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ABSTRACT

Afzal, Muhammad Junaid. M.Sc., The University of Manitoba, August 2024. Stabilization of
Nitrogen Fertilizers Using Nitrification Inhibitors in Manitoba. Supervisor; Dr. Mario Tenuta

Nitrogen (N) fertilization is an effective tool in sustaining crop production and the economic
viability of farming systems. Depending on the soil, management practices, and climate, a
significant portion of the applied N to crops is lost to the environment in the form of ammonia
(NHs) volatilization, nitrate (NO3") leaching, nitrous oxide (N2O) emissions, and dinitrogen gas
(N2) losses. Nitrification inhibitors (NIs) can mitigate these losses by stabilizing N as NH4*. While
early fall urea application with NIs has been studied, the effectiveness of Nls applied late in fall
and their persistence into spring remains uncertain. This study involved three field experiments
conducted in southern Manitoba from 2020 to 2022 to assess whether applying nitrapyrin or
pronitridine in late fall with anhydrous ammonia (AA, 82-0-0) at 80% of the recommended N rate
could effectively delay nitrification into spring and influence the yield and N uptake of spring-
sown crops compared to AA applied at 80% and 100% of the recommended N rate without NIs.
Results indicated that late fall-applied AA with the Nls, nitrapyrin, or pronitridine, did not
significantly (p > 0.05) delay nitrification, resulting in no significant NH4" stabilization. However,
trends suggested slight reductions in NOs™ appearance on band locations and movement between
band locations. There were no significant differences in agronomic yield and crop N uptake among
the treatments. A laboratory study was also conducted using urea ammonium nitrate (UAN, 28-0-
0) to compare the effectiveness of different NIs across varying soil textures. In this laboratory
experiment, nitrapyrin significantly (p < 0.05) inhibited nitrification in sand but had limited
effectiveness in loam and clay soils. Dicyandiamide (DCD) slightly reduced nitrification (p < 0.05)
only in the sand on days 14 and 21 of the experiment. However, 3,4-dimethylpyrazole phosphate

(DMPP) and pronitridine, at the concentrations used, were not effective (p < 0.05) in reducing



nitrification in the soils examined. Overall, the results underscore the limited effectiveness of Nls
in spring from late fall-applied AA due to delayed banding operations until the soil has cooled and

the variable effectiveness among nitrification inhibitor types in soils.
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1. INTRODUCTION

1.1 Nitrogen (N) and N Use Efficiency

Nitrogen (N) is a primary nutrient required by plants in a relatively large amount for their
physiological functioning and life cycle (Bibi et al., 2016). Nitrogen is of prime importance in crop
production, where a deficiency can limit crop yield and protein content (Xin et al., 2014; Azimi et
al., 2021). Therefore, N should no longer be a limiting factor in producing good yield and quality
(Chattha et al., 2022). However, adding N fertilizers is a significant input cost in maintaining crop
productivity and soil fertility status because of the high prices of fertilizers (Anas et al., 2020).
Nitrogen fertilizers constitute a significant portion of the total energy input in agricultural systems.
Nonetheless, a substantial portion of the N from applied fertilizers is typically lost due to
susceptibility to nitrification and subsequent losses through leaching and denitrification (Arora et
al., 2013). This reveals a significant inefficiency in N use in modern high-production agricultural
systems.

The primary loss pathways include nitrate (NO3’) leaching, ammonia (NHz) emissions, and
emissions of nitrous oxide (N20) and dinitrogen gas (N2) (Delgado, 2002; Qiao et al., 2015).
Management practices collaboratively contribute to optimizing the efficiency of applied N
fertilizers (Snyder et al., 2009). This efficiency hinges on choosing the right source, rate, timing,
and placement method for the N fertilizers (Chattha et al., 2022; Tenuta et al., 2023). The
significant losses from nitrification and its associated processes are NOsz™-leaching and nitrous
oxide (N20) emissions (Subbarao et al., 2006; Heil et al., 2016). Nitrate (NOs), a highly oxidized
form of N and six times more mobile than NH4", is susceptible to reduction reactions and leaching
(Bibi et al., 2016). The fate of NO3 largely depends on soil conditions; especially under saturated

conditions, it can either be denitrified, releasing N2O or N2 gases (Follett and Delgado, 2002).
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In the Canadian prairie provinces of Manitoba, Alberta, and Saskatchewan, around 75% of
the total Canadian N fertilizer application occurs with anhydrous ammonia (AA, 82-0-0), urea (46-
0-0), and urea ammonium nitrate (UAN, 28-0-0) as the most common N sources (Mezbahuddin et
al., 2020). Late fall-applied AA has been reported as the second most common source and timing
among growers between the 2014 and 2019 growing seasons in western Canada (Machado et al.,
2020). Late fall application of AA remains popular among Manitoba farmers due to its cost-
effectiveness, convenient timing, equipment availability, and favourable soil conditions (Tiessen
et al., 2005). It is recommended to apply AA in late fall as soil temperatures drop below 10°C,
with a mid-November regulatory deadline in Manitoba, while avoiding poorly or excessively
drained soils (Tenuta et al., 2016). Unlike other common N fertilizers, AA initially inhibits
nitrifying bacteria, making it preferable for fall application (Sawyer, 2020). However, early AA
application risks nitrification losses since the soil is still above 10°C while delaying the application
risks the inability to complete the fall application (Swoboda, 2019). Hence, farmers may consider
stabilization of fall AA as an effective option (Kim et al., 2012; Schmidt et al., 2020). Nearly 34-
46% of farms in Manitoba utilize AA as a fall N source annually (MB Soil Fertility, 2023). Given
these practices, understanding the N transformational losses linked to the application of AA is

paramount.

1.2 Anhydrous Ammonia

Anhydrous ammonia, the most concentrated N fertilizer, is often considered an economically
viable option, particularly for fall N application in western Canada (Griesheim et al., 2019).
Anhydrous ammonia is a gas under ambient conditions; it is converted to a liquid state when
subjected to refrigeration and pressurization, and it requires special equipment for transportation,

storage, and application (Nelson and Singh, 2019). Upon soil injection, AA disperses, typically
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extending to a diameter of roughly 15 cm, depending on application rate, soil moisture, and texture
(Hanna et al., 2005; Sawyer, 2020). It gets dissolved immediately in soil moisture, forming
ammonium hydroxide (NHsOH), which subsequently dissociates into NH4* and the hydroxyl (OH"
) ions (Overdahl and Rehm, 1990; Shafreen et al., 2021). The NH.4" is either held within the soil
by negatively charged clay and the soil organic matter particles or oxidizes to NO3via nitrification
(Shafreen et al., 2021). Depending on soil pH and cation exchange capacity (CEC), NH4" can
dissociate, emitting ammonia, particularly under alkaline conditions (Kim et al., 2012; Lasisi et
al., 2017). To mitigate AA emissions during application, a depth of 10-15 cm is recommended for
AA banding (Erwiha et al., 2020). The combined effects of AA banding and the cooler
temperatures of late fall serve as natural suppressants for soil nitrifying microbes, thus inducing a
transient delay in nitrification (Norton and Ouyang, 2019). To prolong this delay, ranging from
days to several weeks, and to enhance nitrogen use efficiency (NUE), it is advised to stabilize fall-
applied AA in the NH." form using nitrification inhibitors (NIs) (Parkin and Hatfield, 2010; Kim

et al., 2012; Schmidt et al., 2020).
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Nitrogen transformations in Centuro and N-Serve treated
fall-applied Anhydrous Ammonia
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Fig. 1A Nitrogen dynamics post-fall application of AA, highlighting N-Serve and Centuro action

points for delaying nitrification and preventing subsequent leaching and denitrification
losses. (Created by Muhammad Junaid Afzal)
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1.3 Urea Ammonium Nitrate (UAN)

Urea ammonium nitrate is a liquid fertilizer composed of urea, ammonium, and nitrate (Ren et al.,
2021). UAN is preferred over urea as an N source, particularly for in-season applications, due to
reduced volatilization losses, especially when dribble banded (Griesheim et al., 2023). However,
deciding the application timing based on the N source is crucial to mitigate potential N losses
before plant assimilation (Yadav et al., 2017). While surface application of UAN increases
susceptibility to NHs volatilization losses (Mendes Bastos, 2015), injecting UAN 5-10 cm deep
into the soil lowers its volatilization potential compared to urea (Woodley et al., 2018). A portion
of UAN, existing in the NO3™ form, is predisposed to losses via leaching and denitrification soon
after application. However, to mitigate the potential risks of NO3™ losses from the NH4" portion of
UAN, incorporating Nls stabilizes the NH4* fraction, synchronizing N-availability with plant

uptake and averting NOz™ losses (Lasisi et al., 2021; Li et al., 2023).

1.4 Nitrification as a Major Pathway for N Losses

All applied N fertilizers eventually get converted to NOs™ form which is prone to leaching and
denitrification losses (Norton and Ouyang, 2019). In nitrification, NH4* (an immobile form of N)
is oxidized first to nitrite (NO2) and then to NOs by autotrophic bacteria called nitrifiers
(Sahrawat, 2008).

2NH4" + 30 sy 2NO2 + 2H,0 + 4H* (nitrifiers)

2NO2 + O2 =y 2 NOg3” (nitrifiers)

A significant amount of applied N can be lost via nitrification and related processes from managed
ecosystems (Subbarao et al., 2006). Furthermore, while nitrification is widely accepted as a major

contributor to N2O emissions from soil, it has been comparatively less investigated than
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denitrification (Heil et al., 2016). Several interrelated factors, including soil texture, structure,
aeration status, moisture content, cation exchange capacity (CEC), temperature, pH, organic matter
content, and substrate (NH4") availability, influence the population of nitrifying microorganisms
and thus nitrification (Subbarao et al., 2006).

The N requirement and uptake by plants follow a sigmoid function with a minimal N
demand during the germination period, followed by a substantial N requirement during the
vegetative and reproductive growth stages, and finally, a small N requirement at the stage of
reproductive maturity (Delgado et al., 2011; Lasisi, 2016). Most crops can utilize NH4* and NOs",
while some prefer NOs™ over NH4" (Li et al., 2013; Lasisi, 2016). However, crops well-adapted to
anaerobic and acidic soil conditions tend to favour NH4* over NOs™ (Subbarao et al., 2006; McKane
et al., 2013). The form of N taken up by crops depends on several factors, including plant species,
cultivar, growth stage, soil aeration status, and NH4*/NOs" tolerance level of the plants (Li et al.,
2013). Suppressing the nitrification process to synchronize N availability with plant uptake offers
a great potential to improve NUE and agronomic efficiency while reducing environmental risks

(Touchton et al., 1979; Subbarao et al., 2006; Sahrawat, 2008; Li et al., 2023).

1.5 Implications of N Fertilizers for Agronomy and Environment

1.5.1 Nitrate Leaching

Nitrate, being a soluble and negatively charged molecule, cannot be held by the negatively charged
soil and organic matter particles and is susceptible to leaching (Zhaohui et al., 2012; Rosenstock
et al., 2014; Cicek et al., 2015). Fall N applications are typically more prone to leaching losses
with less N recovery than spring applications (Schwager et al., 2016; Lasisi et al., 2021). In cold

agricultural regions, the fate of fall-applied N remains uncertain and may depend on N source, soil
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texture, and regional and interannual variations during winter (Chantigny et al., 2019). Van Es et
al. (2006) reported that in the temperate and humid climates of the Midwest United States, fall N
applications can increase the potential for NOs™-leaching, consequently raising the likelihood of
N20 emissions. In contrast, the continental climate of western Canada, characterized by long and
cold winters, poses comparatively less risk of nitrification losses. However, a significant amount
of N can still be lost through leaching and denitrification, especially during soil thawing and
rewetting (Zhaohui, 2012). Thus, to minimize NOgz" leaching, it is crucial to stabilize or effectively

manage applied N, preventing the build-up of NOs levels during precipitation and thawing events.

1.5.2 Nitrous Oxide Emissions

Canada’s agriculture sector shares almost 71% of the total national N2O emissions, impacting
global GHG emissions (Environment and Climate Change Canada, 2021). Soil N fertilization is
the primary source of these agricultural N2O emissions, accounting for 60% of Canada's
agricultural emissions (Maraseni and Qu, 2016). Generally, fall N applications have higher risks
of N losses in the form of N2O emissions particularly during spring thaw (Tenuta et al., 2016). In
the Canadian prairies, emissions from denitrification during spring thaw are one of the major
concerns (Rochette et al., 2018; Tenuta et al., 2019; Pelster et al., 2022). Laboratory and field
studies have reported significant N.O emissions following soil thawing events (Tenuta and
Sparling, 2011; Hung et al., 2020). Increased N2O emissions during spring and post-thaw can be
attributed to enhanced microbial activity resulting from elevated moisture and temperature levels,
greater nutrient availability, and the release of N.O trapped in deeper soil layers during winter
(Tenuta et al., 2016; Chen et al., 2021). With the ever-increasing use of synthetic N fertilizers,
N20 emissions will likely increase unless N use for agricultural food production is managed more

effectively (Reay et al., 2012; Burton, 2018; Environment and Climate Change Canada, 2021).
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1.6 Nitrification Inhibitors

Nitrification inhibition is a strategy to delay nitrification, reduce N losses, increase NUE, extend
N availability over time, and mitigate N2O emissions (Akiyama et al., 2010; Meng et al., 2021).
Nitrification inhibitors delay the oxidation of NHs" by selectively inhibiting the ammonia-
oxidizing bacteria, keeping N in the less mobile NH4* form, increasing overall N stabilization and
presence in the root zone, and providing plants with greater opportunities for N uptake (Tiessen et
al., 2005; Halvorson et al., 2014; Gao et al., 2015; De Laporte et al., 2021). Nitrification inhibitors
are considered the best option to overcome N losses, particularly for soils with high moisture
content, anaerobic conditions, frequent rainfall events, and soil thaw periods (Tenuta and Sparling,
2011; Zhou et al., 2020).

