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ABSTRACT 

Optimizing N fertilizer management is imperative to minimize nitrous oxide (N2O) 

emissions from croplands and to lower the environmental footprint of canola. This field study 

evaluated the effects of enhanced efficiency N fertilizers (EENF; fertilizers containing urease 

inhibitors and/or nitrification inhibitors) when applied in the fall vs. in the spring at the soil-test 

recommended rate vs. a reduced rate (70% of soil-test rate) on agronomic and environmental 

performances and compared to the conventional practice in dryland canola (Brassica napus L.) 

over 2 years in Saskatoon. Also, a soil incubation study investigated the N2O reduction potentials 

from urea-treated soils with and without Nitrapyrin (nitrification inhibitor) throughout a freeze-

thaw event. Results from the field study showed the marginal differences in yield, seed N, and 

crop nitrogen use efficiency (NUE) between conventional urea and EENFs. Under the prolonged 

drought in 2021, crop NUE was improved with N application in the fall or at a reduced rate 

although crop yield remained low across N treatments. The modification of N source, rate, and 

timing did not influence N2O emissions, indeed, N2O emissions was primarily controlled by soil 

moisture conditions. Dry conditions during the growing season in 2020 and 2021 contributed to 

low emissions. The different soil moisture conditions and thaw intensity during the spring thaw 

periods affected N2O production where the fall N application produced higher cumulative 

emissions during the spring thaw and annually compared to the spring N application in Year 1, 

but the opposite results were observed in Year 2. Yield-scaled N2O emissions were exceedingly 

high across N treatments. In 2020 and 2021, the provincial average yield did not provide positive 

economic returns on EENF investments. Results from the incubation study demonstrated that 

soil moisture, temperature, and N levels had a greater impact on regulating N2O production than 

Nitrapyrin. Fertilized soils regardless of N formulations produced higher N2O than non-fertilized 

soils. High soil moisture and temperature conditions favoured denitrification and magnified the 

intensity of emissions. Based on these results, yield gains and N2O mitigation may not always be 

achieved by applying EENFs to soils in dry years. 
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1. INTRODUCTION 

Nitrous oxide (N2O) is a potent greenhouse gas the accumulation of which accelerates 

climate change and stratospheric ozone depletion. In Canada, an estimated 11% of national 

anthropogenic N2O emissions (11 Mt CO2 eq) were attributed to the addition of synthetic N 

fertilizers to agricultural lands for crop production in 2020 (Environment and Climate Change 

Canada 2022a). Compared to other major field crops growing in the Canadian prairie regions, the 

production of canola generally generated higher N2O emissions from the high N input 

requirements per yield unit (Koocheki et al. 2014; Lemke et al. 2018; Liyanage et al. 2022). For 

time management reasons, fall application remains a common practice of N management for 

canola production in the prairie province. By extending the period with available N in the soil, 

fall N application is highly susceptible to the N2O loss in the early spring as the increased 

moisture conditions during the freeze-thaw cycles magnifies N2O production especially via 

denitrification resulting in large thaw-induced N2O emissions (Hao et al. 2008; Wagner-Riddle et 

al. 2008; Tenuta et al. 2016). Considering that canola acreage in Canada has exceeded 8.4 

million ha since 2012 (Statistics Canada 2022a), the responsible use of N fertilizer can reduce the 

carbon footprint of canola production and drive an estimated reduction in N2O emissions from 

the agriculture sector by 1-2 million tonnes (Canola Council of Canada and Canadian Canola 

Growers Association 2019).  

Nitrogen (N) management in canola cropping systems can be improved by adopting 4R 

Nutrient Stewardship (Canola Council of Canada and Canadian Canola Growers Association 

2019). Under the 4R guidelines, four basic aspects of N management can be optimized following 

the application of the Right source of N fertilizer at the Right rate, Right timing, and Right 

placement. Among N sources, enhanced efficiency N fertilizers (EENF), particularly those with 

urease and nitrification inhibitors, are beneficial for crop yield protection and N2O emissions 

reduction (Trenkel 2010; Abalos et al. 2014; Halvorson et al. 2014; Snyder 2017). Under 

circumstances where a reduction in environmental N loss translates into better crop N use 

efficiency (NUE) and yields, an increase in farming profitability can be realized from the on-

farm adoption of EENF technology (Fertilizer Canada 2018). With enzyme inhibitors, the 

applied N content of the EENF is less available for denitrification which is particularly useful to 

mitigate N2O emissions from fall N application during the spring thaw (Trenkel 2010). In 
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addition, crop N demand can be satisfied with the application of EENFs at a reduced N rate 

(Trenkel 2010; Banger et al. 2020). 

Despite the potential environmental and agronomic benefits of EENFs, conventional N 

fertilizers such as urea and anhydrous ammonia are the dominant N source for canola production 

(Fertilizer Canada 2021a). The high cost of EENFs is the primary factor preventing the 

widespread adoption of these premium fertilizers (Thapa et al. 2016; Verburg et al. 2022). In 

addition, slow uptake of EENF technology is due to the lack of information about the possible 

outcomes of EENFs on agronomic, environmental, and economic performances in dryland 

canola production in the Canadian prairies. Therefore, the field component of this study 

examined whether using EENFs in dryland canola production in Saskatoon could provide yield 

improvement and environmental benefits by reducing N2O emissions and improving available 

soil mineral N and crop N use efficiency when applied at different N rates (soil-test N rate vs. 

reduced N rate––30% less than the soil-test rate) and timings (fall vs. spring). In addition, the 

incubation component of this study assessed the N2O production mechanisms––nitrification and 

denitrification under the influence of Nitrapyrin, a nitrification inhibitor, before and after a 

freeze-thaw cycle. 

This thesis is organized in manuscript format. Following the introduction (this chapter; 

Chapter 1), the literature review in Chapter 2 provides an overview of N2O emissions associated 

with fertilizer consumption and the potential N2O mitigation strategies using EENF as a part of 

4R best management practice in cropping systems. Chapter 3 and Chapter 4 are two stand-alone 

manuscripts where Chapter 3 presents the field study on the effects of improved N management 

using EENF on agronomic and environmental outcomes in dryland canola production. Chapter 4 

covers a laboratory study on the efficacy of Nitrapyrin to reduce N2O production and N2O 

emissions throughout the freeze-thaw event. Chapter 5 provides a synthesis of key findings and 

the conclusions of the research. The literature cited is listed in Chapter 6 followed by the 

appendix in Chapter 7 containing the supplemental tables of P-value of the data and the data 

reported in Figure 4.3 of Chapter 4 in the table format . 

 



 

  3 

1.1 Research objectives 

1.1.1 Enhanced efficiency N fertilizer (EENF) and its impacts on nitrous oxide emissions 

and canola productivity 

Quantify the effect of fertilizer source (EENF vs. urea), rate (at soil-test recommendation 

vs. 30% less), and timing (fall vs. spring application) in the field on: 

− Seed yield, seed N, and nitrogen use efficiency (NUE) 

− Soil inorganic N (SIN) 

− Nitrous oxide (N2O) emissions including daily, area-scaled and yield-scaled N2O 

emissions 

 

1.1.2 Tracking nitrous oxide production before and after a freeze-thaw cycle after 

fertilization with and without a nitrification inhibitor 

Evaluate N2O production pathways before and after soil freezing-thawing conditions 

under controlled conditions in the lab; to test the impact of controlling factors such as: 

− Soil moisture  

− Fertilizer (urea-N fertilizer with and without enzyme inhibitors, Nitrapyrin) 

 

1.2 Research hypotheses  

1.2.1 Enhanced efficiency N fertilizer and its impacts on nitrous oxide emissions and canola 

productivity 

Based on the research objectives, it was hypothesized that: 

1. With the enzyme inhibitors that temporarily block the N2O production pathways: 

− EENF products will reduce N2O losses and help improve in-season soil N 

levels––even when applied at a reduced N rate compared to conventional urea. 

Consequently, the seed yield, seed N, and NUE are maintained or possibly 

improved compared to conventional urea.  

− A reduction in N2O emissions without affecting crop yields can be achieved 

by applying the EENFs at soil-test N rate in the fall and/or at a reduced rate in 

the spring.  
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2. Fall fertilizer applications present a high risk for N2O losses during the spring 

thaw due to the high N concentrations and increased soil moisture: 

− Thaw-induced N2O emissions in the spring reduce soil N budgets affecting 

seed yield, seed N, and NUE. 

− Applying EENF products in the fall helps protect soil N and crop productivity 

due to the capacity of enzyme inhibitors to reduce environmental N losses.  

1.2.2 Tracking nitrous oxide production before and after a freeze-thaw cycle after 

fertilization with vs. without a nitrification inhibitor 

The interactions between soil moisture and N levels determine the rates of nitrification and 

denitrification. Therefore, it was hypothesized that:  

1. Regardless of fertilizer source: 

− High soil moisture favours denitrification, and together with the high soil N 

concentrations, N2O emissions will be intensified. 

− Before and during the freezing event, low N2O fluxes across different soil 

moisture levels are expected due to the low temperature which suppresses the soil 

microbial activity; there will be no differences between the relative importance of 

N2O production pathways.   

− The rising temperature upon thawing enhances soil microbial activity. As such, 

the intensification of N2O fluxes is expected which can be attributed to 

denitrification at high soil moisture. 

2. Regarding Nitrapyrin: 

− Nitrification is temporarily blocked, which reduces N2O fluxes at the 

soil:atmosphere interface. The suppression of nitrification will indirectly 

affect denitrification due to the limited soil nitrate––a precursor of 

denitrification. 

− The potential of Nitrapyrin to reduce N2O emissions may be exhibited at low 

soil moisture. Indeed, high soil moisture triggers soil microbial respiration and 

limits the power of Nitrapyrin to decrease N2O production in the soil. 
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2. LITERATURE REVIEW 

2.1 Global food demand, climate change, and sustainable agriculture  

In response to the pressure of future global demographics and a growing demand for 

food, crop production will need to increase by 60% to feed the world population of 9.7 billion by 

2050 (Alexandratos and Bruinsma 2012; FAO 2017; United Nations 2019). Given the finite 

natural resources such as land and water, fertilizer use will continue to play a vital role in 

achieving future global production goals (Alexandratos and Bruinsma 2012). The excessive 

reliance on fertilizer for crop production is, however, at great expense to the environment and is 

one of major factors driving an increase in atmospheric concentration of nitrous oxide (N2O)––a 

potent greenhouse gas (GHG) that causes climate change.  

Climate change has been and will continue to pose more risks to global agriculture. The 

increase in temperature, precipitation variability, and frequency of erratic weather events directly 

affect crop growth and productivity. As such, a global downward trend in crop yields, especially 

for major cereal crops, is projected as a consequence of climate change (FAO 2017). In Canada, 

climate change is disrupting weather patterns and making it less favourable for crop production. 

The increase in heat units and a shift in precipitation patterns elevate the risks of heat and water 

stress in crops during the growing season, which subsequently can negatively impact crop 

productivity and the financial viability of not only farming business but also other stakeholders 

along the agricultural value chain (Clearwater et al. 2016). Therefore, transitioning to farming 

practices that focus on sustainability is imperative to build a healthy, adaptive, and resilient 

Canadian intensive food production systems.  

To be sustainable, agriculture must provide stable access to safe and nutritious food for 

present and future generations (social goals), sustain the economic viability of farming 

operations (economic goals), and conserve productive potentials of natural resources as well as 

mitigate the environmental impacts of farming activities (environmental goals) (Clearwater et al. 

2016; FAO 2018; Piñeiro et al. 2021). Driven by the mounting challenges of future food security 

and the climate crisis, there are increasing numbers of Canadian farmers who have adopted 

innovative technologies and holistic approaches such as crop rotation, cover cropping, reduced 

tillage or no-tillage, and advanced nutrient management (Clearwater et al. 2016; Environment 

and Climate Change Canada 2022b). After implementing these sustainability practices on-farm 



 

  6 

over the past two decades, regardless of crop type, crop outputs have doubled in both quantity 

and quality, while the overall GHG emissions from agricultural soils due to inorganic fertilizer 

application have remained steady (Agriculture and Agri-Food Canada 2022). As agricultural 

production contributes to and is particularly vulnerable to the changing climate, the Government 

of Canada committed to provide crop producers with financial supports and incentive programs 

that assist the on-farm action to accelerate progress toward a more sustainable farming systems 

as well as a net-zero emissions by 2050 (Environment and Climate Change Canada 2022b).  

 

2.2 Canola production in Canada 

Canola (Brassica napus L.) is an economically important crop, cultivated primarily for its 

high oil content in the seed. Even though the domestication of different rapeseed cultivars was 

documented 4000 years ago in Asia, the production of rapeseed in Canada was not reported until 

the late 1920s. Driven by the demand for improvement of domestic high-quality edible oilseeds, 

research focused on the development of rapeseed cultivars in the 1940s, which led to release of 

canola cultivars in the 1970s. Due to its superior oil content and nutritional value relative to other 

oilseeds, canola quickly became one of the world’s most important oilseed crops, and is mostly 

produced in Canada. In 2020, the canola industry generated 207,000 jobs, and total economic 

activities contributed $29.9 billion to the Canadian economy (Canadian Canola Growers 

Association 2021). 

Thanks to the advanced breeding strategies, new canola hybrid varieties have improved 

yields. The study of Kessel et al. (2012) found that hybrid cultivars had greater yields than non-

hybrid lines when grown in low soil N conditions; however, high N inputs were still needed to 

optimize yields. Under favourable growing conditions, hybrid canola can produce up to 45% 

higher yields than the open-pollinated varieties (Canola Council of Canada n.d.). In 2005, the 

Canadian average yields for canola exceeded 1.68 tonne ha-1, equivalent to 30 bu ac-1; but more 

recently, from 2016 to 2020, yields have reached more than 2.2 tonne ha-1, equivalent to 40 bu 

ac-1 (Statistics Canada 2022a). Nationally, production of canola increased by 51.3% from 9.6 

million metric tonnes in 2005 to 19.5 million metric tonnes in 2020—where peak production of 

21.5 million metric tonnes was recorded in 2017 (Statistics Canada 2022a).   
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The selection for higher seed yield in canola also indirectly influences crop NUE, which 

can be defined as the crop biomass output––in this case seed yield, per unit of N availability in 

the soil (Moll et al. 1982; Kessel et al. 2012). However, the NUE of hybrid canola typically 

ranges from 10-25% and declines with increasing N inputs (Berry et al. 2010; Ma and Herath 

2016; Ma et al. 2019). Generally, a higher rate of N fertilizer application is needed to optimize 

the canola seed yield compared to the other cereal and pulse crops (Koocheki et al. 2014; 

Saskatchewan Ministry of Agriculture 2019; Liyanage et al. 2022). Although the precise rates of 

N fertilizer needed for crop production at any given site or year vary due to the different soil 

types, soil fertility levels, and weather conditions, it is estimated that a canola crop yielding 2.80 

tonne ha-1 (equivalent to 50 bu ac-1) requires 140 – 196 kg N ha-1 on average (Canola Council of 

Canada n.d.). This high N demand with low NUE typically results in high soil N surplus from 

canola production and increases the possibility of environmental N losses and negative impacts 

on the return on fertilizer investment for farmers. 

Fall fertilizer application is a common practice for canola production in the Canadian 

prairies, as it allows farmers to reduce their workload in the spring and provides farmers with 

economic benefits due to seasonal price differences for N fertilizers. Yet, this management 

practice risks high N2O emissions when the soil thaws in the subsequent spring. High N 

concentrations in the soil combined with an increased soil moisture due to snow melting at the 

spring thaw trigger the microbial activity of soil N2O-producing bacteria and results in large N2O 

emissions (Wagner-Riddle et al. 2008).  

Recognizing the climate change and food demand challenges, the Canadian canola 

industry has been working toward sustainability targets that aim to improve crop productivity 

and environmental stewardship. Specified in the Canola Council of Canada strategic plan “Keep 

it coming 2025”, 26 million metric tonnes of canola with the average yield of 2.91 tonnes ha-1, 

equivalent to 52 bu ac-1, are expected to yield from the same land base of 8.9 million hectares, 

equivalent to 22 million acres (Canola Council of Canada 2014). These ambitious goals would in 

theory translates to 18% more efficient fuel use, 40% increase in land use efficiency, an 

additional five million tonnes of carbon sequestration in Canadian cropland every year, 

improvement in soil health, water quality, and the microbial biodiversity (Canola Council of 

Canada 2018). The 2025 production goals appear to be ambitious but achievable when 

employing genetic advances and environmentally-focused agronomy––plant establishment, 
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fertility management, integrated pest management and harvest management (Canola Council of 

Canada 2018).   

Along with production goals, the Canadian canola industry committed to have 90% of 

cropland under 4R Nutrient Stewardship––a science-based guide for fertilizer best management 

practices (BMPs) (Canola Council of Canada and Canadian Canola Growers Association 2019). 

By applying the right fertilizer source at the right rate, right time, and right placement, nutrients 

are supplied to the crop in the most sustainable ways possible which enables canola producers to 

achieve their economic goals while building a more resilient farming system (Johnston and 

Bruulsema 2014). Considering that canola is produced predominately across Alberta, 

Saskatchewan, Manitoba, and to a lesser extent, some parts of British Columbia, the 

implementation of 4R Nutrient Stewardship on canola fields across Western Canada can drive a 

1-2 million tonne reduction in GHG emissions (Canola Council of Canada and Canadian Canola 

Growers Association 2019). This will allow the canola sector to not only reduce the 

environmental footprint of crop production but also make a positive contribution to the national 

fertilizer emissions reduction target of 30% below 2020 levels by 2030 (Environment and 

Climate Change Canada 2020).  

 

2.3 Nitrogen use efficiency 

Nitrogen is one of the most essential nutrients for plant growth but also one of the most 

limiting nutrients in agroecosystems (Rütting et al. 2018; Anas et al. 2020). Crop producers rely 

heavily on synthetic N fertilizer to achieve productivity and profitability targets, although the 

economic values obtained from the excessive use of reactive N in crop production cannot offset 

its environmental costs (Sutton et al. 2011). Due to advantages such as high nutrient density, 

easy handling and storage, and relatively lower cost than other synthetic fertilizer, urea is the 

most widely used synthetic N fertilizer for crop production (Trenkel 2010). However, urea is 

highly mineralizable in the soil and can be quickly converted to other reactive N forms, thereby 

without the proper management, urea is prone to environmental N loss and can subsequently 

reduce crop NUE (IPNI n.d.; Trenkel 2010). In addition, the ability of crops to uptake and utilize 

the applied N affects the export of reactive N from agricultural land to the environment (Fageria 

and Baligar 2005; Sharma and Bali 2018; Martínez-Dalmau et al. 2021). Regardless of  fertilizer 

application rate and agricultural region, the NUE of crop plants, regardless of crop type, typically 
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ranges from 25-60% with the global average of 43% (Janzen et al. 2003; Fageria and Baligar 

2005; Ladha et al. 2005; Lassaletta et al. 2014; Yu et al. 2015; Kanter et al. 2020; Martínez-

Dalmau et al. 2021). Moving forward, the sustainable future of crop production will require 

improvements in NUE for field crops, especially those with high N requirements, without yield 

penalties and with fewer environmental impacts (Fageria and Baligar 2005; Lassaletta et al. 

2014; Fixen et al. 2015; UNEP 2019).  

 

2.3.1 Nitrogen use efficiency definition 

Nitrogen use efficiency (NUE) is the generic N indicator commonly used in research to 

measure the efficient use of N in the cropping systems. A universally accepted definition of the 

term NUE is elusive. Generally, NUE refers to the capacity of crop plants to convert N available 

in the soil into crop biomass and productivity (Fageria and Baligar 2005; Sharma and Bali 2018; 

Anas et al. 2020; Martínez-Dalmau et al. 2021). As well, NUE can also be defined as the 

maximum economic yield obtained from every unit of nutrient inputs (Moll et al. 1982; Fageria 

and Baligar 2005). There are several ways to measure NUE, and each index has its own complex 

nature, controlling factors, spatial and temporal boundaries, and intended use (Congreves et al. 

2021). The NUE indices can be grouped into five categories: fertilizer-based, plant-based, soil-

based, isotope-based, and systems-based (Congreves et al. 2021). Regarding the research 

objectives and available data of this study, the fertilizer-based NUE has suitable terms and 

measurements that allow a meaningful data analysis and interpretation.  

 

2.3.2 Fertilizer-based NUE  

Fertilizer-based indices are based on the proportion of applied N contained in the 

economic (yield) or noneconomic (aboveground biomass) parts of the plant. Within the fertilizer-

based category, the following indices were selected for the purpose of this study: i) partial-factor 

productivity (PFP)–– expresses the crop production efficiency as the result of fertilization, ii) N 

balance intensity (NBI)––the N status in the cropping system over a predetermined period, iii) 

partial N balance (PNB)––the contribution of N inputs toward the plant N content of 

aboveground biomass and yield.  
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The PFP is the most common agronomic metric and is derived from the ratio of yield to 

fertilizer inputs. This index is beneficial when evaluating the effects of different N management 

practices on the performance of one specific crop, yet, the comparison of this metric between 

crops or cropping systems is likely to be misleading due to the differences in agronomic 

practices, nutrient requirements, and water demands that are crop dependant (Fixen et al. 2015; 

Congreves et al. 2021). The NBI is obtained by subtracting the N content in seed yield from that 

of the fertilizer. While a negative value indicates an N surplus; i.e., more N is accumulated in the 

system, a positive NBI value suggests soil mining (i.e., more soil N is removed from the system 

in the form of crop yield) (IPNI 2014; Congreves et al. 2021). The more sustainable the cropping 

system, the closer the difference is to zero (IPNI 2014; Congreves et al. 2021). The PNB is 

calculated as the ratio of plant N to fertilizer N. Though the PNB index is considered the simplest 

metric that quantifies nutrient recovery efficiency, the comprehensive interpretation of PNB 

requires a solid knowledge of indigenous soil fertility. For example, a farming system with low 

PNB value (< 1) is often considered to be unsustainable and at high risk of environmental N 

losses as the fertilizer input exceeds crop uptake (Fixen et al. 2015). This is true under the 

situation where the soil has high N background and is prone to N loss. However, in cases where 

soil nutrients are depleted and nutrient cycling is tight, a low output-to-input ratio may be 

desirable to restore soil fertility (IPNI 2014). A high PNB value (> 1) is appropriate when the 

soil is saturated with N (Fixen et al. 2015), and the removal of N from the system is necessary to 

reduce N pollution. For soil with low N budget, values well above 1 suggest the need to refine 

the agronomic practices to improve the nutrient performance and overall sustainability of the 

farming operation (Fixen et al. 2015).  

With the focus on crop yield, PFP and NBI can provide valuable insights into the crop-

nutrient response when a reduced N rate is applied to the soil (Congreves et al. 2021). In 

practice, PFP and PNB are useful not only to researchers but also to crop producers as the inputs 

for calculations are simple and do not require data from a non-fertilized control or soil test. Also, 

the PFP and PNB values can be estimated beyond the field or farm levels (i.e., at the regional 

and national scales) if the farm-level records are publicly available (IPNI 2014; Fixen et al. 2015; 

Congreves et al. 2021). Though the PFP and PNB at regional and national levels do not capture 

the spatial variations that exist among farms, cropping systems, and regions, these nutrient 

performance indicators provide the basis for improved nutrient management plans (IPNI 2014). 
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In addition, considering that these NUE indices do not take the background soil N levels into 

account, inconsistent results should be expected due to the nature of site-specific N dynamics, 

and the interpretation of results regarding the short-term nutrient performance of crop plants 

should proceed with caution (Congreves et al. 2021).   

 

2.4 Nitrous oxide emissions  

Since the pre-industrial period, the atmospheric abundance of N2O has increased by 

123% – reaching 331 ppb in 2019 (World Meteorological Organization 2019; United States 

Environmental Protection Agency 2021). Considering that the global warming potential of N2O 

is 273  130 times greater than carbon dioxide with a lifetime of 109  10 years (Forster et al. 

2021), the continuous accumulation of this long-lived GHG in the atmosphere could exacerbate 

climate change; and therefore, it is of the global concern. As reported in the latest national 

inventory report on GHG sources and sink (Environment and Climate Change Canada 2022a), 

Canada’s agriculture sector accounted for 75% of national N2O emissions in 2020 where 84% of 

sector’s N2O emissions were emitted from agricultural soils. Among the direct sources, the 

intensive use of synthetic N fertilizer for crop production was the largest driver of N2O emissions 

from agricultural soils and contributed 11 Mt CO2 eq to Canada’s 2020 emissions which 

accounted for 52% of total N2O emissions from agricultural soils (Environment and Climate 

Change Canada 2022a). The remaining 48% of total N2O emissions from agricultural soils were 

attributed to the application of organic N fertilizers, decomposition of crop residue, 

mineralization of soil organic matter, tillage management, and irrigation (Environment and 

Climate Change Canada 2022a).  

To reduce emissions from the agriculture sector, the Government of Canada has set an 

emissions reduction target for fertilizer-induced emissions of 30% below the 2020 national 

emissions levels by 2030. The strengthened climate plan includes several climate actions that are 

focused on sustainable fertilizer management (Environment and Climate Change Canada 2020). 

Therefore, understanding the complexity of N2O production and the controlling factors is crucial 

to designing practical but effective nutrient management strategies that drive emissions 

reductions without compromising crop yields and farm income. 
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2.4.1 Nitrous oxide production pathways and controlling factors  

In crop production systems, the most popular synthetic N fertilizer is urea. The urea 

molecule, however, is inaccessible for plant uptake. A series of chemical and biological reactions 

happens in the soils to convert urea to other plant available N forms such as ammonium (NH4
+) 

and nitrate (NO3
-). Immediately after being applied to the soil, urea is hydrolyzed to ammonium 

(NH4
+) via urea hydrolysis with the aid of urease––an enzyme that is produced by soil 

microorganisms and plants. Ammonium is then taken up by the plants or rapidly converted into 

ammonia (NH3) that can volatilize to the atmosphere or enters the process of N2O production––

namely, nitrification. Nitrification is the aerobic process whereby the ammonia oxidizers 

(Nitrosomonas, Nitrosospira, and Nitrosococcus) and nitrate-oxidizing bacteria (Nitrospina, 

Nitrococcus, and Nitrospira) are main groups of soil microbes facilitating the oxidation NH3 to 

nitrite (NO2
-) and then to NO3

- (Madigan et al. 2014). Some NO3
- may be exported from the soil 

system through crop removal, leaching, and runoff, while the remaining NO3
- is subjected to 

denitrification by the facultative anaerobes – the main soil microbial groups including 

Paracoccus denitrificans, Pseudomonas denitrificans, and Alcaligenes faecalis – which reduce 

soil NO3
- to dinitrogen (N2) gas (Madigan et al. 2014). In addition to the ultimate end products of 

nitrification (NO3
-) and denitrification (N2), intermediate gaseous products––nitric oxide (NO) 

and N2O are produced and can escape to the atmosphere. 

An excellent conceptual model, called the “hole-in-the-pipe” was offered by Firestone 

and Davidson (1989) and Davison (2000) demonstrates how N2O production pathways facilitate 

N cycling in the ecosystem (Fig. 2.1). In the diagram, the complex soil biogeochemical processes 

(i.e., nitrification and denitrification) are simplified and presented as two pipes, and the rate of 

these mechanisms is symbolized by the flow of reactive N through the pipes. The holes in the 

pipe show the points where soil emissions of NO and N2O are generated and released to the 

atmosphere and depending on the rate of N2O and NO emissions, the sizes of the holes are 

relative.  
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Figure. 2.1. “Hole-in-the-pipe conceptual model” showing the production of N2O via nitrification and 

denitrification in the soil (adapted from Firestone and Davidson 1989 and Davison 2000). 

Despite many scientific contributions on the topic of N2O emissions, whether nitrification 

or denitrification is the principal source of soil N2O production remains uncertain. The dynamic 

nature of N2O production mechanisms can be attributed to several factors assisting the N2O 

source partition including soil fertility, soil temperature, and soil water content (Lemke et al. 

2007). Regarding the response of N2O emissions to soil fertility, overall, the intensity of N2O 

emission is directly proportional to the available N in the soil. Soils with higher inorganic N 

availability and organic matter produced and emitted a larger amount of N2O emissions 

(Butterbach-bahl et al. 2013; Congreves et al. 2019). In agroecosystems, the availability of soil N 

is regulated by the rate of mineralization of soil N and the application of N fertilizer. 

Mineralization is the naturally-occurring biological process where soil microorganisms break 

down the soil organic matter to NH4
+ through specific groups of hydrolytic enzymes. In non-

fertilized soils, NH4
+ is primarily derived from mineralization. The rate of mineralization 

increases with soil temperature and is optimal at 25C (Guntiñas et al. 2012; Whalen et al. 2021). 

The optimal soil moisture level for N mineralization is reported as between 80-100% of field 

capacity (Guntiñas et al. 2012) or 60% water filled-pore space (WFPS; a proxy of soil aeration 

indicating the proportion of water saturated soil pore space) (Whalen et al. 2021). With the use of 

N fertilizer, N2O production can be incrementally magnified as the high availability of soil N 

substrates promote the stepwise oxidation of NH4
+ to NO3

- during nitrification but hinders the 
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stepwise reduction of N2O to N2 during denitrification (Firestone and Davidson 1989; Smith 

2017).  

