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Abstract

Synthetic nitrogen (N) fertilizer has increased crop yields, but crop nitrogen use efficiency (NUE) is low.
The N fertilizer not taken up by the crop is subject to nitrate leaching, ammonia volatilization, and
denitrification losses, contributing to declining air and water quality, ozone layer depletion, and N,O
emissions. Nitrogen budgets, which account for N inputs, N outputs, and changes in soil N stocks, can be
used to assess the fate of N in the agroecosystem and to develop effective N management practices that
increase NUE and reduce N losses. Process-based ecosystem models such as ecosys, which simulate
biogeochemical cycling and feedback processes, may be used to generate low-cost and time-efficient
estimates of the fate of N in the agroecosystem at variable spatial and temporal resolutions. To identify
effective N fertilizer management practices, a comprehensive N budget was developed using the
process-based model ecosys to assess the effects of N rate (0 — 120 kg N ha™), N source (Urea vs ESN),
irrigation vs dryland, and interannual climatic variability (2008 — 2011) on modelled crop vyields, grain N,
NUE, N losses, and soil N stocks at a cool, semi-arid site in Southern Alberta. Cool soil temperatures early
in the growing season slowed modelled N release from ESN such that N availability from ESN did not
better match early season crop N demand compared to conventional urea fertilizer, and ESN did not
increase yields, or NUE, or reduce N losses. Nitrogen rate had a greater impact on the N budget than the
N source, indicating the importance of optimal N rate applications in effective N fertilizer management.
As modelled yield gains diminished (<3%) at N rates >90 kg N ha™, and modelled N,O emissions
increased linearly with N rate, reducing N fertilizer rate applications from the maximum N rate (120 kg N
ha) in this study to economically optimum N rates (71 — 79 kg N ha?) would result in N,O emission
reductions of 18 — 22%, with only minimal yield reductions of 2.7 — 3.6%. Nitrogen fertilizer rate
applications > 90 kg N ha greatly increased modelled residual nitrate-N (15 — 51 kg N ha) compared to

lower N rates, which was subject to downward nitrate-N movement beyond the crop rooting depth and



N leaching. Irrigation and interannual climatic variability affected the magnitude of modelled NH; and
subsurface N losses, with dry years (e.g., 2009) and dryland sites having greater modelled volatilization
losses and wet years (e.g., 2010) and irrigated sites having greater modelled subsurface N losses. When
indirect N,O emissions from modelled volatilization, subsurface and surface N losses were included in
N,O emissions accounting, on average, area-based emission factors increased by 0.06% (+24%),
indicating the opportunity for N,O mitigation by reducing indirect N,O losses. The results from this thesis
could provide a methodology for developing effective N management strategies that balance agronomic

benefits with environmental impacts for policymakers and producers.
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for 2008 — 2011 at the dryland site in Lethbridge, Alberta. Vertical dark grey dashed lines indicate
seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines). Measured soil
nitrate is obtained from a field experiment by Kryzanowski et al. (2009). ........ccceevveeecveevieeniiee e, 114
Figure 3-3. Modelled (lines) and measured (points) soil nitrate + nitrite N (kg N ha) at different depths
in the soil profile (0 — 2.0 meters) for control (no N fertilizer applied) (two dashed line), ESN (dashed
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line), and urea (solid line) at rates of O (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha*
for 2008 — 2011 at the irrigated site in Lethbridge, Alberta. Vertical dark grey dashed lines indicate
seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines). Measured soil
nitrate is obtained from a field experiment by Kryzanowski et al. (2009). .........cccooieieiiiieeciieee e 115
Figure 3-4. Daily modelled A) nitrous oxide-N (N,0-N) flux, B) nitrogen gas (N) flux, C) ammonium-N
(NHs-N) flux, D) Surface N flux, and E) Subsurface N flux (kg N ha d!) for control (no N fertilizer applied)
(two dashed line), ESN (dashed line), and urea (solid line) at rates of O (red), 30 (yellow), 60 (green), 90
(blue), and 120 (pink) kg N ha™ for 2008 — 2011 at the dryland site in Lethbridge, Alberta. Vertical dark
grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-
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Figure 3-5. Daily modelled A) nitrous oxide-N (N2O-N) flux, B) nitrogen gas (Nz) flux, C) ammonium-N
(NHs-N) flux, D) Surface N flux, and E) Subsurface N flux (kg N ha d!) for control (no N fertilizer applied)
(two dashed line), ESN (dashed line), and urea (solid line) at rates of O (red), 30 (yellow), 60 (green), 90
(blue), and 120 (pink) kg N ha for 2008 — 2011 at the irrigated site in Lethbridge, Alberta. Vertical dark
grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-
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Figure 4-1. A) Mean modelled barley grain yields (kg C ha yr?') and B) Mean modelled N,O-N emissions
(kg N ha yr) response to increasing N rates (0 — 120 kg N ha™) for urea fertilizer at dryland (red) and
irrigated (blue) sites in Lethbridge, Alberta for 2008 — 2011. Error bars represent the standard deviation
of mean-modelled barley grain yields or mean-modelled N,O-N emissions due to yearly variability (2008
—2011). Vertical dashed lines indicate the economic optimum N rate (EONR) based on a 7.4 fertilizer-to-
grain price ratio for dryland (red; 71 kg N ha) and irrigated (blue; 79 kg N ha™) sites for 2008 — 2011.
Quadratic regression results for modelled grain yields: Dryland: y = -0.11x? + 23x + 1636; R?=0.74; p
<0.001. Irrigated: y = -0.13x? + 29x + 1437; R? = 0.69; p <0.001. Linear regression results for modelled
N>O-N emissions: Dryland: y = 0.002x + 0.23; R? = 0.44; p = 0.002. Irrigated: y = 0.002x + 0.19; R =0.64; p
S 10 1 U RRRRTR 129
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1.0 Introduction

Nitrogen is the most common limiting nutrient in agricultural crop production, and synthetic N
fertilizers have allowed for an increase in crop yields of 40 — 60% (Stewart et al. 2005; Zebarth et al.
2009). However, due to the temporal and spatial asynchronization of N supply with crop N demand,
nitrogen use efficiency (NUE), which is the proportion of N fertilizer taken up by the crop, is as low as 30
to 50% (Cassman et al. 2002; Zebarth et al. 2009; Setiyono et al. 2011; Udvardi et al. 2021). The
remaining N (50 — 70%) may be lost via volatilization, leaching, or denitrification, retained as residual
inorganic N, or immobilized to soil organic N (SON). Nitrogen lost from the agroecosystem increases N
loading to the environment and contributes to declining air and water quality, eutrophication,
acidification, atmospheric ozone depletion, and N,O emissions, which negatively impacts human and
environmental health (Cassman et al. 2002; Cameron et al. 2013; United Nations Environment
Programme 2014; Steffen et al. 2015). To maintain crop productivity and reduce N losses, NUE must be
increased, which may be accomplished through effective N fertilizer management (Cassman et al. 2002;
Udvardi et al. 2021). Nitrogen budgets, which account for N inputs, N outputs, and changes in soil N
stocks, can be used to assess the fate of N in the agroecosystem and to develop effective N management
practices that increase NUE and reduce N losses (Mezbahuddin et al. 2020; Karimi et al. 2020; Yang et al.
2023). Process-based ecosystem models such as ecosys, which simulate biogeochemical cycling and
feedback processes, may be used to generate low-cost and time-efficient estimates of the fate of N in
the agroecosystem as affected by different N management options (Grant et al. 2020; Mezbahuddin et

al. 2020).

Accordingly, the objective of this thesis was to use the model ecosys to develop a comprehensive
N budget to determine the fate of N at a field site in the cool, semi-arid Canadian prairies as influenced

by N source (urea vs ESN; a polymer-coated urea fertilizer), N rate (0 — 120 kg N ha™), irrigation vs



dryland, and interannual climatic variability (2008 — 2011). In chapter 1, N release will be simulated
under field conditions to determine how differing modelled N release patterns from urea and ESN affect
the synchronization between modelled N availability and crop N uptake. The effect of N source, N rate,
irrigation vs dryland, and interannual climatic variability on modelled crop yields, grain N, and NUE will
be assessed, and estimates of economic optimum nitrogen rates (EONRs) will be made from modelled
yield response curves. In chapter 2, the effect of N source, N rate, irrigation vs dryland and interannual
climatic variability on the type and magnitude of modelled N losses (NHs, N2O, N, subsurface and
surface N losses), and organic and inorganic N stocks will be assessed by constructing a comprehensive N
budget. Direct and indirect N,O emission factors and yield-scaled emissions will be quantified from
model results and IPCC emission factors. This thesis will test the following hypotheses: (1) A simulated
lag in modelled N release from ESN will improve synchronization between modelled N availability and
crop N demand and allow for increased modelled crop N uptake, yields, and NUE, thereby reducing
inorganic N accumulation and N losses. (2) Increasing N rates will reduce the depletion of modelled SON,
and increase modelled yields but at diminishing rates of return as crop N demand is met, and therefore,
increasing N rates will also increase modelled N losses and residual inorganic N. (3) The irrigated site will
reduce modelled N losses if the increased water availability enhances modelled crop N uptake,
otherwise the higher SWC will increase modelled N leaching and denitrification losses. Results from this
modelling experiment will improve our understanding of the controls on NUE and the magnitude of
different N loss pathways as influenced by different N management options, irrigation vs dryland, and

interannual climatic variability.



2.0 Variation in NUE due to Irrigation and Interannual Climatic Variability
Highlights Need for Optimal N Rates, not N Source, to Increase NUE in Semi-Arid
Southern Alberta

2.1 Introduction

Meeting the rising global food demand while reducing nitrogen (N) losses from N fertilizer use is
of great global concern, and effective N fertilizer management is needed to maintain crop productivity
and protect human and environmental health (Cassman et al. 2002; United Nations Environment
Programme 2014; Steffen et al. 2015). The production and use of synthetic nitrogen fertilizers have
allowed for a 40 — 60% increase in crop yields, which has contributed to meeting global food demand
and increasing food security (Stewart et al. 2005). However, globally the nitrogen use efficiency (NUE),
which is the amount of N fertilizer taken up by the crop, is 30 — 50% (Cassman et al. 2002). The
remaining 50 — 70% of applied N fertilizer is immobilized in soil organic matter or is lost to the
surrounding environment via leaching (NOs’), volatilization (NHs), or denitrification (NO, NO,, N0, N,),
resulting in contamination of ground and surface water, acidification, eutrophication, declining air
quality, ozone layer depletion, and the production of greenhouse gases (GHGs) (e.g., N.O) (Cassman et
al. 2002; Cameron et al. 2013). These N losses from synthetic N fertilizers have resulted in excessive
amounts of N inputs into the earth’s ecosystems, interfering with the N cycle and disrupting ecosystem
functioning (Steffen et al. 2015). As a result, the planetary boundary for nitrogen cycling has been

exceeded, which may greatly affect the stability of the earth system (Steffen et al. 2015).

In Canada, despite an increase in NUE from 46.7 to 50.8% from 1996 to 2016, there has been an
increase in N loading to the environment of 52% (Karimi et al. 2020). Since 2005, nitrogen fertilizer use
has risen by 89%, accompanied by a 92% increase in N,O emissions, making up 75% of Canada’s national

N,O emissions (Environment and Climate Change Canada 2022). The Western Canadian prairies make up



80% of farmland in Canada, and since 1981 fertilizer use has doubled in this region (Grant and Wu 2008;
Agriculture and Agri-Food Canada 2022). As part of a larger plan to address climate change issues, the
Government of Canada announced the Fertilizer Emissions Reduction Target, with a goal to reduce
fertilizer GHG emissions by 30% below 2020 levels by 2030 (Agriculture and Agri-Food Canada 2022).
Low NUE occurs due to spatial and temporal asynchronization of N supply with crop N demand, and
when N supply exceeds crop N demand, results in low N uptake efficiency and N losses (Zebarth et al.
2009; Setiyono et al. 2011; Udvardi et al. 2021). Improved synchronization between N supply and N
demand may be accomplished using the 4Rs of nutrient stewardship (Right source at Right time, Right
rate, and Right place) to increase NUE, obtain N loss reduction goals, and maintain crop productivity

(Malhi et al. 2001; Cassman et al. 2002; Grant and Wu 2008; Udvardi et al. 2021).

2.1.1 Right Time

In Canada, fertilizer may be applied in the fall after harvest or in the spring before or at seeding.
Compared to fall fertilizer application, spring fertilizer application reduces N losses and increases crop N
recovery by improving synchronization between N availability and crop N demand and reducing soil
mineral N accumulation which may be subject to N losses prior to crop growth (Hao et al. 2001; Soon et
al. 2011; Mezbahuddin et al. 2020). A reported 90% of farmers in Canada apply fertilizer in the spring,
with the remainder choosing fall applications to take advantage of lower fertilizer prices and to minimize

the spring workload (Korol 2004; Grant and Wu 2008).

2.1.2 Right Place

Placing nitrogen fertilizer below the soil surface can reduce nitrogen losses and increase NUE
compared to surface applications (Malhi et al. 2001; Grant and Wu 2008). Placement of nitrogen
fertilizer below the soil surface reduces volatilization losses compared with surface broadcasting and

reduces immobilization losses by reducing N fertilizer contact with crop residues and soil



microorganisms. In addition, N fertilizer applied in highly concentrated bands below the surface slows
ammonification and nitrification rates, which can reduce early-season denitrification and leaching losses
(Malhi et al. 2001; Grant and Wu 2008). In Canada, surface broadcasting accounted for 1/3 of fertilizer

applications, and in-soil placement accounted for the remaining 2/3 (Korol 2004).

2.1.3 Right Source

Urea (46-0-0) is Canada’s most used nitrogen fertilizer, followed by ammonium and nitrate-based
fertilizers (Korol 2004). In contrast to conventional urea, which hydrolyzes rapidly within the first few
days or the first week (Agehara and Warncke 2005; Cahill et al. 2010a), polymer-coated urea (PCU)
fertilizers have a semi-permeable polymer coating which acts as a physical barrier to urea dissolution
and diffusion and allows for a more gradual N release (Cahill et al. 2010a; Golden et al. 2011; Chen et al.
2018). A delay in N release could better match early season crop N demand when crop N uptake is low,
reducing inorganic N accumulation in the soil and allowing for more N to be available later in the growing
season when crop N demand is higher, and thereby increase NUE (Grant and Wu 2008; Grant et al. 2012;
Drury et al. 2012). Environmentally Smart Nitrogen (ESN) fertilizer is a PCU fertilizer and is the first
commercially available agronomic PCU fertilizer available in Canada (Grant and Wu 2008). The
effectiveness of ESN at increasing yields and NUE has been found to be inconsistent in Western Canada
and varies interannually and regionally with climatic conditions, crop type, and soil properties (Malhi et
al. 2010; McKenzie et al. 2010; Blackshaw et al. 2011a, 2011b; Grant et al. 2012; Mezbahuddin et al.
2020; Thilakarathna et al. 2020). Under the drier conditions of the Canadian prairies, N release from ESN
may be delayed, and the potential for reducing N losses low, which may limit the benefits of ESN (Grant
and Wu 2008; Nelson et al. 2008; Grant et al. 2012). However, under irrigated agricultural production,
ESN may be more beneficial due to higher soil moisture and a greater potential for N losses (Nelson et al.
2008; Wilson et al. 2010; Malhi et al. 2010; Grant et al. 2012; Gagnon et al. 2012; Li et al. 2018). In semi-

arid Southern Alberta, irrigated agriculture makes up approximately 70% of irrigated agriculture in



Canada (Statistics Canada 2022). However, there has been no published research to this date on the
effects of ESN on yields and NUE on irrigated lands compared to rainfed, dryland agriculture in Southern
Alberta. Laboratory studies have found N release from ESN to be controlled by temperature and limited
by soil moisture (Cahill et al. 2010a; Golden et al. 2011; Ransom et al. 2020). However, knowledge of N
release from ESN under field conditions in relation to crop N demand would provide a greater
understanding of how ESN fertilizer affects the synchronization between N availability and crop N uptake,
and subsequent impacts on crop yields and NUE at dryland and irrigated sites in semi-arid

agroecosystems (Cahill et al. 2010a; Golden et al. 2011; Ransom et al. 2020).

2.1.4 Right Rate

Selecting the appropriate nitrogen rate is one of the most important components of effective
nitrogen management, and the amount of nitrogen applied should meet crop N requirements while
minimizing N losses (Zebarth et al. 2009). Nitrogen applied in excess of crop N requirements results in
minimal yield gains and reduced NUE (Cassman et al. 2002; Malhi et al. 2010). Many factors influence
crop N uptake of applied N fertilizer, such as climatic conditions (temperature, precipitation),
management practices (crop type, tillage regime, residue management, previous N fertilizer
applications), soil N supply, and other limiting factors for crop growth, which makes N rate
recommendations a challenge (Zebarth et al. 2009; Malhi et al. 2010; Puntel et al. 2016). Soil N supply
varies spatially and temporally (Sogbediji et al. 2001; Setiyono et al. 2011), and predicting soil N supply is
one of the most challenging aspects of selecting the N rate (Zebarth et al. 2009). In addition, producers
aim to maximize net returns for agricultural activities to be economically sustainable by applying N
fertilizer at an economic optimum N rate (EONR) which varies with commodity pricing (Cassman et al.
2002; McKenzie et al. 2004b; Puntel et al. 2016). Accordingly, crop yield response to N rate applications,
EONRs, and NUE may vary substantially between years and at different sites (McKenzie et al. 20043,

2004b; Basso et al. 2019). Quantifying the spatial and temporal variability of N supply with increasing N



rates and the trade-offs between increasing N rates on yields and NUE would help inform N rate
recommendations and improve our understanding of the many factors which control crop N uptake and

NUE.