Common products available to farmers as NIs include the trade names, N-Serve and
eNtrench, containing nitrapyrin [2-chloro-6-(trichloromethyl) pyridine]; Drive-N  with
dicyandiamide (DCD); and the recently available Centuro with pronitridine (Subbarao et al., 2006;
Singh and Nelson, 2019; Zhou et al., 2020). Despite offering numerous benefits, there are some
cons associated with each inhibitor. For example, N-Serve is highly volatile, corrosive to
equipment, and cannot be mixed and stored in AA beyond three weeks (Wolt, 2004; Tiessen et al.,
2005) and DCD being highly water soluble is prone to leaching beyond the root zone (Akiyama et
al., 2010; Callaghan et al., 2010). However, DCD can be adsorbed onto soil colloids due to its
positive charge, which makes its effectiveness dependent on soil properties (Marsden et al., 2016).
While Pronitridine is a novel NI, recently developed with benefits of easier handling due to its
non-corrosive and non-hazardous formula, higher stability, and claimed to be more efficient,

especially with fall-applied AA (Vetsch et al., 2014; Singh and Nelson, 2019).
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1.7 Previous Field and Laboratory Experiments on Nitrification Inhibitors

Several studies have investigated the stabilization of N using common Nls, reporting significant
delays in nitrification, increased NUE, and enhanced long-term mineral N availability to crop
plants during the growing season (Degenhardt et al., 2016; Habibullah et al., 2018; Pawlick et al.,
2019). Among these NIs, nitrapyrin has undergone extensive examination with fall-applied AA
and spring-applied UAN, demonstrating effectiveness (Touchton et al., 1978; Gomes and
Loynachan, 1984; Randall and Vetsch, 2003; Griesheim et al., 2019). However, some studies have
observed partial nitrification control with nitrapyrin, indicating possible efficacy variations based
on site-specific conditions (Hughes and Welch, 1970; Hendrickson et al., 1978; Hergert and Wiese,
1980), with inconsistencies in crop yield responses also noted (Touchton and Boswell, 1983;
Blackmer and Sanchez, 1988; Bailey, 1990; Wolt, 2004).

Moreover, pronitridine offers advantages over nitrapyrin, being non-corrosive to metals in
storage vessels and application equipment, and purportedly stable longer in storage, with claimed
higher efficiency with fall AA (Habibullah et al., 2018; Singh and Nelson, 2019). However, its
efficacy in western Canadian climatic conditions, especially in Manitoba, remains untested. Late
fall application of AA is common in Manitoba, typically when the soil temperature drops to 10°C,
aiming to limit microbial activity and N conversion to inorganic forms prone to losses (Tenuta et
al., 2016; MB Soil Fertility, 2023). Adding nitrapyrin or pronitridine to late-fall AA applications
may complement the benefits by reducing N losses and maintaining N in the NH4"™ form during
winter until planting. Limited literature exists on nitrapyrin with fall AA in Manitoba; small plot
studies indicate inaccuracies in replicating farm-scale NI recommendations (Wood, 2018).

However, no field research has directly compared nitrapyrin and pronitridine in the region. Given
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the tendency for soil to cool rapidly post-application of AA in late fall by mid-October to early

November, evaluating the effectiveness of Nls after prolonged frozen conditions is crucial.

Since ammonium nitrate (NH4NOz3) production ceased in western Canada in 2005, side-
dressing or in-crop application of urea and UAN has become prevalent (Karamanos et al., 2013).
UAN is favored for in-season applications due to its low NH4" content and versatility, allowing
for either surface broadcasting or, preferably, surface dribbling or in-soil injection (McKenzie et
al., 2006; Owens et al., 2023). The urea fraction in UAN hydrolyzes to NH4", then converts to
NOs", which plants absorb or lose via leaching or denitrification (Pawlick et al., 2019). Nitrate is
most plants' preferred form, but its release must synchronize with crop demand (Lasisi et al., 2020).
To delay NO3z™ accumulation and enhance NUE, stabilizing the NH4* portion of UAN with Nls is
advised (Vaio, 2006; Meng et al., 2021). Soil texture significantly affects NIs’ efficacy by
influencing soil pore space, aeration, microbial diversity, and community structure (Fortuna et al.,
2012; Xia et al., 2020). Numerous studies have underscored the effectiveness of Nls in delaying
nitrification, albeit with varying results across diverse soil types (Wolt, 2000; Barth et al., 2001;
Fisk etal., 2015; McGeough et al., 2016; Elrys et al., 2020). Given the development and marketing
of various products as NIs, testing, and comparing their effects on nitrification in different soil
textures is crucial.

To address these gaps, three field research studies were conducted in Southern Manitoba,
comparing the impacts of late fall-applied AA treated with nitrapyrin or pronitridine (at 80% of
the recommended N rate) in contrast to untreated AA applied at both full (100%) and reduced rates

(80% of the recommended N). Furthermore, a laboratory study on the comparative efficacy of four
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different Nls (pronitridine, DCD, DMPP, and nitrapyrin) in sand, clay, and loam soils of Manitoba

was conducted.

1.8 Objectives

The overall objective of this study was to evaluate the effectiveness of different Nls in delaying

the nitrification of N fertilizer sources. Specific objectives were:

Q) To quantify and compare whether applications of nitrapyrin and pronitridine can delay
nitrification in late fall-applied AA from the time of application until late spring under field
conditions (Chapter 2),

(i)  To compare the potential of late fall-applied nitrapyrin and pronitridine with AA in
improving crop yield and aboveground mass N-uptake (Chapter 2),

(ili)  To determine whether the use of nitrapyrin and pronitridine with late fall-applied AA
allows for reduced N rates while maintaining optimal yields (Chapter 2), and

(iv)  To compare the effectiveness of four different NIs—pronitridine, DCD, DMPP, and
nitrapyrin—in delaying nitrification in UAN under controlled temperature and moisture

conditions in three contrasting soils in the laboratory (Chapter 3).

1.9 Hypotheses

It was hypothesized that:

0] Use of nitrapyrin and pronitridine will delay nitrification, maintaining more N in NH4"
form and inhibiting the buildup of soil NOs™ in the weeks before soil freeze-up,

(i) The NIs will remain effective after winter into spring to slow nitrification and appearance

of NOs™ first on bands and then between band positions,
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(iii)

(iv)

(v)

Overall, delaying nitrification and inhibiting soil NOs™ buildup with the NIs will increase
available N to crops during the growing season compared to AA without NIs, leading to
improved crop yield and N uptake,

Using nitrapyrin and pronitridine in late fall-applied AA at 80% recommended N-rate
would yield better agronomic returns and N uptake compared to untreated AA at the same
rate, potentially mitigating the need for the extra N (10-20%) that most farmers include
with fall application, and

The effectiveness of Nls, pronitridine, DCD, DMPP, and nitrapyrin will vary depending

on the product and soil type.

21



1.10 Structure of Thesis

This thesis was written in a format with two manuscript-format research chapters following the
thesis guidelines of the Department of Soil Science, University of Manitoba. Chapter 1 provides a
general introduction. Chapter 2 focuses on the field research studies conducted at three different
sites in Southern Manitoba, investigating the effect of NIs (nitrapyrin and pronitridine) on
stabilization of late fall-AA at a reduced rate of 80% of the recommended N, compared to AA
applied at 80% and 100% of recommended N rates without NIs. This chapter discusses the relative
concentrations of NH4* and NOs™ on and between the AA-banded rows, along with agronomic
measurements, including yield and total N uptake of wheat and canola crops at two sites. Chapter
3 presents the data from a laboratory incubation study comparing the efficacies of four different
NIs (pronitridine, DCD, DMPP, and nitrapyrin) in delaying the nitrification rate for over four
weeks in sand, clay, and loam-textured Manitoba soils. Chapter 4 is a comprehensive overview,
presenting a synthesis of the project's achievements, notable findings, encountered challenges,
improvements made, prospective research directions, recommendations to the growers and

policymakers, and similar research conducted in North America.
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1.11 Contributions

| led field research during the 2021 and 2022 crop years and the incubation study between 2022
and 2023. The project commenced with the first study at Sperling in the fall of 2020, followed by
two studies at Notre Dame and Manitou in 2021. Our collaborating growers, Edward Wollmann,
Steph Comte, and Landon Friesen graciously hosted these field studies. The field setups were
meticulously designed and implemented with Dr. Mario Tenuta and John Heard. While the farmers
managed the fertilizing, seeding, and harvesting operations utilizing their equipment, | supervised
the AA band markings during application and oversaw the soil and harvest sampling events. My
responsibilities also included liaising with farmers, technicians, and summer students. | undertook
comprehensive data collection, organization, and calculations for the research presented here. |
conducted statistical analyses with the assistance of Dr. Mario Tenuta. Furthermore, | presented
our findings at field tours, conferences, and seminars. Rida Sabirova assisted me in setting up the

laboratory incubation study, and she took charge of gas sampling and conducting flux calculations.
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2. FIELD STUDY: NITRIFICATION INHIBITION OF LATE FALL-APPLIED
ANHYDROUS AMMONIA USING NITRAPYRIN AND PRONITRIDINE IN

MANITOBA

2.1 Abstract

Late fall application of anhydrous ammonia (AA, 82-0-0) is a common practice in Manitoba.
However, it is susceptible to the nitrification process and subsequent losses through leaching and
denitrification, and emissions of N2O during the thaw by the time of the next growing season.
Consequently, farmers often apply 10-20% higher nitrogen (N) rates in the fall than in spring to
compensate for these N losses. Three field research trials were conducted in Southern Manitoba
on poorly-drained clay (Osborne) and moderately to well-drained loam soils (Firdale and Manitou)
to investigate the effects of nitrification inhibitors (NIs), nitrapyrin (N-Serve), and pronitridine
(Centuro), in combination with AA, in slowing down nitrification, maintaining optimal yields and
N uptake from spring-sown crops. Nitrogen was applied in late fall as AA at 80% of the
recommended N rate (based on soil test and target yield) with and without NIs. Additionally,
treatments without N addition (as a control) and with 100% of the recommended N rate were
included. After AA application and before planting for all sites, the soil was sampled (0-30 cm,
both on and between the AA bands) in late fall, early, and late spring. Results indicated that
nitrapyrin and pronitridine-treated AA did not significantly delay the nitrification compared to AA
without Nls at any site. However, at Sperling, nitrate (NO3") tended to be recovered more on bands
coupled with a tendency for lower NO3™ between bands with Nls at the late spring sampling, which
might have been caused by delayed nitrification and lack of moisture for diffusion. This suggests
that delayed nitrification may have limited the diffusion of NO3™ from bands by planting time. At

Notre Dame and Manitou, there was a tendency for lower NOs™ on bands with Nls at the early
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spring sampling and for both sites with nitrapyrin at the late spring sampling. At Manitou, NO3z
concentration between bands tended to be lower for Nls, indicating a potential reduction in NO3’
appearance on bands and diffusion between bands by planting. However, among the AA
treatments, no significant differences were observed in grain yield and N uptake of spring wheat
and canola from well-drained loam soils. Overall, these findings do not provide substantial

evidence to support the recommendation of using NIs with late fall AA applications in Manitoba.
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2.2 Introduction

In western Canadian provinces, especially in Manitoba, fall application of nitrogen (N) as
anhydrous ammonia (AA, 82-0-0) is a common practice due to reduced fall workloads, lower
fertilizer cost, increased seedbed preservation, and generally drier soil conditions for field
activities, compared to spring (Tiessen et al., 2005; Tenuta et al., 2016). A survey conducted by
Amiro et al. (2017) in Manitoba showed that two-thirds of the respondents (growers and
agronomists) prefer fall N application. Machado et al. (2020) reported fall AA banding as 2" most
common practice among the growers of Western Canada, analyzing the dataset of the Fertilizer
Use Survey conducted between 2014 and 2019 across Canada. Due to fall AA application's
popularity and potential benefits, research has investigated the processes responsible for soil N
transformations and losses from fall AA applications (Tiessen et al., 2006; Hatfield et al., 2014;
Tenuta et al., 2016). However, the efficiency of fall-applied AA is still a big concern owing to
nitrification and subsequent losses of N which influence the farm profitability and overall nitrogen
use efficiency (NUE; Sun et al., 2016).

It is recommended to apply AA in late fall as soil temperatures drop to 10°C, with a mid-
November deadline in Manitoba, while avoiding poorly or excessively drained soils (Tenuta et al.,
2016; MB Soil Fertility, 2023). Undoubtedly, in temperate regions, soil freezing has a repressive
effect on microbial activity and overwinter N transformation rates. However, fall AA is still
considered prone to different microbial transformations (Kyveryga et al., 2004; Chantigny et al.,
2019). Different mechanisms drive N losses depending on the soil and environmental factors
(Dunmola et al., 2010). Ammonia volatilization can be a major contributor to N losses, mainly in
alkaline soils (Silva et al., 2017), especially when AA is shallow banded and in coarse-textured

soils that do not provide a good seal (Rochette et al., 2013; Lasisi et al., 2020). Overall, nitrification
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and subsequent denitrification can significantly contribute to high risks of over-winter and early-
spring N losses in the form of nitrate (NOz") leaching and nitrous oxide (N20), and dinitrogen gas
(N2) emissions (Malhi et al., 2001; Risk et al., 2014; Reynolds et al., 2016; Smith et al., 2019).

Nitrate, being six times more mobile than ammonium (NH4") is more prone to leaching
losses, especially in coarse-textured soils, where seasonal rainfall tends to be higher (Jayasundara
et al., 2007; NikiemaPaligwende et al., 2013). While NH4* does not readily leach and is typically
adsorbed to the surface of negatively charged soil or organic matter particles, where it remains
available for plant uptake and is less susceptible to losses compared to NO3™ (Huber et al., 1980;
Di and Cameron, 2016). Consequently, to minimize N losses from fall applications, it is essential
to retain N in the NH4* form in the soil from winter through late spring (Huber et al., 1980;
Subbarao et al., 2006; Dromantiené et al., 2020). Among the different recommended options for
stabilizing fall AA, the use of nitrification inhibitors (NIs) offers great potential by delaying
nitrification, reducing N losses, and improving crop productivity, especially in soils with higher
risks of N losses via leaching and denitrification (Abalos et al., 2014; Cahalan et al., 2015;
Degenhardt et al., 2016; Ren et al., 2021).

Extensive research has investigated the impact of using nitrapyrin with fall-applied AA to
reduce N losses and boost crop yields, particularly in the Midwest United States and some
Canadian prairie provinces (Burzaco et al., 2014; Degenhardt et al., 2016; Habibullah et al., 2018).
Studies have reported reduced nitrification by applying nitrapyrin with fall AA (Touchton et al.,
1978; Liu et al., 1984; Gomes and Loynachan, 1984; Randall and Vetsch, 2003; Griesheim et al.,
2019). Studies in Illinois and south-central Wisconsin have observed partial nitrification control
extending into early and late spring with nitrapyrin-treated fall AA (Hughes and Welch, 1970;

Hendrickson et al., 1978). Furthermore, nitrapyrin has been observed to effectively delay

39



nitrification, particularly in irrigated sand and poorly drained heavy clays, compared to well-
drained fine-textured soils (Hergert and Wiese, 1980; Touchton and Boswell, 1983). Some studies
suggest that the effectiveness of nitrapyrin may vary depending on the site-specific conditions
(Touchton et al., 1978; Hergert and Wiese, 1980).