As nitrification and denitrification are microbially-mediated, the rates at which 

transformations occur along these pathways depends on soil temperature. However, flux 

prediction based on soil temperature can be challenging (Smith 2017) due to the inconsistent 

patterns of N2O emissions under the influence of changing temperature (Dijkstra et al. 2012). 

While Kesik et al. (2006) reported a positive dependency of soil-derived N2O emissions on soil 

temperature where N2O fluxes increased with rising temperature from 4-32C and peaked at 

30C, Dijkstra et al. (2012) found both positive and negative feedbacks on N2O emissions from 

elevated soil temperature. Regarding pathway-specific temperature responses for N2O 

production, low soil temperature hinders metabolic capacity of most soil microbes leading to low 

rates of N2O production from both pathways (Maag and Vinther 1996; Kesik et al. 2006). In 

addition, denitrification can be further undermined due to the limited availability of nitrification-

derived N-substrates (NO3
-, NO, N2O) when being subjected to low soil temperature conditions 

(Firestone and Davidson 1989; Butterbach-bahl et al. 2013). An increase in soil temperature 

accelerates soil respiration resulting in the depletion of soil oxygen (O2) (Butterbach-bahl et al. 

2013; Smith 2017; Wang et al. 2021); accordingly many studies reported higher emissions 

derived from denitrification relative to nitrification (Maag and Vinther 1996; Parton et al. 1996; 

Smith 2017). However, Wang et al. (2021) stated that the temperature sensitivity of N2O sources 

was similar where warmer soil temperature accelerated the rates of both nitrification and 

denitrification. As such, the optimum temperature for nitrification ranged between 20-40C and 

that for denitrification occurred around 40-60C (Wang et al. 2021). Moreover, denitrification-

derived N2O emissions peaked at 35C but decreased rapidly with increasing temperature from 

35-45C (Lai and Denton 2018). The decreased N2O emissions when soil temperature reached 

beyond 35C was explained by the increased N2O reduction and N2 production (Lai and Denton 

2018) 

Soil moisture plays the most important role in N2O production (Firestone and Davidson 

1989; Davidson et al. 2000; Congreves et al. 2019; Wang et al. 2021). In general, nitrification 

dominates under the dry soil, but the intensity of emissions is low due to the incomplete stepwise 

nitrification, that is more NO is produced and diffused out of the soil (Davidson et al. 2000). 
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Denitrification, on the other hand, produces a large amount of N2O under less aerated but not 

saturated soils, and the reduction of N2O emissions is expected when the soil becomes saturated 

with water leading to the complete stepwise denitrification whereby N2O is further reduced to N2. 

In Canada, elevated soil moisture in the early spring when the snow is melting or after seasonal 

rainfall events magnifies denitrification resulting in large emissions of N2O (Risk et al. 2014; 

Thilakarathna et al. 2020) 

With advancements in technology, source partitioning N2O as the function of soil water 

content can be achieved by using the novel 15N2O isotopomers technique. The study by 

Congreves et al. (2019) observed dramatic differences in N2O concentration between nitrification 

and denitrification as influenced of a wide range in soil moisture levels. As such, under the dry 

soil conditions (< 55% WFPS), emissions were low and derived from nitrification. The 

intensification in N2O magnitude which was due to the transition from nitrification to 

denitrification occurred simultaneously with an increase in soil moisture from 58-83% WFPS.  

When soil moisture was above 80% WFPS, the majority of emissions were derived from 

denitrification and emissions from nutrient-rich soil remained relatively high, whereas that from 

nutrient-poor soils declined. Similar observations where the reduced rate of N2O loss via 

denitrification were associated with high soil moisture levels (> 80% WFPS ) were reported from 

other studies (Ruser et al. 2006; Friedl et al. 2016; Wu et al. 2017). The drop in N2O production 

corresponded with an increase in N2 emissions as a result of the complete reduction of N2O to N2 

during denitrification under highly saturated soils (Wang et al. 2021).  

 

2.4.2 Freeze-thaw N2O emissions in agroecosystem 

In cold climates, seasonal freezing and thawing cycles are responsible for the majority of 

non-growing season N2O emissions from agricultural soils and can account for a significant 

share of cumulative annual emissions (Butterbach-bahl et al. 2013; Risk et al. 2013; Wagner-

Riddle et al. 2017). The annual freeze-thaw N2O emissions from spring N applied agricultural 

lands from across the globe were estimated at 1.07 0.48 Tg N which contributes an additional 

17-28% of the current estimate of global agricultural N2O emissions (Wagner-Riddle et al. 

2017). The freeze-thaw cycle emissions are produced mainly via denitrification of which a major 

proportion of thaw-induced fluxes was derived from the de novo production of N2O that 
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coincides with the onset of spring thaw (Wagner-Riddle et al. 2008, 2017; Risk et al. 2013). 

Considering the long path of diffusion from the subsoil layers to the atmosphere, the N2O that is 

produced in the unfrozen water films and accumulated in deep soil layers over the winter months 

is more likely to be reduced to N2 rather than emitted to the atmosphere via the physical release 

mechanism (Risk et al. 2013). Consequently, previously produced ice-trapped N2O accounts for 

only a small portion of the net freeze thaw emissions making the physical release an insignificant 

source of spring thaw N2O peaks (Wagner-Riddle et al. 2008; Risk et al. 2013) 

In the study by Wagner-Riddle et al. (2017), the long-term, half-hour micrometeological 

N2O flux data during the winter and spring thaw from two study sites in Canada suggested that a 

short winter with less intense soil freezing conditions was associated with multiple N2O pulses 

due to the high freeze-thaw frequency throughout the winter followed by more pronounced peaks 

over the brief spring thaw event. In contrast, longer periods of deep freeze and spring thaw lead 

to the absence of emissions over the winter but multiple intense N2O bursts during the early 

spring. 

While the elevated soil moisture and substrate availability due to snow melt provides 

favourable conditions for denitrification, freezing temperature and the duration of freezing 

determine the magnitude of the N2O emissions during freeze thaw events (Koponen and 

Martikainen 2004; Teepe et al. 2004; Wagner-Riddle et al. 2008, 2017; Yanai et al. 2011; Risk et 

al. 2013). Microbial production of N2O continues at a low rate throughout the winter even when 

the temperature is below the freezing point (Nikrad et al. 2016). This is evidenced by the results 

of a soil incubation study by Teepe et al. (2001) where low N2O emissions from 15-cm depth soil 

cores were measured during the freezing period (-16C for two weeks) suggesting denitrifying 

activities in the unfrozen water films under the frozen soil surface. In addition, a greater freezing 

intensity can result in more intense N2O emissions (Risk et al. 2013). The study of Koponen and 

Martikainen (2004) reported a significantly higher rate of N2O emissions from thawing soil 

where it was previously frozen at -15C compared to at -1.5C owing to the effects of  the deep 

frost on substrate availability for denitrification. As such, colder soil temperatures assist the 

processes of microbial cell lysis and soil aggregate destruction resulting in higher soil nutrient 

supply that favours N2O production via denitrification (Koponen and Martikainen 2004; Risk et 

al. 2013). Cumulative freezing-degree days (CFD; days with soil temperature < 0C) have 

significant effects on cumulative N2O emissions from 5-cm topsoil at spring melt (Wagner-
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Riddle et al. 2017). A linear relationship between emissions and freezing duration was reported 

in studies where cumulative N2O emissions from thawing soils increased exponentially when the 

CFD increased from 3-70 days (Teepe et al. 2004) then plateaued afterwards (Wagner-Riddle et 

al. 2017). 

 

2.4.3 Techniques for studying N2O emissions  

The quantification of N2O emissions from soils can be achieved via in-situ field emission 

measurements and in-vitro laboratory incubations. Soil incubation experiments offer researchers 

the opportunity to produce a comprehensive assessment to N2O emissions and production 

mechanisms under controlled conditions such as soil drainage status, temperature, relative 

humidity, light, etc. On the other hand, field studies of N2O emissions allow researchers to 

capture the soil-atmosphere exchange of N2O from various landscapes and ecosystems and 

provide critical information for the development of effective strategies for climate change 

mitigation and adaptation. In-situ field emissions can be assessed using micrometeorological 

systems or chamber-based methods. Micrometeorological methods enable accurate, long-term,  

spatially integrated and continuous assessment of emissions from the hot spots and hot moments 

over a large area (Skinner and Wagner-Riddle 2012; Wagner-Riddle et al. 2017). However, 

micrometeorological methods are not highly accessible to researchers due to their requirements 

for resource investment, on-site energy, and highly qualified personnel for setup, operation and 

maintenance of the system (Rosenstock et al. 2016). The measurement of N2O emissions via 

manual static chambers is most common due to its relatively inexpensive cost and practicality for 

short-term research that aims to capture N2O emissions over fine scales or from studies 

quantifying treatment effects of various N management (Butterbach-bahl et al. 2013; Rosenstock 

et al. 2016; Smith 2017; Wang et al. 2021). Yet, this method often presents considerable spatial-

temporal variation due to the heterogeneity of soil conditions, climates, and agronomic practices 

across fields and landscapes (Smith 2017). Moreover, the different N2O sampling techniques, 

frequencies, and equipment across studies are of great importance in terms of understanding the 

large variability in measured N2O emissions (Butterbach-bahl et al. 2013; Rosenstock et al. 

2016). Realizing the limitations of manual chamber systems, proper sampling designs and 

protocols have been developed to overcome the spatiotemporal variability of emissions (Smith 
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2017). The use of automated chamber systems enable fluxes to be recorded at higher frequencies 

relative to manually operated samplings, thus increasing the likelihood of capturing short-lived 

emissions events (Butterbach-bahl et al. 2013; Smith 2017). The timing of gas collection is often 

based on the diurnal pattern of the emissions where N2O sampling is suggested around 10 a.m. 

for the best representation of a daily average flux (Smith 2017). The sampling frequencies are 

adjusted according to the seasonality and day-to-day variations of fluxes. As such, more frequent 

sampling is necessary at post fertilization and during wet periods (Smith 2017), e.g., at spring 

thaw, during rainy seasons, and throughout the growing season for irrigated cropping systems. A 

reduction in measurement activities is appropriate at postharvest and during dry periods (Smith 

2017) e.g.,  in late spring and late in the growing season for dryland cropping systems.  

The GHG concentration from the collected gas samples are commonly analyzed via gas 

chromatography whereas the relative importance of N2O production mechanisms (i.e., 

nitrification or denitrification) to the total soil N2O emissions can be addressed via several 

methods, one of which is the stable isotope approach (Butterbach-bahl et al. 2013). By 

employing spectroscopic techniques such as cavity ring-down spectroscopy (CRDS), the natural 

abundance of 15N2O isotopomers (i.e., 14N15NO and 15N14NO of an NNO molecule) can be 

assessed. The relative proportion of N2O molecules that are enriched with 15N isotopes at the -

site (central position) relative to that at the -site (terminal position) is expressed as site 

preference (SP; SP = 15N  - 15N) (Toyoda and Yoshida 1999; Yoshida and Toyoda 2000; 

Sutka et al. 2006). Nitrification-derived N2O will have the SP values ranging from 13 to 37‰, 

while N2O produced from denitrification will result in the SP values of 0‰ or less (Toyoda et al. 

2005; Sutka et al. 2006; Ostrom et al. 2010; Denk et al. 2017). 

 

2.5. Enhanced efficiency N fertilizer and its implications of 4R Nutrient Stewardship 

Driven by the environmental concerns associated with conventional N fertilizers and 

increases in crop value, there is increasing interests in the use of enhanced efficiency N fertilizers 

(EENF) (Halvorson et al. 2014; Snyder 2017). There are many different types of  EENFs 

including i) slow- and controlled-release N (e.g., Environmentally Smart Nitrogen (ESN)––urea 

that has been encapsulated with coating materials); ii) stabilized N fertilizer––N products to 

which nitrification and/or urease inhibitors have been added during manufacture; and iii) N 

stabilizers including nitrification inhibitors and urease inhibitors––the additive chemical 
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substances that are impregnated with the conventional N fertilizers prior to the application. 

Depending on the distinct characteristics of EENFs, the N release mechanisms can be different 

among these advanced fertilizers (Halvorson et al. 2014). Regardless, the invention and 

development of EENFs share the common objectives of improving crop N response and 

minimizing environmental N loss, especially in the form of N2O emissions (Trenkel 2010). For 

this thesis, the N stabilizers are the focus. 

 

2.5.1 Characteristics and modes of actions of enzyme inhibitors 

Fertilizer with enzyme inhibitors, whether it is the stabilized N products or the additive N 

stabilizers, share the same mode of action. With the presence of the enzyme inhibitor in the soil, 

the chemical reactions that break down the applied fertilizer are slowed or delayed due to effects 

of the enzyme inhibitors on microbial activities. Urease inhibitors target the urea hydrolysis 

process by blocking the activity of the soil enzyme urease rather than delaying microbial growth 

and/or exhibiting bactericidal activity against N2O-producing bacteria (Trenkel 2010). By 

allowing the applied N to stay in its initial forms, urease inhibitors protect the applied N against 

volatilization, leaching and gaseous loss (Trenkel 2010). Nitrification inhibitors prevent N losses 

by targeting the activities of Nitrosomonas bacteria leading to a delay in oxidation process of 

NH4
+ to NO3

- (Trenkel 2010). The NH4
+ in the soil is then adsorbed to soil particles making it 

more readily available for plant uptake and less vulnerable to subsequent leaching and 

denitrification (Trenkel 2010). The overall reduction in environmental N loss due to the 

application of EENFs may result in an increase in crop NUE, thereby translating into significant 

crop yield and quality gains (Trenkel 2010; Halvorson et al. 2014; Snyder 2017). 

Two EENF products were used in this study including i) SuperU––a stabilized urea 

containing both the urease inhibitor N-(n-Butyl) thiophosphoric triamide (NBPT) and 

nitrification inhibitor Dicyandiamide (DCD); and ii) eNtrench an additive substance containing 

nitrification inhibitor 2-chloro-6-(trichloromethyl-pyridine) (Nitrapyrin). The Nitrapyrin in 

eNtrench controls the population of Nitrosomonas and can last up to 30 days in the warm soils 

(Trenkel 2010). In the cold soils during the late fall or winter, Nitrapyrin is persistent of which 

the nitrification inhibiting effect can remain for at least 30 weeks (Trenkel 2010). This makes 

Nitrapyrin a practical and desirable N stabilizer option for fall N application (Trenkel 2010). By 

containing both urease and nitrification inhibitors, SuperU can delay both ammonia formation 
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and its subsequent nitrification thereby reducing the risk of pollution swapping––a condition 

where ammonia volatilization is shifted to nitrous oxide emissions due the addition of a urease 

inhibitor only (Drury et al. 2017; Banger et al. 2020). Applying SuperU to the soil, the DCD, 

nitrification inhibitors, exhibits bacteriostatic effect which depresses the activity of 

Nitrosomonas and stabilized the N content over approximately 4-10 weeks (Trenkel 2010). In 

addition, by containing the NBPT ureases inhibitor, the transformation of urea to NH4
+ can be 

delayed resulting in less NH3 volatilization for 1-2 weeks after the application of SuperU 

(Trenkel 2010).  

 

2.5.2 Enhanced efficiency N fertilizer and its capacity to reduce N2O emissions  

Several researchers have studied the potential of EENFs to reduce N2O emissions from 

cropland. Regardless of the different cropping systems and farming practices, stabilized EENFs 

have been shown to reduce gaseous N loss compared to ESN and conventional urea (Akiyama et 

al. 2010; Halvorson et al. 2010a, 2010b). Halvorson et al. (2010b) found similar patterns in N2O 

fluxes during a growing season between EENFs and untreated N products, where the peak of 

N2O fluxes was observed within the first 30 days after applications followed by a series of 

smaller flux events. The magnitude of soil N2O losses was approximately from 1.5- to 3.5-fold 

lower for both urea-ammonium nitrate (UAN) with AgrotainPlus (UAN+AP; an urease inhibitor 

additive) and SuperU® compared to conventional urea and UAN (Halvorson et al. 2010b). The 

study also estimated the overall reduction of N2O emissions from each fertilizer product and 

found that the greatest reduction occurred with SuperU® (48%) and UAN+AP (53%) relative to 

the conventional N. Among all treatments, no significant difference in grain production was 

found. 

A study by Sistani et al. (2011) evaluated the effects of different sources of N fertilizers, 

including conventional urea, EENFs, and poultry manure on GHG emissions in a no-till corn 

production system. In contrast to the findings of Halvorson et al. (2010), there were no 

significant differences in N2O emissions between SuperU®, ESN, UAN+AP, and the 

conventional urea treatments (Sistani et al. 2010). In a synopsis of the effects of EENFs on crop 

production and N2O losses provided by Hatfield and Venterea (2014), the effects of EENFs on 

N2O reduction and yield were found to be inconsistent. Moreover, the ability of EENFs to elicit 

the emissions reductions consistently was only observed immediately after fertilization but not 
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later into the growing season as the efficacy of the EENFs was largely controlled by the seasonal 

precipitation pattern (Hatfield and Venterea 2014). The discrepancy among studies highlights the 

possibility that a single-modification strategy (e.g., focusing only on N sources) only partially 

addresses the complex interactions between crop, soil, and weather factors (Venterea et al. 

2016). Thus modifying more than one of the 4R components along with the use of EENFs is 

likely necessary to realize the full yield potential and environmental efficacy of these advanced 

fertilizers (Venterea et al. 2016; Banger et al. 2020). 

 

2.5.3 Enhanced efficiency N fertilizer as part of 4R best management practices 

The use of EENFs, especially the stabilized N or additive N stabilizers, are recognized as 

an integrated part of 4R BMPs (Trenkel 2010; Harold et al. 2015; Fertilizer Canada 2016; Snyder 

2017). Under the 4R Nutrient Stewardship, when implementing EENFs as a Right source in 

conjunction with other 4R components––Right rate, time, and place, the optimal crop 

performance and economic returns on fertilizer inputs can be realized through enhanced crop 

NUE, significant yield gains, and reduced N losses (Trenkel 2010; Harold et al. 2015; Fertilizer 

Canada 2016; Snyder 2017). These principles may appear simple and straightforward yet putting 

the 4R BMPs into practice at the farm-level can be challenging. The selection of suitable 4R 

BMPs requires knowledge of the local soil and climatic conditions, type of crops, business-as-

usual farming practices, and socio-economic contexts (IFA 2009; Johnston and Bruulsema 2014; 

Fertilizer Canada 2016). Moreover, effective on-farm implementation of 4R BMPs requires an 

equal emphasis on each principle, as over-emphasizing one component while overlooking the 

others will affect the overall performance of 4R-implemented farming systems (Fertilizer Canada 

2021b).  

According to 4R guidelines, the selection of appropriate N source is governed by both 

plant needs and field conditions (Harold et al. 2015; Fertilizer Canada 2021b). Accordingly, the 

selected EENF must be suited to soil physical and chemical properties and present in a plant-

available form at the critical growth stages throughout the growing season. Other considerations 

when choosing the right type of EENFs include the susceptibility of N source to nutrient loss, 

possible nutrient interactions in soil, local climatic conditions, available application equipment, 

and economics (IFA 2009; Mikkelsen 2011; Harold et al. 2015). The addition of an urease 

inhibitor to conventional N fertilizer is often used in alkaline soils as a mitigation strategy for 
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NH3 volatilization (Trenkel 2010; Harold et al. 2015), yet this is at the cost of pollution swapping 

where N2O emissions were about 30% higher compared to the untreated fertilizer (Drury et al. 

2017). Treatment of  conventional N fertilizer with both urease and nitrification inhibitors not 

only reduced volatilization losses without inducing N2O emissions but also increased corn yield 

by 5-7% compared to the untreated N (Drury et al. 2017). 

With the Right rate component, the meaningful yield goal is to balance between fertilizer 

input and crop N removal as yield. This can be achieved by assessing crop N demand for the 

target yield, accounting for the inherent soil fertility via soil testing, other on-site available N 

sources (including crop residues, soil organic N mineralization, and biological N fixation), and 

monitoring the in-season plant nutrient status (IFA 2009; Harold et al. 2015). Synchronizing the 

soil N availability with crop N demand over the growing season and recognizing the potential 

on-site N loss mechanisms are critical for determining the Right time for N application.  

In the Canadian prairies, fall fertilizer application for a spring-seeded crop is a common 

N management practice for large-scale crop production as this practice provides crop growers 

with advantages in terms of time management, equipment utilization, and fertilizer pricing. 

However, fall N application remains highly controversial as it often increases N2O emissions 

during the subsequent spring thaw. Many researchers have reported significant N2O fluxes 

associated with freeze thaw cycles from fall N-application, regardless of crop type or fertilizer 

and agronomic management strategies (Wagner-Riddle and Thurtell 1998; Hao et al. 2001; 

Parkin and Hatfield 2010; Soon et al. 2011; Tenuta et al. 2016; Thilakarathna et al. 2020). In the 

study of Thilakarathna et al. (2020), annual cumulative N2O emissions from fall N-applied were 

double and four times larger than those from spring N-applied and an untreated control soil, 

respectively. The large emission gap between the fall N and spring N applications was due to the 

thaw-induced emissions during the early spring which accounted for 75  3% of the annual 

cumulative N2O emissions from the fall N application (Thilakarathna et al. 2020). Integrating the 

4R BMPs into the conventional management plan of fall N application is necessary to minimize 

the spring thaw environmental N losses, protect crop N availability, and secure fertilizer 

investments. The use of EENF products for fall N application presents an opportunity to improve 

environmental outcomes in cropping systems, including reducing freeze-thaw induced N2O 

emissions (Parkin and Hatfield 2010) and increasing soil N availability during the growing 

season (Malhi and Nyborg 1988; Parkin and Hatfield 2010; Degenhardt et al. 2016). In addition, 
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the application of fall EENFs should follow a fall soil-test recommendation, take place in the late 

fall when the top 10 cm of the soil surface has fallen below 10C, and should be applied via in-

soil placements or broadcast with incorporation (Government of Saskatchewan 1995; Manitoba 

Agricultural Food and Rural Development 2007; Trenkel 2010).  

How and where fertilizer is applied will also limit potential N2O losses from soils due to 

increased nutrient availability and accessibility to plant roots. Banding is the 4R-recommended 

application method for granular fertilizer due to its capacity to reduce N losses and promote N 

availability and accessibility to plant roots. Thilakarathna et al. (2020) observed a reduction in 

emissions of 26% and an increase in crop yield of 11% when combining mid-late spring banding 

with EENFs relative to that with untreated granular urea and anhydrous ammonia. For corn 

production in Ontario, injection is the standard method for conventional liquid N application 

which limits the N losses via NH3 volatilization down to 0.4-2.3% of applied N (Banger et al. 

2020). However, this application method increases soil NO3
- concentration leading to an increase 

in N2O emissions as a result of pollution swapping (Banger et al. 2020; Woodley et al. 2020). 

This issue can be addressed by adding nitrification and urease inhibitors to the conventional 

liquid fertilizers for soil injection where both N2O emissions and NH3 volatilization can be 

addressed while maintaining crop productivity (Drury et al. 2017; Banger et al. 2020; Machado 

et al. 2020; Woodley et al. 2020). According to Banger et al. (2020), the use of enzyme inhibitors 

in conjunction with improved N placement and timing (e.g., injecting N fertilizer at planting and 

side-dress) allows for the reduction of N inputs by 23-32% from the business-as-usual N rate. 

This new suite of 4R BMPs was not only beneficial to the environment as it can limit the annual 

nitrate leaching to less than 10 kg N ha-1 and reduce N2O emissions by as much as 42-57%, but 

also improve corn yield by 3-4% in most corn-growing regions across Ontario (Banger et al. 

2020). In a situation where in-soil placement is not practical, surface application followed by 

incorporation of enzyme inhibitor-treated N can mitigate N2O emissions by 22-44% as compared 

to when untreated N fertilizer is applied via the same method (Machado et al. 2020).  

 

2.5.4 The adoption of EENFs for dryland canola production in Canadian prairies 

With the potential benefits of EENF to deliver environmental and economic benefits 

through enhancing crop NUE and yield, the widespread adoption of stabilized fertilizers over 

conventional N is anticipated (Trenkel 2010; Halvorson et al. 2014; Snyder 2017). However, the 
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use of these advanced N products for canola production remains limited. A fertilizer use survey 

in Western Canada in 2020 found that while up to 80% of total cropland area for canola 

production was fertilized with the conventional urea and anhydrous ammonia, only 5.4% of that 

was treated with SuperU (the urease and nitrification stabilized urea; data regarding other types 

of stabilized N is unavailable) (Fertilizer Canada 2021a). The large price gap between EENF and 

conventional N fertilizer is a major obstacle to the adoption of EENF (Thapa et al. 2016; 

Verburg et al. 2022). Though the prices for EENF are locally and seasonally variable (Trenkel 

2010), opting for N fertilizer with enzyme inhibitors increases the investment for on-farm 

fertilizer inputs by an average of 30% to 40% relative to the standard N sources (Lammel 2005; 

Trenkel 2010). A large body of studies evaluated and reviewed the efficacy of EENFs as part of 

4R BMPs on different cropping systems (Randall et al. 2003; Randall and Vetsch 2005; 

Akiyama et al. 2010; Gagnon et al. 2012; Abalos et al. 2014; Halvorson et al. 2014; Hatfield and 

Parkin 2014; Thapa et al. 2016; Gao et al. 2018; Graham et al. 2018; Thilakarathna et al. 2020; 

De Laporte et al. 2021; Verburg et al. 2022). While most studies evaluated the agronomic and 

environmental outcomes, only the studies of Randall et al. (2003), Randall and Vetsch (2005), 

and De Laporte et al. (2021) considered the financial implications where the use of EENFs in 

corn production in Minnesota, US, and Ontario, Canada, provided positive economic returns 

when coupled with other BMPs. Such scientific evidence can be useful for corn growers in 

Eastern Canada but may not necessarily appear convincing to canola growers in Western Canada 

for the practice to change.  

As previously mentioned in section 2.4.2, the optimal yield potential and economic return 

of EENFs may require changes in the business-as-usual N management practice such as 

modifying the N rate, application timing, and placement method (Venterea et al. 2016; Banger et 

al. 2020). The transition to advanced 4R nutrient management is associated with large initial 

adoption costs that requires investments in human capital, farm infrastructure and machinery 

(Fertilizer Canada 2018). The financial burdens of nutrient management changes, especially in 

initial transition periods, are recognized, but the assessment for these costs is far from 

straightforward which affects grower decision making. Therefore, the practical economic 

analyses on the monetary costs required to make a transition and the economic outcomes from 

the holistic 4R BMPs in canola production is much needed to assist canola growers in decision-
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making and potentially promote the uptake of 4R Nutrient Stewardship and the adoption of 

EENF technology.  
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3. ENHANCED EFFICIENCY NITROGEN FERTILIZER AND ITS IMPACTS ON 

NITROUS OXIDE EMISSIONS AND CANOLA PRODUCTIVITY 

3.1 Abstract 

The high N input requirement of canola production presents a high risk for nitrous oxide 

(N2O) emissions, especially when fertilizer is applied in the fall for a spring-seeded crop. This 

study aimed to find practical N management approaches enabling the mitigation of N2O 

emissions without affecting yield. Specifically, enhanced efficiency N fertilizer (EENF) products 

were compared to conventional urea at the soil-test and reduced N rates to assess their impact on 

agronomic performance and environmental outcomes for dryland canola production over a two-

year period in Saskatoon on a Dark Brown Chernozem. Overall, the surface application of 

EENFs to fertile soil did not result in yield or seed N differences. A severe drought in 2021 

affected crop performance and restricted crop response to EENFs. Applying N in the fall or at 

the reduced rate improve crop NUE in drought conditions in 2021; however, it did not translate 

into a crop yield increase. Soil inorganic N was sensitive to changes in N management although 

responses to different N treatments were inconsistent throughout the growing season in both 

2020 and 2021. Cumulative N2O emissions were low during the 2020 and 2021 growing seasons 

due to dry conditions. Fall N application produced greater N2O during the spring thaw and 

annually compared to spring N application in Year 1, while annual and thaw-induced emissions 

were higher with the spring N than fall N application in Year 2. High yield-scaled N2O emissions 

were observed in both years of this study. The use of EENFs and N rate adjustment had no 

significant effect on cumulative N2O or yield-scaled N2O emissions. Economic gains from 

EENFs were impossible in 2020 and 2021 due to the challenging growing conditions. Results 

suggested that EENFs may not always produce yield improvement and adopting EENF for fall 

application is not a practical solution for N2O mitigation in a dryland cropping system, especially 

in the dry years. From the agronomic and environmental standpoint, fall application should be 

discouraged in the Canadian prairies.  
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3.2 Introduction 

Optimizing N fertility management is a major agronomic challenge, especially for crops 

with high N demand such as canola. While advancements in plant breeding have improved the 

NUE of new canola cultivars, particularly the hybrids (Williams et al. 2021; Liyanage et al. 

