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Abstract

Nitrogen (N) is an essential macronutrient that plays a critical role in the cultivation of
spring wheat, affecting several physiological and developmental processes. The widespread
use of N fertilizers can result in environmental contamination, as approximately half of the N
applied as fertilizers is lost through various pathways. Urea treated with N stabilizers such as
urease inhibitors and nitrification inhibitors could be an effective way to reduce N losses. I
hypothesized that application of enhanced efficiency N fertilizers such as polymer-coated
urea and urea supplemented with inhibitors of urease and nitrification will improve the
growth, yield, and quality of spring wheat, outperforming the traditional application of
untreated urea. This study tracked the effects of different N sources at two different
application rates (80 kg N ha! and 120 kg N ha™!) on plant growth attributes, field
productivity, soil health metrics, and soil chemical and biological parameters. Nitrogen
source had minimal effect on soil health, with only slight changes in microbial composition
and nutrient levels. The use of either traditional urea or enhanced efficiency N fertilizers
corresponded to the development of beneficial microbial communities. Plant phenotypic
traits, grain characteristics, soil nitrate levels, and disease occurrence were not significantly
influenced by the choice of N source or application rate, an outcome that can be attributed to
limited rainfall during the growing season of the experiment. Grain yields were no higher in
any treated plots compared to the no-N reference plots. Plant assimilation of N did occur
compared to reference plots, at three times the concentration during booting and two times
during tillering stages. Overall, N management strategies that prioritize optimal nutrient
absorption, improve soil structure, and promote sustainable agricultural practices are
recommended. However, these strategies must be adapted to prevailing environmental

conditions.

Keywords: ANVOL™, ESN®, soil health, soil microbial communities, SUPERU™, urea.



il

Table of Contents

YN 0] 1 v Lo APPSR i
LSt OF TADIES....cuteiieieeieee ettt et sb et st b et b et s v
LIST OF FIQUIES ...eeiiiiieeeiie ettt ettt e e st e et eesaeeesaeeessaeeensaeesnsaeesssaeensseeennes \%
ACKNOWIEAZEMENLS .......eieiiiiiiieiieciie ettt ettt et e st eebeesaaeesbeesaaeensaessseanseenssesnseens vi
E3 1 (0T L To15 1o )  H SR 1
Physiology of SPring WHeat ..........cccoeeciieiiiiiiiiieeieeieee et 3
LItErature REVIEW ... ..ceiuiiiiiiiie ettt ettt ettt et st esbe e et esseeeaneenneeens 5
1. Nitrogen management in agriCUItUIE ..........cccveevuieiiiiiiierieeiieeie e 5
| B N0 15 ¢ 7055 1 0 o TSRS 6
1.2 Nitrogen management in Canadian agriculture .............ccceevveeriienieinieneeeneeseeenenn 7
1.3 Residual soil nitrogen and its Management ..........cc.ceccveeerveeerieeesveeeieeeereeesvee e 8
2. Nitrogen uptake i PLANTS .....cccuieeiieriieiiieieeie ettt ettt eb e e ebeeseaeenseees 9
2.1  The role of nitrogen in wheat production .............cccceevieeiienieiiienie e 10
2.2 Evaluation of nitrogen sources for spring wheat production.............c.cccceeevvvennnnn. 12
3. Enhanced Efficiency Fertilizers (EEFS).......cccooiiiiiiiiiiiiiieeeeeeeeee e 13
3.1  Environmentally Smart Nitrogen (ESN®) .......ccocoviiiiieieeeeeeeeeeeeeeeeveneeens 15

3.2 The function of urease and nitrification inhibitors in reducing nitrogen losses and
enhancing Crop YIi€ld........cooiiiiiiiiiieie s 17

