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Abstract 

 

Maize is a vital crop in South Africa, making a significant contribution to the country's food and 

animal feed production. However, the yield of maize is heavily dependent on nitrogen 

fertilization, which can be costly and environmentally harmful if not managed responsibly. This 

study aims to examine the effects of various nitrogen sources, application rates, and growth 

stages on the grain yield of maize in the north-eastern Free State, South Africa. The 

experiment was conducted under dryland conditions over two cropping seasons, from 2022/23 

to 2023/24, using a randomized complete block design with factorial arrangements. The study 

involved two maize cultivars (non-prolific and prolific), two nitrogen sources (LAN and 

Greensulf), three nitrogen topdressing application rates (0, 20, and 40 kg N ha -1), and three 

growth stages (V4, V9, and V4 & V9).  

 

The results indicate that Greensulf nitrogen fertilizer significantly improved the majority of leaf 

nutrient content, while LAN was more effective in enhancing the N:S, N:K, and Fe:Mn ratios 

of leaf nutrients. Leaf nutrient content increased with higher nitrogen application rates, with a 

40 kg N ha-1 topdressing yielding the best results. The optimal leaf content for each nitrogen 

source was achieved when Greensulf was applied at the V9 stage, while LAN was most 

effective when applied in split applications at V4 & V9.  

 

Greensulf significantly influenced various yield components, including grain mass per cob, 

1000 kernel weight (non-prolific cultivar), grain yield, and precipitation use efficiency (PUE). 

Conversely, LAN significantly impacted the number of cobs per plant and 1000 kernel weight 

(prolific cultivar). A topdressing application rate of 20 kg N ha-1 generally resulted in the highest 

yield components and yield, although the control treatment showed the best return on 

investment (ROI) and nitrogen use efficiency (NUE). The non-prolific cultivar showed 

improved yield components and yield when nitrogen topdressing was applied at the V9 growth 

stage. In contrast, the prolific cultivar responded better to split applications at the V4 & V9 

stages.  

 

Most grain quality parameters improved with the application of Greensulf, except for protein 

content and milling index, which did not show a significant response to additional nitrogen 

applications. A topdressing application rate of 20 kg N ha-1 resulted in the maize grain's highest 

fat and fibre content. The best grain quality was achieved with a nitrogen topdressing applied 

as a split application at V4 & V9. Greensulf generally enhanced grain nutrient content, whereas 

N and Zn content increased with the application of LAN. An application rate of 20 kg N ha-1 



x 
 

yielded the highest grain nutrient content when applied in split applications at the V4 & V9 

growth stages. This study emphasizes the importance of selecting appropriate nitrogen 

sources, application rates, and growth stages to optimize maize yield, nutritional content, and 

overall crop quality. These findings offer valuable insights for agricultural practices and future 

research in South Africa's maize industry. 

 

Keywords: Nitrogen source, application rate, growth stage, leaf nutrient content, grain yield, 

grain quality, grain nutrient content 
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Chapter 1 

1. Introduction 

1.1 Background 

Maize (Zea mays L.) is one of the most important grain crops in the world, primarily used for 

human consumption. It is also a key ingredient in animal feed and the production of biofuels. 

Maize, rice, and wheat contributed to about 30% of the food calories for more than 4.5 billion 

people globally. In some parts of Africa, maize alone accounts for approximately 20% or more 

of the food consumed (Shiferaw et al., 2011). In South Africa, maize is the most important 

grain crop, followed by wheat, soya beans, and sunflowers. Maize is the largest locally 

produced field crop for human and animal consumption in the Southern African Customs 

Union (SACU), of which South Africa is the leading producer (Prospectus on the South African 

Maize Industry (PSAMI), 2021). 

 

According to the South African Grain Information Service (SAGIS) (2015), South Africa’s 

maize consumption amounts to 39.8% for animal feed, 37.4% for human consumption, and 

about 4.8% for starch and glucose products, with almost no production of biofuel products, 

and around 17.9% of the total maize production is exported. According to SAGIS (2015) and 

the Bureau for Food and Agricultural Policy (BFAP) (2015), South Africa’s exports have 

declined from 2.2 to 1.96 million tonnes between 2014 and 2024. This decline is attributed to 

an increase in domestic demand for maize, which is expected to outgrow production growth, 

particularly for the consumption of yellow maize for animal feed. Exporting one tonne of maize 

only adds R853 tonne-1 while it could have added on average of R2 662 tonne-1 when 

processed to maize meal, R3 529 tonne-1 when processed for starch and glucose products or 

when processed for broiler feed, it can add R 5 531 tonne-1 (BFAP, 2015). 

 

Nitrogen is a vital plant nutrient, and nitrogen fertilizer is globally accepted as a major yield-

determining factor that has an optimal effect on almost all the yield components of maize, 

namely grain yield, biomass, number of rows per cob, and kernels per row only to name a few 

(Adhikari et al., 2016). The maize plant’s response to higher nitrogen fertilizer levels is 

attributed to being a nitro-positive crop (Adediran & Banjoko, 1995; Shanti et al., 1997). 

Adhikari et al. (2021) reported that grain yield, stover yield, and biomass yield effectively 

increased as nitrogen levels increased from 160 kg ha-1 to 240 kg ha-1. A nitrogen application 

rate of 160 kg ha-1 yielded 18.14 tonne ha-1 biomass, and 220 kg ha-1 nitrogen yielded 23 

tonne ha-1 biomass, according to Adhikari et al. (2021). Abera et al. (2013) also reported that 

an increase in nitrogen application amount significantly increased maize biomass yield. 
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Nitrogen, therefore, influences the harvest index. Adhikari et al. (2021) reported that a nitrogen 

application rate of 220 kg ha-1 yielded the highest harvest index (43.8), compared to application 

rates of 160, 180, and 200 kg ha-1 of nitrogen, which had harvest indices of 39.85, 43.08, and 

43.97, respectively. Sharifi and Namvar (2016) also found that as nitrogen levels increased, 

the harvest index increased, with a 42.1% harvest index observed at an application rate of 

225 kg ha-1. 

 

An increase in nitrogen application rates on maize fields leads to an increase in grain and 

biomass yield, but another factor that must be considered is nitrogen use efficiency (NUE). 

NUE is the amount of grain produced per unit of nitrogen applied to the crop (Abera et al., 

2019). Studies have shown that only 50% of the total nitrogen applied to crops is utilised 

efficiently, while the remaining 50% is lost to the surrounding environment, polluting surface 

water, groundwater, soil, and air. Chemical nitrogen fertilizers alone account for 34% of NH3 

emissions into the atmosphere, 2-60% of applied nitrogen is lost by leaching when the 

application is directly followed by heavy rains, and up to 70% of surface applied nitrogen is 

lost by soil erosion and runoff in this same scenario. Globally, a decrease in NUE over the last 

five to six decades has been observed, from 68% to 47%, due to a decline in soil fertility, 

overuse of additional nutrients, monoculture, and intensive management practices 

(Govindasamy et al., 2023).  

 

Zhou et al. (2019) found that NUE, physiological efficiency, nitrogen uptake, and grain yield 

increased when nitrogen was applied in four split applications at the sowing, V6, V12, and R1 

growth stages of maize. When the total nitrogen application was split into four applications at 

planting, V12, R1, and R2 growth stages, there was an increase in plant uptake, NUE, 

photosynthetic efficiency, and grain yield in summer maize (Deng et al., 2023). Crop rotation 

can also improve nitrogen availability and plant uptake when used in a cereal and legume 

cropping system. Gaudin et al. (2015) found in a 20-year trial that there was an increase in 

the NUE of maize when winter wheat was included in a maize-soybean crop rotation system. 

With the latest maize cultivars (medium to medium-short growth season length) that produce 

higher grain yields, the plant's nitrogen demand has increased to support its growth and deliver 

higher yields. With the higher demand for nitrogen, the maize plant’s ability to improve nitrogen 

uptake did not increase in ratio as the yield component increased. The “new” cultivars do still 

produce better yields under lower nitrogen application rates than the older cultivars, but can 

use nitrogen more sufficiently when the total amount is split into more than one application 

and more time is spent on the specific timing of the agronomic practices (Garnett et al., 2015; 

Govindasamy et al., 2023). 
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An increase in domestic use of maize will lead to a change in South Africa from a net export 

to a net import of maize if production is not increased and a point where the economy can 

make more on one tonne of maize when it is processed into other products, e.g., ethanol or 

starch than exporting it. High nitrogen fertilizer prices and input costs can be reduced or 

maximized by applying nitrogen at the correct rate, at the right time, right source, and 

understanding the nitrogen use efficiency of the plant. This promoted the research.  

 

1.2 Objectives 

The main objectives were to determine which nitrogen source, applied at what rate, and at 

what growth stage, will affect maize response in the north-eastern Free State. 

Sub-objectives include: 

• Determining the effect of nitrogen source, topdressing application rate, and application at 

specific growth stages on leaf nutrient content; 

• Determining the effect of nitrogen source, topdressing application rate, and application at 

specific growth stages on grain yield and yield components; and 

• Determining the effect of nitrogen source, topdressing application rate, and applying it at 

specific growth stages on grain quality and return on investment. 
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Chapter 2 

Literature Review 

 

2.1 Origin, Production, and Importance of Maize in South Africa 

Maize (Zea mays L.) is an important grain crop belonging to the Poaceae family. Zea is an 

ancient Greek word meaning “sustaining life,” and mays is from the Taino language, meaning 

“life giver” (Shah et al., 2016). Maize was first cultivated in the 1650s in South Africa and has 

since become one of the most important grain crops in the country, contributing to 25% of the 

total arable land cultivated under field crops (Kriel, 2022). In 1997, the maize industry of South 

Africa was deregulated. Producers were able to compete in a free market. Hectares planted 

annually range from 3.8 to 4.8 million hectares, of which more than 60% were produced in the 

Free State and the Northwest provinces of South Africa (National Department of Agriculture 

(NDP), 1999; Kriel, 2022).  

 

Maize is classified into two main types: white and yellow maize. White maize is primarily used 

for human consumption, while yellow maize is mainly used for animal feed (Kriel, 2022). South 

Africa produces approximately 11.8 million tonnes of maize annually, of which approximately 

half of the production consists of white maize for human consumption. Maize in the form of 

maize meal forms part of 200 million people’s staple diet in developing countries and is also 

used as starch and fuel in the form of ethanol, which is only a few of the maize uses in the 

world (Agricultural Research Council of South Africa (ARC), 2003; The Bureau for Food and 

Agricultural Policy (BFAP), 2015). The human consumption of maize in South Africa is trending 

at 4.5 million tonnes per annum and 4.8 million tonnes per annum for animal feed 

consumption. The reason for the higher increase in animal feed consumption is that South 

Africans in the middle and upper classes consume more maize secondary products, such as 

eggs, cheese, and meat products, than maize itself. South Africa is a net maize exporter, 

exporting 17.9% of total maize production, or 2.2 million tonnes (BFAP, 2015).  

 

2.1.2 Nitrogen Fertilizer 

Fast-growing crops require high nitrogen inputs to support their rapid growth. If nitrogen is 

deficient during production, physiological symptoms can occur and reduce yield (Olfati et al., 

2014). Nitrogen is a very limited nutrient because of its ability to be lost from the soil in different 

soil processes, namely nitrate leaching, volatilization, immobilization, and denitrification 

losses.   
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Mineral fertilizers are mostly used because of their solubility and relatively fast nitrogen 

release. Therefore, it is readily available to the crop and can promote yield increases, but it 

must be managed responsibly to prevent water pollution (Besen et al., 2020). One of the 

methods to manage nitrogen fertilizers is split applications, where the amount of nitrogen 

fertilizer is broken up into smaller quantities, when applied at different plant growth stages.  

When the application is split, the crop can use the nutrient more efficiently and improve yield, 

while reducing fertilizer losses (Olfati et al., 2014). 

 

2.1.2.1  Nitrogen sources 

a) Urea 

Urea consists of 46% nitrogen in a concentrated solid fertilizer form. Urea is mainly used as a 

top dressing because less fertiliser can be applied to the area because of its high nitrogen 

content compared to other nitrogen granular fertilizers. It dissolves quickly in warm, moist 

conditions. One of urea’s challenges is that it can temporarily lower the soil pH because when 

the soil takes it up, it changes to ammonium carbonate through the action of the urease 

enzyme (Finch et al., 2014). Ammonium carbonate is rapidly converted to ammonia and can 

be lost to the atmosphere through volatilization depending on the air temperature, soil 

moisture, humidity, soil pH, and wind speed. Up to 50% of the amount of nitrogen can be lost 

to the atmosphere when urea is applied to the surface and not incorporated into the soil by 

tillage or sufficient (>10 mm) rain within 24 to 48 hours, especially in high pH (>7 pH) soils 

(Bremner, 1990; Noble Research Institute, 2006). 

 

b) Limestone Ammonium Nitrate (LAN) 

LAN is a granular fertiliser composed of a mix of ammonium nitrate and lime, containing 28% 

nitrogen, 4.8% Calcium, and 2.6% magnesium. The 28% nitrogen consists of 14% N in the 

nitrate (NO3-) form and 14% in the ammonium (NH4
+) form. Half of the nitrogen is immediately 

available in the nitrate form for plant uptake, and the other half of the nitrogen is in the 

ammonium form and will be available later to plants when the nitrification process has taken 

place.  Mostly used on soils with a lower pH because LAN has a lesser degree of acidifying to 

the soil because of the calcium carbonate content (Finch et al., 2014; Hawksworth, 2017). 

 

c) Ammonia gas (NH3) 

This gaseous nitrogen fertilizer is liquefied under high pressure in special containers and 

injected 12 to 20 cm into the soil from these pressurised containers with pipes fitted at the 

back of a tine applicator. The organic matter and clay minerals rapidly absorb ammonia in the 

soil, resulting in minimal loss if the soil is in a friable condition. The cost of applying ammonia 

gas is much higher than other nitrogen sources, but when compared to the kilogram of nitrogen 
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applied per kilogram of source applied, it makes it worthwhile to use since ammonia gas 

consists of 82% nitrogen and does not have a high acidifying effect on the soil. This fertilizer 

also has drawbacks because it cannot be used on cloddy or stony soils where losses will be 

significant (Finch, et al., 2014). 

 

d) Greensulf 

Greensulf is an ammonium nitrate in a chemically granulated form that contains 26% nitrogen 

(50% nitrate and 50% ammonium form) and also contains 5% calcium and 4% sulfur, which 

is beneficial for plants (Smith, 2020). 

 

2.2 Nitrogen in the Soil, Plant Uptake, and Role in Plant Physiology 

One of the most essential nutrients for plants is nitrogen, which is involved in many vital 

biological functions. Although about 78% of the Earth's atmosphere is nitrogen gas (N2), plants 

are unable to use atmospheric nitrogen directly. Instead, they rely on nitrogen available in the 

soil, which exists in several forms, such as ammonium (NH4
+), nitrate (NO3

-), and organic 

nitrogen compounds. Efficient nitrogen uptake and assimilation are vital for plant growth, 

photosynthesis, and overall productivity (Forde & Clarkson, 1999; Aczel, 2019). 

 

2.2.1 The Nitrogen Cycle and Soil Nitrogen Forms 

2.2.1.1 The Nitrogen Cycle 

The nitrogen cycle is a complex biogeochemical process that governs the transformation of 

nitrogen compounds in the soil and atmosphere. Nitrogen is first fixed into a usable form by 

nitrogen-fixing bacteria through symbiotic relationships (e.g., Rhizobium in legumes) or free-

living bacteria. This process converts atmospheric nitrogen (N2) into ammonium (NH4
+), a form 

that plants can directly absorb (Streeter, 2007). Once in the soil, ammonium can be further 

oxidised by nitrifying bacteria (Nitrosomonas and Nitrobacter) into nitrate (NO3
-), which is 

highly mobile in the soil and more easily taken up by most plants (Schimel & Bennett, 2004; 

Bernhard, 2010). 

 

The process of nitrification is a two-step process: ammonium is first oxidised to nitrite (NO2
-) 

by Nitrosomonas, and then nitrite is oxidised to nitrate (NO3
-) by Nitrobacter, a nitrite-oxidising 

bacterial species. Denitrification, performed by facultative anaerobic bacteria, reduces nitrate 

to nitrogen gas (N2) or nitrous oxide (N2O), releasing it back into the atmosphere (Haynes, 

1986; Bernhard, 2010). Thus, nitrogen moves continuously between its various chemical 

forms in the soil and atmosphere, impacting soil fertility and plant growth (Aczel, 2019). 
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2.2.2 Forms of Nitrogen in the Soil 

Soil nitrogen is present in various forms for plant absorption: 

 

a) Ammonium (NH4
+) 

Plant roots directly absorb this cationic form of nitrogen. Ammonium is less mobile in the soil 

than nitrate due to its positive charge, which causes it to bind to soil particles. While ammonium 

is a readily available nitrogen source for plants, excessive accumulation can lead to soil 

acidification (Loqué et al., 2007). 

 

b) Nitrate (NO3
-)  

Nitrate is the most abundant form of nitrogen in soils, especially in well-drained and neutral to 

slightly alkaline soils. It is highly soluble and can leach from the soil, making it a primary 

nitrogen source in areas with high rainfall or excessive irrigation. While plants easily absorb 

nitrate, its mobility can lead to nitrogen loss and environmental contamination (Schimel & 

Bennett, 2004). 

 

c) Organic Nitrogen 

Organic nitrogen sources, which include amino acids, peptides, and proteins, are present in 

decomposed plant and animal material, soil organic matter, and microbial biomass. This form 

of nitrogen must undergo mineralization, a microbial process that breaks down organic 

nitrogen into inorganic forms (ammonium or nitrate) that plants can use. Organic nitrogen is 

essential in long-term nutrient cycling and soil fertility (Haynes, 1986; Aczel, 2019). 

 

2.2.3 Nitrogen Uptake Mechanisms in Plants 

2.2.3.1 Root Uptake 

Plants primarily absorb nitrogen through their roots, with specialized transporters facilitating 

the uptake of ammonium (NH4
+) and nitrate (NO3

-). These transport mechanisms are regulated 

by the availability of nitrogen in the soil and the plant's internal nitrogen status (Pokapū 

Akoranga Pūtaiao, 2019). 

 

a) Ammonium Transporters (AMTs) 

Ammonium uptake is facilitated by Ammonium Transporters (AMTs), membrane proteins that 

actively transport NH4
+ from the soil into the plant cells. The transport process is driven by the 

electrochemical gradient of protons (H+) and the concentration gradient of ammonium ions. 

Ammonium uptake is favoured in more acidic soils where NH4
+ is more abundant. However, 

high ammonium concentrations can lead to toxicity, as excess ammonium accumulates in 

plant tissues and may acidify the cytoplasm (Sivaguru et al., 2003). 
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b) Nitrate Transporters (NRTs) 

Nitrate uptake is facilitated by Nitrate Transporters (NRTs), which are divided into two 

prominent families based on their affinity for nitrate: NRT1 (low-affinity transporters) and NRT2 

(high-affinity transporters). NRT1 is responsible for nitrate uptake under low-nitrogen 

conditions, while NRT2 functions more efficiently under high-nitrogen conditions (Forde & 

Clarkson, 1999; Masclaux-Daubresse, 2010). Nitrate uptake is also influenced by the plant's 

internal nitrogen status, with plants adjusting the expression of NRT genes in response to 

changing nitrogen availability (Loqué et al., 2007). 

 

2.2.3.2 Symbiotic Nitrogen Fixation 

In legumes, symbiotic nitrogen fixation is a crucial mechanism that makes nitrogen available 

to plants. This process involves the formation of root nodules, where nitrogen-fixing bacteria 

such as Rhizobium species convert atmospheric N2 into ammonia (NH3) in exchange for 

carbon provided by the plant. The ammonia is then assimilated into amino acids, which the 

plant uses for growth (Streeter, 2007). Nitrogen fixation is a highly energy-intensive process, 

and the symbiotic relationship between legumes and nitrogen-fixing bacteria significantly 

reduces the need for synthetic nitrogen fertilizers (Zayed et al., 2023). 

 

2.2.3.3 Mycorrhizal Fungi and Nitrogen Uptake 

Mycorrhizal fungi form mutualistic associations with many plant species, particularly in 

nutrient-poor soils. While mycorrhizal fungi are most associated with phosphorus uptake, 

recent studies suggest that these fungi can also aid in nitrogen acquisition, especially in low-

nitrogen environments (Smith & Read, 2008). The hyphal network of mycorrhizae extends the 

plant’s root surface area, allowing it to access nitrogen in forms such as ammonium and nitrate 

that may not be available to the plant through its root system alone (Grunewald et al., 2009). 

 

2.2.4 Nitrogen Assimilation and Transport within the Plant 

2.2.4.1 Nitrogen Assimilation Pathways 

Nitrogen must be incorporated into organic compounds after the root system has absorbed it. 

Two important enzymes play a major role in this assimilation process: 

 

a) Glutamine Synthetase (GS)  

GS converts glutamate and ammonium into glutamine, a vital nitrogen donor for several 

biosynthetic processes. Glutamine is an essential building block for proteins and other 

nitrogen-containing compounds, such as hormones and nucleic acids (Zayed et al., 2023). 
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b) Glutamate Dehydrogenase (GDH) 

GDH also contributes to nitrogen assimilation by transforming ammonium and glutamate into 

glutamine. Under stressful circumstances or when there is a high availability of nitrogen, GDH 

is especially crucial (Zayed et al., 2023). 

 

2.2.4.2 Nitrogen Transport in Plants 

Once nitrogen is assimilated, it is transported throughout the plant, primarily through the xylem 

and phloem. Nitrogen is translocated as amino acids (e.g., glutamine and asparagine) and 

other organic nitrogen compounds synthesised in the roots and transported to leaves, stems, 

and reproductive tissues. In the xylem, nitrogen is transported as inorganic compounds 

(ammonium or nitrate) from the roots to the rest of the plant. On the other hand, the phloem is 

involved in transporting organic nitrogen compounds, especially during periods of rapid growth 

or reproductive development (Vanderhoef, 1985; Zayed et al., 2023). 

 

2.2.4.3 Role in Photosynthesis and Growth 

Nitrogen plays a vital role in photosynthesis, as it is a significant component of chlorophyll. 

Nitrogen deficiency often leads to chlorosis (yellowing) of leaves due to decreased chlorophyll 

content. Reduced chlorophyll directly impairs the plant's ability to capture light energy for 

photosynthesis, ultimately leading to reduced growth and yield (Guldan et al., 2016). Adequate 

nitrogen also supports the synthesis of proteins involved in the electron transport chain and 

other processes critical to photosynthesis (Tezara et al., 2011). 

 

2.2.5. Role of Nitrogen in Plant Growth and Development 

2.2.5.1 Protein Synthesis 

Nitrogen is essential for plant protein synthesis since it is a fundamental component of amino 

acids. Proteins serve as structural elements, transport molecules, and enzymes. They are 

necessary for cellular functions like growth regulation, energy metabolism, and pathogen 

defence. A lack of nitrogen results in lower protein content, leading to poor leaf and root 

development, stunted growth, and decreased productivity (Haynes, 1986). 

 

2.2.5.2 Chlorophyll Synthesis 

Nitrogen is a molecule found in chlorophyll that is a regulator of absorbing light energy during 

photosynthesis. Chlorophyll content is decreased by nitrogen deficiency, resulting in chlorosis 

and lowering the plant's photosynthetic efficiency. This decrease in photosynthesis directly 

impacts growth, as it limits the plant's capacity to produce the carbohydrates necessary for 

growth (Tezara et al., 2011). 
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2.2.5.3 Root Development  

Excessive nitrogen can cause unbalanced growth, where the plant allocates more resources 

to developing its shoots and fewer to developing its roots, despite the fact that nitrogen is 

essential for both shoot and root growth. Ultimately, this imbalance may jeopardize the plant's 

health by limiting its access to water and other nutrients (Forde & Clarkson, 1999). 

 

2.2.5.4 Reproductive Development 

Adequate nitrogen supply is crucial for reproductive development, including flowering, fruit set, 

and seed production. Nitrogen is necessary for the synthesis of nucleic acids and proteins, 

which are necessary for cell division and differentiation during the formation of flowers, seeds, 

and fruit. Nitrogen deficiency can delay flowering, reduce seed size, and lower overall 

reproductive success (Vanderhoef, 1985). 

 

2.2.6. Nitrogen Use Efficiency and Agricultural Implications 

2.2.6.1 Nitrogen Use Efficiency (NUE) 

Nitrogen Use Efficiency (NUE) refers to the ability of plants to take up, assimilate, and utilize 

nitrogen efficiently. High NUE is essential to maximize crop yields while reducing the amount 

of nitrogen fertilizer applied. Plant genetics, soil conditions, and nitrogen input management 

are among the key factors that influence NUE (Haynes, 1986). Because they can lessen the 

environmental impact of fertilizer use, genetic advances in crops targeted at increasing NUE 

are a potential field of research (Schimel & Bennett, 2004). 

 

2.2.6.2 Environmental Impact 

Overfertilization with nitrogen can lead to eutrophication, resulting in an excessive growth of 

algae in water bodies, and nitrogen leaching can contaminate groundwater. Nitrous oxide 

(N₂O), a potent greenhouse gas, is also released by nitrogen fertilizers (Schimel & Bennett, 

2004; Aczel, 2019). Sustainable nitrogen management techniques are essential to lessen the 

environmental impact of nitrogen use in agriculture. These include crop rotation, slow-release 

fertilizers, and encouraging nitrogen-fixing crops like legumes (Schimel & Bennett, 2004). 

 

2.3 Influence of Nitrogen on Maize Plants 

2.3.1 Growth and yield 

Maize growth and yield response heavily depend on nitrogen supply during its growing cycle. 

An efficient supply of nitrogen has a profound impact on the number of leaves produced and 

the size of the leaves, directly influencing the amount of radiation intercepted over the growing 

period and the daily rate of photosynthesis of the plant (Vos et al., 2005). This enhanced 

photosynthetic capacity, a key factor in crop yield, can significantly increase biomass and grain 
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yield. After anthesis, maize's rate of N uptake decreases, and hybrids with higher N uptake 

have longer effective leaf area for photosynthesis and delayed leaf senescence. Since 

ongoing leaf activity promotes nitrogen uptake, maize hybrids with delayed senescence are 

more able to absorb nitrogen during the grain-filling phase. Dry matter partitioning to grain is 

reduced when the nitrogen supply declines during grain filling. Longer stay-green maize 

genotypes retain leaf chlorophyll for longer periods, which can boost grain yield by 10% to 

12% (Asibi & Chai, 2019). 

 

Preserving the photosynthate source and nitrogen uptake during the grain-filling phase is 

responsible for a high maize yield. The ability of the plant to provide the root system with the 

necessary assimilates for root development and nitrogen uptake, thereby sustaining 

photosynthesis, is a prerequisite for improving NUE during maize reproductive growth. This 

involves increasing and maintaining the capacity for nitrogen uptake in soils with low nitrogen 

supply (Yu et al., 2021). Increases in grain production among maize genotypes at a given 

amount of nitrogen supply are sometimes the consequence of improved nitrogen 

remobilization and assimilation. However, they can also be attributed to increased NUE (Asibi 

& Chai, 2019). Grain yield is influenced by the vegetative development and establishment of 

the reproductive sink capacity, which is facilitated by maize's early growing season nitrogen 

remobilization. Enhancing NUE requires a stronger relationship between crop nitrogen uptake 

and nitrogen supply (Borrás et al., 2004). Even with a significant sink capacity for grain protein 

synthesis, physiological constraints can cause a shortage of nitrogen uptake, leading to 

nitrogen loss, increased remobilization of nitrogen from vegetative tissues to grain, and low 

NUE (Rizzi et al., 1996). Soil nitrogen supply affects the relationships among nitrogen 

accessibility, late-season nitrogen uptake by maize, and nitrogen remobilization. Since grain 

formation needs more nitrogen than vegetative tissue maintenance, a low nitrogen supply after 

anthesis can cause early leaf senescence (Sattelmacher et al., 1994). 

 

In maize, there is a significant correlation between photosynthesis and nitrogen intake, leading 

to an inverse association between nitrogen remobilization and nitrogen assimilation. Reduced 

nitrogen remobilization is linked to growing conditions that support post-anthesis 

photosynthesis, as they increase nitrogen intake. The grain's nitrogen content is directly 

correlated with the amount of post-anthesis nitrogen uptake and assimilation, and the amount 

of nitrogen remobilization is positively correlated with aboveground nitrogen content at 

anthesis when growing conditions are unsuitable for photosynthesis. Variations in total 

aboveground maize nitrogen uptake after anthesis are the primary cause of variations in post-

anthesis nitrogen uptake in grain (Asibi & Chai, 2019). 
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2.3.2 Nitrogen and sulphur ratio 

Following nitrogen, phosphorus, and potassium, sulphur is the fourth primary essential plant 

nutrient. Sulphur is vital for plant growth and related chlorophyll formation, protein production, 

enzyme activation, and ultimately increased crop yields, to name a few. In the past, when the 

yields produced per hectare were not as high as nowadays, the amount of atmospheric 

sulphur (SO2 gas) was enough to support the plant’s sulphur demands. Still, it alone is not 

enough anymore to supply the necessary amounts required by the plants (Olson, 2021). 

According to Liu et al. (2020) and Li et al. (2019), the nitrogen and sulphur ratios (N:S), which 

are suitable for optimal growth of maize, are in the range of 14.4:1 to 18.7:1 when using sap 

analyses. In the case of grain protein concentration, an N:S range of 12.2:1 to 14.0:1 is the 

optimum ratio in grain analyses. 

 

2.3.3 Maize growth stages 

Understanding a maize plant's different growth stages and development is crucial in optimizing 

yield and profit in a maize farming practice (Figure 2.1 & Figure 2.2). This may assist a 

producer in timing top-dressing fertilizers, fungicides, insecticides, and even herbicides 

(BAYER Crop Science, 2020). The growth stages of maize are divided into two main stages: 

the vegetative stage (V) and the reproductive stage (R) (Figure 2.1). 