2022), the yield response in canola to N fertilization is still low due to the overall poor N 

utilization by the plant (Koocheki et al. 2014; Liyanage et al. 2022). Compared to other field 

crops, canola requires considerably larger amounts of N fertilizer for optimal yield (Koocheki et 

al. 2014; Liyanage et al. 2022). The excessive use of N fertilizer with low crop NUE raise 

negative concerns for N pollution in canola cropping systems (MacWilliam et al. 2016; Williams 

et al. 2021), especially with regard to this powerful greenhouse gas N2O (Walter et al. 2015; 

Lemke et al. 2018; Chai et al. 2020). In addition to high N inputs, fall fertilization increases soil 

N availability and together with the rapid increase in temperature and soil moisture that occurs 

during the spring thaw, the production of N2O emissions is magnified resulting in large bursts of 

thaw-induced N2O emissions. To be agronomically and environmentally sustainable, it is 

important to regulate N fertilization in the way that meets both agronomic and environmental 

goals of canola production. 

The use of EENF products in place of the conventional N fertilizer is one way of 

achieving these production goals. With an urease inhibitor and/or a nitrification inhibitor––

chemical compounds that reduce the rate of urea hydrolysis and/or nitrification, respectively, 

when applied in soils, EENFs are less prone to volatilization, leaching, and gaseous loss 

compared to the conventional N fertilizer (Trenkel 2010; Abalos et al. 2014). A reduction in N 

loss not only improves the environmental performance of a cropping system but also enhances 

crop NUE that can potentially translate into higher crop yields (Trenkel 2010; Halvorson et al. 

2014; Snyder 2017). Due to their inhibiting properties, EENFs are promoted as practical 

alternatives to the conventional N fertilizers for fall application thereby providing producers with 

an advantage in terms of time management while reducing spring thaw N2O emissions and 

maintaining crop yields (Trenkel 2010). Nitrogen rate adjustment is also feasible with the use of 

EENFs (Trenkel 2010; Banger et al. 2020). As the efficacy of EENFs can be further increased 

when used as a part of fertilizer BMPs under 4R Nutrient Stewardship (Right Source @ Right 

Rate, Right Time, Right Place ), this study seeks to determine a holistic N management 
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approach that optimizes the use of EENFs to best balance agronomic outcomes and N2O 

emissions in a dryland canola cropping system. 

 

3.3  Experimental design and methods 

3.3.1 Research site characteristics  

To evaluate the agronomic performance and N2O emissions associated with different 

fertilizer sources for dryland canola production, a two-year field trial was conducted. The first 

year started in fall 2019 and carried through to spring thaw in 2021 (Year 1). The trial was 

repeated on an adjacent site for a second year, starting in the fall 2020 and continuing through 

spring thaw 2022 (Year 2). Hence, the growing seasons of Year 1 and Year 2 were in 2020 and 

2021, respectively. 

The study site of both Year 1 and Year 2 was at the University of Saskatchewan North 

Management Area (52°09'17.7"N 106°36'44.9"W for Year 1; and 52°09'21.1"N 106°36'45.2"W 

for Year 2) in Saskatoon, SK. Soils at the site are classified as Dark Brown Chernozems of the 

Asquith association. The sites have sandy loam texture with the soil organic matter ranging from 

4.0-4.5%, soil bulk density of 1.49 g cm-3, a high pH of ~8, cation exchange of 15.8-28.5 meq 

100 g-1, and soil mineral N of 16-17.8 g g-1 (equivalent to 36-40 kg N ha-1) (Table 3.1).  
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Table 3.1. Soil physical and chemical characteristics of Asquith soils at 0-15 cm depth. 

 Year 1 Year 2 

Previous crop  Barley   Barley   

Texture class  Sandy loam  Sandy loam  

Organic matter (%)  4.0 4.5 

Bulk density (g cm-3) 1.49 1.49 

Equilibrium soil water (θg)  0.40 0.40 

pH  8.2 7.5 

CEC (meq 100 g-1) 28.5  15.8  

Soil mineral N (g g-1)  16 17.8 

Phosphorous (g g-1)  100 87.5 

Potassium (g g-1)  270 375 

Sulfur (g g-1)  8  4.3 

Magnesium (g g-1)  280  372.5 

Calcium (g g-1)  5100  2325  

 

3.3.2 Experimental design and field management 

Year 1 had 13 treatments whereas Year 2 had 14 treatments (the only difference being 

that an additional control treatment was included in Year 2). Individual plots were 310 m and 

arranged in a randomized complete block design, replicated four times. Treatments compared 

three N products, two N rates, and two application timings. Specifically, two types of EENF 

products (SuperU® and eNtrench) and a conventional granular Urea (46-0-0) were broadcast by 

hand at the soil-test recommended N rate (obtained from a fall soil test when the field trial was 

established) and a reduced rate (based on recommendations for the particular EENF products––

reduction by 30% of the soil-test rate). The fertilization of fall N treatments took place in late fall 

of the year before the canola was seeded (Oct 30, 2019, and Oct 16, 2020), when soil 

temperatures (0-10 cm) had fallen below 7C for five consecutive days. Spring N treatments 

were applied at planting on May 28, 2020 and May 27, 2021. The Year 1 trial had one non-

fertilized control per replicate. For the Year 2 trial, an extra non-fertilized control was added into 

each replicate (for the total of two non-fertilized controls per replicate) one of which served as 
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the check for the fall N treatments (control-fall) and the other was the check for the spring N 

treatments (control-spring).  

In Year 1, the fertilizer was incorporated into the soil surface (10 cm) immediately after 

surface application, and the non-fertilized control plots were tilled (10 cm) before the spring 

fertilizer application took place. Modification of the fertilizer application method was necessary 

for Year 2 trial to enhance the uniformity of fertilizer application via broadcast. As such, the soil 

was tilled (10 cm) following fertilizer application in the fall of 2020 for fall N and control-fall 

treatments and in the spring of 2021 for spring N and control-spring treatments. This was done to 

improve the spatial homogeneity of the fertilizer across the plots; nonetheless, the level of soil 

disturbance remained similar in both years. To enhance spatial homogeneity of the fertilizer 

within each plot, the plot was divided up into ten 3 m2 sections, and the exact amount of fertilizer 

needed for each section was applied to the surface.  

To obtain the soil-test rate at target yields, soil samples from the 0-15, 15-30, and 30-60 

cm depth were collected and submitted for soil testing in the fall of 2019 and 2020 (2019: 

Farmers Edge Winnipeg, MB; 2020: AgVise North Dakota, USA). The soil test results indicated 

that soil N levels in the surface soil (0-15cm) were 36 kg N ha-1 and 40 kg N ha-1 for Year 1 and 

Year 2 sites, respectively. Based on the soil N levels resulted from the soil test and a target 

canola yield of 30 bu ac-1 (1.68 Mg ha-1), the soil-test rate and reduced rate for Year 1 were 50 kg 

N ha-1 and 35 kg N ha-1, equivalent to 108.7 kg urea or SuperU ha-1 and 76.1 kg urea or 

SuperU ha-1, respectively. The N rates for a target yield of 40 bu ac-1 (2.24 Mg ha-1) for Year 2 

were 99 kg N ha-1 and 69 kg N ha-1, equivalent to 214.4 kg urea or SuperU ha-1 and 150.1 kg 

urea or SuperU ha-1 for soil-test and reduced rates, respectively. For eNtrench treatments, 2.7 

L ha-1 of eNtrench was manually impregnated onto urea at soil-test and reduced rates, for both 

years. 

All plots were seeded with hybrid canola Helix Vibrance 6074 RR (Brett Young; 

Winnipeg, MB) on May 28, 2020, and with hybrid canola InVigor L345PC (BASF; Mississauga, 

ON) on May 27, 2021. For both growing seasons, the desired plant density was 150 plants m-2 

with a between-row spacing of 25 cm. Ten days after seeding, the seedlings from a plant row 

within the gas chamber (28 cm) were removed, and the same number of seeds within a 28 cm 
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plant row (22-24 seeds) were reseeded at the same seeding depth along the east side of the gas 

chamber to replace the removed seedlings.  

In Year 1, a seeder malfunction resulted in an uneven plant spacing and a plant stand 

count 3 to 7-fold greater than the target. To address this problem, the rows in the center of each 

plot (12.5 m2) were manually thinned, aiming for the desired plant density. The thinning activity 

took place from June 18-25, 2020. After thinning, the average number of plants per linear meter 

were obtained from two random 1-m length rows within the thinned rows.  

To control weeds, the alleyways between plots and between replicates were seeded with 

canola for both years. Weeds were sucessfully managed without the use of herbicide during the 

growing season in 2020. In 2021, the site was sprayed with Liberty Herbicide (BASF; 

Mississauga, ON) on June 22, 2021 at the recommended application rate of 3.33 L ha-1.   

The field was scouted three times weekly for disease, pest, and wildlife damage. Prior to 

the flowering stage in both years, minor cotyledon and young foliage damage (less than 1%) due 

to flea beetles were detected and monitored. There was no sign of animal grazing nor of disease 

during this period. Later in the growing season in 2020 of Year 1, deer damage coincided with 

the onset of anthesis. The intensity of deer damage was visually inspected and evaluated by 

estimating the degree of inflorescence loss and the location of damaged areas within each plot. 

Many management strategies were used to exclude deer from the site including using a 

scarecrow, decoy coyote, AM/FM radio, and electric fencing. Among all methods, fencing and 

the scarecrow were the most effective methods to keep deer at bay. In Year 2, an electric fence 

was installed right after the seeding and provided effective wildlife damage prevention. 

During the last ten days of the 2020 growing season, grasshoppers were observed in the 

adjacent area where barley was cultivated. The frequency of field scouting was therefore 

increased to near daily scouts, as the crop approached harvest. The crop was terminated with 

desiccant prior to harvest to prevent yield losses due to grasshopper infestations. 

During the 2021 growing season, dry conditions with limited rainfall and frequent 

extreme heat events severly affected crop growth and yield production. The crop showed the first 

signs of water stress on the second week of June where leaves were wilted and gradually curled, 

turning yellow, and dropping in the following weeks. The canola entered the reproductive stage 
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at the end of June with short flower racemes. Drought conditions continued until harvest in 

August resulting in more than 50% of the experimental plots experiencing crop loss. Missing 

pods were common on the raceme at harvest. Most of pods borne on the water-stressed plants 

were blank or had few seeds with very light weight. Late season precipitation in September after 

harvest caused regrowth of the harvested plants – with new shoots developing from their root 

system.  

3.3.3 Weather data collection 

Weather data including daily temperature, daily precipitation, monthly temperature, 

monthly precipitation, and monthly soil moistures were obtained over the course of the study 

from the Saskatoon Climate Reference station operated by the Saskatchewan Research Council 

at the University of Saskatchewan North Management Area. These data were used for graphical 

presentation and the discussion section in this chapter. 

 

3.4 Plant sampling and measurement 

3.4.1 Plant biomass sampling 

   Aboveground plant biomass samples were collected at the soil surface from the center of 

each plot in two 1-m linear rows on August 19, 2020, and August 19, 2021. The sampling for 

Year 1 was from the areas that were thinned and deer feeding damage was least noticeable; in 

Year 2, sampling was more straightforward as the plots were more uniform and samples were 

collected from representative areas.  

In Year 2, seeds from two 1-m linear plant rows were insufficient for the plant tissue %C 

and %N analysis. Thus, larger samples of plant biomass were required, and the second biomass 

sampling event took place on August 26, 2021. Within each plot, the total area that was sampled 

for plant biomass was 3 m2. Late-season rain from mid-end August to early October in 2021 

caused the canola that had been collected for plant biomass to regrow from the roots. Thus, the 

regrowth portions of canola plants were collected from the same 3 m2 harvest area of each plot 

on October 21, 2021. No additional yield was obtained from the third plant biomass collection.  

 The plant biomass was separated into residue and pods. Fresh and dry weights of the 

residue and pod samples were recorded before and after being dried in an oven at 60C to 
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constant weight. Dried canola pod samples were manually threshed, and chaffs were cleaned 

using a column seed blower. Plant residue samples were passed through a Wiley mill with a 1 

mm mesh sieve. Seed samples were finely ground using a coffee grinder. The Wiley mill and the 

coffee grinder were cleaned with compressed air in between samples. Ground plant materials 

were stored in 8.50-dram polypropylene clear snap cap vials for plant tissue %C and %N 

analysis.  

 

3.4.2 Plot-level yield harvest 

Shortly after the plant biomass collection in Year 1, all plots were sprayed with Reglone 

desiccant (Syngenta; Guelph, ON) on August 19, 2020 and combined from the 12.5 m2 center 

rows for plot-level yield on August 24, 2020. The remaining crop was mowed, and crop residue 

left on the field. In Year 2, due to the lightweight and undersized seeds, a plot-level harvest was 

impossible.  

 

3.4.3 Plant tissue %C and %N analysis 

The C and N contents in plant tissue were determined using a LECO CN628 elemental 

analyzer (LECO corporation, Michigan, USA). Sample preparation was done by sealing 0.105  

0.0005 g of dried ground residue and yield derived from plant biomass samples in tin foil 

capsules. The sealed samples were then transferred in the sample carousel to undergo complete 

combustion and analysis for %C and %N. 

 

3.4.4 Crop nitrogen use efficiency measurements 

Nitrogen use efficiency (NUE) indices were calculated using dry weights of the plant 

residues and seed yield for both growing seasons. The N contents in aboveground plant residue  

and yield were determined by multiplying %N content of each plant component with its dry 

weight. The fertilizer-based NUE indices that are relevant to this study were calculated as 

follows (Eq. 1-3): 
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i. Partial-factor productivity (PFP; kg grain kg-1 N) is calculated in the units of crop 

yield per unit of fertilizer N inputs: 

𝑃𝐹𝑃 =
𝑌𝑖𝑒𝑙𝑑𝑓

𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁
   

(1) 

 

ii. N balance intensity (NBI; kg N ha-1) is quantified as: 

𝑁𝐵𝐼 = 𝑌𝑖𝑒𝑙𝑑 𝑁 −  𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁     (2) 

 

iii. Partial N balance (PNB; kg plant N kg-1 N) is calculated by taking the ratio of the 

concentration of N in plant tissues and seed to the fertilizer N applied. 

𝑃𝑁𝐵 =
𝑃𝑙𝑎𝑛𝑡 𝑁𝑓

𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁
    

(3) 

where Yieldf (kg grain ha-1) denotes yield with applied fertilizer; Yield N (kg N ha-1) specifies 

the amount of N in the economic portion of plants; Plant Nf (kg plant N ha-1) denotes the amount 

of N in a fertilized plant; and Fertilizer N (kg N ha-1) indicates the amount of inorganic N 

contained in the applied fertilizer.  

 

3.5 Soil sampling and analyses 

3.5.1 In-season soil inorganic N supply assessment  

Plant root stimulator (PRSTM)  probes (Western Ag Innovations; Saskatoon, SK) were 

used to monitor soil inorganic N (NO3
- and NH4

+) availability during the growing season for both 

years. For each plot, three pairs of anion and cation PRS probes were vertically inserted and 

tightly packed into 14 cm deep soil slots to ensure good soil-to-membrane contact. The probes 

were installed between two plant rows at a distance of 0.6 m from the west side of the plot. The 

first and third pairs of probes were spaced 2.5 m apart from the north and south sides of the plot. 

The second pair of probes were installed in the middle of the plot with the distance of 2.5 m from 

the first and third pairs. Within each pair, the distance between the anion and cation probes was 

15 cm.  
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Throughout the growing season, burial of the probes took place after seeding (the first 

and second week after seeding; May 29-June 12, 2020, and May 28-June 11, 2021), at the 

vegetative stage (the third and fourth week after seeding; June 12 - 26, 2020, and June 11-25, 

2021), at the flowering stage (the first and second week since the first flower opened July 16-30, 

2020, and July 12-26, 2021), and at harvest (two week before harvest; August 12-24, 2020, and 

August 4-18, 2021). The duration of most burials was 14 days, except for the last burial in 2020. 

The early retrieval of probes at the last burial was accommodate the harvest.  

Four days into the burial at the flowering stage during the growing season in 2021, bird 

damage to the membrane of the probes was found. Thus, the handles of the remaining probes 

from the third burial and all probes from the fourth burial were camouflaged with black duct tape 

to prevent further damage. Upon retrieval, three pairs of probes from each plot were removed 

from the field and stored in a Ziploc bag (17.7 cm x 20.3 cm) for transport to the lab. Probes 

from each plot were cleaned separately with de-ionized water to wash off soil and plant debris 

adhering to the plastic casing and the membrane surface. Excess water on the washed probes was 

removed before placing them in a clean Ziploc bag. The samples were stored in a cool (4C), 

moist, and dark environment before submitting to Western Ag Innovations (Saskatoon, SK) for 

analysis. 

 

3.5.2 Soil bulk density assessment  

 Soil bulk density was assessed at the end of the growing season in 2021. At each site, 

three soil cores were sampled from the 0-15 cm and 15-30 cm depths for soil bulk density using 

the core method (Hao et al. 2008). Briefly, soil cores were obtained using the bulk density soil 

sampling instrument, that is a 5 cm bulk density cap lined with a bulk density 5  5 cm (ht  i.d.) 

stainless steel liner attached to a compact side hammer (AMS, Idaho, USA). The ends of each 

soil core were trimmed flush with the surfaces of the liner, and the content of the soil core was 

extracted. The extracted soil core was then weighed for fresh weight and oven dried at 105C to 

a constant dry weight. The soil bulk density estimates for each site were determined by averaging 

the soil bulk density of three soil core at 0-15 cm and 15-30 cm. The bulk density of individual 

soil cores was calculated as follows (Eq. 4): 
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𝐷𝑏 =
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑖𝑙 𝑐𝑜𝑟𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑖𝑙 𝑐𝑜𝑟𝑒
 

(4) 

where Db denotes soil bulk density (g cm-3), dry weight of the soil core is expressed as (g), 

volume of the soil core is expressed as (cm3). 

 

3.6. Soil-derived N2O emissions sampling and analysis 

3.6.1 Nitrous oxide gas sampling and analysis  

At the spring thaw, throughout the growing season and into late fall, gas samples at the 

soil:atmosphere interface were collected for GHG analysis. One standard manually-sampled, 

non-steady state, vented chamber (chamber base: 33.5  30.0  3.8 cm; l  w  ht) (chamber lid: 

32.4  26.4  10.2 cm; l  w  ht with headspace volume of the gas chamber of 6.82 10-3 m3 or 

6.82 L) was installed at the south-east corner of each plot. The soil surface within the chamber 

bases (0.0625 m2) was levelled to ensure that all gas chambers had equal exposed soil surface 

area and chamber headspace volume. Soil derived GHG fluxes of N2O, CO2, and CH4 were 

determined from samples collected from the chamber headspace 14-min (T14) after the chamber 

was sealed in place. Ambient air samples were collected (four samples per block) for the time-

zero measurement (T0). The gas samples were collected using a 20 mL syringe fitted with a 22-

guage needle, injected into pre-evacuated 12 mL Exertainer® vials (Labco limited, Lampeter, 

UK) to analyze for N2O, CO2, CH4 and O2 concentrations using standard gas chromatography 

techniques (Bruker 450 GC, Bruker Biosciences, Massachusetts, USA) in the Prairie 

Environmental Agronomy Research Laboratory in the Department of Soil Science at the 

University of Saskatchewan.  

Gas samples were collected between mid-morning to mid-afternoon (9:00 am to 2:00 pm) 

at each sampling event. The sampling frequency was determined based on the seasonality and 

day-to-day variations of fluxes. In addition, an automated FTIR system consisting of a Fourier 

Transform Infrared (FTIR) gas analyzer (Model DX-4015, Gasmet Technologies Oy, Vantaa, 

Finland), a multiplexer (LI-8150, LI-COR Biosciences, Nebraska, USA), and a series of 

automated flux measurement chambers (LI-8100, LI-COR Biosciences, Nebraska, USA) were 

employed to monitor real-time fluxes, and gas sampling frequencies were adjusted accordingly. 

During periods when emission potentials were high (e.g., during the spring thaw and an early 
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growing season after fertilizing/seeding operations), the highest sampling frequency was at least 

four times weekly. Sampling frequency was decreased to once or twice weekly as the growing 

season progressed and emission intensity decreased. After harvest until the soil froze in the fall, 

fluxes were measured once per week to every two weeks depending on the levels of 

precipitation. Gas fluxes were measured within 24-h after any significant precipitation event (>6 

mm) during the sampling season. The duration of a complete gas sampling cycle for fall N and 

spring N treatments was one year from the time that the treatments were established in the field. 

As such, gas sampling of fall N treatments began in the late fall after the fall N application if the 

soil temperature raised above 7°C and ended in the late fall of the following year. When soil 

temperatures stayed below 7°C after the fall fertilization, gas sampling of fall N treatments 

started in the following spring thaw. Spring N treatments were sampled for emissions soon after 

the fertilization/seeding operation in the spring and continued until the late spring of the 

following year. In Year 1, there was only one control serving as a treatment check for both fall N 

and spring N. Gas measurement of the control treatment started at the same time as the fall N 

treatments and ended simultaneously with the spring N treatments. In Year 2, the control-fall and 

control-spring treatments had the same sampling cycle as its corresponding fertilized treatments. 

In Year 1, gas sampling did not occur following the fall N application on October 30, 

2019 as temperatures remained consistently low until the spring thaw in 2020. Thus, gas samples 

of fall N treatments were collected 44 times from March 29 to October 18, 2020. Spring N 

treatments were sampled for emissions 47 times starting from May 29 to November 02, 2020 and 

resuming at the following spring thaw on March 15 to May 25, 2021. The control plots were 

sampled 67 times from March 29 to November 02, 2020 and continued from March 15-May 25, 

2021. 

In Year 2, fall N and control-fall treatments were sampled 51 times during October 27 to 

November 04, 2020 and March 15 to October 29, 2021. Spring N and control-spring treatments 

were sampled 26 times during May 28 to October 29, 2021 and March 22 to April 25, 2022. 

 

3.6.2 Daily N2O fluxes calculations 

Initial N2O fluxes from ambient air samples were averaged for mean N2O concentration 

at T0 (C0) and screened for outliers using the coefficient of variation (CV) as a guide. C0 values 
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with the CV exceeding 1% were adjusted so that the CV values remained less than 1%. Daily 

N2O fluxes (g N ha-1) were calculated using (Machado et al. 2021) (Eq. 5): 

𝐹𝑁 = (
𝐶14 − 𝐶0

𝑇14 − 𝑇0
) (

𝑉

𝐴
) 

(5) 

where FN is the daily N2O flux (µg N m-2 min-1), C14 and C0 are N2O concentrations (µL L-1) 

measured at T14 (i.e., 14-min after the chamber was sealed) and at T0 (ambient air), respectively; 

V is the volume of the chamber headspace (6.82 L); A is the soil surface within the chamber base 

(0.0625 m2). The FN in µg N m-2 min-1 was then converted to g N ha-1 d-1. 

 

3.6.3 Cumulative N2O calculations 

Cumulative N2O emissions [CN= total N2O (g N ha-1)] were calculated using an area-

under-the-curve analysis involving trapezoidal integration of the daily fluxes over the specific 

evaluation periods (Machado et al. 2021). There were three critical periods of cumulative N2O 

emissions including (i) at the spring thaw, (ii) during growing season, and (iii) annual.  

Cumulative N2O emissions during the spring thaw were calculated by summing the 

fluxes from the spring thaw to the beginning of the growing season. Specifically, in Year 1, 

cumulative N2O emissions during the spring thaw periods for the fall N and spring N treatments 

included fluxes from March 29 to May 28, 2020 and March 15 to May 25, 2021, respectively. 

The sum of fluxes of control treatments in Year 1 from March 29 to May 28, 2020 and from 

March 15 to May 25, 2021 were calculated for cumulative N2O emissions during the spring thaw 

periods of control-fall (fall N treatment checks) and control-spring (spring N treatment checks), 

respectively. In Year 2, cumulative N2O emissions during the spring thaw of fall N and control-

fall treatments included fluxes from March 15 to May 25, 2021, and that of spring N and control-

N treatments were obtained from the sum of fluxes from March 22 to April 25, 2022. 

Cumulative N2O emissions during the growing season of all fertilized and control 

treatments were the sum of fluxes from the beginning of the growing season (fertilization of 

spring N treatments/seeding operation) to when the soil froze (Year 1: May 29 to October 18, 

2020; Year 2: May 28 to October 29, 2021).  



 

  39 

Cumulative annual N2O emissions were obtained by summing fluxes during the spring 

thaw, the growing season, and the late fall. Specifically, the cumulative annual N2O emissions of 

fall N and spring N treatments in Year 1 were estimated from March 29 to October 18, 2020 and 

May 29, 2020 to May 25, 2021, respectively. That of the control-fall and control-spring in Year 1 

were estimated from fluxes of the control treatments at the same periods from which the 

cumulative annual emissions of fall N and spring N treatments were calculated. In Year 2, fluxes 

from October 27, 2020 to October 29, 2021 were summed into the cumulative annual N2O 

emissions of fall N and control-fall treatments. Cumulative annual N2O emissions of spring N 

and control spring in Year 2 included fluxes from May 28, 2021 to April 25, 2022. 

 

3.6.4 Yield-scaled N2O emissions calculations 

Yield-scaled N2O emissions (YSE) were determined from cumulative area-scaled N2O 

emissions and seed yields using the equation of (Venterea et al. 2011) (Eq. 6): 

YSE = (
CN

Y
) 

(6) 

where YSE denotes yield-scaled N2O emissions (kg N Mg-1), CN is cumulative annual N2O 

emissions (kg N ha-1), and Y is seed yield (Mg ha-1). 

 

3.7 Percentage yield increase for the justification of premium EENF products  

The percentage of yield increase required to justify the use of each EENF product 

including SuperU and eNtrench at a given yield and price of canola per hectare in 2020 and 

2021 was determined as follows (Eq. 7):  

Yield increase (%) =
(

𝑆𝐶𝐸𝐸𝑁𝐹 
𝑃𝑐 )

 Yields
 × 100% 

(7) 

where, i) SCEENF denotes the supplemental average cost of EENF ($ ha-1) compared to urea at the 

provincial recommended N rate (average recommended N rate for Black, Dark Brown, and 

Brown soil zone across Saskatchewan) and the reduction rate (30% reduction from the provincial 

rate) was calculated as (Eq. 8): 
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𝑆𝐶𝐸𝐸𝑁𝐹 =  𝑀𝑃𝐷𝐸𝐸𝑁𝐹 ×  𝑁 𝑟𝑎𝑡𝑒 (8) 

where, MPDEENF denotes marginal price difference between SuperU and urea ranged from 

$0.12 to $0.17 kg-1 (data provided by Derek Wilfing from KOCH Fertilizer Canada, ULC) and 

for eNtrench was $ 22.98 ha-1. The required SuperU inputs at the provincial recommended 

rate and the reduced rate were 262 kg ha-1 and 183 kg ha-1 in 2020, and  268 kg ha-1 and 188 kg 

ha-1 in 2021, respectively (Saskatchewan Ministry of Agriculture 2020, 2021) . For eNtrench, 

urea inputs were at the same rate as those for SuperU.  

 ii) Pc denotes the canola selling price ($ tonne-1) which was $463 tonne-1 and $661 tonne-1 

in September 2020 and 2021 in Saskatchewan (Statistics Canada 2022b). The price fluctuations 

at 5% and 10% from the September selling price of each year were also taken into 

consideration.  

iii) Yields (tonne ha-1) were based on Saskatchewan average yields of 2.23 tonne ha-1 in 

2020 and 1.23 tonne ha-1 in 2021, and the deviation from the provincial yield at  5% and  10%  

(Statistics Canada 2020, 2021).  

 

3.8 Statistical analysis 

Statistical analyses were done using SAS OnDemand for Academics (SAS Institute Inc., 

North Carolina, USA). Seed yields, seed N, NUE, cumulative N2O emissions, yield-scaled N2O 

emissions, and soil inorganic N were tested for the assumptions of the analysis of variance 

(ANOVA) (i.e., the normal distribution) using PROC UNIVARIATE with Shapiro-Wilk test 

(Shapiro and Wilk 1965) and the homogeneity of variances using the Levene’s test (Levene 

1960).  

Dependent variables of seed yields, seed N, NUE, cumulative N2O emissions during the 

growing season, and soil inorganic N that satisfy the assumptions of ANOVA were then 

subjected to the three-way ANOVA at =0.05 via PROC MIXED, where the fixed effects were 

fertilizer source, rate, and application timing, and the random effect was replicates. For 

cumulative N2O emissions during the spring thaw and cumulative annual N2O emissions, the 

data were analyzed for each application timing, separately. As such, the independent variable of 

cumulative N2O emissions during the spring thaw and cumulative annual N2O emissions that 

meet the assumptions of ANOVA were analyzed for two-way ANOVA at =0.05 via PROC 
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MIXED, where the fixed effects were fertilizer source and rate, and the random effect was 

replicates. The Tukey-Kramer test at =0.05 was used for treatment mean comparisons. Under 

circumstances where the three-way ANOVA test was significant, the effects of source, rate, and 

its interaction were analyzed for each timing separately via two-way ANOVA. When there were 

significant three-way interactions, but treatment differences were not detected at =0.05 via the 

Tukey-Kramer test, the mean comparisons were further explored at =0.1. CoPlot (version 

6.451; Cohort Software Ltd., Monterey, CA) was used for data visualization. 