3.3 Impact of urea, polymer-coated urea, urease inhibitors and nitrification inhibitors
on the soil biological COMMUNILY ........ccceeriiiiiiiiiieie e 19
Materials and MeEthOdS. ......cc.eeiiiiiiiiieeieee ettt sbe e 20
Lo StUAY QIEa...c.eiiiiiiiiiiieee ettt et 20
2. SPIING WHEAL VATICLY ...ecvuvieiiiiiiieiieiieeiieeteeteeeteeiteereesteeeaeeseeesseessaesnseesaessseenssesnsens 24
3. Field €XPerimENt .....ccviiiiiiiieiiie ettt e et e et e et e e e tae e e nae e aneeenanee s 25
4. S0il data COIECHION. ....cceiriieiieiieciieeee ettt st ettt e 27
5. Plant data COLECHION ......coouiiiiiieiiieiie et et 27
6. DISEASE At ..o..eiiiiiiiiieie e 29
7. DAt QNALYSIS ..eoueeriiiiiiieeiieeet et ettt sttt 29
RESULES ...ttt ettt e b et e s bt e et naeeeneas 31
1. Chemical and biological soil characteriStiCs..........cuevvuirriieriieriieriieiieeee e 31
2. SOTLREAN ...ttt 34
3. Plant @nalySeS.....cc.eeiiieiieiieeiie e e et ea 38
DIISCUSSION ...ttt ettt ettt et e b et et e e b et e bt e bt e e bt eebeeeabeesbbeenbeenbeesanean 47
CONCIUSION ..ottt ettt ettt et e s e et e e st e e bt e enbeeseesabeensteenseenseesnseas 55
RETEIENICES ...ttt ettt st e bttt e b eaneas 57

ADPPEIIAIX -ttt ettt h et et bbbt nbe e e ens 69



v

List of Tables

Table 1. Weather data for the 2022 growing season at the Lakehead University Agriculture

Research Station (LUARS). .....ouiiiieeeeeee ettt 23
Table 2. Weather data for the 2023 growing season at LUARS.. ......cccoooivviiiiieniieiieeeee, 24
Table 3. Spring wheat grain yield and production in the Thunder Bay area, 2004—2022 and

grain yield (CV Sable) at LUARS (Statistics Canada, 2024). ........ccoceeveriienieneniieneenenienens 25
Table 4. List of treatments applied in the experiment. ...........c.occveeeieerieeiiienieecieeie e 26
Table 5. Effect of different nitrogen (N) rates and sources on NO3™ N and NH4'N ................ 39

Table 6. Effect of different N rates and sources on plant count, number of tillers, plant height,
spike weight, spike length, and harvest iINdeX.........cccccvieiiiiriiiiiieniieiee e 40

Table 7. Effect of different N rates and sources on grain per kg nutrients, grain, straw, and
biomass yields and grain Weight. .......c.coecvieriiiiiiiniieieieeie e 41

Table 8. Effect of different N sources and application rates on N content in plant tissue at

different wheat Growth StAZES.. .....c.eeiiiiiiiiiii e e 42
Table 9. Effect of N treatment on Net Blotch, Take All, Barley Yellow Dwarf Virus (BYDV),
and Fusarium Head Blight (FHB) incidence in spring wheat.............cccocceeniiiiiiniiiiieee, 46

Table 10. Correlation scores for the chemical and biological characteristics of soil in pre-
treatment, post-treatment, mid-season, and post-harvest periods with principal components
from four analyses 0ne Per PEriod. ..........coouiiiiiiiiiiiieiie e 69

Table 11. Correlation scores for the soil health characteristics of soil in pre-treatment, post-
treatment, mid-season, and post-harvest periods with principal components from four
aNalySses ONE PET PEIIOM. . ..erutirtiiiiriiiiieieeit ettt ettt ettt be et beebe e saeens 70



List of Figures
Figure 1. Major processes 0f the N CYCIE. ....ooiiiiiiiiiiiiiiciiee e 7
Figure 2. Biochemical pathways for N assimilation. ...........ccccceeeviieeiiieeiiiecieeeee e 11
Figure 3. The effectiveness of enhanced-efficiency fertilizers ...........cccoeevveeviieniiieniieceieens 14