Despite nitrapyrin's documented ability to inhibit nitrification, inconsistent responses in
crop yields have been observed (Touchton and Boswell, 1983; Blackmer and Sanchez, 1988;
Bailey, 1990). While some studies reported increased crop yields and N uptake with nitrapyrin-
treated fall AA (Swezey and Turner, 1962; Hanson et al., 1987; Stehouwer and Johnson, 1990;
Randall and Vetsch, 2003; Randall and Vetsch, 2005), others observed minimal impact (Touchton
et al., 1979; Huber et al., 1980; Wolt, 2004; Hu et al., 2014), suggesting varying conditions and
excess N fertilizer application as factors influencing nitrapyrin's effect on crop yield. Moreover,
they speculated that a higher N fertilizer application rate might explain their experiments' lack of
positive responses. In eastern North Dakota, significantly increased yield, and N uptake efficiency
were observed for spring wheat with nitrapyrin-treated fall AA. However, extreme winter
conditions during the experiment year may have influenced these results (Goos and Johnson,
1999). Limited research in Manitoba has evaluated the beneficial impact of nitrapyrin in delaying
nitrification and reducing N2O emissions with late fall-applied AA (Wood, 2018). However, these
small-plot studies encountered challenges in accurately applying low nitrapyrin rates to replicate
farm-scale recommendations, potentially influencing outcomes due to difficulties in metering
small application rates. To date, no field-scale investigations using farmers' equipment have been
conducted.

The main problem associated with nitrapyrin is that its carrier is a mix of benzene, xylene,

and cumene, which makes the product (N-Serve) corrosive to equipment, and it cannot be mixed
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and stored in AA tanks for over three weeks. Many farmers use the sidekick unit to meter nitrapyrin
into the AA stream as it leaves the tank, which enables variable rate application to high-risk areas.
The corrosion of tanks by nitrapyrin is often quoted as a marketing slogan for alternative products.
Therefore, there has been interest in using pronitridine (Centuro) a novel NI, recently introduced
by Koch Fertilizers Inc. in 2018. Pronitridine offers advantages over nitrapyrin, being non-
corrosive to metals, and easily storable without compromising effectiveness (Habibullah et al.,
2018; Sfiligoj, 2019). While preliminary research in Missouri indicates the potential benefits of
pronitridine in corn and wheat production (Habibullah et al., 2018; Nelson, 2018; Singh and
Nelson, 2019), its efficacy remains untested in western Canadian climatic conditions, particularly
in Manitoba, where late fall AA application is common. Given the tendency for soil to cool rapidly
after late fall AA application by mid-October to early November, examining the effectiveness of
nitrapyrin and pronitridine after prolonged frozen conditions is crucial.

Therefore, this field research aimed to quantify and compare the potential of nitrapyrin and
pronitridine in delaying the nitrification of late fall-applied AA until spring. Additionally, the goal
was to determine whether using NIs can eliminate the need for extra N application, thereby
maintaining optimal yields and N-uptake from spring-sown crops. We hypothesized that using
nitrapyrin or pronitridine would delay nitrification, retain more NH4* within the AA bands, reduce
NOs" accumulation on bands, and delay its subsequent movement from one to between bands. This
delay in nitrification until planting could improve mineral N availability, leading to increased crop
yield and N uptake compared to AA applied without NIs, potentially reducing the need for extra

N rates during fall application.
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2.3 Materials and Methods

2.3.1 Experimental Sites Description

Three commercial scale field experiments were conducted during 2020-22 in southern Manitoba
at the three different sites of Sperling (NE-4-6-2W1), Notre Dame (NW-30-6-9W1), and Manitou
(NE-10-4-9W1). The soil was classified as poorly-drained clayey lacustrine (Osborne) for
Sperling, moderately well-drained Orthic Dark Gray Chernozem (Firdale) for Notre Dame, and
loamy till well-drained Orthic Black Chernozem (Manitou) for Manitou in the Canadian Soil
Classification System. Before establishing the study, soil from all three sites was sampled (0-30
cm deep) and sent to Farmers Edge Lab for analysis. Soils were analyzed for physicochemical
properties including pH, electrical conductivity (EC), NOs™-N, Olsen-P, potassium (K), sulphate

(SO42-S), total organic carbon (TOC), and texture (Table 2.1).

2.3.2 Experimental Layout

The study at the Sperling site was initiated in the fall of 2020, while at Notre Dame and Manitou
in the following year of 2021. The treatment setup at each site followed a randomized complete
block design comprising four replications. The treatments included control (no fertilizer), 80% of
the recommended N (based on soil test and target yield) applied as AA with and without nitrapyrin
and pronitridine, and 100% of recommended N without any NI. Inhibitors, nitrapyrin, and
pronitridine were applied as N-Serve (Corteva Agriscience) and Centuro (Koch Agronomic
Services, LLC.) at the rate of 2.35 L ha® and 21 L 1,000 kg of AA, respectively. Anhydrous
ammonia was banded (15 cm deep) during late fall using farmers’ AA applicator in the fields of
Sperling, Notre Dame, and Manitou on Oct 18, 2020, Oct 25, and 30, 2021, respectively, following

the recommendation of soil temperature below 10°C. The AA bands were marked with flags. The
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spacing between the injection ports of the AA applicators was 30 cm for the Sperling and Notre
Dame sites and 38 cm for the applicator used at the Manitou site. For phosphate and sulphur
application, S15 MicroEssentials® (13-33-0 15S) was seed-banded at a variable rate according to
the map recommendation at the Manitou site. However, we do not have exact information for the
other two sites. All the field operations were performed using commercial equipment in
cooperation with growers. Treatment strips covered 0.35 ha at Sperling and Notre Dame, and 0.81

ha at Manitou. Smaller control strips, without AA application, minimized economic impact.
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Table 2.1 Average physico-chemical properties of soil (0-30 cm) at the study sites.

Site pH (H.O0) EC NOs;-N Olsen-P K SO42-S CEC SOM? Clay Sand  Silt
dS mt mg kg Cmol* kg! g kg

Sperling (2020-21) 8.1 1.3 12.9 7.1 317.5 451.7 50.9 40 695 95 210

Notre Dame (2021-22) 6.4 0.2 7.9 29.0 265.0 11.8 23.7 45 220 300 480

Manitou (2021-22) 6.2 0.3 19.3 18.3 230.0 144 24.9 73 260 315 425

4 SOM, soil organic matter

44



2.3.3 Soils Sampling and Preparation for Extractable Nitrogen

After the late fall application of AA, to get a clear picture of the delay in nitrification by the Nls,
soil from all three sites was sampled (0-30 cm) on and between the AA banded rows. Truck-
mounted hydraulic Giddings were used at the Sperling site, while the soil was sampled manually
using soil probes at the other two sites of Notre Dame and Manitou. For the on-band sampling, the
soil was sampled right at the flagged marks for the AA bands, and to sample the soil between the
bands, half of the AA applicators’ injection ports spacing was used: 15 cm away from the bands
at Sperling and Notre Dame, and 19 cm away from the bands at Manitou. Each composite sample
combined 12 cores (diameter 2.5 cm). Soil from Sperling was sampled for the late fall of 2020 and
early and late spring of 2021, while Notre Dame and Manitou sites were sampled during the 2021-
22 season at the same intervals (exact sampling dates provided in Table 2.2). All the soil samples
from the fields were brought to the Soil Science Shed building and were stored deep-frozen at -
20°C to avoid microbial activity and N transformations until further processing.

For soil preparation, soil samples were taken out from the freezer and were kept at 4°C
overnight to de-freeze and then the soil was mixed and chopped using a knife into fine-sized
particles for extractions and further analyses. Soil gravimetric moisture content (GMC) was
determined by oven drying 15 g of fresh soil samples for 24 hours at 105°C. After oven drying,
samples were allowed to cool and reweighed to determine moisture loss, and GMC was determined
using the difference methods for fresh and oven-dried samples as follows:

GWC = [(tin weight + fresh soil weight) - (tin weight + dry soil weight)]

(dry soil weight)
For extractable NHs" and NOs™ analysis from the soil, 5 g of moist soil for each sample was
weighed and transferred to a 50 mL centrifuge tube. Following a 1:5 extraction ratio, 25 mL of 2

M potassium chloride (KCI) solution was added using a dispenser pump. Then the tubes were
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placed onto a reciprocating shaker set at 150 rpm for 60 minutes. After shaking, tubes were
centrifuged in an IEC Centrifuge at 3000 rpm for 1 minute and 30 seconds, and 15 mL of the clear
supernatant from the centrifuge tubes was pipetted out and transferred to marked scintillation vials
using an autopipette. Extractable concentrations of NH4" and NOs™ were determined using a

segmented flow analyzer (Technicon AAII).

2.3.4 Weather Data and Agronomic Management

Average monthly air temperature and precipitation data were obtained from the Manitoba
Agrometeorology Department on request for the three weather stations installed approximately
within twenty km of each field site (Environment Canada, 2024). For the Sperling site, data from
Brunkild; for the Notre Dame site, data from Treherne; and for the Manitou site, data from the
Manitou weather station was used. While these stations were recently installed by the Manitoba
Agrometeorology Department, long-term annual mean air temperature and precipitation data from
1981 to 2010 were obtained for the Carman station, which is nearest to all three field sites. Detailed
agronomic site-specific management, including field locations, respective soil series, soil classes,
AA application dates, full and reduced N rates, soil temperature at the time of N application, and

sampling dates, are given in Table 2.2.
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Table 2.2 Information on nitrogen application, soil types, and soil sampling events for the study.

Site Treatment Field Soil Series Soil Application FullN  Reduced N Soil Temp °C Sampling dates
strips (m x m) Location Classification Date (kg ha?) (kgha?l) (5cm)at . .
application 1% 2" 3
Sperling (2020-21) 13x 274 NE-4-6-2W1 Oshorne  Clayey 18-Oct-20 157 123 8 Nov-07-20 Apr-27-21 May-12-21
(80%)- Lacustrine

Scanterbury Black-
(20%)? Chernozem

Notre Dame (2021-22) 13 x 274 NE-30-6-  Firdale Loamy 25-Oct-21 135 108 6 Nov-03-21 May-18-22 Jun-02-22
9W1 (100%)? Lacustrine
Dark Gray-
Chernozem
Manitou (2021-22) 18 x 450 NE-10-4- Manitou Loamy Till 30-Oct-21 146 117 6 Nov-09-21 May-19-22 Jun-03-22
w1 (100%)? Black-
Chernozem

4 Percentage values indicate the land area occupied by different soil series at each site.
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2.3.5 Agronomic Yield

The harvest was done using commercial combine harvesters for the wheat and canola at Notre
Dame and Manitou, respectively. Yield data were obtained by combining 0.32 ha of each treatment
strip for wheat and 0.45 ha for canola. For wheat yield, data were obtained by weighing grains
using a grain cart with a fitted weighing scale. The canola yield numbers for the treatment strips
were obtained using a weigh wagon after combining two replicates. Control plots for the canola
were randomly sampled with manual harvest using sickles, and yield was averaged for the four
replicates. At the Manitou site, we encountered several challenges in collecting yield data. The
control plots were too small for combining, and two of the four replicates were accidentally

harvested by the farmer’s assistant a day earlier than scheduled while squaring off the edges.

2.3.6 Total Nitrogen Uptake

Biomass samples for N uptake for wheat and canola crops were collected by manually harvesting
using sickles. Wheat biomass was sampled at the late milk to ripening stage, while canola biomass
was sampled at the medium to end of pod formation. The hand harvest involved selecting five
distinct samples per plot by randomly choosing 2 m from five separate rows within each treatment
strip, covering an area of 2.5 m? for wheat and 2.3 m?2 for canola. The above-ground biomass
samples were dried for over 72 hours at 35°C. The biomass samples were weighed for dry weight
(9) after drying. For wheat, the grains were threshed using a WINTERSTEIGER Classic combine
(WINTERSTEIGER, Ried im Innkreis, Austria), and the threshed grains were weighed.
Meanwhile, the canola biomass samples were chipped. Subsamples of wheat straw and grains, as
well as canola chipped biomass, were ground to pass through a 2 mm sieve (Thomas Wiley

Laboratory Mill Model 4 Grinder, Thomas Scientific, Swedesboro, NJ, US) and analyzed for %
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total N using the modified Dumas method of combustion (Mufioz-Huerta et al., 2013). Total N
uptake (kg N ha™') was calculated as the product of biomass and the %N concentration in the whole

plant (straw + grains), averaging the values from the five samples for one replicate.

2.3.7 Statistical Analysis

Analysis of variance (ANOVA) was conducted using the PROC GLIMMIX in SAS 9.4 (SAS
Institute, 2013) to determine the effects of different treatments within each sampling time on soil
extractable N (NH4*, NOs’, and Total N) both on and between the AA bands. The treatment effects
on agronomic yield and plant N uptake were also determined. A lognormal distribution was used
for all parameters not conforming to a normal distribution. The model statement modelled the
treatment as a fixed effect, while the block was treated as a random effect. Heterogeneous variance
was addressed through adjustments made using the Satterthwaite method. Treatment means were

compared using the Tukey multiple comparison procedure with a significance level set at o.= 0.05.
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2.4 Results

2.4.1 Weather Conditions

The soil temperature at a depth of 5 cm reached 0°C by December 24", 16", and 6™ at Sperling,
Notre Dame, and Manitou, respectively, corresponding to 66, 51, and 36 days after the AA
application at these sites. While the average monthly air temperature did not vary much between
the sites in 2022, notable differences were observed compared to 2021 (Table 2.3). Specifically,
in 2021, at Sperling, the air temperature was 5°C warmer in December, January, and March, and
3°C warmer in June and July, but 3°C cooler in October and 5°C cooler in February than the 30-
year normal air temperature. Comparing the average monthly air temperature of 2022 at Notre
Dame and Manitou with 30-year normal values, most months were comparable, except for
October, February, and April. At both sites, October 2022 was 3°C warmer, February 2022 was
6°C warmer, and April 2022 was 6°C cooler than the 30-year normal monthly average air
temperature (Table 2.3).