Ideally for a balanced design, each N source  timing treatment of this study should have 

been coupled with a control treatment. Thus, six control plots should have been established for 

every replicate in the experimental site. However, for logistical reasons (i.e., reducing the 

workloads and input costs associated with multiple control treatments), only one and two 

controls were established in 2020 and 2021, respectively. This decision produced unbalanced 

data. In this situation, there is no perfect statistical approach for the unbalanced factorial design. 

Regarding the current statistical approach presented in this chapter, the collected data with 

unequal sample sizes across treatments were analyzed for three-way ANOVA for P-values. The 

unbalanced data were not suitable for the Tukey-Kramer test. Therefore, the data were balanced 

by assigning the control to the fixed effect or the interaction that was statistically significant. 

Subsequently, I proceeded with Tukey-Kramer comparison to investigate significant differences 

between treatments. The treatment means and standard errors reported in the tables and figures in 

this chapter were from manual calculations via Excel.  

 

3.8.1 Transformations 

Independent variables that did not satisfy the assumptions of the ANOVA were 

transformed using one of the following functions: log, reciprocal, power, or sine. The 

transformed data were subjected to normality and homogeneity of variance test to ensure that the 

assumptions of ANOVA were satisfied. Following the three-way ANOVA and Tukey-Kramer 

tests, the log-, reciprocal-, and power-transformed data were back-transformed (Jorgensen and 

Pedersen 1998) for tabular and graphical presentation. For sine-transformed data, back-

transformation was unachievable; hence, non-transformed data were reported. In the case where 

the assumptions of ANOVA were not met regarding several transformation attempts, a three-way 
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ANOVA and Tukey-Kramer proceeded using non-transformed data; this is noted in the captions, 

where applicable. 

 

3.9 Results 

3.9.1 Weather conditions  

The climate in the experimental area is characterized by strong seasonal variation with 

cold winters and hot summers. Average annual temperatures in 2019, 2020, and 2021 were 

2.4°C, 3.4°C, and 4.4°C, respectively, which were generally ± 1.1°C within the 1991 to 2020 

reference value of 3.3°C (Table 3.2). While average air temperatures during the growing season 

(May to August) were near normal in 2020, the growing season (May to August) was warm in 

2021, with the average air temperature around 18.1°C and 1.8°C above the 30-year normals. 

Over the study period, dry conditions persisted, especially in 2021. Precipitation was sufficient 

during the early season of 2020 (May-June). The limited rainfall extended from the late season in 

2020 and the following winter (July 2020-February 2021), leading to the dry spring thaw in the 

early spring of 2021. Total annual precipitation was 296 mm, 285 mm, and 168 mm in 2019, 

2020, and 2021, respectively, and was well below the precipitation total normals of 352 mm. 

 



 

  

Table 3.2. Mean temperature and total precipitation from January 2019 to October 2022 and 30-year normal (1991-2020) in Saskatoon, SK. 

 Mean Temperature (℃)a  Total Precipitation (mm)a 

Month 2019 2020 2021 2022 

Normal 

mean 

1991-2020 

 2019 2020 2021 2022 

Normal 

mean 

1991-2020 

January -13.0 -13.2 -9.8 -14.8 -14.3  8.4 9.7 10.8 17.2 13.2 

February  -22.4 -10.4 -17.7 -14.7 -12.2  14.2 3.5 1.7 7.9 9.1 

March -4.5 -6.3 -0.8 -5.5 -5.1  3.9 12.5 3.7 21.1 11.2 

April 5.9 0.5 5.4 2.3 4.4  2.9 14.8 5.4 10.1 23.3 

May 10.5 11.9 11.1 12.1 11.6  11.7 33.8 35.6 38.9 37.6 

June 16.8 16.0 19.6 16.8 16.3  78.0 106.4 22.5 59.3 73.9 

July 18.7 19.9 22.6 20.2 19.0  82.1 26.9 5.0 35.3 60.1 

August 17.0 19.8 19.0 21.1 18.3  19.9 15.9 41.8 33.7 46.4 

September 13.1 12.9 15.2 16.1 12.9  44.8 20.6 8.5 4.9 33.4 

October 2.6 2.6 6.7 8.1 4.7  9.6 5.3 6.1 6.9 20.4 

November -4.5 -4.9 -2.4  -4.6  14.3 32.3 13.1  13.8 

December -11.1 -8.4 -15.6  -11.9  6.1 2.8 13.4  9.9 

aWeather data were obtained from the Saskatoon Climate Reference station located at the experimental site operated by the Saskatchewan Research 

Council.  
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3.9.2 Seed yield 

Yields were only influenced by the three-way interaction in 2020 and a timing effect in 

2021, and no other significant effects were detected (Table 3.3). Due to the three-way interaction 

in 2020, the fertilizer source  rate effect was investigated separately for each timing (Figure 

3.1). There were no treatment differences when fertilizer was applied in the fall, but a different 

result emerged for the spring N application treatments. For spring N applications, the highest 

yields were obtained from the eNtrench application at the soil-test rate (652 kg ha-1), but it was 

not significantly different from the others, except for the eNtrench application at the reduced 

rate (373 kg ha-1)—which had the lowest yield (Figure 3.1). Apart from the significant 

differences in yields between different rates of eNtrench application, yields were similar when 

comparing the eNtrench at a reduced rate to the remaining treatments. 

In 2021, canola yields were severely influenced by drought conditions resulting in very 

low yields (Figure 3.2). Yields were not impacted by fertilizer source or rate, but the timing 

effect showed that yields were significantly higher when the fertilizer was applied in the fall 

relative to the spring (Figure 3.2). Applying fertilizer in the fall also resulted in the highest yield 

(84.7 kg ha-1), whereas the spring fertilization produced the lowest yield (10.3 kg ha-1) (Figure 

3.2). 

Table 3.3. The p-values of ANOVA for the single, two-way, and three-way interactions of fertilizer 

source, rate, and application timing on seed yield in 2020 and in 2021. Bolded terms denote significance 

at =0.05. 

Fixed Effect Yield 2020 Yield 2021a 

Source (S) 0.7182 0.6441 

Rate (R) 0.1287 0.4519 

Timing (T) 0.3804 0.0404 

S  R 0.7055 0.6621 

S  T 0.3662 0.8683 

R  T 0.5490 0.8478 

S  R  T 0.0229 0.9608 

aYields in 2021 were very low, precluding the dataset from meeting assumptions of an ANOVA. 
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Figure 3.1. Seed yield (kg ha-1) for fall N (A) and spring N (B) applications in 2020, as influenced by 

fertilizer source  rate. Means followed by different letters are significantly different at =0.1. Note: 

There was a three-way interaction of Source  Rate  Timing (P=0.0229). Hence, source and rate were 

evaluated for each application timing, separately. Regarding spring N application, there was no treatment 

difference at =0.05, thus Tukey-Karmer test was analyzed at =0.1. 
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Figure 3.2. Seed yield (kg ha-1) in 2021 under the effects of fertilizer source (A), rate (B), and application 

timing (C). Means followed by different letters are significantly different at =0.05. Note: The data did 

not meet the assumptions for the ANOVA regardless of several transformation attempts. This is due to the 

very low yield in 2021—a year which was severely impacted by drought. 

 

3.9.3. Seed Nitrogen 

The average %N in seed across all treatments was 4.54  0.02%  in 2020 and 2.44  

0.35% in 2021. Similar to the seed yield in 2020, seed N in 2020 was influenced by a three-way 

interaction (Table 3.4), where treatment differences were attributed to the spring N applications 

(Table 3.5). Among the spring N treatments, the eNtrench at the soil-test rate resulted in the 

highest seed N (29.23 kg N ha-1) and was significantly different only from the eNtrench at the 

reduced rate ( 17.00 kg N ha-1)––which had the lowest seed N (Table 3.5). Other treatments had 

similar seed N to the eNtrench at both application rates. In 2021, neither the fixed effects of 

fertilizer source, rate, and timing nor their interactions significantly affected the seed N (Table 

3.4), and the low total N removal with the seeds was due to low seed yields (Table 3.5). 
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Table 3.4. The p-values of ANOVA for the single, two-way, and three-way interactions of fertilizer 

source, rate, and application timing on seed nitrogen removal in 2020 and in 2021. Bolded terms denote 

significance at =0.05. 

Fixed Effect Seed N 2020 Seed N 2021a 

Source (S) 0.7341 0.3768 

Rate (R) 0.0945 0.9777 

Timing (T) 0.4291 0.4273 

S  R 0.5337 0.5821 

S  T 0.3933 0.9647 

R  T 0.6415 0.1507 

S  R  T 0.0236 0.0914 

aData were sine-transformed to meet the assumptions of the ANOVA 

 

 

Table 3.5. Seed N removal (kg N ha-1) for fall N and spring N applications in 2020, as affected by 

fertilizer source  rate. Means were followed by  standard errors. For each factor, and within columns, 

values followed the same letter are not significant different (Tukey-Kramer,  = 0.1). Note: There was a 

three-way interaction of source  rate  timing (P=0.0236) and a two-way interaction of source  rate for 

spring N application (P= 0.0357). However, no treatment differences were detected at =0.05, thus 

Tukey-Karmer test was analyzed at =0.1. 

 

Fertilizer Source  Rate 

Seed N content (kg N ha-1) 

Fall N application Spring N application 

Urea Soil-test 29.99  2.03 20.43  3.30ab 

Urea Reduced 23.28  1.49 23.34  3.16ab 

SuperU Soil-test 22.71  5.30 23.80  3.98ab 

SuperU Reduced 21.90  2.74 22.31  2.19ab 

eNtrench Soil-test 23.55  1.68 29.23  4.46a 

eNtrench Reduced 24.91  2.91 17.00  4.08b  

Control 21.95  3.35 21.95  3.35ab 

 P = 0.4031 P = 0.0357 
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Table 3.6. Seed N removal (kg N ha-1) in 2021, as affected by fertilizer source, rate, and application 

timing. Means were followed by  standard errors.  

  Seed N content (kg N ha-1)a 

Fertilizer source Urea 2.11  1.08 

SuperU 3.62  1.90 

eNtrench 2.91  1.47 

Control 0.96  0.70 

  P = 0.3768 

Fertilizer rate Soil-test 2.40  0.93 

Reduced 3.36  1.47 

Control 0.96  0.70 

  P = 0.9777 

Application timing Fall 4.36  1.39 

Spring 0.85  0.38 

 P = 0.4273 

aData were sine-transformed for analysis, yet the non-transformed data were reported due to unavailable 

solution for back-transformation. 

 

3.9.4 Daily N2O fluxes 

Overall, N2O emissions from all treatments peaked during spring thaw and after the 

spring N application then remained relatively low during the growing season until the late fall 

(Fig. 3.3 A, 3.3 B, 3.4 A and 3.4 B). In both Year 1 and Year 2, one prominent peak from all 

treatments was captured at the beginning of the spring thaw, when the daily temperature was 

rising above 0°C (Fig. 3.3 C and 3.4 C; April 14-16, 2020 for fall N treatments of Year 1; March 

15-17, 2021 for spring N treatments of Year 1 and fall N treatments of Year 2; and March 22-23, 

2022 for spring N treatments of Year 2). The intensity of the peak fluxes during the spring thaw 

ranged from 284 to 606 g N ha-1 d-1 for fall N treatments of Year 1, 5.87 to 23.8 g N ha-1 d-1 for 

spring N treatments of Year 1, 15.6 to 32.8 N ha-1 d-1 for fall N treatments in Year 2, and 14.7 to 

62.5 g N ha-1 d-1 for spring N treatments in Year 2. From that critical event until the end of the 

spring thaw period, low daily fluxes (< 1.96 g N ha-1 d-1) from all treatments were observed in 

both years. Fluxes followed the fertilization of fall N treatments in late October were minor (Fig. 
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3.4 A), even though the air temperature exceeded 4C, yet below 10C (Fig. 3.4 C). The 

fertilization of spring N application resulted in pronounced fluxes from the spring N treatments 

in early June, ranging from 3.91 to 9.70 N ha-1 d-1 in Year 1 and 5.50 to 15.55 N ha-1 d-1 in Year 

2 (Fig. 3.3 B and 3.4 B). Throughout the growing season until the soil was frozen, daily fluxes 

from all treatments were low due to the dry conditions in both years, except for the slight bumps 

that occurred shortly after the harvest in Year 1 on September 21, 2020, and before harvest in 

Year 2 on August 24, 2021 (Fig. 3.3 A, 3.3 B, 3.4 A and 3.4 B), likely caused by the 

precipitation event after an extended period of dry soil conditions due to low precipitation. 
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Figure 3.3. Daily N2O fluxes (g N ha-1 d-1) for fall N (A) and spring N (B) applications under the 

influences of fertilizer source  rate with daily air temperature (C: black line; left axis) and precipitation 

(C: blue bar; right axis) in Year 1: October 2019 - May 2021. Note: Left y-axes on (A) and (B) are log10-

scaled to accommodate the wide range in N2O fluxes. Gaps in (A) and (B) show periods when gas 

samples were not collected. Two out of four data points were removed from the control treatments on 14 

April, 2020 due to unrealistically high fluxes.  
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Figure 3.4. Daily N2O fluxes (g N ha-1 d-1) for fall N (A) and spring N (B) applications under the 

influences of fertilizer source  rate with daily air temperature (C: black line; left axis) and precipitation 

(C: blue bar; right axis) in Year 2: October 2020 - April 2022. Note: Left y-axes on (A) and (B) are log10-

scaled to accommodate the wide range in N2O fluxes. Gaps in (A) and (B) show periods when gas 

samples were not collected. Two out of four data points were removed from the control treatments on 14 

April, 2020 due to unrealistically high fluxes 
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3.9.5 Cumulative N2O emissions  

In Year 1, there were no significant effects of fertilizer source, rate, and source  rate 

interaction on cumulative N2O emissions from the fall N application during the spring thaw, 

growing season, and annual emissions (Table 3.7). During the spring thaw event in 2020, the 

average N2O emissions across the fall N treatments was 1806  153 g N ha-1 and made up 93% 

of the annual emissions from the fall N application (941  153 g N ha-1) (Table 3.8). The 

remaining 7% of the annual emissions from the fall N application were from the growing season 

(135  9 g N ha-1) (Table 3.8). Regarding the spring N application in year 1, the cumulative N2O 

emissions during the growing season were affected by the fertilizer source (Table 3.7). The 

growing season N2O emissions from urea were significantly higher than the those from the 

control (181 g N ha-1 compared to 130 g N ha-1) but were similar to those from the SuperU and 

eNtrench (140 g N ha-1 and 138 g N ha-1, respectively) (Table 3.8). Apart from the significant 

effect of fertilizer source, the fertilizer rate and source  rate interaction did not influence the 

growing season N2O emissions (Table 3.7). When comparing the growing season emissions 

between the fall N and spring N applications, the application timing was not significant (P= 

0.183). During the spring thaw event in 2021, an average of 89.1  9.6 g N ha-1 in cumulative 

N2O emissions were measured across the spring N treatments which comprised 38% of the 

annual emissions from the spring N application (Table 3.8). Also, the spring N application 

produced 20-times lower emissions during the spring thaw compared to the fall N application 

(Table 3.8). In terms of treatment effects, the cumulative N2O emissions from the spring N 

application during the spring thaw in 2021 were not significantly affected by the fertilizer source, 

rate, or the source  rate interaction (Table 3.7). Similarly, neither fixed effect (i.e., the fertilizer 

source and the N rate) nor the source  rate interaction affected the annual emissions from the 

spring N application (Table 3.7); nevertheless, trending was for eNtrench to yield lower 

emissions than SuperU, urea, and the control (P= 0.0647) (Table 3.8). 

 

 

 

 



 

   

Table 3.7. The p-values of ANOVA for the single and two-way interactions of fertilizer source and rate on cumulative annual N2O emissions—

including the spring thaw and growing season in Year 1 from fall 2019 N application and spring 2020 N application. Bolded terms denote 

significance at =0.05. 

Fixed Effect Fall 2019 N application Spring 2020 N application 

Spring thaw Growing seasona Annual Growing seasonb Spring thaw Annualb 

Source (S) 0.5759 0.5622 0.6096 0.0334 0.1163 0.0647 

Rate (R) 0.6566 0.2321 0.6782 0.1196 0.6073 0.6026 

S  R 0.8217 0.7196 0.8331 0.5315 0.6417 0.9626 

aData were sine-transformed to meet the assumptions of the ANOVA test 
bData were log-transformed to meet the assumptions of the ANOVA test 
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Table 3.8. Cumulative annual N2O emissions (g N ha-1)—including the spring thaw and growing season—in Year 1 from fall 2019 N application 

and spring 2020 N application as affected by fertilizer source and rate. Values reported are the means  standard errors. For each factor, and within 

columns, values followed the same letter are not significant different (Tukey-Kramer,  = 0.05). Note: Two out of four data points were removed 

from the control treatments on 14 April, 2020 due to unrealistically high fluxes.  

Fixed Effect 
 Fall 2019 N application  Spring 2020 N application  

 Spring thaw  Growing Seasona Annual Growing Seasonb Spring thaw  Annualb 

  – – – – – – – – – –  g N ha-1  – – – – – – – – – – – – – – – – – – – –  g N ha-1  – – – – – – – – – – 

Fertilizer source Urea 1779 ± 235 133 ± 15 1912 ± 248 181 ± 24a 100 ± 24 274 ± 39 

SuperU® 1664 ± 292 151 ± 24 1815 ± 291 140 ± 16ab 92 ± 16 231 ± 30 

eNtrench™ 2110 ± 381 122 ± 8 2232 ± 379 138 ± 6ab 60 ± 9 200 ± 14 

Control 1534 ± 170 134 ± 18 1668 ± 187 130 ± 18b 119 ± 24 246 ± 47 

 P= 0.5759 P= 0.5622 P= 0.6096 P= 0.0334 P=0.1163 P= 0.0647 

        

Fertilizer rate Soil-test 1771 ± 223 141 ± 16 1912 ± 226 163 ± 15 80 ± 14 239 ± 25 

 Reduced 1931 ± 278 130 ± 11 2061 ± 277 141 ± 12 88 ± 16 227 ± 22 

 Control 1534 ± 170 134 ± 18 1668 ± 187 130 ± 18 119 ± 24 246 ± 47 

  P= 0.6566 P= 0.2321 P= 0.6782 P= 0.1196 P=0.6073 P= 0.6026 
aData were sine-transformed for statistical analysis, yet non-transformed data were reported due to the unavailable solution for back-

transformation 
bData were log-transformed for statistical analysis and back-transformed for reporting 
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In Year 2, cumulative N2O emissions from the fall N application during the spring thaw 

in 2021 were not affected by either the fertilizer source, the N rate, or the source  rate 

interaction (Table 3.9). The average spring thaw emissions from the fall N application were 119 

 11 g N ha-1(Table 3.10) which was 15-times lower than those in Year 1. During the growing 

season, the fertilizer source, the N rate, and the source  rate interaction were not significant, 

however, there was a tendency for a significant rate effect (P= 0.0734) on the growing season 

emissions from the fall N application (Table 3.9) where the soil-test rate produced higher 

cumulative N2O emissions than the reduced rate (142 g N ha-1 compared to 115 g N ha-1) (Table 

3.10). The fertilizer source affected the annual emissions from the fall N application where the 

application of urea emitted significantly greater N2O annually than the control (390 g N ha-1 

compared to 259 g N ha-1) but similar to the EENF. Moreover, the annual emissions from the fall 

N application in Year 2 were six-times lower compared to those in Year 1 (313 g N ha-1 

compared to 1941 g N ha-1).  

For the spring N application, there were no significant effects of the fertilizer source, rate, 

or the source  rate interaction on the cumulative N2O emissions during the growing season, 

spring thaw, or annual (Table 3.9). Yet, there was a tendency for a significant source  rate 

interaction for the growing season emissions (P= 0.0734). Moreover, there was a significant 

timing effect on the growing season emissions (P<0.0001) where applying fertilizer N in the 

spring produced higher cumulative emissions during the growing season than that in the fall.  

Across the spring N treatments,  cumulative emissions from the growing season accounted for 

49% of the annual emissions while the remaining 51% of the annual emissions were from the 

spring thaw event in 2022 (Table 3.10). The average cumulative emissions across spring N 

treatments during the growing season, spring thaw, and annual were 208  17 g N ha-1, 217  16 

g N ha-1, and 425  25 g N ha-1, respectively. 

 

 

 



 

    

Table 3.9. The p-values of ANOVA for the single and two-way interactions of fertilizer source and rate on cumulative annual N2O emissions—

including the spring thaw and growing season in Year 2 from fall 2020 N application and spring 2021 N application. Bolded terms denote 

significance at =0.05. 

Fixed Effect Fall 2020 N application Spring 2021 N application 

Spring thawa Growing season Annual Growing season Spring thaw Annual 

Source (S) 0.3272 0.2870 0.0446 0.8016 0.1650 0.4156 

Rate (R) 0.8772 0.0734 0.2644 0.3668 0.3576 0.9028 

S  R 0.6417 0.9629 0.7683 0.0704 0.3400 0.5849 

aData were log-transformed to meet the assumptions of the ANOVA test 
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Table 3.10. Cumulative annual N2O emissions (g N ha-1)—including the spring thaw and growing season—in Year 2 from fall 2020 N application 

and spring 2021 N application as affected by fertilizer source and rate. Values reported are the means  standard errors. For each factor, and within 

columns, values followed the same letter are not significant different (Tukey-Kramer,  = 0.05). Note: Two out of four data points were removed 

from the control treatments on 14 April, 2020 due to unrealistically high fluxes.  

Fixed Effect 
 Fall 2020 N application  Spring 2021 N application  

 Spring thawa  Growing Season Annual Growing Season Spring thaw  Annual 

  – – – – – – – – – –  g N ha-1  – – – – – – – – – – – – – – – – – – – –  g N ha-1  – – – – – – – – – – 

Fertilizer source Urea 155 ± 34 135 ± 14 390 ± 48a 245 ± 33 228 ± 33 473 ± 53 

SuperU® 116 ± 16 139 ± 14 294 ± 23ab 224 ± 29 226 ± 35 450 ± 54 

eNtrench™ 113 ± 15 113 ± 7 281 ± 27ab 222 ± 34 176 ± 33 398 ± 40 

Control 79 ± 17 122 ± 23 259 ± 35b 143 ± 8 193 ± 27 335 ± 21 

 P= 0.3272 P= 0.2870 P= 0.0446 P= 0.8016 P=0.1650 P= 0.4156 

        

Fertilizer rate Soil-test 129 ± 11 142 ± 10 342 ± 26 216 ± 23 222 ± 30 437 ± 44 

 Reduced 125 ± 22 115 ± 9 301 ± 35 245 ± 28 199 ± 25 443 ± 37 

 Control 79 ± 17 122 ± 23 259 ± 35 143 ± 8 193 ± 27 335 ± 21 

  P= 0.8772 P= 0.0734 P= 0.2644 P= 0.3668 P=0.3576 P= 0.9028 
aData were log-transformed for statistical analysis and back-transformed for reporting 

5
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3.9.6 Yield-scaled N2O emissions 

Yield-scaled N2O emissions from the fall N application and the spring N application were 

not affected by the fertilizer source, the N rate, and the source  rate interaction in Year 1 (Table 

3.11). Numerically, the average YSE from the fall N application were 7-times higher than that 

from the spring N application (3.97  0.40 kg N Mg-1 compared to 0.59  0.07 kg N Mg-1) 

(Table 3.12). In Year 2, the fertilizer source, the N rate, and the source  rate interaction did not 

have significant effects on the YSE from the fall N application and the spring N application 

(Table 3.13). Nonetheless, there was a trend in spring N application for the reduced rate to have 

higher YSE than the soil-test rate (P= 0.0563) (Table 3.14). Numerically, the YSE were 10-times 

higher with the spring N application compared to the fall N application (291  39 kg N Mg-1 

compared to 27.8  12.3 kg N Mg-1). Moreover, the YSE were 2-orders at magnitude greater 

with Year 2 compared to Year 1.  

 

Table 3.11. The p-values of ANOVA for the single and two-way interactions of fertilizer source and rate 

on yield-scaled N2O emissions in Year 1 from fall 2019 N application and Spring 2020 N application. 

Fixed Effect Fall 2019 N application Spring 2020 N application 

Source (S) 0.5036 0.2890 

Rate (R) 0.6999 0.9026 

S  R 0.9819 0.1088 
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Table 3.12. Yield-scaled N2O emissions (kg N Mg-1) in Year 1 from fall 2019 N application and spring 

2020 N application as affected by fertilizer source and rate. Values reported are the means  standard 

errors.  

  Fall 2019 N application  Spring 2020 N application  

  – – – – – – – – – – kg N Mg-1  – – – – – – – – – – 

Fertilizer source Urea 3.25  0.40 0.72  0.19 

SuperU 4.30  0.85 0.53  0.10 

eNtrench 4.50  0.98 0.52  0.13 

Control 3.74  0.86 0.57  0.14 

 P = 0.5036 P = 0.2890 

    

Fertilizer rate Soil-test 3.83  0.63 0.58  0.14 

Reduced 4.19  0.65 0.60  0.10 

Control 3.74  0.86 0.57  0.14 

 P = 0.6999 P = 0.9026 

 

 

Table 3.13. The p-values of ANOVA for the single and two-way interactions of fertilizer source and rate 

on yield-scaled N2O emissions in Year 2 from fall 2020 N application and Spring 2021 N application. 

Fixed Effect Fall 2020 N applicationa Spring 2021 N application 

Source (S) 0.9028 0.8669 

Rate (R) 0.8394 0.0563 

S  R 0.9666 0.6464 

aData were log-transformed to meet the assumptions of the ANOVA test 
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Table 3.14. Yield-scaled N2O emissions (kg N Mg-1) in Year 2 from fall 2020 N application and spring 

2021 N application as affected by fertilizer source and rate. Values reported are the means  standard 

errors.  

  Fall 2020 N applicationa  Spring 2021 N application  

  – – – – – – – – – – kg N Mg-1  – – – – – – – – – – 

Fertilizer source Urea 31.5  26.0 317  93 

SuperU 18.7  16.8 315  56 

eNtrench 23.0  21.5 268  81 

Control 69.7  64.4 241  81 

 P = 0.2018 P = 0.8669 

    

Fertilizer rate Soil-test 21.6  14.7 215  54 

Reduced 26.3  19.4 385  60 

Control 69.7  64.4 241  81 

 P = 0.1324 P = 0.0563 

aData were log-transformed for statistical analysis and back-transformed for reporting 

 

3.9.7 Nitrogen use efficiency 

Partial-factor productivity exhibited significant rate and three-way interaction effects in 

2020 but was impacted by application timing in 2021 (Table 3.15). Because there was a three-

way interaction, PFP in 2020 was analyzed for the fixed effects (fertilizer source, rate, and 

timing) separately. Despite the lower N inputs, the reduced rate yielded the highest PFP (13.96 

kg grain kg-1 N), which was significantly greater from the soil-test rate (10.99 kg grain kg-1 N) 

(Figure 3.5). The PFP was low in 2021 due to the low yield (Figure 3.6). Different fertilizer 

sources and rates did not significantly impact the PFP in Year 2, yet the fall N application 

produced significantly more yield per unit of N applied than the spring N application (Figure 

3.6). The average PFP of fall N and spring N treatments were 1.22 and 0.20 kg grain kg-1 N, 

respectively. 
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Table 3.15. The p-values of ANOVA using proc mixed SAS procedure for the single, two-way, and 

three-way interactions of fertilizer source, rate, and application timing on partial-factor productivity in 

2020 and 2021. Bolded terms denote significance at =0.05. 

Fixed Effect Partial-factor productivity 

2020 

Partial-factor productivity 

2021a 

Source (S) 0.7096 0.6436 

Rate (R) 0.0029 0.2179 

Timing (T) 0.2035 0.0160 

S  R 0.6964 0.6567 

S  T 0.4727 0.8846 

R  T 0.4091 0.5433 

S  R  T 0.0272 0.9491 

aYields in 2021 were very low, precluding the dataset from meeting assumptions of an ANOVA 

 

Figure 3.5. Partial-factor productivity (kg grain kg-1N) in 2020 as influenced by fertilizer source (A), rate 

(B), and application timing (C). Means followed by different letters are significantly different at =0.05.  
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Figure 3.6. Partial-factor productivity (kg grain kg-1N) in 2021 as influenced by fertilizer source (A), rate 

(B) and application timing (C). Means followed by different letters are significantly different at =0.05. 

Note: Data did not meet the assumptions of ANOVA regardless of several transformation attempts. This 

is due to the very low yield and very low seed N in 2021—a year which was severly impacted by drought. 

 

Nitrogen balance intensity (NBI) was significantly affected  by fertilizer rate and a three-

way interaction in 2020 and by fertilizer rate and application timing in 2021 (Table 3.16). 

Overall, regardless of fertilizer source, rate and timing, fertilization resulted in a negative NBI, 

indicating an N surplus, and only the control treatment had a positive NBI suggesting a N-deficit  

(Fig. 3.7 and Fig. 3.8). The rate and three-way interaction effects in 2020 suggest the necessity 

for analyzing the NBI for different application timings separately. Regarding the fall N 

application, the soil-test rate had the lowest NBI (-24.58 kg N ha-1), followed by the reduced rate 

(-11.64 kg N ha-1) and the control (21.95 kg N ha-1)––which had a positive NBI (Fig. 3.7). 