 

a) Vegetative growth stages in maize 

The number of collars on the maize plant defines the vegetative stage. The leaves are counted 

from the lowermost first to the topmost fully expanded leaf. The collar connects the leaf sheath 

and the leaf blade (Bell, 2017). 

 

VE is the emergence stage, and a soil temperature of at least 10 °C is required for a maize 

seed to germinate. For the seed to emerge, it takes an average of 6 to 10 days, but can take 

up to two weeks (in cool and dry conditions), depending on soil temperature (MasSeeds, 

2022). In this stage, maize emerged from the soil, but no leaf collars had formed. The plant 

has reached the V1 stage, at which one leaf collar is visible. During stage V1, nodal roots 

elongate, and by V2, the maize plant will be 5 to 10 centimetres (cm) tall and still rely on the 

energy of the seed (Figure 2.1) (Bell, 2017; Dekalb Asgrow, 2020). 

 

The number of fully unfolded collars determines every vegetative growth stage (V); for 

example, V3 has three fully unfolded collars. V3 will appear about 2 to 3 weeks after VE, and 

the maize plant is no longer dependent on the seed’s reserves and switches to photosynthesis 

and nodal roots for energy (Dekalb Asgrow, 2020). From this growth stage, the plant becomes 

very sensitive to nutrient deficiencies, especially phosphorus. During the V3 growth stage, the 
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number of rows per ear is already determined, and any form of stress will have a negative 

impact on the yield (BAYER, 2020; Mas Seeds, 2022). At V5, the plant is about 20 to 30 cm 

tall, and the growth point remains below the soil surface. At this growing stage, the number of 

potential leaves and ear shoots are determined (Bell, 2017; Dekalb Asgrow, 2020). 

 

 

Figure 2.1 Different growth stages of the maize plant, from vegetative (V) to reproductive (R) 

stages (Zaho et al., 2011). 

 

Growth stages V6 to V8: During these growth stages, 4 to 6 weeks after emergence, the 

growth point is above the soil surface, making the plant very susceptible to hail and wind 

damage (Bell, 2017). Stem elongation and a rapid growth phase begin at V7. The number of 

potential kernels per row is also determined and continues throughout V15 to V16 (Procrop 

Profitable, Sustainable Cropping (Procrop), 2009; Bell, 2017). When the V8 stage is reached, 

the plant will be approximately 60 cm tall. From V9 to V11, maize undergoes a steady and 

rapid growth period, accompanied by dry matter accumulation, which typically occurs about 6 

to 8 weeks after emergence. Rapid tassel development appears at the V9 growth stage, but 

is not visible yet. During this growth period, new leaves appear every 2 to 3 days, and the 

development of ear shoots also occurs (Procrop, 2009; Dekalb Asgrow, 2020). 

 

Growth stages V12 to Vnth: At V12 the plant reaches a length of about 1.2 meters (m) tall or 

even more, about 6 to 8 weeks after emergence. The demand for nutrients and water is high 

for growth in this growth period. The leaves are all full-size, and approximately 50% of them 

are exposed to sunlight. The potential number of kernels and size of the ear are still 

determined, and brace roots are also developing during this growth stage (Procrop, 2009; Bell, 

2017). At V15, the plant will start with silking, and the tassel is almost full size, but not yet 

visible. This is a critical stage in the plant’s life, and any shortages in moisture and nutrients, 

or insect and hail injury, can reduce the number of kernels per row, shorten ears, and decrease 

yield (Dekalb Asgrow, 2020). 



16 
 

 

VT growth stage begins when the last branch of the tassel is visible. The maize plant is almost 

at its full height, and the pollen shed begins. This occurs approximately 9 to 10 weeks after 

emergence, when the plant reaches a critical stage that requires pollination to develop viable 

kernels. The plant is at full size, tassels are visible on top of the maize plant, and silks will 

emerge within 2 to 3 days. A maize tassel can produce between 2 and 5 million pollen grains. 

During this stage, pollen shed will begin and continue for about 1 to 2 weeks (Procrop, 2009; 

Dekalb Asgrow, 2020). 

 

b) Reproductive stages in maize 

Following tassel emergence, maize plants transit into the reproductive growth stage (R). This 

growth stage is determined by kernel development (Figure 2.1). The R1 growth stage is the 

silking stage, the most critical growth stage in determining the yield potential. Pollination 

begins at the bottom and proceeds to the tip. Pollen is shed for a couple of days, usually 5 to 

10 days, and silks are produced 1 to 3 days after pollen shed has begun and will be ready for 

pollination within 3 to 5 days (Procrop, 2009). At this stage, potassium uptake is complete, 

and phosphorus and nitrogen (Figure 2.2) uptake is rapidly occurring. When the silking date 

is reached, approximately 50 to 55 days can be added to estimate when the plant will reach 

physiological maturity growth stage (Dekalb Asgrow, 2020). 

 

The blister or R2 growth stage takes place about 12 days after silking when silks darken and 

dry out. The kernels are white and form a small blister that contains a clear fluid (Procrop, 

2009; Bell, 2017). Each kernel develops an embryo and contains 85% moisture. Drought 

stress during this stage can cause kernel abortion and reduce yield potential (Bell, 2017; 

Dekalb Asgrow, 2020).  

 

About 20 days after silking the R3 growth stage is reached, which is the milk stage, at this 

stage, the kernels are yellow and filled with a milky white fluid as starch and protein accumulate 

(Procrop, 2009). The moisture content in the kernels is about 80%. From this stage onwards, 

the effect of water and nutrient stress is not as severe as in R1, but it can still impact kernel 

weight and the abortion of kernels at the tip of the cob (Procrop, 2009; Dekalb Asgrow, 2020). 

 

Growth stage R4 (dough) occurs approximately 26 days after silking, when the milky white 

liquid in the kernels transitions to a dough-like consistency (Procrop, 2009). At this stage, the 

moisture content in kernels is about 70%, and the kernels begin to dent at the top. The kernels 

have accumulated about 50% of their final dry weight. Shallow or unfilled kernels can be 

produced when the plant experiences any environmental stress (Dekalb Asgrow, 2020).  
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Growth stage R5 (dent) occurs approximately 38 days after silking, at which point nearly all 

kernels are dented and contain approximately 55% moisture. Approximately 90% of the 

kernels are dented, the embryo has nearly reached its full size, and filling begins to slow down, 

as the kernels approach maturity (Procrop, 2009). The maize is ready for silage harvest at this 

stage, depending on the desired plant moisture (Dekalb Asgrow, 2020). 

 

Black layer or growth stage R6 begins about 50 to 60 days after silking. At this stage, the plant 

has reached physiological maturity, and kernels have attained their maximum dry weight, with 

approximately 30 to 35% moisture content (Bell, 2017). A layer of tissue forms at the tip of the 

kernel, which conducts sugar and other assimilates into the kernel. This layer collapses, stops 

functioning and turns black. The total yield is determined, and no stress will impact the yield 

(Procrop, 2009; Dekalb Asgrow, 2020). 

 

2.3.4 Nitrogen uptake by the maize plant 

A plant's nutrient uptake is most significant during the vegetative growth stages. This is 

consistent with the physiology of maize growth. Maize roots must search the soil for nutrients. 

Newly formed roots are the most efficient for nutrient uptake; however, the entire root system 

can also take up nutrients (Strachan & Jeschke, 2018). The rate of nutrient uptake is relatively 

slow in the early season of a maize plant, but the rate increases as the plant develops and 

grows (Figure 2.2). Soon after silking, potassium uptake is completed, but nitrogen and 

phosphorus uptake continue until almost maturity. During grain development, the translocation 

of nutrients from vegetative tissues to the grain is characterized by higher amounts of nitrogen 

and phosphorus, whereas potassium is remobilized in comparatively smaller amounts 

(Hanway & Benson, 1986).  

 

Nitrogen demand increases dramatically about 40 days (V6 to V8) after emergence. Before 

this time, about 18 to 20% of the total nitrogen demand by the plant had been taken up. By 

the time the plant reached the end of silking, it should have taken up about 75% of the total 

nitrogen demand (Table 2.1) (Procrop, 2009; Ross et al., 2013).  

 

During the V10 to V14 growth stages of maize, the plant takes up the highest rate of nitrogen, 

making it critical to have sufficient nitrogen available during this peak time. Most of the nitrogen 

is taken up during vegetative growth, with more or less two-thirds of the uptake completed at 

the beginning of R1. Still, nitrogen uptake does not cease at the start of the reproductive stage. 

Nitrogen uptake begins to decrease at equal rates for both the vegetative and reproductive 

stages as it reaches the VT/R1 growth stages. The reproductive growth has a slight increase 
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until R2, and then there is a sharp decrease until almost R4, when it reaches a steady 

decrease in nitrogen uptake (Figure 2.3). 

 

 

Figure 2.2 Nitrogen uptake at different growth stages (Jones,2017). 

 

This decrease in nitrogen uptake is due to the increased retranslocation of nutrients from other 

parts of the plant to accumulate in the developing seeds during the grain-filling stage (Ross et 

al., 2013). Topdressing of nitrogen should be applied between V4 to V8 to align nitrogen 

availability with the crop demand. This is also the last opportunity for application, because 

after this stage, the plants will be damaged by the machinery when cultivated under dryland 

conditions. In the case of irrigated maize, nitrogen can be supplied through fertigation to time 

the application more efficiently (Dekalb Asgrow, 2013). 

 

 

Figure 2.3 Total maize nitrogen uptake and partitioning across four plant stover fractions: Leaf, 

stalk, reproductive and grain tissues (Ross et al., 2013). 
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Table 2.1 NPK removal for a short-growth and a medium-growth cultivar as a percentage of the 

total for different growth stages (Fertiliser Association of South Africa (FERTASA), 2016) 

NPK removal as % of total 

(Short grower = 100-117 days and medium grower = 118-

130 days to maturity) 
N P K 

Growth stages Short Medium Short Medium Short Medium 

R6 Mature Physiologically mature 4 4 7 6 2 0 

R5 Full dent stage 6 6 9 8 3 8 

R3-R4 R3-Soft -to R4-Hard dough stage 5 14 14 16 4 2 

R2 R2 water-blister stage 9 8 14 17 18 17 
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V16-17- Plants approximately 10 days 

from tassel emergence. V18- Nodes 

of the ear stem are clearly visible. R1- 

The end of the vegetative growth 

stage. First silk appears on the ear. 

18 23 14 21 19 25 

V11-V14 

V12- Tassel is already well 

developed, while ear development is 

visible on the stalk. The yield potential 

is determined at this stage. 

28 27 23 24 27 39 

V7-V10 

V7- The maize plant commences 

active vegetative growth, and older 

leaves start dropping. V8- The first 

five leaves separate from the stalk. 

The seed coat is still visible. 

Secondary roots system is already 

well developed. The radicle is visible 

and displays greater vertical growth. 

17 12 11 4 16 12 

V5-V6 

V5- The first five leaves form a collar 

around the stalk. The growing tip is at 

the soil surface. 

4 4 3 4 5 3 

V3-V4 

V3-V4 – 3rd and 4th leaves, 

respectively, have also developed a 

collar around the stalk section. 

4 2 3 0 3 1 

V1-V2 

V1-± 4-5 days after emergence, leaf 

with a collar around the stalk section; 

has an oval-shaped tip. V2- 2nd leaf 

has also developed a collar around 

the stalk section. Radicles are fully 

developed. 

3 0 2 0 3 0 

Germination 

Emergence of the plant usually occurs 

6 to 7 days after planting, depending 

on heat units. In cold conditions, 

emergence can be delayed by quite a 

few days. 

0 0 0 0 0 0 
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2.3.5 Sufficiency ranges of nutrients at different growth stages of a maize plant 

Nutrient elements are essential for plant growth, as they support critical metabolic functions 

within plants. The absence of these essential nutrients inhibits the ability of plants to complete 

their life cycles (Brown et al., 2022). Furthermore, the roles of essential nutrients are specific; 

thus, the excess of one nutrient cannot compensate for the deficiency of another, as illustrated 

by the “Law of the Minimum” and the “Law of the Optimum.” Ensuring adequate and balanced 

plant nutrition is vital for crops to realize their genetic growth potential (Amissah et al., 2022). 

 

As a high-input crop, maize has significant nutrient requirements and is particularly vulnerable 

to nutrient imbalances. Such imbalances can negatively impact nutrient uptake, utilization, and 

overall productivity. Plant tissue analysis is a valuable tool for monitoring the nutritional health 

of crops (Table 2.2). It complements soil tests by providing insight into the nutrient levels of 

plants at the time of sampling, thereby facilitating timely nutrient management decisions. For 

plant tissue analysis to be effectively utilized as a management tool, it is important to have a 

clear and convenient interpretation of the analysed results (Ruiz Diaz, 2021; Plank & Kissel, 

2024). 

 

Table 2.2 Sufficiency ranges of macro- and micronutrients for a maize plant at different growth 

stages (Campbell & Plank, 2000) 

Stage of the plant 
Macronutrients (g kg-1) 

N P K Ca Mg S 

Seedling (VE to V4) 4.0-5.0 0.4-0.6 3.0-4.0 0.3-0.8 0.2-0.6 0.18-0.5 

Early growth (V5 to 

before tasselling) 
3.0-4.0 0.3-0.5 2.0-3.0 0.25-0.8 0.15-0.6 0.15-0.4 

Tasselling (VT) 2.8-4.0 0.25-0.5 1.8-3.0 0.25-0.8 0.15-0.6 0.15-0.6 

Maturity (R6) 2.5-3.5 0.25-0.4 1.6 2.5 0.2-0.8 0.12-0.4 

 
Micronutrients (mg kg-1) 

Fe Mn Zn Cu B Mo 

Seedling (Ve to V4) 40-250 25-160 20-60 6-20 5-25 0.1-2.0 

Early growth (V5 to 

before tasselling) 
30-250 20-150 20-70 5-25 5-25 0.1-2.0 

Tasselling (VT) 30-250 15-150 20-70 5-25 5-25 0.1-2.0 

Maturity (R6) 30-250 15-150 16-50 4-20 3-20 0.1-2.0 

 

Nitrogen is a crucial nutrient for plants, affecting nearly every aspect of their growth and 

development. From the nitrogen cycle and uptake mechanisms to nitrogen assimilation and 

transport, plants have developed complex systems to acquire and use nitrogen efficiently. 

Although nitrogen is necessary to support growth and productivity, environmental problems 
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such as nitrogen leaching and greenhouse gas emissions make managing it in agriculture 

extremely challenging. Maintaining global food security and reducing the environmental 

impact of nitrogen fertilization requires ongoing research into sustainable fertilization 

techniques and nitrogen use efficiency (NUE). 
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Chapter 3 

Materials and Methods 

 

3.1 Experimental site 

Two field experiments were conducted on a farm during the 2022/23 and 2023/24 cropping 

seasons. The field is located in the northeastern Free State, in the Kransfontein district, 

between Bethlehem and Warden. It is geographically situated at coordinates 28⁰04’13” S 

28⁰34’24” E and an altitude of 1698 m above sea level. The rainfall and temperature data were 

obtained from a DFM weather station located at the experimental site during the two seasons 

and are summarized in Table 3.1. There was a considerable difference between the rain data 

for the 2022/23 and 2023/24 seasons. The 2022/23 season recorded 328 mm more rainfall 

from October to April compared to the 2023/24 season. The chemical and physical properties 

of the soil are summarized in Table 3.2. 

 

Table 3.1 Rainfall and Temperatures for the 2022/23 and 2023/24 seasons for Kransfontein 

Season Sep Oct Nov Dec Jan Feb Mar Apr May Jun Total 

2022/23 

Rainfall 

(mm) 
0 123 203 114 61 173 18 32 63 0 787 

Avg. 

Temp 

(ºC) 

16 19 17 19 20 19 18 15 12 8  

2023/24 

Rainfall 

(mm) 
3 62 53 122 57 19 30 53 0 12 411 

Avg. 

Temp 

(ºC) 

15 17 20 20 20 21 21 16 15 9  
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Table 3.2 Physical and chemical soil properties of experimental site Kransfontein 

Physical properties 
Season 

2022/23 2023/24 

Sand (%) 74 74 

Clay (%) 18 18 

Loam (%) 8 8 

Bulk Density (kg m-3) 1153 1153 

Chemical properties   

pH (KCL) 4.5 4.3 

Ex Acid 0.10 0.23 

Acid Saturation (%) 3.1 7 

S (mg kg-1) 9 11 

P (Bray 1) (mg kg-1) 30 35 

K (mg kg-1) 266 312 

K (% of CEC) 21 24 

Ca (mg kg-1) 366 340 

Ca (% of CEC) 57 52 

Mg (mg kg-1) 72 63 

Mg (% of CEC) 18 16 

Na (mg kg-1) 3 5 

Na (%of CEC) 0 1 

CEC (cmolc kg-1) 3.2 3.3 

Ca / Mg 3.1 3.3 

Mg / K 0.9 0.6 

(Ca + Mg) / K 4 3 

*Soil sample taken at a depth of 0 to 200 mm 

 

3.2 Experimental design and treatments 

Two experiments, one with a non-prolific cultivar (single-headed – DKC 73-72 BT) and the 

other a prolific (multi-headed - DKC 72-70) cultivar, were planted on a sandy loam soil (18% 

clay). Each experiment was designed as a randomized complete block design with factorial 

combinations consisting of four replications (Table 3.3). Treatments consisted of two different 

nitrogen sources, viz. Limestone Ammonium Nitrate (LAN(28)) and Greensulf(35), three 

nitrogen topdressing application rates viz. 0, 20, and 40 kg N ha-1 (these applications were 

made with a hand fertilizer spreader representing an aircraft or drone application since the 

plants were too tall to be cleared by a tractor), and at three different growth stages viz. V4, V9 
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to 10, and a combination of V4 & V9 to 10, replicated four (4) times (Table 3.3). Therefore, 

each trial consisted of 72 plots measuring 5.46 m wide (6 rows, 0.91 m apart) and 10 m long. 

 

3.3 Reason for growth stages and nitrogen sources used 

The four R principles are crucial for crop production, particularly in terms of crop nutrition, 

given the high input costs in the agricultural industry. The principles include the right source 

of nutrients, at the right rate, at the right time, and the right place. If a farmer can get the timing 

right for this strategy, it will lead to optimum yield. Still, it will also change according to the 

environmental conditions of that specific planting season (Jensen, 2013). In this experiment, 

two nitrogen sources, namely Greensulf and Limestone ammonium nitrate (LAN), were used 

to establish the right type of fertilizer source. The motivation for these two fertilizers used as 

sources was to determine if the 5% of sulphur in Green Sulphur influenced the yield and quality 

compared to LAN, which does not contain any sulphur. These fertilizer sources were applied 

as a top dressing at 0, 20, and 40 kg ha-1 rates of nitrogen to determine the most efficient rate. 

These top dressings were applied at two different growth stages (V4 and V9-10) and a 

combination where the amount of fertilizer was split in half for each growth stage to determine 

the right time for applying nitrogen top dressing on maize in the north-eastern Free State. 

According to Jones (2017), maize nitrogen use from growth stages V3 to V6 amounts to 12 to 

25 kg N ha-1, and between growth stages V12 to R1, 100 to 140 kg N ha-1. This is why growth 

stages V4 and V9-10 were used to determine if the nitrogen supplied at an early growth stage 

was efficient in supporting further growth or if a later application would be more efficient in 

carrying the maize plant to a physiologically mature growth stage. 

 

3.4 Agronomic practices 

The previous crop planted on the experiment site was maize (Zea mays L.). The experiment 

was conducted under dryland conditions over two cropping seasons from 2022/23 to 2023/24. 

The experimental site was ripped, disked, and levelled for seedbed preparation before 

planting. The farmer applied three tonnes of dolomitic lime broadcast over the field in August 

2022. During the rip process, NH3 (82%) gas was applied to the soil at a rate of 56 kg nitrogen 

per hectare using the NH3 applicator. Fertilizer rates were determined according to the soil 

analysis (Table 3.1) and an estimated yield potential of seven (7) tonnes of maize per hectare. 

Thus, 334 kg ha-1 15:8:4(27)+5% Ca+4% S was applied, which amounted to an application of 

N, P, K, Ca, and S of 50.1 kg N ha-1, 26.72 P ha-1, 13.36 kg K ha-1, 16.7 kg Ca ha-1 and 13.36 

kg S ha-1. Planting dates were 05 December 2022 for the 2022/23 cropping season and 09 

November 2023 for the 2023/24 cropping season. The planting process was done with a 6-

row planter at a planting density of 32 000 plants per hectare. With planting pre-emergence 

herbicides consisting of Eptam super at 1.8 L ha-1, Galago at 0.2 L ha-1, Baseline 915 at 0.8 L 
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ha-1, Cheetah at 0.5 L ha-1 and Lambda at 0.1 L ha-1. The field was sprayed with Roundup 

Baseline 960 at 0.5 L ha-1, Galago at 0.1 L ha-1, Cheetah 1.2 L ha-1, Lambda at 0.1 L ha-1, 

Extreme B at 2.0 L ha-1 with a combination of Aroxy 250 SC 400 ml ha-1 six weeks after 

emergence.  

 

Each plot was manually harvested and threshed by hand into polypropylene bags at harvest. 

Moisture content was determined, and the yield was adjusted to 12.5% moisture content. 

 

Table 3.3 Representation of the experimental layout 

Block 1 Block 2 Block 3 Block 4 

S1 R1 GS1 S2 R2 GS1 S1 R1 GS3 S2 R1 GS1 

S1 R2 GS1 S1 R1 GS2 S1 R2 GS3 S2 R2 GS1 

S1 R3 GS1 S2 R1 GS1 S1 R3 GS3 S2 R3 GS1 

S1 R1 GS2 S2 R3 GS2 S2 R1 GS3 S2 R1 GS2 

S1 R2 GS2 S1 R3 GS3 S2 R2 GS3 S2 R2 GS2 

S1 R3 GS2 S2 R3 GS1 S2 R3 GS3 S2 R3 GS2 

S1 R1 GS3 S2 R2 GS2 S1 R1 GS1 S2 R1 GS3 

S1 R2 GS3 S1 R3 GS2 S1 R2 GS1 S2 R2 GS3 

S1 R3 GS3 S1 R2 GS2 S1 R3 GS1 S2 R3 GS3 

S2 R1 GS1 S2 R1 GS3 S2 R1 GS2 S1 R1 GS1 

S2 R2 GS1 S2 R2 GS3 S2 R2 GS2 S1 R2 GS1 

S2 R3 GS1 S1 R2 GS3 S2 R3 GS2 S1 R3 GS1 

S2 R1 GS2 S1 R1 GS3 S2 R1 GS1 S1 R1 GS2 

S2 R2 GS2 S2 R3 GS3 S2 R2 GS1 S1 R2 GS2 

S2 R3 GS2 S1 R2 GS1 S2 R3 GS1 S1 R3 GS2 

S2 R1 GS3 S1 R1 GS1 S1 R1 GS2 S1 R1 GS3 

S2 R2 GS3 S1 R3 GS1 S1 R2 GS2 S1 R2 GS3 

S2 R3 GS3 S2 R1 GS2 S1 R3 GS2 S1 R3 GS3 

S1 (Source) – Greensulf (35), S2 - LAN (28) 

R1 (Application rate) – 106 kg N ha-1, R2 – 126 kg N ha-1, R3 – 146 kg N ha-1 

GS1 (Growth stage) – V4, GS2 – V9- V10, GS3 – V4 & V9- V10 

 

3.5 Data collection and measurements 

The first two and last two plants of each row and the outer two rows of the six rows of plots 

were not used for measurements because they were used as border rows. 
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3.5.1 Leaf samples and preharvest measurements 

The leaf samples were taken of the uppermost developed leaf from six different plants (two 

leaves on the side rows of the four rows used and four leaves on the middle two rows) for 

samples from V5 to R2, and ten whole plants were sampled for V4 from each block and put in 

brown paper bags. Only six plant leaves were used due to the time required to pick all 144 

plot samples before 9:00 AM. Leaf samples were taken before the top dressing application, 

14 days after the top dressing and R2 growth stage. The uppermost developed leaf was used 

for the leaf samples, except for R2 leaf samples, where the ear leaf was used. The samples 

were sent to Omnia’s laboratory for complete nutrient analysis. Only R2 growth stage analysis 

will be discussed. 

 

All the cobs per plant were counted at R4 growth stage on all four of the middle row’s plants 

and were noted as first-, second-, and sprout cobs per row and then converted to total cobs 

plant-1. 

 

3.5.2 Yield and Yield Components 

For the harvesting of the cobs, ten (10) plants were harvested and divided into three 

polypropylene bags, first, second, and sprout cobs for all the plots. The number of rows per 

head and the number of seeds in a row were counted for the harvested cobs. All the cobs 

were threshed into 50 kg bags, which were weighed, calculated, and converted to tonnes per 

hectare for all plots. After weighing, the moisture and hectolitre were tested with a Dickey-

John hand moisture meter, and the yield was adjusted to 12.5% moisture. 1000 kernels were 

counted, and the weight was measured for each plot.  

 

The nitrogen use efficiency (NUE) and precipitation use efficiency (PUE) was calculated using 

the following equations: 

 

NUE = Total yield (kg ha-1) ÷ total kg N applied ha-1 

PUE = Total yield (kg ha-1) ÷ total rainfall (mm) 

 

3.5.3 Grain quality 

After the moisture was measured, two samples were taken, one of which was sent to Omnia’s 

laboratory for a complete nutrient analysis of the grain to calculate the grain's nitrogen use 

efficiency (NUE). The second sample was sent to the University of the Free State (UFS) for 

analysis of starch index, milling index, protein content, fat content, and ash content using a 

near-infrared reflectance spectrometer (NIR). 
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3.5.5 Return on investment 

Return on investment was done after harvest, and all nitrogen sources and application costs 

were calculated per hectare. The V4 growth stage was calculated for the application with a 

tractor and fertilizer spreader. The V9 growth stage was calculated for the application with an 

aeroplane from the Bethlehem crop sprayer’s airport. 

 

ROI = (income) – (fertilizer cost + application cost + Farmers total input costs) 

 

Income is the total yield per hectare multiplied by the 100-day average SAFEX yellow maize 

price per ton. 

 

Fertilizer cost is the cost of the additional nitrogen applied per hectare. 

 

Application costs include using a tractor and/or airplane to apply the additional nitrogen. 

 

Farmers' total input costs per hectare include the seed cost, preplant ammonia gas 

application, planting fertilizer, lime, pesticide, fungicide, herbicide, crop insurance, and rent on 

the production loan. 

 

3.6 Statistical analysis 

Data was analysed using the statistical program NCSS 11.0.24, and the differences between 

the means were compared using Tukey’s least significance differences test at 5% level of 

significance (LSDT<0.05). 
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Chapter 4 

 

The influence of nitrogen source, application rate, and growth stage on the leaf 

nutrient content of maize in the north-eastern Free State 

 

4.1 Introduction 

The leaves of the maize plant are a vital organ for light absorption and photosynthesis (Strable 

& Nelissen, 2021). The leaf area, the height of the maize plant, and the number of leaves 

affect the amount of energy the plant requires for growth and development. It is also a vital 

storage organ for nutrients to be later translocated to the reproductive organs (Lambert et al., 

2013). Nitrogen is essential in growth as it is crucial in chlorophyll synthesis, photosynthesis, 

DNA and RNA synthesis, protein synthesis, and enzymatic activity of maize (Liu et al., 2022; 

Ruben, 2024). The role of nitrogen is well documented and considered the most "influential" 

macronutrient for growth and grain yield. Nitrogen fertility management is challenging because 

of nitrification, denitrification, volatilization, and leaching occurring throughout the season 

(Bruns & Ebelhar, 2006; Rahmawati, 2017).  

 

Nitrogen has a significant effect on the macro and micronutrients in the leaf. Nitrogen can 

potentially increase nutrient uptake in general by stimulating root development and enlarging 

plant canopies, thereby increasing photosynthesis and transpiration of the plant (Miner et al., 

2018). Nitrogen sources have a positive influence on the stover N content, but could also have 

a decreasing effect on the stover P content. More specifically, the nitrogen source, calcium 

ammonium nitrate (CAN), produced the highest N and P content compared to nitrogen sources 

such as ammonium nitrate (AN), ammonium sulphate (AS), and urea (Biswas & Ma, 2016). 

This highlight the importance of N sources. 

 

Bojtor et al. (2022) observed no influence of nitrogen source on leaf nutrient content but found 

an increase in nitrogen (N), sulphur (S), magnesium (Mg), calcium (Ca), iron (Fe), and coper 

(Cu) content at nitrogen application rates of 120 and 300 kg N ha -1. Bruns & Ebelhar (2006) 

reported that increased nitrogen rates positively influenced the content of Mn, Zn, and Cu in 

ear leaves. Simultaneously, these authors found that the content of N, potassium (K), Mg, Fe, 

manganese (Mn), Zn, and Cu increased in immature ear samples when nitrogen rates were 

increased. No significant differences in P or Ca content were reported in developing maize 

ears. Davies et al. (2020) reported that N uptake by plants was higher when total nitrogen was 

applied at planting than when it was used in split applications later in the growing season. 
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This study aims to evaluate the effects of different nitrogen sources, application rates, and 

timing of application at various growth stages on the macro- and micronutrient content of two 

maize cultivars (non-prolific and highly prolific) through leaf analysis at the R2 growth stage 

(kernel blister stage) over two consecutive cropping seasons. 

 

4.2 Materials and Methods 

The materials and methods used were described in Chapter 3. 

 

4.3 Results and Discussion 

Analysis of variance indicated that data from the 2022/23 and 2023/24 cropping seasons were 

not homogeneous. This is ascribed to climatic differences between the cropping seasons 

(Table 3.1, Chapter 3). Therefore, the two cropping seasons were analysed separately and 

will be discussed accordingly. 

 

A summary of the analysis of variance evaluating the effects of nitrogen source (NS), 

topdressing application rate (AR), and growth stage (GS) on the production of a non-prolific 

maize cultivar and a prolific maize cultivar is presented in Tables 4.1 and 4.2, respectively. 