2.1.5 Computer Modelling to Inform N Management Practices

Due to the substantial variability in crop yield response, N uptake, and NUE, site-specific N
management practices will be required to increase NUE (Basso et al. 2019; Karimi et al. 2020). However,
comparing multiple management options and their effects on multiple outputs in field experiments is
time-consuming, difficult, and expensive (Zebarth et al. 2009; Puntel et al. 2016). In addition, field
measurements may not capture the spatial and temporal variability of crop N uptake and soil N supply or
account for N transformations from biogeochemical cycling (Setiyono et al. 2011; Mezbahuddin et al.
2020; Congreves et al. 2021). Furthermore, current NUE indices are unable to account for N fertilization
effects on crop N uptake from differences in root growth and subsequent N uptake or differences in soil
N supply due to N fertilization effects on the mineralization of soil organic nitrogen (SON) (Burns 1980;
Rasmussen et al. 2015; Mahal et al. 2019; Congreves et al. 2021). Rigorously validated computer models
that simulate biogeochemical cycling and key ecosystem processes can be used to evaluate the effects of
different N management strategies on the fate of N in the agroecosystem at high spatial and temporal
resolutions (Grant et al. 2020; Mezbahuddin et al. 2020). Such computer models can be used as a tool to
help inform effective N management strategies and grant insight into controls on crop N uptake and NUE
(Zebarth et al. 2009; Puntel et al. 2016; Mezbahuddin et al. 2020; Udvardi et al. 2021). The process-
based ecosystem model ecosys has been used extensively in the Western Canadian prairies to model N
fertilization effects on agroecosystems (Grant et al. 2001, 2006, 2020; Mezbahuddin et al. 2020).
Comparing the effects of multiple N management practices on crop yields and NUE would grant further
insight into N management practices which balance economic and environmental sustainability (Puntel

et al. 2016; Udvardi et al. 2021).



2.1.6 Objectives and Hypotheses
This study will model the effects of 2 of the 4 R’s (right source and right rate) on barley grain yields,
grain N, soil N stocks, and NUE at dryland and irrigated sites in semi-arid Southern Alberta using the

model ecosys. Accordingly, the objectives of this study are:

1) Validate the N release parameters in the model ecosys for urea and ESN N fertilizer sources, and
determine the effects of temperature and moisture on modelled N release in a laboratory
simulation;

2) Assess how differing N release patterns of urea and ESN affect the synchronization between N
supply and barley N demand under field conditions, and subsequent impacts on barley grain
yields, grain N, and NUE at dryland and irrigated sites; and

3) Assess barley grain yield, grain N, NUE, and soil N response to increasing N rates at dryland and

irrigated sites, and estimate the EONR.

The effects of different N sources and N rates on N losses will be addressed in Chapter 3. This study will
test the following hypotheses: (1) Modelled N release will be controlled by temperature and soil
moisture, and modelled N release from ESN will have a simulated lag period with respect to urea. (2) A
simulated lag in modelled N release from ESN will improve synchronization between modelled N
availability and crop N demand and allow for increased modelled barley N uptake, yields, and NUE. (3)
Increasing N rates will increase modelled barley yields, but at diminishing rates of return as modelled
barley N demand is met, and modelled barley yield response will result in accurate estimates of EONR.
(4) As N rates increase, NUE will decrease, and modelled soil N supply and barley N uptake will differ
between fertilized and unfertilized barley not only due to N fertilization but also to its effects on root

growth and mineralization of SON, which will affect NUE. Testing these hypotheses will contribute to



understanding the effects of different N sources and N rates on crop N uptake, grain yields, NUE, and soil

N stocks at dryland and irrigated sites in semi-arid agroecosystems.

2.2 Methods

2.2.1 Model Validation of N Release under Laboratory Conditions

2.2.1.1 Laboratory Dataset

Measured results for N release from urea and Environmentally Smart Nitrogen (ESN) used to test
modelled N release to validate N release parameters in the model ecosys were obtained from a
laboratory experiment conducted by Dowbenko (2016). A laboratory soil incubation experiment was
conducted to compare the nitrogen release of urea and ESN under an increasing temperature regime
and two soil moisture levels (Dowbenko, personal communication). The soil incubation experiment used
a commercially available Greensmix sandy loam soil (80% loam, 20% sand) with a bulk density of 1 Mg
m= and a pH of 6.6. Before fertilizer application, the soil was mixed thoroughly and then incubated in
pots at 10 °C for 3 days in temperature-controlled growth chambers. Urea and ESN fertilizer granules
were applied separately to compare nitrogen release from the different fertilizer sources, and fertilizer
granules were scattered evenly on the soil surface and covered with a 0.6 cm layer of soil to resemble
the incorporation of fertilizer into the soil (Dowbenko, personal communication). After fertilizer
application, the experiment was incubated in growth chambers starting at 0 °C, with an increase of 5 °C
every 7 days up to 40 °C (9 weeks). The increasing temperature regime was meant to represent rising
temperatures after fertilizer application in the spring (Dowbenko, personal communication). The
experiment was carried out under two soil moisture levels of 50% and 70% field capacity, and moisture
levels were checked daily to maintain the necessary moisture level. Every 7 days, the top layer of soil
covering the fertilizer granules was carefully removed to prevent damage to the fertilizer granules, and

granules were removed and rinsed with deionized water to remove loose soil particles. The remaining



nitrogen concentration in the granules was analyzed using colorimetry in aqueous solutions (Dowbenko,

personal communication).

2.2.1.2 Modelling N Release under an Increasing Temperature Regime

The laboratory soil incubation experiment described in section 2.2.1.1 was simulated in the
process-based model ecosys to compare modelled and measured N release and to validate the model’s N
release parameters for urea and ESN. Nitrogen release from urea in ecosys is determined by the rate of
urea fertilizer dissolution, which is determined in turn by the rate of urea hydrolysis and the soil water
concentration. The rate of urea hydrolysis is determined by a specific rate constant for urea fertilizer
dissolution multiplied by microbial activity, governed by a Michaelis-Menten constant which determines
the microbial concentration relative to urea concentration. Microbial activity is controlled by soil
moisture and an Arrhenius function of soil temperature. Urea hydrolysis is also subject to inhibition that
declines with time to simulate the initial lag and subsequent gradual increase in N release rates following
urea application (Mezbahuddin et al. 2020). The rate of decline for urea hydrolysis inhibition was used in
Grant and Pattey (2003) and subsequent N,O emissions ecosys modelling studies to accurately simulate
the time course of N,O emissions generated from urea hydrolysis products. Therefore, the rate of decline
in urea hydrolysis inhibition for conventional urea has been previously tested and validated in ecosys

(Grant and Pattey 2003).

ESN has a polymer coating surrounding the urea granule, which allows for a delay in N release
compared to conventional urea fertilizer (Cahill et al. 2010a; Golden et al. 2011; Chen et al. 2018). To
simulate this in ecosys, the decline in urea hydrolysis inhibition for ESN was set to 1/10th that of urea,
allowing for a prolonged lag in N release from ESN compared to urea. Parameters for urea hydrolysis
inhibition for urea and ESN, and the specific rate constant for urea fertilizer dissolution were validated by

comparing measured and modelled N release from urea and ESN.
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To simulate the soil used in the laboratory soil incubation experiment, reported soil properties
from section 2.2.1.1 such as pH (6.6), texture (silty loam), and bulk density (1.0 Mg m) were input into
ecosys. Field capacity (0.337 m3® m) and wilting point (0.134 m® m3) were estimated in ecosys from
texture and organic matter. The model was initialized under laboratory conditions at 0 °C and under
moisture levels of 50% and 70% field capacity and ran for a period of 9 months to allow for conditions in
the model to reach equilibrium. After the initial spin-up period, the modelled soil was tilled to simulate
thorough mixing of the soil, and the air temperature was set to 10 °C for a period of 3 days to simulate
the conditions prior to fertilizer application in the laboratory experiment. Separate model runs for urea
and ESN were conducted to compare the N release from both fertilizer sources, and fertilizer was
broadcast applied and incorporated to a depth of 0.6 cm to simulate the fertilizer application in the
laboratory experiment described in section 2.2.1.1. Irrigation was applied as necessary to maintain 50%
and 70% field capacity in the model runs to simulate the two soil moisture levels in the laboratory
experiment. Following fertilizer application, the air temperature was set at 0 °C with an increase of 5 °C
every 7 days up to 40 °C (9 weeks) to follow the increasing temperature regime in the laboratory
experiment (section 2.2.1.1). The remaining nitrogen amount in the fertilizer granules was reported as a
model output for comparison with measured values recorded in section 2.2.1.1. Nitrogen release was
determined by subtracting the remaining N in the granule from the initial N amount, which was divided

by the initial N amount to determine the % N release.

2.2.1.3 Modelling Temperature and Moisture Effects on N Release

The laboratory modelling experiment under an increasing temperature regime (section 2.2.1.2)
had time and temperature as confounding variables on N release, limiting inferences that could be made
about temperature and moisture effects on N release. To assess the effects of temperature and moisture
on modelled N release, separate laboratory modelling experiments at 10, 20, and 30 °C were conducted

at 70% and 100% field capacity to determine the effect of temperature on modelled N release from urea
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and ESN under laboratory conditions. Soil moisture levels of 70% and 100% field capacity were selected
as these soil moisture levels are more representative of field conditions during N fertilizer application.
Model runs were initialized under laboratory conditions at 10, 20, or 30 °C and under moisture levels of
70% and 100% field capacity for a period of 9 months to allow for conditions in the model to reach
equilibrium. The same soil properties used in the previous laboratory soil incubation experiment (section
2.2.1.2) were input into the model. After the initial spin-up period, the soil was tilled to simulate
thorough mixing of the soil, and fertilizer was broadcast applied and incorporated to a depth of 0.6 cm.
Irrigation was applied as necessary to maintain 70% and 100% field capacity, and temperatures were
held constant at 10, 20 or 30 °C throughout the duration of the experiment (92 days). Nitrogen release

was determined as described above in section 2.2.1.2.

2.2.2 Modelling N Source and N Rate Effects on Barley Yields, NUE, and Soil N

2.2.2.1 Field Dataset

Field measurements from a field experiment conducted by Kryzanowski et al. (2009) were used
for model inputs and to compare measured results against modelled results. The field experiment was
conducted under a zero-tillage regime in the Dark Brown Chernozemic soil zone at a dryland and
irrigated site in semi-arid Lethbridge, Alberta (49.69, -112.76) in 2008 — 2011 (Kryzanowski et al. 2009).
Daily average air temperatures and daily total precipitation were obtained from the nearest
meteorological station (ACIS 2021) and are depicted alongside irrigation amounts in Figure 2-1C. Average
growing season temperature, total precipitation for 2008 — 2011, and monthly irrigation amounts are
presented in Table 2-1 (irrigation schedule available in Supplementary Table 2-1) (Kryzanowski et al.
2009) along with the 30-year climate normal (1971 — 2000) (ACIS 2021) for mean temperature and total
precipitation. The Sand-silt-clay content, pH, organic C, solution NO3-N, NH4-N, exchangeable PO,-P, K,
and SO;-S, and bulk density were determined from field measurements and laboratory analysis for 0 —
0.15, 0.15-0.30, 0.30 — 0.60, and 0.60 — 0.90 meters in the soil profile (Table 2-2) (Kryzanowski et al.
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2009). Field capacity, wilting point, and saturated hydraulic conductivity were estimated using Saxton
and Rawls (2006) (Table 2-2). At the irrigated site, soil temperature was measured at 0.05, and 0.10-
meter depths using soil temperature sensors, and soil moisture measurements were taken at 0 — 0.05

meters depth using a time-domain reflectometry probe (Kryzanowski et al. 2009).

Seeding and N fertilizer application dates were May 2, 2008 (May 13 for the irrigated site), May
5, 2009, May 13, 2010, and May 2, 2011. Harvest dates were September 15 for all years, except for 2010
where harvest was September 24. Barley was seeded at 300 seeds m™ into standing stubble using a
direct seeder with atom jet double shoot openers with 20 cm row spacing (Kryzanowski et al. 2009).
Prior to seeding, glyphosate was applied to the fields as a pre-burn application. A 2-way factorial of N
rate (0, 30, 60, 90, and 120 kg N ha) and N source (Urea (46-0-0) and ESN (44-0-0)) was set up as a
randomized complete block design of 4 replicates each at the dryland and irrigated sites. Nitrogen
fertilizer was applied at the time of seeding and side banded below and to the side of the seed at a
depth of 7.5 cm (Kryzanowski et al. 2009). Each year the experimental treatments were located in an
area that had received no N fertilizer the year prior. Triple superphosphate (0-44-0) was applied at a rate
of 25 kg P ha* for all treatments to minimize P limitations. An area of 11.34 m? of barley grain was
harvested, and 15 cm of straw was left as stubble. Yields were adjusted to 13.5% moisture content, and

protein concentration was determined using near-infrared spectroscopy (Kryzanowski et al. 2009).

2.2.2.2 Model Set Up and Simulations

The process-based ecosystem model ecosys was used to simulate the field experiment described
above (section 2.2.2.1) and to assess N source and N rate effects on barley grain yields, NUE, and soil N.
Ecosys models the transport and transformation of nitrogen, carbon, and phosphorus along with heat,
water, and energy on an hourly timestep to simulate ecosystem processes and functioning (Grant 2001).
The key parameters and algorithms which simulate the scientific processes in ecosys have been

determined by separate research studies and therefore, the model does not require calibration and

13



parameterization for each site-specific scenario (Grant 2001). Organic nitrogen may be mineralized to
inorganic ammonium (NH4*) or NHs* and nitrate (NOs’) may undergo immobilization and be converted to
organic N by heterotrophic microorganisms to maintain a set microbial C:N ratio. Ammonium may be
taken up by the plant, immobilized, converted to nitrate via nitrification by chemoautotrophic bacteria,
sorbed to soil particles, or converted to ammonia (NHs) and lost to the atmosphere via volatilization.
Nitrate may be taken up by the plant, immobilized, or subject to denitrification and leaching losses.
Nitrogen movement in soil is governed by mass flow and concentration gradients. Plant root N uptake
occurs via convection, which is driven by water uptake when the plant transpires and concentration
gradients between the soil solution and root and mycorrhizal surfaces. Further model descriptions and
equations for soil microbial activity, N transformations, and crop growth are available in Grant (2001)

(Appendices B, C, E, F, H, I).

Model runs for each combination of N rate (0, 30, 60, 90, 120 kg N ha™), N source (control (0 kg
N hal), urea, ESN), site (Dryland and Irrigated), and year (2008, 2009, 2010, 2011) were conducted to
simulate the effect of different N rates, N sources, irrigated vs dryland, and interannual climatic
variability on barley grain yields, grain N, NUE, and soil organic nitrogen. ESN was input as urea with a
slower decline in hydrolysis inhibition to simulate the delayed N release from ESN compared to
conventional urea fertilizer. Management options such as fertilizer, tillage, irrigation, and cropping inputs
were entered into ecosys to simulate the management practices as described in the field dataset section
2.2.2.1. The fraction of protein allocated to rubisco has been found to range between 15 — 65%
depending on the barley variety and growth stage (Blenkinsop and Dale 1974; Metodiev and
Demirevska-Kepova 1992; Pancheva and Popova 1998; Simova-Stoilova et al. 2001), and was set as 30%
in the barley plant functional type (PFT) according to modelled grain yield performance in relation to
measured grain yields. The high yields obtained in the newer barley varieties are likely a result of the

increased allocation of protein to rubisco (O’Donovan et al. 2015), as increased allocation of protein to
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rubisco allows for greater CO, assimilation and hence greater crop productivity (Metodiev and
Demirevska-Kepova 1992). The maturity group in the barley PFT was set so that the modelled anthesis
dates corresponded with the measured anthesis dates. The grain filling rate was set to ensure grain fill
was completed for the barley crop a week prior to harvest. Soil properties used in the model simulations
were obtained from field measurements and laboratory analysis (Kryzanowski et al. 2009) or estimated
using Saxton and Rawls (2006) (Table 2-2). Weather inputs (solar radiation, relative humidity, wind
speed, temperature, and precipitation) were obtained from the nearest meteorological station to input
into the model runs at an hourly timestep, with the exception of 2008 for which hourly data were not
found (ACIS 2021). Daily weather data for 2008 were therefore input to the model and was downscaled

to hourly weather data within the ecosys model.

Separate spin-up runs for dryland and irrigated sites were executed for 1998 — 2007 to allow
conditions in the model to reach equilibrium prior to the experimental production runs. Spin-up runs
had a continuous field crop, zero tillage, and a 100 kg N ha® year? of urea fertilizer and 25 kg P ha® of
triple superphosphate applied except in the year prior to the experimental production run to simulate
the cropping and management history in the years leading up to the field experiment (section 2.2.2.1).
Phosphorus fertilizer was also applied at a rate of 25 kg P ha™ in control runs (no N fertilizer) to reduce P

limitations.

2.2.2.3 Data Processing and Analyses

To compare modelled and measured barley grain yields (kg C ha'), measured barley grain yields
were converted to dry matter by accounting for a moisture content of 13.5%. Dry matter grain yields
were converted to carbon (kg C ha) by multiplying the dry matter grain yields by a conversion factor of
0.43. To compare modelled and measured barley grain N, measured barley grain protein (%) was
converted to nitrogen (kg N ha) by dividing by the correction factor of 5.8 (Jones 1941) and multiplied

by dry matter grain yields to determine barley grain N uptake.
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All statistical analyses were completed in the R software (version 4.1.1). To assess model
performance, linear regression analyses for modelled vs measured grain yields (kg C ha) and grain N (kg
N hal) were performed. The coefficient of determination (R?), linear regression slope and intercept, root
mean square error (RMSE), and standard deviation (SD) were calculated to determine the accuracy of
modelled results compared to measured results. Modelled and measured soil water content and soil
temperature at the irrigated site for N rates of 0, 60, and 120 kg N ha* were compared to assess model
performance. Measured spring soil nitrate-N and ammonium-N tests for 0 — 0.9 meters in the soil profile
were compared to modelled soil inorganic N levels to assess model performance. The nitrogen use
efficiency (NUE) (% kg Grain N kg N Fertilizer) was determined using equation 1 for modelled and

measured grain N.