Figure 4. The N cycle and processes by which EEFs may reduce N loss from N-fertilizers..15

Figure 5. Aerial photograph of schematic layout of LUARS indicating experimental plots,
barn, and 10Cal TOAAWAYS........ccccuiiiiiiieeiie et aae e e e e beeeeaaee s 21

Figure 6. Experimental layout of spring wheat variety “AAC Wheatland” at Lakehead

University Agricultural Research Station (LUARS),......cccovviiiiiiiiieeiieeeeeeeee e 22
Figure 7. Long-term average weather conditions during 2003-2018 at Thunder Bay, Ontario,
Canada (Sahota, 2020). ......oouieiieeiiee ettt ettt ettt e e enneas 23
Figure 8: Principal components analysis (PCA) of soil chemical and biological

CRATACTETISTICS. ¢t ettt ettt et e st et e et e bt e s et e e bt e e st e e seesabeesbteenseenneeenneas 32
Figure 9. PCA of s0il health MetriCs..........cccviviiiiiiiiieiiccieciece e 36
Figure 10. Nitrate N concentration in SOil ..........ccceeeviieriiiriieiieiieeiecie e 38
Figure 11. Grain yield comparing treatments to reference plots..........cceecvevevierienieeneenneennen. 43
Figure 12. Nitrate N % in whole plant at tillering Stage ..........ccocceeveeriieenieniieieeie e 44

Figure 13. Nitrate N % in whole plant at booting Stage...........ccecveerierciierieniieiienie e 45



Vi

Acknowledgements

I thank my supervisor, Dr. Brian McLaren, Associate Professor, Faculty of Natural Resources
Management, Lakehead University Thunder Bay, for his invaluable guidance and support in data
analysis and interpretation, and technical writing. I thank my co-supervisor Dr. Tarlok Singh Sahota,
Director of Lakehead University Agricultural Research Station for his guidance in setting up my
experiment in field and for overseeing all other field operations and data collection and technical
writing. [ am grateful to my committee members, Dr. Qing Lai Dang, Professor in the Faculty of
Natural Resources Management, Lakehead University, Thunder Bay, and Dr. Tom Bruulsema, Chief
Scientist, Plant Nutrition Canada, for their constructive comments and guidance throughout my
research and technical writing process. I express my gratitude to Harmeet Singh Malhi (Agricultural
Technician), Gurpreet Singh (Intern), James McCabe (Research and Extension Technician) and my
friends and Summer Intern students for their invaluable assistance in carrying out all field operations.

I am grateful to my family and friends for their unwavering support.



Introduction

The global agricultural sector places great importance on the crucial objective of
increasing food production to meet food requirements of the estimated population of 9.1
billion by 2050 (FAO, 2016). With the restrictions on developing agricultural land,
sustainable intensification will become a crucial strategy for all crops (Lambin and
Meyfroidt, 2011). Agricultural intensification seeks to enhance productivity by implementing
high-yielding cultivars, fertilizers, and mechanization (Bodirsky et al., 2015; Bommarco et
al., 2013). Forecasts indicate that there will be an increase in the future need for nitrogen (N)
fertilizers simultaneous with the increase in yield potential of new varieties (Wood et al.,
2004). Currently, only about half of the total N applied to crops is recovered by crops; the
other half either stays in the soils or escapes as ammonia (NH3), nitrate (NO3"), dissolved
organic nitrogen (DON), nitric oxides (NOy), nitrous oxide (N20), and dinitrogen (N)
(Galloway et al., 2004). Strategic N management is crucial to minimizing these losses,
mitigating environmental contamination and reducing the energy-intensive production of
mineral N fertilizers (Van Bueren & Struik, 2017). Growing concerns about ecological
impacts and escalating fertilizer expenses underscore the imperative for heightened N use

efficiency.

