 Short rains 2020 Long rains 

Plant height (cm) 

(kg N ha-1) V10 VT V10 VT 

Nitrate 

0 51.04 ± 1.04c 152.07 ± 1.43d 52.27 ± 0.87d 149.16 ± 0.58c 

25 67.27 ± 1.31bc 244.63 ± 1.75c 59.47 ± 1.01c 221.73 ± 1.15b 

50 79.22 ± 1.30a 258.67 ± 1.53a 68.62 ± 1.20a 238.50 ± 1.50a 

100 78.31 ± 1.23b 258.17 ± 1.43b 67.31 ± 1.17b 237.17 ± 0.58a 

Urea 

0 49.48 ± 0.90c 160.20 ± 1.42d 48.01 ± 0.34c 134.67 ± 0.76d 

25 55.63 ± 1.27b 222.57 ± 1.26c 46.93 ± 1.07b 187.00 ± 0.50c 

50 68.92 ± 0.55a 236.63 ± 1.26b 59.82 ± 1.55a 205.33 ± 1.26b 

100 66.25 ± 0.67b 238.47 ± 1.26 a 58.35 ± 0.67a 207.50 ± 1.00a 

Summary of analyses of variance (p values) 

Growth stages Treatment (T) Rate (R) Season (S) T x R T x S 

V10 <0.001 <0.001 <0.001 <0.001 0.200 

VT <0.001 <0.001 <0.001 <0.001 <0.001 
Down the column (within the same treatment), means followed by dissimilar superscript letters differ significantly (p 

≤ 0.05) by LSD test 

 
Table 2.Table 2.Table 2.Table 2. Leaf area index and leaf area (m2) at various phenological stages (vegetative, V10 and tasseling, 
VT) (means ± standard error) as affected by nitrogen forms at varied rates during the experimental seasons 
(2019 short rains and 2020 long rains) 

Season Treatment 
Rate 

(kg N ha-1) 

Leaf area (m2) Leaf area index (L.A.I) 

V10 VT V10 VT 

2019 
Short 
rains 

Nitrate 

0 0.22 ± 0.11c 0.98 ± 0.03d 0.96 ± 0.12c 3.78 ± 0.13c 

25 0.47 ± 0.13b 1.44 ± 0.15c 2.26 ± 0.11b 6.23 ± 0.24b 

50 0.66 ± 0.04a 2.01 ± 0.01a 2.31 ± 0.63a 6.76 ± 0.14a 

100 0.61 ± 0.17b 1.89 ± 0.06b 2.28 ± 0.31b 6.83 ± 0.16a 

Urea 

0 0.25 ± 0.03b 1.15 ± 0.04c 0.97 ± 0.11c 4.56 ± 0.29c 

25 0.26 ± 0.13a 1.39 ± 0.05bc 1.27 ± 0.13b 5.89 ± 0.12bc 

50 0.28 ± 0.12a 1.41 ± 0.09bc 1.30 ± 0.08a 6.12 ± 0.19ab 

100 0.27 ± 0.03a 1.51 ± 0.09a 1.28 ± 0.11a 6.17 ± 0.41a 

2020 
Long  
rains 

Nitrate 

0 0.21 ± 0.11c 0.71 ± 0.04d 0.78 ± 0.14c 3.18 ± 0.16d 

25 0.39 ± 0.12b 1.34 ± 0.08c 1.38 ± 0.12b 5.39 ± 0.36c 

50 0.43 ± 0.11a 1.57 ± 0.17a 1.85 ± 0.06a 5.86 ± 0.30a 

100 0.44 ± 0.03a 1.53 ± 0.16b 2.10 ± 0.11a 5.69 ± 0.28b 

Urea 

0 0.14 ± 0.01c 0.56 ± 0.03d 0.58 ± 0.15c 2.88 ± 0.12d 

25 0.17 ± 0.01b 0.79 ± 0.04c 0.74 ± 0.15b 3.60 ± 0.16c 

50 0.22 ± 0.01a 0.92 ± 0.06b 0.99 ± 0.06a 4.17 ± 0.35b 

100 0.24 ± 0.01a 0.96 ± 0.07a 1.02 ± 0.15a 4.61 ± 0.23a 

Summary of analyses of variance (p values) 