Nitrogen source significantly influenced all the elements analysed for the 2022/23 and 2023/24 

growing seasons, except Mn. The amount of nitrogen applied significantly affected the tested 

elements, but not as much as the source. Growth stages also significantly affected the tested 

elements, but only in the 2023/24 season, except for Fe and N:K ratio. 
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ns – not significant; *P≤ 0.05; CV – coefficient of variance 
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Table 4.1 Summary of analysis of variance indicating the effect of treatment factors on R2 leave samples for a non-prolific maize cultivar 
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Table 4.2 Summary of analysis of variance indicating the effect of treatment factors on R2 leave samples for a prolific maize cultivar 

 

ns – not significant; *P≤ 0.05; CV – coefficient of variance 
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4.3.1 Leave analysis 

In this chapter, the influence of nitrogen source, application rate and growth stage on macro 

and micronutrient content at the R2 growth stage will be discussed. 

 

Why use leaf analysis? 

Leaf analysis measures the amount of nutrients a plant has absorbed from the soil, providing 

an alternative method for determining a crop's nutrient status. Nutrient concentration can be 

compared to critical or optimal range norms developed from fertilizer response trials for plants 

at different physiological stages of development and can be used for interpretation and identify 

the most limiting elements that can impact growth (Cornforth & Steele, 1981; Campbell & 

Plank, 2000b). It can also assist in determining nutrient deficiencies in the plant during the 

growing season before they become visible, thereby preventing unnecessary yield losses 

(Jones, 2023). 

 

4.3.1.1 Macronutrient leaf concentration 

4.3.1.1.1 N content 

Non-prolific 

Season 2022/23 

The nitrogen source and application rate significantly affected leaf N content. No significant 

differences in N content were found as a result of the main effects and their interactions during 

the 2023/24 season (Table 4.1). 

 

The maize plants treated with the Greensulf resulted in significantly higher N content (2.97%), 

which was 2.73% higher than that of plants fertilized with the LAN (2.89%) (Figure 4.1). Plants 

treated with a nitrogen topdressing application rate of 40 kg ha-1 resulted in the highest leaf N 

content (3.03%), which was significantly higher than the plants treated with 0 (2.86%) and 20 

(2.91%) kg N ha-1 (Figure 4.2). 
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Figure 4.1 Effect of nitrogen source on the non-prolific cultivar's leaf N content (%) in the 2022/23 season. 

Values with different letters differ significantly. 

 

 

Figure 4.2 Effect of application rate on the non-prolific cultivar's leaf N content (%) in the 2022/23 season. 

Values with different letters differ significantly. 

 

Prolific  

Season 2022/23 

The nitrogen content of the leaves was significantly influenced by the nitrogen application rate 

only (Table 4.2). Plants that received a top dressing of 40 kg N ha-1 produced the highest leaf 

N content (3.18%), which was significantly higher than that of the control plants (0 kg N ha-1) 

(3.04%). The plants that received a top dressing of 20 kg N ha -1 (3.07%) did not differ 

significantly from the other treatments' N content (Figure 4.3). 
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Figure 4.3 Effect of application rate on the prolific cultivar's leaf N content (%) in the 2022/23 season. Values 

with different letters differ significantly. 

 

Season 2023/24 

Leaf N content was significantly influenced by the growth stage at which the topdressing was 

applied (Table 4.2). 

 

When nitrogen was applied at the V4 stage, the leaf N content of plants was lower (3.10%) 

compared to an application at the V9 stage (3.40%) and that of a split application at V4 & V9 

(3.29%). Maize plants fertilized at V9 resulted in a significantly higher (9.23%) leaf N content 

than plants that received the topdressing at V4, with no other significant differences (Figure 

4.4). 

 

 

Figure 4.4 Effect of growth stage on the prolific cultivar's leaf N content (%) in the 2022/23 season. Values 

with different letters differ significantly. 
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Zhang et al. (2022) reported that nitrogen accumulation in the whole plant was significantly 

higher when treated with NO3
- (sodium nitrate fertilizer) under hydroponic conditions compared 

to the NH4
+ nitrogen source (ammonium sulphate fertilizer). Similarly, Biswas & Ma (2016) 

found that the N content of plants was affected by the nitrogen source used. They observed 

that CAN and AN produced a higher leaf N content than plants treated with AS or urea as 

nitrogen sources. These findings align with the results of this study, indicating that nitrogen 

sources have a significant impact on plant N content. Additionally, Bruns & Ebelhar (2006) 

reported that the N content of maize leaves at the R2 growth stage increased with increasing 

N levels up to 224 kg N ha-1, after which there was a decrease in leaf N content. Ray et al. 

(2020) found similar results to those of Bruns & Ebelhar (2006), with leaf N content increasing 

with increased nitrogen rates up to 250 kg N ha-1, followed by a decrease. Ostmeyer et al. 

(2023) observed that grain sorghum produced significantly higher leaf N content when nitrogen 

was applied in three split applications (at planting, GS3 - panicle initiation, and GS5 - booting) 

compared to plants only fertilized with nitrogen at planting, with no significant effects on plants 

fertilized at planting and at the GS3 stage. Although this research was conducted on grain 

sorghum, in this study, the same effect was found with the prolific maize cultivar, where leaf 

N content was significantly higher when fertilized at V9 and with no significant difference when 

nitrogen was applied in a split application at V4 & V9. 

 

4.3.1.1.2 S content 

Non-prolific 

Season 2022/23 

The S leaf content was significantly affected by the nitrogen source and application rate (Table 

4.1). When Greensulf (0.19%) was applied, the plants produced significantly higher S levels 

in the leaves compared to plants that received LAN (0.17%) (Figure 4.5).   

 

Maize fertilized at a topdressing nitrogen rate of 40 kg ha-1 resulted in significantly higher leaf 

S content (0.19%) than plants fertilized at a nitrogen application rate of 0 kg ha-1 (0.17%), with 

no other significant difference between treatments (Figure 4.6). 
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Figure 4.5 Effect of nitrogen source on the non-prolific cultivar's leaf S content (%) in the 2022/23 season. 

Values with different letters differ significantly. 

 

Figure 4.6 Effect of application rate on the non-prolific cultivar's leaf S content (%) in the 2022/23 season. 

Values with different letters differ significantly. 

 

Season 2023/24 

The nitrogen source, growth stage, and the interaction between the nitrogen source and 

growth stage significantly influenced the leaf S content (Table 4.1). 

 

The LAN nitrogen source applied to plants in a split application at V4 & V9 resulted in 

significantly lower leaf S content than the other treatments (Table 4.3). 
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Table 4.3 S leaf content (%) as influenced by the interaction between nitrogen source and growth stage 

applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 0.16a 0.17a 0.17 

V9 0.17a 0.16a 0.16 

V4 & V9 0.16a 0.12b 0.14 

Average 0.16 0.15  

NS LSD (T≤0.05) = 0.01 GS LSD (T≤0.05) = 0.012 NS x GS LSD (T≤0.05) = 0.021  

Values with different letters differ significantly. 

 

Prolific 

Season 2023/24 

Leaf S content was significantly influenced by nitrogen source, growth stage applied, the 

interaction between nitrogen source and growth stage applied, and the interaction between 

application rate and growth stage applied. No significant differences were observed in the 

2022/23 season (Table 4.2). 

 

LAN applied to plants at V4 resulted in significantly higher leaf S content (0.20%) than LAN 

applied at V9 (0.17%), V4 & V9 (0.14%), and Greensulf, which was applied at V4 (0.18%). In 

general, the S content of plants fertilized with LAN later in the growing season was low (Table 

4.4).  

 

Table 4.4 Leaf S content (%) as influenced by the interaction between nitrogen sources and growth stage 

applied on a prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 0.18bc 0.20a 0.19 

V9 0.19ab 0.17c 0.18 

V4 & V9 0.19ab 0.14d 0.17 

Average 0.19 0.17  

NS LSD (T≤0.05) = 0.00655 GS LSD (T≤0.05) = 0.00964  NS x GS LSD (T≤0.05) = 0.01671  

Values with different letters differ significantly. 

 

An application rate of 20 kg N ha-1 at V9 on plants resulted in the highest leaf S content 

(0.191%). It was significantly higher than that of plants receiving an application rate of 0 

(0.156%) and 20 (0.169%) kg N ha-1 in a split application at V4 & V9 (Table 4.5). 

 



43 
 

Table 4.5 Leaf S content (%) as influenced by the interaction between application rate and growth stage 

applied on a prolific cultivar for the 2023/24 season 

Application rate 

(AR) (kg N ha-1) 

Growth stage (GS) 
Average 

V4 V9 V4 & V9 

0 0.19ab 0.19ab 0.16c 0.18 

20 0.19ab 0.19a 0.17bc 0.18 

40 0.19ab 0.17abc 0.17abc 0.18 

Average 0.19 0.18 0.17  

AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = 0.010 AR x GS LSD (T≤0.05) = 0.022  

Values with different letters differ significantly. 

 

In summary, the non-prolific cultivar showed a significant increase (11.11% higher) in leaf S 

content when the Greensulf source was applied compared to the LAN source. A 40 kg N ha -1 

application rate resulted in the highest leaf S content for the non-prolific cultivar during the 

2022/23 season. In the 2023/24 season, applying LAN at V4 & V9 resulted in significantly 

lower leaf S content in plants compared to other treatments. The prolific cultivar responded 

best to a LAN application at V4, resulting in the highest leaf S content (0.20%). An application 

rate of 20 kg N ha-1 at V9 resulted in plants' highest leaf S content in the 2023/24 season. 

 

Coetzee et al. (2017) found a significant response to nitrogen sources on plant nutrient 

concentrations. They reported that plants fertilized with a urea nitrogen source produced a 

higher leaf S content (1.94 g kg-1) than those fertilized with LAN (1.74 g kg-1) as nitrogen 

source. These findings emphasize the importance of selecting the correct N source. 

 

Ciampitti et al. (2013) reported that leaf S content was affected by nitrogen application rate, 

with an increasing effect in S content from 112 (0.17 g m-2) to 224 kg N ha-1 (0.20 g m-2) 

compared to the control of 0 kg N ha-1 (0.10 g m-2). Parsley et al. (2019) observed that a 

nitrogen rate higher than 0 kg ha-1 led to an increase in maize stover S content up to 90 kg 

ha-1, with no significant differences between the nitrogen rates. In this study, it was also found 

that nitrogen application rates affected the leaf S content of maize plants, with a nitrogen 

topdressing of 40 kg ha-1 for the non-prolific cultivar (0.19%) and 20 kg ha-1 for the prolific 

cultivar (0.182%), resulting in the highest leaf S content. 
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4.3.1.1.3 P content 

Non-prolific 

Season 2022/23 

Only nitrogen source and application rate significantly affected the leaf P content (Table 4.1). 

 

The plants fertilized with the Greensulf showed a significantly higher leaf P content (0.28%) 

compared to plants fertilized with LAN (0.26%) (Figure 4.7). Plants that received an application 

rate of 40 kg N ha-1 (0.28%) produced a significantly higher leaf P content than those with a 0 

kg N ha-1 (0.26%) application rate, with no significant differences compared to 20 kg N ha-1 

(0.27%) treated plants (Figure 4.8). 

 

Season 2023/24 

The leaf P content was significantly influenced by the growth stage at which the topdressing 

was applied and the interaction of the nitrogen source and growth stage (Table 4.1). 

 

The LAN source applied to plants in a split application at V4 & V9 had a significantly lower leaf 

P content than the rest of the growth stage applications. Greensulf applied at V9 and LAN 

applied at V4, resulted in the highest leaf P content (0.24%) for both sources on treated plants 

(Table 4.6). 

 

 

Figure 4.7 Effect of nitrogen source on the non-prolific cultivar's leaf P content (%) in the 2022/23 season. 

Values with different letters differ significantly. 
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Figure 4.8 Effect of nitrogen application rate on the non-prolific cultivar's leaf P content (%) in the 2022/23 

season. Values with different letters differ significantly. 

 

Table 4.6 Leaf P content (%) as influenced by the interaction between nitrogen sources and growth stage 

applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) Average 

Greensulf LAN  

V4 0.23a 0.24a 0.24 

V9 0.24a 0.23a 0.24 

V4 & V9 0.23a 0.20b 0.22 

Average 0.23 0.22  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = 0.015 NS x GS LSD (T≤0.05) = 0.026  

Values with different letters differ significantly. 

 

Prolific 

Season 2023/24 

The leaf P content was significantly affected by the interaction between the nitrogen source 

and growth stage (Table 4.2). The maize plants that received LAN at the V4 stage (0.26%) 

and Greensulf at the V9 stage (0.25%) produced a significantly higher leaf P content (0.25- 

0.26%) than plants that received LAN in a split application at the V4 & V9 stages (0.23%). 

There was no other significant difference between treatment combinations (Table 4.7). 
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Table 4.7 Leaf P content (%) as influenced by the interaction between nitrogen sources and growth stage 

applied on a prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 0.24b 0.26a 0.25 

V9 0.25ab 0.24b 0.25 

V4 & V9 0.25ab 0.23bc 0.24 

Average 0.24 0.24  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 0.014  

Values with different letters differ significantly. 

 

Ewais et al. (2009) observed that nitrogen sources influenced maize leaf P content when 

combining ammonium sulphate (AS) and compost. This produced the highest leaf P content 

(0.236%) compared to using AS (0.226%) or compost (0.201%). Siam et al. (2008) reported 

that ammonia gas-treated plants had a higher leaf P content (0.288%) than plants treated with 

urea (0.196%) and AS (0.209%). This study agrees with the observations of these authors, 

where it was found that the non-prolific cultivar plants fertilized with Greensulf nitrogen source 

produced a 7.41% higher leaf P content, than plants fertilized with LAN, as well as some of 

the interactions between nitrogen source and growth stage on the prolific cultivar.  

 

Burns & Ebelhar (2006) reported that nitrogen application rates influenced ear leaf P content, 

with the highest P content at an application rate of 224 kg N ha-1 (2.0 mg g-1) and the lowest 

P content at a rate of 134 kg N ha-1 (1.8 mg g-1), but with no significant differences between 

nitrogen application rates. Liu et al. (2022) also reported an increase in leaf P content with 

increasing nitrogen rates from 100 (0.163 mg plant-1) to 200 (0.174 mg plant-1) kg ha-1, followed 

by a decrease at a rate of 300 kg ha-1 (0.165 mg plant-1). This study also resulted in increasing 

leaf P content as nitrogen rates increased, but with significant effects, where a nitrogen 

topdressing of 40 kg ha-1 (total N of 146 kg ha-1) with 0.28% P content was significantly higher 

than no nitrogen topdressing (total N of 106 kg ha-1) with 0.26% P content.  

 

4.3.1.1.4 K content 

Non-prolific 

Season 2022/23 

Only the nitrogen source significantly affected the K leaf content (Table 4.1). The plants 

fertilized with the Greensulf produced a significantly higher leaf K content (1.79%) compared 

to the plants fertilized with the LAN source (1.71%) (Figure 4.9). 
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Season 2023/24 

Nitrogen source, growth stage, and the interaction between the nitrogen source and growth 

stage significantly influenced the leaf K content (Table 4.1). The LAN source applied to plants 

in a split application at V4 & V9 resulted in a significantly lower leaf K content than plants 

subjected to all other treatment combinations (Table 4.8). 

 

Prolific 

Season 2023/24 

The nitrogen source, growth stage, interaction between nitrogen source and application rate, 

as well as the interaction between nitrogen source and growth stage, significantly influenced 

the plants' leaf K content.  

 

The plants fertilized with Greensulf as a topdressing at 0, 20, and 40 kg N ha -1 resulted in 

significantly higher leaf K content (1.61%, 1.64%, and 1.68%) compared to plants fertilized 

with LAN at a rate of 40 kg N ha-1 (1.47%). No other significant differences in K content were 

found (Table 4.9).  

 

Figure 4.9 Effect of nitrogen source on the non-prolific cultivar's leaf K content (%) in the 2022/23 season. 

Values with different letters differ significantly. 
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Table 4.8 Leaf K content (%) as influenced by the interaction between nitrogen sources and growth stage 

applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 1.90a 1.87a 1.89 

V9 1.84a 1.87a 1.85 

V4 & V9 1.91a 1.61b 1.76 

Average 1.88 1.78  

NS LSD (T≤0.05) = 0.07249 GS LSD (T≤0.05) = 0.107 NS x GS LSD (T≤0.05) = 0.185  

Values with different letters differ significantly. 

 

Table 4.9 Leaf K content (%) as influenced by the interaction between nitrogen sources and application 

rate on a prolific cultivar for the 2023/24 season 

Application rate (AR) 

(kg N ha-1) 

Sources (NS) 
Average 

Greensulf LAN 

0 1.61a 1.58ab 1.59 

20 1.64a 1.55ab 1.60 

40 1.68a 1.47b 1.57 

Average 1.64 1.53  

NS LSD (T≤0.05) = 0.05397 AR LSD (T≤0.05) = ns NS x AR LSD (T≤0.05) = 0.138  

Values with different letters differ significantly. 

 

Plants fertilized with Greensulf at V4, V9, V4 & V9 and LAN at V4 (1.67%, 1.61%, 1.65% and 

1.70%) resulted in significantly greater leaf K content, than LAN in a split application at V4 & 

V9 (1.36%). Furthermore, plants fertilized with LAN at V4 had a significantly higher leaf K 

content than plants that received LAN at V9 (1.54%) (Table 4.10).  

 

This study clearly shows that the nitrogen source influenced the leaf K content, with plants 

receiving Greensulf producing a 4.57% greater leaf K content than those receiving LAN for 

the non-prolific cultivar. The prolific cultivar also exhibited improved K content when using 

Greensulf as a nitrogen source. The conclusion that different N sources affect the K content 

of plant organs is supported by Siam et al. (2008), who reported that plants receiving ammonia 

gas as a nitrogen source resulted in a higher leaf K content (2.075%) than those that received 

urea (1.835%) or AS (1.965%) as nitrogen source. Ewais et al. (2009) also reported that 

nitrogen source influenced leaf K content, which was higher when AS and compost were 
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applied in a combination (0.350%) to plants than to plants that only received AS (0.327%) or 

compost (0.311%) separately.  

 

Table 4.10 Leaf K content (%) as influenced by the interaction between nitrogen sources and growth stage 

applied on a prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 1.67ab 1.70a 1.68 

V9 1.61ab 1.54b 1.58 

V4 & V9 1.65ab 1.36c 1.50 

Average 1.64 1.53  

NS LSD (T≤0.05) = 0.05397 GS LSD (T≤0.05) = 0.079 NS x GS LSD (T≤0.05) = 0.097   

Values with different letters differ significantly. 

 

Bruns & Ebelhar (2006) reported that nitrogen rate influenced leaf K content, with increasing 

leaf K content as nitrogen rates increased from 134 kg ha-1 (16.8 mg g-1) to 269 kg ha-1 (17.3 

mg g-1), followed by a decrease when 314 kg ha-1 (16.7 mg g-1) was reached. Liu et al. (2022) 

discovered that leaf K content increased with increased nitrogen rates from 100 (1.54 mg 

plant-1) to 200 kg ha-1 (1.67 mg plant-1), but a further increase led to a decrease when 300 kg 

ha--1 (1.61 mg plant-1) was applied. This study also found that nitrogen rates affected the leaf 

K content of the prolific cultivar. 

 

4.3.1.1.5 Ca content 

Non-prolific 

Season 2022/23 

Only the interaction between nitrogen source and application rate significantly influenced the 

leaf Ca content (Table 4.1). 

 

Notably, although the analysis of variance indicated a significant interaction between nitrogen 

source and application rate for Ca content, no significant differences were found following the 

Tukey least significant difference test calculation. This indicates a strong tendency towards 

significance (Table 4.11).  

 



50 
 

 

Season 2023/24 

The Ca leaf content was significantly influenced by the nitrogen source used (Table 4.1). The 

plants that received Greensulf (1.64%) had a significantly higher (7.2% increase) leaf Ca 

content compared to plants that received LAN as a nitrogen source (1.53%) (Figure 4.10). 

 

Table 4.11 Leaf Ca content (%) as influenced by the interaction between nitrogen sources and application 

rate on a non-prolific cultivar for the 2022/23 season 

Application rate (AR) 

(kg N ha-1) 

Sources (NS) 
Average 

Greensulf LAN 

0 0.48a 0.44a 0.46 

20 0.44a 0.46a 0.45 

40 0.46a 0.45a 0.46 

Average 0.46 0.45  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns NS x AR LSD (T≤0.05) = 0.062   

Values with different letters differ significantly. 

 

 

Figure 4.10 Effect of nitrogen source on the non-prolific cultivar's leaf Ca content (%) in the 2022/23 season. 

Values with different letters differ significantly. 

 

Prolific 

Season 2022/23 

Only the application rate significantly affected the Ca leaf content of the plants (Table 4.2). An 

application rate of 0 (0.41%) and 40 (0.41%) kg N ha-1 resulted in a significantly higher leaf 

Ca content than plants that received an application rate of 20 kg N ha-1 (0.37%) (Figure 4.11).  
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Figure 4.11 Effect of application rate on the prolific cultivar's leaf Ca content (%) in the 2022/23 season. 

Values with different letters differ significantly. 

 

Season 2023/24 

Leaf Ca content was only significantly influenced by the interaction between the nitrogen 

source and growth stage (Table 4.2). Plants fertilized with Greensulf at V9 and LAN in a split 

application at V4 & V9 resulted in a significantly higher leaf Ca content (0.51%) than those 

fertilized with Greensulf at V4 (0.45%) (Table 4.12). 

 

Table 4.12 Leaf Ca content (%) as influenced by the interaction between nitrogen sources and growth stage 

applied on a prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 0.45b 0.48ab 0.47 

V9 0.51a 0.46ab 0.49 

V4 & V9 0.47ab 0.51a 0.49 

Average 0.48 0.48  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 0.053  

Values with different letters differ significantly. 

 

Overall, the non-prolific cultivar appeared to produce the highest leaf Ca content in the 

Greensulf control plants in the 2022/23 season. In the 2023/24 season, plants fertilized with 

Greensulf produced 6.94% higher Ca content in the leaves than plants fertilized with LAN. The 

prolific cultivar produced the highest leaf Ca content when plants were fertilized at a rate of 0 

kg N ha-1 (0.41%). When Greensulf was applied at V9 and LAN in a split application at V4 & 

V9, plants produced the highest leaf Ca content. 
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Nitrogen source had an effect on the leaf Ca content, and it was found that plants treated with 

Greensulf produced a higher Ca content compared to those treated with LAN. Once more, 

nitrogen sources affected nutrient content in plant tissue. This concurs with the findings of 

Coetzee et al. (2017), where plants fertilized with LAN yielded a higher Ca content than those 

fertilized with urea.  

 

Bruns & Ebelhar (2006) did not find any significant differences in leaf Ca content at different 

nitrogen rates from 134 to 314 kg ha-1, all producing 2.8 mg g-1, except for an application rate 

of 179 kg ha-1, which resulted in 2.9 mg g-1 of Ca in the ear leaves of plants. This finding aligns 

with the results found for the non-prolific cultivar, with no significant effects between nitrogen 

rates on the leaf Ca content of plants. Liu et al. (2022) reported that nitrogen application rates 

significantly influenced the Ca content in maize sap. When plants were fertilized with 100 kg 

N ha-1 (0.32 mg plant-1), a significantly higher Ca content was found than that of plants fertilized 

with 200 kg N ha-1 (0.3 mg plant-1).  

 

4.3.1.1.6 Mg content 

Non-prolific 

Season 2022/23 

Only the nitrogen source significantly influenced the leaf Mg content (Table 4.1). The 

application of Greensulf (0.16%) to plants resulted in a significantly higher leaf Mg content 

than the application of LAN (0.15%) (Figure 4.12). 

 

Prolific 

Season 2022/23 

Only the application rate significantly affected the Mg leaf content (Table 4.2). A topdressing 

application of 40 kg N ha-1 (0.144%) resulted in a significantly higher leaf Mg content than a 

20 kg N ha-1 (0.131%) application on plants. No significant effects were observed between the 

0 kg N ha-1 (0.141%) application and the other treatments (Figure 4.13). 
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Figure 4.12 Effect of nitrogen source on the non-prolific cultivar's leaf Mg content (%) in the 2022/23 

season. Values with different letters differ significantly. 

 

 

Figure 4.13 Effect of application rate on the prolific cultivar's leaf Mg content (%) in the 2022/23 season. 

Values with different letters differ significantly. 

 

The non-prolific cultivar fertilized with Greensulf had the highest leaf Mg content (0.16%). 

Coetzee et al. (2017) reported that the Mg concentration in maize plants was greater when 

urea was used as a nitrogen source than when LAN was used, indicating that the nitrogen 

source may affect the Mg uptake of maize plants. The prolific cultivar produced the highest 

leaf Mg content when a topdressing application rate of 40 kg N ha -1 (total of 146 kg N ha-1) 

(0.144%) was applied to plants. Liu et al. (2022) also reported that nitrogen application rates 

influenced the leaf Mg content. The authors found that the highest Mg content was found in 

plants that were fertilized at a rate of 200 kg N ha-1 (0.167 mg plant-1) and that those fertilized 

at 100 kg ha-1 (0.154 mg plant-1) were significantly lower. Burns & Ebelhar (2006) reported no 
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and 314 kg N ha-1), with all producing 1.6 mg kg-1 Mg content in the ear leaves, which is in 

contrast with the results of this study. Having said that, no significant difference in Mg content 

was observed between a topdressing application rate of 0 and 40 kg ha-1, which concurs with 

the findings of Bruns & Ebelhar (2006).  

 

4.3.1.2 Micronutrient leaf concentration 

4.3.1.2.1 Cu content 

Non-prolific 

Season 2022/23 

The leaf Cu content was significantly affected by the nitrogen source, application rate, and 

growth stage (Table 4.1). 

 

Plants fertilized with LAN (11.72 mg kg-1) resulted in a significantly higher leaf Cu content than 

plants that received Greensulf (8.83 mg kg-1) as a nitrogen source (Figure 4.14). Applying 40 

kg N ha-1 (10.96 mg kg-1) to plants resulted in a significantly higher leaf Cu content than 

applying 0 kg N ha-1 (9.58 mg kg-1). Furthermore, no significant differences were found 

between plants applied with a 20 kg N ha-1 (10.29 mg kg-1) and the other treatments (Figure 

4.15). This is a near-linear increase in Cu content with incremental topdressing increases. 

 

 

Figure 4.14 Effect of nitrogen source on the non-prolific cultivar's leaf Cu content (mg kg-1) in the 2022/23 

season. Values with different letters differ significantly. 

 

8.83 b

11.72 a

0

2

4

6

8

10

12

14

Greensulf LAN

L
e
a
f 

C
u

 c
o

n
te

n
t 

(m
g

 k
g

-1
) 

Nitrogen source (NS) 

NS LSD(T≤0.05) = 0.683



55 
 

 

Figure 4.15 Effect of application rate on the non-prolific cultivar's leaf Cu content (mg kg-1) in the 2022/23 

season. Values with different letters differ significantly. 

 

Notably, although the analysis of variance indicated a significant interaction effect between 

nitrogen source and application rate for Cu content, no significant differences were found 

following the Tukey least significant difference test calculation. This indicates a strong 

tendency towards significance (Figure 4.16). 

 

 

Figure 4.16 Effect of growth stage on the non-prolific cultivar's leaf Cu content (mg kg-1) in the 2022/23 

season. Values with different letters differ significantly. 

 

Season 2023/24 

Leaf Cu content was significantly influenced by the nitrogen source and the interaction 

between the nitrogen source and the growth stage applied (Table 4.1). 
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When Greensulf was applied to plants at V9 (13.83 mg kg-1), in a split application at V4 & V9 

(13.42 mg kg-1), and when LAN was applied at V4 (13.08 mg kg-1), it resulted in a significantly 

higher leaf Cu content than that of plants fertilized with LAN in a split application at V4 & V9 

(10.17 mg kg-1). There were no further significant differences between treatment means (Table 

4.13). 

 

Table 4.13 Leaf Cu content (mg kg-1) as influenced by the interaction between nitrogen sources and growth 

stage applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 12.58 ab 13.08 a 12.83 

V9 13.83 a 12.17 ab 13.00 

V4 & V9 13.42 a 10.17 b 11.79 

Average 13.28 11.81  

NS LSD (T≤0.05) = 0.949 GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 2.420  

Values with different letters differ significantly. 

 

Prolific 

Only the nitrogen application rate significantly affected the leaf Cu content in the 2022/23 

season. No significant differences were observed in the main effects or interactions during the 

2023/24 season (Table 4.2). 

 

When the plants were fertilized with a topdressing of 40 kg N ha-1, it resulted in significantly 

higher leaf Cu content (11.50 mg kg-1) than plants fertilized at a rate of 0 and 20 kg N ha-1 

(10.58 and 10.63 mg kg-1) (Figure 4.17). 

 

To summarise, the LAN source produced a significantly higher leaf Cu content of 28.13% than 

plants receiving the Greensulf source on the non-prolific cultivar in the 2022/23 season. A 40 

kg N ha-1 (10.96 mg kg-1) application rate produced the highest leaf Cu content in treated 

plants. Applying a nitrogen source at V9 (10.63 mg kg-1) on plants yielded the highest leaf Cu 

content. In general, when LAN was applied at V4 and Greensulf at V9 or at both V4 & V9, it 

increased the Cu nutrient content. 
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Figure 4.17 Effect of application rate on the prolific cultivar's leaf Cu content (mg kg-1) in the 2022/23 

season. Values with different letters differ significantly. 

 

Barunawati et al. (2013) observed no significant differences in leaf Cu content on wheat flag 

leaves when ammonium nitrate and urea were used as nitrogen sources. Therefore, the N 

source does not matter. This finding contrasts with the results of this study, where Greensulf 

and LAN sources had a significant effect on maize leaf content. Barunawati et al. (2013) also 

did not find significant effects on flag leaf Cu content on the application timing (total nitrogen 

at planting or anthesis (EC65) stage). These findings are in contrast to the results of this study, 

where it was observed that the nitrogen source and growth stage had a significant effect on 

leaf Cu content. However, this study was done on maize plants, not wheat, which could affect 

the results. Wierzbowska et al. (2021) reported that different nitrogen sources significantly 

influenced the Cu content in maize straw, which concurred with the findings of this research. 