Fertilized Grain N—Unfertilized Grain N "

(1) NUE = 100

N Fertilizer Rate

Quadratic regression equations (linear and quadratic coefficients, and the intercept), and the coefficient
of determination (R?) were used to determine the relationship between N rate and modelled and
measured barley grain yields (kg C hal), grain N (kg N ha?), and NUE (kg Grain N kg N fertilizer). To
estimate the EONR, the first derivative of the regression equations of N fertilizer with barley grain yield
were set equal to the fertilizer to grain price ratios for urea (7.4 fertilizer to grain price ratio) and ESN (9.0
fertilizer to grain price ratio) (McKenzie et al. 2004b; Reussi Calvo et al. 2022). These ratios were using
historical barley crop prices and urea fertilizer prices for 2008 (Statistics Canada 2023) and were kept
fixed for the calculations in this study. The price of ESN is $0.31 — 0.41 kg™X N more expensive than urea
and was set as $0.35 kg'? N more expensive than urea for this analysis (Khakbazan et al. 2013). Barley
grain yield (kg C ha) and NUE (kg Grain N kg™ Fertilizer N) at the EONR were determined by inserting the

EONR as x into the regression equations of N fertilizer with barley grain yield and NUE, respectively.
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The change in nitrate-N, ammonium-N, residue-N, and humus-N N stocks is the gain (positive) or
loss (negative) at the year's end compared to the year's beginning. The change in soil organic nitrogen is
determined by the sum of the changes in residue-N and humus-N, and the change in soil inorganic
nitrogen is determined by the sum of the changes in nitrate-N and ammonium-N. Each year’s N stocks

were summed together and then averaged to determine the average change in N stocks for 2008 — 2011.

2.3 Results

2.3.1 Model Validation of N Release under Laboratory Conditions

2.3.1.1 Modelled vs Measured N Release

Modelled N release (%) from urea and ESN were in good agreement with measured N release
(%) (R?=0.94, RMSE = 11.1%, p<0.001; Figure 2-2). Both modelled and measured N release increased
with temperature and time (Figure 2-2). Modelled N release more closely matched measured N release
at 70% than at 50% field capacity (Figure 2-2). Modelled and measured N release were initially slower at
lower temperatures but increased rapidly as time progressed and temperatures increased, approaching
sigmoidal patterns of N release (Figure 2-2). Modelled N release from urea was more rapid at 70% than
at 50% field capacity, while measured N release from urea was similar regardless of soil moisture (Figure
2-2). Both modelled and measured N release from ESN had a lag in N release compared to that of urea
(Figure 2-2). Modelled and measured N release from ESN were more rapid and had a shorter lag period
at 70% compared to 50% field capacity (Figure 2-2). The difference in N release between urea and ESN
was greater for measured than modelled N release (Figure 2-2). Prior to analysis of the measured N
release, fertilizer granules were rinsed with deionized water (Dowbenko, personal communication),
which may have contributed to greater soluble N loss from urea and a more rapid measured N release
resulting in a greater difference in measured N release between urea and ESN than modelled results. A

lower difference in modelled N release between urea and ESN compared to measured results also
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suggests that the slower decline in modelled urea hydrolysis inhibition for ESN compared to that of urea

did not fully capture the magnitude of the lag of the measured N release.

2.3.1.2 Effects of Temperature and Moisture on Modelled N Release

Modelled N release from urea and ESN increased rapidly with increasing 10 °C temperature
increments from 10 to 30 °C and was more rapid at 100% field capacity than 70% field capacity (Figure 2-
3). Modelled N release increased by 0.01 — 2.45% per 1 °C every 7 days between 10 and 30 °C and
increased by 0.002 — 0.6% per 1% increase in soil moisture every 7 days between 70% and 100% field
capacity (Figure 2-3). The initial delay in modelled N release from urea and prolonged delay in modelled
N release from ESN in Figure 2-2 was due to low soil temperatures, as at temperatures 210 °C modelled
N release from urea began immediately, and ESN had a lag period of 7 days before N release began
(Figure 2-3). Following this lag period, modelled N release from ESN proceeded more rapidly at higher

temperatures and higher soil moisture levels (Figure 2-3).

2.3.2 Modelling N Source and N Rate Effects on Barley Yields, NUE, and Soil N

2.3.2.1 Soil Moisture and Temperature

Modelled soil water content (SWC) was similar to measured SWC (Figure 2-1A), and modelled
SWC closely followed precipitation and irrigation moisture inputs, as well as rises in soil temperature
resulting in spring thaw and increased soil moisture (Figure 2-1B,C). Low SWCs below wilting point were
not simulated in the model but are unlikely in an irrigated modelled landscape (Figure 2-1A). Fertilized
treatments had more rapid declines in SWC than the unfertilized control (Figure 2-1A) due to greater
barley productivity resulting in more rapid barley water uptake from increased transpiration. Modelled
SWC was greater at the irrigated site than the dryland site due to higher moisture inputs from irrigation,
particularly in 2008 and 2009 when greater amounts of irrigation were applied (Figure 2-1A,C, Table 2-1).

Overall modelled soil temperature closely matched the measured soil temperature, but at times
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measured soil temperature was slightly higher than modelled soil temperature (Figure 2-1B). During the
growing season, modelled soil temperatures were 3 — 20 °C, and measured soil temperatures were 3 —

25 °C (Figure 2-1B).

2.3.2.2 Inorganic and Organic Soil N

Depending on the year and site, modelled and measured inorganic soil N (NHs-N + NOs-N) prior
to seeding in the top 0.90 meters of the soil profile ranged between 92 — 134 kg N ha* and 63 — 115 kg N
hal, respectively, indicating there was substantial mineral N build-up prior to the experiment at this site
(Supplementary Table 2-2). Greater modelled residual soil nitrate-N levels were observed with higher N
fertilizer rates as nitrogen availability exceeded modelled barley N uptake (Figures 2-4, 2-5; Table 2-3).
Low soil temperatures during urea hydrolysis following N fertilizer application (Figure 2-1B) resulted in a
prolonged delay in modelled N release from ESN (Figures 2-2, 2-3, Supplementary Figure 2-3), slower
modelled barley N uptake with ESN, and hence slightly higher modelled residual soil nitrate-N levels with
ESN than urea (Figures 2-4, 2-5; Table 2-3). Modelled soil nitrate-N declined rapidly up to 0.60 meters in
the soil profile during the modelled barley growth period and rapid modelled barley N uptake, but
deeper in the soil profile, modelled soil nitrate-N levels only declined slightly (Figures 2-4, 2-5). At and
below 0.60 meters in the soil profile, fertilized barley treatments had greater declines in modelled soil
nitrate-N than the unfertilized control treatment (Figures 2-4, 2-5). Modelled soil nitrate-N below 1.2
meters in the soil profile rose in 2010, a wet year (Table 2-1), and the year following, 2011, with a greater
increase in modelled soil nitrate-N below 1.2 meters at the irrigated site than at the dryland site (Figures

2-4,2-5).

Higher N application rates resulted in higher modelled barley yields and greater amounts of
organic matter inputs to the soil in the form of crop residues (Supplementary Figure 2-1; Table 2-3).
Decomposition of products from greater amounts of modelled crop residues from higher N application

rates allowed for slower depletion of modelled soil humus (Supplementary Figure 2-2; Table 2-3). Lower
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N rates also had greater declines in modelled residue-N and humus-N during the growing season,
particularly for the unfertilized control treatment (Supplementary Figures 2-1, 2-2; Table 2-3). The
irrigated site had a slower decline in modelled soil humus due to greater modelled barley productivity at

the irrigated site compared to the dryland site (Supplementary Figures 2-1, 2-2; Table 2-3).

2.3.2.3 Synchronization of Modelled N Release from Urea and ESN with Barley N Uptake

Modelled N release from urea was better synchronized with barley N uptake than modelled N
release from ESN (Supplementary Figure 2-3). Low modelled soil temperatures at the time of N fertilizer
application (<5 °C, Figure 2-1B) slowed modelled N release from urea and ESN and resulted in a
prolonged lag period for modelled N release from ESN (Figures 2-2, 2-3; Supplementary Figure 2-3).
Slowed modelled N release from urea early in the growing season closely matched initial barley N uptake
(~DOY 120 - 160), while a prolonged lag period with modelled N release from ESN resulted in rapid
barley N uptake occurring during a period of reduced modelled N release from ESN (~DOY 160 — 200)
(Supplementary Figures 2-3, 2-4). However, differences in modelled N release between urea and ESN
were small (<7 kg N ha?) throughout the growing season (Supplementary Figure 2-4), and modelled

barley N uptake was similar regardless of N source (Supplementary Figure 2-3).

2.3.2.4 Barley Grain Yields and Grain N

Measured barley grain yields (kg C ha) corroborated modelled barley grain yields (kg C ha') (R?
=0.64, RMSE = 404 kg C ha?, SD = 564 kg C ha!) and measured barley grain N (kg N ha) corroborated
modelled barley grain N (kg N ha?) (R = 0.46, RMSE = 17 kg N ha%, SD = 25 kg N ha?) (Figure 2-6). The
residuals for modelled vs measured barley grain yields (kg C ha™) (RMSE = 404 kg C ha!) were less than
the variability of measured barley grain yields (SD = 564 kg C ha), and the residuals for modelled vs
measured barley grain N (RMSE = 17 kg N ha) were less than the variability of measured barley grain N
(SD = 25 kg N ha), indicating model results fell within the range of measured variability (Figure 2-6).

Agreement between the modelled and measured barley grain yields and grain N varied between years
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and sites (Table 2-4). Modelled and measured barley grain yields and grain N were similar regardless of N
source and increased with increasing N rates but at diminishing rates of return (Figures 2-7, 2-8;
Supplementary Table 2-6). Greater modelled barley grain yield response to N rates at 30 and 60 kg N ha™*
compared to measured barley grain yields (Figure 2-7; Supplementary Table 2-6), was driven by low
modelled grain yields at 0 kg N ha* (2008; irrigated site in 2010) or by higher modelled barley grain
yields at 30 and 60 kg N ha! (irrigated site in 2009; 2011) (Figure 2-7). In 2010, greater spring
precipitation (Table 2-1) led to greater modelled soil nitrate-N deep in the profile and less modelled soil
nitrate-N in the top 0.15 meters of the soil profile available for early season modelled barley N uptake
(Figures 2-4, 2-5; Supplementary Table 2-2), reducing modelled unfertilized barley grain yields (Figures 2-
7). Modelled unfertilized barley grain yields in 2008 and 2010 had greater oxygen stress than fertilized
barley grain yields (Supplementary Figure 2-5) as a result of reduced rooting densities (Supplementary
Figures 2-6, 2-7) and higher SWC (Figure 2-1A), which likely also contributed to low modelled unfertilized

barley grain yields (Figure 2-7).

2.3.2.5 EONR

Depending on the year, site, and N source, EONRs estimated based on modelled yield response
to N rate (kg N ha') (modelled EONRs) ranged between 44 — 88 kg N ha, and EONRs estimated based on
measured yield response to N rate (measured EONRs) ranged between 5 —111 kg N ha® (Table 2-5).
Compared to modelled barley grain yields, measured barley grain yields had a more linear response to
increasing N rates, resulting in lower EONRs than modelled results, except for 2011 at the irrigated site
(Figure 2-7, Table 2-5). Due to the higher fertilizer cost for ESN, ESN had lower EONRs and, thereby,
higher NUEs than urea at the EONR (Figure 2-9, Table 2-5). Modelled EONR was higher during years and
sites with higher moisture inputs, and modelled EONR was positively correlated with May and June

moisture inputs (precipitation + irrigation) (r = 0.91, p = 0.002). Modelled EONR was negatively
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correlated with modelled soil nitrate-N levels prior to seeding in the top 0.15 meters of the soil profile

(r=-0.84, p = 0.009).

2.3.2.6 NUE

Nitrogen use efficiency (NUE) (% kg Grain N kg N Fertilizer) calculated from modelled and
measured barley grain N (Figure 2-8) (modelled and measured NUE) was similar regardless of N source
and declined with increasing N rates as N availability exceeded barley N uptake (Figure 2-9). Low-
modelled unfertilized control and high-modelled fertilized barley grain N (Figure 2-8) resulted in higher
modelled NUE values compared to measured NUE, particularly at lower N rates of 30 and 60 kg N ha*
(Figure 2-9; section 2.3.2.4). At typical commercially applied N rates of 90 and 120 kg N ha', modelled
NUE values (27-53% at the dryland site, 33—68% at the irrigated site) were closer to measured NUE
values (19-46% at the dryland site, 25-43% at the irrigated site) (Figure 2-9). Modelled NUE varied
considerably between years, with modelled NUE differing by 2 — 51% at the dryland site, and 5 — 47% at
the irrigated site for any given N rate between 30 to 120 kg N ha™ for 2008 — 2011 (Figure 2-9). Modelled
NUE was greater at the irrigated site (53 — 107%) than at the dryland site (27 — 61%) in the drier years of
2008 and 2009 (Table 2-1) but was similar between dryland (39 — 63%) and irrigated sites (39 — 65%) in
2010, a wet year (Figure 2-9, Table 2-1). Following the wet year of 2010, in 2011, modelled NUE was
greater at the dryland site (42 — 111%) than at the irrigated site (33 — 60%) (Figure 2-9, Table 2-1). The
modelled NUE at the modelled EONRs ranged between 44 —71%, and the measured NUE at the
measured EONRs ranged between 11 — 51% depending on the year, site, and N source (Table 2-5). Unlike
the modelled NUE, which declined with increases in N rate, modelled NUE at the EONR and the EONR

had no observed trends, except for a weak positive correlation (r = 0.18, p = 0.66).
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2.4 Discussion

2.4.1 Sensitivity of N Release to Temperature and Moisture

Modelled N release from urea and ESN were in good agreement with measured N release
results, indicating parameters within the model for N release adequately simulated the N release from
different N fertilizer sources at different temperatures and soil moisture levels (R? = 0.94, RMSE = 11.1%,
p<0.001; Figure 2-2). Modelled N release from urea and ESN were more rapid with increasing
temperatures and soil moisture, but the temperature had a greater impact on modelled N release than
soil moisture, which is in accordance with literature findings (Figures 2-2, 2-3). Temperature has the
greatest impact on N release as it controls the rate of diffusion and urease activity (Agehara and Warncke
2005; Du et al. 2006; Golden et al. 2011; Ransom et al. 2020). Modelled sensitivity of N release to
temperature was 0.01 — 2.45% per 1°C every 7 days (Figure 2-3), which is at the lower end of the
temperature sensitivity range reported by Golden et al. (2011) of 2.0 — 4.6% per 1°C every 7 days, but
similar to ranges reported by Agehara and Warncke (2005) of 0 — 1.44% and Du et al. (2006) of 0.34 —

0.7% per 1 °C every 7 days.

Modelled sensitivity of N release was lower for soil moisture than temperature, and modelled N
release increased 0.004 — 0.58% per 1% increase in soil moisture every 7 days at 20 °C (Figure 2-3), which
is similar to the range of 0.03 —0.35% per 1% increase in soil moisture every 7 days at 20°C reported by
Agehara and Warncke (2005). In contrast, Cahill et al. (2010a) found no significant soil moisture impact
on N release from increasing the soil moisture from 60 to 80% field capacity, although this may have
been due to the small difference in soil moisture levels. However, increasing soil moisture has been
found to enhance microbial activity and urease enzyme production, thereby increasing the rate of urea
hydrolysis (Agehara and Warncke, 2005). Nitrogen release in ecosys is affected by soil water
concentration and microbial activity, which is controlled by soil moisture, leading to a more rapid N

release from urea and ESN at higher soil moisture levels (Figures 2-2, 2-3).
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2.4.2 Lag in N Release from ESN

Modelled N release from ESN approached a sigmoidal pattern of N release and had alagin N
release of approximately 7 days at 210°C, which is in accordance with literature findings (Figures 2-2, 2-
3). Shaviv et al. (2003) described the first stage in N release from polymer-coated urea (PCU) fertilizers
such as ESN as a lag period where no N is released from the granule, resulting in a sigmoidal pattern of N
release. This lag period occurs as water must first diffuse through the polymer coating, dissolve the urea
in the granule, and the urea must then diffuse out of the polymer coating before subsequent urea
hydrolysis (Cahill et al. 2010a). In a laboratory soil incubation experiment, Cahill et al. (2010a) found that
the lag in N release from ESN was between 3 to 7 days at 23 — 26 °C. Golden et al. (2011) conducted a
laboratory soil incubation experiment and measured the N release from ESN every 5 days and found that
the N release from ESN began after 5 or 10 days at 15 — 30 °C (2011). In water-saturated sand at
temperatures of 20, 30, or 40 °C, Du et al. (2006) found the lag period to vary between 4 — 8 days
depending on the PCU fertilizer type and temperature. In contrast to N release from ESN, modelled N
release from urea at temperatures 210 °C proceeded immediately following N application (Figure 2-3)
which is in accordance with findings reported by Cahill et al. (2010a) and Agehara and Warncke (2005). A
lag period where no N is released from ESN and low initial crop N uptake at the beginning of the growing
season may result in improved synchronization between crop N demand and N availability, thereby
increasing N uptake and NUE compared to conventional urea fertilizer (Nelson et al. 2008; Cahill et al.

2010a; Golden et al. 2011; Soon et al. 2011).

Low temperatures of <10 °C markedly reduced modelled N release, resulting in a delayed N
release from urea and a prolonged lag in N release from ESN (Figure 2-2). Golden et al. (2011) also found
that lower temperatures reduced initial N release from ESN. In the first 10 days of a laboratory soil
incubation experiment, initial N release from ESN was reduced by at least 50% when temperatures were

decreased by 5 °C between 15 and 25 °C (Golden et al. 2011). A slower N release at lower temperatures
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and soil moisture levels (Figures 2-2, 2-3) suggests that in cooler and drier conditions at the time of N
fertilizer application, there will be a slower N release from urea and ESN, which will affect the

synchronization between N supply and crop N demand.