Canada Western Red Spring Wheat (CWRS) is the most common type of wheat
cultivated in Canada, planted on 6.07 million hectares with a production of 21.7 million
tonnes of grains annually (Alliance Seeds, 2024). In 2022, 35,000 hectares in Ontario were
planted with spring wheat, yielding 0.158 million tonnes of grains. In Thunder Bay, 8,000
tonnes of spring wheat were produced the same year on 332 hectares (Statistics Canada,
2024). CWRS varieties are well known all over the globe for their superior milling and
baking properties, with very little loss of protein in the milling process (Canadian Grain

Commission, 2022). Nitrogen exerts significant influence on tillering, photosynthesis, and



protein synthesis in wheat, necessitating precise adjustments of fertilizer treatments
throughout different growth phases (Dobermann & Cassman, 2005). A recent investigation of
gaps in cereal yields in Europe highlights the significance of improving N uptake, N use
efficiency, and harvest index through various physiological mechanisms and agronomic traits
(Schils et al., 2018). Optimizing N use efficiency can be challenging due to the intricate
dynamics of N behaviour, its mobile characteristics, and the interactions between genotype

and environment.

Spring wheat development ideally requires careful adjustment of fertilizer N supply
during various stages of its growth (Kong et al., 2013). The concentration of grain protein is
widely recognized as a crucial quality characteristic within the CWRS class (Hucl et al.,
2022). Management should take precautions to prevent excessive N availability, which can
cause yield losses due to lodging during harvest or the promotion of wheat diseases, as well
as its deficiency that can restrict growth and diminish yield. Dealing with N loss is a constant
challenge, especially when using conventional N fertilizer such as urea. Using enhanced
efficiency fertilizers (EEFs) in on-farm nutrient management could be an effective approach
to mitigate N losses. EEFs are created to minimize losses and ensure that N is efficiently
taken up by crop plants for optimal growth (Fast et al., 2023). Chemically stabilized,
inhibitor-based N fertilizers are a source of N that releases N slowly in a controlled manner.
Examples of inhibitors used with N fertilizers, especially urea, are NBPT (a urease inhibitor),
which helps to decrease the release of ammonia into the air and DCD (a nitrification

inhibitor), which decreases leaching of nitrate into groundwater.

EEFs such as ESN (Polymer coated urea) became available for use on farms in the
late 1990s and are primarily composed of urea (Wu et al., 2021). They typically contain 44%

N, which is released in a steady manner, aligning with the requirements of the crops. The


https://link.springer.com/article/10.1007/s11816-013-0275-2#auth-Lingan-Kong-Aff1

release usually occurs in three stages: 8-15% in 10 days, 40-60% by one month, and 85-90%

after 80 days (Golden et al., 2011).

This thesis evaluates conventional N fertilizer (urea), a polymer coated slow-release N
fertilizer (ESN®) and their blends, urea supplemented with inhibitors of urease and
nitrification (SUPERU™), and urea treated with a dual-action urease inhibitor (ANVOL™),
Treatments were applied at two rates of N (80 and 120 kg N ha!) with a set of reference
(untreated) plots, having the goal of monitoring soil health and any increases in growth and
yield of CWRS wheat at different stages. The research was conducted at the Lakehead
University Agricultural Research Station (https://www.lakeheadu.ca/centre/luars), Thunder
Bay, Ontario, Canada. The research aimed to promote modern agricultural practices and aid

in strategic policy decisions in the region to optimise N use efficiency.

Physiology of spring wheat

In Canada, there are nine classes of spring wheat (https://grainscanada.gc.ca/en/grain-
quality/grain-grading/wheat-classes.html). The CWRS class is the most prominent
(McCallum & DePauw 2008). There are eight critical stages of growth in spring wheat: (1)
germination/emergence, (2) tillering (May-June), (3) jointing (stem elongation), (4) booting
(end of stem elongation in June-July), (5) heading (spike emergence), (6) anthesis, (7) grain
filling (July-August), and (8) kernel hardening or maturity (August or early September; Bauer
et al., 1992). It is recommended to plant spring wheat as early as possible, as cooler weather
during the emergence and early reproductive stages tends to promote tiller formation and the
growth of larger heads. Enhanced growth in the initial stages of the season often leads to
greater crop productivity. The temperature range required for spring wheat development is
between 0 °C and 35 °C (Al-Khatib and Paulsen, 1999). The vegetative development of
spring wheat is influenced by specific temperature ranges, which can vary depending on the