These authors found that plants fertilized with ammonium nitrate (AN)/urea (5.06 mg kg-1) and 

UAN/urea (5.01 mg kg-1) sources were significantly higher in Cu content than those fertilized 

with UAN before planting & UAN at V6 (4.39 mg kg-1), UAN+S before planting & UAN+Mg at 

V6 (4.65 mg kg-1), UAN+P before planting & UAN+P at V6 (4.42 mg kg-1), UAN+P before 

planting & UAN+S at V6 (4.65 mg kg-1) and UAN+P before planting & UAN+Mg at V6 (3.93 

mg kg-1) sources in straw Cu content. This research agrees with the results found on the 

reaction of the non-prolific cultivar to nitrogen sources. Losak et al. (2011) found no effect of 

nitrogen rates on leaf Cu content when nitrogen was applied at 0, 120, and 240 kg ha -1 (split 

into 120 kg before planting and 120 kg at V5). These results contrast with results found in this 

study, where an application of 146 kg N ha-1 (40 kg N ha-1 topdressing) on plants resulted in 

a significantly higher leaf Cu content than the other treatments. Liu et al. (2022) results agree 

with this study's results, which found those plants fertilized with an application rate of 300 kg 
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N ha-1 produced a higher leaf Cu content (0.071 µg plant-1) than those treated with a 100 

(0.069 µg plant-1) and 200 (0.063 µg plant-1) kg N ha-1. 

 

4.3.1.2.2 Mn content 

Only the non-prolific cultivar was significantly affected by the growth stage and the interaction 

between the nitrogen source and growth stage during the 2023/24 season (Table 4.1). Plants 

treated with Greensulf at V4 (188.67 mg kg-1) showed a significantly higher leaf Mn content 

compared to those treated with a split application at V4 & V9 (107.92 mg kg-1), with no 

significant differences among the other treatments (Table 4.14).  

 

Wierzbowska et al. (2021) reported that Mn content was significantly higher in plant straw 

when it was fertilized with the nitrogen source ammonium nitrate/urea (105 mg kg-1) and the 

lowest when fertilized with UAN+S/UAN+Mg (25.77 mg kg-1). They concluded that nitrogen 

fertilization generally increased the straw Mn content of plants and that different solid nitrogen 

fertilizers influenced the straw Mn content. Siam et al. (2008) reported that plants fertilized 

with ammonium sulphate produced a higher Mn content (60 mg kg-1) than those fertilized with 

ammonium gas (56.75 mg kg-1) and urea (53.75 mg kg-1). These findings align with this study, 

which also observed that different nitrogen sources affect leaf Mn content, although their 

research tested plant straw rather than leaves at the R2 growth stage. 

 

Table 4.14 Leaf Mn content (mg kg-1) as influenced by the interaction between nitrogen sources and growth 

stage applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 188.67 a 148.50 ab 168.58 

V9 135.08 ab 143.83 ab 139.46 

V4 & V9 107.92 b 161.08 ab 134.50 

Average 143.89 151.14  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = 33.39 NS x GS LSD (T≤0.05) = 57.87  

Values with different letters differ significantly. 

 

4.3.1.2.3 Zn content 

Non-prolific 

Season 2022/23 

The leaf Zn content was significantly affected by the nitrogen source and application rate 

(Table 4.1). The plants that received Greensulf (37.08 mg kg-1) as a nitrogen source resulted 
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in a significantly higher leaf Zn content than those that received LAN (33.81 mg kg -1) (Figure 

4.18).  

 

 

Figure 4.18 Effect of nitrogen source on the non-prolific cultivar's leaf Zn content (mg kg-1) in the 2022/23 

season. Values with different letters differ significantly. 

 

A 40 kg N ha-1 topdressing on maize plants resulted in a significantly higher leaf Zn content 

(36.92 mg kg-1) than that of the 0 kg N ha-1 (34.25 mg kg-1), with no significant differences 

between a topdressing of 20 kg N ha-1 (35.17 mg kg-1) and the aforementioned topdressing 

applications (Figure 4.19). Once more, a near-linear increase in Zn content was observed, 

along with an increase in N topdressing application rates. 

 

 

Figure 4.19 Effect of application rate on the non-prolific cultivar's leaf Zn content (mg kg-1) in the 2022/23 

season. Values with different letters differ significantly. 
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It was reported by Wierzbowska et al. (2021) that different nitrogen sources affected the Zn 

content of maize straw. They found that plants fertilized with ammonium nitrate/urea (26.85 

mg kg-1) had a significantly higher Zn straw content than the control (13.53 mg kg -1) and 

UAN+S/UAN+Mg (16.06 mg kg-1). Siam et al. (2008) also reported that ammonium sulphate 

produced the highest Zn content (60 mg kg-1), followed by ammonium gas (56.75 mg kg-1) and 

urea (53.75 mg kg-1) in decreasing order. These observations support the result found in this 

study, where plants fertilized with Greensulf produced a 9.23% higher Zn leaf content than 

plants fertilized with LAN.  

 

Siam et al. (2008) also reported that the ear leaf, Zn content decreased with an increasing 

nitrogen rate, with the control (0 kg N ha-1) producing the highest Zn content (30 mg kg-1) 

followed by 100 (26.3 mg kg-1), 120 (22.7 mg kg-1) and 140 (18.33 mg kg-1) kg N ha-1 in 

decreasing order. This finding is in contrast to the results found by Burns & Ebelhar (2006), 

who reported that leaf Zn content increased with a rate of 134 (22.0 mg kg -1) to 269 (27.1 mg 

kg-1) kg ha-1 with a decrease with a further increase in nitrogen rates (314 kg ha-1 with 26.1 

mg kg-1). The results obtained by Bruns & Ebelhar (2006) agree with those found in this study, 

which showed an increase in leaf Zn content as nitrogen rates increased. 

 

Season 2023/24 

There were no significant differences under the main factors, only in the three-way interaction, 

which will not be discussed (Table 4.1). 

 

4.3.1.2.4 Fe content 

Non-prolific 

Season 2022/23 

The Fe content in the leaf was significantly influenced by the nitrogen source, growth stage, 

the interaction between nitrogen source and growth stage, and the interaction between 

application rate and growth stage (Table 4.1). When plants received LAN in a split application 

at V4 & V9, their leaf Fe content (196.5 mg kg-1) tested significantly higher than the other 

treatment combinations (Table 4.15).  
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Table 4.15 Leaf Fe content (mg kg-1) as influenced by the interaction between nitrogen sources and growth 

stage applied on a non-prolific cultivar for the 2022/23 season 

Growth stages (GS) 
Sources (NS) 

Average 
Greensulf LAN 

V4 79.25b 90.75b 85.00 

V9 92.83b 93.50b 93.17 

V4 & V9 84.83b 196.50a 140.67 

Average 85.64 126.92  

NS LSD (T≤0.05) = 29.64 GS LSD (T≤0.05) = 43.63 NS x GS LSD (T≤0.05) = 75.61  

Values with different letters differ significantly. 

 

An application rate of 40 kg N ha-1 in a split application at V4 & V9 (207.88 mg kg-1) treated 

plants resulted in significantly greater leaf Fe content than the other treatment combinations, 

except for a 0 kg N ha-1 at V4 & V9 (120.38 kg mg-1) (Table 4.16). 

 

Table 4.16 Leaf Fe content (mg kg-1) as influenced by the interaction between application rate and growth 

stage applied on a prolific cultivar for the 2022/23 season 

Application rate 

(AR) (kg N ha-1) 

Growth stage (GS) 
Average 

V4 V9 V4 & V9 

0 86.13b 98.00b 120.38ab 101.50 

20 79.50b 96.50b 93.75b 89.92 

40 89.38b 85.00b 207.88a 127.42 

Average 85.00 93.17 140.67  

AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = 43.63 AR x GS LSD (T≤0.05) = 101.2 

Values with different letters differ significantly. 

 

Season 2023/24 

The nitrogen source and growth stage significantly influenced the leaf Fe content (Table 4.1). 

The plants fertilized with Greensulf (82.67 mg kg-1) produced a significantly higher (5.33%) 

leaf Fe content than plants fertilized with LAN (78.22 mg kg-1) (Figure 4.20). Plants that 

received nitrogen topdressing at V4 (85.46 mg kg-1) resulted in significantly higher leaf Fe 

content than those in a split application at V4 & V9 (75.25 mg kg -1), with no significant 

difference between plants top dressed at V9 (80.63 mg kg-1) and the other growth stages 

(Figure 4.21). 
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Figure 4.20 Effect of nitrogen source on the non-prolific cultivar's leaf Fe content (mg kg-1) in the 2023/24 

season. Values with different letters differ significantly. 

 

 

Figure 4.21 Effect of growth stage on the non-prolific cultivar's leaf Fe content (mg kg-1) in the 2023/24 

season. Values with different letters differ significantly. 

 

Wierzbowska et al. (2021) reported that plants fertilized with ammonium nitrate/urea resulted 

in the highest straw Fe content (168.81 mg kg-1), and plants fertilized with UAN+P/UAN+Mg 

resulted in the lowest straw Fe content (72.88 mg kg-1). Siam et al. (2008) found that neither 

the nitrogen source nor the nitrogen rate affected the leaf Fe content of fertilised plants. They 

reported that plants that did not receive any nitrogen had the highest leaf Fe content compared 

to plants that did receive nitrogen. This finding contrasts with the results of Wierzboska et al. 

(2021) and this study. Barunawati et al. (2013) observed differences in leaf Fe content in wheat 

flag leaves when ammonium nitrate and urea were used as nitrogen sources, and when 

nitrogen was applied at planting or anthesis. However, they found no significant differences 

resulting from these treatments. Although this was conducted on wheat, the results may still 
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be relevant to maize, as both are members of the grass family and are cereal grains. This 

observation, however, contrasts with the results of this study. The nitrogen source and growth 

stage applied significantly affected the leaf Fe content. 

 

4.3.1.2.5 B content 

Non-prolific 

Nitrogen source and the interaction between application rate and growth stage significantly 

affected the leaf B content in the 2022/23 season. No significant effects were found as a result 

of the main effects or their interactions on the leaf B content in the 2023/24 season (Table 

4.1). 

 

The plants that received Greensulf as a nitrogen source had a significantly higher leaf B 

content (16.81 mg kg-1) than those of plants that received LAN (13.97 mg kg-1) as a nitrogen 

source (Figure 4.22).  

 

 

Figure 4.22 Effect of nitrogen source on the non-prolific cultivar's leaf B content (mg kg-1) in the 2022/23 

season. Values with different letters differ significantly. 

 

It is noteworthy that although the analysis of variance indicated a significant interaction effect 

between application rate and growth stage for B content, no significant differences were found 

following the Tukey least significant difference test calculation. This suggests a strong 

tendency towards significance. The highest leaf B content was produced with plants fertilized 

with a topdressing rate of 40 kg N ha-1 (15.67 mg kg-1) and when nitrogen was applied on the 

V4 growth stage (16.08 mg kg-1) (Table 4.17). 
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Prolific 

The leaf B content was significantly influenced by nitrogen source, growth stage, and the 

interaction between application rate and growth stage in the 2022/23 season. There were no 

significant effects in the 2023/24 season on the leaf B content (Table 4.2). The leaf B content 

of plants was significantly higher (12.25 mg kg-1) when Greensulf was used compared to LAN 

(7.00 mg kg-1) in the 2022/23 season (Figure 4.23). 

 

Table 4.17 Leaf B content (mg kg-1) as influenced by the interaction between application rate and growth 

stage applied on a non-prolific cultivar for the 2022/23 season 

Application rate 

(AR) (kg N ha-1) 

Growth stage (GS) 
Average 

V4 V9 V4 & V9 

0 15.38a 17.00a 14.38a 15.58 

20 14.75a 15.50a 14.50a 14.92 

40 18.13a 13.63a 15.25a 15.67 

Average 16.08 15.38 14.71  

AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = 4.736 

Values with different letters differ significantly. 

 

 

Figure 4.23 Effect of nitrogen source on the prolific cultivar's leaf B content (mg kg-1) in the 2022/23 season. 

Values with different letters differ significantly. 

 

Plants fertilized at a rate of 40 kg N ha-1 at the V9 growth stage produced a significantly higher 

leaf B content (15.25 mg kg-1) than those fertilized at 40 kg N ha-1 at V4 (6.63 mg kg-1) and 20 

kg N ha-1 as a split application at V4 & V9 (6.63 mg kg-1), with no further significant differences 

in leaf B content of the remaining treatment combinations (Table 4.18). 
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Table 4.18 Leaf B content (mg kg-1) as influenced by the interaction between application rate and growth 

stage applied on a prolific cultivar for the 2022/23 season 

Application rate 

(AR) (kg N ha-1) 

Growth stage (GS) 
Average 

V4 V9 V4 & V9 

0 11.75ab 8.63ab 9.00ab 9.79 

20 8.13ab 12.75ab 6.63b 9.17 

40 6.63b 15.25a 7.88ab 9.92 

Average 8.83 12.21 7.83  

AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = 3.578 AR x GS LSD (T≤0.05) = 8.303 

Values with different letters differ significantly. 

 

Both non-prolific and prolific cultivar plants had significantly higher leaf B content when treated 

with Greensulf as a nitrogen source. The highest leaf B content was obtained at a nitrogen 

rate of 40 kg ha-1 for both cultivars, but at different growth stages (V4 for non-prolific and V9 

for prolific cultivars). 

 

Coetzee et al. (2017) reported that no significant effect was found on different nitrogen sources 

(urea and LAN) on the concentration of maize plant B. This finding contradicts the results 

found in this study. Wierzbowska et al. (2021) reported that the nitrogen source applied to 

maize plants significantly affected the straw B content. They noted that plants fertilized with 

ammonium nitrate/urea produced significantly higher straw B content (4.87 mg kg-1) than 

plants fertilized with UAN+P/UAN+Mg (4.02 mg kg-1). These results are consistent with those 

found in this study, indicating that nitrogen sources have a significant effect on the leaf B 

content of plants. Hamnér et al. (2017) found a positive correlation coefficient between the 

nitrogen rate applied and wheat leaf B content at stem elongation (ZS37) (0.904), flowering 

(ZS65) (0.992), and grain (0.045). Although it was conducted on wheat, a similar effect could 

also be observed in this study, where leaf B content was influenced by the nitrogen application 

rate and growth stage applied. 

 

4.3.1.3 Nutrient leaf ratio 

4.3.1.3.1 N:S ratio 

Non-prolific 

Season 2022/23 

The leaf N:S ratio was significantly affected by the nitrogen source and the interactions 

between the nitrogen source and the application rate and growth stage (a three-factor 

interaction will not be discussed) (Table 4.1). The plants that were fertilized with LAN resulted 
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in a significantly higher leaf N:S ratio (16.97:1) than those fertilized with Greensulf (15.93:1) 

(Figure 4.24). 

 

 

Figure 4.24 Effect of nitrogen source on the non-prolific cultivar's leaf N:S ratio in the 2022/23 season. 

Values with different letters differ significantly. 

 

Season 2023/24 

The leaf N:S ratio was significantly influenced by nitrogen source, growth stage, the interaction 

between nitrogen source and growth stage, and the interaction between application rate and 

growth stage (Table 4.1). 

 

Applying LAN as a nitrogen source to plants in a split application at the V4 & V9 growth stages 

resulted in a significantly higher leaf N:S ratio (22.70:1) than that of plants in all other 

interaction combinations (Table 4.19). The 0 kg N ha-1 at V4 & V9 treated plants (20.79:1) 

were significantly higher in leaf N:S ratio than the rest of the interaction combinations, except 

for an application rate of 20 (19.21:1) and 40 (18.92:1) kg N ha-1 applied in a split application 

at V4 & V9. The 20 and 40 kg N ha-1 treatments applied in a split application at V4 & V9 were 

significantly higher in leaf N:S ratio than all other interaction treatments except for an 

application rate of 40 kg N ha-1 at V9 (17.83:1) (Table 4.20). 

 

Prolific 

There were no significant differences between the main effects or their interactions in the 

2022/23 season on the leaf N:S ratio. The nitrogen source, growth stage, and the interaction 

between nitrogen source and growth stage significantly influence the leaf N:S ratio in the 

2023/24 season (Table 4.2). 
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The plants fertilized with LAN in a split application at V4 & V9 delivered significantly the highest 

leaf N:S ratio (23.89:1) than all interaction combinations. Plants treated with LAN only at the 

V9 growth stage were significantly higher than most other treatment combinations, except for 

Greensulf applied at V9, with no further significant differences found (Table 4.21). 

 

Table 4.19 Leaf N:S ratio as influenced by the interaction between nitrogen sources and growth stage 

applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Nitrogen source (NS) 

Average 
Greensulf LAN 

V4 16.56b 15.36b 15.96 

V9 16.27b 16.66b 16.46 

V4 & V9 16.58b 22.70a 19.64 

Average 16.47 18.24  

NS LSD (T≤0.05) = 0.7544 GS LSD (T≤0.05) = 1.110 NS x GS LSD (T≤0.05) = 1.924  

Values with different letters differ significantly. 

 

Table 4.20 Leaf N:S ratio as influenced by the interaction between application rate and growth stage applied 

on a non-prolific cultivar for the 2023/24 season 

Application rate 

(AR) (kg N ha-1) 

Growth stage (GS) 
Average 

V4 V9 V4 & V9 

0 16.14c 15.95c 20.79a 17.63 

20 15.42c 15.61c 19.21ab 16.75 

40 16.32c 17.83bc 18.92ab 17.69 

Average 15.96 16.46 19.64  

AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = 1.110 AR x GS LSD (T≤0.05) = 2.577 

Values with different letters differ significantly. 

 

Table 4.21 Leaf N:S ratio as influenced by the interaction between nitrogen sources and growth stage 

applied on a prolific cultivar for the 2023/24 season 

Growth stages 

(GS) 

Nitrogen source (NS) 
Average 

Greensulf LAN 

V4 17.22c 15.96c 16.59 

V9 17.72bc 19.77b 18.74 

V4 & V9 17.13c 23.89a 20.51 

Average 17.36 19.87  

NS LSD (T≤0.05) = 0.952 GS LSD (T≤0.05) = 1.40 NS x GS LSD (T≤0.05) = 2.427  

Values with different letters differ significantly. 

 

The non-prolific cultivar plants fertilized with LAN led to a 6.32% higher leaf N:S ratio than 

those fertilized with Greensulf in the 2022/23 season. The highest leaf N:S ratio was obtained 
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with plants fertilized with LAN source in a split application at V4 & V9 (22.70:1) and with 0 kg 

N ha-1 in a split application at V4 & V9 (20.79:1) in the 2023/24 season. The prolific plants 

fertilized with LAN source in a split application at V4 & V9 (23.89) produced the highest leaf 

N:S ratio in the 2023/24 season. 

 

Li et al. (2019) reported that different nitrogen and sulphur fertilizer sources at various 

application rates influence the N:S ratio of different maize plant parts. They noted that leaf N, 

cob S content, and N:S ratio had a strong relationship with the grain yield produced by maize 

plants and found that an N:S ratio of between 16.3 and 19.6 is a sufficient range. The findings 

of this study aligns with those of previous studies, which also demonstrated that nitrogen 

sources have an impact on the N:S ratio of maize plants. When considering the sufficiency 

ranges for the N:S ratio, as referenced by Campbell and Plank (2000b), it is noted that S 

becomes limiting when the N:S ratio is 18 or higher. Under these conditions, the Greensulf 

source provides an optimal N:S ratio compared to the LAN source. 

 

4.3.1.3.2 N:K ratio 

Non-prolific 

Season 2022/23 

The leaf N:K ratio was significantly influenced by application rate and growth stage (Table 

4.1). Plants that were fertilized at a 40 kg N ha-1 resulted in a significantly higher leaf N:K ratio 

(1.72:1) than plants fertilized at a 0 kg N ha-1 rate (1.63:1), with no significant differences 

between plants fertilized at a 20 kg N ha-1 (1.71:1) and the other rates (Figure 4.25). 

 

Once again, the analysis of variance revealed a significant difference in the N:K ratio due to 

the growth stage. However, no significant differences were found following the Tukey least 

significant difference test calculation. This indicates a strong tendency towards significance 

(Figure 4.26). The highest N:K ratio was obtained with nitrogen application at V9 (1.74). 
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Figure 4.25 Effect of application rate on the non-prolific cultivar's leaf N:K ratio in the 2022/23 season. 

Values with different letters differ significantly. 

 

 

Figure 4.26 Effect of growth stage on the non-prolific cultivar's leaf N:K ratio in the 2022/23 season. Values 

with different letters differ significantly. 

 

Season 2023/24 

Nitrogen source and the interaction between the nitrogen source and growth stage significantly 

influenced the leaf N:K ratio (Table 4.1). When LAN was used as a nitrogen fertilizer on plants 

in a split application at V4 & V9 (1.64:1), the leaf N:K ratio was significantly higher than all 

other interaction combinations (Table 4.22). 
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Table 4.22 Leaf N:K ratio as influenced by the interaction between nitrogen sources and growth stage 

applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Nitrogen sources (NS) 

Average 
Greensulf LAN 

V4 1.42b 1.42b 1.42 

V9 1.48b 1.44b 1.46 

V4 & V9 1.39b 1.64a 1.52 

Average 1.43 1.50  

NS LSD (T≤0.05) = 0.0653 GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 0.167  

Values with different letters differ significantly. 

 

Prolific 

There were no significant differences in the maize leaves' N:K ratio due to any of the main 

effects or treatment combinations in the 2022/23 season.  

 

The leaf N:K ratio was significantly affected by the nitrogen source, growth stage, and the 

interaction between the nitrogen source and growth stage in the 2023/24 season (Table 4.2). 

When nitrogen was applied to plants at V9 and in a split application at V4 & V9, it resulted in 

a significantly higher leaf N:K ratio than when LAN and Greensulf were applied at V4. No 

further significant differences were observed (Table 4.23). 

 

Table 4.23 Leaf N:K ratio as influenced by the interaction of nitrogen sources and growth stage applied of 

a prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Nitrogen sources (NS) 

Average 
Greensulf LAN 

V4 1.84c 1.87c 1.85 

V9 2.14bc 2.22ab 2.18 

V4 & V9 1.96bc 2.49a 2.23 

Average 1.98 2.19  

NS LSD (T≤0.05) = 0.1266 GS LSD (T≤0.05) = 0.186 NS x GS LSD (T≤0.05) = 0.3228  

Values with different letters differ significantly. 

 

Yan et al. (2022) found that maize plants fertilized with 175 kg N ha-1 resulted in a higher leaf 

N:K ratio (1.05:1) than plants fertilized at 0 kg N ha-1 (0.85:1). This finding relates to the results 

of this study, which found that nitrogen rate influenced the leaf N:K ratio. Szule et al. (2017) 

reported that there was no significant effect of nitrogen source on the dry matter N:K ratio of 

maize when plants were fertilized with ammonium nitrate (1.08:1) and Canwil nitro-chalk 
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(1.08:1) nitrogen sources. This finding contrasts with the results found in this study, where the 

nitrogen source affected the leaf N:K ratio. 

 

4.3.1.3.3 Fe:Mn ratio 

Non-prolific 

Season 2022/23 

Only the nitrogen source significantly influenced the leaf Fe:Mn ratio (Table 4.1). The leaf 

Fe:Mn ratio of plants fertilized with LAN (1.05) was significantly higher than plants that 

received Greensulf (0.60) (Figure 4.27). 

 

 

Figure 4.27 Effect of nitrogen source on the non-prolific cultivar's leaf Fe:Mn ratio in the 2022/23 season. 

Values with different letters differ significantly. 

 

Season 2023/24 

The leaf Fe:Mn ratio was only significantly affected by the interaction between the nitrogen 

source and growth stage (Table 4.1). The plants fertilized with Greensulf in a split application 

at V4 & V9 (0.80:1) resulted in a significantly higher leaf Fe:Mn ratio than plants that were 

fertilized with Greensulf at V4 (0.49:1) and with LAN in a split application at V4 & V9 (0.53:1), 

with no further significant differences between the interaction combinations (Table 4.24). 
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Table 4.24 Leaf Fe:Mn ratio as influenced by the interaction between nitrogen sources and growth stage 

applied on a non-prolific cultivar for the 2023/24 season 

Growth stages (GS) 
Nitrogen sources (NS) 

Average 
Greensulf LAN 

V4 0.49b 0.62ab 0.56 

V9 0.66ab 0.58ab 0.62 

V4 & V9 0.80a 0.53b 0.66 

Average 0.65 0.58  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 0.2234 

Values with different letters differ significantly. 

 

In summary, plants fertilized with LAN produced a 75% higher leaf Fe: Mn ratio than plants 

treated with Greensulf in the 2022/23 season. In the 2023/24 season, plants fertilized with 

Greensulf source in a split application at V4 & V9 resulted in the highest leaf Fe:Mn ratio of 

0.80:1. Campbell & Plank (2000a) reported that a sufficiency range for Fe:Mn should be 

greater than or equal to 1. This finding shows that only LAN are in the sufficient range (1.05:1), 

meaning plants fertilized with LAN are not limited to Fe or Mn. 

 

Conclusion 

All treatment factors, viz. nitrogen source, application rate, and growth stage, affected the leaf 

concentration of nutrients. The nutrient concentration within the leaves of the plants varied 

with the application of Greensulf and LAN. Although Greensulf was significantly more efficient 

in the uptake of most nutrients, with some exceptions, LAN was more efficient regarding 

nutrient ratios (especially N:S, N:K, and Fe:Mn ratios). Leaf nutrient content increased with 

nitrogen application rate and was the highest at 40 kg N ha-1. Most of the nutrient uptake was 

more efficient when nitrogen topdressing was applied as a split application (V4 & V9), resulting 

in increased leaf nutrient content. Applying Greensulf at V9 and LAN in a split application at 

V4 & V9 appears to yield the best results. However, the non-prolific and prolific cultivars 

differed in the timing of nitrogen application, with some nutrients being taken up in the leaves. 

Significant variations in results can primarily be attributed to two extremely different cropping 

seasons. These results were obtained under field conditions in two distinct growing seasons; 

therefore, it is essential to verify them in further studies under field conditions. 
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Chapter 5 

 

The influence of nitrogen source, application rate, and growth stage on the yield 

components and yield of non-prolific and prolific maize cultivars  

in the north-eastern Free State 

 

5.1 Introduction 

The production of maize depends on several factors, including, but not limited to, climate 

conditions, input costs, equipment, and agronomic practices. Sustainability in maize 

production depends on responsible agronomic practices. Fertilization, one of the agronomic 

practices, specifically fertilizer application practices, would include selection of the right 

product (source), applying it at the right time (growth stage), using the fertilizer at the correct 

rate, and applying it at the right place (method). These practices will ensure i) protection of the 

natural resources (environment and soil), ii) increased biological productivity, and iii) financial 

sustainability (Diko & Jun, 2020). 

 

The suboptimal application of nitrogen is an important limiting factor. Timely and effective 

application of nitrogen is vital for maize's vegetative and reproductive growth. Maize requires 

large quantities (23 kg N tonne-1 biomass) of nitrogen throughout the growing season. This is 

to sustain biomass accumulation, promote protein synthesis, and promote grain yield. Maize 

cultivars react differently in productivity and response to nitrogen fertilization (Siam et al., 

2008; Joshi et al., 2014). Insufficient nitrogen during the vegetative phases directly affects root 

growth, stem elongation, and the uptake of other nutrients (Rawal et al., 2023).  

 

Siam et al. (2008) observed that different nitrogen sources significantly increased biomass, 

cob weight, cob grain weight, 100-kernel weight, straw (residue), and grain yield of maize 

plants compared to the control. These authors also observed significant differences between 

nitrogen sources and ammonia gas, which produced significantly higher plant yields than 

those obtained by applying ammonium sulphate or urea. Ammonium sulphate produced 

significantly higher dry mass, fresh mass, and plant height than the urea source. Siam et al. 

(2008) concluded that urea was prone to volatilization, resulting in more nitrogen losses than 

other fertilizers. 

 

Nitrogen rate and application timing are essential management practices to reduce nitrogen 

losses, maximize uptake, and be more economical (Mosisa et al., 2022). Studies on increasing 
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maize yield through different methods of nitrogen fertilization found that grain yield was 

significantly increased with nitrogen application rates. It was found that nitrogen rates up to 

140 kg ha-1 resulted in an increase in stem diameter, cop length, cop leave area, cob diameter, 

kernels per row, rows per cob, 100 kernel weight, and grain yield with no further increase as 

nitrogen rates was increased (El-Douby et al., 2001; Siam et al., 2008). Joshi et al. (2014) 

reported that a nitrogen application of 100 kg ha-1 was found to result in significantly higher 

nitrogen concentrations in the grain yield than a nitrogen application of 50 and 75 kg ha-1. The 

maize plant utilises approximately 8% of its total nitrogen requirement within the first 25 days 

after emergence. During this period, it is critical not to avoid a nitrogen deficiency. This could 

result in fewer kernels per row on the maize cob. If nitrogen is deficient during the mentioned 

period, yields can be dramatically reduced. Therefore, it is important to plant with a fertilizer 

that contains nitrogen to provide the plant with sufficient nitrogen during the early growing 

stages.  

 

The total nitrogen requirement for the season should not be applied all at once, which could 

lead to leaching losses. Thus, nitrogen application throughout the season should be applied 

in several increments to reduce nitrogen leaching losses and increase nitrogen use efficiency, 

especially on low clay content soils (Joshi et al., 2014). Researchers reported that site-specific 

nitrogen application timing according to the plant’s demand produced the highest nitrogen use 

efficiency and optimized maize yields (Mosisa et al., 2022). According to Alemu et al. (2014), 

splitting the nitrogen amount into three applications —one-third at planting, one-third at 

vegetative growth, and one-third at tasselling —is recommended for optimal maize production. 