Variable Treatment (T) Rate (R) Season (S) T x R T x S 

Leaf area <0.001 <0.001 <0.001 <0.001 <0.001 

Leaf area index <0.001 <0.001 <0.001 <0.001 <0.001 
Means followed by dissimilar superscript letters (down the column within the same treatment) differ significantly (p 

≤ 0.05) by LSD test 
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Grain protein content and yield, gross returns, and rain use efficiency 

Nitrate and urea significantly (p ≤ 0.05) influenced grain protein content and yield, gross returns, and 

rain use efficiency at varying N rates (Table 3). Treatment with urea resulted in the least (2.5 t ha-1) grain yield 
whereas nitrate nutrition registered the highest (2.9 t ha-1) value on this parameter. Furthermore, plants 
fertilized with Nitrate-N had their protein content more enhanced (11.6%) than those treated with urea 
(8.6%). The control plots however recorded the least values (1.9 t ha-1 and 7.4%) on grain yield and protein 
content respectively. Increasing fertilizer levels resulted in a proportionate rise in yield and that of grain protein 
content peaking at 50 kg N ha-1. Conversely, increasing the fertilizer level to 100 kg N ha-1 did not significantly 
improve the aforementioned variables in relation to the 50 kg N ha-1 rate. 

Analysis of rain use efficiency for the entire period of the experiment showed significant (p < 0.001) 

differences in the treatments (Table 3). Maize that received nitrate was the most efficient with higher RUE of 
16 and 19 kg ha-1 mm-1, followed by those that were treated with urea that registered 11 and 14 kg ha-1 mm-1 
across the respective seasons. Plants in the control plots recorded the lowest RUE by 35 and 40% in relation to 
urea and nitrate, respectively (Table 3). 

 
Table 3.Table 3.Table 3.Table 3. Maize grain yield, gross returns, rainwater use efficiency (RUE), and grain protein content (means 
± standard error) as influenced by N forms at varied rates during the experimental seasons (2019 short 
rains and 2020 long rains) 