Similar to the fall N application, the control had the highest NBI, which was also significantly 

different from other spring N treatments (Fig. 3.7). With respect to the spring N application, urea 

at the soil-test rate had the lowest NBI at -29.53 kg N ha-1. Nitrogen balance intensity was 

similar when urea and SuperU were applied at the same rate, yet significant differences were 

observed when comparing the NBI of urea and SuperU at the soil-test rate to that at the reduced 

rate. Regardless of rate, eNtrench yielded similar NBI to other N treatments.  

In 2021, the average NBI of the control was 0.25 kg N ha-1 revealing that N was neither 

accumulated nor removed excessively from the cropping system over the growing season, and it 

was significantly different from the NBI of the N-treatments (Fig. 3.8). Fertilization led to the N 

accumulation in the system, as evidenced by the high negative NBI values. There were treatment 

differences in NBI owing to different N rates where the soil-test rate (-96.60 kg N ha-1) had 

lower NBI than the reduced rate (-65.64 kg N ha-1). Application timing emerged in different 
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results where the fall N application had negative NBI (-67.64 kg N ha-1), but it was significantly 

greater than the spring N application (-71.15 kg N ha-1). 

 

Table 3.16. The p-values of ANOVA for the single, two-way, and three-way interactions of fertilizer 

source, rate, and application timing on N balance intensity in 2020 and 2021. Bolded terms denote 

significance at =0.05. 

Fixed Effect N balance intensity  

2020 

N balance intensity  

2021a 

Source (S) 0.7341 0.6862 

Rate (R) <.0001 <.0001 

Timing (T) 0.4291 0.0367 

S  R 0.5337 0.6848 

S  T 0.3933 0.891 

R  T 0.6415 0.9117 

S  R  T 0.0236 0.9704 

aYields in 2021 were very low, precluding the dataset from meeting assumptions of an ANOVA 
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Figure 3.7. N balance intensity (kg ha-1) of canola in 2020 for Fall N (A) and Spring N (B) as affected by 

fertilizer source (A1), rate (A2), and the interation of fertilizer source  rate (B1). Means followed by 

different letters are significantly different at =0.05. Note: There were three-way interaction of source  

rate  timing (P=0.0236). Thus, the interaction of source  rate was evaluated for each timing, separately. 
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Figure 3.8. N balance intensity (kg ha-1) of canola in 2021 as affected by fertilizer source (A), rate (B), 

and application timing (C). Means followed by different letters are significantly different at =0.05. Note: 

Data did not meet the assumptions for ANOVA regardless of several transformation attempts. This is due 

to the very low yield and very low seed N in the growing season in 2021—a year which was severly 

impacted by drought. 

 

Partial N balance at harvest was obtained from the aboveground biomass (including 

yield) of the canola at harvest in 2020 and 2021. Regrowth of canola from the roots that was 

previously harvested for crop biomass occurred during the fall of 2021; hence the regrowth 

portions (with no yield) were measured for PNB at post-harvest, separately. In 2020, there were 

significant effects of fertilizer rate and timing and a source  rate at harvest (Table 3.17), where 

the highest PNB was obtained when SuperU was applied at the reduced rate (2.00 kg plant N 

kg-1 N) (Fig. 3.9). In addition, SuperU at the reduced rate had a PNB that was significantly 

different from that of other treatments, except for the eNtrench at the reduced rate––which was 

statistically similar to other N treatments.  

In 2021, the PNB was affected by application timing at harvest and by fertilizer rate at 

post-harvest (Table 3.17). Apart from those, no other significant effects were observed. As such, 

fall fertilization resulted in a higher PNB at harvest (0.65 kg plant N kg-1 N) which was 

significantly different from the spring N application (0.48 kg plant N kg-1 N) (Fig. 3.10). The 

same trend was observed for the regrowth (P=0.0768). Though the reduced rate had 30% less N 

than the soil-test rate, the PNB at post-harvest was significantly greater from the reduced rate 
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treatments compared with their full-rate counterparts (0.15 kg plant N kg-1 N and 0.10 kg plant N 

kg-1 N, respectively). A similar trend was observed at harvest (P=0.0565). 

Table 3.17. The p-values of ANOVA for the single, two-way, and three-way interactions of fertilizer 

source, rate, and application timing on partial N balance at harvest in 2020 and 2021 and at post-harvest 

in 2021. Note: Above ground biomass and yield were collected at harvest and analyzed for PNB at 

harvest. The regrowth potions of canola since the harvest were collected at post-harvest and analyzed for 

PNB at post-harvest. Bolded terms denote significance at =0.05. 

Fixed Effect Partial N balance  

at harvest 2020a 

Partial N balance 

at harvest 2021 

Partial N balance  

at post-harvest 2021 

Source (S) 0.2246 0.6397 0.5582 

Rate (R) 0.0002 0.0556 0.0181 

Timing (T) 0.0307 0.0125 0.0768 

S  R 0.0012 0.9609 0.8403 

S  T 0.4444 0.5791 0.4566 

R  T 0.4279 0.5475 0.7766 

S  R  T 0.3977 0.7690 0.9486 

aData did not meet the assumptions of ANOVA test. 

 

 

Figure 3.9. Partial N balance (kg plant N kg-1 N) of canola in 2020 as influenced by the interaction of 

fertilizer source and rate. Means followed by different letters are significantly different at =0.05. Note: 

Above ground biomass and yield were collected at harvest. Data did not meet the assumptions for 

ANOVA regardless of several transformation attempts. 
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Figure 3.10. Partial N balance (kg plant N kg-1 N) of canola at harvest and the regrowth portions at post-

harvest in 2021, as affected by fertilizer source (A), fertilizer rate (B), and application timing (C). Means 

followed by different letters are significantly different at =0.05. Note: Above ground biomass and yield 

were collected at harvest and analyzed for PNB at harvest (green bars). Post-harvest above ground 

biomass was collected from the regrowth potions of canola since the harvest and analyzed for PNB at 

regrowth (yellow bars). 

 

3.9.8 In-season soil inorganic N supply  

Throughout the growing season in 2020 and 2021, SIN supply rate was measured after 

seeding operation, during vegetative and flowering stages, and before harvest. In 2020, neither 

fixed effects nor interactions impacted the SIN after seeding, and there was a tendency for a 

significant timing effect (P=0.0967) (Table 3.18). During the vegetative stage, different 

application timings significantly affected the SIN with a tendency for a significant rate  timing 

interaction (P=0.0751). Later into the growing season, there was a rate  timing interaction and a 

tendency for a significant source  rate  timing interaction at the flowering stage. Prior to 

harvest, the SIN supply rates were impacted by a source  rate interaction, and there was a 

tendency for a significant source effect (P= 0.0647). 

The supply rate of SIN showed a trend towards the highest SIN after seeding but declined 

rapidly as the growing season proceeded, resulting in the lowest SIN before harvest (Fig. 3.11). 

Comparing the SIN by application timings during vegetative stage, there were treatment 

differences between fall N and spring N applications. After seeding, the average SIN supply rates 

across all treatments were 458   17 mg N m-2 14 d-1. A rapid drop in SIN across treatments 

occurred over the next two weeks resulting in a lower supply rate from the fall fertilization 
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14 d-1, respectively) (Fig. 3.11 B3). During the flowering stage, the SIN supply rates from fall N 

application at the soil-test rate (12.6 mg N m-2 14 d-1) were significantly greater than those from 

the control (8.2 mg N m-2 14 d-1) but similar to those from other N treatments (Fig. 3.11 C). 

During the last two weeks of the growing season, the highest supply rate of SIN at the harvest 

was observed from the application of urea at the soil-test rate (13.2 mg N m-2 14 d-1), and it was 

significantly different from the SuperU at the soil-test rate, eNtrench at the reduced rate, and 

the control (Fig. 3.11 D). The application of urea and SuperU at the reduced rate and the 

eNtrench at the soil-test rate resulted in the similar SIN supply rates to the application of urea 

at the soil-test rate.  

Table 3.18. The p-values of ANOVA for the single, two-way, and three-way interactions of fertilizer 

source, rate, and application timing on soil inorganic N during the growing season in 2020. Bolded terms 

denote significance at =0.05.  

Fixed 

Effect 

Soil inorganic N 

after seeding  at vegetative stagea at flowering stage  before harvesta 

Source (S) 0.4216 0.7469 0.4487 0.0647 

Rate (R) 0.4920 0.4430 0.8374 0.1248 

Timing (T) 0.0967 0.0134 0.3949 0.2361 

S  R 0.1130 0.3006 0.7886 0.0159 

S  T 0.6816 0.5566 0.2254 0.5120 

R  T 0.7415 0.0751 0.0345 0.1450 

S  R  T 0.7500 0.7925 0.0618 0.1967 

aData were log-transformed to meet the assumptions of the ANOVA 
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Figure 3.11.  Soil inorganic N (mg N m-2 14 d-1) after seeding (A), during vegetative stage (B), during flowering stage (C), and before harvest (D) 

during the growing season in 2020 as influenced by fertilizer source (A1, B1), rate (A2, B2), application timing (A3, B3), the interaction of 

fertilizer rate and application timing (C), and the interaction of fertilizer source and rate (D). Means followed by different letters are significantly 

different at =0.05, except for (C) where =0.1. Note: The y-axes of all panels were log10 scaled to accommodate the different ranges of Soil 

inorganic N throughout the growing season. Regarding the soil inorganic N during the flowering stage (C), no treatment differences were detected 

at =0.05. Thus, Turkey-Karmer test was analyzed at =0.1. Data of the SIN during the vegetative stage and before harvest were log-transformed 

for analysis and back-transformed for reporting. 
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In 2021, neither fixed effects nor interactions influenced the SIN after seeding and before 

harvest; yet there was a tendency for significant source and rate effects after seeding (P=0.0782 

and P=0.0668, respectively) (Table 3.19). At the vegetative stage, the SIN supply rates were 

affected by the source  timing interaction, and there was a tendency for a significant source 

effect (P=0.0957) and a source  rate  timing interaction (P=0.0741). There were both a 

significant source effect and a significant source  rate interaction at the flowering stage. 

Observations show the highest supply rate of SIN at the beginning of the growing season, 

followed by a considerable decline in SIN over time where the lowest supply rate of SIN was at 

the flowering stage; yet an increase in SIN occurred during the last two weeks of the growing 

season (Fig. 3.12). After seeding, the average SIN across all treatments was 413  20 mg N m-2 

14 d-1. The SIN at the vegetative stage was highest from the fall-applied SuperU (284 mg N m-2 

14 d-1) and it was significantly greater than those from the fall-applied urea, control-fall, and 

control-spring (Fig. 3.12 B). At the flowering stage, the highest SIN was observed from the 

application of SuperU at the soil-test rate (16 mg N m-2 14 d-1), and it was significantly greater 

than others, except for the application of urea and eNtrench at the soil-test rate and the control 

(Fig. 3.12 C). The SIN supply rates before harvest were averaged 130  13 mg N m-2 14 d-1. 
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Table 3.19. The p-values of ANOVA for the single, two-way, and three-way interactions of fertilizer 

source, rate, and application timing on soil inorganic N during the growing season in 2021. Bolded terms 

denote significance at =0.05. 

Fixed 

Effect 

Soil inorganic N 

after seeding  at vegetative stagea at flowering stage  before harvesta 

Source (S) 0.0782 0.0957 0.0312 0.1899 

Rate (R) 0.0668 0.2687 0.7003 0.5833 

Timing (T) 0.5014 0.864 0.7552 0.2646 

S  R 0.2297 0.4205 0.0048 0.8868 

S  T 0.176 0.0041 0.3885 0.1617 

R  T 0.9818 0.4706 0.7407 0.4040 

S  R  T 0.1744 0.0741 0.5414 0.5064 

aData were sine-transformed to meet the assumptions of the ANOVA 
bData were log-transformed to meet the assumptions of the ANOVA 
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Figure 3.12. Soil inorganic N (mg N m-2 14 d-1) after seeding (A), during vegetative stage (B), during flowering stage (C), and before harvest (D) 

during the growing season in 2021 as influenced by fertilizer source (A1, D1), rate (A2, D2), application timing (A3, D3), the interaction of 

fertilizer source and application timing (B), and the interaction of fertilizer source and rate (C). Means followed by different letters are 

significantly different at =0.05. Note: The y-axes of all panels were log10 scaling to accommodate the different ranges of SIN throughout the 

growing season. Data of the SIN after seeding were sine-transformed for analysis, yet non-transformed data were reported due to the unavailable 

solution for back-transformation. Data of the SIN before harvest were log-transformed for analysis and back-transformed for reporting.  
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3.9.9. Estimates of the required yield improvement to justify the investment of EENF at 

different N rates in 2020 and 2021 

Regardless of the formulation of the EENF or the N rate, the average canola yield across 

Saskatchewan in 2020 and 2021 did not compensate for the price premium of SuperU and 

eNtrench. In 2020, the justification for using an EENF at the provincial average yield of 2.23 

tonne ha-1 and the seed selling price ranging from $417-$509 tonne-1 required an increase in yield 

of 2.8%-4.8% for SuperU at the provincial recommended N rate (Table 3.20), 2.0%-3.4% for 

SuperU at reduced rate and for eNtrench irrespective to N rate (Table 3.20 & 3.21). If 

harvested yield was at 2.45 tonne ha-1 (10% beyond the provincial average), an additional 2.5%-

4.4% increase in yield would be required to offset the supplemental cost of SuperU when 

applied at the provincial N rate (Table 3.20). In this case, lower yield gain ranging from 1.8%-

3.1% was required for the application of eNtrench or the reduced rate application of SuperU 

due to the lower input cost relative to SuperU at the provincial N rate (Table 3.20 & 3.21).  

In 2021, even though the seed selling price was higher relative to 2020, the low yield due 

to drought further exaggerated the percentage of yield increase to warrant the use of SuperU 

and eNtrench. Given the seed selling price ranged from $595-$727 tonne-1, 3.6%-6.2% and 

2.5%-4.4% increase in yield from the provincial average at 1.23 tonne ha-1 were estimated for the 

use of SuperU at the provincial N and reduced rates, respectively (Table 3.22).  For eNtrench, 

yield needed to be 2.6-3.1% higher than the provincial average in order to offset its cost (Table 

3.22). The percentage increase in yield that justify the investment of SuperU  at provincial N 

rate still exceeded 5% even when the harvested yield was at 1.35 tonne ha-1 which were 10% 

higher than the provincial average yield (Table 3.22). At the same evaluated yield, reducing the 

application of SuperU by 30% or applying eNtrench required as much as 4.0% or 2.9% of 

yield increase, respectively to compensate for the price premium of these N products (Table 

3.23). 
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Table 3.20. Percentage increase in yield required from SuperU at the provincial N rate and reduced rate (30% less N than the provincial N rate) 

to warrant its application in 2020. Note: Precentage increase in yield were estimated from the range of price premium of SuperU over urea, 

therefore presented in [lower bound %, upper bound %].  

SuperU at 

provincial N rate 

Yield (tonne ha-1)a 

2.01 2.12 2.23 2.34 2.45 

C
an

o
la

 p
ri

ce
 

 (
$
 t

o
n
n
e

-1
)b

 

417 [3.8%, 5.3%] [3.6%, 5.1%] [3.4%, 4.8%] [3.2%, 4.6%] [3.1%, 4.4%] 

440 [3.6%, 5.1%] [3.4%, 4.8%] [3.2%, 4.5%] [3.1%, 4.3%] [2.9%, 4.2%] 

463 [3.4%, 4.8%] [3.2%, 4.5%] [3.0%, 4.3%] [2.9%, 4.1%] [2.8%, 3.9%] 

486 [3.2%, 4.6%] [3.1%, 4.3%] [2.9%, 4.1%] [2.8%, 3.9%] [2.6%, 3.7%] 

509 [3.1%, 4.4%] [2.9%, 4.1%] [2.8%, 3.9%] [2.6%, 3.7%] [2.5%, 3.6%] 

SuperU at  

reduced N rate 

Yield (tonne ha-1)a 

2.01 2.12 2.23 2.34 2.45 

C
an

o
la

 p
ri

ce
  

($
 t

o
n
n

e-1
)b

 

417 [2.6%, 3.7%] [2.5%, 3.5%] [2.4%, 3.4%] [2.3%, 3.2%] [2.2%, 3.1%] 

440 [2.4%, 3.5%] [2.3%, 3.3%] [2.2%, 3.1%] [2.1%, 3.0%] [2.0%, 2.8%] 

463 [2.4%, 3.4%] [2.2%, 3.2%] [2.1%, 3.0%] [2.0%, 2.9%] [1.9%, 2.7%] 

486 [2.3%, 3.3%] [2.2%, 3.1%] [2.1%, 2.9%] [2.0%, 2.8%] [1.9%, 2.7%] 

509 [2.2%, 3.1%] [2.1%, 2.9%] [2.0%, 2.8%] [1.9%, 2.7%] [1.8%, 2.5%] 

a Yields (tonne ha-1) were based on Saskatchewan average yield at 2.23 tonne ha-1 in 2020 (Statistic Canada). The deviation from the provincial yield displayed in 

the table was at  5% and  10%. 
b Canola prices ($ tonne-1) were based on average selling price of canola at $463 tonne-1 in Saskatchewan in September 2020 (Statistic Canada). The deviations 

from the average selling price displayed in the table were at  5% and  10%. 
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Table 3.21. Percentage increase in yield required from eNtrench regardless of rates to warrant its application in 2020. 

eNtrench 
 

Yield (tonne ha-1)a 

2.01 2.12 2.23 2.34 2.45 

C
an

o
la

 p
ri

ce
  

($
 t

o
n
n
e

-1
)b

 

417 3.8% 3.6% 3.4% 3.2% 3.1% 

440 2.6% 2.5% 2.3% 2.2% 2.1% 

463 2.5% 2.3% 2.2% 2.1% 2.0% 

486 2.4% 2.2% 2.1% 2.0% 1.9% 

509 2.2% 2.1% 2.0% 1.9% 1.8% 

aYields (tonne ha-1) were based on Saskatchewan average yield at 2.23 tonne ha-1 in 2020 (Statistic Canada). The deviation from the provincial yield displayed in 

the table was at  5% and  10%. 
bCanola prices ($ tonne-1) were based on average selling price of canola at $463 tonne-1 in Saskatchewan in September 2020 (Statistic Canada). The deviations 

from the average selling price displayed in the table were at  5% and  10%. 
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Table 3.22. Percentage increase in yield required from SuperU at the provincial N rate and reduced rate (30% less N than the provincial N rate) 

to warrant its application in 2021. Note: Precentage increase in yield were estimated from the range of price premium of SuperU over urea, 

therefore presented in [lower bound %, upper bound %].  

SuperU at 

provincial N rate 

Yield (tonne ha-1)a 

1.11 1.17 1.23 1.29 1.35 

C
an

o
la

 p
ri

ce
 

 (
$
 t

o
n
n
e

-1
)b

 

595 [4.9%, 6.9%] [4.6%, 6.6%] [4.4%, 6.2%] [4.2%, 5.9%] [4.0%, 5.7%] 

628 [4.6%, 6.6%] [4.4%, 6.2%] [4.2%, 5.9%] [4.0%, 5.6%] [3.8%, 5.4%] 

661 [4.4%, 6.2%] [4.2%, 5.9%] [4.0%, 5.6%] [3.8%, 5.3%] [3.6%, 5.1%] 

694 [4.2%, 5.9%] [4.0%, 5.6%] [3.8%, 5.3%] [3.6%, 5.1%] [3.4%, 4.9%] 

727 [4.0%, 5.7%] [3.8%, 5.4%] [3.6%, 5.1%] [3.4%, 4.9%] [3.3%, 4.6%] 

SuperU at  

reduced N rate 

Yield (tonne ha-1)a 

1.11 1.17 1.23 1.29 1.35 

C
an

o
la

 p
ri

ce
  

($
 t

o
n
n

e-1
)b

 

595 [3.4%, 4.8%] [3.2%, 4.6%] [3.1%, 4.4%] [2.9%, 4.2%] [2.8%, 4.0%] 

628 [3.2%, 4.6%] [3.1%, 4.3%] [2.9%, 4.1%] [2.8%, 3.9%] [2.7%, 3.8%] 

661 [3.1%, 4.4%] [2.9%, 4.1%] [2.8%, 3.9%] [2.6%, 3.7%] [2.5%, 3.6%] 

694 [2.9%, 4.2%] [2.8%, 3.9%] [2.6%, 3.7%] [2.5%, 3.6%] [2.4%, 3.4%] 

727 [2.8%, 4.0%] [2.7%, 3.8%] [2.5%, 3.6%] [2.4%, 3.4%] [2.3%, 3.2%] 

aYields (tonne ha-1) were based on Saskatchewan average yield at 1.23 tonne ha-1  in 2021 (Statistic Canada). The deviations from the provincial yield displayed 

in the table were at  5% and  10%. 
bCanola prices ($ tonne-1) were based on average selling prices of canola at $661 tonne-1  in Saskatchewan on September 2021 (Statistic Canada). The deviations 

from the average selling price displayed in the table were at  5% and  10%. 
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Table 3.23. Percentage increase in yield required from eNtrench regardless of rates to warrant its application in 2021 

eNtrench  Yield (tonne ha-1)a 

1.11 1.17 1.23 1.29 1.35 

C
an

o
la

 p
ri

ce
  

($
 t

o
n
n
e

-1
)b

 

595 3.5% 3.3% 3.1% 3.0% 2.9% 

628 3.3% 3.1% 3.0% 2.8% 2.7% 

661 3.1% 3.0% 2.8% 2.7% 2.6% 

694 3.0% 2.8% 2.7% 2.6% 2.4% 

727 2.9% 2.7% 2.6% 2.4% 2.3% 

aYields (tonne ha-1) were based on Saskatchewan average yield at 1.23 tonne ha-1 in 2021 (Statistic Canada). The deviations from the provincial yield displayed 

in the table were at  5% and  10%. 
bCanola prices ($ tonne-1) were based on average selling prices of canola at $661 tonne-1  in Saskatchewan on September 2021 (Statistic Canada). The deviations 

from the average selling price displayed in the table were at  5% and  10%. 
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3.10 Discussion 

3.10.1 Fertilizer sources and rates did not provide agronomic benefit, but application 

timing drove yield and NUE differences in the dry year in rainfed canola production 

Canola production relies heavily on N fertilizers to ensure a healthy crop and maximize 

crop yield potential. With the aid of enzyme inhibitors, EENF can sustain yield goals through 

improving crop NUE by reducing environmental N losses and improving synchronization 

between soil N supply and crop N demand (Trenkel 2010; Venterea et al. 2012; Thilakarathna et 

al. 2020). However, there was no evidence supporting the hypothesis that EENFs improve seed 

yields and crop NUE. Over the study period, the application of fertilizers––whether it was 

conventional urea or an EENF  (i.e., eNtrench and SuperU) had minimal impacts on crop 

yield, seed N, and crop NUE. These observations contradicted the reported findings of Abalos et 

al. (2012), where the application of fertilizer significantly improved yield, seed N removal, and 

N uptake of non-irrigated barley. In addition, Abalos et al. (2012) reported that the measured 

agronomic variables numerically improved with the inclusion of enzyme inhibitors.  

The use of enzyme inhibitors allows moderate in-season rate adjustments without 

affecting crop yield when applied with the Right placement and at the Right timing (Venterea et 

al. 2016; Banger et al. 2020). However, when eNtrench was applied at the reduced rate (0.7  

the soil-test recommendation) in the spring of 2020, a significant reduction in yield was observed 

when compared to the spring-applied eNtrench at the soil-test rate. Results from both the 2020 

and 2021 growing seasons showed that EENFs affected some NUE indices – including an effect 

of N rate but this did not translate into overall agronomic improvement (i.e., better yield and seed 

N). While the observations of EENFs being ineffective in terms of agronomic performance are in 

line with the studies of Graham et al. (2018), Panitz et al. (2019), and Gao et al. (2018), there are 

many studies reported the benefits of EENFs on crop productivity. In rainfed corn production 

systems in Iowa, EENFs provided yield improvement consistently over three years (Hatfield and 

Parkin 2014). It was estimated that EENFs increases yield and NUE by up to 7.5% and 12.9% 

(Abalos et al. 2014; Thapa et al. 2016), and a positive correlation between increasing N rate and 

crop productivity can be achieved when combining enzyme inhibitors with the conventional 

fertilizers (Abalos et al. 2014; Thapa et al. 2016).    
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The marginal effect of N source and rate on crop productivity and quality could be 

explained by several factors. In 2020, the nonuniform stand of canola in the field due to seeder 

malfunction may have prevented the crop from responding to the changes in fertilizer sources 

and rates. Though manual thinning aimed for target plant density took place during the 

vegetative stage, uniformity of the plant stands was not attainable. The uneven plant distribution 

likely increased intraspecific competition for resources such as light, soil water, and nutrients by 

the plant community (Ahmadi et al. 2008). In turn, this would affect crop NUE making crop 

yield and seed N less sensitive to N source and rate treatments. In addition, strong resource 

competition in canola caused by the nonuniform plant density may have affected pod formation, 

seed filling and development resulting in blank pods, nonuniform seed maturity, and reduced 

seed weight (Kazemeini et al. 2010; Naghizadeh and Hasanzadeh 2012; Yang et al. 2014). This 

could translate into a reduction in crop yield by 20-32% relative to crops with an evenly 

distributed pattern and possibly lower the seed quality (i.e., oil contents and quality) (Angadi et 

al. 2003; Yang et al. 2014). As such, the negative effect of uneven plant stands on the formation 

and development of canola seed might have masked any N source effect on crop yield and seed 

N. Along with the plant density issue, deer damage during the flowering stage likely helped to 

obscure potential yield differences associated with the application of EENFs. 

 Soil fertility status is known to greatly influence EENF efficacy (Trenkel 2010; 

Thilakarathna et al. 2020). According to Trenkel (2010), yield boost is insignificant when 

fertilizing the N-rich soils with stabilized urea. Considering that the trials were established at a 

site with inherently high-fertility soil (organic matter of 4.0-4.5% and soil mineral N of 36-40 kg 

N ha-1), in this drought scenario, the addition of fertilizer may have led to N saturation in the soil. 

An N surplus in the fertilized plots during the study indicated negative NBI values and the higher 

N rate (soil-test rate) further reduced the NBI. The soil-test rate resulted in significantly lower 

PFP than the reduced rate in 2020 and 2021 indicating that the cropping system became less 

efficient with increased N rates. An increase in soil N accumulation and decline in productivity 

of the cropping system in response to high N rates suggests not only low crop N uptake but also 

the possibility of soil N saturation due to drought where the available N in the non-fertilized soil 

is high relative to crop demand, thus the additional amount of N from fertilizer is not beneficial 

for yield improvement. Moreover, soil N saturation due to fertilization in dry years was evident 

in i) the similar yield and seed N between non-fertilized and spring-fertilized soils in 2020 and ii) 
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the lack of crop response to the fall N fertilization in 2020 and to the fertilizer application 

regardless of source and rate in 2021. This is consistent with Chai et al. (2020) and Thilakarathna 

et al. (2020) where there was no crop N response to fertilization and yields between the control 

and N treatments were similar. In addition, limited response of the crop to applied N due to high 

indigenous soil N may obscure any potential yield benefits of the EENF (Panitz et al. 2019; 

Verburg et al. 2022). This notion is supported by the similar crop yield and seed N between 

EENFs and the conventional urea in 2020 and the absence of a crop N response in 2021.   

The effectiveness of fertilizer management to crop productivity and NUE largely depends 

on environmental and management factors (Abalos et al. 2014). To optimize yield potential, 

canola requires approximately 300 mm of moisture (Canola Council of Canada n.d.), and the dry 

conditions and heat stress throughout the growing season can have deleterious effects on crop 

performance. This can affect N influences on crop performance parameters. According to the 

SRC Climate reference station daily data reports, average daily temperature at the site during the 

period from June to August was above normal by up to 1C in 2020 and 1-3C in 2021, 

compared to the 30-years average. Total growing season precipitation was 149.2 mm in 2020 and 

69.3 mm in 2021 which was significantly below the in-season average of 180.4 mm. While the 

volumetric soil water content (VSWC) in the 2020 growing season ranged between 11 and 23%, 

the range was much lower in 2021 ranging from only 9 to 13% in the top 10 cm. In general, soil 

moisture and temperature dictate the rate crop of N uptake (Malhi et al. 2010). As soil moisture 

becomes less available, the soil N supply becomes unavailable and inaccessible to plant uptake 

owing to the low rate of organic N mineralization and reduced nutrient movement in the soil. As 

well, the combined effects of prolonged heat and severe drought favour urea hydrolysis (Lei et 

al. 2017) and degradation of enzyme inhibitors (Edmeades 2004; Parkin and Hatfield 2010; 

Trenkel 2010). This along with the surface application of the fertilizers in Year 2 increased the 

risk of NH3 volatilization which may have subsequently reduced the amount of N available for 

crop uptake (Trenkel 2010; Abalos et al. 2012; Degenhardt et al. 2016). Heat stress and water 

deficit also have great biological impacts on plants, preventing them from achieving their full 

genetic potential (Taiz et al. 2015). The most common plant physiological adjustment to the 

continuous periods of heat stress without precipitation is decreased photosynthetic activity due to 

stomatal closure, which supresses plant growth and can even cause plant death (Taiz et al. 2015). 