Joshi et al. (2014) reported that nitrogen application split into three equal applications, one at 

planting, one at 25 days after planting, and one at 45 days after planting, resulted in the highest 

yields. 

 

Therefore, this study aims to evaluate the effects of different nitrogen sources, application 

rates, and timing of growth stage application on the yield components and yield of two maize 

cultivars (non-prolific and highly prolific) over two cropping seasons. 

 

5.2 Materials and Methods 

The materials and methods used were described in Chapter 3. 

 

5.3 Results and Discussion 

Analysis of variance indicated that data from the 2022/23 and 2023/24 cropping seasons were 

not homogeneous. This is attributed to the climatic differences between the cropping seasons, 
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primarily in terms of rainfall and temperature (Table 3.1). Therefore, the two cropping seasons 

were analysed separately and will be discussed accordingly. 

A summary of the analysis of variance evaluating the effect of nitrogen source (NS), 

topdressing application rate (AR), and growth stage (GS) on the production of a non-prolific 

maize cultivar is summarised in Table 5.1 and that of a prolific cultivar is summarised in Table 

5.2. The nitrogen source significantly influenced the number of cobs per plant, grain mass per 

cob, grain yield, 1000-kernel weight, and precipitation use efficiency in the non-prolific cultivar. 

Topdressing application rate significantly affected the grain per plant, 1000 kernel weight, and 

nitrogen efficiency. The growth stage only significantly influenced grain mass per cob and 

1000 kernel weight. Kernels per plant and 1000-kernel weight were significantly affected by 

the interaction between nitrogen source and topdressing application rate. The interaction of 

nitrogen source and growth stage on topdressing significantly affected the number of cobs per 

plant and grain mass per cob. Hectolitre mass was insignificant for all the main effects and 

interactions thereof for the non-prolific cultivar.  

 

For the prolific cultivar (Table 5.2), the nitrogen source had a significant effect on 1000-kernel 

weight as a main effect. The topdressing application rate significantly influenced thousand-

kernel weight, grain yield, nitrogen efficiency, and precipitation use efficiency. The interaction 

of nitrogen source and topdressing application rate significantly influenced hectolitre mass. 

The interaction between the nitrogen source and the growth stage of topdressing applied 

significantly affected the number of cobs per plant and kernels per plant. 

 

5.3.1 Yield components and yield of a non-prolific and a prolific cultivar 

The cobs per plant, grain per plant, grain per cob, kernels per plant, 1000-kernel weight, grain 

yield, nitrogen efficiency, precipitation use efficiency, and return on investment will be 

discussed. 
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 Table 5.1 Summary of analysis of variance indicating the effect of treatment factors on yield components and yield of a non-prolific maize cultivar 

 

ns – not significant 

*P≤ 0.05 

CV – coefficient of variance 

 

Treatments 

Yield components and yield 

Cobs plant-1 Kernels plant-1 
Grain mass 

plant-1 (g) 

Grain mass 

cob-1 (g) 

Hectolitre 

mass (g) 

1000-kernel 

weight (g) 

Grain yield 

(tonnes ha-1) 

Nitrogen use 

efficiency 

(kg grain kg-1 

N)  

Precipitation 

use efficiency 

(kg grain ha-1 

mm-1 rain)  

Return on 

Investment 

(ROI) 

2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 

Nitrogen 

source (NS) 
ns * ns ns ns ns ns * ns ns * ns * ns ns ns * ns ns ns 

Application 

rate (AR) 
ns ns ns ns * ns ns ns ns ns * ns ns ns * * ns ns ns * 

Growth stage 

(GS) 
ns ns ns ns ns ns * ns ns ns * ns ns ns ns ns ns ns * ns 

NS X AR ns ns ns * ns ns ns ns ns ns * ns ns ns ns ns ns ns ns ns 

NS X GS * ns ns ns ns ns * ns ns ns ns ns ns ns ns ns ns ns ns ns 

AR X GS ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

NS X AR X 

GS 
ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

CV% 7.63 16.06 12.77 22.68 4.62 11.31 7.48 24.46 2.86 99 4.81 11.05 6.00 13.97 11.26 16.77 6.00 13.97 72.09 261 
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Table 5.2 Summary of analysis of variance indicating the effect of treatment factors on yield components and yield of a prolific maize cultivar 

ns – not significant 

*P≤ 0.05 

CV – coefficient of variance 

 

Treatments 

Yield components and yield 

Cobs plant-1 Kernal plant-1 
Grain mass 

plant-1 (g) 

Grain mass 

cob-1 (g) 

Hectolitre 

mass (g) 

1000-kernel 

weight (g) 

Grain yield 

(tonnes ha-1) 

Nitrogen 

efficiency (kg 

grain kg-1 N) 

Precipitation 

use efficiency 

(kg grain ha-1 

mm-1 rain) 

Return on 

Investment 

(ROI) 

2022/23 2023/24 2022/23 2022/23 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 

Nitrogen 

source (NS) 
ns ns ns ns ns ns ns ns ns ns * ns ns ns ns ns ns ns ns ns 

Application 

rate (AR) 
ns ns ns ns ns ns ns ns ns ns * ns * ns * * * ns ns * 

Growth stage 

(GS) 
ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

NS X AR ns ns ns ns ns ns ns ns * ns ns ns ns ns ns ns ns ns ns ns 

NS X GS * ns * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

AR X GS ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

NS X AR X 

GS 
ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

CV% 4.71 15.33 4.56 16.37 7.28 9.33 8.6 18.27 2.6 3.62 4.89 7.97 6.8 13.02 12.06 16.31 6.85 13.02 11.2 83 
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5.3.1.1 Number of cobs per plant  

Grain yield is a function that depends on the characteristics of the cobs per plant and the 

number of kernels per cob. A well-developed maize cob can produce up to 1000 kernels if no 

stress occurs during the growing season (Makanza et al., 2018). Assefa & Mekonnen (2019) 

found a positive correlation between the number of cobs per plant and grain yield (r = 0.86). 

They also found a positive correlation between the number of cobs per plant and the number 

of kernels per cob (r = 0.63), as well as a correlation of r = 0.61 between the number of cobs 

per plant and the hundred kernel weight. For these reasons, this parameter was measured 

during this trial. 

 

Non-prolific 

Season 2022/23 

The number of cobs per plant was not significantly affected by the nitrogen source (NS), 

topdressing application rate (AR), or the growth stage (GS) at which the topdressing was 

applied. However, the interaction effect of nitrogen source (NS) and growth stage (GS) 

significantly influenced the number of cobs per plant (Table 5.1).  

 

Greensulf was applied as a split application (V4 & V9), resulting in the greatest number of 

cobs per plant (1.42). This was significantly greater than the number of cobs (1.28) obtained 

with Greensulf applied at V9 only. All other application combinations did not differ significantly 

from each other (Table 5.3).  

 

Table 5.3 Number of cobs per plant as influenced by the interaction between nitrogen source and growth 

stage on the non-prolific cultivar for the 2022/23 season 

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 0.124  

Values with different letters differ significantly. 

 

Growth stage (GS) 
Nitrogen Source (NS) 

GS average 
Greensulf LAN 

V4 1.32ab 1.34ab 1.33 

V9 1.28b 1.36ab 1.32 

V4 & V9 1.42a 1.31ab 1.37 

Average 1.34 1.34  
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Season 2023/24 

For the 2023/24 growing season, only nitrogen sources significantly influenced the number of 

cobs per plant (Table 5.1).  

 

Significantly more cobs per plant (1.47) were found when fertilized with LAN than with 

Greensulf (1.31). The difference in the number of cobs per plant when fertilized with Greensulf 

and LAN was 11.51% (Figure 5.1).  

 

 

Figure 5.1 Effect of nitrogen source on the number of cobs per plant of the non-prolific cultivar in the 

2023/24 season. Values with different letters differ significantly. 

 

Prolific  

Season 2022/23 

A similar trend was observed between the prolific cultivar and the non-prolific cultivar during 

the 2022/23 season. The number of cobs per plant was once more significantly affected by 

the interaction effect of nitrogen source and growth stage (Table 5.2). 

 

However, a shift in the application time was observed. Greensulf applied to maize at V9 (1.98) 

resulted in a significantly higher number of cobs per plant than Greensulf, which was applied 

at V4 (1.86). This was the only significant difference observed. All other treatment 

combinations did not differ significantly from either the greatest or lowest number of cobs per 

plant (Table 5.4). 
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Table 5.4 Number of cobs per plant as influenced by the interaction between nitrogen sources and growth 

stages on the prolific cultivar for the 2022/23 season 

Growth stage (GS) 
Nitrogen sources (NS) 

GS average 
Greensulf LAN 

V4 1.86b 1.96ab 1.91 

V9 1.98a 1.89ab 1.94 

V4 & V9 1.97ab 1.94ab 1.96 

Average 1.94 1.93  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 0.1101  

Values with different letters differ significantly. 

 

Season 2023/24 

No significant difference in the number of cobs per plant was obtained during this season for 

any main effects or interactions (Table 5.2). 

 

In general, results for both non-prolific and prolific cultivars over the seasons revealed that 

when Greensulf was applied, the crop showed some response. This response, however, was 

inconsistent across the two seasons. Therefore, a clear indication of which N-source would 

be beneficial concerning the number of cobs per plant or when to be applied (at what stage) 

was not found.  

 

The results of this study align with the findings reported by Kh et al. (2010), Ali et al. (2015), 

and Amunullah et al. (2016). These authors reported that different nitrogen sources affect the 

number of cobs per plant. A study by Siam et al. (2008) found that applying nitrogen in three 

equal amounts at planting, 20 days after planting, and 40 days after planting produced the 

greatest number of cobs per plant. This finding supports the idea that applying nitrogen at 

different growth stages affects the number of cobs produced by plants. Ali et al. (2015) and 

Mosisa et al. (2022) reported that higher application rates of nitrogen split into three 

applications over the vegetative growing season of maize lead to an increase in the number 

of cobs per plant. Although not significant, this was also observed in this study, especially for 

the 2022/23 season (results not shown). 

 

5.3.1.2. Kernels per plant 

This is an important parameter in determining the grain (g) produced by the plant and the grain 

yield. Maize grain yield is primarily correlated with kernel formation, which is highly sensitive 
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to nutrient deficiencies and environmental conditions during the plant’s tasselling and silking 

phases (Otegui & Bonhomme, 1998). Nitrogen limitation during the maize growing season can 

reduce leaf area and radiation interception, resulting in slower plant growth and fewer kernels 

per plant (Ruiz et al., 2022). 

 

Non-prolific 

Season 2022/23 

During the 2022/23 season, there were no significant differences in the number of kernels per 

plant as influenced by the main effects or interactions thereof (Table 5.1). Although no 

significant differences were found, a decrease in kernels per plant was observed with 

Greensulf as the rate of nitrogen was increased. In contrast, LAN resulted in the opposite, with 

an increase in the number of kernels per plant. Greensulf produced the highest kernel count 

per plant with a split application of 20 kg N ha-1 at V4 & V9 (769.34), and LAN produced the 

most kernels per plant with an application rate of 40 kg N ha-1 at V4 (741.46) (Table 5.5). 

 

Table 5.5 Kernels per plant as influenced by nitrogen source, application rate and growth stage (time of 

fertilizer applied for the 2022/23 season of the non-prolific cultivar) 

 

Nitrogen source (NS) 
Application rate 

(AR) (kg N ha-1)  

Growth stages (GS) AR 

average V4 V9 V4 & V9 

Greensulf 

0 704.85 678.71 765.43 716.33 

20 702.46 653.59 769.34 708.46 

40 661.79 668.24 765.38 698.47 

GS Greensulf average  689.70 666.85 766.71  

LAN 

0 630.22 641.48 669.91 647.20 

20 719.50 726.89 660.50 702.30 

40 741.46 688.19 708.27 712.64 

GS LAN average  697.06 685.52 679.56  

GS average  693.38 676.18 723.14  

NS LSD (T≤0.05) = ns AP LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly. 



85 
 

 

Season 2023/24 

Kernels per plant were significantly affected by the interaction of the nitrogen source and the 

nitrogen application rate only (Table 5.1). 

 

The number of kernels per plant decreased as the amount of nitrogen applied increased for 

both nitrogen sources, except for the LAN application rate of 40 kg ha-1 (553.31), which was 

63.31 kernels more than the LAN application rate of 0 kg ha-1. (Table 5.6). Plants fertilized 

with LAN produced significantly more kernels per plant at an application rate of 40 kg ha -1 

(553.31) than Greensulf at an application rate of 40 kg ha-1 (398.10), but did not differ 

significantly from the other treatments. The average application rate showed a decrease in the 

number of kernels per plant with increasing nitrogen application rates, but no significant 

differences were observed. The average number of kernels per plant was higher for the LAN 

source than for the Greensulf source, but the difference was not statistically significant. In 

general, the results were inconclusive. 

 

Table 5.6 Kernels per plant as influenced by the interaction between nitrogen sources and application rate 

applied of the non-prolific cultivar for the 2023/24 season of the non-prolific cultivar 

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns NS x AR LSD (T≤0.05) = 133.6  

Values with different letters differ significantly. 

 

Prolific 

Season 2022/23 

Kernels per plant were not significantly affected by the main factors, including nitrogen source, 

nitrogen application rate, or growth stage. However, a significant difference in kernels per plant 

was obtained with the interaction effect of nitrogen source and growth stage (Table 5.2).  

 

There were no significant differences in the number of kernels for Greensulf and LAN as 

nitrogen sources applied at the different growth stages. However, a significant difference was 

observed within Greensulf. Greensulf applied at V9 (1068.61) produced significantly more 

kernels per plant compared to Greensulf applied at V4 (1010.39). Still, those mentioned above 

did not differ significantly from the number of kernels per plant applied as a split application 

Application rate 

(AR) (kg N ha-1)  

Sources (NS) 
AR average 

Greensulf LAN 

0 517.74abc 490.00abc 503.87 

20 493.34abc 467.82abc 480.58 

40 398.10b 553.31a 475.71 

Average 281.84 302.23  
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(V4 & V9) (1059.81), or the number of kernels when LAN was applied at V4 (1056.10), V9 

(1042.90), as well as V4 & V9 (1051.54) (Table 5.7). 

 

Table 5.7 Kernels per plant as influenced by the interaction between nitrogen source and growth stages 

on the prolific cultivar for the 2022/23 season 

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 57.51  

Values with different letters differ significantly. 

 

Season 2023/24 

No significant differences in the number of kernels per plant were found for any of the main 

factors nor the interaction effects thereof (Table 5.2). The two nitrogen sources, Greensulf 

(789.88) and LAN (799.49), produced the highest number of kernels per plant when applied 

as a split application at V4 & V9 (Table 5.8). The reason for this phenomena is unknown. No 

other trends were observed.  

 

During the 2022/23 and 2023/24 seasons of the non-prolific and prolific cultivars, several 

trends and significant differences in the number of kernels per plant were observed, influenced 

by the main factors and their interactions. It appears that the application rate may affect the 

non-prolific cultivar more than the nitrogen source. According to the results, the prolific cultivar 

is more sensitive to the timing of nitrogen application than to the nitrogen source used.  

 

Kh et al. (2010) results concur with the results of kernels per plant. These authors reported a 

significant difference in plant response to the nitrogen sources used, as well as significant 

differences in nitrogen application rates. Gheith et al. (2022) reported that the highest nitrogen 

application rate yielded the greatest number of kernels, which is consistent with the results 

found in LAN (40 kg ha-1) (Table 5.5). Assefa & Mekonnen (2019) reported an increase in 

kernels per plant with increasing nitrogen rates up to 69 kg ha-1 (640.9). A further increase in 

nitrogen rate, up to 115 kg ha-1 (583.9), decreased the number of kernels produced per plant. 

This result concurs with the kernels per plant results found in the 2023/24 season, with an 

application rate of 0 kg ha-1 (106 kg total N ha-1), the application rate of 20 kg ha-1 (126 kg total 

N ha-1), and application rate of 40 kg ha-1 (146 kg total N ha-1). 

 

Growth stages (GS) 
Nitrogen source (NS) 

GS average 
Greensulf LAN 

V4 1010.39b 1056.10ab 1033.25 

V9 1068.61a 1017.18ab 1042.90 

V4 & V9 1059.81ab 1043.26ab 1051.54 

Average 1046.27 1038.85  
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Table 5.8 Kernels per plant as influenced by the interaction between nitrogen sources, application rate 

applied, and growth stage of application on the prolific cultivar for the 2023/24 season 

NS LSD (T≤0.05) = ns AP LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly 

 

5.3.1.3 Grain mass per plant 

The importance of grain mass per plant cannot be overemphasized regarding grain yield. The 

higher the grain mass per plant, the higher the grain yield. This parameter is also very 

responsive to nitrogen fertilization. Nitrogen application at an appropriate rate increases the 

effective grain filling rate and duration, increasing grain weight (Grupo, 2022; Yue et al., 2022). 

 

Non-prolific 

Season 2022/23 

Only the main effect of nitrogen application rate significantly impacted grain mass per plant 

(Table 5.1). 

 

With increasing nitrogen application rate, there was an increase in the grain mass per plant. 

The only significant difference (3.31%) in grain mass per plant was between an application 

rate of 0 kg ha-1 (319.93 g) and that of 40 kg ha-1 (330.70 g) (Figure 5.2).  

 

Nitrogen source 

(NS) 

Application rate 

(AR) (kg N ha-1) 

Growth stages (GS) 
AR 

average 

V4 V9 V4 & V9  

Greensulf 

0 802.52 783.25 723.99 769.92 

20 749.67 813.99 794.45 786.04 

40 737.25 737.91 851.22 775.46 

GS Greensulf 

average 
 763.14 778.38 789.88  

LAN 

0 770.97 710.45 828.88 770.10 

20 767.39 790.70 743.55 767.22 

40 739.26 810.11 826.05 791.80 

GS LAN average  759.21 770.42 799.49  

GS average  761.17 774.40 794.69  



88 
 

 

Figure 5.2 Effect of nitrogen amount applied on grain mass per plant (g) for 2022/23 season for the non-

prolific cultivar. Values with different letters differ significantly. 

 

Season 2023/24 

No significant differences in grain mass per plant were observed for any of the main factors or 

their interactions (Table 5.1). Evaluation of the results (Table 5.9) revealed that the only 

tendency was that a single topdressing application at V4 resulted in a greater grain mass per 

plant than at V9 or a split topdressing application at V4 & V9.  

 

Prolific cultivar 

Seasons 2023 and 2024 

No significant differences in grain mass per plant were observed as a result of the main factors 

(nitrogen source, topdressing application rate, or application at different growth stages) or their 

interaction, for either season (Table 5.2). Evaluation of the result showed no trend in the data 

(Data not shown). This might be attributed to the significant difference between seasons in 

rainfall, rainfall distribution, and temperature (Table 3.1, Chapter 3). 

 

The nitrogen application rate appears to be the only beneficial effect that significantly 

increased the grain mass per plant for the non-prolific cultivar. The timing of nitrogen source 

application was found to increase grain mass per plant of the non-prolific cultivar when applied 

at the optimal time (V9 for Greensulf and V4 for LAN), although the increase was not significant 

(Table 5.9). 
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Table 5.9 Grain mass per plant (g) as influenced by the interaction of nitrogen sources, application rate, 

and growth stage applied for the 2023/24 season of the non-prolific cultivar 

NS LSD (T≤0.05) = ns AP LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly 

 

Siam et al. (2008) reported that increasing nitrogen rates significantly increased the grain 

weight of the plant, with a maximum of up to 140 kg N ha-1. Yue et al. (2022) also found that 

nitrogen rate significantly altered the grain weight of maize plants; however, they did not report 

any significant effects on the timing of application or the interaction between nitrogen rate and 

timing of application. Although they found a trend that a nitrogen application rate of 300 kg N 

ha-1, split into three applications, one-third at planting, one-third at V6, and one-third at V11, 

provided the highest grain weight per plant, it was not significantly higher than the rest of the 

other treatments. According to Mosisa et al. (2022), nitrogen application timing significantly 

affected the grain produced per plant. They reported that an application rate of 92 kg N ha -1, 

split into three applications of one-fourth at planting, two-fourth at vegetative stages (Six-to-

eight leaf stage), and one-fourth at the tasselling stage, produced the highest grain weight per 

plant. This reasoning is consistent with the results found for the non-prolific and prolific 

cultivars. 

Nitrogen source 

(NS) 

Application rate 

(AR) (kg N ha-1) 

Growth stages (GS) 
AR 

average 

V4 V9 V4 & V9  

Greensulf 

0 138.48 165.90 136.81 147.06 

20 154.13 141.37 132.70 142.73 

40 151.27 137.40 134.78 141.15 

GS Greensulf 

average 
 147.96 148.22 134.76  

LAN 

0 145.83 135.09 138.98 139.97 

20 137.39 134.83 135.07 135.76 

40 147.16 147.92 151.34 148.81 

GS LAN average  143.46 139.28 141.79  

GS average  145.71 143.75 138.28  
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5.3.1.4 Grain mass per cob 

This parameter is one of the most important agronomic factors affecting the grain per plant 

and the grain yield of maize. Baduwal et al. (2022) found a substantial positive association 

between ear weight and grain yield. These authors also reported a strong link between ear 

weight and kernels per row, ear length, ear diameter, and 1000-kernel weight. Băşa et al. 

(2016) reported that maize cob mass responds strongly to nitrogen application and greatly 

influences maize grain yield. 

 

Non-prolific 

Season 2022/23 

The grain mass per cob was influenced by the main effect of applying topdressing at different 

growth stages and the interaction between the nitrogen source and growth stage (Table 5.1). 

 

Greensulf applied at growth stage V4 yielded the significantly highest grain mass per cob 

(284.95 g), but did not differ significantly from Greensulf applied at V9 (263.29 g). Both 

Greensulf and LAN, when applied as a split application at V4 & V9, resulted in the least grain 

mass per cob (Table 5.10).  

 

Table 5.10 Grain per cob (g) as influenced by the interaction between nitrogen source and growth stages 

on the non-prolific cultivar in the 2022/23 season 

 

 

 

 

 

 

 

 

 

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = 12.85 NS x GS LSD (T≤0.05) = 22.28  

Values with different letters differ significantly 

 

Season 2023/24 

The grain mass per cob was significantly influenced by the main effect of the nitrogen source 

only (Table 5.1). The nitrogen source Greensulf resulted in a significantly higher grain mass 

(14.59%) per cob (114.38 g) than the nitrogen source LAN (98.83 g) (Figure 5.3).  

 

Growth stages 

(GS) 

Nitrogen source (NS) 
GS average 

Greensulf LAN 

V4 284.95ab 247.23bc 266.09ab 

V9 263.29ab 241.66bc 252.48bc 

V4 & V9 231.26c 234.44c 232.85c 

Average 155.90 144.67  
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Figure 5.3 Effect of nitrogen sources on grain per cob (g) of the non-prolific cultivar during the 2023/24 

season. Values with different letters differ significantly. 

 

Prolific 

Seasons 2022/23 & 2023/24 

The grain mass per plant for the 2022/23 and 2023/24 seasons was not significantly affected 

by the main effects of nitrogen source, nitrogen application rate, growth stage, or their 

interactions (Table 5.2). 

 

In the 2022/23 cropping season, the grain mass per cob was significantly influenced by the 

interaction between the nitrogen source and the growth stage of application, and only by the 

nitrogen source in the 2023/24 season for the non-prolific cultivar. The significant variation in 

results for nitrogen source made it uncertain whether the nitrogen source affected the grain 

yield per plant of the prolific cultivar.  

 

Siam et al. (2008) and Kh et al. (2010) reported that nitrogen sources significantly affected ear 

weight, which supports the results from the 2023/24 season. Băşa et al. (2016) and Mosisa et 

al. (2022) reported that increasing nitrogen rates led to an increase in ear weight up to the 

highest rate (120 and 115 kg N ha-1), further supporting the trend of the prolific cultivar. Mosisa 

et al. (2022) also reported significantly higher ear mass when nitrogen was applied in three 

split applications: 25% at planting, 50% at the vegetative stage (six- to eight-leaf stage), and 

25% at the tasselling stage. Gheith et al. (2022) found that a split nitrogen application of 50% 

at first and 50% at the second irrigation resulted in significantly higher ear weight than the 

other treatments. These authors' results concur to some extent with the finding in this study in 

that the timing of application (growth stage) influenced the grain per cob for both cultivars. 
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5.3.1.5 Hectolitre mass 

The hectolitre mass parameter is reported to be important for maize grain quality, especially 

the milling index. Low hectolitre mass often has a lower percentage of hard endosperm, 

producing a lower yield of prime and larger grits when milled. Correlation between hectolitre 

mass and grain density (r = 0.94) and hectolitre mass and grain hardness (r = 0.72), and this 

hectolitre mass is used as an indicator of the quality of the grain (Engelbrecht, 2008). Barary 

et al. (2015) found that hectolitre mass had a significant positive correlation between grain 

yield (r = 0.929), 400-grain weight (r = 0.780), number of rows per ear (r = 0.597), and number 

of kernels per row (r = 0.677). 

 

Non-prolific 

Seasons 2022/23 and 2023/24 

The variance of analysis revealed that the non-prolific cultivar's hectolitre mass was not 

affected by the main factors (nitrogen source, application rate, and growth stage) nor the 

interaction for the 2022/23 or 2023/24 growing seasons (Table 5.1).  

 

Prolific cultivar 

Season 2022/23 

Only the interaction between application rate (AR) and nitrogen source (NS) influenced the 

hectolitre mass (Table 5.2).  

 

Greensulf had a slightly greater influence on hectolitre mass (76.02 kg hl-1) than the LAN (75.9 

kg hl-1) did, except for LAN at a rate of 40 kg N ha-1, which resulted in a 2.1% higher hectolitre 

mass than Greensulf at a rate of 40 kg N ha-1 (Table 5.11). It is noteworthy to highlight that 

although the analysis of variance indicated a significant interaction effect between nitrogen 

source and application rate for hectolitre mass, no significant differences were found following 

the Tukey least significant difference test calculation. This suggests a strong tendency towards 

significance. The Tukey test is strict in separating means.  
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Table 5.11 Hectoliter mass (kg hl-1) as influenced by the interaction between nitrogen source and nitrogen 

rates on the prolific cultivar in the 2023/24 season  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns NS x AR LSD (T≤0.05) = 2.392  

Values with different letters differ significantly 

 

Season 2023/24  

No significant differences in hectolitre mass were obtained as a result of any of the main 

factors’ effect or the interaction effect thereof (Table 5.2). The data (Table 5.12) was inspected 

and revealed no tendencies.  

 

Table 5.12 Hectolitre mass (kg hl-1) as influenced by the interaction of nitrogen source, application rate and 

growth stage applied on the prolific cultivar in the 2023/24 season 

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly 

 

A study by Mircea et al. (2023) and Sapucy et al. (2020) also found that the hectolitre mass of 

maize did not increase as nitrogen levels increased but was significantly affected by the maize 

hybrids and climate conditions. Barary et al. (2015) also reported that the hectolitre mass 

differed significantly among maize hybrids. Plavsic et al. (2007) found that hectolitre mass was 

Application rate 

(AR) (kg ha-1)  

Nitrogen sources (NS) 
AR average 

Greensulf LAN 

0 76.78a 75.79a 76.29 

20 76.38a 75.44a 75.91 

40 74.89a 76.48a 75.69 

Average 76.02 75.90  

Nitrogen source 

(NS) 

Application rate 

(AR) (kg N ha-1)  

Growth stages (GS) 
AR average 

V4 V9 V4 & V9 

Greensulf 

0 76.65 76.40 77.26 76.78 

20 75.50 76.83 76.80 76.38 

40 75.10 75.28 74.30 74.89 

GS Greensulf 

average 
 

75.75 76.17 76.13 
 

LAN 

0 75.45 75.50 76.43 75.79 

20 76.05 76.00 73.88 75.31 

40 76.00 75.53 77.93 76.48 

GS LAN average  75.83 75.68 76.08  

GS average  75.79 75.92 76.10  
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significantly influenced by irrigation rate, but no significant effects were found on account of 

nitrogen application rate during the trial period. Sample impurities influence hectolitre mass; 

when removed from the sample, hectolitre mass increases (Engelbrecht, 2008). For this study, 

the effects of nitrogen source, application rate, and growth stage were inconclusive. 

 

5.3.1.6 1000-kernel weight 

Thousand kernel weight, which indicates grain growth and plumpness, is a common indicator 

of grain yield (Adhikari et al., 2021). Iqbal et al. (2015) reported that the 1000-kernel weight 

and the number of kernels per cob are essential factors determining grain yield. A study 

conducted by Deivasigamani and Swaminathan (2018) on “Assessment of seed test weight in 

major field crops” concluded that grain weight is an indicator of grain quality and bulk density 

in cereal crops, and can be influenced by various factors, including genetic traits, 

environmental influences, and nutrient availability.  

 

Non-prolific 

Season 2022/23 

The 1000 kernel weight was significantly influenced by all three main factors (nitrogen source, 

application rate, and growth stage), as well as the interaction between nitrogen source and 

application rate (Table 5.1). 

 

Application of nitrogen at different growth stages showed significant effects on the 1000-kernel 

weight (Figure 5.4). The application of nitrogen at the V9 growth stage resulted in a 

significantly higher 1000 kernel weight (393.34 g) than the nitrogen split application at the V4 

& V9 growth stages (378.88 g). Application at the V4 growth stage (389.91 g) showed no 

significant differences from the other growth stages. 

 

The interaction of nitrogen source and application rate showed that Greensulf at 0 kg ha -1 

(394.42 g), Greensulf at 40 kg ha-1 (397.37 g) and LAN at 40 kg ha-1 (395.84 g) differed 

significantly from LAN at 0 kg ha-1 (366.99 g) (Table 5.13). The application of Greensulf and 

LAN at a rate of 20 kg ha-1 resulted in no differences for 1000-kernel weight. Inspection of the 

data indicated that Greensulf averaged a higher 1000-kernel weight (392.74 g) than the LAN 

source (382.01 g). Furthermore, an application rate of 40 kg ha-1 averaged a higher 1000 

kernel weight (396.61 g) than the other application rates. 
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Figure 5.4 1000-kernel weight as influenced by growth stage applied for the non-prolific cultivar in the 

2022/23 season. Values with different letters differ significantly. 