2.4.3 Effectiveness of ESN in Increasing Barley Grain Yields, Grain N, and NUE

The lag in modelled N release from ESN did not improve synchronization of N availability with
modelled barley N uptake (Supplementary Figure 2-3) and did not improve modelled barley grain yields,
grain N, or NUE at this cool, semi-arid site (MAT = 5.8 °C; Figure 2-1C, Table 2-1) in Southern Alberta
(Figures 2-7, 2-8, 2-9). Nitrogen release from ESN must better match crop N uptake than does that from
urea to increase yields and NUE (Nelson et al. 2008; Golden et al. 2011; Soon et al. 2011). Cold soil
temperatures at the beginning of the growing season (<5 °C, Figure 2-1B) resulted in a prolonged
modelled lag period with ESN (Figure 2-2, Supplementary Figure 2-3), which did not match early season
modelled barley N uptake (Supplementary Figure 2-3). The slower modelled N release from urea due to
low spring soil temperatures closely matched the low initial modelled barley N uptake, while a prolonged
modelled lag period with ESN resulted in rapid modelled N release from ESN beginning after rapid

modelled barley N uptake began at around DOY 160 (Figures 2-2, 2-3; Supplementary Figure 2-3).

Model findings of a prolonged N release from ESN are consistent with findings from C. Grant et
al. (2012) and Blackshaw et al. (2011 a,b), that early season growth and crop N accumulation was
reduced with ESN which was attributed to N release from ESN being too delayed to match crop N
demand in the cool, semi-arid Canadian prairies. While modelled barley N uptake was not lower early in
the growing season with ESN compared to urea (Supplementary Figure 2-3), this was likely due to high
levels of soil inorganic N (Figures 2-4, 2-5). Thilakarathna et al. (2020) also found that high levels of soil
inorganic N may have masked the effects of different N sources on crop nitrogen recovery efficiency

(NRE) and NUE. In addition, while modelled N release from ESN was slower than that from urea
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throughout the growing season, differences in modelled N release between the N sources were small (<7
kg N ha) and diminished throughout the growing season (Supplementary Figures 2-3, 2-4). Accordingly,
modelled barley N uptake, barley grain yields, grain N, and NUE were similar for ESN and urea (Figures 2-

7, 2-8, 2-9; Supplementary Figure 2-3).

In accordance with model results, other studies in Western Canada have reported similar or
inconsistent effects of ESN on crop yields, grain nitrogen, and NUE (McKenzie et al. 2010; Malhi et al.
2010; Blackshaw et al. 2011b, 2011a; Grant et al. 2012; Mezbahuddin et al. 2020; Thilakarathna et al.
2020). Throughout Alberta’s different climatic conditions and soil zones, Mezbahuddin et al. (2020)
found that ESN lowered barley grain yields by 0.7 — 2.7% and lowered grain N content by 0.6 — 2.7%
compared to urea. Across a range of climatic conditions in Western Canada, C. Grant et al. (2012) found
that ESN did not offer consistent increases in crop yield, grain N accumulation, or NUE compared to urea.
In semi-humid Central Alberta, wheat NUE and NRE were similar for urea and ESN over 2 years
(Thilakarathna et al. 2020). At sub-humid sites in Western Canada, Malhi et al. (2010) found that under
wetter than normal soil moisture levels, yields and NRE were higher with ESN than urea at 2 out of 7 site
years. Under the semi-arid conditions of the Western Canadian prairies, ESN had inconsistent effects on
barley and canola yields (Blackshaw et al. 2011a, 2011b). ESN increased barley and canola yields at 3/20
and 4/20 site-years, reduced barley and canola yields at 2/20 and 1/20 site-years, and the remaining
site-years had similar barley and canola yields for urea and ESN (Blackshaw et al. 2011a, 2011b). In semi-
arid Southern Alberta, ESN slightly increased winter wheat grain yields by 2.2% compared to urea and
had no impact on grain protein concentrations (McKenzie et al. 2010). Inconsistent findings of the effects
of ESN on yields and NUE may indicate that ESN has limited effectiveness in providing agronomic

benefits in the cool, semi-arid Canadian prairies.

However, in warmer regions where urea would hydrolyze more rapidly, a delay in N release from

ESN compared to urea could improve the synchronization between N supply and crop N demand,
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increasing yields and NUE (Li et al. 2018; Yang et al. 2021). Results from global meta-analyses suggest
that polymer-coated urea (PCU) fertilizer effectiveness at increasing crop N uptake increases with
increasing MAT (Yang et al. 2021), and that PCU fertilizer may only be effective at increasing yields and
NUE in cropping systems at MATs of 10 — 20 °C (Li et al. 2018). For instance, in maize cropping systems
where planting and N fertilizer application occurs at soil temperatures > 10 °C (Cahill et al. 2010b;
Gagnon et al. 2012), PCU fertilizers were found to increase maize yields by 5.3 % and NUE by 24.1%

according to a meta-analysis (Zhang et al. 2019).

ESN may be more effective at increasing yields and NUE under wetter conditions where there is
a higher potential for denitrification and leaching losses, such as under irrigation (Nelson et al. 2008;
Wilson et al. 2010; Malhi et al. 2010; Grant et al. 2012; Gagnon et al. 2012). However, despite increased
soil moisture at the irrigated site, barley grain yields, grain N, and NUE were similar for both N sources at
this semi-arid site in Southern Alberta (Figures 2-7, 2-8, 2-9). At the time of irrigation inputs, there were
minimal differences in modelled N release between urea and ESN, and likely a lower potential for N
losses due to rapid modelled barley N uptake resulting in lower modelled soil nitrate levels (Figure 2-5;
Supplementary Figure 2-3). The effectiveness of ESN at increasing yields and NUE depends on the timing
of N availability with conditions prone to N losses, and therefore irrigation may not result in increased
efficacy of ESN (Li et al. 2016; Thapa et al. 2016; Clément et al. 2021). Conditions at the site may have
also been too cold and dry for increased efficacy of ESN, even with increased moisture from irrigation. In
a global meta-analysis, Li et al. (2018) found that PCU fertilizers were more effective at irrigated sites but
also found that PCU fertilizers were only effective in climates where annual precipitation was 800 — 1200
mm, and the MAT was 10 — 20 °C. At this site, total combined annual precipitation and irrigation ranged
between 517 — 624 mm and the MAT was 5.0 — 5.4 °C for 2008 — 2011, which is colder and drier than the

reported range for PCU effectiveness described by Li et al. (2018) (Table 2-1).
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2.4.4 Modelled Barley Grain Yield Response to Increasing N Rates and Factors Affecting the
EONR

Modelled barley grain yield response to increasing N rates agreed with literature findings on
yield response to N rate and allowed for accurate estimates of EONRs (Figure 2-7, Table 2-5). Increasing
the N application rate will increase crop yields but at diminishing rates of return as crop N demand is met
(O’Donovan et al. 2015). Modelled increases in barley grain yields declined with increasing N rates, and
minimal modelled barley grain yield responses (<3% vyield gains, Supplementary Table 2-6) were
observed from 90 to 120 kg N ha™* (Figure 2-7). In accordance with model findings, O’Donovan et al.
(2015) also found minimal increases in barley yields from increasing the nitrogen rate from 90 to 120 kg
N ha?in Western Canada, and McKenzie et al. (2004a) found that most yield gains were achieved below
90 kg N hal in Central and Southern Alberta.

At a fertilizer-to-grain price ratio of 7.4 for urea, EONRs estimated based on modelled yield
response to increasing N rates ranged between 51 — 88 kg N ha™* (average 75 kg N ha?) (Table 2-5), which
falls within the range of EONR values reported in the literature. In a study on the EONR for barley in
Southern and Central Alberta at a fertilizer-to-grain price ratio of 8, McKenzie et al. (2004b) reported the
EONR for urea fertilizer to be 50 — 92 kg N ha, depending on the barley cultivar. Furthermore, at sites in
Southern Alberta, McKenzie et al. (2004b) found that the EONR ranged between 38 — 147 kg N ha!, with
an average EONR of 75 kg N ha™. Using a stochastic simulation model which varied barley grain and N
fertilizer prices, Smith et al. (2012) determined that the maximum net return for barley grain yields at
sites across the Western Canadian prairies occurred at N rates of 60 — 90 kg N ha’. Compared to urea,
ESN had a higher N fertilizer cost (fertilizer-to-grain price ratio of 9) and similar modelled barley grain
yields, making ESN fertilizer less economical than urea (Khakbazan et al. 2013).

May and June moisture inputs (precipitation + irrigation) (Table 2-1) were strongly positively

correlated with modelled EONRs, as higher soil moisture availability facilitated greater modelled barley N
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uptake and barley productivity at this semi-arid site in Southern Alberta (Figures 2-1, 2-7; Supplementary
Figure 2-3). McKenzie et al. (2004b) also found that EONRs were higher with increased precipitation
inputs due to enhanced barley N uptake at sites in Southern Alberta. Modelled EONRs were strongly
negatively correlated with soil nitrate-N levels prior to seeding, similar to results reported by McKenzie
et al. (2004b) that EONRs were lower with higher soil nitrate-N. The variability of EONRs with soil nitrate-
N levels prior to seeding highlights the importance of annual spring soil testing, which is completed
annually by only 20% of Canadian farmers (Korol 2004).
2.4.5 Effects of N Fertilization on NUE

Modelled NUE declined with increasing N rates (Figure 2-9), and modelled soil N supply and
barley N uptake differed between fertilized and unfertilized treatments due to differences in root density
(Supplementary Figures 2-6, 2-7), the spatial distribution of nitrate-N in the soil profile (Figures 2-4, 2-5),
and mineralization of SON (Table 2-3; Supplementary Figures 2-1, 2-2). Declines in modelled NUE with
increasing N rates are consistent with findings reported by Malhi et al. (2010) and Donovan et al. (2015).
Lassaletta et al. (2016) estimated NUE in North America to be 70% at an N fertilizer rate of 76 kg N ha’,
compared to modelled NUE which ranged between 31 — 71% (average 53%) for 2008 — 2011 at the same
N fertilizer rate (Figure 2-9). Karimi et al. (2020) estimated NUE in Canada to be 51% at an average N
fertilizer rate of 62 kg N ha™*, compared to modelled NUE which ranged between 37 — 78% (average 60%)
at 62 kg N ha for 2008 — 2011 (Figure 2-9). At N rates of 75 —92 kg N ha, McKenzie et al. (2004b)
reported NUE to be 41 —48% in Southern and Central Alberta, and modelled NUE values were 27 - 71%
(average 47 — 53%) for 2008 — 2011 at corresponding N rates (Figure 2-9). Modelled NUE values were
higher than results reported by McKenzie et al. (2004b) at lower N rates (<60 kg N hal) but were similar
at N rates greater than 90 kg N ha™ where modelled NUE approached ~50% (Figure 2-9). Higher

modelled NUE in this study at lower N rates is likely due to the low modelled unfertilized barley grain N
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values used to calculate the modelled NUE, which in some cases were lower than measured unfertilized

barley grain N values (Figures 2-8, 2-9).

In some years and sites (2008 Irrigated, 2009 Irrigated, and 2011 Dryland), at 30 kg N ha™?,
modelled NUE exceeded 100% (Figure 2-9). At sites in Southern Alberta with 33 — 170 kg N ha™ of
fertilizer applied, McKenzie et al. (2004a) also reported NUE values of greater than 100% and
hypothesized this was due to increased N uptake or reduced leaching from increased crop transpiration
with fertilized compared to unfertilized barley. Modelled fertilized barley treatments had greater
modelled root densities than unfertilized barley, which increased soil N uptake efficiency and increased
NUE (Burns 1980) (Supplementary Figures 2-6, 2-7). In addition, lower productivity in unfertilized barley
led to reduced transpiration and higher soil water content (Figure 2-1A), which led to greater downward
movement of soil nitrate-N deeper in the soil profile with unfertilized compared to fertilized barley
(Figures 2-4, 2-5). While unfertilized barley had greater declines in SON during the growing season, and
therefore greater soil N supply from mineralization (Table 2-3; Supplementary Figures 2-1, 2-2), reduced
rooting density (Supplementary Figures 2-6, 2-7), higher SWC (Figure 2-1A) and a higher potential for N
leaching and denitrification losses, and increased nitrate-N deeper in the soil profile (Figures 2-4, 2-5)
indicates that this increased N supply from SON relative to fertilized barley may not have been taken up
by the unfertilized crop. Current NUE indices do not account for how fertilization affects crop N uptake,
such as by increasing root density and proliferation in the soil profile or reducing mineralization of SON
(Burns 1980; Mahal et al. 2019; Congreves et al. 2021) (Table 2-3; Supplementary Figures 2-6, 2-7).
Therefore, while the unfertilized control is meant to represent soil N uptake in the calculation of NUE
(sec. 2.2.3; eq. 1), it may not represent soil N uptake of the fertilized crop and could result in an over or

underestimation of NUE (Mahal et al. 2019; Congreves et al. 2021).
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2.4.6 Variation in NUE with Irrigation and Interannual Climatic Variability

Modelled NUE at a specified N rate varied by as much as 51% depending on the irrigation and
year (Figure 2-9), highlighting the challenges of increasing NUE. In semi-arid Southern Alberta, water is
often a limiting factor for crop production and water availability influences crop N uptake and NUE
(McKenzie et al. 2004a; Zebarth et al. 2009; Djaman et al. 2013; Maharjan et al. 2014). Depending on the
timing and amount of precipitation and irrigation inputs, increased moisture inputs from irrigation may
increase NUE by reducing water stress and enhancing crop N uptake (Djaman et al. 2013; Maharjan et al.
2014). Conversely, increased moisture inputs from irrigation may reduce NUE because of higher N
leaching and denitrification losses from the higher soil moisture (Djaman et al. 2013; Maharjan et al.
2014). In the drier years of 2008 and 2009, modelled NUE was greater at the irrigated site than at the
dryland site due to greater barley N uptake from increased water availability (Figure 2-1, 2-9). McKenzie
et al. (2004a) also found that barley N uptake and NUE were higher at irrigated than dryland sites in
Southern Alberta due to enhanced N uptake. In 2010, the study’s wettest year, modelled NUE was similar
at dryland and irrigated sites (Figure 2-9). Maharjan et al. (2014) found that in a wet year, NUE was
similar between irrigated and dryland sites due to increased N leaching losses at the irrigated site (see
Chapter 3 for N losses). In 2011, a dry year following a wet year, there was a carryover effect from the
increased moisture in 2010, as evidenced by the higher soil nitrate-N levels deeper in the soil profile in
2011 (Figure 2-5). As a result, despite 2011 being a dry year, modelled NUE was higher at the dryland site
than at the irrigated site (Figure 2-9). Similarly, in the drier year of their study, Maharjan et al. (2014) also
found that NUE was higher at the dryland site than at the irrigated site. While NUE may be increased in
drier years with irrigation due to enhanced N uptake, wet years, or the year following wet years, may
result in increased N losses and reduced NUE (McKenzie et al. 2004a; Djaman et al. 2013; Maharjan et al.

2014) (see Chapter 3 for N losses). Accordingly, proper irrigation and N management are essential for
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optimizing crop productivity, managing water resources, and reducing N losses (Djaman et al. 2013;

Maharjan et al. 2014).

While estimates of NUE at national and continental scales (Lassaletta et al. 2016; Karimi et al.
2020) give insight into general NUE values, modelled NUE values and site-specific NUE values reported in
the literature varied considerably between years and at different sites (Nyborg and Malhi 1986;
McKenzie et al. 2004a, 2004b; Thilakarathna et al. 2020) (Figure 2-9). For a given N rate, modelled NUE
varied by 2 — 51% between 2008 and 2011 at dryland and irrigated sites in Southern Alberta due to
interannual climatic variability and irrigation (Figure 2-9). Yang et al. (2023) found that crop N uptake of
applied fertilizer varied between 26 — 76% in the Western Canadian prairies due to regional and
interannual climatic variability, particularly due to total annual precipitation. Nyborg and Malhi (1986)
found that NUE of barley ranged between 27 — 97% at 56 kg N ha* due to interannual climatic variability
over a 7-year period and differing soil properties at sites in northern and central Alberta. Thilakarathna
et al. (2020) found that NUE of wheat ranged between 25 — 42% at 100 kg N ha™ due to interannual
climatic variability over a 2-year period in Central Alberta. McKenzie et al. (2004a,b) found that NUE of
barley ranged between 29 — 48% at economically optimum N rates of 11 — 147 kg N ha, and that NUE
ranged between 35 — 134% at EONRs of 31 —170 kg N ha in Southern and Central Alberta due to
variable moisture inputs (precipitation and irrigation) and spring soil nitrate-N levels. The substantial
variability in NUE showcases the challenge of increasing NUE across different regions and environmental
conditions and highlights the need for site-specific N management practices (Karimi et al. 2020). By
determining the variability in NUE, regions and conditions with low NUE could be identified and
improved management practices and policy directives could be focused on these situations
(Mezbahuddin et al. 2020; Udvardi et al. 2021). In addition, knowledge of the variability in NUE could
allow for a systems approach to increasing NUE so that gains in NUE in one context would not be offset

by decreases in NUE in another context (Karimi et al. 2020; Udvardi et al. 2021). Long-term studies will
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also be crucial to account for the effect of repeated N applications on NUE (Congreves et al. 2021). As
conducting numerous field studies to determine the variability of NUE under different management
practices, soil properties, and environmental conditions would be expensive and time-consuming, the
use of computer models such as ecosys will be an effective tool in informing effective N management
decisions for various conditions and in different regions (Puntel et al. 2016; Mezbahuddin et al. 2020).
2.4.7 Economic and Environmental Sustainability: NUE at the EONR

Unlike the relationship between the N rate and modelled NUE, modelled NUE at the EONR (Table
2-5) did not decline with increases in EONR at a constant fertilizer-to-grain price ratio, which is a trend
also reported by McKenzie et al. (2004b), where EONR and NUE were positively correlated. Greater yield
response to N fertilizer allowed for higher EONRs and increased N uptake and NUE (McKenzie et al.
2004b; Basso et al. 2019). Therefore, it is important to identify regions and conditions with high and low
yield potential and to adjust N rates accordingly to increase NUE (Basso et al. 2019). Modelled NUE
values at EONR (44 — 71%, Table 2-5) were relatively high, but a lower fertilizer-to-grain price ratio would
allow for higher N rates to be more economical but would decrease NUE (Figure 2-9). Variability in
commodity pricing and, thereby, the EONR is another challenge associated with increasing NUE, as
increases, or decreases in N rates will be driven by economic factors rather than agricultural productivity
or environmental concerns. While the EONR is important to allow producers to make a profit and thus be
economically sustainable (Cassman et al. 2002), it does not account for the environmental effects of
increases in N application rates, such as reductions in NUE and increases in N losses (see Chapter 3). To
account for the hidden environmental costs, Millar et al. (2010) suggested that a nutrient market be
used to compensate producers for applying N rates slightly below EONR, as these rates provided
comparable economic returns and agricultural productivity while reducing N losses. Accordingly, to
increase NUE, it is important to account for economic factors in N rate decisions and variability in NUE

response to increasing N rates for different sites and environmental conditions.
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2.5 Conclusion