At the Sperling site, spring 2021 was notably dry, with available moisture mainly attributed
to snowmelt. However, spring 2022 presented a stark difference with sticky-wet soil conditions
due to the March snowmelt and heavy rainfall in April and May. Continuous rain in April 2022
delayed the early spring sampling to mid-May at both Notre Dame and Manitou sites (Table 2.3).
There was a significant variation in cumulative monthly precipitation between 2021 and 2022.
Notable differences were also observed between the 2022 sites, Notre Dame, and Manitou. In
2021, Sperling received the least amount of rainfall, with the summer being counted among the
driest in MB's history. When compared to the 30-year average precipitation, Sperling had a
particularly dry fall in 2020, receiving 50% less rain in September and October. From March

through late summer in July of 2021, the precipitation levels did not exceed 25% of the 30-year
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average. In contrast, in 2022, Notre Dame and Manitou received substantially more rainfall in
April, May, and July, with precipitation levels 60-70% higher than the 30-year average. In terms
of total precipitation from March to August, Sperling received 165 mm in 2021. Meanwhile, Notre
Dame and Manitou recorded 415 mm and 410 mm, respectively, in 2022, compared to the 30-year

average of 340 mm.
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Table 2.3 Average monthly air temperature and precipitation for Manitoba Agrometeorology stations near three field sites (2020-
2022). The long-term (1981-2010) normal for the stations is also given.

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Average Air Temperature (°C)

Sperling (2020-21) 12.2 1.9 -3.6 -8.0 -10.4 -175  -0.6 31 10.9 19.8 21.8 18.7
Notre Dame (2021-22) 15.6 8.0 -2.7 -13.3 -17.3 -18.4 -6.9 -1.6 10.3 17.0 19.3 18.6
Manitou (2021-22) 15.3 7.7 -2.9 -13.7 -17.5 -18.6 -7.3 -1.8 10.3 16.9 19.2 18.7
Normal (1981-2010)? 124 4.9 -4.6 -13.2 -15.9 -12.6 -5.7 4.0 10.9 16.3 18.8 18.0
Total Precipitation (mm)

Sperling (2020-21) 13.0 19.3 21 124 0.9 0.9 4.1 3.4 23.8 47.7 10.9 73.7
Notre Dame (2021-22) 36.1 80.7 14.0 7.5 9.1 111 5.9 85.8 113.2 49.2 123.1 33.8
Manitou (2021-22) 32.9 80.3 24.3 17.1 16.4 317 12.0 103.5 95.9 55.0 112.5 27.8
Normal (1981-2010)? 47.0 42.0 28.1 25.5 21.9 18.4 25.7 28.1 63.6 88.2 68.0 65.0

2 Long-term annual data from 1981-2010 were sourced from the Carman weather station, which is the closest to the respective sites.
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2.4.2 Inorganic Soil Nitrogen Dynamics at Each Site

2.4.2.1 Sperling (2020-2021)

The applied AA predominantly existed in the NH4" form during the late fall sampling, with
subsequent NH4* concentration decline, and the progressive accumulation of soil NO3z™ on and
between the AA bands in the early and late spring samplings across all three sites. At Sperling, the
NH.4" recovery across all three samplings, showed no significant (p < 0.05) differences among AA
treatments (Fig. 2.1). Nonetheless, slight differences were observed in the late fall and early spring
samplings, with pronitridine-treated AA tended to show slightly higher NH4" retention (58.4 and
28.9 mg kg™) compared to AA applied without Nls (50.1 and 26.8 mg kg™). In late spring, both
nitrapyrin and pronitridine-treated AA treatments tended to retain more NH4" (9.2 and 8.7 mg kg
1y compared to AA without Nis (2.9 mg kg™). Meanwhile, NH4" retention in the AA was applied
at 100% of the recommended N rate, slightly higher than that of NI treatments (11.7 mg kg™).
However, NH4" retention by the treatments receiving AA either with or without NIs remained
significantly (p < 0.05) higher than controls throughout all samplings, except for the late spring
sampling, where the NH4" retention by the AA applied at 80% of the recommended N rate with
and without pronitridine did not differ significantly (p < 0.05) from the control (Fig. 2.1). Most of
the applied AA was recovered as NH4* or NOs™ in AA-banded rows or as NO3™ between bands in
early and late spring. The NH4"™ concentration between bands was minimal, with no consistent
trends or significant differences, except for the tendency by nitrapyrin-treated AA in late fall

sampling at the Sperling (7.3 mg kg™).
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Figure 2.1 Effect of nitrification inhibitors on soil (0-30 cm) ammonium (NH4"), nitrate (NO3’), and
total extractable nitrogen (NHs* + NO3) concentrations in the anhydrous ammonia (AA)
banded and between the banded rows (15 cm away from the bands) on different sampling times
at Sperling (2020-2021). According to Tukey's multiple comparison procedure, means with
different letters within a sampling time are significantly different (p < 0.05). Error bars indicate
standard errors of the means (n=4). Control: Without nitrogen and nitrification inhibitor; 157N:
157 kg N ha* added as AA; 123N: 123 kg N ha* added as AA; Nitrapyrin (123N): 123 kg N
ha! added as AA treated with N-Serve; Pronitridine (123N): 123 kg N ha™ added as AA treated
with Centuro. (Late Fall = Nov-07, Early Spring = Apr 27, Late Spring = May 12). Blue
annotations indicate a tendency of slightly higher NH.", NOs, and total extractable N recovery
on bands and slightly lower NOs™ and total extractable N between bands, with Nls at different
samplings.
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At Sperling, NOs™ accumulation on and between the bands did not differ significantly (p <
0.05) between the AA treatments throughout all samplings, except for the NO3™ on bands from the
controls in early and late spring (Fig. 2.1). However, some interesting trends were observed in the
early and late spring samplings, with NO3 tended to be recovered more on bands with pronitridine-
treated AA in early and late spring (59.1 and 65.2 mg kg™), and with nitrapyrin-treated AA in late
spring (65.1 mg kg?), compared to AA applied at 80% of the recommended N (41.1 mg kg™) and
100% of the recommended N without NIs (57.8 mg kg™). In early and late spring, at Sperling, the
NOs accumulation between the bands for AA treated with nitrapyrin (19.3 and 18.9 mg kg™?) and
pronitridine (17.1 and 23.7 mg kg™?) was slightly lower than for the AA applied without Nis (27.2
and 29.8 mg kgt). The NOs™ accumulation between bands for the AA applied at 100% of the
recommended N without NIs was equivalent to nitrapyrin-treated AA in early and late spring but
was slightly lower than AA at 80% of the recommended N without NIs, and pronitridine-treated
AA in late spring. Despite being consistently higher for all AA treatments than controls, NOs’
accumulation between bands in early and late spring samplings was not significant (p < 0.05) (Fig.
2.1).

For the on bands' total extractable N, trends aligned with NH4* in late fall sampling and
NOs" concentration on bands in early and late spring, with total extractable N between bands
mainly due to NOz™ movement. In late spring, nitrapyrin and pronitridine-treated AA and AA
applied at 100% of the recommended N rate tended to show slightly higher extractable N on bands
than at 80% of the recommended N without NIs. The AA applied at 80% of the recommended N
without Nls, tended to show slightly higher total extractable N between bands compared to AA

applied with Nls, and without NIs at 100% of the recommended rate of N (Fig. 2.1).
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2.4.2.2 Notre Dame (2021-2022)

Like Sperling, at Notre Dame, no significant delay in nitrification was observed, as NH4* recovery
on bands did not differ significantly (p < 0.05) among various AA treatments on all samplings.
However, in late spring, nitrapyrin-treated AA tended to show slightly higher NH4" retention (11.4
mg kg*) compared to AA without NIs (5.5 mg kg™?). In comparison, this tendency by nitrapyrin
was lower than NH4* retention by AA applied at 100% of the recommended rate of N (13.4 mg
kg™). Pronitridine was not observed to have any impact on NH4* retention compared to AA without
NIs (Fig. 2.2). However, NH.* retention for the treatments receiving AA either with or without
NIs remained significantly (p < 0.05) higher than the controls, throughout all samplings, except
for the late spring sampling, where the NH4" retention by the AA applied at 80% of the
recommended N rate with and without pronitridine did not differ significantly (p < 0.05) from the
control. There were no consistent trends or significant differences in NH4* concentration between
bands. However, nitrapyrin-treated AA showed a slightly greater tendency of AA leakage as NH4"
concentration between bands in late fall at Notre Dame (11.9 mg kg™).

As for NO3z™ accumulation on bands, there was no difference between N treatments and the
control in late fall. However, some significant differences emerged during early and late spring. In
early spring, nitrapyrin and pronitridine-treated AA tended to show slightly lower NOs-
accumulation on bands (14.4 mg kg™ and 17.8 mg kg!, respectively) compared to AA applied at
80% of the recommended N rate without NiIs (21.9 mg kg™). Furthermore, the NOz accumulation
on bands using both NlIs was significantly (p < 0.05) lower than AA applied at 100% of the
recommended N rate without NIs (26.4 mg kg™). Similar trends were observed in late spring
sampling, with nitrapyrin and pronitridine-treated AA showing a tendency to reduce NO3

accumulation on bands (10.3 mg kg™ and 13.2 mg kg, respectively) compared to AA applied at
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80% (14.9 mg kg') and 100% of the recommended rates of N (20.3 mg kg™) without Nls. Overall,
in early and late spring samplings, NO3z™ accumulation on bands for the treatments receiving AA,
either with or without NIs, was significantly (p < 0.05) higher than controls, except for the late
spring sampling, where NOs™ accumulation by nitrapyrin and pronitridine-treated AA did not differ
significantly (p < 0.05) from control (Fig. 2.2).

The disappearance of NO3z™ from AA bands increased over time for the AA treatments;
however, no significant accumulation of NO3™ between the bands was observed compared to the
controls (Fig. 2.1). In late spring, NO3™ accumulation between the bands for AA applied at the
100% of the recommended N rate (12.3 mg kg™?) was slightly greater than for all other AA
treatments (7.7 mg kg?). Total extractable N remained significantly (p < 0.05) higher on bands for
AA treatments than controls, with an overall decreasing trend from late fall to late spring.
However, no significant shift of total extractable N was observed on and between the bands

throughout the samplings (Fig. 2.2).
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Figure 2.2 Effect of nitrification inhibitors on soil (0-30 cm) ammonium (NH4"), nitrate (NO3’), and
total extractable nitrogen (NHs* + NO3) concentrations in the anhydrous ammonia (AA)
banded and between the banded rows (15 cm away from the bands) on different sampling times
at Notre Dame (2021-2022). According to Tukey's multiple comparison procedure, means with
different letters within a sampling time are significantly different (p < 0.05). Error bars indicate
standard errors of the means (n=4). Error bars indicate standard errors of the means (n=4).
Control: Without nitrogen and nitrification inhibitor; 135N: 135 kg N ha™ added as AA; 108N:
108 kg N ha™ added as AA; Nitrapyrin (108N): 108 kg N ha™ added as AA treated with N-
Serve; Pronitridine (108N): 108 kg N ha* added as AA treated with Centuro. (Late Fall = Nov-
03, Early Spring = May 18, Late Spring = Jun 02). Blue annotations indicate a tendency for
slightly higher NH4* and lower NOs™ recovery on bands, with Nls at different samplings.
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2.4.2.3 Manitou (2021-2022)

Like the other two sites, no significant delay in nitrification was observed at Manitou, as NH4*
recovery on bands did not differ significantly (p < 0.05) among all N treatments throughout all
samplings. However, some notable differences were observed in late fall and late spring samplings.
In late fall, nitrapyrin- and pronitridine-treated AA tended to show lower NH4* recovery compared
to AA applied at 100% and 80% of recommended N rates without NlIs (Fig. 2.3). NH4" recovery
for AA treatments at the 100% and 80% of the recommended N without Nls (204.4 and 188.8 mg
kg, respectively) tended to show exceeding the targeted N application rates (146 and 117 kg N
hal, respectively). Meanwhile, in late spring, nitrapyrin-treated AA tended to show higher NH4*
retention (63.7 mg kg?) than all other AA treatments (24.8 mg kg™). Overall, all treatments that
received AA either with or without Nls, retained significantly (p < 0.05) higher NH4* on bands
compared to the controls in late fall and early spring. In contrast, in late spring sampling, only
nitrapyrin-treated AA retained significantly (p < 0.05) higher NH4* than control. No consistent or
significant trends were observed for NH4* concentration between bands.

Regarding NOs  accumulation on bands, no significant differences among the AA
treatments were observed, while some interesting trends emerged within each sampling frame. In
late fall, NOs™ accumulation on bands for pronitridine-treated AA (7.5 mg kg™) was significantly
(p < 0.05) lower than the control (15.5 mg kg™). In early spring sampling, nitrapyrin and
pronitridine-treated AA tended to show slightly reduced NOz™ accumulation on bands (19.6 mg kg
Land 20.2 mg kg, respectively) compared to AA applied at 80% and 100% of the recommended
rate of N (29.8 mg kg*and 30.1 mg kg, respectively). Similar trends were observed in late spring
sampling, while the reduction in NO3z™ accumulation on bands with pronitridine-treated AA was

minimal (33.2 mg kg™). However, in late spring sampling, nitrapyrin tended to show slightly
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reduced NOs~ accumulation on bands (24.7 mg kg) compared to AA applied at 80% and 100%
of the recommended N without Nls (37.9 mg kg* and 43.3 mg kg, respectively). Overall, NOs"
accumulation on bands for the treatments receiving AA was significantly (p < 0.05) greater than
control in late spring sampling. While in early spring sampling, the NOs~ accumulation in control
(13.3 mg kg') was slightly lower than in Nis treatments (20.2 mg kg™'). However, it was
significantly (p < 0.05) lower than AA applied at 100% of the recommended rate of N without NIs
(30.1 mg kgb).

The movement of NO3z™ accumulation between bands for the AA treatments, compared to
the control, was minimal in late fall and early spring. However, in late spring, nitrapyrin- and
pronitridine-treated AA tended to show slightly reduced NO3™ accumulation between the bands
(8.5 mg kg and 11.1 mg kgt, respectively) compared to AA applied at 80% and 100% of the
recommended N rate without Nlis (22.4 mg kg and 20.6 mg kg2, respectively) (Fig. 2.3). Total
extractable N levels for AA treatments remained significantly (p < 0.05) higher on bands compared
to controls throughout the samplings, with an overall decreasing trend from late fall to late spring.
However, between the bands, no significant shift of total extractable N was observed for the AA
treatments compared to controls throughout the samplings. In late spring, nitrapyrin- and
pronitridine-treated AA tended to reduce total soil inorganic N compared to AA applied without

Nls (Fig. 2.3).
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Figure 2.3 Effect of nitrification inhibitors (nitrapyrin and pronitridine) on soil (0-30 cm) ammonium
(NH4"), nitrate (NOs’), and total extractable nitrogen (NHs" + NOs’) concentrations in the
anhydrous ammonia (AA) banded and between the banded rows (19 cm away from the bands)
on different sampling times at Manitou (2021-2022). According to Tukey's multiple
comparison procedure, means with different letters within a sampling time are significantly
different (p < 0.05). Error bars indicate standard errors of the means (n=4). Control: Without
nitrogen and nitrification inhibitor; 146N: 146 kg N ha™* added as AA; 117N: 117 kg N ha*
added as AA; Nitrapyrin (117N): 117 kg N ha* added as AA treated with N-Serve; Pronitridine
(117N): 117 kg N ha* added as AA treated with Centuro. (Late Fall = Nov-09, Early Spring =
May 19, Late Spring = Jun 03). Blue annotations indicate slightly higher NH4* on bands,
slightly lower NO3™ recovery on and between bands, and slightly lower total extractable N
between bands, with NIs at different samplings.