 

Table 5.13 1000 kernel weight as influenced by the interaction between nitrogen source and application 

rate on the non-prolific cultivar in the 2022/23 season 

NS LSD (T≤0.05) = 8.849 AR LSD (T≤0.05) = 13.06 NS x AR LSD (T≤0.05) = 22.56  

Values with different letters differ significantly 

 

Season 2023/24 

No significant differences in 1000-kernel mass were found for the main factors or their 

interaction effects. (Table 5.1). Inspection of the data revealed that the 1000 kernel weight 

was the greatest for Greensulf and LAN applied to V4 (Table 5.14).  
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Table 5.14 1000-kernel weight as influenced by the interaction of nitrogen source, application rate and 

growth stage applied for the non-prolific cultivar in the 2023/24 season 

Nitrogen source 

(NS) 

Application rate 

(AR) (kg N ha-1)  

Growth stages (GS) AR average 

V4 V9 V4 & V9  

Greensulf 

0 195.52 208.60 186.49 196.87 

20 206.26 190.77 182.50 193.18 

40 199.41 184.60 181.22 188.41 

GS Greensulf 

average 
 200.40 194.66 183.40  

LAN 

0 202.83 177.94 191.46 190.74 

20 187.19 181.98 183.85 184.34 

40 201.07 194.07 198.68 197.94 

GS LAN average  197.03 184.66 191.33  

GS average  198.71 189.66 187.37  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly 

 

Prolific 

Season 2022/23 

Only the nitrogen source and application rate significantly affected 1000-kernel weight (Table 

5.2).  

 

Maize fertilized with LAN (280.96 g) produced a significantly higher 1000 kernel weight 

(2.88%) than that fertilized with Greensulf source (273.09 g) (Figure 5.5). Both nitrogen 

applications (20 and 40 kg N ha-1) resulted in significantly higher 1000-kernel weights than the 

control (269.47 g), with no significant differences between the two higher application rates 

(Figure 5.6). 

 

Season 2023/24 

No significant differences in 1000-kernel weight were observed due to the main factors or their 

interactions (Table 5.2). Inspection of the data revealed no trends (Data not shown). 

 

An overview of the non-prolific and prolific cultivars for the 2022/23 and 2023/24 seasons 

revealed that the 1000 kernel weight of both cultivars was influenced by the nitrogen source 

used, but was only significant for the 2022/23 season. The growth stage in the 2022/23 season 
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had a significant impact on the non-prolific cultivar. Both cultivars were significantly influenced 

by nitrogen application rate in the 2022/23 season.  

 

 

Figure 5.5 1000-kernel weight as influenced by nitrogen source of the prolific cultivar for the 2022/23 

season. Values with different letters differ significantly. 

 

 

Figure 5.6 1000-kernel weight as influenced by nitrogen application rate of the prolific cultivar for the 

2022/23 season. Values with different letters differ significantly. 

 

Mosisa et al. (2022) reported that applying 150 kg N ha-1 in three equal applications resulted 

in the highest 1000-kernel weight. Gheith et al. (2022) found significant differences in 100-

kernel weight depending on nitrogen application rate and application time. The results showed 

that the weight of 100 kernels increased as the rate of nitrogen increased and when the 

nitrogen was applied into two equal amounts and applied at different growth stages, compared 

to applying the total amount of nitrogen at planting. Hundred kernel weight increased as 

nitrogen rates were increased, which is consistent with the results from the LAN nitrogen 
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source (Galindo et al., 2019). Hokmalipour et al. (2010) and Mergener et al. (2022) found that 

the 1000-kernel weight was significantly affected by nitrogen application rate, with grain weight 

being higher at increased nitrogen application rates. The results reported by these authors are 

consistent with the findings of this research, which shows that the application rates influenced 

both the cultivars and the timing of nitrogen application (growth stage) in the non-prolific 

cultivar. Drulis et al. (2022) found that nitrogen sources and nitrogen application rates 

significantly influenced the 1000-kernel weight of maize, which agrees with the results found 

for the non-prolific and prolific cultivars in both cropping seasons. 

 

5.3.1.7 Grain yield 

Grain yield is a key component in increasing food production to meet the demands of a growing 

global population (Baltes et al., 2017). Nitrogen is essential for increasing yield and grain 

quality (Rawal et al., 2023). It is also an important component for calculating the nitrogen use 

efficiency of the crop. For these reasons, it is an important parameter to measure when 

conducting nitrogen studies on maize. 

 

Non-prolific 

Season 2022/23 

Grain yield was significantly affected by nitrogen source only (Table 5.1). Maize fertilized with 

Greensulf produced a significantly higher grain yield (9.91 tonne ha -1) than LAN (9.63 tonne 

ha-1) did, which was 2.87% more (Figure 5.7).  

 

Season 2023/24 

Grain yield was not significantly affected by any main factors or interactions. (Table 5.1). 

Evaluation of the results summarised in Table 5.15 revealed no clear or definite trend. 

Unexpectedly, the yields for both Greensulf and LAN fertilised maize decreased with an 

increase in application rate. Maize fertilized with Greensulf and LAN produced the highest 

yield when applied at the V9 growth stage. 
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Figure 5.7 Effect of nitrogen sources on grain yield for the 2022/23 season. Values with different letters 

differ significantly. 

 

Table 5.15 Grain yield (tonne ha-1) as influenced by the interaction of nitrogen source, application rate and 

growth stage applied of the non-prolific cultivar for the 2023/24 season 

Nitrogen source 

(NS) 

Application rate 

(AR) (kg N ha-1)  

Growth stages (GS) 
AR 

average 

V4 V9 V4 & V9  

Greensulf 

0 3.40 4.01 3.33 3.58 

20 3.74 3.59 3.07 3.46 

40 3.71 3.32 3.26 3.43 

GS Greensulf 

average 
 3.62 3.64 3.22  

LAN 

0 3.47 3.65 3.08 3.40 

20 3.24 3.33 3.21 3.26 

40 3.24 3.39 3.61 3.41 

GS LAN average  3.32 3.45 3.30  

GS average  3.47 3.55 3.26  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly 
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Prolific 

Season 2022/23 

Only the main factor, nitrogen application rate, significantly influenced grain yield (Table 5.2).  

 

Maize fertilized with 20 kg N ha-1 (10.9 tonne ha-1) resulted in significantly greater grain yield 

than maize that received 0 kg N ha (10.28 tonne ha-1 – control), with no significant difference 

between the yields obtained by maize fertilized at the aforementioned application rates and 

the yield of maize fertilized with 40 kg N ha-1 (Figure 5.8).  

 

Figure 5.8 Grain yield (tonne ha-1) as influenced by nitrogen application rate for the prolific cultivar in the 

2022/23 season. Values with different letters differ significantly. 

 

Season 2023/24 

There was no significant influence of the main effects or the interaction thereof on the grain 

yield of maize (Table 5.2). 

 

A summary of the results is presented in Table 5.16. These results correspond to the results 

obtained for the non-prolific cultivar in the same season, where a decrease in yield was 

observed with an increase in application rate. Furthermore, for both Greensulf and LAN, the 

highest yields were obtained when applied to V9. 
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Table 5.16 Grain yield (tonne ha-1) as influenced by the interaction of nitrogen source, application rate and 

growth stage applied of the prolific cultivar for the 2023/24 season.  

Nitrogen source 

(NS) 

Application rate 

(AR) (kg N ha-1)  

Growth stages (GS) AR average 

V4 V9 V4 & V9  

Greensulf 

0 4.22 4.50 4.41 4.38 

20 4.20 4.08 4.09 4.12 

40 4.08 4.07 4.09 4.08 

GS Greensulf 

average 
 4.17 4.22 4.20  

LAN 

0 4.65 4.49 4.26 4.47 

20 4.14 4.44 4.58 4.39 

40 4.48 4.38 4.26 4.37 

GS LAN average  4.42 4.44 4.37  

GS average  4.29 4.33 4.28  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly 

 

An overview of the results showed that the grain yield of the non-prolific cultivar when using 

Greensulf as a nitrogen source in the 2022/23 season was significantly higher than when using 

the LAN source. The 2022/23 season results showed that grain yield increased with increasing 

additional nitrogen application, whereas the 2023/24 season showed the opposite results, with 

a decrease in grain yield. The nitrogen application rate significantly influenced the prolific 

cultivar in the 2022/23 season, and such trends also occurred for both cultivars in the 2023/24 

season. Application at V9 resulted in the highest grain yield for both nitrogen sources, 

regardless of the cultivar planted. 

 

A study by Ullah et al. (2024) on the influence of different nitrogen and sulfur sources on maize 

yield reported that nitrogen fertilizers with additional sulfur performed better overall than the 

other nitrogen sources. This concurs with the findings of this study (Figure 5.7) for Greensulf, 

which contains 4% sulfur in the 2022/23 season. Conversely, Yue et al. (2022) also reported 

that nitrogen application rates, application time, and interaction did not significantly affect the 

grain yield. This finding also aligns with the results of this study during the 2023/24 growing 

season. Ochieng et al. (2023) showed that applying the right nitrogen source can influence 

crop yield, while excessive nitrogen application rates can lead to nutrient losses (leaching and 

volatilization) or even reduce crop yield. These findings (Ochieng et al. 2023) largely concur 
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with the results for the 2022/23 season (Figure 5.8), where Greensulf produced 280 kg grain 

ha-1 more than LAN at the same application rates and time. 

  

5.3.1.8 Nitrogen use efficiency 

Nitrogen use efficiency is a crucial element that enhances maize production. Conversely, the 

actual volatilization of nitrogen loss can contribute to air pollution if nitrogen loss is not 

managed efficiently, and nitrogen loss through runoff and leaching can lead to surface and 

groundwater pollution. This can be overcome by using split nitrogen applications (with varying 

application rates) instead of a single heavy dose of nitrogen and identifying the optimal time 

(growth stage) when the plant needs it most (Dawar et al., 2024). Optimizing nitrogen 

efficiency in maize production is crucial for increasing grain yield, optimizing economic return, 

and reducing nitrogen pollution (Hokmaliqour et al., 2010). 

 

Non-prolific 

Seasons 2022/23 & 2023/24 

The nitrogen use efficiency was only significantly influenced by the main factor, application 

rate (Table 5.1).  

 

Nitrogen use efficiency of the topdressings was reduced as the nitrogen application rate 

increased from 0 kg ha-1 to 20 kg ha-1 N and again to 40 kg ha-1 N (Figures 5.9 & 5.10). An 

application rate of 0 kg ha-1 yielded significantly higher nitrogen efficiency than 20 kg ha-1 and 

40 kg ha-1, with no significant differences in nitrogen use efficiency between the last two 

application rates. However, the nitrogen use efficiency of the 2023/24 season was nearly one-

third of that of the 2022/23 growing season. This can be attributed solely to the change in 

climatic characteristics between the two seasons.  
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Figure 5.9 Effect of nitrogen application rate on the nitrogen use efficiency of a non-prolific cultivar for the 

2022/23 season. Values with different letters differ significantly. 

 

 

Figure 5.10 Effect of nitrogen amount applied on the nitrogen use efficiency of a non-prolific cultivar for 

the 2023/24 season. Values with different letters differ significantly. 

 

Prolific 

Seasons 2022/23 & 2023/24 

The nitrogen use efficiency was only significantly influenced by the nitrogen application rate. 

(Table 5.2). The trend was nearly the same as that of the non-prolific cultivar (Figures 5.11 & 

5.12). 
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 Figure 5.11 Effect of nitrogen amount applied on nitrogen use efficiency on a prolific cultivar for season 

2022/23. Values with different letters differ significantly. 

 

 

Figure 5.12 Effect of nitrogen amount on nitrogen use efficiency on a prolific cultivar for season 2023/24. 

Values with different letters differ significantly. 

 

Hokmalipour et al. (2010) and Ochieng et al. (2021) reported that nitrogen use efficiency 

decreased with an increase in nitrogen application rate, which agrees with the results of this 

study. Mosisa et al. (2022) showed an increase in nitrogen agronomic use (NAE) (kg grain per 

kg N-1) for N applications from 23 to 92 kg N ha-1, with 92 kg N ha-1 as the optimum. Beyond 

this rate, e.g., at 115 kg N ha-1, the NAE began to decline again. This finding relates to the 

results of the 2023/24 season, where the control of 0 kg N ha -1 application rate (106 kg N in 

total) resulted in the highest nitrogen efficiency versus the 20 (126 kg N in total) and 40 (146 

kg N in total) kg N ha-1 application rates. Galindo et al. (2019) reported that the nitrogen source 

(Urea) had a linear decrease in kg grain per kg N as the nitrogen rates increased. 
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5.3.1.9 Precipitation use efficiency 

According to Meng et al. (2013), the exploitable yield gap is the difference between farmers' 

actual and potential yields, given favourable combinations of soil, climate, and crop 

management practices. Water productivity is one of the world’s yield gap constraints, 

especially under rain-fed conditions. Global water productivity (crop water efficiency) averages 

approximately 13 kg ha-1 mm-1 for dryland maize cultivation, representing about 50% of the 

global water production potential for maize (Rattalino et al., 2018). This approach can be used 

as a benchmark for effective management practices in on-farm use of available water across 

field cohorts.  

 

Non-prolific 

Season 2022/23 

Significant impacts on precipitation use efficiency (PUE) were found only for nitrogen sources 

of the 2022/23 season (Table 5.1). No significant effects were found during the 2023/24 

season (Figure 5.13). 

 

Maize fertilized with Greensulf delivered 0.68 kg grain ha-1 mm rain-1 more than the LAN source 

during the 2022/23 season.  

 

Figure 5.13 Effect of nitrogen sources on precipitation use efficiency of the non-prolific cultivar for the 

2022/23 season. Values with different letters differ significantly. 

 

Prolific 

Season 2022/23 

The water productivity of the prolific cultivar was only significantly influenced by the nitrogen 

application rate in the 2022/23 planting season (Table 5.2).  
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The PUE of the prolific cultivar was the highest at an application rate of 20 kg N ha -1 (26.72 

kg grain ha-1 mm rain-1), which was significantly higher than that at an application rate of 0 kg 

N ha-1 (25.22 kg grain ha-1 mm rain-1) (Figure 5.14).  

 

Ran et al. (2023) concluded that water stress had a greater influence on maize growth and 

grain yield than nitrogen stress. They also concluded that it is more important to prioritize soil 

water content to promote plants' nitrogen uptake because available water influences crop 

nitrogen availability. This finding was observed when comparing the two cropping seasons. 

The 2022/23 season was wetter than the 2023/24 season, which significantly affected nitrogen 

source and application rates. These findings could be why the amount of kg grain ha-1 mm 

rain-1 decreased for both cultivars in the 2023/24 season, as almost no rain fell in the R1 to 

R3 growth stages of the maize plants. 

 

 

Figure 5.14 Effect of nitrogen application rate on precipitation use efficiency of the non-prolific cultivar for 

the 2022/23 season. Values with different letters differ significantly. 

 

5.3.1.10 Return on investment 

The return on investment is a basic indicator of profitability or loss, calculated as the cost to 

produce a crop per hectare, and is used to assess the profitability of the crop (Ghose & 

Franchetti, 2018). This is an important measurement to determine whether the additional grain 

yield is cost-effective in relation to the additional nitrogen input. 
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Non-prolific 

Season 2022/23 

None of the main effects (source, application rate, and growth stage) or interaction thereof 

had a significant impact on the return on investment (ROI) (Table 5.1). Some trends were 

observed for the interaction between nitrogen source and growth stage. 

 

Maize fertilized with Greensulf at a rate of 0 kg N ha-1 at V9 growth stage produced the highest 

ROI (R 26,452.06), which was R 1,373.28 ha-1 more than that of maize fertilized with LAN 

applied at a rate of 20 kg N ha-1 at V4 growth stage (R 25,078.78). A decreasing tendency in 

ROI was observed at each growth stage or combination of growth stages with increasing 

application rates of Greensulf (Figure 5.15). 

 

 

Figure 5.15 Effect of the interaction between nitrogen sources, application rate and growth stage applied 

on the ROI of the non-prolific cultivar for the 2022/23 season. 

 

Season 2023/24 

The ROI was significantly affected by the nitrogen application rate only (Figure 5.1). Maize 

that did not receive any topdressing (0 kg N ha-1) resulted in a significantly larger ROI 

(R 166.84 ha-1) than maize that was fertilized with 40 kg N ha-1 (- R 1,456.97 ha-1), with no 

significant differences between the rest of the application rates (Figure 5.16).  
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Figure 5.16 Effect of application rate on the ROI of the non-prolific cultivar. Values with different letters 

differ significantly. 

 

Prolific 

2022/23 

The main effects (nitrogen source, application rate and growth stage) and their interactions 

did not significantly affect the ROI (Table 5.2). No trends were observed (Figure 5.17). 

 

 

Figure 5.17 Effect of the interaction between nitrogen sources, application rate and growth stage applied 

on the ROI of the prolific cultivar for the 2022/23 season. 
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Season 2023/24 

Application rate had a significant effect on the ROI of the prolific cultivar (Table 5.2).  

 

The ROI of maize produced without receiving a topdressing (0 kg N ha -1 application) 

(R 3,920.81 ha-1) was significantly greater (220%) than that of maize receiving 40 kg N ha -1 

(R 1,781.41 ha-1). The ROI of maize fertilized with 20 kg ha-1 (R 2,447.19 ha-1) did not differ 

significantly from that of maize receiving no N or 40 kg N ha-1 (Figure 5.18).  

 

 

Figure 5.18 Effect of application rate on ROI for a prolific cultivar in 2023/24 season. Values with different 

letters differ significantly. 

 

Both non-prolific and prolific cultivars were significantly affected by nitrogen application rate, 

resulting in a decrease in ROI as nitrogen rates were increased during the 2023/24 season. 

Trends were observed in the 2022/23 season, where the application rate and growth stage 

had an impact on the ROI of both cultivars.  

 

Siam et al. (2008) found economic differences between nitrogen sources and different 

application rates. These authors concluded that application rates higher than 100 to 120 kg N 

ha-1 were not viable due to higher costs and low returns depending on the source, except for 

Ammonia gas at a rate of 140 kg N ha-1, which produced the best results. Essel et al. (2020) 

reported that a nitrogen application rate of 60 kg N ha-1 resulted in an optimal net return from 

using nitrogen fertilizer, with further applications leading to a reduction in the net return and, 

thus, financial losses. Similar to Essel et al. (2020), Jansen et al. (2013) reported that 

excessive nitrogen fertilizer costs result in fertilizer costs being uneconomical in relation to the 

price of grain, resulting in a lower net return. This study also found that nitrogen sources and 
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rates influence ROI. Except for the LAN source of 20 kg N ha-1 (total of 126 kg N ha-1) for the 

prolific cultivar, 0 kg N ha (total of 106 kg N ha-1) was more economically feasible than the 

higher application rates. Joshi et al. (2014) conducted a study on the effects of nitrogen 

sources, rates, and split applications on maize yield, concluding that split applications of 

nitrogen sources yielded a better economic return than applying the full amount at planting. 

Furthermore, a split application of 1/3 at planting, 1/3 at 25 days post-emergence, and 1/3 at 

45 days post-emergence produced the highest economic return. This supports the study that 

application time has an impact on the ROI observed in both maize cultivars during the two 

seasons. 

 

Conclusion 

In conclusion, nitrogen source, application rate, and growth stage significantly affected the 

yield components and overall yield of both the non-prolific and prolific maize cultivars. The 

nitrogen source Greensulf substantially impacted several parameters, including grain mass 

per cob, 1000-kernel weight (non-prolific cultivar), grain yield, and precipitation use efficiency. 

On the other hand, the LAN nitrogen source notably influenced the number of cobs per plant 

and 1000-kernel weight (prolific cultivar). A nitrogen topdressing application of 20 kg ha-1 had 

the most considerable effect on yield components and overall yield, except for return on 

investment (ROI) and nitrogen use efficiency (NUE), where the control treatment showed 

significantly higher results. The two cultivars responded differently to the nitrogen application 

under various conditions. The non-prolific cultivar performed better when nitrogen was applied 

at the V9 growth stage, while the prolific cultivar performed better with a split nitrogen 

application between the V4 & V9 stages. These factors should be considered separately for 

each cultivar due to the differences observed. 
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Chapter 6 

 

The influence of nitrogen source, application rate and growth stage on the grain 

quality and nutrient content of a non-prolific and prolific maize cultivar in the 

north-eastern Free State 

 

6.1 Introduction 

This chapter will evaluate the effect of nitrogen sources, topdressing application rates, and 

growth stages on the grain quality of maize. 

 

Environmental conditions significantly impact the grain quality of maize, especially drought 

and heat stress. These abiotic stress factors influence the physiological and biological 

processes of the maize plant. Heat and drought stress during the grain-filling stage of maize 

can profoundly impact grain quality. High temperatures during the early vegetative stages of 

maize can lead to reduced starch production. Drought conditions also led to a reduction in 

starch content and grain size, but increased protein content (Lindiwe & Erick, 2024). 

 

Nitrogen is regarded as an essential component for protein production, which dramatically 

affects the grain quality of maize. Achieving the right balance in nitrogen fertilizer rates is 

crucial for enhancing the quality of grain components. (Omar et al., 2022; Lindiwe & Erick, 

2024). A study by Biswas & Ma (2016) showed that grain quality was significantly affected by 

the nitrogen source and the nitrogen rate. The nitrogen source had a significant effect on grain 

quality, including grain moisture, kernel size, and density, with calcium ammonium nitrate 

(CAN) yielding the best results, followed by ammonium nitrate (AN) and ammonium sulphate 

(AS) during two growing seasons. Biswas & Ma (2016) also reported that CAN, as an N source 

significantly affected the N content in the kernel. 

 

Biswas & Ma (2016) reported that the grain quality of maize increased when fertilized, and 

rates increased from 30 to 150 kg N ha-1, independent of the nitrogen source used. Grain 

moisture and kernel density were found to be unresponsive to nitrogen rate, while kernel size 

and grain yield were significantly affected by nitrogen rate, according to Biswas & Ma (2016). 

Omar et al. (2022) reported that different nitrogen rates did not significantly affect grain quality, 

particularly in terms of grain moisture content, oil content, protein content, and starch content. 

However, they recommended a rate of 50 to 100 kg N ha-1 for optimal grain yield. Amanullah 
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& Shah (2010) reported that increasing nitrogen rates (82 to 93 kg N ha-1) as a single 

application increased grain protein, decreasing maize's oil and starch content.  

 

Amanullah & Shah (2010) reported that when nitrogen application was split into an early 

vegetative and late reproductive stage, the protein, P, and K content in the grain increased. 

According to Subedi & Ma (2005), the application of nitrogen fertilizer at V8, and later reduced 

the grain yield and protein content, while early applications of nitrogen increased protein 

content but reduced the grain's starch and fat content. Lindiwe & Erick (2024) reported that 

the timing of nitrogen applications is vital for grain quality. These authors observed that 

nitrogen application split into two application times (at planting and the five-leaf stage) 

produced the highest protein, fat, and ash content. 

 

This study evaluated the effects of nitrogen source, application rate, and growth stage (time 

of application) on the grain quality and nutrient content of a non-prolific and highly prolific 

maize cultivar over two cropping seasons. 

 

6.2 Materials and Methods 

The materials and methods used were discussed in Chapter 3. 

 

6.3 Results and Discussion 

Analysis of variance indicated that data from the 2022/23 and 2023/24 cropping seasons were 

not homogeneous, probably because of climatic differences between the cropping seasons 

(Table 3.1). Therefore, the two cropping seasons were analysed separately and will be 

discussed accordingly. 

 

A summary of the analysis of variance evaluating the effect of nitrogen source (NS), 

topdressing application rate (AR), and growth stage (GS) on the grain quality of a non-prolific 

maize cultivar is summarised in Tables 6.1 and and that of a prolific cultivar in Tables 6.2. The 

non-prolific cultivar protein content was significantly influenced by the nitrogen application rate 

for both cropping seasons and by the interaction of the nitrogen source and growth stage for 

the 2022/23 season only. The nitrogen rate applied for the 2022/23 season significantly 

influenced the fat content. The starch and fibre content, as well as the milling index, were 

significantly influenced by the topdressing application rate for the 2023/24 season. The 

nitrogen source significantly influenced the content of nitrogen (N) and manganese (Mn). The 

zinc (Zn) content was significantly influenced by the interaction between the nitrogen source 

and growth stage applied during the 2022/23 season. The Zn content was significantly 
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influenced by the nitrogen source used, and the iron (Fe) content was significantly influenced 

by the growth stage applied during the 2023/24 season. 

 

The protein content of the prolific cultivars was significantly influenced by the nitrogen 

application rate, and the growth stage during the 2022/23 season. The topdressing application 

rate significantly influenced the fat content for both seasons, and the interaction between 

nitrogen source and application rate significantly affected the fat content for the 2022/23 

season. The growth stage applied in the 2022/23 season significantly influenced the Mn 

content. In the 2023/24 season, N content was significantly influenced by the interaction 

between nitrogen source and application rate, as well as the interaction between application 

rate and growth stage. Phosphorus (P) content was significantly influenced by the interaction 

between the nitrogen source and growth stage, and the nitrogen source had a significant 

influence on B during the 2023/24 season. 

 

6.3.1 Grain quality of a non-prolific and prolific cultivar 

In this chapter the protein content, fat content, starch content, fiber content, milling index and 

grain nutrient content (N, P, Cu, Zn, Mn, B and Fe) will be discussed. 

 

6.3.1.1 Protein content 

Nitrogen is a crucial nutrient for plants, playing a vital role in various metabolic pathways 

essential to their growth and development. It is also involved in protein synthesis. Researchers 

reported that N improves grain quality and increases maize's protein and mineral content 

(Amanullah & Shah, 2010; Demari et al., 2016; Omar et al., 2022). Maize is the third-largest 

grain crop in the world and serves as an essential source of protein for both humans and 

animals (Motukuri, 2019). Protein plays a vital role in the growth, maintenance, and 

physiological functions of the bodies of animals and humans (Adhikari et al., 2022), 

emphasizing the importance of grain quality. 

 

Non-prolific 

Season 2022/23 

Protein was significantly influenced by application rate (AR) and the interaction of nitrogen 

source and application rate (NS x AR) (Table 6.1). 
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Table 6.1 Summary of analysis of variance indicating the effect of treatment factors on grain quality for a non-prolific maize cultivar 

Treatments 
Protein (%) Fat (%) Stach (%) Fiber (%) Milling Index 

2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 

Source (NS) ns ns ns ns ns ns ns ns ns ns 

Application rate (AR) * * * ns ns * ns * ns * 

Growth stage (GS) ns ns ns ns ns ns ns ns ns ns 

NS X AR * ns ns ns ns ns ns ns ns ns 

NS X GS ns ns ns ns ns ns ns ns ns ns 

AR X GS ns ns ns ns ns ns ns ns ns ns 

NS X AR X GS ns ns ns ns ns ns ns ns ns ns 

CV% 4.57 2.76 9.83 9.41 0.85 0.97 2.95 2.26 7.52 6.89 

ns – not significant 

*P≤ 0.05 

CV – coefficient of variance 
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Table 6.2 Summary of analysis of variance indicating the effect of treatment factors on grain quality for prolific maize cultivar 

Treatments 
Protein (%) Fat (%) Stach (%) Fiber (%) Milling Index 

2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 2022/23 2023/24 

Source (NS) ns ns ns ns ns ns ns ns ns ns 

Application rate (AR) * ns * * ns ns ns ns ns ns 

Growth stage (GS) * ns ns ns ns ns ns ns ns ns 

NS X AR ns ns * ns ns ns ns ns ns ns 

NS X GS ns ns ns ns ns ns ns ns ns ns 

AR X GS ns ns ns ns ns ns ns ns ns ns 

NS X AR X GS ns ns ns ns ns ns ns ns ns ns 

CV% 4.01 2.67 8.28 9.34 0.67 11.53 2.14 211.17 5.57 7.77 

ns – not significant 

*P≤ 0.05 

CV – coefficient of variance 
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Generally, the protein content decreased with an increase in application rate (Table 6.3). The 

protein content of maize plants that did not receive nitrogen (0 kg N ha -1 - control) produced 

the highest protein content. This appearance was observed for both Greensulf and LAN. For 

both Greensulf (7.29%) and LAN (7.14%), the highest protein contents were obtained when 

no fertiliser was applied as a top dressing (Table 6.3). Except for the protein content of plants 

topdressed with 40 kg ha-1 Greensulf, the protein contents of all other treatment combinations 

did not differ significantly.  

 

Table 6.3 Protein content (%) as influenced by the interaction of nitrogen source and application rate for a 

non-prolific cultivar for the 2022/23 season 

Application rate (AR) 

 (kg N ha-1)  

Nitrogen source (NS) 
AR average 

Greensulf LAN 

0 7.29a 7.14ab 7.22 

20 7.11ab 6.88bc 7.00 

40 6.71c 6.99abc 6.85 

Average 7.04 7.00  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = 0.2241 NS x AR LSD (T≤0.05) = 0.3884   

Values with different letters differ significantly. 

 

Season 2023/24 

Only application rate (AR) significantly affected the protein content of the grain (Table 6.1). 

The highest protein content was achieved with an application rate of 20 kg N ha -1 (9.63%), 

which did not differ significantly from the protein content of maize that received no nitrogen (0 

kg N ha-1) (9.55%) (Figure 6.1). The protein content of both the treatments mentioned above 

was significantly greater than that (9.41%) of maize plants fertilized with 40 kg N ha -1.  

 

Prolific 

Season 2022/23 

The protein content was significantly influenced by the nitrogen application rate and growth 

stage (Table 6.2).  

The plants that did not receive any nitrogen (0 kg N ha-1) (6.99%) had a significantly higher 

grain protein content than the plants that received rates of 20 kg ha -1 (6.63%) and 40 kg N   

ha-1 (6.57%) (Figure 6.2).  
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Figure 6.1 Protein content (%) as influenced by the nitrogen application rate of a non-prolific cultivar for 

the 2023/24 season. Values with different letters differ significantly. 