The lack of water availability also causes early flowering in crop plants and results in higher 
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rates of flower and pod abortion (Yang et al. 2014). The physiological adjustment and adaptation 

of plants in response to adverse weather conditions were observed during the growing season in 

2021 where more than half of the field was left bare ground and the surviving plants appeared 

stunted and wilted with blank or missing pods on the raceme. Considering the detrimental effects 

of unfavourable weather conditions on the availability and accessibility of soil water and 

nutrients, plant growth, and yield production, the severe yield losses in 2021 and considerably 

lower magnitudes of the measured agronomic variables in 2021 compared to in 2020 were not 

surprising. In addition, when crop yield was low across treatments, detecting statistical 

significance and treatment effects on the evaluated parameters became challenging (Gagnon et 

al. 2012). Gagnon et al. 2012 reported that despite the positive response of corn yield to fertilizer 

treatments, significant differences between conventional N fertilizers and the EENFs were only 

observed in wet years and were absent in dry years. In addition, the findings regarding the PNB 

in this present study revealed N indirect influence of drought on the statistical evaluations. In 

2021, the extended episodes of water stress from June-August led to low PNB at harvest across 

all treatments, and no significant difference was found between the soil-test and reduced N rates. 

However, an increase in precipitation in September revealed statistically significant differences 

in post-harvest PNB in the regrowth portion (from the roots) of previously harvested canola. As 

such, both significant effects and treatments effects of N rates on PNB at post-harvest were 

found where the reduced rate produced significantly greater plant N per unit of fertilizer N 

applied.  

Fall fertilization has an advantage in terms of time management, equipment availability, 

and fertilizer pricing when it comes to large-scale crop production. However, fall-applying 

fertilizers for the subsequent spring crop often comes with agronomic trade-offs as a result of 

environmental N losses at spring thaw (Hao et al. 2001; Malhi et al. 2001; Tenuta et al. 2016; 

Thilakarathna et al. 2020). In 2021, though the measured crop outcomes were very low due to 

drought, they were found to be influenced by application timing. As such, crop yield and NUE 

were significantly greater when N was applied in the fall vs. the spring. This finding was 

unexpected and indeed contradicts other research where lower yield and crop NUE with fall N 

application compared to spring N application were reported (Malhi et al. 2001, 2010; 

Thilakarathna et al. 2020). 
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Regarding the absent effects of N source and source  timing on SIN, crop yield and 

NUE, significantly higher yield with fall fertilization was not likely due to the efficacy of fall-

applied EENFs in protecting against soil N loss. Instead, better crop performance with fall N 

application was more likely due to the early-season availability of soil moisture within the fall N 

vs. spring N plots. It is thought that the fall N plots may have retained more soil moisture relative 

to the spring N plots during the growing season owing to the different timings of tillage practice 

for the fall N and spring N plots. Tillage took place at the time the plots were fertilized and under 

the extended episodes of drought in 2021, available soil moisture resulting from snowmelt 

infiltration in the early spring became especially important to crop growth. With the low soil 

moisture in April 2021 (13% VSWC compared to 25% VSWC in April 2020), the tillage that 

occurred at the spring fertilization likely enhanced the loss of soil moisture in the top 15 cm of 

soil surface. Thus, plants in the fall N plots had a slight advantage in terms of soil moisture 

compared to the spring N plots, which resulted in better NUE and crop yields.  

 

3.10.2 Fertilizer sources, rates, and timings had inconsistent impacts on in-season soil N 

availability  

For both years, SIN availability (i.e., supply rate) was greatest during the early crop 

growth stages then decreased substantially with the growing crop. These observations were of 

expected as N uptake of canola increases rapidly with time at early growth stages (Canola 

Council of Canada n.d.; Malhi et al. 2007). Precipitation events elevate the soil water content, 

which aids the mobility of available SIN and the mineralization of soil organic matter. In 2021, 

the study site received more precipitation from rainfall in August compared to July, which 

resulted in an increase in SIN across treatments during the last two weeks before the harvest. In 

general, the N-treated soils had numerically higher SIN but were not significantly different than 

the non-fertilized soils indicating that there were ample amounts of mineralized-N in the non-

fertilized soil during the growing season. The dry soil conditions affected a movement of N in 

soil that might prevent the good contact with the resin, thereby resulting in no treatment 

difference in SIN between fertilized and non-fertilized soils.  

Regarding treatment effects, the response of SIN to N treatments was not consistent 

throughout the growing season but varied with growth stages. For example, SIN in 2020 was 
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responsive to application timing after seeding and during vegetative stage) but became more 

sensitive to the interactions of rate  timing and source  rate at the flowering stage and before 

harvest, respectively. A similar tendency was observed during the 2021 growing season where 

the differences in SIN were controlled by source  timing, and source  rate during vegetative 

and flowering stages, respectively. The inconsistent patterns of soil N response suggest that soil 

N is more sensitive to changes in N management than crop biomass accumulation on yield 

production. 

With the aid of enzyme inhibitors, the fall application of EENF can prevent the applied N 

in the soil from N losses mechanisms during the spring (Degenhardt et al. 2016), and the spring 

application of EENF can slow N release rate during the first few weeks following fertilization 

(Trenkel 2010). As such, it was anticipated that after seeding, fall-applied EENFs would result in 

higher SIN than the fall-applied urea, whereas spring-applied EENF had lower SIN than the 

spring-applied urea. As the growing season proceeds, enzyme inhibitors are degraded and release 

N from the stabilized urea (Trenkel 2010) resulting in substantially higher SIN with EENF 

relative to the untreated urea during the vegetative and flowering stages. However, the weak 

influence of the EENFs, regardless of application rate and timing, on in-season SIN suggested 

that neither eNtrench nor SuperU  alleviated soil N loss during the early spring or delayed N 

release for better synchronization with crop demand. Accordingly, these results did not support 

my hypothesis that EENFs protect soil N and improves in-season SIN. In addition, these findings 

also contradicted the findings of earlier research. For example, Degenhardt et al. (2016) analyzed 

the temporal fluctuation of soil mineral N contents from multiple locations across Canada and 

found that Nitrapyrin protected fall-applied N fertilizers from denitrification and runoff losses 

during the spring thaw resulting in 10-19% higher soil mineral N content compared to 

conventional N fertilizers. Adding Nitrapyrin to spring-applied N postponed the release of N for 

at least 8 weeks after the application while it increased the soil mineral N pool by as much as 

25% compared to the untreated N products (Degenhardt et al. 2016). As the findings reported in 

Degenhardt et al. (2016) were derived from the soils of 21 field sites across Alberta, Manitoba, 

Saskatchewan, and Ontario, the spatial diversity of soil properties, weather conditions, crop 

types, and cropping and fertilizer management practices between field locations give greater 

validity and accuracy to the effectiveness of the enzyme inhibitor on SIN relative to a local-

specific experimental trial.  
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3.10.3 Cumulative N2O emissions were less likely influenced by fertilizer management 

strategies but environmentally dependent  

Throughout the experimental years, high N2O emissions occurred during the spring thaw 

and following the spring N application. The temporal variability of N2O emissions observed in 

my study was in line with previous investigation from the Canadian prairie (Dusenbury et al. 

2008; Lemke et al. 2018; Thilakarathna et al. 2020). Overall, the average cumulative annual N2O 

emissions ranged between 235 g N ha-1 to 1941 g N ha-1 in Year 1 and 313 g N ha-1 to 425 g N 

ha-1 in Year 2. These values were comparable to the range reported in published studies in the 

region. For instance, annual emissions ranged between 0.1 to 1.7 kg N ha-1 in the study by 

Lemke et al. (2007), 160 to 930 g N ha-1 in the study by Lemke et al. (2018), and 765 to 959 g N 

ha-1 in the study of Thilakarathna et al. (2020).  

 In Year 1 (October 2019 - May 2021), the annual N2O emissions were 8-times higher 

when the fertilizers were applied in the fall compared to when they were applied in the spring 

(1941 g N ha-1 compared to 235 g N ha-1). Thilakarathna et al. (2020) also found higher annual 

emissions with the fall N relative to the spring N in 2017 (1187 g N ha-1 compared to 599 g N ha-

1). However, the differences in emissions between the fall N and spring N in 2017 reported by 

Thilakarathna et al. (2020) were much lower than the estimation in Year 1 of my study (2-times 

relative to 8-times, respectively). In this study, the considerable differences in annual N2O 

emissions between the fall N and the spring N were driven by the differences in magnitude of 

cumulative emissions during the spring thaw events of Year 1. While the cumulative N2O 

emissions from the fall N treatments during the spring thaw in 2020 were 1806 g N ha-1, those 

from the spring N treatments during the spring thaw in 2021 were only 89.1 g N ha-1. For both 

application timings, fertilizer management did not affect the cumulative emissions during the 

spring thaw or annual emissions. The intensity of spring thaw emissions was primarily dependent 

on the thawing conditions in the early spring of 2020 and 2021. How soil thawing intensity and 

the resultant soil moisture availability influence the thaw-induced and annual emissions were 

discussed in Thilakarathna et al. (2020) where the abrupt thaw following wet soil condition led to 

higher emissions. The gradual thaw along with high soil moisture (25% VSWC) during April 

2020 resulted in the exceptionally large spring thaw emissions from the fall N application. On 

the other hand, the brief thaw with low soil moisture (10% VSWC) in March 2021 led to low 

spring thaw emissions from the spring N application. Another plausible explanation for the large 
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difference in emission between fall N and spring N treatments in Year 1 was the difference in 

soil N substrates at the time spring thaw emissions were sampled. As the spring-thaw emissions 

from the fall N plots were sampled before the growing season in 2020, the high soil N levels 

together with high soil moisture favour denitrification, thereby magnifying the thaw-induced 

emissions. After a growing season, much of the applied N was removed from the soil primarily 

via crop uptake resulting in low soil N. Low soil N coupled with dry soil conditions during the 

spring thaw in 2021 likely explained the low cumulative spring thaw emissions from the spring 

N treatments.  

In Year 2 (October 2020 - April 2021), the cumulative spring thaw and annual N2O 

emissions from fall N application were considerably lower than those in Year 1. The possibility 

of missing the “hot moment” of N2O fluxes during the peak emissions periods in the early spring 

2021 was ruled out because gas sampling took place frequently during the thaw event (i.e., near 

daily) to improve the temporal coverage of flux measurements. The low spring thaw emissions in 

the early spring of 2021 were more likely caused by the dry soil conditions due to low 

precipitation during the late-season in 2020 and the following winter at the experimental site, 

perhaps even too dry to favour either nitrification or denitrification (Davidson et al. 2000; 

Congreves et al. 2019). The similar observations were also reported by Lemke et al. (2018). 

Besides, the way that fertilizer was applied to the soil during the late fall in 2020 may have also 

determined the magnitude of spring thaw N2O fluxes in 2021. For the second-year trial, all 

fertilizer treatments were surface broadcast without incorporation as we tilled the soil prior to 

spreading the fertilizer to ensure the homogeneous distribution of fertilizer within each plot. This 

placement practice is associated with a high risk of ammonia volatilization (Malhi et al. 2001; 

Snyder et al. 2009; Trenkel 2010). Together with the dry soil conditions, the high amount of 

surface broadcast fertilizers in the fall of 2020 might escape from soil via volatilization in the 

early spring of 2021, thereby resulting in low cumulative spring thaw emissions from the fall N 

application in Year 2.  

Regarding the spring N application in Year 2, it was anticipated that there would be less 

thaw-induced N2O emissions relative to the fall N application, because more of the applied N 

would have been removed by the crop – theoretically leaving less N available for N2O producing 

bacteria during the subsequent spring thaw. However, the spring N application was found to emit 
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significantly more N2O during the spring thaw in 2022 than the fall N application. As crop 

growth and yield production were severely affected by drought in 2021 and the growing season 

N2O emissions were relatively low, it is likely that a high amount of N accumulated in the spring 

N plots. This speculation is supported by the negative NBI values where the soil N accumulation 

resulted from spring N application ranged between 80 and 86 kg N ha-1. In addition, soil 

moisture levels resulting from the early spring snowmelt were much higher in 2022 than in 2021 

(25% VSWC and 10% VSWC, respectively). Considering that the soil N availability in the 

spring N plots at the spring thaw in 2022 was not much lower than the fall N plots at the spring 

thaw in 2021, the difference in emissions between the spring N and the fall N applications were 

most likely driven by the relatively higher soil moisture during the spring thaw in 2022 

compared to in 2021. 

During the growing seasons, application timing did not affect the cumulative emissions in 

Year 1, but significantly higher cumulative emissions (41%) were observed in Year 2 when the 

fertilizers were applied in the spring relative to that in the fall. This estimation was consistent 

with the reported value by Thilakarathna et al. (2020) where the spring N application had 55% 

higher growing season N2O emissions than the fall N application (537 g N ha-1 compared to 324 

g N ha-1, respectively). On average, the intensity of emissions over the growing season in 2020 

from both fall N and spring N applications were similar to that in 2021 which ranged between 

126 to 158 g N ha-1 and 120 to 233 g N ha-1, respectively. These values are considerably lower 

than those reported other studies in the region. For example, Thilakarathna et al. (2020) reported 

cumulative emissions from the fall N and spring N applications during the growing season for 

spring wheat production in Manitoba ranged from 324-537 g N ha-1 in 2016; Lemke et al. (2018) 

reported cumulative emissions on the canola phase of the canola-wheat rotation during the 

growing season between 2008 and 2010 in Saskatchewan ranged from 355 to 539 g N ha-1. The 

low cumulative emissions during the growing season in 2020 and 2021 in this study were likely 

due to active crop N uptake and limited in-season precipitation that do not favour denitrification.  

In both Year 1 and Year 2, fertilizer source only affected the cumulative emissions during 

the growing season from the spring N application in Year 1 and annual emissions from the fall N 

application in Year 2, regardless of the N formulations, produced significantly higher N2O 

emissions compared to the non-fertilized control. This was of expected as the increase in soil N 
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availability due to fertilization usually intensifies N2O production (Malhi and Lemke 2007; 

Jeuffroy et al. 2013). Occasionally throughout the study, plots that received SuperU and 

eNtrench had slightly lower cumulative N2O emissions than those treated with the 

conventional urea. These observations suggested that to some extent, the enzyme inhibitors did 

reduce N2O emissions when applied in the spring. However, there was no evidence that EENF 

products reduced N2O emission, contrary to the original hypothesis. Based on what I have 

learned from my study, I propose a new hypothesis for future research, that EENFs might be 

more effective in mitigating N2O emissions where water is not a limiting factor. Using enzyme 

inhibitors such as nitrification inhibitors, urease inhibitors, or the combination of both inhibitors 

in irrigated systems can reduce N2O production by as much as 30-38% (Thapa et al. 2016). 

Halvorson et al. (2014) reported the reduction of N2O emissions by up to 46% when using 

SuperU in the irrigated corn production system. In the rainfed wheat production in Alberta, 

EENFs reduced N2O emissions by 26% when annual precipitation was near normal 

(Thilakarathna et al. 2020). 

Cumulative N2O emissions were occasionally higher with the control treatments than the 

N treatments. These observations were not in agreement with the study by Jeuffroy et al. (2013) 

where significantly lower N2O emissions were observed with the non-fertilized wheat compared 

to the fertilized wheat and oilseed rape. Considering that the non-fertilized control plots 

produced similar yield to the N-treated plots, the greater N2O production associated with the 

non-fertilized soil suggests that there was a relatively high background level of N in the native 

soil. Similar observations were reported in the study by Thilakarathna et al. (2020) where a 

native untreated soil with high N background emitted a considerably higher amount of N2O 

emissions and produced the similar yield to the fertilized soils.  

The fertilizer rate consistently had no significant effects on cumulative N2O emissions 

during the spring thaw, growing season, or on annual emissions from both the fall N and spring 

N applications in both experimental years. As N2O emissions often increases with N rates 

(Halvorson et al. 2014; Walter et al. 2015), N2O losses would be lower with the lower N inputs 

(i.e., the reduced rate) relative to those with the higher N inputs (i.e., the soil-test rate) (Lemke et 

al. 2018). However, the application of fertilizer at the reduced rate did not always emit less N2O 

compared to that at the soil-test rate. The consistent reduction in N2O production with the lower 

N inputs was only observed from the fall N application in Year 2 where cumulative emissions 
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during the spring thaw, growing season, and annual emissions were 3%, 19%, and 11% lower 

with the reduced rate compared to the soil-test rate, respectively. These values were similar to 

those reported by Banger et al. (2020) who found that broadcast incorporated EENF at a reduced 

N rate mitigated N2O emissions by 11% in corn production systems in Ontario. However, the 

11% reduction in N2O losses reported by Banger et al. (2020) was more likely due to the effect 

of EENF on N2O emissions reduction rather than the N rate adjustment for the broadcast method 

(because the N rate was reduced by only 2% relative to the conventional practice control).  

  

3.10.4 Yield-scaled N2O emissions were exceedingly high due to dry conditions  

Yield-scaled N2O emissions in Year 1 and Year 2 were not affected by either the 

fertilizer source or the N rate. Also, there were no significant effects of the EENFs on the YSE 

which agreed with the study by Venterea et al. (2011). Still, when compared with the 

conventional urea, SuperU and eNtrench reduced YSE by 27% and 28%, respectively with 

the spring N application in Year 1; 41% and 27%, respectively with the fall N application in 

Year 2; and 1% and 16%, respectively with the spring N application in Year 2. The similar 

observations were reported by Thilakarathna et al. (2020) who found that the application of 

EENF significantly reduced YSE by 38% relative to that of urea and anhydrous ammonia.  

In terms of the magnitude, the YSE were 7-times higher with the fall N application 

relative to the spring N application (3.97 kg N Mg-1 compared to 0.59 kg N Mg-1) in Year 1 due 

to the higher annual emissions from the fall N application compared to that from the spring N 

application. The opposite result was observed in Year 2 when the YSE were 10-times higher 

from the spring N application than the fall N application (291 kg N Mg-1 compared to 27.8 kg N 

Mg-1) because of the lower yield and higher annual emissions from the spring N application 

compared to that from the fall N application. The YSE were substantially higher in Year 2 

compared to Year 1, primarily reflective of the severe yield loss caused by the drought during the 

growing season in 2021. When compared to the published research, the YSE values in the 

present study were exceedingly high. For example, Thilakarathna et al. (2020) reported that the 

2-year average YSE were 0.22 g N kg-1, and Venterea et al. (2011) reported that YSE were 58 g 

N Mg-1. As YSE is the metric of environmental footprint (Thilakarathna et al. 2020), high YSE 

along with the general lack of N treatment effects indicate the overall weak sustainability in 

dryland crop production system even with the use of EENFs in the dry years. 
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3.10.5 Challenging growing conditions put investment in EENFs at risk 

On average, the supplemental cost of SuperU ranges between $0.12-$0.17 kg-1 which is 

equivalent to $31.5-$44.6 ha-1 based on an average N rate of 120 kg N ha-1. The premium cost of 

eNtrench is fixed at $23 ha-1 as it is not varied to match the N rate but rather the recommended 

product rate of 2.7 L ha-1 for the optimal inhibitory effect. Given the current lack of rebate on 

farmers’ investment in environmentally beneficial, but costly, EENF products as well as a lack of 

incentive payments for N2O reduction with enzyme inhibitors, the use of stabilized fertilizers 

requires a substantial improvement in crop productivity to be economically feasible.  

Across Saskatchewan, canola production was severely impacted by hot and dry weather 

during the 2020 and 2021 growing seasons. Crop yield decreased by 4.6% to 2.23 tonne ha-1 

(equivalent to 39.8 bushels ac-1) in 2020 relative to that in 2019 and by 48.5% to 1.23 tonne ha-1 

(equivalent to 22.0 bushels ac-1) in 2021 relative to that in 2020 (Statistics Canada 2020, 2021). 

As observed in this study, positive yield responses to EENFs were unlikely to be seen under the 

challenging growing conditions, hence, the severe yield reduction in the “bad” year (2021) not 

only failed to warrant theoretically-optimal price premium of SuperU and eNtrench but also 

further exaggerated the risk of EENF investment. In 2020 and 2021, yield produced at both the 

provincial average and 10% higher than the provincial average could not justify the use of  

eNtrench and SuperU referencing the average seed selling price in September of each year or 

10% above the referenced prices. According to De Laporte et al. (2021) and Trenkel (2010), a 

positive economic return on EENF investment can be realized with reduced N application rates. 

However, this may be true only in the “good” year when weather conditions favour crop growth. 

In dry years such as in 2020 and 2021, the application of SuperU at the reduced N rate appeared 

to be economically risky. Even though the results of profit analysis in this study did not provide 

the economic benefits with respect to the investment on EENF technology, the potential 

economic risk and trade-off associated with the use of EENF in the challenging year for crop 

production were outlined. 
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3.11 Conclusion 

In cropping systems, the amount and scheduling of fertilizer applications are key controls 

on the timing and magnitude of N2O emissions. With fall N applications, the applied N is 

believed to be more prone to N losses, particularly as N2O emissions when the soil thaws in the 

following spring due to increased soil moisture, temperature, and high N availability, conditions 

which favour denitrification (Wagner-Riddle et al. 2008; Parkin and Hatfield 2010; Soon et al. 

2011; Thilakarathna et al. 2020). For this reason, fall N applications are thought to be inferior to 

spring N applications (Randall and Sawyer 2008) and generally not considered a sustainable N 

practice under the Nitrous Oxide Emissions Reduction Protocol (NERP). Nevertheless, canola 

growers in the Canadian prairies still opt for fall applications due to time and labour management 

issues. Enhanced efficiency N fertilizer products such as those with an urease inhibitor and 

nitrification inhibitor have strong potential to reduce N2O and protect crop yield irrespective to 

application timings (i.e., either in the fall or in the spring) (Parkin and Hatfield 2010; Trenkel 

2010; Abalos et al. 2014; Tenuta et al. 2016; Thilakarathna et al. 2020).  

The overall results regarding the power of EENFs over crop performance and 

environmental did not show significant improvements in yield, seed N, crop NUE, and SIN with 

SuperU and eNtrench which could be primarily attributed to a high native soil N content of 

the experimental sites. In 2021, yields were severely affected by drought conditions; but yield 

loss and the reduction in crop NUE were less severe with the application of fertilizers in the fall 

or at the reduced N rate, respectively. Compared to crop and N2O production, soil mineral N was 

more responsive to variations in N management. Based on cumulative N2O emissions in my 

study, weather conditions exerted greater control over N2O production than N management. The 

statistically significant reduction in cumulative N2O emissions were not achieved from the 

application of EENFs or reduced N rate. The dry conditions in 2020 and 2021 yielded low 

cumulative N2O emissions during the growing season of both study years. For fall N application, 

the magnitude of annual emissions was determined by the thawing conditions during the freeze-

thaw cycle in the early spring where gradual snowmelt resulting in wet soils in the early spring 

of 2020 led to high cumulative spring thaw N2O emissions and thereby high annual emissions 

from the fall N application in Year 1. Low annual N2O emissions from the fall N application in 

Year 2 was due to the low cumulative emissions during the spring thaw and growing season in 

2021 as a result of the rapid snowmelt with drier soil conditions during the early spring. 
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Regarding spring N application, the magnitude of cumulative spring thaw N2O emissions and 

annual N2O emissions primarily depended on the amount of N removal by crop yield during the 

preceding growing season. Compared to the Year 1, low N removal due to yield loss in 2021 

growing season resulted in higher cumulative N2O emissions during the spring thaw and higher 

annual emissions from spring N application in Year 2. Considering the dry conditions during the 

growing season in 2020 and 2021, EENFs did not provide producers with economic benefits. 

According to the findings of this chapter, I conclude that applications of EENF regardless of the 

N rate and application timing in a dry year are not effective N management strategies offering 

yield protection and N2O mitigation potential for dryland canola production in the prairie 

provinces. Therefore, further research is needed to explore the appropriate suites of 4R BMPs 

enabling crop producers to achieve full potentials of EENF products in dryland canola 

production, especially under drought scenarios. 
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4. TRACKING NITROUS OXIDE PRODUCTION BEFORE AND AFTER A FREEZE-

THAW CYCLE AFTER FERTILIZATION WITH AND WITHOUT A NITRIFICATION 

INHIBITOR 

4.1 Abstract 

Nitrapyrin, a nitrification inhibitor that is commercially available as eNtrench is 

recognized as a practical solution for fall N application due to its potential to mitigate spring 

thaw N2O emissions. Yet, it is largely unclear how Nitrapyrin influences N2O production 

pathways (nitrification and denitrification) throughout a freeze-thaw cycle. To address this gap, a 

41-day soil incubation study was set up to compare urea-N fertilizer with and without Nitrapyrin 

on i) production mechanisms and ii) N2O reduction potentials before and after soil freezing. Soil 

microcosms for each fertilizer treatment and an non-fertilized control received different soil 

moisture treatments (i.e., 55, 70, 80% soil water-filled pore space; WFPS) and were incubated 

under a sequential change in incubation temperature: cold phase simulating fall (4C for two 

weeks), freezing phase simulating winter (-10C for one week), thawing phase simulating 

spring-thaw (4C for five days), and warm phase simulating spring (23C for two weeks). 

Nitrous oxide production and 15N2O isotopomer concentrations were determined from the 

headspace gas samples that were collected during each temperature phase of the incubation. 

Before soil freezing and during thawing, low soil-derived N2O emissions across fertilizer sources 

and soil moisture were produced primarily via nitrification. After thawing, the magnification of 

N2O emissions in the wet soil (70% WFPS) was primarily due to denitrification. Under the same 

condition, when the WFPS was 80%, a complete step-wise denitrification occurred resulting in 

lower N2O emissions compared to 70% WFPS. There were no differences in the pattern of N2O 

emissions, the intensity of emissions, or the relative contribution of N2O production mechanisms 

over different incubation phases when the soil was treated with or without Nitrapyrin. Overall, 

soil moisture, N levels, and temperature were the key factors determining the magnitude of N2O 

emissions and the application of Nitrapyrin before the soil freezes may not translate into lower 

thaw-induced emissions.  
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4.2 Introduction 

The application of synthetic N fertilizer has been and will continue to be an integral part 

of agricultural intensification to meet the rapidly growing global food demand. While the 

application of N fertilizer allows more food being produced on existing farmland, the overuse 

and misuse of fertilizer pose a significant risk to the environment. Among all forms of 

environmental N losses, N2O emissions are highly detrimental to the environment as N2O is 273 

times more harmful to the climate than CO2 and can also directly deplete the ozone layer (Forster 

et al. 2021). In Canada, fertilizer consumption for crop production in Canada generated 11 Mt 

CO2 eq and was the largest contributor of N2O emissions from agricultural soils (Environment 

and Climate Change Canada 2022a). Considering the current climate crisis and food security 

concerns, improving N management through specialty fertilizer products is of interest to many 

agricultural stakeholders. Among several options of EENF products, eNtrench is the N 

stabilizer which contains the additive nitrification inhibitor Nitrapyrin that can effectively 

mitigate N pollution without compromising crop yields (Wolt 2004; Trenkel 2010; Degenhardt et 

al. 2016). In addition, eNtrench provides crop growers with greater flexibility in N application 

timing owing to the persistent nature of Nitrapyrin in cold soils that can last for at least 30 weeks 

following a late fall application (Trenkel 2010).  

At spring thaw, N2O production is magnified due to rapid changes in soil moisture and 

temperature. In theory, the Nitrapyrin in fall-applied eNtrench exhibits its inhibitory effects on 

nitrifying bacteria which disrupts the production of N2O emissions via not only nitrification but 

also denitrification (Trenkel 2010). Accordingly, the mitigation of spring thaw N2O emissions is 

expected (Parkin and Hatfield 2010; Trenkel 2010). However, to our knowledge, there is no 

study that has evaluated the rate of N2O production before and after the freezing event as 

influenced by Nitrapyrin. The source partitioning of N2O from either nitrification or 

denitrification was determined based on the reduction-mixing scenario of the mapping approach 

model by Lewicka-Szczebak et al. (2017) using the 15N site preference (SP; the difference in the 

natural abundance of 15N2O isotopomers) and 18O of N2O from this incubation study that were 

quantified via an advanced spectroscopic approach cavity ring-down spectroscopy (CRDS). The 

source partitioning of N2O production enabled the precise evaluation of the inhibitory effects of 

Nitrapyrin on nitrification and denitrification under different soil moisture conditions during a 
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freeze-thaw cycle. By understanding Nitrapyrin behavior in soils during the freeze-thaw process, 

appropriate N rates and placement methods for the fall application of Nitrapyrin can be 

determined to optimize the efficiency of this enzyme inhibitor and protect the applied N from 

thaw-induced N2O losses.  