61



2.4.3 Agronomic Yield

In the summer of 2021, Sperling experienced extreme yield loss in the canola crop due to drought
conditions, leading to the crop remaining unharvested. The crop insurance yield estimate was even
lower than 0.34 Mg ha™. Moving to 2022 at Notre Dame, the wheat grain yield from the control
plots (3.86 Mg ha') was significantly (p < 0.005) lower than all other treatments that received fall
AA, with or without Nls (Fig. 2.4). Application of AA at 80% of the recommended N resulted in
a non-significant decrease in wheat grain yield of 0.23 Mg ha, compared to AA applied at 100%
of the recommended N rate with yield of 5.99 Mg ha*. However, nitrapyrin- and pronitridine-
treated AA tended to show slightly increased wheat grain yields of 0.10 and 0.08 Mg ha™,
respectively, compared to AA applied at 80% of the recommended N rate without NIs. Notre Dame
produced higher wheat yields than both the 5-year average wheat grain yield of 3.99 Mg ha* and
the 2022 average wheat yield of 4.84 Mg ha in the same region, as reported by the Manitoba
Agricultural Services Corporation (MASC, 2024). At Manitou, we had only two replicates,
compromising the statistical power. Overall, no notable differences in canola grain yield were
observed among the different AA treatments. However, the canola yield from the control strips
with no AA application was lower (1.39 Mg ha?) (Fig 2.4). Strips receiving nitrapyrin-treated AA
had the highest canola grain yield of 2.8 Mg ha*. Manitou produced higher canola yields compared
to the Manitoba 5-year average canola grain yield of 2.33 Mg ha™!; however, it was comparable to
the average canola yield in this region for 2022, which was 2.7 Mg ha?, as reported by the

Manitoba Agricultural Services Corporation (MASC, 2024).
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Figure 2.4 Effect of nitrification inhibitors on the average grain yield and total N uptake of wheat
and canola at Notre Dame and Manitou, respectively. Means with different letters within
each graph are significantly different (p < 0.05) according to Tukey's multiple comparison
procedure. Error bars indicate standard errors of the means (n=4). For all measurements,
the sample size (n=4) except for the nitrogen treatments in canola yield, where n=2. All
plots were combined for wheat and canola yield, except control plots for canola, which
were manually harvested before combining for yield estimation. Control: Without nitrogen
and nitrification inhibitor; Control: Without nitrogen and nitrification inhibitor; 135N: 135
kg N ha?l added as anhydrous ammonia (AA); 108N: 108 kg N ha? added as AA;
Nitrapyrin (108N): 108 kg N ha* added as AA treated with N-Serve; Pronitridine (L08N):
108 kg N ha* added as AA treated with Centuro. 146N: 146 kg N ha™ added as AA; 117N:
117 kg N ha added as AA; Nitrapyrin (117N): 117 kg N ha! added as AA treated with N-
Serve; Pronitridine (117N): 117 kg N ha! added as AA treated with Centuro.
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2.4.4 Total Nitrogen Uptake

At Notre Dame, similar to wheat grain yield, the aboveground N uptake by wheat plants (grain
and straw) from control strips (96.18 kg N ha) was significantly (p < 0.05) lower than from the
strips that received AA either with or without NIs (Fig. 2.4). Total N uptake was highest for the
wheat plants from the strips that received AA at 100% of the recommended N rate (199.47 kg N
ha1), followed by a slight reduction in N uptake by wheat plants from the strips that received AA
at 80% of the recommended N rate (193.01 kg N ha?) (Fig 2.4). However, nitrapyrin and
pronitridine-treated AA did not impact the N uptake by wheat plants significantly (p < 0.05)
compared to AA without NIs. Despite a tendency of a slight reduction in N uptake by wheat plants
on using nitrapyrin- and pronitridine (185.62 and 184.63 kg N ha, respectively) compared to AA
applied without NIs.

At Manitou, N uptake by canola plants (grains + straw) from control strips (89.70 kg N ha
1 was significantly (p < 0.05) lower than from the strips that received AA at 100% of
recommended N rate (123.15 kg N ha), and AA at 80% of the recommended N rate with
nitrapyrin (134.19 kg N ha?) (Fig. 2.4). AA application at 80% of the recommended N rate tended
to show a slight reduction in N uptake by canola plants (116.66 kg N ha™*) compared to AA applied
at 100% of the recommended rate of N. Nitrapyrin-treated AA tended to show a slight increase in
N uptake by canola plants (134.19 kg N ha) compared to AA applied at 80% and 100% of the
recommended rate of N without NIs (123.15 kg N ha? and 116.66 kg N ha?). However,
pronitridine-treated AA tended to show no impact on the total N uptake by canola plants compared

to AA without NIs.
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2.5 Discussion

2.5.1 Inorganic Soil Nitrogen

Higher NH4" retention within the AA banded rows in the fall, with subsequent decline over time,
and the progressive accumulation of soil NO3z™ on and between the AA bands with time across all
three sites, is consistent with previous studies (Janke et al., 2020; Ahmed et al., 2023). This pattern
is attributed to the nitrification activity of nitrifiers (Shi and Norton, 2000; Norton and Ouyang,
2019). In contrast to previous studies (Randall and Vetsch, 2005; Parkin and Hatfield, 2010;
Degenhardt et al., 2016; Habibullah et al., 2018; Kaur et al., 2022), the NH4" retention by Nls in
our study was lesser than we expected, however nitrapyrin-treated AA tended to retain slightly
higher NH4* on bands in late spring sampling at Manitou, but not significant compared to all other
AA treatments. The inconsistency and lack of significance in using NIs with fall AA with overall
no impact on NH.4" retention. This could be due to the self-inhibitory effect of concentrated AA
bands affecting soil microbial growth in the application zone, causing a transient delay in
nitrification. Additionally, the low soil temperature (below 10°C) at the time of AA application
can significantly suppress nitrification (Siripong et al., 2007; Racz et al., 2022). Delayed banding
operations of N fertilizers until the soil has cooled, which is considered best management practice,
might have minimized the benefits of using NIs (Singh and Beauchamp, 1988; Norton and
Ouyang, 2019).

Nitrate accumulation within the AA-banded rows, particularly during early and late spring,
indicates nitrification activity (Angus et al., 2014). At Sperling, NO3 tended to be recovered more
on bands coupled with a tendency for lower NOs™ between bands with Nls at the late spring
sampling. This suggests that AA applied without NIs may have been nitrified earlier, with NO3

subsequently moved towards between the bands due to moisture from freeze-thaw events, as spring
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2021 was mostly dry. Reduced NOs  accumulation between the bands for nitrapyrin and
pronitridine-treated AA suggests that delayed nitrification by NIs may have limited the diffusion
of NO3™ from bands by planting time (Degenhardt et al., 2016). However, the reduced NOs’
accumulation between the bands for the AA applied at 100% of the recommended rate of N may
be attributed to the concentrated bands' self-inhibition effect (Nyborg and Malhi, 1988; Wang et
al., 1998). Conversely, in 2022, at both the Notre Dame and Manitou sites, both Nls, specifically
nitrapyrin, tended to have lower NOs levels on bands during the early and late spring samplings.
However, NOz™ concentration between bands tended to be lower for Nls, only in the late spring
sampling at the Manitou site, indicating a potential reduction in NOgz diffusion from bands by
planting. This could be due to the inhibition or delaying effect of NIs on nitrifiers’ activity, as
reported in previous studies (Abbasi et al., 2003; Giacometti et al., 2020). While at Notre Dame,
the absence of notable variation in NOs™ concentration between bands could be ascribed to
variations in soil texture, influencing the lateral diffusivity of NOs™ (Cameron et al., 2013). Overall,
a reduction in total soil extractable N (NHs" + NOs") concentrations within the AA bands was
observed across each site due to nitrification and the consequent movement of NO3z™ from on to
between the bands. The apparent loss of over 60% of total extractable N from fall application to
planting suggests reduced diffusion of NOs™-N, potentially increasing mineral N availability closer
to the injection bands. Future soil sampling should be conducted at a quarter distance from the AA

injection bands to account for N movement.

2.5.2 Yield and Nitrogen Uptake

Nitrification inhibitors can outperform conventional N fertilizers in terms of yield increase,
especially if soil conditions are conducive to high N losses via NOs-leaching or denitrification

(Tiessen et al., 2008; Grant et al., 2016). However, the yield benefits of using NIs are minimal,
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especially if drought conditions persist, as they did in 2021 (Thapa et al., 2015). For instance,
canola at the Sperling site suffered extreme yield loss due to insufficient moisture for plant N
uptake from the soil through mass flow or diffusion (Matimati et al., 2014; Marschner et al., 2023).

The highest yields from both Notre Dame and Manitou sites, from fall-applied AA with
and without NIs, confirm the high-yielding potential of 2022, which was characterized by frequent
precipitation events throughout the growing season, favouring a consistent N supply (Gonzalez-
Dugo et al., 2010; Grzebisz et al., 2013). The wheat and canola yields from both the Notre Dame
and Manitou sites were 5.99 Mg ha* and 2.8 Mg ha, respectively, which were higher than the
average yields of 4.84 Mg ha* and 2.7 Mg ha* reported for wheat and canola in the same region
in 2022 (MASC, 2024). Moreover, the statistical power in our field study at the Manitou site was
compromised due to insufficient replicates.

At Notre Dame, the correlation between wheat yield and N uptake was inconsistent, where
NIs tended to show a slight yield increment, coupled with a tendency to impact the N uptake by
wheat plants negatively. This discrepancy could be attributed to the dilution effect stemming from
crop yield, productivity, and the distribution of N within the crop (Lemaire et al., 2008). However,
at Manitou, nitrapyrin-treated AA tended to show a more pronounced impact on N uptake by
canola plants than all other AA treatments, while overall not significant. Our findings are
consistent with those of Pittelkow et al. (2017) and Vetsch et al. (2019), who observed no increase
in corn grain yield and N uptake using nitrapyrin with fall-AA in the Mid-west US. Similarly,
Karamanos et al. (2014) found that fall AA, with or without nitrapyrin (N-Serve), did not affect
wheat yield compared to non-stabilized AA.

The variability in crop yield response to the application of NIs can be attributed to

frequency and amount of precipitation post-fertilizer use, complex environment and crop genotype
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management interactions influencing soil N dynamics and the effectiveness of the NI, and
inadequate experimental sensitivity to prove the significance of smaller yield differences as
previously reported (Randall and Vetsch, 2005; Burzaco et al., 2014). This emphasizes the
importance of synchronizing peak N uptake periods with the efficacy window of NIs for
optimizing crop yield and N uptake (Smiciklas and Moore, 2008; Degenhardt et al., 2016).
Furthermore, our results confirm that the ineffectiveness of nitrapyrin with fall-applied AA in the
previous study by Wood (2018) was not due to the inability to deliver small amounts of NI with a
side-kick pump. We anticipated that applying nitrapyrin in the tank or as a sidekick would affect

its effectiveness, but this did not happen.
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2.6 Conclusions

Our study confirms that approximately 60-70% of the fall-applied AA undergoes complete
nitrification by planting time. Despite applying nitrapyrin and pronitridine in commercial
formulations of N-Serve and Centuro, respectively, with fall-applied AA, there was no significant
increase in NH4™ retention across all three sites. Moreover, a slight delay in NOs” movement from
on to between bands was observed at two of the three sites. However, this difference was not
statistically significant compared to AA without NIs. No notable differences were observed in
agronomic yield and crop N uptake among the various AA treatments, irrespective of the 20%
reduction in N application rate and regardless of whether AA was applied with or without Nls. Our
findings offer new evidence that both side-kick and in-tank applied NIs in late fall are not very
effective. Overall, these findings do not provide substantial evidence to advocate for using NIs
with late fall AA banding. Nevertheless, reducing late fall AA application rates is advised for
potential cost savings and increased farm profitability, although the long-term sustainability of
reduced N rates requires careful consideration. However, using NIs may give growers enough

confidence to reduce their higher insurance rate of unprotected N.
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3. EFFECT OF NITRIFICATION INHIBITORS ON NITROGEN
TRANSFORMATIONS IN SOILS OF VARYING TEXTURE—AN INCUBATION

STUDY

3.1 Abstract

Due to the ongoing escalation in the cost of nitrogen (N) fertilizers, farmers are increasingly
interested in safeguarding their N investments. The use of nitrification inhibitors (NIs) has
emerged as a potential strategy to enhance the efficiency of N fertilizers by delaying nitrification,
thereby reducing nitrate (NO3’) leaching and nitrous oxide (N2O) emissions. However, the
effectiveness of a NI can vary significantly depending on soil type. To address this variability, we
compared commonly available Nls: pronitridine (Centuro), DCD (Drive-N), DMPP (component
of ARM-U advanced), and nitrapyrin (eNtrench) in a laboratory incubation study. This study
examined clay, loam, and sand soils from Manitoba using 1L microcosms incubated at 20°C,
maintaining a 65% water-filled pore space (WFPS). Each soil was subjected to six treatments: a
control (no nitrogen), UAN alone (28-0-0, 60 mg N kg dry soil), and UAN mixed with each of
the four Nls at their recommended rates. Throughout the four-week incubation period, we
periodically measured soil ammonium (NH4") and nitrate (NO3") concentrations on days 0, 1, 3, 7,
9, 14, 21, and 28. Overall, we observed rapid nitrification in loam compared to sand and clay soils.
Among the inhibitors, nitrapyrin showed significant (p < 0.05) effectiveness in retaining higher
NH.4" levels and reducing NOz accumulation on days 14, 21, and 28 in sand soil, with moderate
efficacy in clay soil and limited effectiveness in loamy soil. In contrast, DCD exhibited a slight
reduction in nitrification only in sand soil on days 14 and 21 of the experiment. However, DMPP
and pronitridine were less effective in delaying nitrification across all three soils. Observing the

limited effectiveness of DMPP and pronitridine in the laboratory study indicates that injecting
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small amounts of the inhibitors with UAN by a syringe does not reproduce the effect of subsurface
banding of the products in the field. Further laboratory studies are needed to examine the

partitioning of the inhibitors from UAN upon syringe injection into the soil.
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3.2 Introduction

Using nitrogen (N) fertilizers is vital for crop production; however, poor N recovery and use
efficiency lead to economic and environmental challenges (Chattha et al., 2022). Urea Ammonium
Nitrate (UAN) is a common N source in Canada for in-season applications because of its low
ammonium (NH4") content. It can be broadcast or injected into the soil (McKenzie et al., 2006).
Being a liquid mixture of urea (50%) and ammonium nitrate (NH4NO3z) (25% NH4* and 25% NO3
) in water, with N concentrations ranging from 28% to 32%, UAN provides farmers with versatile
nutrient management options, offering a balanced supply of quick-acting NOs’, longer-lasting
NH4*, and sustained feeding from water-soluble organic N in urea (Owens et al., 2023). The urea
fraction gets hydrolyzed to NH4* and converted to nitrate (NO3") in soil by microbes (Pawlick et
al., 2019). The NH4" fraction can either be directly absorbed by plants or nitrified by soil nitrifiers
into NOz". While NOs™ being an anion, is weakly adsorbed to soil colloids, it tends to be absorbed
by plants when needed. Alternatively, it may undergo leaching or denitrification, leading to N loss
from farmlands (Lasisi et al., 2020). UAN has a lower volatilization potential than urea. However,
its NH4* fraction needs stabilization or slow oxidation to synchronize N-availability with plant
uptake and avoid the risk of NOs™ losses (Vaio, 2006).