 

 

Figure 6.2 Protein content (%) as influenced by the nitrogen application rate of a prolific cultivar for the 

2022/23 season. Values with different letters differ significantly. 

 

When the topdressing was applied, the growth stage significantly influenced grain protein 

content, with the V9 growth stage (6.80%) being the optimal time for application. The V9 

growth stage resulted in a significantly higher protein content than the plants fertilized at the 

V4 stage (6.61%). However, the protein contents did not differ significantly from the plants 

fertilized in a split application at V4 & V9 (6.78%). 
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Figure 6.3 Protein content (%) as influenced by the growth stage for a prolific cultivar in the 2022/23 season. 

Values with different letters differ significantly. 

 

Season 2023/24 

Protein content was not significantly affected by the main treatments or their interaction effects 

(Table 6.2). The only observation, although not statistically significant, was that the protein 

content of maize grain increased when a split (V4 & V9) topdressing was applied compared 

to a single application at either the V4 or V9 growth stage. 

 

Table 6.4 Protein content (%) as influenced by the nitrogen source, application rate and growth stage 

applied for the prolific cultivar in the 2023/24 season 

Nitrogen source (NS) 
Application rate 

(AR) (kg N ha-1) 

Growth stages (GS) AR average 

V4 V9 V4 & V9  

Greensulf 

0 9.89 9.94 10.33 10.05 

20 10.14 10.25 10.02 10.14 

40 10.08 10.26 10.33 10.22 

GS Greensulf average  10.04 10.15 10.23  

LAN 

0 9.93 10.36 10.10 10.13 

20 10.34 10.23 10.33 10.30 

40 9.96 10.05 10.19 10.07 

GS LAN average  10.08 10.21 10.21  

GS average  10.06 10.18 10.22  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly. 
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The protein content of both seasons was significantly influenced by the rate of nitrogen applied 

to the non-prolific and prolific cultivars. The protein content decreased with an increase in 

application rate, except for maize plants fertilized with 20 kg ha-1 nitrogen during the 2023/24 

season for the non-prolific cultivar. In the 2022/23 season, significant differences were 

observed in the interaction between nitrogen source and application rate on grain protein 

content. This indicates that the grain of the control treatments had a higher protein content 

than the grain of the control treatments with application rates of 20 and 40 kg N ha-1, regardless 

of the source for the non-prolific cultivar.  

 

Idikut et al., (2009) reported a negative correlation (r= -0.710) between grain protein and grain 

yield, indicating a decrease in protein content with higher maize yield. Ertiro et al. (2022) also 

observed a negative correlation between protein content and yield (r = -0.23). These findings 

could be attributed to the lower yields obtained in the 2023/24 season (Chapter 5). This could 

help explain why the grain protein content in the 2023/24 season was higher than that of the 

2022/23 season. A study by Siam et al., (2008) reported that the protein content of maize grain 

was significantly affected by the nitrogen source and the nitrogen application rate. These 

authors found that ammonia gas as a nitrogen source at 140 kg N ha -1 produced the highest 

grain protein content compared to urea and ammonium sulphate sources at the same nitrogen 

rate. This finding agrees with the interaction between the nitrogen source and the application 

rate of the non-prolific cultivar.  

 

According to Aakash et al. (2022) and Omar et al., (2022), protein content was significantly 

affected by application rate, with the highest protein content achieved with the lower range of 

N application rates (100 kg ha-1) and the lowest protein content at higher application rates (150 

kg ha-1). This concurs with the results obtained in this study.  

 

Grain protein content is primarily determined by genetic makeup, but other factors, such as 

nitrogen application and climate, can also have significant influences (Ochieng et al., 2023). 

Previous study has found that environmental factors can impact protein content by up to 89% 

(Martinez et al., 2010). These findings could also be the reason for the results of the two 

seasons in which the control plants produced the highest protein content in the 2022/23 

season and that there were no significant differences in grain protein content between the 

control and the additional nitrogen rates of the 2023/24 season. Amanullah and Shah (2010) 

showed an increase in kernel protein content when nitrogen was applied in split applications 

and not just at planting. The best protein content was achieved with 180 kg N ha -1 applied in 

6 separate applications from plant to the late reproductive growing stages (70 days after 

emergence), resulting in 6 g kg-1 higher grain protein content than a fertilizer application 
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restricted to planting alone. These results concur with the results found in both seasons of the 

prolific cultivar. 

 

6.3.1.2 Fat content 

The quality of the oil extracted from maize grains depends on the grain's fat content (Bathla 

et al., 2019). Fat is one of the main contents (protein, moisture, fats, and carbohydrates) tested 

in maize grain for quality and food safety purposes for consumers (Hamisu et al., 2023). This 

is because it plays an essential role in animal and human nutrition. The fat in maize is an 

important ingredient in most animal rations for being an easily digestible energy source and 

essential fatty acid for animals. During oil synthesis, air temperature and nutrient management 

significantly impact the fatty acid-generating organs of plants (Stępień et al., 2024). This 

finding motivates the importance of measuring the fat content of maize grain. 

 

Non-prolific 

Season 2022/23 

Only the nitrogen application rate affected the fat content during this season (Table 6.1). A 

significantly increased nitrogen rate during the 2022/23 season increased the grain's fat 

content. Maize plants topdressed with 40 kg N ha-1 (4.45%) resulted in a significantly higher 

fat content than control plants (4.12%). The fat content of plants fertilized with 20 kg N ha -1 did 

not differ significantly from the fat content of either control plants or 40 kg ha -1 topdressing 

(Figure 6.4). 

 

 

Figure 6.4 Fat content (%) as affected by application rate for the non-prolific cultivar in the 2022/23 season. 

Values with different letters differ significantly. 
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Season 2023/24 

There was no significant effect on the grain fat content due to the main effects or their 

interactions (Table 6.1). Only trends were observed. 

 

It appears that the plants fertilized with both nitrogen sources at a rate of 20 kg N ha-1 produced 

the highest fat content of all the nitrogen rates. Furthermore, regardless of the source, plants 

that received the topdressing as a split application (V4 &V9) produced the highest fat content 

(Table 6.5). 

 

Table 6.5 Fat content (%) as influenced by the nitrogen source, application rate and growth stage applied 

for the non-prolific cultivar in the 2023/24 season 

Nitrogen source (NS) 
Application rate 

(AR) (kg N ha-1) 

Growth stages (GS) AR average 

V4 V9 V4 & V9  

Greensulf 

0 3.81 4.21 4.41 4.14 

20 4.13 4.45 4.13 4.24 

40 4.18 4.06 4.42 4.22 

GS  Greensulf average  4.04 4.24 4.32  

LAN 

0 3.96 3.82 4.36 4.04 

20 4.48 4.19 4.51 4.39 

40 3.90 4.38 4.26 4.18 

GS LAN average  4.11 4.13 4.38  

GS  average  4.08 4.18 4.35  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly. 

 

Prolific 

Season 2022/23 

The fat content of grain was significantly influenced by the interaction between nitrogen source 

and application rate (Table 6.2). 

 

The LAN source-treated plants showed no significant differences between application rates. 

However, the fat content of the plants receiving LAN at 40 kg N ha-1 (3.84%) was significantly 

lower than that of the plants receiving Greensulf at 20 kg N ha-1 (4.27%). At 20 kg N ha-1, the 
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Greensulf source, treated plants' fat content was significantly higher than that of the control 

plants (3.74%) (Table 6.6). 

 

Table 6.6 Fat content (%) as affected by the interaction between the nitrogen source and application rate 

for the prolific cultivar in the 2022/23 season 

Application rate (AR) 

(kg N ha-1) 

Source (NS) 
AR average 

Greensulf LAN 

0 3.74b 3.90ab 3.82 

20 4.27a 3.95ab 4.11 

40 3.98ab 3.84b 3.91 

Average 4.00 3.90  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = 0.2282 NS x AR LSD (T≤0.05) = 0.3955  

Values with different letters differ significantly. 

 

Season 2023/24 

The prolific cultivar was only significantly influenced by the nitrogen application rate (Table 

6.2). Plants that received a nitrogen topdressing application rate of 20 kg ha-1 had a 

significantly higher fat content (3.96%) than those with a 0 kg N ha-1 (3.70%), with no 

significant difference between the other treatments (Figure 6.5). 

 

 

Figure 6.5 Fat content (%) as affected by application rate for the prolific cultivar in the 2023/24 season. 

Values with different letters differ significantly. 
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increase in fat content with higher nitrogen rates. The highest fat content was at a total nitrogen 

rate of 140 kg ha-1 (40 kg N ha-1 topdressing) for the non-prolific cultivar and 120 kg ha-1 (20 

kg N ha-1 topdressing) for the prolific cultivar. Shehzad et al. (2012) and Liu et al. (2022) also 

reported that increasing the nitrogen rate increased kernel fat content, which agrees with the 

results found for both non-prolific and prolific cultivars in this study. Regarding nitrogen 

sources, Stępień et al. (2024) could not find significant differences in grain fat content between 

nitrogen sources and concluded that the unfavourable weather conditions could have 

influenced the results of their research. This finding contradicts the results on the prolific 

cultivar in the 2022/23 season of the current study, which had significant differences between 

nitrogen sources. 

 

6.3.1.3 Starch content 

This parameter is the first of three major nutritional components of maize grain (starch, protein, 

and fat), which is essential for human consumption (Hamisu et al., 2023). Starch is also the 

major component of the kernel, comprising up to 72-73% of the kernel's weight. Maize 

accounts for approximately 80% of the world's starch extraction and is widely used in the food 

industry for products such as pasta, snacks, and thickeners (Paraginski et al., 2014). It was 

reported that temperatures, planting dates, and planting conditions significantly affected starch 

content. Information regarding the response of starch to fertilization is scant (Kaplan et al., 

2019). This necessitates the evaluation of starch response to fertilisation practices. 

 

Non-prolific  

There were no significant differences in grain starch content for the 2022/23 season. In the 

2023/24 season, the grain starch content was significantly influenced by the amount of 

nitrogen applied (Table 6.1). 

 

The starch content was highest at an application of 40 kg ha-1 (62.54%), followed by the control 

at 0 kg ha-1 (62.42%), which were both significantly higher than that of plants fertilized with 20 

kg ha-1 (61.96%) (Figure 6.6). 

 

Prolific 

In the 2022/23 and 2023/24 seasons, there were no significant effects on the grain starch 

content or the main effects or the interactions thereof (Table 6.2). 

 

Omar et al. (2022) found that the starch content increased significantly with nitrogen rates up 

to 100 kg N ha-1 (72.43%); however, no further significant increases were achieved at rates 

above this level (150 kg N ha-1, 72.43%). This confirms the results for the non-prolific cultivar, 
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where the plants treated with 0 kg N ha-1 (106 kg ha-1 total N) and 40 kg N ha-1 (146 kg N ha-

1 total N) produced the highest starch content but without significant differences. Siam et al. 

(2008) found that increasing ammonia gas rates significantly increased grain starch content, 

with the highest starch content at 140 kg N ha-1 (76.8%), compared to urea (68.2%) and 

ammonium sulphate (72.2%). Liu et al. (2022) found that higher nitrogen rates (100 and 200 

kg N ha-1) increased the starch content (71.69% and 73.18%) of maize kernels, which can 

also be found in this study's results. 

 

 

Figure 6.6 Starch content (%) as affected by application rate of the non-prolific cultivar in the 2023/24 

season. Values with different letters differ significantly. 

 

6.3.1.4 Fibre content 

Grain fibre plays a significant role in grain nutrition. Research has shown that a high crude 

fibre content is associated with high nutritional composition in grain as well as high contents 

of crude fat, protein, and fibre (Kara et al., 2022). Fibre is an important food product for human 

and animal consumption because it is rich in nutrition, easily digested and absorbed, and it 

has some health functions (Shungui, 2009). Kara et al. (2022) also found that factors such as 

weed control, irrigation, and fertilization could significantly impact the quality (crude fiber, 

crude ash, starch, Ca, Mg, and P) of maize forage. 

 

Non-prolific 

Season 2022/23 

No significant differences were found as a result of the main effects or their interactions on 

grain fibre content.  
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Season 2023/24 

The nitrogen application rate significantly influenced grain fibre content (Table 6.1). The 

nitrogen rates of 0 kg ha-1 (2.54%) and 20 kg ha-1 (2.56%) treated plants showed no significant 

differences in fibre content compared to the nitrogen rate of 40 kg ha-1 (2.52%) treated plants. 

However, a topdressing application rate of 20 kg ha-1 resulted in significantly higher grain fibre 

content than a rate of 40 kg ha-1 (Figure 6.7).  

 

 

Figure 6.7 Fibre content (%) as affected by application rate for the 2023/24 season. Values with different 

letters differ significantly. 

 

Prolific 

There were no significant differences in the fibre content of the prolific cultivar in the 2022/23 

and 2023/24 seasons due to the main effects or their interactions (Table 6.2). 

 

Leite et al. (2021) and Bazitov et al. (2023) reported that the crude fibre content of grain was 

reduced with an increasing nitrogen rate. Almodares et al. (2009) also reported a decrease in 

crude fiber content when nitrogen rates were increased. These findings contradict the results 

found in this study for the non-prolific cultivar. Shehzad (2012) found that the crude fibre 

content of maize was increased with increasing nitrogen rates of up to 180 kg N ha -1, which 

supports the findings in this study on the non-prolific cultivar. 

 

6.3.1.5 Milling index (%) 

According to the Southern African Grain Laboratory NPC (SAGL) (2017), the milling index 

indicates the milling ability and milling quality of maize kernels. The higher the milling index, 

the higher the extraction of high-grade products such as maize meal, samp, maize rice, and 
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maize grits manufactured from the kernel's endosperm. This makes it an important parameter 

to measure and determine what influence nitrogen fertilization practices have on the milling 

index. 

 

Non-prolific 

The grain milling index was not significantly affected in the 2022/23 season. In the 2023/24 

season, the nitrogen application rate significantly impacted the grain milling index (Table 6.1). 

 

No significant differences were observed in the milling index of plants that received no 

additional topdressing and that of plants that received either 20 or 40 kg N ha -1, between the 

control plants (0 kg N ha-1) (65.08%), plants fertilized with a nitrogen rate of 20 kg ha-1 

(64.78%) and a nitrogen rate of 40 kg ha-1 (68.11%). A topdressing of 40 kg ha-1 (68.11%) 

resulted in a significantly higher grain milling index than that of plants which received only 20 

kg N ha-1 (64.78%) as a topdressing (Figure 6.8). 

 

 

Figure 6.8 Milling index (%) as influenced by application rate for 2023/24 season. Values with different 

letters differ significantly. 

 

Prolific 

The milling index was not significantly influenced by the main effects of nitrogen source, 

application rate, and growth stage, or the interactions thereof, in the 2022/23 and 2023/24 

seasons (Table 6.2). 

 

Inspection of the data revealed that the milling index of plants that received no topdressing 

was generally higher than that of plants that received 20 or 40 kg N ha-1 as a topdressing 

(Table 6.7). 
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Oikeh et al. (1998) reported that plants receiving a total nitrogen application of 30 to 60 kg ha-1 

produced a high-value dry milling quantity and concluded that cultivar and nitrogen rate 

influence milling quality. These results verify the finding that nitrogen application rate 

influences the milling index. No further supporting or contrasting results were found regarding 

the influence of nitrogen rate on the milling index which support the findings of this study. 

 

Table 6.7 Milling index (%) as influenced by the nitrogen source, application rate, and growth stage applied 

for the prolific cultivar in the 2022/23 and 2023/24 season 

2022/23 season 

Nitrogen source (NS) 
Application rate 

(AR) (kg N ha-1) 

Growth stages (GS) AR average 

V4 V9 V4 & V9  

Greensulf 

0 71.56 72.13 71.08 71.59 

20 69.29 71.00 73.74 71.34 

40 65.75 69.39 71.58 68.90 

GS Greensulf average  68.87 70.84 72.13  

LAN 

0 72.30 71.81 68.53 70.88 

20 69.63 69.80 66.34 68.59 

40 66.39 71.75 69.39 69.18 

GS LAN average  69.44 71.12 68.08  

GS average  69.15 70.98 70.11  

2023/24 Season 

Greensulf 

0 60.51 59.51 60.66 60.23 

20 59.54 62.06 59.19 60.26 

40 63.73 57.86 61.41 61.00 

GS Greensulf average  61.26 59.81 60.42  

LAN 

0 62.51 62.24 66.29 63.68 

20 58.33 65.01 61.55 61.63 

40 60.60 57.85 58.50 58.98 

GS LAN average  60.48 61.70 62.11  

GS Average  60.87 60.76 61.27  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns 

NS x AR LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = ns 

NS x AR x GS LSD (T≤0.05) = ns Values with different letters differ significantly. 
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6.3.2 Grain nutrient content 

The nutritional content of maize grain is essential information because it directly impacts the 

quality of the product consumed, whether as animal feed or for human use. Vital nutrients 

such as P, K, Mg, and Mn are essential for maize and are necessary for bone health, nerve 

function, and electrolyte balance. Therefore, this measurement is crucial for the consumer 

(Hamisu et al., 2023). Interactions between nitrogen and macro- and micronutrients can lead 

to an increase (synergism) or decrease (antagonism) in uptake through plant metabolism and 

can be observed through these measurements (Maňásek et al., 2012). 

 

6.3.2.1 N content 

Non-prolific 

The N grain content was only significantly affected by the nitrogen source for the non-prolific 

cultivar in the 2022/23 season. No significant effects were found on the grain N content for the 

2023/24 season (Table 6.12). 

 

The grain N content was significantly higher (1.07%) when LAN was used compared to 

Greensulf (0.95%) in the 2022/23 season (Figure 6.9). 

 

 

Figure 6.9 Grain N content (%) as affected by nitrogen source of a non-prolific cultivar for the 2022/23 

season. Values with different letters differ significantly. 
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Grain nutrient summary of analysis 

Table 6.8 Summary of analysis of variance indicating the effect of treatment factors on grain nutrients for a non-prolific maize cultivar 

Treatments 
S N P K Ca Mg Cu Mn Zn Fe B 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2023/

24 

2023/

24 

Source (NS) ns ns * ns ns ns ns ns ns ns ns ns ns ns * ns ns * ns ns ns ns 

Application rate 

(AR) 
ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

Growth stage 

(GS) 
ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns * ns ns 

NS X AR ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

NS X GS ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns * ns ns ns ns ns 

AR X GS ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

NS X AR X GS ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

CV% 

19
.9
7 

8.
52

 

20
.5
5 

14
.2
6 

13
.0
1 

10
.5
3 

20
.1
3 

10
.3
2 

19
.8
9 

31
.7
3 

10
.6
7 

10
.1
9 

22
.2
7 

28
.5
3 

10
.3
3 

19
.4
4 

8.
29

 

12
.3
8 

19
.1
7 

19
.5
6 

17
.3
6 

9.
07

 

ns – not significant 

*P≤ 0.05 

CV – coefficient of variance 
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Table 6.9 Summary of analysis of variance indicating the effect of treatment factors on grain nutrients for a prolific maize cultivar 

Treatments 
S N P K Ca Mg Cu Mn Zn Fe B 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2022/

23 

2023/

24 

2023/

24 

2023/

24 

Source (NS) ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns * 

Application rate 

(AR) 
ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

Growth stage 

(GS) 
ns ns ns ns ns ns ns ns ns ns ns ns ns ns * ns ns ns ns ns ns ns 

NS X AR ns ns ns * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

NS X GS ns ns ns ns ns * ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

AR X GS ns ns ns * ns ns ns ns ns ns ns ns * ns ns ns ns ns ns ns ns ns 

NS X AR X GS ns ns ns * ns ns ns * ns ns ns ns ns ns ns ns ns * ns ns ns ns 

CV% 

5.
63

 

5.
03

 

6.
09

 

10
.3
9 

9.
43

 

7.
78

 

7.
55

 

7.
13

 

21
.7
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.9
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.0
4 

32
.0
6 

20
.1
5 

8.
13

 

11
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ns – not significant 

*P≤ 0.05 

CV – coefficient of variance 
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Prolific 

Season 2022/23 

The grain N content had no significant effects on the main effects or interactions in the 2022/23 

season (Table 6.9).  

 

Season 2023/24 

Grain N content was significantly influenced by the interactions between nitrogen source and 

application rate, the interaction between application rate and growth, as well as the nitrogen 

source, application rate and growth stage (the latter three-way interaction will not be 

discussed) (Table 6.9).  

 

The plants that received Greensulf at 40 kg N ha-1 topdressing had a significantly higher grain 

N content (0.91%) than the control plants (0.78%), with no further significant differences in N 

content observed among the remaining treatment interactions (Table 6.10).  

 

Table 6.10 Grain N content (%) as influenced by the nitrogen source and application rate for the prolific 

cultivar in the 2023/24 season 

Application rate 

(AR) (kg N ha-1) 

 

Nitrogen source (NS) 
AR average 

Greensulf LAN 

0 0.78b 0.84ab 0.81 

20 0.84ab 0.83ab 0.83 

40 0.91a 0.82ab 0.87 

Average 0.84 0.83  

NS LSD (T≤0.05) = ns AR LSD (T≤0.05) = ns NS x AR LSD (T≤0.05) = 0.1050   

Values with different letters differ significantly. 

 

Maize plants which received a nitrogen topdressing application rate of 40 kg ha-1 as a split 

application at the V4 & V9 growth stages produced a significantly higher N grain content 

(0.93%) than the control plants of the V9 growth stage (0.76%), with no other significant 

differences in N for the remainder of treatment combinations (Table 6.11). 
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Table 6.11 Grain N content (%) as influenced by the nitrogen application rate and growth stage applied for 

the prolific cultivar in the 2023/24 season 

Application rate 

(AR) (kg N ha-1) 

 

Growth stage (GS) 
 

AR average 

V4 V9 V4 & V9  

0 0.84ab 0.76b 0.82ab 0.81 

20 0.83ab 0.86ab 0.81ab 0.83 

40 0.85ab 0.82ab 0.93a 0.87 

Average 0.84 0.81 0.85  

AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = 0.141 

Values with different letters differ significantly. 

 

Biswas and Ma (2016) reported that the nitrogen sources used influenced the N content of 

kernels. These authors concluded that N content in grain was higher when plants were 

fertilized with CAN (calcium ammonium nitrate) than AN (ammonium nitrate) and urea 

sources. This finding correlates with the results from both cultivars of the current study, which 

showed that the nitrogen source influenced the kernel N content. The grain N content of the 

prolific cultivar increased with increasing nitrogen levels, a finding similar to those made by 

Mondal et al. (2023) and Rawal et al. (2024). These authors found that with high nitrogen 

levels (210 kg N ha-1), the N content was higher than that of the control group with no nitrogen 

fertilizer applied. Siam et al. (2008) found that the interaction between nitrogen source and 

rate significantly affected the grain N content, with ammonium gas at 140 kg N ha -1 resulting 

in the highest N content compared to the other nitrogen sources. This finding supports the 

results on the interaction between nitrogen sources (Greensulf and LAN) and application rates 

(106, 126, and 146 kg N ha-1 total N) in the prolific cultivar. 

 

6.3.2.2 P content 

Non-prolific 

No significant differences in the P content occurred as a result of the main effects (nitrogen 

source, application rate, and growth stage) or the interactions on the non-prolific cultivar in the 

2022/23 or 2023/24 seasons (Table 6.8).  

 

Prolific 

The grain P content of the prolific cultivars was significantly affected only in the 2023/24 

season by the interaction between the nitrogen source and growth stage (Table 6.9). 
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Inspection of the data revealed no significant differences in P content on account of the 

nitrogen source used. The only significant difference in P content was observed between 

single topdressing applications at V4 and V9 for Greensulf (Table 6.12). 

 

Biswas and Ma (2016) reported that neither the nitrogen source nor the application rate 

influenced grain P content. This concurs with the results of this study, which found that the 

non-prolific cultivar showed no significant differences in grain P content across the two 

seasons. Siam et al. (2008) and Szule et al. (2017) reported differences between nitrogen 

sources, where ammonium nitrate resulted in a higher grain P content than the Canwil nitro-

chalk source. Siam et al. (2008) reported that ammonia gas, as a nitrogen source, produced 

the highest grain P content, supporting the notion that nitrogen sources influence grain P 

content. Ciampitti et al. (2013) observed that nitrogen application at the early vegetative stage 

(V5) resulted in higher P content than applications made later in the vegetative stage (V10 to 

V15) or the reproductive stage (R1 to R3). Chen et al. (2016) found that grain P content was 

higher when nitrogen (180 kg N ha) was split into two applications: half applied before planting 

and the other half applied at the V6 growth stage. These results are consistent with those 

found for the prolific cultivar with nitrogen topdressing applications at the V4 stage. 

 

Table 6.12 Grain P content (%) as influenced by the nitrogen source and growth stage applied for the 

prolific cultivar in the 2023/24 season 

Growth stage (GS) 
Nitrogen source (NS) 

GS average 
Greensulf LAN 

V4 0.39a 0.37ab 0.38 

V9 0.35b 0.38ab 0.37 

V4 & V9 0.37ab 0.37ab 0.37 

Average 0.37 0.37  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 0.035  

Values with different letters differ significantly. 

 

6.3.2.3 Cu content (mg kg-1) 

Non-prolific 

The Cu content in the grain of the non-prolific cultivar was not significantly influenced by the 

main effects of nitrogen source, application rate, and growth stage of the application, nor the 

interactions thereof in the 2022/23 and 2023/24 seasons (Table 6.8). 
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Prolific 

The grain Cu content of the prolific cultivar was significantly influenced by the interaction 

between application rate and growth stage applied in the 2022/23 season, with no significant 

differences in the 2023/24 season (Table 6.9). 

 

Although the P-value is 0.043, indicating significance, there were no significant differences 

between the means when the Tukey test was used to separate them. This indicates a strong 

tendency towards significance; however, the Tukey test is a stringent method for separating 

means, and as a result, no significant differences were detected (Table 6.13). The highest Cu 

content was produced with plants fertilized at a topdressing rate of 20 kg N ha-1 (6.24 mg kg-1) 

and when nitrogen was applied on the V9 growth stage (6.21 mg kg-1). 

 

Table 6.13 Grain Cu content (mg kg-1) as influenced by the nitrogen application rate and growth stage 

applied for the prolific cultivar in the 2022/23 season 

Application rate 

(AR) (kg N ha-1) 

 

Growth stage (GS) AR average 

V4 V9 V4 & V9  

0 6.38a 6.21a 5.71a 6.10 

20 6.46a 6.07a 6.18a 6.24 

40 5.69a 6.34a 6.51a 6.18 

Average 6.18 6.21 6.13  

AR LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns AR x GS LSD (T≤0.05) = 0.953 

Values with different letters differ significantly. 

 

Bruns and Ebelhar (2006) and Liu et al. (2022) also found that Cu content in grain tends to 

increase slightly as nitrogen rates increase, but not significantly. These authors also concluded 

that this was more likely due to the increase in grain weight due to the additional nitrogen 

supply. Chen et al. (2016) reported that the timing of nitrogen application (before planting and 

at V6) influenced the Cu content of the grain, which supports the finding that the growth stage 

at which the application is made influences the Cu content of the grain. 
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6.3.2.4 Mn content (mg kg-1) 

Non-prolific 

The Mn content of the non-prolific cultivar was significantly influenced by the nitrogen source 

in the 2022/23 season, but there were no significant effects in the 2023/24 season (Table 6.8). 

 

The use of the Greensulf as a nitrogen source on maize plants resulted in a significantly higher 

(5.4%) Mn content in the grain (7.59 mg kg-1) than that of the LAN nitrogen source (7.20 mg 

kg-1) (Figure 6.10). 

 

 

Figure 6.10 Effect of nitrogen source on the grain Mn content (mg kg-1) for a non-prolific cultivar for the 

2022/23 season. Values with different letters differ significantly. 

 

Prolific 

In the 2022/23 season, the grain Mn content of the prolific cultivar was significantly influenced 

by the growth stage at which nitrogen was applied (Table 6.9). No significant effects were 

observed in the 2023/24 season for the main effects or their interactions. 

 

Season 2022/23 

Plants that received a nitrogen topdressing application at the V9 growth stage had a 

significantly higher grain Mn content (9.21 mg kg-1) than that of plants receiving the 

topdressing at the V4 growth stage (8.00 mg kg-1). The plants fertilized in a split application 

showed no significant differences from the other growth stages (Figure 6.11). 
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Figure 6.11 Effect of growth stage nitrogen applied on the grain Mn content (mg kg-1) for a prolific cultivar 

in the 2022/23 season. Values with different letters differ significantly. 

 

Both cultivars’ non-prolific and prolific were significantly influenced by one of the main effects 

of the nitrogen source and growth stage applied. The nitrogen source significantly influenced 

the non-prolific cultivar, leading to a 0.39 mg kg-1 higher Mn content in the grain. The growth 

stage of application significantly influenced the prolific cultivar, with an application at the V9 

growth stage producing the highest Mn content in the grain. 

 

Siam et al. (2008) reported that nitrogen sources had influenced grain Mn content, with 

ammonium sulphate being the most effective source for increasing Mn content compared to 

urea and ammonium gas sources. Wierzboska et al. (2021) found that the Mn content of grain 

was the highest when fertilized with UAN before planting and UAN+Mg topdressing (V4 to V6) 

than the other nitrogen sources used. These studies are consistent with the results for the 

non-prolific cultivar in the 2022/23 season, which indicated significant differences due to the 

nitrogen source used. Chen et al. (2016) reported that the timing of nitrogen application 

significantly influenced Mn content in grain when applied before planting and at the V9 growth 

stage, which concurs with the results of this study, indicating that application time influences 

grain Mn content.  