cultivar (Kobza et al., 1987). The optimal temperature for photosynthesis is 20-22 °C, while



higher temperatures of 30-32 °C can hinder the process. The ideal temperature range for
anthesis and grain filling is 12-22 °C. If the temperature goes beyond this range, it can have a

significant negative impact on grain yield (Tewolde et al., 2006).
Hypothesis

Enhanced efficiency N fertilizers, alone or in combination with urea, or a N stabilizer
(Anvol™) can improve growth characteristics and grain yield, improve nitrate N and
ammoniacal N in soil and nitrate N in plant tissue, and improve soil health measures when

applied with spring wheat cultivation as compared to conventional N (urea) fertilizer.

The following objectives were set out to test this hypothesis at the Lakehead University

Agricultural Research Station in Thunder Bay, Ontario:

1.) To determine the advantages of enhanced efficiency N fertilizers, an N stabilizer,
and conventional N fertilizer alone or in combination with other N sources, in
terms of their effects on spring wheat growth characteristics and grain yield.

ii.) To determine the advantages of enhanced efficiency N fertilizers, an N stabilizer,
and conventional N fertilizer alone or in combination with other N sources, on
nitrate N and ammoniacal N in soil and nitrate N in plant tissue of spring wheat.

iii.)  To determine the advantages of enhanced efficiency N fertilizers, an N stabilizer,
and conventional N fertilizer alone or in combination with other N sources, on soil

health measures when applied to spring wheat at seeding.



Literature Review

1. Nitrogen management in agriculture

Production of sufficient crop yields to sustain the current population of 7.8 billion
relies heavily on the substantial use of N input. The green revolution achieved significant
successes, one of which was the utilization of the Haber Bosch process to produce N-based
fertilizers (Matson et al., 2012). The process facilitated not only the enhancement of
agriculture, but also the use and advancement of formerly non-agricultural areas, hence
enabling the provision of food to a continuously expanding global population. Chemical N
fertilizer thus revolutionized agriculture, accompanied by a significant surge in its use over
the past 50 years. In 1960, the global N use was 10.8 million Mg, which escalated to 82
million Mg by 2000; it is projected to further increase to 249 million Mg by 2050 (Han et al.,
2016; lannetta et al., 2016). However, reliance on external N input is a fundamental

vulnerability in our global food production system (Cassman & Dobermann, 2021).

It is challenging to accurately provide enough N to satisfy the physiological needs of
crops, while also managing the movement of reactive N to prevent environmental losses.
Consequently, cropping systems that are accountable for most of the world’s food production
release excessive amounts of nitrate (NO3") N, leading to significant deterioration of water
quality, riparian ecosystems, and aquatic environments (Cassman & Dobermann, 2021). The
emission of gaseous substances, such as ammonia, nitric oxides (NO.), and nitrous oxide
(N20), has a detrimental effect on air quality and is considered a significant factor in the
agricultural sector’s contribution to climate change. Whereas, insufficient N during crop
growth adversely affects plant morphology, growth rate, and the life cycle of crops (Kaplan et

al., 2016).