Nitrification has been reported as a main process that impacts plant N availability and can
lead to a significant amount of N losses (Beeckman et al., 2018; Ayiti and Babalola, 2022).
Nitrification mainly supplies NOz", most plants' preferred form of N for uptake and functioning.
However, crop N demand varies depending on the plant’s growth stages (Angus, 2001) therefore,
NOz" is needed in a gradual release and at the right time. Suppressing nitrification using NIs offers
a great potential to increase NUE and agronomic efficiency, reducing environmental risks

(Touchton et al., 1979; Subbarao et al., 2006; Sahrawat, 2008). Nitrification inhibitors delay the
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conversion of NH4" to NOs™ by inactivating the ammonia monooxygenase (AMO) enzyme, which
oxidizes NH4* to NOs. Common NIis include nitrapyrin, dicyandiamide (DCD), and 3,4-
dimethylpyrazole phosphate (DMPP), with commercial products being available as (eNtrench or
N-Serve), (Drive-N), and (ARM-U.av), respectively. At the same time, pronitridine (Centuro) is a
novel NI, recently introduced by Koch Fertilizers, LLC (Singh and Nelson, 2019).

Among the different Nls, nitrapyrin, also known as 2-chloro-6-(trichloromethyl)-pyridine,
was developed by Dow Chemical Company in 1962, is commonly used in North America, and
injected into the soil with anhydrous ammonia (AA) due to its high vapour pressure (Goring, 1962;
Wolt, 2000), its volatile nature makes it unsuitable as a coating for solid N fertilizers (Herr et al.,
2020). Nitrapyrin is soluble in various organic solvents and AA and specifically inhibits the
activity of the Nitrosomonas group. Nitrapyrin has been proven effective in delaying nitrification.
However, its efficacy greatly varies under different soil and climatic conditions (Schmidt et al.,
2020). Another compound identified as a NI in the early 1920s is DCD, it is water-soluble, non-
volatile, and can be coated on fertilizers, animal manures, and slurries (Subbarao et al., 2006).
DCD transforms into urea in soil and has specific bacteriostatic effects on Nitrosomonas. However,
its water-soluble nature may leach from the soil root zone, reducing its efficacy (Vogeler et al.,
2007). A newer inhibitor, DMPP, was recently developed by BASF in the 1990s in Germany; it is
specific in its inhibitory action to ammonia-oxidizing bacteria (AOB) growth, requires lower
application rates, and is immobile in the soil. However, it is costly (Zerulla et al., 2001; Subbarao
et al., 2006). The most recent addition is pronitridine, which is available as Centuro and has
garnered interest among the farmers due to its non-corrosive nature, making it easier to handle and
store. It inhibits the activity of AMO enzymes by competitive and non-competitive enzymatic

inhibition (Habibullah et al., 2018).
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It is well established that soil texture directly influences chemical and biological processes
within soils, primarily by influencing the pore space, aeration status, microbial diversity, and
community structure (Fortuna et al., 2012; Xia et al., 2020). Previous investigations have
consistently reported higher nitrification rates in soils with higher clay content (Barth et al., 2019;
Elrys et al., 2020), and concurrently, a positive correlation between nitrification and soil electrical
conductivity (EC) has also been observed (Gao et al., 2021). The clay content, in particular, affects
soil aeration status and redox potential, thus directly impacting nitrification (Yu et al., 2007,
Benckiser et al., 2013). Furthermore, higher clay content could potentially increase the cation
exchange capacity (CEC) and adsorption capacity for NH4* and Nls (Yu et al., 2007; McGeough
et al., 2016). Numerous studies have consistently reported a negative correlation between the
efficacy of NIs and soil organic matter (SOM) and clay content (Pasda et al., 2001; Barth et al.,
2008; McGeough et al., 2016).

Several studies have documented the considerable efficacy of Nls in delaying nitrification
in sand soils compared to clay and organic soils (Wolt, 2000; Barth et al., 2001; Elrys et al., 2020).
The scarce literature on the relative effectiveness of various NIs to soil textures reveals mixed
findings, with some researchers reporting varied results on NI efficacy in diverse soil types
(Gilsanz et al., 2016). Most studies have found NIs more efficient in light soils than in heavy and
clay soils (Marsden et al., 2016; Volpi et al., 2017; Barth et al., 2019). Akiyama et al. (2010)
reported that the effectiveness of NIs is relatively consistent across various soil types. Fisk et al.
(2015) noted reduced efficacy of DMPP and DCD with increased SOM. With limited research
available, the precise inhibitory effects of pronitridine remain to be fully elucidated. Preliminary
studies from the University of Missouri suggest that pronitridine may benefit crop productivity by

effectively delaying nitrification (Nelson, 2018). However, comprehensive evaluations are
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requisite to ascertain its comparative effectiveness. The objective of this study was to compare the
efficacy of four different Nls, pronitridine, DCD, DMPP, and nitrapyrin in delaying nitrification
in three contrasting textured soils commonly found in Manitoba. We hypothesized that different
NIs would effectively delay the conversion of NH4" to NOs', and their effectiveness would vary
due to their different chemical composition and persistence under a range of soils with different

textures.
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3.3 Material and Methods

3.3.1 Experimental Setup

This laboratory experiment was conducted in mason jars (1L volume) (16.5cm height x 8cm
diameter). The experimental treatments, each having four replicates, were laid out in a completely
randomized factorial design (6 x 3), considering six treatments as a treatment factor and three
different soil types as a main factor. Soils with different types of texture (clay, loam, sand) were
sampled (0-30 cm) using a flat spade from four different locations at each site, which represented
four replicates (n=4). Each replicate was thoroughly mixed, air-dried under shade, and sieved
through a 6.0 mm mesh to remove root and leaf residues. To determine soil bulk density, soil with
a known mass was added to the jar and tapped within it to pack it comparably to the field level.
Subsequently, water was added to the jar to reach the same volume as the soil. The bulk density

of clay, loam, and sand was 1.2, 1.25, and 1.3 g cm™3, while soil particle density was assumed to

be 2.65 g cm’S.
Bullcdensity = (LSS 0
Total soil porosity = 1 — ( Soil bulk denisty ) (i)

Soil particle density

WFPS (%) _ 100 x GMC x Soil bulk density (III)

Total soil porosity

Required WFPS (%) = Total req. WFPS (%) — Current WFPS(%) (iv)

3.3.2 Soil Collection and Preparation

Three different soil types were sourced from farm fields near the towns of Rosser (50°02'39.6"N
97°26'14.2"W), Forrest (50°09'20.3"N  99°56'28.0"W), and Roseisle (49°32'57.6"N

98°23'02.7"W). The soil was classified as clayey lacustrine gleysols (Osborne) at Rosser, loamy
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till black chernozem (Newdale) at Forrest, and sandy lacustrine (Almasippi) at Roseisle in the
Canadian Soil Classification System. Soils (0-30 cm deep) were sampled using a flat spade from
four locations at each site. Soil from each location from a site treated as a separate replicate (n=4)
was thoroughly homogenized, air-dried under shade, and sieved through a 6.0 mm mesh to remove
root and leaf residues. Each soil was analyzed for salient physicochemical properties, including
pH, electrical conductivity (EC), NOz, Olsen-P, potassium, sulphate, sodium (Na), cation
exchange capacity (CEC), soil organic matter (SOM), and textural characteristics (determined

using hydrometer procedure) given in Table 3.1.
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Table 3.1 Average physicochemical properties of the three soils used in the laboratory incubation study (0-25 cm).

Soil type Soil Classification pH (H.O) EC NOs-N Olsen-P K SO42-S  Na CEC SOM?  Clay Sand Silt
dS m mg kg* cmol* kg g kg?
Clay Clayey Lacustrine 8.1 0.5 238 15.5 355 625 70.8 53.4 64 520 195 285
Loam Loamy Till (Black 7.9 3.7 142.8 56.8 365 1300 7825 70.1 88 240 350 410
Chernozem)
Sand Sandy Lacustrine 5.9 0.2 7.3 19.8 190 38.0 155 9.2 14 53 895 52

4 SOM, soil organic matter
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3.3.3 Soil Incubation

Each jar was filled with moist soil equivalent to 400 g of dry soil weight, and the jars were covered
top with a perforated parafilm having two pokes. The soil aggregate’s structure was maintained in
the jars by gently tapping them over the soft surface. The current water-filled pore space (WFPS)
of each soil replicate was determined, and the required amount of water was calculated to reach
65% of WFPS. After a week of pre-incubation at 20°C and 65% WFPS, urea-ammonium nitrate
(UAN) was injected into the selective jars at the rate of 60 mg N kg™ dry soil. After one week of
pre-incubation at 20°C temperature maintaining 65% water-filled pore space (WFPS), UAN at 60
mg kg? dry soil equivalent to a rate of 120 kg N ha® was injected into the selective jars.
Nitrification inhibitors, including pronitridine, DCD, DMPP, and nitrapyrin, were applied as
Centuro (Koch Agronomic Services, LLC), Drive-N (Innovar Ag, USA), ARM-U advanced
(Active AgriScience Inc.), and eNtrench (Dow AgroSciences Canada Inc.), respectively. The
application rates were 6 L, 2 L, and 1.1 L per 1000 kg of UAN, and 1.75 L ha™', as specified on
the product labels. The final volumes of all Nls per jar were calculated based on the amount of N
applied as UAN per jar, using the soil mass, for the eNtrench rate calculation, the jar area was used
instead. ARM U advanced, containing only DMPP, was provided by Active AgriScience for
research. The active ingredients were 0.23 mg, 0.17 mg, 0.04 mg, and 0.79 mg per kg of dry soil
for pronitridine, DCD, DMPP, and eNtrench, respectively.

Stock solutions were prepared, and the appropriate volumes of 28% UAN, pronitridine,
DCD, DMPP, and nitrapyrin were added to five labeled bottles. All treatments, except nitrapyrin,
were injected using a manual HPLC injection syringe with a final volume of 66 uL, directly into
the centre of the soil both horizontally and vertically (4-6 cm deep). However, the nitrapyrin and

UAN mixture was too dense for the HPLC syringe; therefore, it was diluted for a 1 mL injection
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using a mix of 6.6 mL nitrapyrin with UAN and 93.4 mL of DI water. For the nitrapyrin, a 1 mL
syringe was used to inject 1 mL mix. Following the injections, all jars were incubated at 20°C,
maintaining 65% WFPS by weighing the jars every 5" day to account for moisture loss, with

deionized water added as necessary.

3.3.4 Sampling for Extractable Soil Nitrogen (NH4* /NOz3")

Soil from all the jars was sampled, spanning seven setups of 72 jars each. After destructive
sampling, the soil was analyzed for extractable N (NHs* and NO3") on various days: 1, 3, 7, 9, 14,
21, and 28 from the beginning of the experiment. Meanwhile, a separate setup consisting of four
replicates of only control treatments (no nitrogen and UAN without NIs) across three soil types
was extracted on day 0. The values from UAN control samples were assumed for NIs treatments
for day 0. After collecting soil from each jar, it was thoroughly mixed and treated as an individual
sample. These samples were then extracted using a 2M KCI solution, and the resulting extracts
were analyzed for extractable N (NH4" and NOs") concentrations using an autoanalyzer (HQ -
Skalar Analytical B.V., The Netherlands). The average percentage reduction in NO3™ appearance
(given in Table 3.2), represents the average percentage of nitrification inhibition (Bozal-Leorri et
al., 2022) for each NI in a specific soil type on a particular day of incubation, where higher values

indicate greater effectiveness, calculated as follows:

NINO3 — ControlNO3)
)] 100 (viii)

Nitrification inhibition (%) = [1—(
itrification inhibition (%) UANNO3 — ControlNO3)

Where, NINO3: Nitrate concentration in the treatment where a NI is applied to UAN.
Control NO3: Nitrate concentration in the control treatment where no N is added.

UANNOS3: Nitrate concentration in the UAN treatment, without any NI.
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3.3.5 Statistical Analysis

Data were analyzed using the generalized linear mixed model procedure (PROC GLIMMIX) of
SAS version 9.4 (SAS Institute, 2013) to determine treatment effects on NH4* retention and NOs’
accumulation over time. Nitrification inhibitor treatment was modelled as the fixed effect, with
replicates specified as a class statement. Analysis of variance (ANOVA) was used to test the
treatment effects at each sampling day for each soil type. Percentage inhibition data were
transformed to enhance suitability for robustness analysis, especially for meeting normality and
constant variance assumptions. Tukey’s multiple comparison procedure compared treatment
means at oo = 0.05. Graphs were plotted using Origin Lab 2023, while statistical analyses were

conducted using SAS.
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3.4. Results

3.4.1. Clay Sail

Across all three types of soils—clay, loam, and sand—the patterns of decreasing NH4*
concentrations were approximately similar among all the UAN treatments without NIs. However,
the decrease in NH4* concentration was more rapid for loam soil in the first week than for clay and
sand. In clay soil, NH4" concentrations between UAN and Nls treatments remained similar over
time with no significant differences (p < 0.05), except for the nitrapyrin treatment, which showed
significantly higher NH4* concentrations compared to UAN without Nls on days 14, 21, and 28.
As expected, control treatments with no N showed significantly lower concentration of NH4* until
day 9 compared to treatments receiving UAN, either treated or untreated with Nls (Fig. 3.1).
Conversely, to NH4* concentration, NO3™ concentration in all three types of soils increased over
time. This increase was faster in loam soil, slower in sand soil, and moderate in clay soil. In clay
soil, the increase in NO3™ concentration was rapid for all treatments receiving UAN until day 9
from the start of incubation, with a slight decrease in NOz™ concentration in all the NIs treatments
(Fig. 3.1). However, no significant differences (p < 0.05) were observed between the treatments
receiving UAN, either treated or untreated with NIs. In contrast, the NO3™ concentrations in the
control treatments remained significantly lower than all the other treatments receiving UAN, with
or without NIs (Fig. 3.1). Among NIs, nitrapyrin exhibited an inhibition efficiency of
approximately 15%, particularly on days 7, 9, 14, and 21 (Table 3.2). However, on day 28, its
effectiveness in inhibiting NO3z™ accumulation seemed diminished. DMPP demonstrated 24% and
15% nitrification inhibition rates on days 7 and 9, respectively. DCD inhibited NO3z™-accumulation

by 19%, 12%, 6%, and 6% on days 7, 9, 14, and 21, respectively. Pronitridine was the least
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effective in clay soil, with nitrification inhibition percentages ranging between 5% and 13%. Its

effectiveness was observed on days 3, 7, 9, and 21, with a maximum inhibition of 13% on day 7.