4.3 Experimental design and methods  

4.3.1 Soil selection  

Surface soil (0-10 cm) samples were collected on September 25, 2019, from the Year 1 

study site (Dark Brown Chernozem of the Asquith association) using a shovel, sieved through 2 

mm sieve, and air-dried. The field capacity of the soil was previously determined using the long-

column method (ASTM 2017). The gravimetric soil water content (g; g H2O g-1 soil), 

volumetric soil water content (v; cm3 H2O cm-3 soil), and water-filled pore space (%WFPS) 

were determined as follows (Eq. 9-11):  

g= 
water added (g)

dry soil (g)
 

(9) 

v = g × BD (10) 

%WFPS=[
v

(1-
BD
PD

)
] × 100 

(11) 

where BD is soil bulk density (g cm-3), and PD is particle density which was assumed to be 2.65 

g cm-3. 

 

4.3.2 Soil incubation experimental design 

An incubation study was set up using a completely randomized design, with four 

replicates. Nine treatments included two fertilizer sources (urea and urea with enzyme inhibitor–

–eNtrench) and non-fertilized control at three soil moisture levels (55, 70, and 80% WFPS). 

Prior to incubation, all soil microcosms were preincubated at 40.5% WFPS (50% WHC) at 23C 

for 14 days. The incubation included four main phases—namely cold phase, freezing phase, thaw 

phase, and warm phase where all treatments were incubated in the dark and exposed to a 

sequential change in temperature to simulate fall, winter, and spring temperatures: 4C for 14 
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days, -10C for seven days, 4C for six days, and 23C for 14 days, respectively (Figure 4.1).

 

Figure 4.1. Incubation conditions and gas sampling timelines. 

 

4.3.3 Fertilizer solutions preparation 

The rate of fertilizer treatments was based on the soil-test recomendation in the Fall 2019 

(i.e., 50 kg N ha-1). The amount of urea needed for each soil microcosm was determined by 

calculating the amount of N per kilogram of the top-soil surface layer (15 cm) and the amount of 

N for the soil (25.00 g) in the microcosms. The calculations were as follows (Eq. 12-15): 

𝑊𝑆= BD × D × A (12) 

𝑊𝑁 =
𝑁 𝑟𝑎𝑡𝑒

𝑊𝑠
 

(13) 

𝑊𝑁𝑠𝑚 = 𝑊𝑁𝑔  × 𝑊𝑆𝑠𝑚 (14) 

𝑊𝑈𝑟𝑒𝑎 = 𝑊𝑁𝑠𝑚  × %𝑁𝑈𝑟𝑒𝑎  (15) 

where Ws (kg ha-1) denotes weight of soil  in the top 15 cm of a hectare, BD denotes bulk 

density of soil (kg m-3), D denotes depth of soil (m), A denotes area per hectare (m2 ha-1), WN (kg 

N kg-1) denotes the amount of N per kilogram of soil, N rate denotes the amount of N at the soil-

test recommendation (kg N ha-1), WNsm (g N) denotes the amount of N for the amount of soil in 

the soil microcosm, WNg (g N g-1) denotes the amount of N per gram of soil, WSsm denotes the 

amount of soil in the soil microcosms (g soil),WUrea (g) denotes the amount of urea for the 

amount of soil in the soi microcosm, %NUrea denotes the percentage of N in urea fertilizer.  

 The recommended rate of eNtrench was at 2.7 L ha-1, and the amount of eNtrench 

required for 25.00 g of soil in the soil microcosm was determined as follows (Eq. 16-17): 
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𝑊𝑒𝑁= 
𝑒𝑁 𝑟𝑎𝑡𝑒 

𝑊𝑆 
 

(16) 

𝑊𝑒𝑁𝑠𝑚 = 𝑊𝑒𝑁𝑚𝐿 ×  𝑊𝑆𝑠𝑚 (17) 

where WeN (L kg-1) denotes the amount of eNtrench per kilogram of soil, Ws (kg ha-1) denotes 

weight of soil in the top 15 cm of a hectare, eN rate (L ha-1) denotes the recommendation rate of 

eNtrench per hectare, WeNsm (mL) denotes the amount of eNtrench for the amount of soil in 

each soil microcosm, WeNmL (mL g-1) denotes the amount of eNtrench per one gram of soil, 

and WSsm (g) denotes the amount of soil in each soil microcosm. 

The fertilizer treatments were applied to the soil microcosms under the liquid form. The 

liquid fertilizer solutions (1000 units worth of solution) were prepared by first dissolving 

granular urea fertilizer (1.58 g) in 0.50 L deionized water and storing the solution at 4C until 

needed. For the eNtrench (urea + Nitrapyrin) treatment 0.04 mL of eNtrench™ was added to a 

0.50 L aliquot of the liquid urea fertilizer, the solution was then mixed thoroughly and stored at 

4C until needed.     

 

4.3.4 Treatments establishment 

Soil microcosms were constructed by packing 25.00 g sieved and air-dried soil into small 

(5.9 cm i.d.  0.80 cm tall) plastic petri dishes. The soils were first brought to 40% WFPS by 

adding a predetermined amount (5.05 g) of deionized water to each microcosm using a spray 

bottle with a fine mist. The microcosms were then covered with a layer of Parafilm and placed in 

an orbital shaking incubator (Model 1575 & 1575R; Sheldon Manufacturing Inc., OR) at 23C 

for 14 d to stabilize the soil microbial community. After 14 d the microcosms were removed 

from the incubator, weighed to determine amounts of water loss during the stabilization period, 

and deionized water added as needed to return the microcosms to their original water content.  

To avoid contamination, the non-fertilized treatments were established first, followed by 

the urea and then the eNtrench™ treatments. Each microcosm then received 0.50 mL of the 

appropriate liquid fertilizer and enough deionized water via pipeting method to bring the soils to 

the target soil moisture (i.e., 55, 70, or 80% WFPS) and N levels. Each soil microcosm was then 

placed into a 1-L wide-mouth mason jar, immediately sealed with a standard lid fitted with a gas 
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sampling port, and the time the jar was sealed recorded. Two blanks (i.e., mason jars containing 

an empty petri dish) were set up to provide background gas concentrations. 

 

4.3.5 Nitrous oxide gas sampling and analysis  

Throughout the course of the incubation study, each soil chamber was sampled 14 times. 

The gas sampling was carried out by using a 30 mL plastic syringe fitted with a 22-gauge needle 

to collect headspace gas samples that were then injected into pre-evacuated 12 mL Exetainer 

tubes (Labco Limited, UK). Immediately after the non-fertilized control treatments were sealed 

inside the chamber, a headspace gas sample was collected from each soil microcosm to 

determine the time zero GHG concentrations. Gas samples were collected on Days one, three, 

seven, and 14 during the cold phase; Days 21, 22, 24, and 26 during the thaw phase; and Day 27, 

28 30, 34, and 41 during the warm phase (Figure 4.1). There were no gas sampling events during 

the freezing phase (Figure 4.1). After gas sampling on Days 26, 28, 30, and 34, soil chambers 

were flushed with ultra-zero air to replenish the O2 concentration that might be depleted due soil 

respiration throughout the incubation.  

The gas samples were analyzed for N2O, CO2, and CH4 concentrations using standard gas 

chromatography techniques (Bruker 450 GC, Bruker Biosciences, Billerica, MA) in the Prairie 

Environmental Agronomy Research Laboratory in the Department of Soil Science. A second set 

of gas samples also were collected at each gas sampling event and were used to determine the 

15N and 18O of N2O analyses using a CRDS-based Picarro G5131-i isotopic N2O analyzer 

(Picarro Inc.; Santa Clara, CA).  

 

4.3.6 Nitrous oxide source partition via isotopomer approach 

With the 15N, 15N values obtained from 15N2O isotopomers analyses of gas fluxes, 

the site preference (SP) was calculated as follows (Toyoda and Yoshida 1999; Yoshida and 

Toyoda 2000; Sutka et al. 2006) (Eq. 18): 

𝑆𝑃 =  15𝑁 − 
15𝑁   (18) 

where,  15N (‰) and 15N (‰) denotes the abundance of 14N15NO and 15N14NO, respectively 

in the gas sample 
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Source partitioning for soil-derived N2O was determined by adopting the linear mixed 

model approach, mixing-reduction scenario (Lewicka-Szczebak et al. 2017). The mixing 

reduction scenario assumes that the production of N2O via nitrification and denitrification 

precedes the complete stepwise denitrification (i.e., N2O is produced via the ammonium 

oxidation and nitrite reduction followed by the reduction of N2O to N2 via the denitrification). 

The relative contributions of these N2O production mechanisms to total soil N2O emissions were 

based on the fractions of N2O produced via nitrification (FN) and denitrification (FD) which were 

calculated using the experimentally derived SP and 18O values and literature-derived 

endmembers for nitrification (
 15𝑁    𝑁

𝑆𝑃 ) and denitrification (
 15𝑁    𝐷

𝑆𝑃 ) (Lewicka-Szczebak 2018). 

The calculations for FN and FD are as follows (Eq. 19-20):  

𝐹𝐷 =


 15𝑁    𝑋
𝑆𝑃 − 

 15𝑁    𝑁
𝑆𝑃


 15𝑁    𝐷

𝑆𝑃 − 
 15𝑁    𝑁

𝑆𝑃
 

(19) 

𝐹𝑁 = 1 − 𝐹𝐷 (20) 

where 
 15𝑁    𝑋

𝑆𝑃  (‰) is the isotopic signature of N site preference derived from the experimental 

SP and 18O values (multistep calculations are shown in Lewicka-Szczebak et al. (2017) and 

Lewicka-Szczbak (2018)). 
 15N    N

SP  and 
 15N    D

SP  are the endmembers for nitrification and 

denitrification with initial values of 34.4‰, and -2.4‰ (Lewicka-Szczebak 2018), respectively. 

 Calculation of the N2O fluxes produced via nitrification (N2ONit; ng N g-1 d-1) and via 

denitrification (N2ODenit; ng N g-1d-1) are as follows (Eq. 21-22): 

N2ONit = N2O × FN (21) 

N2ODenit = N2O × FD (22) 

where N2O is the concentration of N2O fluxes (ng N g-1 d-1) obtained from the analyzed gas 

samples, FN is the fraction of N2O produced via nitrification, and FD is the fraction of N2O 

produced via denitrification.  

 Cumulative N2O produced from nitrification, denitrification or both pathways were 

calculated by summing N2O via the corresponding production pathways from each sampling 

event (total of 14 events). 
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The ratios of N2O from nitrification to that from both pathways (Nit:Total) and N2O via 

denitrification to that from both pathways (Denit:total) were calculated as follows (Eq. 23-24): 

Nit: Total =
N2ONit

N2OTotal 
 

(23) 

Denit: Total =
N2ODenit

N2OTotal 
 

(24) 

where N2ONit (ng N g-1 d-1) is the concentration of N2O fluxes derived from nitrification, N2ODenit 

(ng N g-1 d-1) is the concentration of N2O fluxes derived from denitrification, and N2OTotal (ng N 

g-1 d-1) is the concentration of total N2O fluxes derived from both production pathways.   

 

4.4 Statistical analysis 

Statistical analyses were done using SAS OnDemand for Academics (SAS Institute Inc., 

North Carolina, USA). Cumulative N2O emissions and the ratios of N2O from each production 

pathway to total N2O were tested for the assumptions of the analysis of variance (ANOVA)––

namely, a normal distribution using PROC UNIVARIATE with Shapiro-Wilk test (Shapiro and 

Wilk 1965) and the homogeneity of variances using Levene’s test. Independent variables that 

satisfied the assumptions of the ANOVA were then subjected to a one-way ANOVA at =0.05 

via PROC MIXED, where the fixed effect was fertilizer source. The effect of fertilizer source on 

independent variables were evaluated for each soil moisture level at each incubation phase, 

separately. Tukey-Kramer test at =0.05 was used for treatment mean comparisons. In the case 

where data did not satisfy the assumption of homogeneity of variances, the W-ANOVA was used 

to analyze treatment effects. CoPlot (version 6.451; Cohort Software Ltd., Monterey, CA) was 

used for data visualization. 

 

4.4.1 Transformations 

Independent variables that did not satisfy the assumptions of the ANOVA test were 

transformed using one of the following functions: log, reciprocal, and power prior to the 

ANOVA. The transformed data were tested for normality and homogeneity of variance to ensure 

that the assumptions of ANOVA were satisfied. Following the one-way ANOVA and Tukey-



 

  100 

Kramer tests, the transformed data were back-transformed (Jorgensen and Pedersen 1998) for 

tabular and graphical presentation.  

 

4.5 Results 

4.5.1 Soil N2O emissions from N-treated soils with and without the nitrification inhibitor 

Nitrapyrin (eNtrench) 

 In general, there was a consistent pattern (i.e., independent of fertilizer sources and soil 

moistures) where N2O emissions were low during the cold and thaw phases (Fig. 4.2). During the 

warm phase, the rapid increase in N2O emissions was observed from the moist soils (i.e., 70% 

WFPS and 80% WFPS) (Fig. 4.2. B & C), whereas the emissions from the dry soil (i.e., 55% 

WFPS) remained low (Fig 4.2. A). Regarding the magnitude of the emissions, the non-fertilized 

control produced the lowest N2O fluxes relative to other N treatments in most cases. Moist soils 

treated with fertilizers emitted more N2O when they were incubated under the higher temperature 

of the warm phase than under the lower temperature of other incubation phases. A delay in 

emissions due to the addition of Nitrapyrin to the conventional urea (eNtrench treatment) after 

the freezing event was not observed regardless of soil moisture level. 

 At 55% WFPS, emissions from fertilized soils increased rapidly and peaked on day 7 for 

urea (62.65 ng N g-1 d-1) and day 14 for eNtrench (59.22 ng N g-1 d-1) during the cold phase, 

followed by a drastic drop in emissions during the thawing phase (Fig. 4.2. A). The lowest 

emissions (2.36 ng N g-1 d-1 and 3.06 ng N g-1 d-1 for the urea and eNtrench, respectively) 

occurred on the first day of the warm phase (Day 27) and from Day 28 to 42 of the warm phase, 

there was a near-linear increase in emissions from both N treatments. However, the urea + 

eNtrench produced higher N2O emissions compared the urea alone. The non-fertilized 

exhibited a similar pattern of N2O emissions throughout the incubation, though the intensity of 

fluxes was lower with peak emissions (20.62 ng N g-1 d-1) measured on day 41 during the warm 

phase. In addition, during the last day of the incubation, fluxes from the urea were lowest, 

followed by the control, and eNtrench yielded the highest fluxes among the treatments. 

 At 70% WFPS, a slight increase in N2O emissions was observed from all treatments 

during the cold phase, with the urea + eNtrench producing the most N2O (Fig. 4.2 B). After 
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freezing, the emissions from the urea + eNtrench continued to rise, whereas that from the urea 

slightly decreased during the thawing phase and fluctuated during the first half of the warm 

phase. Peak emissions from both N treatments were measured on Day 34 during the warm phase, 

and the magnitude of the N2O emissions was 5.6 times larger when urea was treated 

with Nitrapyrin relative to the urea alone (1588 ng N g-1 d-1 compared to 281 ng N g-1 d-1). The 

pattern of emissions from the control was similar to that at 55% WFPS, and the highest flux 

(25.17 ng N g-1 d-1) was captured on the last day of the warm phase.  

 At 80% WFPS, all treatments yielded low fluxes when the soil microcosms were 

incubated at 4°C and remained relatively constant during the thaw period before increasing 

rapidly at the start of the warming period (Fig. 4.2 C). Following the sharp rise in emissions on 

Day 28 N2O production remained relatively constant for both N treatments, though, fluxes from 

the soils treated with urea + eNtrench were lower than those from the urea-treated soils. 

Emissions reached their peak on day 34 for the urea (278.50 ng N g-1 d-1) and day 41 for the urea 

+ eNtrench (206.25 ng N g-1 d-1). The increase in emissions from the non-fertilized soils was 

relatively gradual, and peak emissions (40.26 ng N g-1 d-1) were recorded on the last day of the 

incubation. 
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Figure 4.2. The patterns of N2O fluxes from urea treated with and without Nitrapyrin (eNtrench) under 

the influences of different soil moisture levels: (A) 55% WFPS; (B) 70% WFPS; (C) 80% WFPS over the 

course of the incubation. Note: The y-axis on (A) is different from those on (B) and (C).  
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4.5.2 Cumulative N2O emissions from nitrification and denitrification 

The cumulative N2ONit, N2ODenit, and N2OTotal emissions were influenced by fertilizer 

source regardless of soil moisture and incubation conditions (Fig. 4.3). The only exception 

occurred at 80% WFPS during the warm phase (Fig. 4.3 C3). Though there were significant 

differences in N2ONit, the differences in N2ODenit and N2OTotal were insignificant, likely due to the 

large variability in fluxes from soils at 80% WFPS during the warm phase. In most cases, the 

addition of fertilizer to the soils––with or without Nitrapyrin––yielded significant increases in 

the production of N2O via each pathway compared to the non-fertilized control. However, the 

N2ODenit emissions were comparable between urea and the non-fertilized control at 55% WFPS at 

the warm phase (Fig. 4.3.C1). Likewise, the urea + eNtrench produced similar N2ODenit and 

N2OTotal to the non-fertilized soils at 70% WFPS during the thaw phase (Fig. 4.3 B2). Regarding 

fertilizer source, the nitrification inhibitor––Nitrapyrin did not have a significant effect on the 

N2O production pathways which were evidenced by the similar amount of cumulative N2ONit and 

N2ODenit measured from the urea and eNtrench treatments. 
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Figure 4.3. Cumulative N2O emissions from the nitrification (N2ONit; in pink), denitrification (N2ODenit; in 

blue ink), and both pathways (N2OTotal; in black) during the cold (A), thaw (B), and warm (C) phases as 

influenced by 55% WFPS (A1, B1, C1), 70% WFPS (A2, B2, C2), and 80% WFPS (A3, B3, C3). Means 

followed by different letters are significantly different at =0.05. Note: Different scales at y-axes of (A1, 
B1, C1) vs. (A2, B2, C2)  vs. (A3, B3, C3). Where necessary, data were log- and reciprocal-transformed 

for analysis and back-transformed for reporting. Where transformation did not satisfy the assumptions of 

ANOVA test, Welch-ANOVA was used to analyze the data. 
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4.5.3 Relative contribution of N2O production pathways to the cumulative N2O emissions 

During the cold phase of the incubation, nitrification was the dominant source of N2O—

accounting for 54 to 60% of total N2O emissions (Table 4.1)—and there were no significant 

differences among treatments. During the thaw phase, similar results were obtained when the soil 

moisture was maintained at 55% or 80% WFPS (Table 4.1). At 70% WFPS, however, the 

proportion of total N2O derived from nitrification decreased to 48% for the urea amended soils 

and 51% for the soils amended with urea + eNtrench. During the warm phase nitrification 

remained the dominant source of N2O for the control soils at all soil moisture levels and for the 

fertilized soils at 55% WFPS (Table 4.1). At 70% and 80% WFPS, however, denitrification was 

the dominant source of N2O during the warm phase. This was especially true for the soils 

amended with urea + eNtrench at 70% WFPS—with 79  9% of total N2O being derived via 

the denitrification pathway.  At 80% WFPS, denitrification was still the dominant N2O 

production pathway, though the amount of N2O produced by soils amended with urea + 

eNtrench (59  7%) was significantly lower than at 70% WFPS.  



  

   

1
0
6
 

Table 4.1. The relative contribution of nitrification (Nit) and denitrification (Denit) to total N2O emissions (Total) from soils treated with urea or 

urea + eNtrench, and non-fertilized control at 55%, 70%, and 80% WFPS and incubated during the cold, thaw, and warm phases. Note: Where 

necessary, data were log or power-transformed to meet the assumptions of the ANOVA tests. 
 55% WFPS 

 Cold Phase  Thaw Phase  Warm Phase 

 Nit:Total Denit:Total  Nit:Total Denit:Total  Nit:Total Denit:Total 

Urea 0.58  0.01 0.42  0.01  0.57  0.01 0.43  0.01  0.57  0.02 0.43  0.02 

eNtrench 0.58  0.01 0.42  0.01  0.57  0.01 0.43  0.01  0.55  0.01 0.46  0.01 

Control 0.57  0.01 0.43  0.01  0.56  0.01 0.44  0.01  0.56  0.02 0.44  0.02 

 P=0.8217 P=0.8217  P=0.701 P=0.701  P=0.5204 P=0.5133 

 70% WFPS 

 Cold Phase  Thaw Phase  Warm Phase 

 Nit:Total Denit:Total  Nit:Total Denit:Total  Nit:Total Denit:Total 

Urea 0.54  0.03 0.46  0.03  0.48  0.06 0.53  0.07  0.38  0.09 0.62  0.09 

eNtrench 0.56  0.03 0.44  0.03  0.51  0.06 0.50  0.06  0.21  0.09 0.79  0.09 

Control 0.59  0.02 0.41  0.02  0.58  0.05 0.42  0.05  0.57  0.09 0.43  0.09 

 P=0.4380 P=0.4207  P=0.4044 P=0.4125  P=0.0567 P=0.0567 

 80% WFPS 

 Cold Phase  Thaw Phase  Warm Phase 

 Nit:Total Denit:Total  Nit:Total Denit:Total  Nit:Total Denit:Total 

Urea 0.59  0.02 0.41  0.02  0.59  0.02 0.41  0.02  0.35  0.07 0.65  0.07 

eNtrench 0.59  0.02 0.41  0.02  0.58  0.02 0.42  0.02  0.41  0.07 0.59  0.07 

Control 0.60  0.02 0.40  0.02  0.59  0.02 0.41  0.02  0.54  0.07 0.46  0.07 

 P=0.9583 P=0.9583  P=0.9943 P=0.9943  P=0.2225 P=0.2225 
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4.6 Discussion 

4.6.1 Applying Nitrapyrin before the soil freezes did not translate into an N2O emissions 

reduction upon thawing 

Nitrapyrin––the active nitrification inhibitor ingredient in eNtrench ––has been 

promoted as a useful tool to reduce soil N losses due to its capacity to supress the microbial 

conversion of ammonium to nitrate during nitrification, and thereby slowing denitrification to 

produce an overall reduction in N2O emissions (Snyder et al. 2009; Trenkel 2010; Degenhardt et 

al. 2016; Verburg et al. 2022). However, the results of this study demonstrated only a weak 

efficacy of Nitrapyrin with regards to N2O emissions reductions. When comparing the urea and 

eNtrench treatments across soil moisture levels and temperature phases, similar cumulative 

N2O emissions along with the comparable importance of each pathway to total N2O emissions 

imply the marginal effect of Nitrapyrin on N2O production. These observations, indeed, did not 

support my hypothesis that Nitrapyrin, especially under the low soil moisture, directly suppresses 

nitrification and indirectly affects denitrification resulting N2O reduction. The lack of inhibitor 

effect throughout the study might be due to the influence of soil conditions and the application 

method on the environmental fate of this nitrification inhibitor. Given that the stronger activity of 

Nitrapyrin was observed during the active growth phase rather than the stationary phase of 

nitrifiers (Wolt 2000), the cold temperature (4C) from the cold phase until the end of thaw 

phase or dry soil during the warm phase restrict the metabolic activity of nitrifiers, and thereby 

confounding the potential efficacy of Nitrapyrin to inhibit nitrification. Regarding the logistics of 

establishment of the eNtrench treatments, incorporating Nitrapyrin-coated urea granules into 

the preincubated soil microcosms was impractical. Instead, the predetermined amount of N and 

Nitrapyrin was mixed with deionized water and applied to the soil surface within the microcosms 

in the liquid form. Considering that the dissipation of Nitrapyrin associated with surface 

application is dominated by volatilization where the half-life for volatile loss of Nitrapyrin 

averages five hours after application (Wolt 2000), the applied Nitrapyrin of eNtrench 

treatments might exhibit moderate environmental volatility (especially in the wet soil) during the 

early phases of the incubation leading to a reduction in bioavailability and therefore its efficacy 

in the warm phase.  
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4.6.2 Soil N, moisture, and temperature outplayed Nitrapyrin regulating the rates of N2O 

production and the intensity of emissions during the freeze-thaw cycle   

Though fertilizer source significantly influenced the cumulative N2O emissions generated 

from nitrification and denitrification, significant differences in cumulative emissions were due to 

the application of N fertilizers rather than the different formulations of N source––i.e., urea with 

and without Nitrapyrin. The increase in N2O production via each pathway and cumulative N2O 

emissions due to the addition of urea to the soil were consistent over the course of the study 

where cumulative N2O emissions from nitrification and denitrification were higher from 

fertilized than non-fertilized soils across soil moisture levels. This observation was expected as 

fertilizer applications are often associated with high N2O fluxes (Butterbach-bahl et al. 2013; 

Smith 2017). Besides, the magnitude and pattern of N2O emissions and the rates of N2O 

production were sensitive to changes in soil moisture and temperature phases. Consistent with 

the hypothesis, low cumulative N2O emissions during the cold phase prior to freezing were likely 

due to a decrease in microbial activity with low temperature (Cosentino et al. 2013; Smith 2017). 

Nonetheless, 54-60% of N2O emitted from both dry and wet soils was derived from nitrification 

instead of equally contributed by both pathways as was hypothesized.  

An increase in temperature during the transition from freezing (-4C) to thawing (4C) 

did not induce large pulses of N2O emissions, but rather resulted in low fluxes with low 

cumulative N2O emissions throughout the thaw period, even in the moist soils where active 

denitrification was expected due to anaerobic conditions. This observation was inconsistent with 

other laboratory studies where large emissions of N2O were observed once the soils were thawed 

(Teepe et al. 2001, 2004; Koponen and Martikainen 2004; Wagner-Riddle et al. 2008). The low 

thaw-induced N2O emissions in this study also contradicted observations from the field 

experiment (Chapter 3) of this study where emissions during the spring thaw were most 

prominent. Given that the duration of soil freezing has a direct effect on N2O emissions (Teepe et 

al. 2004; Yanai et al. 2011), the short duration of freezing (7 days) during this incubation study 

might be a main reason behind the low and constant N2O fluxes across soil moisture levels. This 

notion is supported by the findings from the incubation study of Teepe et al. (2004) and the field 

study of Yanai et al. (2011) where thaw-induced fluxes were higher with longer periods of soil 

freezing. According to Teepe et al. (2004), the slow thaw at 1C resulted in lower N2O 

production compared to the quick thaw at 10C because it took longer for the diffusion barriers 
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in the soil to be completely eliminated. Though the gradual thaw condition of this present study 

might slow the increase of N2O emissions, it was very unlikely due to the reduced diffusivity 

within the soil core as the depth of soil samples was only 0.80 cm. Instead, low cumulative N2O 

emissions under the gradual thaw condition may have resulted from the slow recovery of 

denitrifiers following the cold stress, as  nitrification continued to dominate the N2O production 

during the thaw phase.  

During the warm phase, the rates of N2O production and the magnitude of N2O emissions 

were regulated by the interplay between soil moisture and fertility levels, as temperature was no 

longer a limiting factor to soil microbial activities. It was not surprising when fertilized soils at 

55% WFPS emitted less N2O than those at higher WFPS as the high oxygen concentration in the 

dry soil limits the anaerobic activity of denitrification. Under anaerobic conditions of moist, 

fertilized soil at 70% and 80% WFPS, denitrification was favoured, and N2O emissions were 

magnified. In addition, cumulative N2O emissions from fertilized soils were smaller at 80% 

WFPS relative to 70% WFPS suggesting the complete-stepwise denitrification where more N2 

than N2O is produced as the final product of denitrification in the water-saturated soils (Teepe et 

al. 2004; Butterbach-bahl et al. 2013; Congreves et al. 2019). 

 

4.7 Conclusion 

Nitrapyrin, a nitrification inhibitor in eNtrench is promoted as a practical N stabilizer 

for fall application that can reduce the availability of substrate (NO3
-) for denitrification during 

the spring thaw and thereby offset thaw-induced N2O emissions. However, how Nitrapyrin 

influences the production of N2O via nitrification and denitrification at different soil moisture 

levels during the freeze-thaw cycle remains largely unknown. In this study, Nitrapyrin did not 

exhibit inhibitory effects on nitrification or delay N2O emissions in any incubating phases and 

soil moisture levels. Accordingly, cumulative pathway-specific N2O emissions and the relative 

contribution of each N2O production mechanism were not different when soils were fertilized 

with the stabilized urea compared to that with untreated urea. The ineffectiveness of Nitrapyrin 

to lessen N2O emissions could be due to interactions between incubation conditions and 

(possibly) the dissipation of Nitrapyrin via natural volatilization due to surface application with 

liquid urea. Nitrous oxide production was more responsive to soil conditions such as soil 



  

  110 

moisture, temperature, and soil N levels. Irrespective of the enzyme inhibitor, N2O emissions 

were greater with the application of N fertilizer compared to non-fertilized control and with wet 

soils under warm conditions. Low temperature before the warm phase and low soil moisture 

across incubation phases favoured nitrification and resulted in low N2O emissions. High 

temperature during the warm phase with high soil moisture accelerated denitrification in the 

fertilized soils resulting in high N2O emissions when WFPS was 70%. The anoxic condition in 

soils at 80% WFPS favoured and the complete step-wise denitrification. With respect to the 

responses of N2O production to temperatures, an increase in N2O emissions due to high rate of 

denitrification did not occur upon the transition from the freezing phases (-4C) to the thaw 

phases (4C) but happened once the incubation entered the warm phase (23C).  