1.1 Nitrogen cycle

Nitrogen (N) exists at around 78% of the Earth’s atmosphere mostly as a nonreactive
dinitrogen (N2) molecule, which restricts its accessibility and utilization. Its practical
applications are highly restricted as live organisms require it in only minimal amounts.
Nevertheless, its compounds form crucial nutrients that when lacking can impede both crop
yield and human development (Kuypers et al., 2018). For N> to form other compounds, it
must undergo dissociation into its two constituent atoms, which can occur by two methods:
physical means such as lightning, and biological means through the action of rhizobium
bacteria in the root nodules of legumes, known as biological nitrogen fixation (BNF). The N
cycle is crucial for maintaining nutritional balance in terrestrial ecosystems, as it involves
processes such as N-fixation and mineralization (Hayatsu et al., 2008). The excessive use of
N fertilizers in agricultural regions has a significant impact on the N cycle, namely on the
processes of nitrification and denitrification (Akiyama et al., 2006). The result is a substantial
increase in N2O emissions and the contamination of groundwater due to the leaching of

nitrates from the crop fields.

The N cycle is a sequence of interconnected processes, in which N undergoes
conversions from one state to another with the participation of microbes and the non-
biological breakdown of intermediate substances (Butterbach-Bahl et al., 2013). Originally,
the N cycle was thought to consist of only two main processes: nitrification and
denitrification. However, as our knowledge of N transformations has advanced, we now
recognize seven interrelated processes within the N cycle (Firestone et al., 1989; Kuypers et
al., 2018). In addition to these mechanisms, there are other pathways that facilitate N

assimilation and ammonification (Figure 1).
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Figure 1. Major processes of the N cycle. Reactions that comprise the seven major
processes of the N cycle are represented by the numbered circles. Ammonification
may be accomplished either by process 1, reduction of dinitrogen (also referred to
as ‘nitrogen fixation’ or ‘Nif”), or by process 2, dissimilatory nitrite reduction to
ammonium (DNRA). Nitrification is composed of process 3, oxidation of
ammonia to nitrite (also referred to as ‘nitritation’) — This process is performed by
aerobic Ammonium Oxidizing Bacteria (AOB) and the nitrosomonas bacteria, and
process 4, oxidation of nitrite to nitrate (also referred to as ‘nitratation’) typically
by means of the enzyme nitrite oxidoreductase and the nitrifying bacteria
nitrobacter. Process 5, the reduction of nitrate to nitrite, can be coupled to
processes 2, 6 or 7 in a population or a community. Denitrification is shown as
process 6, which is also referred to as ‘nitrogen-oxide gasification’. Anammox is
shown as process 7 and is also referred to as coupled nitrification—denitrification’
(Stein & Klotz, 2016).

1.2 Nitrogen management in Canadian agriculture

Globally, there is a tendency of extending N use in the production of all cereal crops
(Galloway et al., 2017). This trend is commensurate with the population boom.
Approximately 75% of Canada’s N fertilizer applications occur in the provinces of Alberta,
Saskatchewan, and Manitoba (Statistics Canada, 2016). The reason for the large amounts is
the vast area of cropland in the prairie provinces. Amounts of N application are lower in the
other provinces. The reason for the large amounts is the vast area of cropland in the prairie
provinces. Crop plants on an average take up 30-50% on N applied as fertilizers (Cassman et

al., 2002; Janzen et al., 2003). This inefficiency highlights the need for better N control



strategies to maximize resource use and limit N losses. Ammonia (NH3), nitrate (NO3"),
nitrous oxide (N20), and di-nitrogen (N) are the various kinds of by products that result from
inefficient use of N fertilizers. Qiao et al. (2015) and Janzen et al. (2003) highlighted the
negative consequences of such losses to the environment, which may include greenhouse gas

emissions and water contamination.

Consequently, farmers in Western Canada make important choices about the
composition, rate, location, and timing of applications of N fertilizers. Grant and Pattey
(2008) pointed out that operational issues, including product availability, time restrictions,
budgetary considerations, and equipment availability also affect the choices made by farmers.
Strategies for managing N effectively must consider the various environments where farmers
work. To overcome the drawbacks of conventional estimates that rely on linear interpolations,
applying a process-based agroecosystem model is recommended (Grant & Pattey, 2003;
Grant et al., 2006; Grant et al., 2016; Flesch et al. 2018). These kinds of models provide a
thorough simulation of biogeochemical cycles and a means to evaluate the effects of N,
taking non-linear feedback into account, and generating continuous estimates of N over time

and space.