3.4.2 Loam Soil

In loam soil, no significant differences (p < 0.05) in NH4™ concentrations were observed among
the UAN treatments, either with or without NIs, with a significant decrease in NH4* concentration
during the first week of incubation (Fig. 3.1). However, on days 7 and 14, nitrapyrin was observed
with significantly higher NH4" concentrations compared to UAN treatment without NIs. Moreover,
NH4" concentrations in treatments receiving N as UAN were significantly (p < 0.05) higher than
controls with no N until day 3. On day 7, there was no difference in NH4* concentration between
controls and the treatments receiving UAN, except for the pronitridine and nitrapyrin-treated UAN
(Fig. 3.1). In loam soil, NOs™ concentrations increased progressively during the incubation period
with similar trends between UAN and Nls treatments (Fig 4e). However, no significant differences
(p < 0.05) were observed among all the treatments, as the deviation in NOs™ concentrations was
too high within the replicates of loam soil. Overall, the nitrification inhibition by all tested Nls
remained consistently below 10% for most of the incubation period. However, on day 7, greater
but overall non-significant nitrification inhibition rates were observed, with percentages reaching

43%, 54%, 45%, and 38% for pronitridine, DCD, DMPP, and nitrapyrin, respectively (Table 3.2).
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Figure 3.1 Effect of nitrification inhibitors on ammonium (NH4") and nitrate (NO3") concentrations in clay, loam, and sand soil (400 g
in microcosms) during 28 days of incubation at 20°C and 65% water-filled pore space (WFPS). Asterisks within each soil type
indicate significant differences (p < 0.05) between nitrogen treatments (excluding controls) for the respective days. Control:
Without nitrogen and any nitrification inhibitor; UAN: 60 mg kg? dry soil N added as Urea ammonium nitrate (UAN);
Pronitridine: Centuro + UAN; DCD: Drive-N + UAN; DMPP: ARM U advanced + UAN; Nitrapyrin: eNtrench + UAN. Error
bars indicate the standard errors of the means (n=4). ARM U advanced, utilized in the lab study, was provided by Active
AgriScience for research, containing exclusively DMPP as its active ingredient. The inset bar graph shows mean nitrate
concentrations (n=4) for different treatments over time.
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Table 3.2 Average percentage reduction in nitrate appearance in UAN-treated with different nitrification inhibitors across three soils
over 28 days of incubation at 20°C and 65% water-filled pore space (WFPS).

Soil Type Nitrification Nitrification Inhibition (%0)
Inhibitors Days
3 7 9 14 21 28
Clay Pronitridine 10.5+9.6a 13.7 £ 8.3a 4.9+13.0a -1.9+10.4a 6.6 £ 4.3a -6.0 £ 6.6a
DCD 0.3+6.7a 19.5+5.4a 12.7+£5.9a 6.6 £ 9.2a 6.8 £5.0a -2.8+9.7a
DMPP 6.6 £5.7a 245+5.1a 155+7.2a 3.1+4.5a -0.8+3.0a -19.7 £ 9.4a
Nitrapyrin -8.2+3.4a 15.2+9.1a 12.8 + 3.6a 17.5+2.5a 13.5+4.3a -124+11.2a
Loam Pronitridine 7.9+ 10.2a 43.2 +18.4a 6.8+2.9a 7.8+ 16.7a 25+49a 1.0 £ 20.4a
DCD 46+11.1a 54.1 + 25.5a 15.3+10.2a 0.6 +1.8a 1.1+52a -9.4+4.8a
DMPP 10.3+7.0a 45.5 + 25.0a 8.0+ 13.8a -5.2+12.4a 4.9+ 8.4a -6.9 + 10.6a
Nitrapyrin -2.2+12.4a 38.4 £ 28.4a 5.4 +23a 12.9 + 5.5a 8.6 £ 6.8a -17.9 £ 6.3a
Sand Pronitridine 12.0 £+ 4.76a -0.1+1.1b 12.1+£3.0b -1.3+0.6¢ 1.6 +3.7b 3.7+£0.4b
DCD 11.0+5.38a 18.5 £ 5.6ab 18.6 £1.3b 195+ 1.1b 14.1+1.8b 53+2.0b
DMPP 8.2+ 3.47a 8.0+ 2.3ab 9.0+2.4b 23+22c 6.0 +£3.3b 1.8+0.8b
Nitrapyrin 149 + 4.32a 23.3+4.0a 375+4.3a 40.7+£0.8a 319+18a 14.1 +0.4a

Mean + standard errors (n=4). Means within a column followed by the same letters are not significantly different at o = 0.05 according
to the Tukey multiple comparison procedure for each soil type.
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3.4.3. Sand Soil

The decrease in NH4* concentration over time was slower in sand soil than in loam and clay soils.
However, the NI treatments, particularly nitrapyrin, exhibited higher NH4* concentrations than
UAN, without any NI throughout the experiment. Overall, the decrease in NH4* concentration in
sand soil was faster in UAN treatments applied without NIs. At the same time, it was slower with
pronitridine and DMPP, and slowest with nitrapyrin and DCD (Fig. 3.1). Significant differences
(p < 0.05) in NH4* concentration between UAN and Nls treatments were noted on day 09, 14, 21,
and 28. The NH4* concentration in nitrapyrin-treated UAN was significantly (p < 0.05) higher than
all other treatments receiving UAN, either with or without NIs, on days 09, 14, 21, and 28.
Meanwhile, nitrapyrin, followed by DCD-treated UAN, was observed with higher NH4*
concentrations on days 14 and 21 compared to UAN alone and treated with DMPP and
pronitridine. However, pronitridine and DMPP did not retain more NH4" than untreated UAN
throughout the incubation period. The NH4* concentration in controls remained significantly (p <
0.05) lower than all the treatments receiving UAN, either treated or untreated, for the first two
weeks of incubation. On day 21, DCD and nitrapyrin-treated still held more NH4* than the control
(Fig. 3.1). Overall, all the Nls treatments were observed with lower NO3™ concentrations compared
to UAN without NIs in sand soil (Fig. 3.1). However, nitrapyrin-treated UAN maintained
significantly (p < 0.05) lower NOs™ concentrations on days 9, 14, 21, and 28, exhibiting inhibition
efficiency rates of 37%, 40%, 31% and 14%, respectively (Table 3.2). Nitrapyrin, followed by
DCD-treated UAN, showed significantly (p < 0.05) lower NO3™ concentrations compared to all
other NI treatments on day 14, with reductions in NOs™ appearance by 19%. However, NO3’
concentrations in pronitridine and DMPP-treated UAN did not significantly (p < 0.05) differ from
untreated UAN. Pronitridine notably inhibited nitrification on days 3 and 9 with 12% inhibition
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efficiency, while DMPP induced slight reductions in NOs™ levels on days 3, 7, 9, and 21. Overall,
NOz" concentrations in control treatments remained significantly (p < 0.05) lower than all other

UAN treatments, with or without Nls.
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3.5. Discussion

3.5.1. Effect of Soil Type

Our results indicated that loam soil exhibited a high nitrification rate right after the UAN
application, clay soil exhibited a moderate nitrification rate, and sand soil exhibited a low
nitrification rate. The soil organic matter and EC levels of these three soils exhibited a decreasing
trend, similar to the nitrification rate. The sand, slightly acidic soil showed a slow nitrification rate,
consistent with previous studies that found a decrease in nitrification rate with decreasing soil pH
(De Boer and Kowalchuk, 2001; Zebarth et al., 2015). Similarly, Ahmed et al. (2023) reported
higher nitrification rates in organic soils compared to clay and sandy soils, primarily due to the
high content of potentially mineralizable native SOC, and soil organic matter favours soil
respiration (Thomsen et al., 2003; Guo et al., 2021). Nitrification has been reported to positively
correlate with soil organic carbon (SOC) content, as it promotes the population of nitrifying
bacteria (Cébron et al., 2003; Han et al., 2017). Soils with higher microbial activity, particularly a
higher population of nitrifiers, are likely to experience more rapid nitrification (Isobe et al., 2008;
Wagqas et al., 2021). Thus, the higher SOC in loam soil could be one plausible explanation for the
observed rapid nitrification in this soil. The slow nitrification in sand soil could be attributed to

the slightly acidic to neutral soil pH (Lu et al., 2018; Cui et al., 2021).

3.5.2. Effect of Nitrification Inhibitors

Among the NIs, only nitrapyrin and DCD significantly delayed nitrification at certain sampling
days; however, this delaying effect did not show a consistent trend across different soil textures.
Nitrapyrin appeared to be the most effective in delaying nitrification, particularly in sand and clay

soil, followed by DCD, while pronitridine and DMPP were the least effective in all soil types. The
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overall reduced efficiency of Nls observed in our study during the initial two weeks of incubation,
in contrast to previous studies, may be attributed to the elevated incubation temperature (20°C)
setup (Zerulla et al., 2001). The observed ineffectiveness of DMPP might be due to a poorly
formulated product, while the rates of pronitridine may need adjustment based on soil conditions.
Our findings on the efficacy of DCD are consistent with those of previous studies that reported the
efficacy of DCD to be soil-specific (Ernfors et al., 2014; Guo et al., 2021), in contrast to Wakelin
et al. (2014), who reported the efficacy of DCD to be not soil-specific. The highest efficacy of
nitrapyrin and DCD in sand soil may be explained by the lower decomposition of these NIs under
lower SOM than in clay and loam soils (Gilsanz et al., 2016; Guo et al., 2021). However, the
reduced effectiveness in clay and especially in loam soil could be attributed to the adsorption of
these NIs on clay and silt particles or rapid decomposition under high SOM content (Pasda et al.,
2001; Barth et al., 2008; McGeough et al., 2016; Elrys et al., 2020). In our study, the preparation
of stock solutions differed, with micro-litre solutions replicating field applications for pronitridine,
DCD, and DMPP, while nitrapyrin, too dense for the HPLC syringe, was diluted for a 1 mL
injection using a mix of 6.75 mL eNtrench (nitrapyrin) with UAN and 93.25 mL of DI water. This
difference in solution methodology may account for the better effectiveness of nitrapyrin

compared to other NIs.
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3.6. Conclusions

In conclusion, this laboratory experiment unveiled varying effectiveness of different NIs across
sand, clay, and loam soils. Nitrapyrin proved most effective, maintaining higher NH4* levels and
reducing NOs™ accumulation in sand soil over 28 days. It showed moderate efficacy in clay soil,
retaining higher NH.* levels on specific days, but had limited effectiveness in loam soil. DCD
showed moderate effectiveness, particularly in sand soil, while DMPP and pronitridine exhibited
lower inhibitory effects overall. However, this laboratory study could not reproduce the subsurface
banding results of UAN with NIs, notably due to significant variability within loam soil replicates.
This underscores the need for further research to validate these findings and investigate the
dynamics of inhibitor partitioning from UAN upon soil injection. Despite limitations, this
experiment highlights the potential of nitrapyrin and DCD as effective tools for managing

nitrification in agricultural soils.
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4. SYNTHESIS

4.1 Project Accomplishments

The imperative to enhance global food production drives the continual application of essential
plant nutrients through fertilizers, with nitrogen (N) playing a pivotal role, frequently applied to
soil to optimize crop growth (Dimkpa et al., 2023). Anhydrous ammonia (AA) and urea
ammonium nitrate (UAN) are common N sources, with AA applied in the late fall and UAN widely
used for in-season applications across Canada. While the late fall application of AA in north-
western Canadian provinces provides the benefits of reduced workloads and lower fertilizer costs,
its susceptibility to losses prompts farmers to apply 10-20% more N to compensate. It is advised
to apply AA in late fall in Manitoba when soil temperature reaches 10°C. While soil freezing
suppresses microbial activity, late fall AA is still susceptible to nitrification and associated losses
till early spring. Overwinter and early-spring losses, particularly nitrate (NO3") leaching and
nitrous oxide (N20) emissions impact N use efficiency, prompting farmers to stabilize fall AA for
effectiveness. UAN, extensively used for in-season applications, offers versatile nutrient
management with readily available NOs’, longer-lasting NH4*, and sustained feeding from urea.
Although UAN has a lower volatilization potential than urea, stabilizing its NH4* fraction is
essential to synchronize N-availability with plant uptake for increased efficiency. Emphasizing the
importance of stabilizing N in NHs" form and a gradual release of NO3™ based on crop needs
highlights the necessity of precise nutrient management. One recommended approach to stabilize
N is using nitrification inhibitors (NIs), which delay nitrification, reducing N losses through
leaching or denitrification. Extensive research supports the significant impact of NIs in reducing

N losses, though their effectiveness may vary depending on the site and year.
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This research aimed to assess the impact of different NIs on delaying nitrification under
field and laboratory conditions. A relatively new NI, pronitridine (Centuro, Koch Agronomic
Services LLC, KS), was tested in comparison with the widely tested nitrapyrin (N-Serve, Corteva
Agriscience) in delaying nitrification of late fall-applied AA until spring across three field sites.
Limited literature exists on nitrapyrin with fall AA in Manitoba; small plot studies indicated
inaccuracies in replicating farm-scale NI recommendations (Bailey, 1990; Wood, 2018). However,
no field research has directly compared nitrapyrin and pronitridine in the region. Given the rapid
soil cooling following AA application in late fall, evaluating NI effectiveness after prolonged
frozen conditions becomes imperative. The primary objective of this study was to compare the
efficacy of these NIs and determine whether their application could eliminate the need for
additional N application during the late fall while ensuring optimal yields and N uptake in spring-
SOwWnN crops.