Although the high thaw-induced emissions were not evidenced in this study, the risks of 

denitrification losses during the spring thaw are still present. Therefore, based on the results of 

this study, adopting eNtrench for fall N application may not always translate into reduction in 

N2O emissions in the early spring, especially when surface broadcast with liquid N fertilizer. 

Other management options such as in-soil placement (i.e., banding and injecting) should be 

considered when stabilizing conventional N fertilizers with eNtrench for the fall application to 

optimize the efficacy of eNtrench during the following spring thaw.  
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5. GENERAL DISCUSSION AND CONCLUSIONS 

5.1 Synthesis of key findings and general discussion 

 Canola is the “golden crop” of Canada that generates approximately one-quarter of the 

national total farm receipt (Agriculture and Agri-Food Canada 2021). Despite its economic 

impact on the Canadian economy, there are great concerns about the environmental profile of 

canola production under conventional N management practices. To achieve optimal seed yield, 

high amounts of N fertilizer are often used, and the average input across Saskatchewan ranges 

from 140-196 kg N ha-1 (Canola Council of Canada n.d.). The large N inputs together with low 

NUE increase the environmental cost owing to the emissions of N2O—a potent greenhouse gas 

that contributes to climate change. The environmental footprint of canola production is further 

increased with fall fertilizer application for a spring-seeded crop as a result of large N2O 

emissions during the following spring thaw (Wagner-Riddle and Thurtell 1998; Parkin and 

Hatfield 2010; Thilakarathna et al. 2020). One way to balance both the agronomic performance 

and environmental outcomes of the canola cropping system is to use an EENF product; for 

example, a N fertilizer stabilized with a nitrification inhibitor and/or urease inhibitor used in 

conjunction with science-based 4R BMPs; practices that involve the application of the Right 

Source of N fertilizer at the Right rate, Right time, and with the Right placement.   

 In the present study, the EENF products evaluated were SuperU, a stabilized urea 

containing both urease and nitrification inhibitors and eNtrench , an additive nitrification 

inhibitor often used with urea. These were tested for their effects on agronomic performance and 

environmental outcomes (N2O emissions) in a dryland canola production system. My research 

encompassed N application at the soil-test recommended N rates compared to reduced rates 

(30% less than the soil-test N rate) in the late fall preceding the growing season and in the spring 

at seeding. Key findings of this study suggested that the application of SuperU and eNtrench 

did not influence crop yields, seed N, or crop NUE compared to conventional urea. This effect 

was likely due to drought and the inherently high soil fertility status of the experimental sites 

which was sufficient to support crop growth and productivity. As well, the severe drought 

conditions over the growing season in 2021 had a detrimental impact on plant growth and yield 

production, and also hindered crop response to the application of EENF. Likewise, nonuniform 
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plant density due to seeder malfunction and deer damage during the growing season in 2020 may 

have obscured the impact of the EENFs on agronomic metrics. Fertilizer rate was observed to 

influence most NUE metrics but had no effect on other measured soil or crop metrics. Crop NUE 

was least at the highest N rate (i.e., the soil-test rate) and negative NBI values associated with 

both the soil-test and reduced N rates indicate that the system had a surplus of N to begin with. 

Due to water and heat stress occurred during the growing season in 2021, severe yield loss was 

observed across all N treatments. It was apparent that soil moisture was the key factor driving 

any differences in crop performance. 

 With respect to in-season soil N availability, the SIN was highest at the beginning of 

the growing season and declined as the growing season proceeded. The application of N fertilizer 

increased the SIN, but the difference in SIN between fertilized and nonfertilized soils were not 

sufficient to drive significant treatment differences. This finding could be attributed to dry soil 

conditions that restrict a movement of N in soil and good contact with the resin. Nevertheless, no 

effect of EENFs was observed on either soil N loss mitigation or the delay in N release for better 

plant N uptake at critical growth stages. Compared to the crop, soil N was more responsive to 

changes in N management—but this was not enough to translate into marked crop productivity 

differences.  

 The pronounce peaks of N2O emissions occurred during the spring thaw and after the 

spring N application. In most cases, the majority of annual N2O emissions occurred during the 

spring thaw. The N management had only minimal impacts on cumulative N2O emissions, 

whereas weather conditions (i.e., amount and timing of precipitation) were the main factors 

determining the magnitude of the cumulative emissions. In Year 1, cumulative emissions during 

the spring thaw and annual emissions were substantially greater with the fall N application 

compared to those with the spring N application. The slow thaw with wet soil conditions in the 

early spring of 2020 resulted in large cumulative spring thaw emissions from fall N application, 

whereas the emissions from the spring N application during the spring thaw in 2021 were due to 

the quick thaw with dry soil conditions. The annual emissions and cumulative spring thaw 

emissions from the fall N application were considerably lower in Year 2 compared to Year 1. 

The quick thaw and dry soil conditions in the early spring of 2021 together with the possibility of 

ammonia volatilization associated with the surface broadcast without incorporation resulted in 
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low cumulative spring thaw emissions from the fall N application in Year 2. In contrast to Year 

1, cumulative spring thaw and annual emissions were higher with the spring N application than 

those with the fall N application in Year 2. Due to the severe yield loss in the 2021 growing 

season, the differences in soil N levels between the spring N plots in the early spring of 2022 and 

the fall N plots in the early spring of 2021 were relatively comparable. Thus, the higher 

cumulative spring thaw emissions from the spring N application relative to the fall N application 

were primarily attributed to the higher soil moisture levels during the early spring of 2022 

compared to 2021. In 2020 and 2021, the dry conditions due to low in-season precipitation 

restrained the N2O production and thereby leading to low cumulative N2O emissions during the 

growing seasons.  

 Throughout the study, fertilizer source generally did not affect cumulative N2O 

emissions, except for the cumulative growing season emissions from the spring N application in 

Year 1 and annual emissions from the fall N application in Year 2 where significantly higher 

cumulative growing season emissions and annual emissions occurred with the application of 

fertilizers, irrespective of N formulations, compared to the non-fertilized control. Though the 

reduction in cumulative emissions was not statistically significant with EENFs, cumulative N2O 

emissions were occasionally lower when soils were treated with SuperU and eNtrench than 

with urea. The lack of evidence that the EENFs significantly reduced N2O emission in the 

present study, it must be emphasized that this was likely due to the drought conditions. Besides, 

the high N background in the native soil occasionally led to higher N2O emitted from the non-

fertilized control plots than the N-treated plots. There were no significant effects of fertilizer rate 

on cumulative N2O emissions during the spring thaw, the growing season, or annual emissions in 

both Year 1 and Year 2. The magnitude of N2O emissions was not always proportional to the rate 

of N inputs. The only exception to this was the fall N application at the reduced rate in Year 2 

which consistently reduced N2O emissions. The significant effect of application timing on 

cumulative growing season emissions were observed in Year 2 only where applying fertilizers in 

the spring resulted in higher emissions during the growing season than that in the fall.    

 Yield-scaled N2O emissions were high in the present study, especially in Year 2 when 

crop yields were exceptionally low due to the severe drought. When compared to the 

conventional urea, the application of SuperU and eNtrench had no significant effect on YSE, 
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even though YSE were reduced by up to 28% in Year 1 and 41% in Year 2. With respect to the 

economic impact of EENF application in 2020 and 2021, the price premium of SuperU and 

eNtrench were unlikely to be recovered due to low yields and a general lack of crop response 

to the EENFs under the extreme dry conditions that existed throughout the study. As no 

significant effects of the EENF on YSE were observed, and with the YSEs, it was concluded that 

there is no advantage to use of EENF in the dry years under dryland cropping.  

 To complement my field study, a 41-day incubation study was conducted to evaluate 

the efficacy of the nitrification inhibitor Nitrapyrin in eNtrench on the production of N2O via 

nitrification and denitrification during a freeze-thaw cycle. Across different soil moisture levels 

(i.e., 55%, 70% and 80% WFPS) and incubation temperatures during cold, thaw and warm 

phases, the inhibitor effect of Nitrapyrin on N2O production was not observed. Cumulative N2O 

emissions generated via nitrification and denitrification pathways and the relative contribution of 

each production pathway to total emissions were not different when urea was treated with 

Nitrapyrin relative to the untreated urea. The ineffectiveness of Nitrapyrin to reduce emissions 

over the course of the incubation study could be attributed to the volatile nature of Nitrapyrin 

when surface applied with liquid urea. The negation of Nitrapyrin on N2O emission reduction 

could also be due to the sensitivity of N2O production to changes in soil temperature, moisture, 

and N levels. Overall, fertilizer application regardless of the N sources increased soil N 

availability and resulted in higher N2O emissions compared to the non-fertilized control. Low 

temperature during the cold and thaw phases or dry soils across incubation phases retarded the 

activity of both the nitrifier and denitrifier communities, thereby leading to low N2O emissions. 

The absence of thaw-induced N2O bursts in the wet soils following the freezing phases were 

likely due to the short freezing duration and slow recovery of the nitrifying and denitrifying 

bacteria after exposure to the freezing temperature. Upon the increase in temperature during the 

warm phase, large emissions from the wet soils at 70% and 80% WFPS were due to the 

increased rate of denitrification, and the complete step-wise denitrification was observed from 

soils at 80% WPFS where cumulative emissions were lower with 80% WFPS compared to 70% 

WFPS.  
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5.2 Conclusions 

 As global food demands and climate change will increasingly put pressure on 

agriculture, a paradigm shift towards more sustainable agricultural production systems will be 

required to address the interlinked challenges of food security and climate change. The 

environmentally responsible use of fertilizer through 4R Nutrient Stewardship could effectively 

reduce the environmental footprint of crop production by directly reducing N2O emissions from 

cropland while maintaining or (possibly) improving crop productivity (Abalos et al. 2014; 

Snyder 2017). In the prairie regions of Canada, canola is a primary crop of choice for producers, 

yet the production of canola is often associated with negative environmental impacts due to its 

high N demand to fully achieve its yield potential. Together, high rates of N inputs and fall 

fertilizer applications are a common practice for canola production in the prairies that increases 

the risk of N losses to the environment––especially in the form of N2O emissions–– and 

negatively impacting sustainability metrics. With the use of enzyme inhibitors to delay urea 

hydrolysis and nitrification, EENFs are recognized as important to 4R BMPs in which the 

adoption of EENF technology combined with the “Right” components of rate, timing, and 

placement allows crop producers to improve the NUE of the cropping system. Accordingly, farm 

profitability is improved through better yield and environmental impacts are minimized by 

lowering N2O emissions. In the two-year field experiment of my study, the use of SuperU and 

eNtrench in a dryland canola cropping was impacted by drought such that they did not provide 

any improvement to agronomic outcomes (i.e., yield, NUEs, SIN) or environmental performance 

(i.e., N2O emissions reductions). Under the controlled environment of the incubation study, the 

nitrification inhibitor in eNtrench, Nitrapyrin, was ineffective against N2O emissions reduction 

during a freeze thaw event. The application of N fertilizer at the soil-test rate or the reduced rate 

(30% less N than the soil-test rate) did not influence crop yield or cumulative N2O emissions 

during my study. However, under the severe drought conditions, the reduced N rate was 

beneficial to crop NUE. In terms of application timing, fall N application was more vulnerable to 

N2O losses in a year with relatively wetter spring thaw conditions compared to a drier spring 

thaw (e.g., 2020 vs. 2021), but yield loss was less severe with the fall N application than the 

spring N application under dry conditions. A positive return on the investment in EENFs was 

unlikely to be achieved due to low yields in dry years.  
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 Based on the findings of this study, irrespective of rate, the efficacy of EENFs for N2O 

emissions reduction in dryland canola production is strongly climate dependent. Given that 

droughts and extreme heat events are projected to be more intense and frequent in the future 

growing seasons across the Canadian prairie (Sauchyn et al. 2020), a more advanced, innovative, 

or holistic N management approach is needed to mitigate N2O emissions and alleviate in-season 

climate risks to crop production. As such, an equal emphasis on the four “rights” principles of 

the 4R Nutrient Stewardship is appropriate. Along with adopting EENF, N rate optimization, in-

soil N placement, and appropriate application timing should be considered collectively to 

optimize agronomic and environmental performance.  
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7. APPENDIX 

Table A.1. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-way 

interactions of fertilizer source, rate, and application timing on seed yield in the growing season in 2020. 
Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.33 0.7182 

Rate (R) 1 2.41 0.1287 

Timing (T) 1 0.79 0.3804 

S  R 2 0.35 0.7055 

S  T 2 1.03 0.3662 

R  T 1 0.37 0.5490 

S  R  T 2 4.17 0.0229 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 

 

 

Table A.2. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-way 

interactions of fertilizer source, rate, and application timing on seed yield in 2021. Note: The data did not 

meet the assumptions for the ANOVA regardless of several transformation attempts. This is due to the 

very low yield and very low seed N content in 2021—a year which was severly impacted by drought. 

Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.44 0.6441 

Rate (R) 1 0.58 0.4519 

Timing (T) 1 4.50 0.0404 

S  R 2 0.42 0.6621 

S  T 2 0.14 0.8683 

R  T 1 0.04 0.8478 

S  R  T 2 0.04 0.9608 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 
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Table A.3. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-way 

interactions of fertilizer source, rate, and application timing on seed N removal in 2020. Bolded terms 

denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.31 0.7341 

Rate (R) 1 2.94 0.0945 

Timing (T) 1 0.64 0.4291 

S  R 2 0.64 0.5337 

S  T 2 0.96 0.3933 

R  T 1 0.22 0.6415 

S  R  T 2 4.13 0.0236 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 

 

 

Table A.4. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-way 

interactions of fertilizer source, rate, and application timing on seed N removal in 2021. Note: Data were 

sine-transformed to meet the assumptions of the ANOVA. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 1.00 0.3768 

Rate (R) 1 0.00 0.9777 

Timing (T) 1 0.64 0.4273 

S  R 2 0.55 0.5821 

S  T 2 0.04 0.9647 

R  T 1 2.14 0.1507 

S  R  T 2 2.53 0.0914 

anumerator degrees of freedom (denominator degrees of freedom is 42) based on proc mixed 
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Table A.5. Analysis of variance using proc mixed SAS procedure for the single and two-way interactions 

of fertilizer source and rate on cumulative N2O emissions from fall 2019 N application during the spring 

thaw in 2020 of Year 1. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.57 0.5759 

Rate (R) 1 0.2 0.6566 

S  R 2 0.2 0.8217 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.6. Analysis of variance using proc mixed SAS procedure for the single and two-way interactions 

of fertilizer source and rate on cumulative N2O emissions from fall 2019 N application during the 

growing season of Year 1. Note: Data were sine-transformed for statistical analysis.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.59 0.5622 

Rate (R) 1 1.53 0.2321 

S  R 2 0.34 0.7196 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.7. Analysis of variance using proc mixed SAS procedure for the single and two-way interactions 

of fertilizer source and rate on cumulative annual N2O emissions from fall 2019 N application of Year 1.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.51 0.6096 

Rate (R) 1 0.18 0.6782 

S  R 2 0.18 0.8331 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 
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Table A.8. Analysis of variance using proc mixed SAS procedure for the single and two-way interactions 

of fertilizer source and rate on cumulative N2O emissions from spring 2020 N application during the 

spring thaw in 2021 of Year 1. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 2.43 0.1163 

Rate (R) 1 0.27 0.6073 

S  R 2 0.45 0.6417 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.9. Analysis of variance using proc mixed SAS procedure for the single and two-way interactions 

of fertilizer source and rate on cumulative N2O emissions from spring 2020 N application during the 

growing season of Year 1. Note: Data were log-transformed for statistical analysis. Bolded terms denote 

significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 4.13 0.0334 

Rate (R) 1 2.67 0.1196 

S  R 2 0.65 0.5315 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.10. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on cumulative annual N2O emissions from spring 2020 N 

application of Year 1. Note: Data were log-transformed for statistical analysis. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 3.2 0.0647 

Rate (R) 1 0.28 0.6026 

S  R 2 0.04 0.9626 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 
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Table A.11. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on cumulative N2O emissions from fall 2020 N application during 

the spring thaw in 2021 of Year 2. Note: Data were log-transformed for statistical analysis. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 1.19 0.3272 

Rate (R) 1 0.02 0.8772 

S  R 2 0.45 0.6417 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.12. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on cumulative N2O emissions from fall 2020 N application during 

the growing season of Year 2.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 1.34 0.2870 

Rate (R) 1 3.61 0.0734 

S  R 2 0.04 0.9629 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.13. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on cumulative annual N2O emissions from fall 2020 N application 

of Year 2. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 3.71 0.0446 

Rate (R) 1 1.33 0.2644 

S  R 2 0.27 0.7683 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 
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Table A.14. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on cumulative N2O emissions from spring 2021 N application 

during the spring thaw in 2022 of Year 2. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 1.99 0.1650 

Rate (R) 1 0.89 0.3576 

S  R 2 1.15 0.3400 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.15. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on cumulative N2O emissions from spring 2021 N application 

during the growing season of Year 2. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.22 0.8016 

Rate (R) 1 0.86 0.3668 

S  R 2 3.09 0.0704 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.16. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on cumulative annual N2O emissions from spring 2021 N 

application of Year 2. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.92 0.4156 

Rate (R) 1 0.02 0.9028 

S  R 2 0.55 0.5849 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 
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Table A.17. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on yield-scaled N2O emissions in Year 1 from fall 2019 N 

application.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.71 0.5036 

Rate (R) 1 0.15 0.6999 

S  R 2 0.02 0.9819 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.18. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on yield-scaled N2O emissions in Year 1 from spring 2020 N 

application.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 1.33 0.2890 

Rate (R) 1 0.02 0.9026 

S  R 2 2.52 0.1088 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.19. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on yield-scaled N2O emissions in Year 2 from fall 2020 N 

application. Note: Data were log-transformed for statistical analysis. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.10 0.9028 

Rate (R) 1 0.04 0.8394 

S  R 2 0.03 0.9666 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 
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Table A.18. Analysis of variance using proc mixed SAS procedure for the single and two-way 

interactions of fertilizer source and rate on yield-scaled N2O emissions in Year 2 from spring 2021 N 

application.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.14 0.8669 

Rate (R) 1 4.08 0.0563 

S  R 2 0.45 0.6464 

anumerator degrees of freedom (denominator degrees of freedom is 18) based on proc mixed 

 

 

Table A.19. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on partial-factor productivity in 2020. 

Bolded terms denote significance at =0.05.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.35 0.7096 

Rate (R) 1 10.37 0.0029 

Timing (T) 1 1.68 0.2035 

S  R 2 0.37 0.6964 

S  T 2 0.77 0.4727 

R  T 1 0.70 0.4091 

S  R  T 2 4.03 0.0272 

anumerator degrees of freedom (denominator degrees of freedom is 33) based on proc mixed 
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Table A.20. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on  partial-factor productivity in 2021. 

Note: Data did not meet the assumptions of ANOVA regardless of several transformation attempts. This 

is due to the very low yield and very low seed N in 2021—a year which was severly impacted by drought. 

Bolded terms denote significance at =0.05.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.45 0.6436 

Rate (R) 1 1.58 0.2179 

Timing (T) 1 6.44 0.0160 

S  R 2 0.43 0.6567 

S  T 2 0.12 0.8846 

R  T 1 0.38 0.5433 

S  R  T 2 0.05 0.9491 

anumerator degrees of freedom (denominator degrees of freedom is 33) based on proc mixed 

 

 

Table A.21. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on N balance intensity in 2020. Bolded 

terms denote significance at =0.05.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.31 0.7341 

Rate (R) 1 54.23 <.0001 

Timing (T) 1 0.64 0.4291 

S  R 2 0.64 0.5337 

S  T 2 0.96 0.3933 

R  T 1 0.22 0.6415 

S  R  T 2 4.13 0.0236 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 
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Table A.22. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on N balance intensity in 2021. Note: 

Data did not meet the assumptions for ANOVA regardless of several transformation attempts. This is due 

to the very low yield and very low seed N removal in the growing season in 2021—a year which was 

severly impacted by drought. Bolded terms denote significance at =0.05.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.38 0.6862 

Rate (R) 1 478.82 <.0001 

Timing (T) 1 4.68 0.0367 

S  R 2 0.38 0.6848 

S  T 2 0.12 0.891 

R  T 1 0.01 0.9117 

S  R  T 2 0.03 0.9704 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 

 

 

Table A.23. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on partial N balance in 2020. Note: 

Above ground biomass and yield were collected at harvest. The data did not meet the assumptions for 

ANOVA regardless of several transformation attempts. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 1.56 0.2246 

Rate (R) 1 16.87 0.0002 

Timing (T) 1 5.06 0.0307 

S  R 2 8.21 0.0012 

S  T 2 0.83 0.4444 

R  T 1 0.64 0.4279 

S  R  T 2 0.95 0.3977 

anumerator degrees of freedom (denominator degrees of freedom is 36) based on proc mixed 
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Table A.24. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on partial N balance at harvest in 2021. 

Note: Above ground biomass and yield were collected at harvest. Bolded terms denote significance at 

=0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.45 0.6397 

Rate (R) 1 3.94 0.0556 

Timing (T) 1 6.98 0.0125 

S  R 2 0.04 0.9609 

S  T 2 0.56 0.5791 

R  T 1 0.37 0.5475 

S  R  T 2 0.26 0.7690 

anumerator degrees of freedom (denominator degrees of freedom is 33) based on proc mixed 

 

 

Table A.25. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing partial N balance at regrowth in 2021. 

Note: Post-harvest above ground biomass was collected from the regrowth potions of canola from the 

roots since the harvest. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.59 0.5582 

Rate (R) 1 6.19 0.0181 

Timing (T) 1 3.34 0.0768 

S  R 2 0.17 0.8403 

S  T 2 0.80 0.4566 

R  T 1 0.08 0.7766 

S  R  T 2 0.05 0.9486 

anumerator degrees of freedom (denominator degrees of freedom is 33) based on proc mixed 
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Table A.26. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N after seeding (May 

29-June 12, 2020) during the growing season in 2020. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.88 0.4216 

Rate (R) 1 0.48 0.4920 

Timing (T) 1 2.9 0.0967 

S  R 2 2.31 0.1130 

S  T 2 0.39 0.6816 

R  T 1 0.11 0.7415 

S  R  T 2 0.29 0.7500 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 

 

 

Table A.27. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N at vegetative stage 

(June 12-26, 2020) during the growing season in 2020. Note: Data were log-transformed to meet the 

assumptions of the ANOVA test. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.29 0.7469 

Rate (R) 1 0.6 0.4430 

Timing (T) 1 6.71 0.0134 

S  R 2 1.24 0.3006 

S  T 2 0.59 0.5566 

R  T 1 3.35 0.0751 

S  R  T 2 0.23 0.7925 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 
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Table A.28. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N at flowering stage 

(July 15-29, 2020) during the growing season in 2020. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 0.82 0.4487 

Rate (R) 1 0.04 0.8374 

Timing (T) 1 0.74 0.3949 

S  R 2 0.24 0.7886 

S  T 2 1.55 0.2254 

R  T 1 4.8 0.0345 

S  R  T 2 2.99 0.0618 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 

 

 

Table A.29. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N before harvest 

(August 12-24, 2020) during the growing season in 2020. Note: Data were log-transformed to meet the 

assumptions of the ANOVA test. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 2.94 0.0647 

Rate (R) 1 2.46 0.1248 

Timing (T) 1 1.45 0.2361 

S  R 2 4.61 0.0159 

S  T 2 0.68 0.5120 

R  T 1 2.21 0.1450 

S  R  T 2 1.70 0.1967 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 
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Table A.30. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N after seeding (May 

28-June 11, 2021) during the growing season in 2021. Note: Data were sine-transformed to meet the 

assumptions of the ANOVA test.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 2.73 0.0782 

Rate (R) 1 3.56 0.0668 

Timing (T) 1 0.46 0.5014 

S  R 2 1.53 0.2297 

S  T 2 1.82 0.176 

R  T 1 0 0.9818 

S  R  T 2 1.83 0.1744 

anumerator degrees of freedom (denominator degrees of freedom is 38) based on proc mixed 

 

 

Table A.31. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N at vegetative stage 

(June 11-25, 2021) during the growing season in 2021. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 2.49 0.0957 

Rate (R) 1 1.26 0.2687 

Timing (T) 1 0.03 0.864 

S  R 2 0.89 0.4205 

S  T 2 6.35 0.0041 

R  T 1 0.53 0.4706 

S  R  T 2 2.78 0.0741 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 
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Table A.32. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N at flowering stage 

(July 12-26, 2021) during the growing season of Year 2. Bolded terms denote significance at =0.05. 

Fixed Effect Num DFa F value p-value 

Source (S) 2 3.86 0.0312 

Rate (R) 1 0.15 0.7003 

Timing (T) 1 0.1 0.7552 

S  R 2 6.31 0.0048 

S  T 2 0.97 0.3885 

R  T 1 0.11 0.7407 

S  R  T 2 0.63 0.5414 

anumerator degrees of freedom (denominator degrees of freedom are 32.9 for the source; 33.1 for rate; 

33.5 for timing; 32.7 for source  rate; 32.4 for source  timing; 32.6 for rate  timing; 32.6 for source  

rate  timing ) based on proc mixed. Different numerator degrees of freedom were due to data loss 

resulted from bird damages to the PRS  probes during burial.   

 

 

 

Table A.33. Analysis of variance using proc mixed SAS procedure for the single, two-way, and three-

way interactions of fertilizer source, rate, and application timing on soil inorganic N before harvest 

(August 04-18, 2021) during the growing season in 2021. Note: Data were log-transformed to meet the 

assumptions of the ANOVA test.  

Fixed Effect Num DFa F value p-value 

Source (S) 2 1.73 0.1899 

Rate (R) 1 0.31 0.5833 

Timing (T) 1 1.28 0.2646 

S  R 2 0.12 0.8868 

S  T 2 1.91 0.1617 

R  T 1 0.71 0.4040 

S  R  T 2 0.69 0.5064 

anumerator degrees of freedom (denominator degrees of freedom is 39) based on proc mixed 

 

 
 



  

 

Table A.34. Cumulative N2O emissions (ng N g-1) from the nitrification (N2ONit), denitrification (N2ODenit), and both pathways (N2OTotal) during 

the cold, thaw, and warm phases as influenced by 55, 70, and 80% WFPS. Means followed by different letters are significantly different at =0.05. 

Where necessary, data were log- and reciprocal-transformed for analysis and back-transformed for reporting. Where transformation did not satisfy 

the assumptions of ANOVA test, Welch-ANOVA was used to analyze the data. 

  55% WFPS 
 

Cold Phase 
 

Thaw Phase 
 

Warm Phase 

  N2ONit N2ODenit N2OTotal 
 

N2ONit N2ODenit N2OTotal 
 

N2ONit N2ODenit N2OTotal 

Urea 78.0  8.1 53.5  8.7 128.7  23.2 
 

116.5  20.0 74.3  19.3 176.4  44.8 
 

154.9  23.3 116.8  21.6 271.7  44.1 

eNtrench 73.9  7.6 53.8  8.8 127.5  22.8 
 

123.2  21.1 91.7  29.4 215.0  66.6 
 

170.9  23.3 141.2  21.6 312.1  44.1 

Control 16.5  1.7 12.3  0.5 28.7  1.2 
 

27.3  4.7 21.1  1.6 48.3  3.4 
 

54.7  23.3 43.0  21.6 97.7  44.1 

 
70% WFPS 

 
Cold Phase  Thaw Phase 

 
Warm Phase 

  N2ONit N2ODenit N2OTotal  N2ONit N2ODenit N2OTotal 
 

N2ONit N2ODenit N2OTotal 

Urea 94.8  14.2 95.2  42.9 194.5  75.3 
 

171.0  24.0 216.2  127.8 407.3  203.6 
 

332.9  54.2 570.7  370.3 944.0  481.94 

eNtrench 73.3  14.2 49.5  22.3 106.8  41.3 
 

120.0  24.0 91.2  53.9 183.0  91.5 
 

360.3  54.2 1909.1  1238.7 2565.2  1309.54 

Control 10.4  14.2 6.9  3.1 16.6  6.4 
 

21.6  24.0 14.7  8.7 35.3  17.6 
 

53.0  54.2 38.7  25.08 90.7  46.29 

 
80% WFPS 

 
Cold Phase 

 
Thaw Phase 

 
Warm Phase 

  N2ONit N2ODenit N2OTotal 
 

N2ONit N2ODenit N2OTotal 
 

N2ONit N2ODenit N2OTotal 

Urea 84.2  4.5 58.7  5.3 142.9  9.2 
 

141.8  8.5 100.0  11.7 241.8  18.9 
 

300.6  20.6 953.0  332.8 1253.6  340.1 

eNtrench 85.8  4.5 60.6  5.3 146.4  9.2 
 

143.1  8.5 106.0  11.7 249.1  18.9 
 

293.8  55.7 599.3  332.8 893.0  340.1 

Control 14.3  4.5 9.8  5.3 24.1  9.2 
 

25.6  8.5 18.4  11.7 44.0  18.9 
 

66.4  8.5 58.3  332.8 124.7  340.1 
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