The process-based ecosystem model ecosys successfully simulated the effects of N source, N
rate, irrigation, and interannual climatic variability on barley grain yields, grain N, NUE, and EONRs.
Compared to conventional urea fertilizer, ESN did not increase modelled barley grain yields, grain N, or
NUE as cool soil temperatures slowed modelled N release from ESN and, as a result, did not match early
season modelled barley N uptake. Under the cool, semi-arid conditions of the Western Canadian prairies,
conditions are too dry and cold for ESN to provide agronomic benefits, even with increased moisture
inputs at irrigated sites. Nitrogen rate had a larger impact on modelled barley yields, grain N, and NUE
than differences in N sources (Urea and ESN), with barley grain yields and grain N increasing with
increasing N rates but at diminishing rates of return. Furthermore, the negative correlation of EONRs
with spring soil nitrate-N levels indicates that improvements in N rate recommendations, such as
ensuring annual spring soil testing, should be a priority for increasing NUE. Modelled NUE declined with
increases in N rate but varied substantially between years and with different irrigation amounts,
indicating site-specific N management practices will be necessary to increase NUE. While EONRs may
account for the economic sustainability of agricultural production, EONRs do not account for
environmental considerations such as NUE, and these external costs need to be addressed in
policymaking. The use of computer models such as ecosys could be used to model other site-specific
scenarios to identify conditions with low NUE while also considering economic factors such as EONR to
aid in selecting N management practices which balance both environmental and economic

considerations.
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2.7 Tables

Table 2-1. Monthly mean air temperature (°C) for the growing season (May — September), mean annual temperature (°C)(MAT) for 2008 — 2011, monthly total
precipitation (mm) for the growing season (May — September) and total annual precipitation (mm) for 2008 — 2011 at Lethbridge, Alberta compared to the 30-
year climate normal (1971 —2000) (ACIS 2021). Monthly irrigation amounts (mm) for the growing season (May — September), and total growing season

irrigation + precipitation for 2008 — 2011 at the irrigated site in Lethbridge, Alberta (Kryzanowski et al. 2009).

Mean Air Temperature (°C)

Total Precipitation (mm)

Total Irrigation (Irrigated Site Only)

30 Year 30 Year
Climate Climate
Month(s) 2008 2009 2010 2011 Normal Month(s) 2008 2009 2010 2011 Normal Month(s) 2008 2009 2010 2011
(1971- (1971 -
2000) 2000)
May 11.4 10.9 8.1 9.8 11.4 May 70.9 29.0 114.8 87.6 48.3 May - 24.0 - -
June 14.4 14.0 14.3 13.9 15.6 June 88.3 57.1 127.8 76.4 53.0 June 47.5 40.4 -
July 17.0 16.8 16.9 17.7 18.2 July 84.7 42.0 43.6 42.0 37.2 July 89.4 143.9 63 36.4
August 16.6 15.9 15.5 17.5 17.7 August 28.6 81.2 65.8 33.9 47.4 August 45.3 - - 40.6
September 11.5 15.4 10.5 15.1 12.3 September 60.4 6.4 41.2 11.3 38.3 September - - - -
May - May - May -
14.2 14.6 13.1 14.8 15.0 332.9 215.7 393.2 251.2 224.2 182.2 208.3 63 77
September September September
Total
Mean Annual Total Annual Growing
Air 5.4 5.0 5.2 5.3 5.8 L 419 341.5 560.6 440.4 365 Season 515.1 424 456.2 328.2
Precipitation I
Temperature Irrigation +
Precipitation
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Table 2-2. Model inputs for the soil properties at Lethbridge, Alberta obtained from field and laboratory
measurements (Kryzanowski et al. 2009). *Estimated from Saxton and Rawls (2006).

Depth (m) 001 0.05 010 0.15 0.30 0.45 0.60 0.90 1.20 2.00
Bulk Density (Mg m®) 14 14 14 141 142 142 149 149 15 15
Field Capacity (m3 m‘3)* 0.293 0.293 0.293 0.288 0.29 0.29 0.282 0.282 0.27 0.27
Wilting Point (m3 m'3)* 0.157 0.157 0.157 0.155 0.159 0.159 0.156 0.156 0.13 0.13
Saturated Hydraulic Conductivity (mm hr'l)* 16.65 16.65 16.65 13.83 9.78 9.78 8.99 899 54 54
Sand Content (kg kg™) 456 456 456 450 442 442 452 452 410 410
Silt Content (kg kg™) 318 318 318 320 310 310 302 302 370 370
Clay Content (kg kg™) 226 226 226 230 248 248 246 246 220 220
pH 815 815 815 808 793 793 795 795 75 75
Cation Exchange Capacity (CEC) (cmolkg™) 25.5 255 255 244 244 241 23 23 11 11
Anion Exchange Capacity (AEC) (cmol kg™) 3 3 3 3 3 3 3 3 3 3
Organic Carbon (g kg'l) 215 215 215 173 124 124 94 94 07 O
Organic Nitrogen (g Mg™) 1933 1933 1933 1557 1115 1115 850 850 70 O
Organic Phosphorus (g Mg™) 213 213 213 171 123 123 93 93 7 0
NOs-N (g Mg™) 825 825 825 65 175 175 425 425 0 O
NH,-N (g Mg™) 36 36 36 253 208 208 29 29 0 O
Exchangeable PO,-P (g Mg™) 35.25 3525 3525 175 575 575 55 55 2 2
K(g Mg'l) 460.5 460.5 460.5 373.75 340 340 248 248 3.9 3.9
SO,-S (g Mg'l) 18.75 18.75 1875 62.75 200 200 200 200 48 48
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Table 2-3. Average change in modelled soil organic and inorganic N stocks (kg N hayear) over a 4-year period (2008 — 2011) for N rates (0, 30, 60, 90, and 120
kg N hal), and N sources (Control (0 kg N ha'), Urea, ESN), at dryland and irrigated sites in Lethbridge, Alberta. The change in N stocks is the gain (positive) or
loss (negative) at the year's end compared to the year's beginning. *Change in soil organic nitrogen is the sum of the average change in residue and humus N.
**Change in soil inorganic nitrogen is the sum of the average change in nitrate-N and ammonium-N.

A in Soil Organic

A in Soil Inorganic

N Rate Ain Residue N Ain Humus N ] Ain NO3-N Ain NH,-N ]
Years Site N Source Nitrogen* Nitrogen**
kg N ha™
Control 0 -67.7 -3.0 -70.7 -11.5 22.1 10.6
30 -58.0 -1.0 -59.1 -21.4 25.3 3.9
ESN 60 -52.6 -0.4 -53.1 -9.2 26.4 17.2
90 -48.8 0.2 -48.7 9.1 27.2 36.3
Dryland 120 -47.2 0.8 -46.4 30.6 27.7 58.3
30 -57.3 -1.0 -58.3 -22.8 25.8 3.0
Urea 60 -50.7 -0.3 -51.1 -11.6 26.9 15.2
90 -47.2 0.2 -46.9 6.0 27.6 33.6
2008 - 2011 120 -45.4 0.9 -44.5 27.0 28.1 55.1
Control 0 -63.5 -5.6 -69.0 -9.7 21.5 11.8
30 -51.7 -3.5 -55.2 -23.2 22.9 -0.4
ESN 60 -44.9 -2.3 -47.2 -15.5 23.0 7.5
90 -39.8 -1.6 -41.3 -0.7 23.2 22.4
Irrigated 120 -37.6 -1.0 -38.6 19.3 23.3 42.5
30 -50.7 -3.4 -54.1 -24.4 23.1 -1.3
Urea 60 -43.5 -2.2 -45.7 -17.5 23.4 5.9
90 -37.7 -1.4 -39.1 -3.7 23.6 19.9
120 -35.4 -0.8 -36.2 15.4 23.8 39.2
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Table 2-4. Modelled vs measured barley grain yields (kg C ha™) and modelled vs measured barley grain N (kg N ha?)

coefficient of determination (R?), p-value, linear regression intercept, linear regression slope, root mean square
error (RMSE); and standard deviation (SD) of measured results for 2008 — 2011 at dryland and irrigated sites in
Lethbridge, Alberta. Measured barley grain yields and barley grain N obtained from a field experiment by
Kryzanowski et al. (2009).

SD of
Year Site R? P Value |Intercept| Slope RMSE | Measured
Results
Barley Grain Yield (kg C ha™)

2008 Dryland 0.96 <0.001 | -3804.3 2.3 289 274
2008 Irrigated 0.67 0.01 -1995.5 1.7 282 394
2009 Dryland 0.22 0.21 452.5 0.9 203 303
2009 Irrigated 0.94 <0.001 | -1767.8 1.8 467 387
2010 Dryland 0.64 0.01 216.0 1.1 537 377
2010 Irrigated 0.83 <0.001 | -1811.1 1.7 358 580
2011 Dryland 0.85 <0.001 445.0 1.0 558 449
2011 Irrigated 0.86 <0.001 289.6 1.0 401 382

Overall 0.64 <0.001 588 0.82 404 564

Barley Grain N (kg N ha™)

2008 Dryland 0.97 <0.001 -26.6 1.0 23 19
2008 Irrigated 0.94 <0.001 -39.6 1.4 9 20
2009 Dryland 0.82 <0.001 44.2 0.6 10 17
2009 Irrigated 0.78 <0.001 -16.3 1.3 17 18
2010 Dryland 0.70 0.01 4.2 1.1 13 14
2010 Irrigated 0.88 <0.001 -51.1 1.3 22 22
2011 Dryland 0.69 0.01 26.5 0.8 16 17
2011 Irrigated 0.87 <0.001 24.1 0.9 19 14

Overall 0.46 <0.001 36.0 0.6 17 25
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Table 2-5. Nitrogen rate (kg N ha™) to obtain the economic optimum N rate (EONR) (kg N ha™), barley grain yield at
EONR (kg C ha?), and the nitrogen use efficiency (NUE) (% kg Grain N kg™* N Fertilizer) at the EONR for modelled
and measured results for N sources of urea and ESN for 2008 — 2011 at dryland and irrigated sites in Lethbridge,
Alberta. EONR was estimated by setting the first derivative of the regression equations of N fertilizer with barley
grain yield equal to the fertilizer-to-grain price ratios for urea and ESN (7.4 for urea, 9.0 for ESN) (McKenzie et al.
2004; Calvo et al. 2022). Barley grain yield at EONR was determined by the regression equations of N fertilizer with
barley grain yield (Supplementary Table 3). NUE at EONR was determined by inserting the EONR as x into the
regression equation of N fertilizer with the NUE (% kg Grain N kg* Fertilizer N) (Supplementary Table 5). Measured
2010 Dryland results were not listed as there was no N fertilizer required due to a highly linearized relationship
between the N rate and measured barley grain yields.

Data 3 Economic Optimum N 1 NUE at EONR (% kg
Year Site [N Source .1, |Yield at EONR (kg C ha™) . 1 -
Type Rate (EONR) (kg N ha™) Grain N kg ~ N Fertilizer)
ovors| S|P = z
2008 rea
. ESN 78 3037 70
Irrigated
Urea 82 3075 68
ESN 44 2747 48
Dryland | -, 51 2810 44
2009 rea
. ESN 72 3482 71
Irrigated U 75 3486 69
Modelled rea
ESN 72 2403 51
Dryland U 85 2515 48
2010 rea
. ESN 75 2315 52
Irrigated
Urea 88 2427 49
ESN 67 2663 66
Dryland | -, 73 2731 62
2011 rea
. ESN 63 2387 48
Irrigated
Urea 74 2490 45
E 2
Oryiand | 2572 .
2008 rea
. ESN 61 2750 48
Irrigated
Urea 63 2743 41
ESN 38 2473 41
Dryland U 41 2491 42
2009 rea
. ESN 30 2477 11
Irrigated
Urea 49 2811 39
Measured ESN
Dryland U 6_8 15_44 1_5
2010 rea
. ESN - - -
Irrigated
Urea 38 2203 51
ESN 78 2146 50
Dryland U 73 1960 35
2011 rea
. ESN 51 1842 43
Irrigated
Urea 111 2222 29
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2.8 Figures
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Figure 2-1. A) Modelled (lines) and measured (points) volumetric soil water content (m® m3) (SWC) for dryland
(red) and irrigated (blue) sites at N fertilizer application rates of 0 kg N ha™* (two dashed line, circle symbol) and 120
kg N ha* (solid line, star symbol) for 2008 — 2011 in Lethbridge, AB. Measured SWC was only available for the
irrigated site. The field capacity (0.293 m3 m3) and wilting point (0.157 m3 m3) are represented by long dashed and
short dashed horizontal lines, respectively. B) Modelled (lines) and measured (points) soil temperature (°C) at 0.05
(orange) and 0.1 (green) meters for 2008 — 2011 at the irrigated site in Lethbridge, Alberta. C) Daily average air
temperature (°C) (red line), daily total precipitation (mm) (blue bars), or total daily irrigation (mm) (green bars) for
2008 — 2011 in Lethbridge, Alberta. For all panels, vertical dashed lines indicate seeding/fertilizer application dates
(dashed lines), or harvest dates (two-dashed lines). The solid vertical line is the seeding/fertilizer application date
for the irrigated site in 2008. Daily average air temperature and total precipitation data were obtained from ACIS
(2021) and measured soil moisture, soil temperature, and irrigation data from Kryzanowski et al. (2009).
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Figure 2-2. Cumulative nitrogen release (% nitrogen applied) for Environmentally Smart Nitrogen (ESN) (orange)
and Urea (green) nitrogen sources for measured (points) and modelled (lines) results at 50% and 70% field capacity,

with an increase of 5 °C every 7 days of the experiment.
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Figure 2-3. Cumulative nitrogen release (% nitrogen applied) for modelled Environmentally Smart Nitrogen (ESN)
(dashed) and Urea (solid) nitrogen sources at 70% and 100% field capacity at temperatures of 10 °C (orange), 20 °C
(green) and 30 °C (blue) over a period of 92 days.
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Figure 2-4. Modelled (lines) and measured (points) soil nitrate + nitrite N (kg N ha) at different depths in the soil
profile (0 — 2.0 meters) for control (no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line)
at rates of O (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™ for 2008 — 2011 at the dryland site in
Lethbridge, Alberta. Vertical dark grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or
harvest dates (two-dashed lines). Measured soil nitrate is obtained from a field experiment by Kryzanowski et al.

(2009).
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Figure 2-5. Modelled (lines) and measured (points) soil nitrate + nitrite N (kg N ha™) at different depths in the soil
profile (0 — 2.0 meters) for control (no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line)
at rates of 0 (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha for 2008 — 2011 at the irrigated site in
Lethbridge, Alberta. Vertical dark grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or
harvest dates (two-dashed lines). Measured soil nitrate is obtained from a field experiment by Kryzanowski et al.

(2009).
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Figure 2-6. A) Modelled vs measured barley grain yields (kg C ha') and B) Modelled vs measured barley grain
nitrogen (kg N ha!) for all sites (Dryland and Irrigated) and years (2008 — 2011) in Lethbridge, Alberta. The solid
blue line represents the linear regression between modelled vs measured results. The dashed line is a 1:1 line
representing a perfect relationship between modelled and measured results. Error bars represent the standard
deviation of mean barley grain yields or grain nitrogen due to variability among replicates in the field experiment.
Measured barley grain yields and grain N obtained from a field experiment by Kryzanowski et al. (2009).
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Modelled (triangles) and mean measured (circles) barley grain yield (kg C ha™) response to increasing

nitrogen rates of 30, 60, 90 and 120 kg N ha™* for urea (green) and Environmentally Smart Nitrogen (ESN) (orange)
at dryland and irrigated sites for 2008 — 2011 in Lethbridge, Alberta. Error bars represent the standard deviation of
mean barley grain yields due to variability among replicates in the field experiment. Measured barley grain yields
obtained from a field experiment by Kryzanowski et al. (2009). Quadratic regression lines for measured (solid) and
modelled (dashed) barley grain yield (kg C ha) response to increasing nitrogen rates (kg N ha™) for urea (green)
and ESN (orange) are shown above. Quadratic regression results are presented in Supplementary Table 2-3.
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increasing nitrogen rates of 30, 60, 90 and 120 kg N ha™! for urea (green) and Environmentally Smart Nitrogen (ESN)

(orange) at dryland and irrigated sites for 2008 — 2011 in Lethbridge, Alberta. Error bars represent the standard
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deviation of mean grain nitrogen due to variability among replicates in the field experiment. Measured barley grain
nitrogen obtained from a field experiment by Kryzanowski et al. (2009). Quadratic regression lines for measured
(solid) and modelled (dashed) barley grain nitrogen (kg N ha™) response to increasing nitrogen rates (kg N ha®) for

urea (green) and ESN (orange) are shown above. Quadratic regression results are presented in Supplementary

Table 2-4.
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Fertilizer) (NUE) response to increasing N rates of 30, 60, 90 and 120 kg N ha™ for urea (green) and Environmentally

Smart Nitrogen (ESN) (orange) at dryland and irrigated sites for 2008 — 2011 in Lethbridge, Alberta. Error bars

represent the standard deviation of the mean measured NUE due to variability among replicates in the field
experiment. Measured NUE values obtained from a field experiment by Kryzanowski et al. (2009). Quadratic
regression lines for measured (solid) and modelled (dashed) NUE (% kg Grain N kg™* N Fertilizer) response to

increasing nitrogen rates (kg N ha™) for urea (green) and ESN (orange) are shown above. Quadratic regression

results are presented in Supplementary Table 2-5.
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2.9 Appendix

Supplementary Tables

Supplementary Table 2-1. Irrigation schedule (mm) and total irrigation (mm) for 2008 — 2011 at the irrigated site in
Lethbridge, Alberta (Kryzanowski et al. 2009).