This study successfully captured the relative concentrations of NH4* and NOs', especially
during late fall before soil freezes, early spring during thaw, and late spring before planting. It also
assessed the yield and N uptake from the spring wheat and canola at two sites. With three site years
of sampling under changing soil and climatic conditions, this experiment comprehensively
investigated the effect of tested NIs across southern Manitoba on well-drained clay and loam soils.
Furthermore, this study highlighted the contrasting climatic conditions between the 2021 and 2022
growing seasons, with 2021 experiencing drought and 2022 having above-normal precipitation.
On averaging treatment effects across sites, nitrapyrin and pronitridine tended to show a slight
reduction in NO3z™ accumulation between the bands compared to late fall-applied AA at the same
rate without NIs. However, the impact of these NIs on delaying nitrification in late fall-banded AA

across all three field sites was not significant. Furthermore, no significant differences were
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observed in agronomic yield and N uptake among the AA treatments, whether applied at 100% or
80% of the recommended N rate, without or with NIs. Our findings do not strongly support the
recommendation of using NIs with late fall AA banding in well-drained loam and clay soils.

The study reported in Chapter 4 compared the efficacy of four different Nls—pronitridine
(Centuro), DCD (Drive-N), DMPP (ARM-U advanced), and nitrapyrin (eNtrench)—in delaying
nitrification in UAN under laboratory conditions in three contrasting soils. This study found
nitrapyrin effective in sand soil, retaining higher NH4" levels and reducing NO3~ accumulation
significantly on days 9, 14, 21, and 28. DCD slightly reduced nitrification, mainly in sand soil, on
days 14 and 21. DMPP and pronitridine were less effective across three soil types. Overall, in clay,
nitrapyrin inhibited nitrification by approximately 15% from days 7 to 21, showing reduced
effectiveness by day 28. DCD reduced NOz™ accumulation by 19% to 6% from days 7 to 21, while
pronitridine had limited effectiveness, ranging from 5% to 13%. However, DMPP demonstrated
only 24% and 15% nitrification inhibition rates on days 7 and 9, respectively. Loam soil exhibited
greater but not significant nitrification inhibition by all NIs on day 7, with inhibition rates reaching
43%, 54%, 45%, and 38% for pronitridine, DCD, DMPP, and nitrapyrin, respectively. In sand,
nitrapyrin was notably effective, with inhibition efficiencies ranging from 15% to 40%, while DCD
inhibited nitrification from 11% to 20%. Pronitridine and DMPP showed relatively less
effectiveness, with inhibition rates ranging between 5% and 10%, exhibiting slight effects on
specific days. These results underscore the necessity for further laboratory investigations to

validate these results and comprehend the behaviour of inhibitors upon soil injection.

4.2 Surprising and Interesting Observations

The field study showed no significant variations in grain yield and N uptake among different AA

treatments. However, N uptake by wheat plants at the Notre Dame site tended to be slightly lower
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with pronitridine compared to the same rate of N applied as AA without any NIs treatment. This
finding contradicts previous work (Gao et al., 2015; Cui et al., 2022), suggesting that NIs may
primarily delay nitrification. However, their impact on increasing the efficiency of N use by the
crops depends on the synchrony between N availability and plant uptake requirements. Significant
variations in precipitation between 2021 and 2022 led to interesting and somewhat opposing trends
in NOs” movement from on to between the bands across both years. At the droughty Sperling site,
NOs" tended to be recovered more on bands during late spring sampling with NIs. This, coupled
with a tendency for lower NO3™ between bands during late spring sampling at Sperling, indicates
delayed nitrification, possibly limited NO3™ diffusion from bands by planting time or a lack of
water for movement. However, in 2022, at Notre Dame and Manitou, there was a tendency for
lower NOz™ concentrations on bands with both Nls at the early spring sampling and for both sites
with N-Serve at the late spring sampling. At Manitou, NO3™ concentration between bands tended
to be lower for Nls, indicating a potential reduction in NOs™ diffusion from bands by planting.
Nevertheless, the retention of NH.*, crop yield, and N uptake using Nls were not significantly
different from AA applied without Nls. In the laboratory study, clay and loam soils exhibited
substantial variation in their NO3™ levels within replicates. The NIs, DMPP, and pronitridine did
not appear to delay nitrification in UAN across all soil types effectively. The observed
ineffectiveness of DMPP might be attributed to a poorly formulated product, while the rates of

pronitridine may require adjustment based on soil conditions.

4.3 Challenges and Improvements

Sampling on and between the AA bands technique offers advantages, as it can detect small
differences in NOz  concentrations. However, marking the AA bands proved challenging,

especially at the Manitou site, due to good sealing. Sampling between bands generally 15 cm away
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from the AA-banded rows can increase the likelihood of errors. Therefore, future field trials should
adopt a standardized protocol for delineating the AA bands and utilize wooden blocks with pointed
holes for precise sampling on and between band positions. Furthermore, sampling from research
strips at the farm scale requires more samples per strip to accommodate field variability, which
entails additional labour resources. One potential approach to address the substantial variability
within the farm locations is identifying critical variability zones to avoid executing treatment strips
in these areas, strategically allocating replicates, or planning sampling while considering the
variable zones. One interesting observation in our results is that the deviation or standard errors of
means become much smaller each year in late spring, at the end of the growing season. This
suggests that the team may become well-trained by the end of the growing season. We encountered
several challenges in the field study, particularly our interactions with farmers. Farmers are
typically occupied with wrapping up their harvest operations and AA applications before the onset
of snowfall in the fall. Consequently, field research activities rely heavily on the cooperation of
farmers. Additionally, when mixing AA with N-Serve and Centuro, it is essential to conduct rate
and equipment testing before implementing commercial plot fertilization in consultation with the
farmers. Therefore, arranging a meeting with the farmer before the trial would be beneficial when
planning future commercial field trails. Additionally, | conducted two detailed research trials in
the laboratory study, each involving over 500 microcosms. However, we faced challenges in
achieving the emission factor for nitrous oxide (N20). Moreover, handling Nls at the micro level
was tricky, which may have influenced their claimed efficiency in our study. Therefore, it is
suggested that fertilizer and Nls solutions should be prepared and mixed in bulk to mitigate the
issue of reduced active ingredient concentration and minimize random error. This approach will

help prevent underestimating the research efficiency of the product.
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4.4 Future Work

Recent studies in Illinois have suggested applying half of the recommended N rate in the fall, with
the remaining half applied during spring applications (Nafziger, 2022). Considering economic
evaluations, reducing the late fall AA application rate and applying the remainder during seeding
or in-season is plausible. This reduction in fall AA application rates can optimize NUE compared
to other N options. Checking N levels before planting enhances farm N management, enabling
adjustments in spring applications. Overall, suppose similar yields and protein levels can be
maintained with lower application rates, in conjunction with reduced NIs’ prices. In that case, the
economic feasibility of consistent NIs usage within the agricultural community may be justified.
Furthermore, it is suggested that tests be conducted on a commercial scale to evaluate the impact
of NIs on N2O emissions, especially in soils prone to N2O emissions (Adhikari et al., 2021).
Additionally, future research should focus on comparing the potential of different Nls in reducing
N losses through various pathways and their direct role in improving agricultural commodities'
yield and protein content under varying soil and climatic conditions. The ineffectiveness of Nls in
our laboratory experiment suggests that further studies are needed to examine the partitioning of

the inhibitors from UAN upon syringe injection into the soil.

4.5 Recommendations for Growers and Policy Makers

Our findings do not provide substantial evidence to support the recommendation of using NIs with
late fall AA banding in poorly-drained clay and moderately well-drained loam soils. Based on
three site years of data, farmers should delay AA application until the soil temperature falls below
10°C. However, farmers aiming to extend the fall N application period from late October to mid-

September or early October may consider incorporating NIs as an additional safeguard for
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optimizing their N investments. Additionally, efforts should be made to reduce the cost of NIs and
incentivize growers to use them more frequently. Therefore, policymakers must consider
subsidizing growers to reduce the overall cost of adopting NIs. Another viable option is to offer
carbon credits to growers who incorporate NIs into their farm management practices. These
supportive measures should hold particular significance for federal policymakers, given Canada’s
commitment to the Paris Climate Agreement, which aims to reduce greenhouse gas emissions
across all major industry sectors. Furthermore, it is worth mentioning that adopting reduced rates
of AA as late-fall N applications on well-drained soils can prove to be cost-effective for growers.
Nevertheless, sustained application of reduced N rates in the long run necessitates careful

consideration of farm profitability.
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APPENDICES

Appendix A: Supplementary Material for Chapter 2

Silverwinds (2020-2021)

Rep-4 Rep-3 Rep-2 Rep-1

274 m

Control
Strips

13m 13m

Fig. A-1 Layout and site map of the Silverwinds site treatment zones. White indicates control
areas, dark grey represents AA applied at 100% of the recommended N rate, green signifies
AA applied at 80% of the recommended N rate, yellow depicts AA applied at 80% of the
recommended N rate with nitrapyrin, and red indicates AA applied at 80% of the
recommended N rate with pronitridine.
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Notre Dame (2021-2022)

274 m
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3
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H

Control
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13m 13m

Fig. A-2 Layout and site map of the Notre Dame site treatment zones. White indicates control
areas, dark grey represents AA applied at 100% of the recommended N rate, green signifies
AA applied at 80% of the recommended N rate, yellow depicts AA applied at 80% of the
recommended N rate with nitrapyrin, and red indicates AA applied at 80% of the
recommended N rate with pronitridine. Farmer’s Treatment was AA applied at 100% of
the recommended N rate with nitrapyrin (not part of the study).
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Manitou (2021-2022)

QEPay

450 m

Control
Strips

18 m 18 m

Fig. A-3 Layout and site map of the Manitou site treatment zones. White indicates control areas,
dark grey represents AA applied at 100% of the recommended N rate, green signifies AA
applied at 80% of the recommended N rate, yellow depicts AA applied at 80% of the
recommended N rate with nitrapyrin, and red indicates AA applied at 80% of the

recommended N rate with pronitridine.
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Fig. A-4 Comparison of average daily soil temperatures measured by two HOBO loggers buried
(15 cm) at the Manitou site on the first sampling date with Ag meteorology data for the
respective season (2021-2022). Minimal differences were observed, but weather station
data was used for consistency due to its continuous records from the day of AA application
onward.
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Table A-5 ANOVA p-values for extractable nitrogen at each sampling time, and for crop yield and nitrogen uptake.

Late Fall Early Spring Late Spring
Effect On bands Off bands On bands Off bands On bands Off bands
site Trt NHe Nor % NHe Nor OB NHe NOs TotalN NHe NOs OB NHe NOs TotalN NHe NOr O® view N
N N N N uptake
Silverwinds
(2020-21) Trt 0.0126 0.0597 0.0059 0.0824 0.3457 0.2948 0.0023 0.0015 <0.0001 0.4021 0.2545 0.2666 0.0011 0.0018 0.0003 0.0208 0.1165 0.1066 .......  .......
Notre
Dame Trt 0.0048 0.3224 0.0045 0.3835 0.4517 0.2365 <0.0001 <0.0001 0.0053 0.5252 0.0484 0.0626 0.0029 0.0035 <0.0001 0.0600 0.0808 0.0972 <0.0001 <0.0001
(2021-22)
l(\ggglltg;) Trt 0.0026 0.0596 0.0032 0.1771 0.1435 0.1306 0.0003 0.0226 0.0012 0.6816 0.721 0.8269 0.0203 0.0008 0.0009 0.4138 0.0715 0.1066 ....... 0.7591
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Table A-6 Details on crop history, types of crops sown, and the application of fungicides and herbicides at each respective site.

. Previous Targeted Crop Sowing - - Harvest Target Yield
Site Crop Crop Variety date Herbicide Fungicide date (Mg ha)
Silverwinds (2020-21)  Oats Canola L357 Jun-17-21 Liberty, Centurion =~ -----------= oo 3.36

0.2 L hat Axil
Notre Dame (2021-22)  Soybean Wheat Starbuck May-28-22  Extreme, 0.08 L ha!  Miravis. Sep-13-22 5.71
MCPA?
. Invigor- . Nexicor,
Manitou (2021-22) Wheat Canola 933PC June-17-22  Liberty Interlock Oct-10-22 3.36

& 2-methyl-4-chlorophenoxyacetic acid
b All fungicides, herbicides, and insecticides were applied at their recommended rates
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Appendix B: Supplementary Material for Chapter 3

Table B-1 ANOVA p-values for the impact of different nitrogen treatments (excluding controls) on extractable nitrogen concentrations
at different sampling days for each soil type.

Sampling Day

Effect 0 1 3 7 9 14 21 28

NH4+ NOs NH4+ NOs NH4+ NOs NH4+ NOs NH4Jr NOs NH4+ NOs |\|H4Jr NOs |\|H4Jr NOs
Clay Trt 1.000 1.000 0.6476 0.5176 0.6069 0.8967 0.4651 0.6443 0.1629 0.2829 0.0484" 0.1788 0.0131° 0.2799 0.0070" 0.1194
Loam Trt 1.000 1.000 0.4663 0.4863 0.9637 0.4353 0.0255" 0.7306 0.1369 0.4723 <.0001® 0.2607 0.0703 0.9863 <.0601 0.5043
Sand Trt 1.000 1.000 0.7669 0.5835 0.7332 0.5669 0.1685 0.1251 0.0065" 0.0245° 0.0013" 0.0004° 0.0090° 0.0040" 0.0028" 0.1368

* Asterisks within each soil type indicate significant differences (p < 0.05) between nitrogen treatments (excluding controls) for the
respective days.
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Fig. B-2 Effect of nitrification inhibitors on total extractable nitrogen (ammonium + nitrate) concentrations in clay, loam, and sand soil
(400 g in microcosms) during 28 days of incubation at 20 °C and 65% water-filled pore space (WFPS). Control: Without nitrogen
and any nitrification inhibitor; UAN: 60 mg kg™ dry soil N added as Urea ammonium nitrate (UAN); Pronitridine: Centuro +
UAN; DCD: Drive-N + UAN; DMPP: ARM U advanced + UAN; Nitrapyrin: eNtrench + UAN. Error bars indicate the standard
errors of the means (n=4). ARM U advanced, utilized in the lab study, was custom-ordered for research purposes, containing
exclusively DMPP as its active ingredient.
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Fig. B-3 Variations in nitrate (NOz") levels observed in control replicates of three soils used for
the laboratory experiment.
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