Season Treatment 
Rate 

(kg N ha-1) 
Grain yield  

(t ha-1) 
Gross  
return 

RUE 
Grain        

protein    

2019 
Short 
rains  

Nitrate 

0 2.07 ± 0.07c 472.12 ± 9.94d 1.11 ± 0.02 c 4.94 ± 0.32d 

25 2.89 ± 0.16b 1255.15 ± 49.9c 2.94 ± 0.12 b 7.54 ± 0.22c 

50 5.06 ± 0.27a 1473.94 ± 65.4b 3.45 ± 0.15 a 11.85 ± 0.41a 

100 5.04 ± 0.18a 1502.73 ± 34.55a 3.52 ± 0.08 a 10.03 ± 0.12b 

Urea 

0 2.17 ± 0.04c 316.67 ± 9.97c 0.74 ± 0.02a 4.90 ± 0.41c 

25 2.73 ± 0.23b 777.27 ± 59.83b 1.82 ± 0.14c 7.67 ± 0.32b 

50 3.64 ± 0.22a 811.8 ± 96.17a 1.90 ± 0.23b 8.88 ± 0.20a 

100 3.65 ± 0.42a 915.45 ± 79.15a 2.14 ± 0.19a 8.50 ± 0.11a 

2020 
Long  
rains 

Nitrate 

0 1.85 ± 0.14c 443.33 ± 9.97c 1.98 ± 0.04 c 4.99 ± 0.62c 

25 2.54 ± 0.14b 990.30 ± 9.97b 4.42 ± 0.04 b 11.14 ± 0.51b 

50 2.61 ± 0.27a 1065.15 ± 9.97a 4.75 ± 0.04 a 12.09 ± 0.37a 

100 2.79 ± 0.33a 1053.64 ± 45.70a 4.70 ± 0.20 a 12.06 ± 0.48a 

Urea 

0 1.77 ± 0.15d 454.85 ± 19.94c 2.03 ± 0.09c 4.97 ± 0.29d 

25 1.89 ± 0.13c 829.09 ± 89.75b 3.70 ± 0.40b 9.49 ± 0.44c 

50 2.40 ± 0.24b 898.18 ± 17.27a 4.01 ± 0.08a 10.78 ± 0.61a 

100 2.48 ± 0.14a 886.67 ± 18.67a 3.96 ± 0.63a 10.15 ± 0.27b 

Summary of analyses of variance (p values) 

Variable Treatment (T) Rate (R) Season (S) T x R T x S 

Grain yield <0.001 <0.001 <0.001 <0.001 0.062 

Gross return <0.001 <0.001 <0.001 <0.001 <0.001 

RUE 0.001 <0.001 <0.001 0.002 <0.001 

Grain protein 0.001 <0.001 <0.001 0.003 <0.001 
Within the same treatment (down the column), means followed by dissimilar superscript letters are significantly 

different at p ≤ 0.05 by LSD test 

 
The highest gross returns were incurred in nitrate-treated maize ranging from US$ 1176 ha-1 to US$ 

888 ha-1 while urea recorded 14 and 23% lower on this parameter across the seasons. Control plots registered 
the least (US$ 374 ha-1) on gross returns. During the short rain season, the gross return of nitrate applied at a 
50 kg N ha-1 rate was 1.2 times higher (p < 0.05) than urea applied at an equivalent rate in the long rain season. 

The gross returns increased with an increase in N application rates, with peak values observed at 50 kg N ha-1. 
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However, increasing the N rate to 100 kg N ha-1 did not conform to a consistent trend, that is, it increased with 
an increase in N levels in the short rain season but varied conversely with N levels during the short rain season. 

 
 
DiscussionDiscussionDiscussionDiscussion    
 
The inhibited growth in plants by urea nutrition could be accredited to the slow release of nitrogen 

through the mineralization process of urea to available ammonium (NH4
+) (Ochieng’ et al., 2021). This 

consequently may have deferred the positive influence of nitrogen on plant growth such as increasing the 
number and length of internodes    thereby enhancing the plant's height as revealed in the previous studies 
(Sharma, 1973; Chandler, 2015). Further, the intermediate ammonia gas (NH3) and ammonium formed 
during hydrolysis of urea could have also suffered significant losses by rapid volatilization, especially under 
higher temperature conditions leading to depressed plants height due to deficiency of nitrogen, this is in 
agreement with findings from previous studies that corroborate slow dissociation of urea to a maximum two-
week period (Amanullah et al., 2016; Simon et al., 2017). Nitrate application enhanced the plant's height 

probably since it was readily available for uptake compared to urea. Timely plants’ N- nutrition promote rapid 
cell elongation, division, and differentiation in plants as observed by previous scholars (Chandler, 2015; 
Ochieng’ et al., 2021; Sousa et al., 2022; Zhao et al., 2023). In the present study, the application of nitrogen 

recorded a significant difference in plant height from those of the control with increasing levels and spike 
heights registered at mid-N level (50 kg N ha-1). Similar results have been confirmed with barley (Hordeum 

vulgare) (Barati et al., 2015) and millet (Panicum miliceaum) (Gong et al., 2017). 