Total Irrigation

Year Month/Day DOY Irrigation (mm)
(mm)
June 20 172 25
June 27 179 22.5
July 10 192 25
2008 July 15 197 19.5 182.2
July 18 200 20.5
July 31 213 24.4
Aug. 7 220 24.5
Aug. 8 221 20.8
May 26 146 12
May 29 150 12
June 5 156 15.4
June 15 166 25
2009 July 1 182 41.3 208.3
July 6 187 25
July 17 198 27.6
July 24 205 25
July 30 211 25
2010 July 24 205 32.6 63
July 29 210 30.4
July 19 200 36.4
2011 Aug. 3 215 22.2 77
Aug. 8 220 18.4
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Supplementary Table 2-2. Modelled and measured soil ammonium-N (NHs-N), soil nitrate-N (NOz-N), and total
inorganic N (NHa-N + NOs-N) (kg N ha) in 0 — 0.15, 0.15 — 0.30, 0.30 — 0.60, and 0.60 — 0.90 meters in the soil
profile after spin up but prior to seeding/fertilizer application in 2008 — 2011 at Dryland and Irrigated sites in

Lethbridge, Alberta. Measured soil N is obtained from a field experiment by Kryzanowski et al. (2009).

Measured Total

Modelled

Depth in | Measured | Modelled | Measured Modelled Inoreanic N Total Inorganic
Year Site Soil Profile | Soil NHs-N | Soil NH;-N | Soil NOs-N | Soil NOs-N (NO ?\I +NH N (NH4,-N +
(m) (kg Nha?) | (kgNha)| (kgNha') | (kgNha?) : + | NOs-N) (kg N
N) (kg N ha™) 1
ha™)
0-0.15 7.6 6.8 17 22.2 24.9 29.0
0.15-0.30 5.3 2.2 14 0.5 19.1 2.7
Dryland
0.30-0.60 8.9 3.8 7 24.1 16.3 27.9
2008 0.60-0.90 13.0 1.0 19 31.7 32.0 32.7
0-0.15 7.1 5.0 11 24.0 18.1 29.0
. 0.15-0.30 5.6 0.9 8 5.0 13.8 5.9
Irrigated
0.30-0.60 7.9 1.7 4 31.7 12.1 334
0.60-0.90 12.6 1.0 6 22.3 19.0 23.3
0-0.15 5.0 6.1 21 38.8 26.3 44.9
0.15-0.30 4.4 1.1 13 21.4 17.8 22.5
Dryland
0.30-0.60 6.7 1.6 14 34.7 20.8 36.3
2009 0.60-0.90 12.1 0.9 14 22.5 26.3 23.4
0-0.15 4.4 5.3 21 32.5 25.4 37.8
. 0.15-0.30 3.7 1.3 15 20.2 18.6 21.5
Irrigated
0.30-0.60 6.2 1.8 14 38.7 20.3 40.5
0.60-0.90 8.8 0.9 12 33.4 20.9 34.3
0-0.15 4.7 6.7 19 10.3 23.2 17.1
0.15-0.30 5.6 1.4 10 19.5 15.3 20.9
Dryland
0.30-0.60 9.5 2.3 9 35.0 18.0 37.3
2010 0.60-0.90 14.0 1.1 12 25.4 25.8 26.5
0-0.15 3.7 5.6 36 8.9 40.0 14.5
. 0.15-0.30 2.8 1.5 19 16.4 21.7 17.9
Irrigated
0.30-0.60 4.5 2.2 17 31.6 21.7 33.9
0.60-0.90 7.1 1.1 21 30.7 28.1 31.7
0-0.15 4.0 4.0 20 33.8 24.2 37.8
0.15-0.30 3.3 1.3 11 20.7 14.7 22.1
Dryland
0.30-0.60 4.8 1.9 28 32.8 32.5 34.7
2011 0.60-0.90 7.4 0.9 36 26.7 43.6 27.6
0-0.15 3.4 3.4 12 27.0 15.1 30.4
\rricated 0.15-0.30 3.5 1.3 7 15.8 10.4 17.0
& 0.30-0.60 6.2 1.9 14 24.4 20.6 26.4
0.60-0.90 7.9 0.9 12 26.6 20.4 27.4
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Supplementary Table 2-3. Quadratic Regression results for modelled and measured (Kryzanowski et al. 2009)
barley grain (kg C ha) yield response to increasing N rates (0, 30, 60, 90, and 120 kg N ha™) for N sources of urea
and ESN for 2008 — 2011 at dryland and irrigated sites in Lethbridge, Alberta.

. Linear Quadratic 2
Date Type Year Site N Source | Intercept Coefficient | Coefficient R P Value
ESN 1782.1 20.6 -0.083 0.99 <0.001
Dryland
2008 Urea 1784.4 20.5 -0.082 0.99 0.001
. ESN 1338.3 34.7 -0.165 0.99 0.005
Irrigated
Urea 1335.1 34.9 -0.167 0.99 0.004
ESN 2130.3 18.9 -0.112 0.94 0.06
Dryland
2009 Urea 2130.6 19.0 -0.113 0.94 0.06
. ESN 1781.8 38.0 -0.201 0.99 0.010
Irrigated
Urea 1780.6 38.2 -0.206 0.99 0.010
Modelled
ESN 1306.2 21.3 -0.085 0.99 <0.001
Dryland
2010 Urea 1304.8 21.2 -0.082 0.99 <0.001
. ESN 1139.6 22.3 -0.088 0.99 <0.001
Irrigated
Urea 1133.6 22.1 -0.084 0.99 <0.001
ESN 1330.1 30.7 -0.162 0.96 0.04
Dryland
2011 Urea 1326.8 30.9 -0.160 0.97 0.03
. ESN 1500.9 19.1 -0.080 0.99 0.001
Irrigated
Urea 1499.5 19.3 -0.080 0.99 <0.001
ESN 2436.8 9.3 -0.037 0.99 0.004
Dryland
2008 Urea 2452.9 8.5 -0.036 0.96 0.04
. ESN 2023.5 14.7 -0.046 0.99 0.001
Irrigated
Urea 2048.6 14.6 -0.057 0.98 0.02
ESN 2044.2 134 -0.057 0.97 0.03
Dryland
2009 Urea 2076.4 13.0 -0.069 0.98 0.02
. ESN 2187.8 10.2 -0.020 0.95 0.05
Irrigated
Urea 2246.0 15.6 -0.083 0.99 0.01
Measured
ESN 1427.8 6.3 0.003 0.98 0.02
Dryland
5010 Urea 1372.0 -2.4 0.071 0.99 0.01
. ESN 1923.6 7.7 -0.011 0.91 0.09
Irrigated
Urea 1874.6 10.1 -0.036 0.89 0.1
ESN 1239.0 14.1 -0.033 0.99 0.004
Dryland
5011 Urea 1231.2 12.5 -0.035 0.96 0.04
. ESN 1345.4 10.6 -0.016 0.96 0.04
Irrigated
Urea 1357.2 8.2 -0.003 0.95 0.05




Supplementary Table 2-4. Quadratic Regression results for modelled and measured (Kryzanowski et al. 2009)
barley grain nitrogen (kg N ha) response to increasing N rates (0, 30, 60, 90, and 120 kg N ha) for N sources of
urea and ESN for 2008 — 2011 at dryland and irrigated sites in Lethbridge, Alberta.

. Linear Quadratic 2
Date Type Year Site N Source | Intercept L. .. R P Value
Coefficient | Coefficient
ESN 60.1 0.67 -0.0027 0.99 <0.001
Dryland
2008 Urea 60.2 0.67 -0.0026 0.99 <0.001
. ESN 47.7 0.94 -0.0029 0.99 0.006
Irrigated
Urea 47.7 0.93 -0.0028 0.99 0.006
ESN 74.7 0.49 -0.0022 0.95 0.05
Dryland
2009 Urea 74.6 0.49 -0.0020 0.97 0.03
. ESN 64.6 1.04 -0.0046 0.99 0.01
Irrigated
Urea 64.7 1.02 -0.0043 0.98 0.02
Modelled
ESN 44.0 0.72 -0.0029 0.99 <0.001
Dryland
2010 Urea 44.0 0.71 -0.0027 0.99 <0.001
. ESN 38.6 0.74 -0.0029 0.99 <0.001
Irrigated
Urea 38.5 0.73 -0.0028 0.99 <0.001
ESN 45.8 1.01 -0.0053 0.97 0.03
Dryland
5011 Urea 45.7 1.01 -0.0052 0.97 0.03
. ESN 50.0 0.65 -0.0028 0.99 0.001
Irrigated
Urea 49.9 0.65 -0.0027 0.99 <0.001
ESN 86.8 0.53 -0.0015 0.99 0.01
Dryland
2008 Urea 86.5 0.55 -0.0019 0.99 0.005
. ESN 69.6 0.52 -0.0008 0.99 0.01
Irrigated
Urea 69.5 0.42 -0.0002 0.98 0.02
ESN 60.6 0.55 -0.0014 0.99 0.01
Dryland
2009 Urea 61.8 0.48 -0.0013 0.99 0.01
. ESN 71.1 0.25 0.0008 0.97 0.03
Irrigated
Urea 75.2 0.31 -0.0004 0.92 0.08
Measured
ESN 50.0 0.35 -0.0008 0.95 0.05
Dryland
5010 Urea 48.2 0.01 0.0020 0.99 <0.001
. ESN 70.3 0.43 -0.0013 0.96 0.04
Irrigated
Urea 69.1 0.53 -0.0022 0.89 0.11
ESN 41.4 0.61 -0.0016 0.99 0.005
Dryland
5011 Urea 42.8 0.36 -0.0004 0.91 0.09
. ESN 35.0 0.41 -0.0004 0.98 0.02
Irrigated
Urea 35.3 0.42 -0.0012 0.96 0.04
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Supplementary Table 2-5. Quadratic Regression results for modelled and measured nitrogen use efficiency (NUE)
(% kg Grain N kg N fertilizer) in response to increasing N rates (30, 60, 90, and 120 kg N ha™) for N sources of urea
and ESN for 2008 — 2011 at dryland and irrigated sites in Lethbridge, Alberta.

Date Type | Year Site N Source | Intercept tinear | Quadratic R? P Value
yp P Coefficient|Coefficient
ESN 71.4 -0.36 4.9E-04 0.99 0.04
Dryland
2008 Urea 73.3 -0.41 8.5E-04 0.99 0.01
. ESN 132.7 -1.22 5.2E-03 0.99 0.1
Irrigated
Urea 131.8 -1.19 5.1E-03 0.99 0.10
ESN 90.6 -1.19 5.4E-03 0.99 0.05
Dryland
5009 Urea 90.0 -1.17 5.5E-03 0.99 0.1
. ESN 145.8 -1.43 5.4E-03 0.99 <0.001
Irrigated
Urea 146.1 -1.46 5.7E-03 0.99 0.02
Modelled
ESN 71.9 -0.29 8.6E-06 0.99 0.04
Dryland
5010 Urea 71.9 -0.29 1.2E-04 0.99 0.03
. ESN 77.0 -0.36 3.7E-04 0.99 0.05
Irrigated
Urea 72.7 -0.26 -8.0E-05 0.99 0.03
ESN 164.3 -2.02 8.3E-03 0.99 0.06
Dryland
5011 Urea 162.1 -1.95 8.0E-03 0.99 0.06
. ESN 72.5 -0.45 9.5E-04 0.99 0.009
Irrigated
Urea 72.0 -0.42 8.3E-04 0.99 0.006
ESN 48.04 -0.07 -3.9E-04 0.79 0.5
Dryland
5008 Urea 38.08 0.21 -2.2E-03 0.99 0.03
. ESN 52.00 -0.05 -2.6E-04 0.48 0.7
Irrigated
Urea 37.87 0.10 -8.3E-04 0.08 0.96
ESN 22.49 0.64 -4.3E-03 0.96 0.21
Dryland
2009 Urea 41.48 0.06 -1.1E-03 0.73 0.52
. ESN -14.96 1.00 -5.1E-03 0.99 0.005
Irrigated
Urea 97.24 -1.62 8.9E-03 0.91 0.29
Measured
ESN 84.22 -1.24 6.5E-03 0.98 0.13
Dryland
5010 Urea 3.25 0.15 2.7E-04 0.99 0.04
. ESN 89.53 -1.25 6.3E-03 0.96 0.20
Irrigated
Urea 80.98 -0.96 4.4E-03 0.70 0.54
ESN 36.74 0.42 -3.2E-03 0.90 0.31
Dryland
2011 Urea 35.63 0.05 -7.0E-04 0.10 0.95
. ESN 61.81 -0.50 2.5E-03 0.87 0.36
Irrigated
Urea 71.73 -0.80 3.7E-03 0.98 0.14

59



Supplementary Table 2-6. Mean barley grain yields (kg C ha!) and mean grain yield gains (%) from an additional 30
kg N halincrements of N fertilizer for 2008 — 2011 for modelled and measured (Kryzanowski et al. 2009) results at
30, 60, 90, and 120 kg N ha™ for urea and ESN N sources at dryland and irrigated sites in Lethbridge, Alberta. Grain
yield gains with an additional 30 kg N ha* increments of N fertilizer are calculated by taking the difference in yields
between N fertilizer rates and dividing it by the grain yield at the lower N fertilizer rate.

1. | Mean Grain Yield Gains (%) with an
Data Type Site N Source N Amount | Mean Grain Yields (kg C ha™) additional 30 kg N ha™* increments
yp (kg N ha™) for 2008-2011 K8
of N Fertilizer for 2008-2011
Control 0 1602 -
30 2299 44
ESN 60 2601 13
90 2744 5
Dryland 120 2823 3
Control 0 1602 -
30 2300 44
60 2605 13
Urea
90 2759 6
Modelled 120 2847 3
Control 0 1419 -
30 2225 57
ESN 60 2646 19
90 2908 10
. 120 2953 2
Irrigated
Control 0 1419 -
30 2217 56
60 2652 20
Urea
90 2910 10
120 2950 1
Control 0 1786 -
30 2094 17
ESN 60 2298 10
90 2532 10
Dryland 120 2632 4
Control 0 1786 -
30 1985 11
60 2240 13
Urea
90 2316 3
Measured 120 2498 8
Control 0 1859 -
30 2202 18
ESN 60 2413 10
90 2654 10
. 120 2836 7
Irrigated
Control 0 1859 -
30 2259 22
60 2415 7
Urea
90 2595 7
120 2701 4
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Supplementary Figures
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Supplemental Figure 2-1. Residue nitrogen (kg N hat) for control (no N fertilizer applied) (two dashed line), ESN
(dashed line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™* for
2008 — 2011 at dryland and irrigated sites in Lethbridge, Alberta. Residue nitrogen declines with mineralization and

rises after harvest as crop residues are left behind on the soil surface.
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Supplemental Figure 2-2. Soil humus (kg N ha™) for control (no N fertilizer applied) (two dashed line), ESN (dashed
line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha for 2008 —

2011 at dryland and irrigated sites in Lethbridge, Alberta. Soil humus rises with immobilization and declines with
mineralization.
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Supplementary Figure 2-3. A) Modelled cumulative nitrogen release (kg N ha?) and B) Modelled barley N uptake of
soil N + N fertilizer (kg N ha) over the growing season for control (no N fertilizer applied, two-dashed line), urea
(solid line) and Environmentally Smart Nitrogen (ESN) (dashed line) N sources at 0 (red), 30 (yellow), 60 (green), 90
(blue), and 120 (pink) kg N ha* for Dryland and Irrigated Sites for 2008 — 2011 in Lethbridge, Alberta. Vertical dark
grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines).
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Supplementary Figure 2-4. The difference in cumulative modelled nitrogen release between urea and

Environmentally Smart Nitrogen (ESN) at 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™* for Dryland and
Irrigated Sites for 2008 — 2011 in Lethbridge, Alberta. Positive results indicate ESN has a lower N release than that

of urea, while negative results indicate that N release from ESN is greater than that of urea. Vertical dark grey
dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines).
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Supplementary Figure 2-5. Modelled oxygen stress (ratio of total root O, uptake to total root O, demand) for
control (no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line) at rates of 0 (red), 30
(yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™ for 2008 — 2011 at dryland and irrigated sites in Lethbridge,
Alberta. Oxygen stress values <1 indicate an oxygen constraint for root growth and N uptake. Vertical dark grey
dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines).
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Supplementary Figure 2-6. Root Density (m m3) at different depths in the soil profile (0 — 2.0 meters) for control
(no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60
(green), 90 (blue), and 120 (pink) kg N ha™ for 2008 — 2011 at the dryland site in Lethbridge, Alberta. Vertical dark
grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines).
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Supplementary Figure 2-7. Root Density (m m3) at different depths in the soil profile (0 — 2.0 meters) for control
(no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60
(green), 90 (blue), and 120 (pink) kg N ha for 2008 — 2011 at the irrigated site in Lethbridge, Alberta. Vertical dark
grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines).
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3.0 Development of a Comprehensive Nitrogen Budget Indicates Need for
Optimal N Rate, not N source, to Reduce Direct and Indirect N2O Emissions at

Dryland and Irrigated Sites in Semi-Arid Southern Alberta

3.1 Introduction

Improved nitrogen (N) fertilizer management is necessary to meet the rising global food demand
and reduce N fertilizer losses which negatively impact human and environmental health and affect the
stability of the earth system (Cassman et al. 2002; United Nations Environment Programme 2014; Steffen
et al. 2015). The use of synthetic N fertilizer has increased crop yields by 40 to 60% (Stewart et al. 2005),
but crop N uptake efficiency of applied N fertilizer (NUE; nitrogen use efficiency) is as low as 30 to 50%
(Cassman et al. 2002). The remaining 50 — 70% of applied N fertilizer not taken up by the crop may be
immobilized in soil organic matter, retained as residual inorganic N, or lost to the surrounding
environment via leaching (NOs’), volatilization (NHs), or denitrification (NO, NO3, N2O, N,). These N losses
have resulted in contamination of ground and surface water, acidification, eutrophication, declining air
quality, ozone layer depletion, and the production of greenhouse gases (GHGs) (e.g., N,O) (Cassman et
al. 2002; Cameron et al. 2013). Of particular concern is the production of nitrous oxide (N>O) emissions
from N fertilizers, as N,O has a global warming potential 298 times that of CO,, making N,O an important

gaseous N loss in terms of climate change (Forster et al. 2007).