 

6.3.2.5 Zn content (mg kg-1) 

Only the non-prolific cultivar showed a significant difference in grain Zn content. This cultivar 

was significantly influenced by the interaction between the nitrogen source and growth stage 

in the 2022/23 season and by the nitrogen source used in the 2023/24 season (Table 6.8). 
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Season 2022/23 

No significant differences in the Zn content of plants fertilized with Greensulf applied at 

different stages of growth were obtained. LAN applied as a split application at growth stages 

V4 & V9 (24.05 mg kg-1) accumulated the highest zinc content in the grain compared to 

applying LAN at V4 (21.37 mg kg-1) or V9 (21.50 mg kg-1) only (Table 6.14).  

 

Table 6.14 Grain Zn content (mg kg-1) as influenced by the nitrogen source and growth stage applied for 

the non-prolific cultivar in the 2022/23 season 

Growth stage (GS) 

 

Nitrogen source (NS) GS average 

Greensulf LAN  

V4 23.04ab 21.37b 22.21 

V9 22.37ab 21.50b 21.94 

V4 & V9 22.37ab 24.05a 23.21 

Average 22.60 22.31  

NS LSD (T≤0.05) = ns GS LSD (T≤0.05) = ns NS x GS LSD (T≤0.05) = 2.251  

Values with different letters differ significantly. 

 

In the 2023/24 season, plants fertilized with LAN (29.28 mg kg-1) accumulated a significantly 

higher zinc content (9.55% more) compared to plants fertilized with Greensulf (26.61 mg kg-1) 

(Figure 6.12). 

 

 

Figure 6.12 Effect of nitrogen source on the grain Zn content (mg kg-1) for a non-prolific cultivar in the 

2023/24 season. Values with different letters differ significantly. 
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According to Siam et al. (2008), ammonium sulphate was the most effective nitrogen source 

for increasing Zn content in grain compared to other nitrogen sources. Sarwar et al. (2012) 

found that nitrogen source significantly influenced the Zn content of maize grain and that the 

highest Zn content was obtained when urea was combined with organic nitrogen (75% urea 

and 25% organic ratio). This confirms and concurs with the findings of this study, which 

indicate that the nitrogen source influences grain Zn content. Unfortunately, these findings do 

not indicate the most effective source. Chen et al. (2016) reported that grain Zn content 

increased when nitrogen was applied to plants before planting and at the V6 stage. Zhao et 

al. (2022) reported that a split application of nitrogen during the vegetative and reproductive 

growth stages had a greater impact on grain Zn content than a single application at planting. 

The results of the authors above are consistent with the results found in this study for the non-

prolific cultivar. 

 

6.3.2.6 Fe content (mg kg-1) 

The Fe content was significantly influenced by the growth stage only for the non-prolific cultivar 

in the 2023/24 season, with no significant effects observed for the prolific cultivar in either 

season (Tables 6.8 and 6.9). 

 

Non-prolific  

Season 2023/24 

Although the P-value is 0.0284, indicating significance, there were no significant differences 

between the means of the treatments (Figure 6.13). All that can be concluded is that plants 

fertilized in a split nitrogen application at V4 & V9 produced the highest Fe content in the grain, 

regardless of the source and the application rate, and that growth stage strongly tends towards 

significant differences. 
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Figure 6.13 Effect of growth stage nitrogen applied on the grain Fe content (mg kg-1) for a non-prolific 

cultivar for the 2023/24 season. Values with different letters differ significantly. 

 

Zhao et al. (2022) found that Fe content in maize grain was higher when total nitrogen was 

applied at planting and the lowest when the nitrogen was split into three applications (at 

planting, early vegetative, and reproductive growth stage). Losak et al. (2011) found similar 

results to Zhao et al. (2022), with a higher Fe content, achieved through a single nitrogen 

application. This result contradicts the results of this study with the highest Fe grain content 

with a nitrogen topdressing split application at V4 & V9. 

 

6.3.2.7 B content (mg kg-1) 

The prolific cultivar was the only cultivar that showed significant differences in grain B content 

with different nitrogen sources in the 2023/24 season (Tables 6.8 and 6.9). 

 

Maize plants fertilized with Greensulf resulted in a significantly higher (5.95% higher) grain B 

content (13.36 mg kg-1) than plants fertilized with LAN (12.61 mg kg-1) (Figure 6.14). 

Wierzbowska et al. (2021) reported differences in boron grain content when using different 

nitrogen sources, with UAN+S/UAN+Mg (3.01 mg kg-1) producing significantly higher B 

content than other (UAN/urea, UAN/UAN, UAN+P/UAN+P, UAN+P/UAN+S and 

UAN+P/UAN+Mg) nitrogen sources. These results are consistent with the findings of this 

study, which state that the nitrogen source affects the grain B content of maize. 
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Figure 6.14 Effect of nitrogen source on the grain B content (mg kg-1) for a prolific cultivar in the 2023/24 

season. Values with different letters differ significantly. 

 

Conclusion 

In conclusion, the main effects of nitrogen source, topdressing application rate, and growth 

stage significantly affected maize grain quality and nutrient content. The interaction between 

the nitrogen source and the application rate significantly influenced the grain's protein, fat, N, 

and Zn contents, and the interaction between the nitrogen source and the growth stage applied 

significantly influenced the grain's N, P, and Zn contents. The nitrogen source had a significant 

effect on the grain Mn and B content. As a main effect, the application rate significantly affected 

the grain's starch, fibre content, and milling index. The growth stage significantly influenced 

grain protein and Mn content. In this study, nitrogen impacted grain quality and some grain 

nutrients. Unfortunately, the results show no strong tendencies, and it is inconclusive to 

recommend a specific source at a specific rate and time of application (growth stage). This is 

mainly attributed to an extreme climatic variation in the season. 

 

13.36a
12.61b

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

Greensulf LAN

G
ra

in
 B

 c
o

n
te

n
t 

(m
g

 k
g

-1
) 

Nitrogen source (NS)

NS LSD(T≤0.05) = 0.690



145 
 

 

References 

 

AAKASH, THANKUR, N.S., SINGH, M.K., BHAYAL, I., MEENA, K., CHOUDHARY, S.K., 

KUMAWAT, N., SHIGH, R.K., SINGH, U.P., SINGH, S.K., SANODIYA, P., KUMAR, A. 

& SINGH, A.K., 2022. Sustainability in Rainfed Maize (Zea mays L.) Production Using 

Choice of Corn Variety and Nitrogen Scheduling. Sustainability. 14: 3116. 

ADHIKARI, S., SCHOP, M., DE BOER, I.J.M. & HUPPERTZ, T., 2022. Protein Quality in 

Perspective: A Review of Protein Quality Metrics and Their Applications. Nutr. 

14(5):947. 

ALMODARES, A., JAFARINIA, M. & HADI, M.R., 2009. The Effects of Nitrogen Fertilizer on 

Chemical Compositions in Corn and Sweet Sorghum. Am-Euras. J. Agric. & Environ. 

Sci. 6(4): 441-446. 

AMANULLAH, P. & SHAH, P., 2010. Timing and rate of nitrogen application influence grain 

quality and yield in maize planted at high and low densities. J. Sci. Food Agric. 90:21-

29. 

BATHLA S, JAIDKA M AND KAUR R., 2020. Nutritive Value. Maize - Production and Use. 

IntechOpen. [Online]. Retrieved from http://dx.doi.org/10.5772/intechopen.88963 

(Accessed 23/09/2024). 

BAZITOV, R., MIHAYLOVA, M. & GANCHEV, G., 2023. Influence of nitrogen fertilization on 

the energy value of maize grain in non-ruminants. Agric. Sci. Technol. 15(2): 46-50. 

BISWAS, D.K & MA, B., 2016. Effect of nitrogen rate and fertilizer nitrogen source on 

physiology, yield, grain quality, and nitrogen use efficiency in corn. Can. J. Plant Sci. 

96(3):392-403. 

BRUNS, H.A. & EBELHAR, M.W., 2006. Nutrient Uptake of Maize Affected by Nitrogen and 

Potassium Fertility in a Humid Subtropical Environment. Commun. Soil Plant Sci. Anal. 

37:275-293. 

CHEN, Q., MU, X., CHEN, F., YUAN, L. & MI, G., 2016. Dynamic change of mineral nutrient 

content in different plant organs during the grain filling stage in maize grown under 

contrasting nitrogen supply. Eur. J. Agron. 80: 137-153. 

CIAMPITTI, I. A., CAMBERATO, J. J., MURRELL, S. T. & VYN, T. J., 2013. Maize Nutrient 

Accumulation and Partitioning in Response to Plant Density and Nitrogen Rate: I. 

Macronutrients. Agron. J. 105(3): 783-795. 

DEMARI, G.H., CARVALHO, I.R., NARDINO, M., SZAREKSKI, V.J., DELLAGOSTIN, S.M., 

CORAZZA DA ROSA, T., FOLLMANN, D.N., MONTEIRO, M.A., BASSO, C.J., PEDÓ, 

T., AMONDE, T.Z. & ZIMMER, P.D., 2016. Importance Of Nitrogen in Maize 

Production. Int. J. Curr. Res. 8(8): 36629-36634. 

http://dx.doi.org/10.5772/intechopen.88963


146 
 

ERTIRO, B. T., DAS, B., KOSGEI, T., TESFAYE, A. T., LABUSCHAGNE, M. T., WORKU, M., 

OLSEN, M. S., CHAIKAM, V. & GOWDA, M., 2022. Relationship between Grain Yield 

and Quality Traits under Optimum and Low-Nitrogen Stress Environments in Tropical 

Maize. Agron, 12(2), 438. 

HAMISU, A., MUHAMMAD, I., ULLAH, S. & DANLADI, G., 2023. Comparative study on the 

nutritional value of local maize variety (Hakorin Hajiya) and improved varieties of maize 

(sammaz14 and golden strawberry). Int. J. Botany Stud. 8(6): 1-9. 

IDIKUT, L., ATALAY, A.I., KARA, S.N. & KAMALAK, A., 2009. Effect of Hybrid on Starch, 

Protein and Yields of Maize Grain. J. Anim. Vet. Adv. 8(10): 1945-1947. 

KAPLAN, M., KARAMAN, K., KARDES, Y. M. & KALE, H., 2019. Phytic acid content and 

starch properties of maize (Zea mays L.): Effects of irrigation process and nitrogen 

fertilizer. Food Chem. 283: 375-380. 

KARA, E., ILERI, O., ERKOVAN, S., SÜRMEN, M., ERKOVAN, H.I. & KOÇ, A., 2022. Crude 

Fiber, Ether Extract, and Some Mineral Contents of the Corn Silage Grown at Different 

Weed Densities. Turkjrfs. 3(1): 25-29. 

LEITE, R.G., CARDOSO, A.D., FONSECA, N.V.B., SILVA, M.L.C., TEDESCHI, L.O., 

DELEVATTI, L.M., RUGGIERI, A.C. & REIS, R.A., 2021. Effects of nitrogen fertilization 

on protein and carbohydrate fractions of Marandu palisadegrass. Sci Rep. 11: 14786. 

LINDIWE, M. & ERICK, S., 2024. Maize Grain Quality in Response to the Timing of Nitrogen 

Fertilizer Application and Environmental Variation. Asian J. Plant Sci. 23(1): 22-34. 

LIU, X., ZHANG, L., YU, Y., QIAN, C., LI, C., WEI, S., LI. C. & GU. W., 2022. Nitrogen and 

Chemical Control Management Improve Yield and Quality in High-Density Planting of 

Maize by Promoting Root-Bleeding Sap and Nutrient Absorption. Front Plant Sci. 13: 

754232. 

LOSAK, T., HLUSEK, J., MARTINEC, J., SZOSTKOVA, M., FILIPCIK, R., MANASEK, J., 

PROKES, K., PETERKA, J., VARGA, L., DUCSAY, L., OROSZ, F. & MARTENSSON, 

A., 2011. Nitrogen fertilization does not affect micronutrient uptake in grain maize (Zea 

mays L.). Acta Agric. Scand.- B Soil Plant Sci. 61(6): 543-550. 

MAŇÁSEK, J., LOŠÁK, T., PROKEŠ, K., HLUŠEK, J., VÍTĚZOVÁ, M., ŠKARPA, P. & 

FILIPČÍK, R., 2012. Effect of nitrogen and potassium fertilization on micronutrient 

content in grain maize (Zea mays L.). Acta Univ. Agric. Silvic. Mendel. Brun. 61: 123-

128. 

MARTINEZ, M.F., ARELOVICH, H.M. & WEHRHAHNE, L.N., 2010. Grain yield, nutrient 

content and lipid profile of oat genotypes grown in a semiarid environment. Field Crops 

Res. 116: 92-100. 



147 
 

MONDAL, S., KUMAR, R., MISHARA, J.S., DASS, A., KUMAR, S., VIJAY, K.V., KUMARI, M., 

KHAN, S.R. & SINGH, V.K., 2023. Grain nitrogen content and productivity of rice and 

maize under variable doses of fertilizer nitrogen. Heliyon. 9(6):17321. 

MOTUKURI, S.R.K, 2019. Maize - Production and Use. Quality Protein Maize: An Alternative 

Food to Mitigate Protein Deficiency in Developing Countries. IntechOpen. pp: 1-12. 

OCHIENG, I., RANJA, S., SELEIMAN, M., PADHAN, S.R., CHEPTOEK, R., SOW, S., 

WASONGA, D. & GITARI, H., 2023. Increasing rainwater use efficiency, gross return, 

and grain protein of rain-fed maize under nitrate and urea nitrogen forms. Not Bot Horti 

Agrobo. 51(3): 13293. 

OIKEH, S.O., KLING, J.G. & OKORUWA, A.E., 1998. Nitrogen fertilizer management effects 

on maize grain quality in the West African moist Savanna. Crop Sci, 38: 1056-1061. 

OMAR, S., GHANI, R.A., KHAEIM, H., SGHAIER, A.H. & JOLÁNKAI, M., 2022. The effect of 

nitrogen fertilisation on yield and quality of maize (Zea mays L.). Acta Allmentaria. 

51(2):249-258. 

PARAGINSKI, R.T., VANIER, N.L., MOOMAND, K., DE OLIVEIRA, M., ZAVAREZE, E.R., 

SILVA, R.M., FERREIRA, C.D. & ELIAS, M.C., 2014. Characteristics of starch isolated 

from maize as a function of grain storage temperature. Carbohydr. Polym. 102: 88-94. 

RAWAL, N., VISTA, S., KHADKA, D. & PANERU, P., 2024. Grain Yield, Nitrogen 

Accumulation, and Its Use Efficiency of Maize (Zea mays L.) as Influenced by 

Varying Nitrogen Rates. Int. J. Agron. (1): 1-12. DOI: 10.1155/2024/4104123.  

SARWAR, M., JILANI, G., RAFIQUE, E., AKHTAR, M.E. & CHAUNDHRY, A.N., 2012. Impact 

of Integrated Nutrient Management on Yield and Nutrient Uptake by Maize under Rain-

Fed Conditions. Pak. J. Nutr. 11(1): 27-33. 

SHEHZAD, M.A., MAQSOOD, M., BHATTI, M.A., AHMAD, W. & SHAHID, M.R., 2012. Effects 

of nitrogen fertilization rate and harvest time on maize (Zea mays L.) fodder yield and 

its quality attributes. Asian J. Pharm. Biol. Res. 2(1): 19-26. 

SHUNGUI, X.U., 2009. Raw fiber food and preparation method thereof. [Online]. Retrieved 

from https://typeset.io/papers/raw-fiber-food-and-preparation-method-thereof-

e24zhvujwu (Accessed 25/09/2024). 

SHYNKARUK, L. & LYKHOCHVOR, V., 2021. Influence of fertilization and foliar feeding on 

maize grain qualitative indicators. Ukr. J. Ecol. 11(6):113-116. 

SIAM, H.S., ABD-EL-KADER, M.G. & EL-ALIA, H.I., 2008. Yield and Yield Components of 

Maize as Affected by Different Sources and Application Rates of Nitrogen Fertilizer. 

Res. J. Agric. & Biol. Sci. 4(5):399-412. 

Southern African Grain Laboratory NPC (SAGL), 2017. South African Maize Crop Quality 

Report 2016/2017 season. Pretoria: SAGL Associations. 

https://typeset.io/papers/raw-fiber-food-and-preparation-method-thereof-e24zhvujwu
https://typeset.io/papers/raw-fiber-food-and-preparation-method-thereof-e24zhvujwu


148 
 

STĘPIEŃ, A., WOJTKOWIAK, K. & KOLANKOWSKA, E., 2024. Corn Grain Fatty Acid 

Contents in Response to Organic Fertilisers from Meat Industry Waste. Sustain. 16(3): 

952. 

SUBEDI, K.D. & MA, B.L., 2005. Nitrogen uptake and partitioning in stay-green and leafy 

maize hybrids. Crop Sci., 45: 740-747. 

SZULE, P., MICHALSKI, T., WALIGORA, H. & WILCZEWSKA, W., 2017. The dynamics of 

accumulation of N, P, K and Mg in the initial period of growth as a reaction of maize 

cultivars (Zea mays L.) On the method of the application of a nitrogen fertilizer. 

Fresenius Environ. Bull. 26(12): 7189-7198. 

WIERZBOWSKA, J., SIENKIEWICZ, S. & ŚWIATŁY, A., 2021. Content of micronutrients in 

grain and straw of common maize fertilized with urea-ammonium nitrate solution with 

added P, Mg or S. J. Elem. 26(4): 807-827. 

ZHAO, Q., CAO, W., CHEN, X., STOMPH, T. J. & ZOU, C., 2022. Global analysis of nitrogen 

fertilization effects on grain zinc and iron of major cereal crops. Glob. Food Secur. 33: 

100631. 



149 
 

 

Chapter 7 

 

Summary, conclusion and recommendations 

 

7.1 Introduction 

The largest cultivated and most important grain crop in South Africa is maize, followed by 

sunflower, wheat, and soybeans. Maize is mainly cultivated for human and animal 

consumption in the Southern Africa Customs Union (SACU) (Prospectus on the South African 

Maize Industry (PSAMI), 2021). Grain yield, biomass, number of kernel rows, number of 

kernels per row, and ear length are just a few of the yield-determining components of maize 

that are affected by nitrogen, which is widely acknowledged as a major yield-determining factor 

(Adhikari et al., 2016). Increasing nitrogen fertilization to enhance yields has become standard 

practice in the north-eastern Free State. However, there is limited research on the most recent 

genetic material from this region regarding the source, application rate, and growth stage of 

different maize cultivars. 

 

This study aimed to determine which nitrogen source, applied at what rate and at what growth 

stage, will affect maize response in the north-eastern Free State. The study aimed to 

determine the effect of nitrogen source and topdressing application rate, applied at specific 

growth stages, on: (i) leaf nutrient content, (ii) grain yield and yield components, and (iii) grain 

quality and return on investment.” 

 

7.2 Leaf analysis 

Regarding Chapter 4, the study evaluated the effects of nitrogen source, application rate, and 

growth stage on leaf nutrient content. Parameters included N, K, P, S, Mg, Cu, Zn, Fe, and B, 

and the N:S, N:K and Fe:Mn ratios of a non-prolific and prolific maize cultivar. 

 

The study revealed that the application of Greensulf as a nitrogen source significantly 

impacted the non-prolific cultivar, with a leaf nitrogen content 2.73% higher than the LAN 

source. A topdressing application rate of 40 kg N ha-1 produced the highest leaf nitrogen 

content in the 2022/23 season. The prolific cultivar also showed similar results, with the 

optimal application time for nitrogen application being at V9. The nitrogen source applied 

significantly affected the non-prolific cultivar, with plants receiving Greensulf producing 7.41% 

higher leaf P content than those treated with LAN. In the 2023/24 season, applying Greensulf 

at V9 and LAN at V4 resulted in the highest leaf P content for both sources (0.24%). The 
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prolific cultivar was significantly influenced by the interaction between the nitrogen source and 

the growth stage applied, resulting in a growth stage similar to that of the non-prolific cultivar. 

In the 2022/23 season, the non-prolific cultivar fertilized with Greensulf produced 4.57% higher 

leaf K content compared to plants fertilized with LAN. However, the increase was only 

significant compared to plants that received LAN at 40 kg N ha-1. Additionally, plants that 

received the LAN at V4 produced the highest leaf K content, but this difference was only 

significant compared to the LAN at V9 and in a split application at V4 & V9. 

 

The control plants of the non-prolific cultivar produced the highest leaf Ca content in the 

2022/23 season. The non-prolific cultivar showed a significant increase (11.11% higher) in leaf 

S content when Greensulf was applied compared to plants receiving LAN. A 40 kg N ha-1 

application rate resulted in the highest leaf S content for the non-prolific cultivar during the 

2022/23 season. However, applying LAN at V4 & V9 led to a significantly lower leaf S content 

in plants compared to other treatments. The prolific cultivar responded best to a LAN 

application at V4 (0.20%), resulting in the highest leaf S content. A 20 kg N ha-1 application 

rate at V9 resulted in the highest leaf S content in the 2023/24 season. The nitrogen source 

had a significant impact on the leaf Mg content of the plants. Greensulf (0.16%) resulted in a 

higher leaf Mg content than LAN (0.15%). The application rate also affected Mg leaf content. 

A 40 kg N ha-1 (0.144%) application resulted in higher leaf Mg content than a 20 kg N ha -1 

(0.131%) application. No significant effects were observed between the 0 kg N ha-1 (0.141%) 

application and other treatments. The LAN source produced a significantly higher leaf Cu 

content (28.13%) than plants receiving the Greensulf on the non-prolific cultivar in the 2022/23 

season. A 40 kg N ha-1 application rate resulted in the treated plants' highest leaf Cu content. 

Both non-prolific and prolific cultivar plants had a significantly higher leaf B content when 

treated with Greensulf as a nitrogen source. 

 

In the 2022/23 season, non-prolific cultivar plants fertilized with LAN showed a 6.32% higher 

leaf N:S ratio than those fertilized with Greensulf. The highest leaf N:S ratio was achieved with 

plants fertilized with LAN in a split application at V4 & V9 (22.70:1) and 0 kg N ha-1 in a split 

application at V4 & V9 (20.79:1). Prolific plants fertilized with LAN in a split application at V4 

& V9 (23.89:1) also produced the highest leaf N:S ratio. Non-prolific cultivar plants produced 

the highest leaf N: K ratio when fertilized at a rate of 40 kg N ha-1 (1.72:1) and when the 

nitrogen was applied at the V9 growth stage (1.74:1). Plants fertilized with LAN nitrogen source 

produced a 54.55% higher leaf Fe: Mn ratio than those treated with Greensulf source in the 

2022/23 season. 
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7.3 Yield components and yield 

In Chapter 5, the impact of nitrogen source, application rate, growth stage, and interaction 

effects on the yield components and yield of a non-prolific and a prolific cultivar was assessed. 

The non-prolific cultivar showed the highest number of cobs per plant, with Greensulf 

producing the most when applied in a split application at V4 & V9. The prolific cultivar also 

showed a response when fertilized with Greensulf but was not consistent over the two 

seasons. 

 

The number of kernels per plant for the non-prolific cultivar was significantly influenced by the 

interaction between nitrogen source and application rate, with LAN applied at 40 kg N ha -1 

producing 32.63% more kernels per plant than Greensulf at a rate of 40 kg N ha-1. When 

Greensulf was applied at V9, it produced significantly more kernels (58.22 more kernels) than 

when it was applied at V4 on the prolific cultivar. The optimal nitrogen application rate was 40 

kg ha-1, producing 330.70 g of grain mass per plant, with no significant differences on the 

prolific cultivar. Application of Greensulf at V4 produced the highest grain mass per cob for 

the non-prolific cultivar in the 2022/23 season, and the Greensulf source produced 14.59% 

more grain mass per cob than the LAN source in the 2023/24 season. A nitrogen application 

rate of 40 kg ha-1 for the non-prolific (397.37 g) and 20 kg ha-1 for the prolific cultivar (281.65 

g) produced the highest 1000-kernel weight. Application of nitrogen at V9 resulted in the 

highest 1000-kernel weight for the non-prolific cultivar, and the prolific cultivar fertilized with 

LAN source produced 7.78 g more per 1000 kernels. Hectolitre mass was not significantly 

affected by the main effects of the non-prolific or the prolific cultivar, possibly due to maize 

hybrids and climatic conditions. 

 

Nitrogen source significantly impacted the grain yield of the non-prolific cultivar, with Greensulf 

resulting in 280 kg ha-1 more grain than LAN in the 2022/23 season. The same trend was 

observed in the 2023/24 season, with slightly greater grain yield (1.77%) for Greensulf 

fertilized plants of the non-prolific cultivar. The nitrogen application rate also significantly 

affected the grain yield of prolific cultivars, although there were no significant effects in the 

2023/24 season. The highest grain yield (10.90 tonne ha-1) was achieved with a topdressing 

application rate of 20 kg ha-1. Nitrogen use efficiency decreased with increasing nitrogen rates, 

while the nitrogen source only affected precipitation use efficiency (PUE). Non-prolific cultivar 

fertilised with Greensulf produced 2.84% more kg of grain per mm of rain than those fertilised 

with LAN. The prolific cultivar showed the highest PUE (26.72 kg mm -1) with an application 

rate of 20 kg N ha-1. A trend towards a decline in PUE was noted in the 2023/24 season, 

possibly due to climatic conditions. ROI was significantly influenced by the nitrogen application 



152 
 

rate in the 2023/24 season for both non-prolific and prolific cultivars, with a decrease in ROI 

with increasing nitrogen rates. 

 

7.4 Grain quality and nutrient content 

Regarding Chapter 6, it was found that the nitrogen application rate for maize plants 

significantly influenced the protein content and fat content during the 2022/23 season. The 

protein content decreased with an increase in application rate, except for the non-prolific 

cultivar fertilized with 20 kg N ha-1. The interaction between nitrogen source and application 

rate significantly influenced the grain protein content, with control treatments having a higher 

protein content. The fat content of maize plants was also significantly influenced by the 

nitrogen application rate, with plants top-dressed with 40 kg N ha-1 having a higher fat content 

than that of control plants. The prolific cultivar was only significantly influenced by the nitrogen 

application rate, with plants receiving a nitrogen application rate of 20 kg ha-1, resulting in a 

significantly higher fat content. The highest starch content was observed at 40 kg ha -1 

(62.54%), followed by 0 kg ha-1 (62.42%) and 20 kg ha-1 (61.96%). The nitrogen application 

rate significantly impacted grain fibre content, with a topdressing application rate of 20 kg ha -1 

resulting in substantially higher grain fibre content. The milling index was not significantly 

influenced by the nitrogen source, application rate, or growth stage applied; however, the 

milling index of plants without topdressing was generally higher. 

 

Plants receiving LAN were found to have a higher grain nitrogen content than Greensulf-

treated plants (0.95%). Greensulf-treated plants had a higher grain nitrogen content (0.91%) 

than control plants (0.78%), while maize plants with a 40 kg N ha-1 nitrogen split application 

rate at the V4 & V9 growth stages had a higher grain nitrogen content (0.93%). The study 

revealed no significant differences in P content as influenced by the main factors, namely 

nitrogen source, application rate, and growth stage, on a non-prolific cultivar in the 2022/23 or 

2023/24 seasons. However, the interaction between nitrogen source and growth stage in the 

2023/24 season significantly affected the grain P content of a prolific cultivar.  

 

The highest Cu content was produced with plants fertilized at a topdressing rate of 20 kg N 

ha-1 and nitrogen applied at the V9 growth stage. The nitrogen source and growth stage 

significantly influenced the Mn content of maize plants in the 2022/23 and 2023/24 seasons. 

Greensulf significantly increased the Mn content in the non-prolific cultivar by 5.4% compared 

to the LAN nitrogen source. Growth stage also significantly influenced the Mn content of the 

prolific cultivar. The study concluded that plants fertilized with a split nitrogen application at V4 

& V9 produced the highest Fe content in the grain, regardless of the source and application 
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rate. In the 2023/24 season, maize plants fertilized with Greensulf showed significantly higher 

grain B content (5.95% higher) than those fertilized with LAN (12.61 mg kg-1). 

 

7.5 Conclusion and Recommendations 

In conclusion, the study demonstrated the significant impact of nitrogen source, application 

rate, and growth stage on the leaf nutrient content, yield component, and grain yield of 

maize plants in both the 2022/23 and 2023/24 seasons. The non-prolific cultivar exhibited 

notable increases in leaf N, P, S, Mg, and Cu content when treated with Greensulf, 

whereas LAN application resulted in higher leaf Ca content. The prolific cultivar was also 

influenced by the nitrogen source and growth stage, with LAN application at V4 producing 

the highest leaf S content and LAN leading to higher leaf Cu and B contents. Furthermore, 

the study revealed that Greensulf applications resulted in higher grain N content and yield 

compared to LAN, while LAN application at a rate of 20 kg ha-1 produced the grain with the 

highest fat and starch content. The findings also highlighted the intricate interactions 

between nitrogen source, application rate, and growth stage on yield components. 

Greensulf showed superior cob production for the non-prolific cultivar and LAN, resulting 

in a higher 1000-kernel weight. Overall, the findings emphasized the complex interactions 

between nitrogen source, application rate, and growth stage that affect yield components. 

Greensulf proved particularly effective for cob production in the non-prolific cultivar, 

resulting in a higher 1000-kernel weight. This research stresses the importance of 

selecting specific nitrogen sources, application rates, and growth stages to optimize the 

nutritional content and yield of maize crops, offering valuable insights for agricultural 

practices and future research initiatives. 

 

Based on the results from trials with a non-prolific and a prolific cultivar in the north-eastern 

Free State, the following recommendations are made: 

• Use Greensulf nitrogen fertilizer for improved leaf and grain nutrient content for both non-

prolific and prolific cultivars. 

• The non-prolific cultivar responded best with an additional 40 kg N ha-1 (for a total of 146 

kg N ha-1), while the prolific cultivar performed best with an additional 20 kg N ha -1 (for a 

total of 126 kg N ha-1). 

• Apply nitrogen topdressing for the non-prolific cultivar at the V9 growth stage and use a 

split application at V4 & V9 for the prolific cultivar. 

• A 106 kg N ha-1 fertilization rate yields the most cost-effective maize production for both 

cultivars. 
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