Enhancement of leaf area and leaf area index with nitrate treatment could be ascribed to the stimulated 
synthesis of phytohormones (Zeatin) marked by biological synthesis of cytokinins that promote rapid plant 
cell division, growth, and differentiation (Rahayu et al., 2005; Faridvand et al., 2021). Administering urea and 

its associated mineralization process that results in the formation of ammonium nitrogen form could have 
further, conversely resulted in a decline in leaf area, inhibition of leaf expansion, and restriction of leaf growth 
as similarly documented in previous scholarly works (Guo et al., 2007; Borgognone et al., 2013; Raza et al., 

2021). 
The low grain yield associated with urea at all N rates (Table 3) is an indicator of the inferiority of this 

N-fertilizer form as compared to nitrate. Urea may have delayed the release of N from the mineralization 
process during the crucial plants’ demand for N thereby causing nitrogen deficiency. Moreover, low nitrogen 
supply due to urea nutrition could have resulted from ammonification (volatilization of ammonia) hence a 
trigger to low grain yields. Our results largely concur with previous studies which have implicated urea nutrition 
(and its formation of ammonium during mineralization) with acidification of the rhizosphere, osmotic 
imbalance, and antagonism in the uptake of essential cations on the soil exchange complex with an eventual 
decline in maize yields on a global scale (Guo et al., 2016). 

On the other hand, this study has established that the application of nitrate at equivalent levels to that 
of urea boosted grain yields and protein. This could be explained by the rhizospheric alkalization caused by 
nitrate which could have further enhanced the uptake of the other adsorbed essential cations. The consequence 
of this uptake could have been that of positive synergy with N for high grain yields and gluten (protein) 
primarily because the critical grain protein content is a product of the suitable amount of N supplied to a plant 
(Zhu et al., 2001; Alloway, 2004). 

The result of this study has demonstrated that the application of an appropriate form of nitrogen 
increased crop yield while administering higher nitrogen levels not only resulted in nutrient loss but also 
contrasted the final crop yield (Wang et al., 2012, 2017). Similar previous studies involving wheat with high N 

levels have revealed an increase in the number of leaves, plant height, and other agronomic traits which 
consequently caused poor light penetration and ventilation as well as canopy shading, all of which predispose 
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the crops to diseases as well as compromised photosynthesis with an eventual decline in yield (Luo et al., 2021; 

Yasin et al., 2022). 

The total maize grain protein content and its components is a quality index majorly controlled by 
genetic makeup, but the bearing of environmental dynamics especially nitrogen can be great (Ochieng’ et al., 

2021). Previous studies show that factors of the environment can account for over 89% of the effect on grain 
protein content, while differences in variety claim a paltry 8% on this parameter (Martinez et al., 2010). 

The high grain protein content recorded in nitrate-treated plants as opposed to those that received urea 
was probably due to the timely release of nitrogen (for plants uptake) by nitrate compared to urea which had 
to mineralize into available N. Plant’s timely nitrogen physiological condition (especially at flowering) at higher 
rates significantly increases its final total seed protein (gliadin, albumin, and gluten) content (Kaizzi et al., 2012; 

Han et al., 2020; Alhammad et al., 2023b). The results of this study were consistent with those observed by 

previous scholars (Ochieng’ et al., 2021; Ogega et al., 2022). This finding suggested that varied rates of N may 

have some effect on grain protein content. However, this differs slightly from other former researchers 
(Ochieng’ et al., 2021). 

Nitrate may have resulted in higher gross returns of maize probably due to the associated high grain yield 
as opposed to urea. The positive synergy of timely nitrogen supply obtained from nitrate and the available 
rainwater over the experimental seasons could have contributed to the greater water use efficiency witnessed 
with nitrate rather than urea. This is because water is the most critical limiting input factor for crop 
productivity followed by nitrogen element.  

 
    
ConclusionsConclusionsConclusionsConclusions    
 
The findings of this study reveal that maize plant height, leaf area index, grain protein content, and grain 

yield were greatly dependent on the form of nitrogen applied. Compared with nitrate, urea delayed nitrogen 
release for plant uptake, thereby resulting in a significant reduction in grain yield. The high grain yield and 
protein content values associated with nitrate nutrition indicate an unlimited potential for improving maize 
productivity. Nitrogen applied at 50 kg N ha-1 is an effective practice for obtaining optimal gross returns and 
yield of maize in semi-arid agro-ecologies with similar rainwater conditions. Further studies ought to focus on 
quantities of N losses due to mineralization in the soil and its economics thereof. 
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