1.3 Residual soil nitrogen and its management

Residual soil N refers to the quantity of applied N that remains in the soil following
the harvest of a crop. It may have a role in determining the quantity of N that will be
accessible to the subsequent crops (Chen et al., 2014). Residual soil N can also have enduring
impacts on soil structure, nutrient availability, and crop yields over an extended period of
time. The following is a summary of the work cited above that is related to the best
agricultural practices. Crop plant residues can be managed to make use of residual soil N.

When crop residues are reintroduced into the soil, they undergo several processes including


https://link.springer.com/article/10.1007/s13593-014-0207-8#auth-Baoqing-Chen-Aff1-Aff2

biotic immobilization-remineralization, abiotic immobilization, soil organic N mineralization,
and plant residue organic N mineralization. The specific mechanism that occurs depends on
the type of crop residue and the qualities of the soil. Carbon-to-nitrogen (C/N) ratio in the
crop residues is not reliable in predicting their impact. Mineralization consistently enhances
the uptake of N by crops and amplifies the likelihood of N loss. Furthermore, while net
immobilization is a factor in both immobilization-remineralization and immobilization
processes, it does not inevitably result in reduced N uptake by crops (Bird et al., 2001). The
results are also influenced by the synchronization between the fluctuating levels of inorganic
N in the soil and the uptake of N by the crops. The loss of N during the process of
mineralization can be decreased by using a chemical immobilizer. Net N immobilization can
be mitigated by altering the time of ploughing and fertilization, or by modifying the

positioning of plant residues (Carefoot and Janzen, 1997).

2. Nitrogen uptake in plants

Nutrient use efficiency (NUE) denotes the ratio of nutrient outputs to inputs within an
agricultural cropping system. The NUE of crops is determined by the processes of N intake,
transport, assimilation, and remobilization (McAllister et al., 2012). The key enzymes
involved in the process of N assimilation are nitrate reductase (NR), nitrite reductase (NiR),
glutamine synthetase (GS), and glutamine-2-oxoglutarate aminotransferase, commonly
known as glutamate synthase (GOGAT) (Liu et al., 2022). Plants take up NO3~ with the help
of nitrate transporters (NRT1 and NRT2). For nitrate to be assimilated, it ought to first be
reduced to nitrite, which is done by the nitrate reductase enzymes in cytoplasm, and then to
ammonium in plastid, which is done by nitrite reductase enzymes (Figure 2; McAllister et al.,
2012). Roots use NADH as the reducing agent to reduce nitrate in the cytosol. Conversely,
leaves use ferredoxin as an electron transporter connected to the light reaction of

photosynthesis, resulting in a reduction in both the cytosol and chloroplasts (Liu et al. 2022).
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NH4* assimilation occurs in the plastid or chloroplast through a series of events known as the
glutamine synthetase/glutamate synthase (GS/GOGAT) system. This system involves the
enzymes GS (EC6.3.1.2), NADH-GOGAT (EC1.4.1.13), and Ferredoxin (Fd)-GOGAT
(EC1.4.7.1) (McAllister et al., 2012; Suzuki and Knaff, 2005). Following the absorption of N
by the plant, it is conveyed throughout the plant via the xylem as glutamine, asparagine,
glutamate, and aspartate, which may be used or stored (McAllister et al., 2012; Okumoto &
Pilot, 2011). During senescence and grain filling, absorption enzymes such as GS1 and
glutamate dehydrogenase (GDH) [EC1.4.1.2.] aid in the remobilization of N to the grains,

once it reaches the sink tissues (McAllister et al., 2012).