In Canada, N2O emissions have risen by 92% since 2005 due to an increase in N fertilizer use of
89%, and agricultural N,O emissions account for 75% of Canada’s national N,O emissions (Environment
and Climate Change Canada 2022). The Western Canadian prairies make up 80% of farmland in Canada,
and the increase in fertilizer use has been driven by Western Canada, where fertilizer use has doubled

since 1981 (Grant and Wu 2008; Agriculture and Agri-Food Canada 2022). Recent policy targets in
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Canada to reduce fertilizer GHG emissions by 30% below 2020 levels by 2030 have increased the urgency
to continue to develop effective N fertilizer management strategies to reduce N losses (Agriculture and
Agri-Food Canada 2022). Nitrogen losses occur due to N application rates exceeding crop N demand, and
spatial and temporal asynchronization of N supply with crop N uptake; combined with environmental
conditions which promote N losses (Zebarth et al. 2009; Setiyono et al. 2011; Cameron et al. 2013;
Udvardi et al. 2021). Improved synchronization between N supply and N demand may be accomplished
using the 4R’s of nutrient stewardship (Right source at Right time, Right rate, and Right place) to reduce

N losses (Malhi et al. 2001; Cassman et al. 2002; Grant and Wu 2008; Udvardi et al. 2021).

In the Canadian prairies, N fertilizer application in spring at the time of seeding (right time) and
below the soil surface (right place) have been established as effective N fertilizer management practices
which reduce N losses and increase NUE (Hao et al. 2001; Malhi et al. 2001; Grant and Wu 2008; Soon et
al. 2011; Mezbahuddin et al. 2020). In contrast to conventional urea fertilizer, polymer-coated urea (PCU)
fertilizers (right source) such as Environmentally Smart Nitrogen (ESN) have a delay in N release, which
may better match early season crop N demand when crop N uptake is low (Grant and Wu 2008; Cahill et
al. 2010a; Golden et al. 2011; Chen et al. 2018). Therefore, ESN may improve the synchronization
between N availability and crop N demand, thereby reducing inorganic N accumulation in the soil and
reducing the potential for N losses (Grant and Wu 2008; Grant et al. 2012; Drury et al. 2012). However, N
release from ESN is controlled by soil temperature and limited by soil moisture (Cahill et al. 20103;
Golden et al. 2011; Ransom et al. 2020); therefore, ESN may not improve synchronization with crop N
uptake in all regions due to climatic variability (Venterea et al. 2012; Li et al. 2018). Under the drier
conditions of the Canadian prairies, N release from ESN may be delayed, and the effectiveness of ESN at
reducing N losses has been found to be inconsistent (Burton et al. 2008; Soon et al. 2011; Li et al. 2012,
2016; Mezbahuddin et al. 2020; An et al. 2020; Thilakarathna et al. 2020). Selecting the optimal N rate

(right rate) is one of the most important components of effective N fertilizer management as insufficient
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N reduces crop productivity and increases the depletion of SOM, but N applied in excess of crop N
demand results in minimal yield gains and increased N losses (Grant et al. 2006; Zebarth et al. 2009;
Snyder et al. 2009; Malhi et al. 2010; Mahal et al. 2019). Crop response to N rate varies considerably with
climatic conditions, management practices, soil N supply, and other limiting factors for crop growth,
making N rate recommendations a challenge and variable between sites and years (Zebarth et al. 2009;

Malhi et al. 2010; Puntel et al. 2016; Udvardi et al. 2021).

In semi-arid Southern Alberta, irrigated agriculture makes up approximately 70% of irrigated
agriculture in Canada (Statistics Canada 2022) and is likely to be expanded due to the increasing demand
for agricultural products (David et al. 2018). Higher soil moisture levels in irrigated agroecosystems may
increase the potential for N leaching and denitrification losses (Maharjan et al. 2014; Liang et al. 2020;
Guo et al. 2022). However, reduced water stress may also increase crop productivity due to enhanced
crop N uptake and thereby reduce N losses (Djaman et al. 2013; Maharjan et al. 2014). Assessing the
differences in the type and magnitude of N losses at dryland versus irrigated sites would provide insight
into effective N fertilizer management strategies in irrigated semi-arid agroecosystems (Maharjan et al.

2014; David et al. 2018; Mezbahuddin et al. 2020).

Comprehensive N budgets can be developed to determine the fate of N in the agroecosystem by
accounting for all N inputs, N outputs, and changes in soil N stocks. Such N budgets may therefore be
used to assess the effects of different N management practices on denitrification, volatilization, leaching
and runoff N losses (Mezbahuddin et al. 2020; Karimi et al. 2020; Yang et al. 2023). In addition,
determining all forms of N losses would allow for an estimation of indirect N,O losses in addition to
direct N,O emissions (Venterea et al. 2012; Hergoualc’h et al. 2019). Compared to field experiments,
computer models can be used as low-cost and time-efficient estimates to determine the fate of N in the
agroecosystem (Zebarth et al. 2009; Puntel et al. 2016; Mezbahuddin et al. 2020). Canadian agricultural

N budgets have been developed by Karimi et al. (2020) and Yang et al (2023). However, due to the
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variability in climatic conditions, soil properties, and cropping systems throughout Canada, site-specific N
management practices will be required to reduce N losses (Karimi et al. 2020). Rigorously validated
process-based models that simulate biogeochemical cycling and key ecosystem processes can be used to
evaluate the effects of different N management strategies on the fate of N in the agroecosystem at high
spatial and temporal resolutions (Grant et al. 2020; Mezbahuddin et al. 2020). One such model, ecosys,
has been used extensively in the Western Canadian prairies to model N fertilization effects on
agroecosystems and develop N budgets (Grant et al. 2001, 2006, 2020; Mezbahuddin et al. 2020).

Accordingly, the objectives of this study are:

1) Develop a comprehensive N budget to assess the fate of N at a site in the semi-arid Canadian
prairies for different N sources (Urea vs ESN), N rates (0 — 120 kg N ha), irrigation (irrigated
vs dryland), and interannual climatic variability (2008 — 2011);

2) Determine area-based emission factors and yield-scaled emissions for direct and indirect

N>O losses.

This study will test the following hypotheses: (1) A simulated lag in N release with ESN with respect to
that of urea will allow for improved synchronization between modelled N availability and crop N uptake,
thereby reducing modelled inorganic N accumulation in the soil and lowering modelled N losses. (2)
Increasing N rates will reduce the depletion of modelled soil organic nitrogen but increase modelled N
losses and modelled residual soil nitrate-N. (3) If increased soil moisture from irrigation facilitates
enhanced modelled crop N uptake, the irrigated site will have lower modelled N losses. (4) Otherwise,
increased moisture inputs at the irrigated site will facilitate greater modelled N leaching and
denitrification losses than the dryland site due to wetter conditions. Testing these hypotheses will
contribute to our understanding of the effects of different N management practices (2 of the 4 R’s, right

source and right rate) on the fate of N at dryland and irrigated sites in semi-arid agroecosystems.
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3.2 Methods

3.2.1 Field Dataset

Measurements from a field experiment conducted by Kryzanowski et al. (2009) were used for
model inputs and to compare measured and modelled results. The field experiment was conducted
under a zero-tillage regime in the Dark Brown Chernozemic soil zone at an irrigated site in semi-arid
Lethbridge, Alberta (49.69, -112.76) in 2008 — 2011 with no dryland treatment (Kryzanowski et al. 2009).
Daily average air temperatures and daily total precipitation were obtained from the nearest
meteorological station (ACIS 2021) and are depicted alongside irrigation amounts in Figure 3-1D. Average
growing season temperature, total precipitation for 2008 — 2011, and monthly irrigation amounts are
presented in Table 3-1 (daily irrigation schedule available in Supplementary Table 3-1) (Kryzanowski et al.
2009) along with the 30-year climate normal (1971 — 2000) (ACIS 2021) for mean temperature and total
precipitation. The Sand-silt-clay content, pH, organic C, solution NOs-N, NH4-N, exchangeable PO4-P, K,
and SO:-S, and bulk density were determined from field measurements and laboratory analysis for 0 —
0.15, 0.15-0.30, 0.30 — 0.60, and 0.60 — 0.90 meters in the soil profile (Table 3-2) (Kryzanowski et al.
2009). Field capacity, wilting point, and saturated hydraulic conductivity were estimated using Saxton
and Rawls (2006) (Table 3-2). Soil temperature was measured at 0.05, and 0.10-meter depths using soil
temperature sensors, and soil moisture measurements were taken at 0 — 0.05 meters depth using a time-

domain reflectometry probe (Kryzanowski et al. 2009).

Nitrogen fertilizer was applied at the time of seeding on May 13, 2008, May 5, 2009, May 13,
2010, and May 2, 2011, and side banded below and to the side of the seed at a depth of 7.5 cm
(Kryzanowski et al. 2009). Harvest dates were September 15 for all years, except for 2010 where harvest
was September 24. Barley was seeded at 300 seeds m into standing stubble using a direct seeder with
atom jet double shoot openers with 20 cm row spacing (Kryzanowski et al. 2009). Prior to seeding,

glyphosate was applied to the fields as a pre-burn application. A 2-way factorial of N rate (0, 60, and 120
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kg N ha) and N source (Urea (46-0-0) and ESN (44-0-0)) was set up as a randomized complete block
design with 4 replicates. Each year the experimental treatments were located in an area that had
received no N fertilizer the year prior. Triple superphosphate (0-44-0) was applied at a rate of 25 kg P ha'!
for all treatments to minimize P limitations. An area of 11.34 m? of barley grain was harvested, and 15
cm of straw was left as stubble (Kryzanowski et al. 2009). Nitrous oxide measurements were taken at
midday every 1 to 2 weeks from April to November. Measurements were taken from plexiglass vented
chambers which covered 0.1 m? and had a 10 L headspace. Samples from the N,O chambers were taken
at 15, 30, and 45-minute intervals, and ambient air samples were taken for background N,O levels for a
time-zero N0 concentration (Kryzanowski et al. 2009). The change in N,O concentration with time was
used to determine the N,O flux, and N,O measurements were extrapolated over a 24-hour period to
determine daily fluxes (g ha day). The N,O fluxes in between sampling events were assumed to be the
average of the fluxes between the 2 sampling times, and daily flux values were summed together to

estimate annual N,O losses (Kryzanowski et al. 2009).

3.2.2 Model Set Up and Simulations

The process-based ecosystem model ecosys was used to simulate the field experiment described
above (with the addition of a dryland site and N fertilizer rates of 30 and 90 kg N ha™) (see section 3.2.1),
and to assess the effects of N source, N rate, and dryland vs irrigated on the fate of N in the
agroecosystem (soil N stocks, N inputs, N outputs). Ecosys models the transport and transformation of
nitrogen, carbon, and phosphorus along with heat, water, and energy on an hourly timestep to simulate
ecosystem processes and functioning (Grant 2001). The key parameters and algorithms which simulate
the scientific processes in ecosys have been determined by separate research studies and therefore, the
model does not require calibration and parameterization for each site-specific scenario (Grant 2001).
Organic nitrogen may be mineralized to inorganic ammonium (NH4*) or NHs* and nitrate (NO3) may

undergo immobilization and be converted to organic N by heterotrophic microorganisms to maintain a
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set microbial C:N ratio. Ammonium may be taken up by the plant, immobilized, converted to nitrate via
nitrification by chemoautotrophic bacteria, sorbed to soil particles, or converted to ammonia (NHs) and
lost to the atmosphere via volatilization. Nitrate may be taken up by the plant, immobilized, or subject to
denitrification and leaching losses. Under low O, conditions, nitrite may be reduced to nitrous oxide
(N20) by nitrifying bacteria, or nitrate may be reduced by facultative anaerobic bacteria sequentially to
nitrite (NO2’), nitric oxide (NO), nitrous oxide (N20), and dinitrogen (N;). Nitrate is highly mobile and may
leach down the soil profile during drainage events. Nitrogen movement in soil is governed by mass flow
and concentration gradients. Plant root N uptake occurs via convection, which is driven by water uptake
when the plant transpires and concentration gradients between the soil solution and root and
mycorrhizal surfaces. Further model descriptions and equations for soil microbial activity, N

transformations and losses, and crop growth are available in Grant (2001) (Appendices B, C, D, E, F, H, I).

Model runs for each combination of N rate (0, 30, 60, 90, 120 kg N ha™), N source (control (0 kg
N hal), urea, ESN), site (Dryland and Irrigated), and year (2008, 2009, 2010, 2011) were conducted to
simulate the effects of different N rates, N sources, dryland vs irrigated and interannual climatic
variability on the fate of N in the agroecosystem and develop a comprehensive N budget. ESN was input
as urea with a slower decline in hydrolysis inhibition to simulate the delayed N release from ESN
compared to conventional urea fertilizer (see Chapter 2). Management options such as fertilizer, tillage,
irrigation, and cropping inputs were entered into ecosys to simulate the management practices as
described in the field dataset section 3.2.1. Soil properties used in the model simulations were obtained
from field measurements and laboratory analysis (Kryzanowski et al. 2009) or estimated using Saxton
and Rawls (2006) (Table 3-2). Weather inputs (solar radiation, relative humidity, wind speed,
temperature, and precipitation) were obtained from the nearest meteorological station to input into the

model runs at an hourly timestep, except for 2008 for which hourly data was not found (ACIS 2021).
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Daily weather data for 2008 was therefore input to the model and was downscaled to hourly weather

data within the ecosys model.

Separate spin-up runs for dryland and irrigated sites were executed for 1998 — 2007 to allow
conditions in the model to reach equilibrium prior to the experimental production runs. Spin-up runs
had a continuous field crop, zero tillage, and a 100 kg N ha year? of urea fertilizer and 25 kg P ha of
triple superphosphate applied except in the year prior to the experimental production run to simulate
the cropping and management history in the years leading up to the field experiment (section 3.2.2.1).
Phosphorus fertilizer was also applied at a rate of 25 kg P ha in control runs (no N fertilizer) to reduce P

limitations.

3.2.3 Data Processing and Analyses

All statistical analyses were completed in the R software (version 4.1.1). To assess model
performance, linear regression analyses for modelled vs measured grain yields (kg C ha) and grain N (kg
N ha?) (see Chapter 2), and for modelled vs measured annual N,O emissions (kg N ha yr?) were
performed. The coefficient of determination (R?), linear regression slope and intercept, root mean
square error (RMSE), and standard deviation (SD) were calculated to determine the accuracy of modelled
results compared to measured results. Modelled and measured soil water content and soil temperature
at the irrigated site for N rates of 0, 60, and 120 kg N ha™ were compared to assess model performance.
Measured spring soil nitrate-N and ammonium-N tests for 0 — 0.9 meters in the soil profile were
compared to modelled soil inorganic N levels to assess model performance. Modelled annual N,O-N
emissions, area-based emissions factors (eq. 1), and yield-scaled emissions (eq. 2) at the irrigated site at
N rates of 0, 60, and 120 kg N ha* were compared against measured results to assess model

performance. Area-based emission factors (%) (EF area) and yield-scaled emissions (g N2O-N kg Grain
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Yield Dry Matter (DM)) were calculated using equations 1 and 2 for modelled and measured results

(Thilakarathna et al. 2020).

(1)

Fertilized Emissions — Unfertilized Emissons
EF area = — * 100
N Fertilizer Rate

Treatment Emissions
GrainYield

Yield Scaled Emissions =

Indirect N>O emissions from modelled subsurface N losses, N runoff, and N volatilization losses were
estimated using the 2019 IPCC default emission factors of 0.011 for N subsurface and N runoff losses,
and 0.010 for N volatilization losses (Hergoualc’h et al. 2019). Indirect area-based EFs and yield-scaled
emissions were estimated using equations 1 and 2, and summed together with direct area-based EFs and

yield-scaled emissions to determine direct + indirect EFs and yield-scaled emissions.

Nitrogen budgets developed from modelled results were made up of soil N stocks (inorganic (nitrate-
N and ammonium-N) and organic (residue-N and humus-N) soil N), N inputs (N; fixation, N in seed, N
from deposition, fertilizer N), and N outputs (Surface and subsurface dissolved inorganic and organic N,
N,0-N, N2, and NHs-N losses, and removal in grain N) (Sainju 2017). The change in modelled nitrate-N,
ammonium-N, residue-N, and humus-N N stocks is the gain (positive) or loss (negative) at the year's end
compared to the year's beginning. The change in soil organic nitrogen is determined by the sum of the
changes in modelled residue-N and humus-N. Nitrogen inputs and outputs were the modelled values at
the year’s end. Each year’s N stocks were summed together and then averaged to determine the average

change in N stocks for 2008 — 2011.
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3.3 Results

3.3.1 Modelled Soil Temperature, Soil Moisture and Discharge

Modelled soil water content (SWC) was similar to measured SWC (Figure 3-1A), and modelled
SWC closely followed precipitation and irrigation moisture inputs, as well as rises in soil temperature
resulting in spring thaw and increased soil moisture (Figure 3-1C, 3-1D). Low SWCs below wilting point
were not simulated in the model but are unlikely in an irrigated landscape (Figure 3-1A). Fertilized
treatments had more rapid declines in SWC than the unfertilized control (Figure 3-1A) due to greater
barley productivity resulting in more rapid barley water uptake from increased transpiration. Modelled
SWC was greater at the irrigated site than the dryland site due to higher moisture inputs from irrigation,
particularly in 2008 and 2009 when greater amounts of irrigation were applied (Figure 3-1A, 3-1D, Table
3-1). Modelled daily water discharge events were greater at the irrigated site than at the dryland site,
and greater during the wet year of 2010, and the year following, 2011 (Figure 3-1B). Overall modelled
soil temperature closely matched the measured soil temperature, but at times measured soil
temperature was slightly higher than modelled soil temperature (Figure 3-1C). During the growing
season, modelled soil temperatures were 3 — 20 °C, and measured soil temperatures were 3 — 25 °C

(Figure 3-1C).