2.1 The role of nitrogen in wheat production

In wheat production, N application significantly impacts wheat grain yield, grain
protein content, and plant growth and development (Triboi et al., 2000). Nitrogen is required
for many different metabolic activities, and a healthy supply of N is linked to strong
vegetative growth, high photosynthetic activity, and a deep green hue. Several studies have
analyzed the individual effects of N fertilizer management strategies on improving wheat
production (Zhang et al., 2017; Hu et al., 2023). Similar to other crops, wheat does not
require an extensive amount of N during the germination stage, and N availability is of
greatest importance during the tillering and stem elongation stages when crops have the
ability to absorb a larger quantity of N (Doring & Neuhoff, 2021). Inadequate levels of N at
this stage result in elevated shoot mortality, reduced spike size, and a restricted number of
kernels per unit area (Doring & Neuhoft, 2021; Mahboob et al., 2023). In order to achieve the
highest possible grain yield in wheat, it is recommended to split N application between

seeding and tillering, or between seeding, tillering, and heading (Wang et al., 2023).
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According to Mizuta et al.’s (2020) research conducted on wheat grown in Japan,
splitting and top-dressing of N before stem elongation leads to improved N recovery
efficiency, increased grain production, and reduced N leaching. This approach has been found
to be more effective than applying the entire dose of N at seeding, which results in a higher

rate of N loss (Wang et al., 2023). A consequence is a diminished amount of N accessible to

+ +
o+ +
Glutamate [GLU] aKetoglutarate [aKG)
O] (6]
akG Pyruvate [PVA)
L k 1l‘ l\E
Glutamine [GLN) » GLU » Alanine [ALA)
g )
f/# ASP akG
[5] Oxaloacetate (OAA)
GLU - hﬁ\
- : 3
Asparagine[ASPN) Aspariate [ ASP)

Figure 2. Biochemical pathways for N assimilation. Glutamine is synthesized
by glutamine synthetase (1) and is converted to glutamate by glutamate
synthetase (2). Aspartate is formed by transanimation from glutamate by
aspartate aminotransferase (3); Alanine arises similarly through the action of
alanine aminotransferase (4). Aspartate can be transaminated into asparagine
by asparagine synthetase (5). Glutamate can also be formed by glutamic
dehydrogenase (6), but that reaction seems relatively unimportant in plants
(Novoa & Loomis, 1981).

the crop during its growth period (Verma & Sagar, 2020). Despite the fact that rapid uptake
does not commence until the stem elongation stage, N fertilizer is typically administered prior
to or at planting in the eastern Canadian Prairies because of the short growing season (Pan et
al., 2020). This tactic promotes unnecessary early-season vegetative development, which can

increase lodging risk due to shadowing effects, and leaves N fertilizer sensitive to losses in
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the early growing season (Mangin et al., 2022). High rates of N are needed to get the most
out of modern spring wheat cultivars cultivated in western Canada since they produce
significantly larger yields than in the past (Mangin et al., 2022; Semagn et al., 2021). Field
investigation showed that each increment of N considerably increases plant height, tiller
count, 1000-kernel weight, and overall grain yield (Ali et al., 2005). The study additionally
emphasizes the importance of applying different nutrients in a balanced manner, along with
phosphorus, potassium, sulphur, zinc, and boron (Pandey et al., 2020). In the end, N stands as
a major nutrient that greatly affects the productivity of wheat. For sustainable and extended
wheat yields, N should be used in aggregate with balanced supply of other nutrients.
Researchers and wheat growers trying to increase nutrient loss control strategies for improved

wheat yield can learn from the studies indexed here.

2.2 Evaluation of nitrogen sources for spring wheat production

The CWRS class is a high protein wheat that is ideal for producing large quantities of
pan breads and specific types of Asian noodles. Additionally, it can be blended with low
protein wheat to enhance its quality to meet specific use requirements (Wang et al., 2004).
Due to their quality standards, CWRS breeders strive to concurrently select for superior grain
productivity and elevated protein levels, even though grain production and protein
concentration are inversely correlated (Da Costa & Kronstad, 1994; Simmonds, 1995; Sieling
and Kage, 2021). To assist with this trade-off, N losses and shading effe