3.3.2 Nitrogen Budget

3.3.2.1 Modelled Inorganic and Organic Soil N

Inorganic N levels (NOs-N + NHs-N) at seeding in 0 — 0.9 meters of the soil profile were 92 — 134
kg N ha for modelled results and 63 — 115 kg N ha! for measured results, indicating substantial mineral
N build-up at this site (Supplementary Table 3-2). On average for 2008 — 2011, modelled residual soil
nitrate-N levels declined compared to initial levels at the beginning of the year for N rates of 0 — 60 kg N

ha? at the dryland site, and N rates of 0 — 90 kg N ha at the irrigated site. At higher N rates (=90 kg N ha
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1 at the dryland site and 120 kg N ha at the irrigated site), modelled residual soil nitrate-N levels
increased 9 — 31 kg N ha in 0 — 2.0 meters of the soil profile compared to initial modelled nitrate-N
levels (Figures 3-2, 3-3; Table 3-3). Compared to initial modelled ammonium-N levels at the beginning of
the year, residual modelled soil ammonium-N levels increased with increasing N rates (Table 3-3;
Supplementary Figure 3-1). Modelled soil nitrate-N and ammonium-N were similar regardless of N
source (Table 3-3). End-of-year modelled residual nitrate-N levels with ESN were 0.5 — 5.3 kg N ha? year
(+0.4% to +3.5%) greater than those with urea (1.1 — 6.8% of applied N fertilizer), due to a delayed
modelled N release and hence slower modelled crop N uptake with ESN (see Chapter 2) (Table 3-3;
Supplementary Figure 3-2). Due to a delayed modelled urea hydrolysis and subsequent N release with
ESN (see Chapter 2), end-of-year residual modelled ammonium-N levels with ESN were 0.2 — 0.9 kg N ha
! lower (-0.85 to -3.6%) than those with urea (0.2 — 3.0 % of applied N fertilizer) (Table 3-3;
Supplementary Figure 3-1). The irrigated site had smaller gains in modelled residual nitrate-N and
ammonium-N levels compared to the dryland site (Figures 3-2, 3-3; Table 3-3; Supplementary Figure 3-

1).

Post-harvest modelled soil nitrate-N levels in 0.9 — 2.0 meters of the soil profile ranged between
48.8 —126.8 kg N ha depending on the year, and N rate at dryland and irrigated sites (Figures 3-2, 3-3).
Modelled post-harvest deep soil nitrate-N levels increased after N fertilizer application and with
downwards nitrate-N movement in the soil profile, particularly in the wet year (2010), and the year
following (2011) (Figures 3-2, 3-3), and at the irrigated site (Figure 3-3). Modelled post-harvest deep soil
nitrate-N levels were lower during the drier years of 2008 and 2009 (49 — 81 kg N ha), and higher during
the wet year of 2010 and the year following in 2011 (73 — 127 kg N ha). Post-harvest modelled soil
nitrate-N levels in 0.9 — 2.0 meters of the soil profile were greater at the irrigated site with modelled
nitrate-N levels of 53.3 — 126.8 kg N hal, and lower at the dryland site with modelled nitrate-N levels of

48.8 — 85.4 kg N ha (Figures 3-2, 3-3). Modelled deep soil nitrate-N levels were greatest during the
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wettest year of the study (2010) at the irrigated site, where modelled nitrate-N was 93 — 127 kg N ha™
(Figure 3-3). The unfertilized treatment had greater modelled residual nitrate-N accumulation at the
irrigated sites and in the wetter years of the study (2010 and 2011) due to reduced modelled crop
productivity, reduced modelled transpiration, and increased SWC, which increased downward modelled

nitrate-N movement (Figures 3-1A, 3-2, 3-3).

Each year modelled soil organic nitrogen (SON) declined by 0.12 to 0.63% compared to initial
levels, with higher N rates reducing the decline in SON (Table 3-3). Higher N rates increased modelled
crop productivity and resulted in greater amounts of organic matter inputs to the soil in the form of crop
residues (Supplementary Figure 3-3). The decomposition of products from greater amounts of crop
residues allowed for slower depletion of modelled soil humus-N, and lower declines in modelled SON
(Table 3-3; Supplementary Figure 3-4). Lower N rates also had greater declines in modelled residue-N
and humus-N during the growing season, particularly for the unfertilized control treatment due to
increased mineralization (Table 3-3; Supplementary Figures 3-3, 3-4). Compared to urea, ESN had 0 — 3.9
kg N hal year? greater declines in SON levels due to slightly lower crop productivity and thereby lower

residue-N inputs (Table 3-3).

3.3.2.2 Modelled Nitrogen Losses: N,O, N, NHs, N Runoff, and Subsurface N Losses

Daily modelled nitrous oxide (N2O) emission fluxes coincided with irrigation and precipitation
events and increases in SWC, and the majority of N,O fluxes occurred when soil temperatures rose
above 0°C (Figures 3-1A, 3-1C, 3-4A, 3-5A). Daily modelled N,O fluxes ranged between 0 — 0.057 kg N ha
! day? (Figures 3-4A, 3-5A). Measured annual N,O emissions estimated based on linear interpolation (see
section 3.2.1) were only available at the irrigated site at N rates of 0, 60, and 120 kg N ha* and were 0.09
—1.53 kg N ha! (Table 3-4). Modelled N,O emissions for corresponding treatments for the above-
mentioned measured results were 0.13 — 0.40 kg N ha® year? (Table 3-4). Measured annual N,O

emissions corroborated modelled annual N,O emissions (R? = 0.21, y = 0.083x +0.29, p = 0.04, RMSE =
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0.29 kg N halyr?, SD = 0.30 kg N ha yr?). The residuals for modelled vs measured annual N,O
emissions (RMSE = 0.29 kg N ha yrl) were less than the variability of measured annual N,O emissions
(SD =0.30 kg N ha! yr?), indicating model results fell within the range of measured variability (Table 3-4).
The high annual measured N,O emission value of 1.53 kg N ha* yrin 2010 for urea at 120 kg N ha* was
due to deviation from sampling protocol, with the snowpack being cleared from the sampling location
resulting in a large N,O emission peak (Table 3-4). Modelled annual N,O emissions for dryland and
irrigated sites and all N rates (0 — 120 kg N ha?) ranged between 0.13 — 0.68 kg N ha? year? (Table 3-5).
Modelled N,O emissions were similar regardless of N source (<0.01 kg N ha* year? difference), and
modelled annual N,O emissions increased linearly with increasing N fertilizer rates of 0 to 120 kg N ha™
(Figures 3-4A, 3-5A; Tables 3-3, 3-5). Modelled annual N,O emissions were 0.04 —0.16 kg N ha* year?
greater at the dryland site than the irrigated site for all years except 2009, where N,O emissions were

similar (<0.03 kg N ha year™ difference) regardless of irrigation (Table 3-5).

Daily modelled N, fluxes ranged between 0 — 0.12 kg N ha day™ and corresponded with daily
modelled N,O fluxes, as low O; availability resulted in the reduction of N,O to N, when N,O was used as
a terminal electron acceptor (Figures 3-4B, 3-5B). Modelled annual N, emissions ranged between 0.14 —
0.51 kg N ha year? depending on the year and irrigation and increased with higher N rates from 0 to
120 kg N ha® (Tables 3-3, 3-5). As with annual modelled N,O emissions, annual modelled N, emissions
were similar (<0.06 kg N ha year® difference) regardless of N source (Table 3-5). Modelled annual N,

emissions were similar (<0.1 kg N ha year? difference) for dryland and irrigated sites (Table 3-5).

Daily modelled NHs-N fluxes ranged between 0 — 0.18 kg N ha day?, with higher NHs-N fluxes
occurring later in the growing season when SWC was low, and conditions were dry (Figures 3-1A, 3-4C, 3-
5C). Modelled annual NHs-N losses ranged between 2.49 — 7.59 kg N ha year! depending on the year
and irrigation and increased with higher N rates from 0 to 120 kg N ha (Table 3-5). Modelled NHs-N

losses were similar regardless of N source (<0.07 kg N ha! year? difference), and ESN only slightly
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reduced NH3-N losses at the dryland site in 2009 at N rates of 30 and 60 kg N ha* by 0.14 —0.15 kg N ha-
L year? compared to those with urea (-2.0%) (Table 3-5). Modelled NHs-N volatilization losses were 0.7 —
3.4 kg N ha' year! greater at the dryland site than at the irrigated site (Table 3-3). In the drier years of
2008 and 2009 (Table 3-1), modelled NHs-N losses were 1.6 — 3.4 kg N ha* year? greater at the dryland
site than at the irrigated site, while in the wetter years of 2010 and 2011 (Table 3-1), modelled NH3-N

losses were 0.7 — 1.3 kg N ha year™ greater at the dryland site than at the irrigated site (Table 3-5).

Daily modelled surface N runoff ranged between 0 —0.44 kg N ha day* (Figures 3-4D, 3-5D).
Modelled surface N runoff was low (<3.0 mm) for all years of the study, which resulted in minimal
modelled surface N runoff losses of 0 — 0.44 kg N ha* year? (Table 3-5; Supplementary Figure 3-5).
Modelled surface N runoff losses were greater for fertilized (30 — 120 kg N ha™?) than the unfertilized (0
kg N ha) treatments but were similar between N rates of 30 — 120 kg N ha (Table 3-5). Different N
sources (urea and ESN) did not affect modelled surface N runoff (Tables 3-3, 3-5). In the drier years of
2008 and 2009, less than 0.1 kg N ha* year? was lost via surface runoff which corresponded with
minimal (<1.5 mm) modelled surface runoff (Table 3-5, Supplementary Figure 3-5). In the wetter years of
2010 and 2011, which had greater modelled surface runoff (1.5 — 2.5 mm), modelled surface N runoff
losses were greater (0.13 — 0.44 kg N ha* year?) (Table 3-5, Supplementary Figure 3-5). Modelled surface
N runoff losses were similar (<0.1 kg N ha? year'1 difference) at dryland and irrigated sites (Tables 3-3, 3-

5).

Daily modelled subsurface N losses ranged between 0 — 2.3 kg N ha day* and were driven by
daily modelled discharge events (Figures 3-1B, 3-4E, 3-5E). Modelled subsurface N losses ranged
between 0 —30.2 kg N ha year! depending on the year and irrigation and were higher for fertilized than
unfertilized treatments (Tables 3-3, 3-5). Modelled subsurface N losses were similar between N rates of
30-120 kg N ha® (Table 3-5). Different N sources (urea and ESN) did not affect modelled subsurface N

losses (Tables 3-3, 3-5). Modelled subsurface N losses were low in the drier years of 2008 and 2009
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(0.003 —4.97 kg N ha yr?), and higher in the wetter years of 2010 and 2011 (8.74 —30.2 kg N ha yr?)
(Table 3-5), corresponding with lower modelled daily discharge amounts in the drier years and higher
modelled daily discharge amounts in the wetter years (Figure 3-1B). High-modelled discharge in 2010
(200 — 300 mm; Figure 3-1B) resulted in high-modelled subsurface N losses in 2010 and the year
following (Figure 3-1B; Table 3-5). Wetter conditions and greater modelled discharge at the irrigated site
also resulted in greater modelled subsurface N losses at the irrigated site than at the dryland site for

2008 — 2011 (Figure 3-1B; Tables 3-3, 3-5).

Average combined modelled N losses (N,O, N,, NHs, surface runoff, and subsurface N losses)
ranged between 10.8 —17.2 kg N ha year® (Table 3-3). Average modelled N losses increased with
increasing N rates (Table 3-3). Average modelled N losses were similar regardless of N source, and ESN
had 0.01 —0.04 kg N ha' year™ greater average modelled N losses than urea, except for N rates of 30 and
60 kg N ha at the dryland site, which was driven by lower volatilization losses with ESN in 2009 (Tables
3, 5). Lower total modelled N losses occurred in the drier years of 2008 and 2009 (5.5 — 9.9 kg N ha'l),
and higher total modelled N losses occurred in the wetter year of 2010 and the year following, 2011
(9.77 — 34.6 kg N ha?) (Table 3-5). In 2008, total modelled N losses were greater at the dryland site than
at the irrigated site due to greater modelled NH3-N and N,O-N losses (Table 3-5). In 2009, total modelled
N losses were similar between sites, with higher modelled NH3-N losses at the dryland site and higher
modelled subsurface N losses at the irrigated site (Table 3-5). In 2010 and 2011, total modelled N losses
were greater at the irrigated site than the dryland site due to greater modelled subsurface N losses

(Table 3-5).

3.3.3 Area-Based Emission Factors and Yield-Scaled Emissions

Area-based emission factors (EFarea) for modelled direct N,O emissions ranged between 0.16 —

0.37% depending on the year and irrigation and declined with increasing N rates (Table 3-6). Direct
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EFarea were similar regardless of urea or ESN, with ESN being 0 — 0.014% greater than urea
(Supplementary Table 3-3). Except for 2009, direct EFarea was higher at the dryland site (0.16 — 0.37%)
than at the irrigated site (0.17 — 0.28%) (Table 3-6). Area-based emission factors for measured annual
N,O emissions estimated based on linear interpolation (see section 3.2.1) were available at the irrigated
site only, and were 0.1 — 1.1%, and the EFarea for modelled direct N,O emissions were 0.19 —0.24%
(Table 3-4). When considering indirect N,O emissions, EFarea declined by 0.03 — 0.12% at the irrigated
site in 2008, and increased by 0.01 — 0.29% for the other sites and years (Table 3-6). Direct + indirect
EFarea ranged between 0.16 — 0.59% and declined with increasing N rates except for the irrigated site in
2008, which increased with increasing N rates (Table 3-6). Direct + indirect EFarea were similar regardless
of urea or ESN, with ESN being 0 — 0.017% greater than urea (Supplementary Table 3-3). Direct + indirect
EFarea were 0.18 — 0.59% at the dryland site, and 0.16 — 0.50% at the irrigated site (Table 3-6). Direct +
indirect EFarea was higher at the dryland site than at the irrigated site in 2008 and 2011, and higher at

the irrigated site than at the dryland site in 2009 and 2010 (Table 3-6).

Modelled direct yield scaled N,O-N emissions ranged between 0.029 — 0.093 g N,O-N kg* Grain
Yield DM (Table 3-6). Direct yield scaled emissions for measured annual N,O emissions estimated based
on linear interpolation (see section 3.2.1) were available at the irrigated site only, and were 0.028 —
0.260 g N,0 kg? grain yield DM, and for modelled results were 0.035 — 0.084 g N,O-N kg grain yield DM
(Table 3-4). Modelled direct yield scaled emissions were often higher at lower N rates of 0 —30 kg N ha?,
lower at intermediate rates of 60 — 90 kg N ha’, and higher at 120 kg N ha?, although there were some
site-years where modelled direct yield scaled emissions increased with N rates between 30 — 120 kg N
ha! (Table 3-6). Modelled direct yield scaled emissions were similar regardless of urea or ESN, with ESN
being 0 — 0.002 g N,O-N kg Grain yield DM greater than urea (+0 to 3%; Supplementary Table 3-3).
Modelled direct yield scaled emissions were 0.01 —0.03 g N,O-N kg grain yield DM greater at the

dryland site than the irrigated site in 2008 — 2010, and in 2011 modelled yield scaled emissions were
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similar regardless of irrigation. When considering indirect N,O emissions from modelled NHs-N, surface
N, and subsurface N losses, yield-scaled emissions increased by 0.006 —0.107 g N,O-N kg grain yield
DM, and ranged between 0.044 — 0.155 g N,O-N kg™ grain yield DM (Table 3-6). Modelled direct +
indirect yield scaled N,O-N emissions had similar responses to increasing N rates as modelled direct N,O-
N yield scaled emissions (Table 3-6), and were similar regardless of N source (+0 — 0.0024 g N,O-N kg
grain yield DM with ESN compared to urea; Supplementary Table 3-3) (Table 3-6). In the drier years of
2008 and 2009, modelled direct + indirect yield scaled N.O-N emissions were greater at the dryland site
than at the irrigated site due to greater NHs-N losses. In the wet year of 2010 and the year following,
2011, modelled direct + indirect yield scaled emissions were greater at the irrigated site than at the

dryland site due to higher subsurface N losses (Tables 3-5, 3-6).

3.4 Discussion

3.4.1 Effectiveness of ESN in Reducing Nitrogen Losses

Nitrogen release from ESN must better match crop N uptake than does that from urea for ESN to
increase crop N uptake, reduce inorganic N accumulation in the soil, and reduce N losses (Nelson et al.
2008; Golden et al. 2011; Soon et al. 2011; Li et al. 2018; Yang et al. 2021). Modelled N release from ESN
did not improve synchronization with crop N uptake compared to urea at this cool, semi-arid site in
Southern Alberta (see Chapter 2) (Supplementary Figure 3-2). Accordingly, modelled inorganic N
accumulation (NOs-N and NHs-N), N2O-N, NHs-N, surface N and subsurface N losses were similar

regardless of N source.

3.4.1.1 Inorganic N Accumulation
Despite a delay in modelled N release from ESN compared to urea, modelled soil nitrate-N and
ammonium-N levels were similar regardless of N source (Figures 3-2, 3-3). Differences in modelled N

release between urea and ESN were small (<7 kg N ha) throughout the growing season, particularly at
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lower N rates, and peaked during rapid crop N uptake (Supplementary Figure 3-6; see Chapter 2).
Therefore, the greatest difference in the N availability between urea and ESN occurred when inorganic N
accumulation was lower due to rapid crop N uptake compared to early and late in the growing season
(Figures 3-2, 3-3; Supplementary Figure 3-6). In addition, high levels of inorganic soil N at seeding likely
masked the effects of different N sources on N availability (Thilakarathna et al. 2020) (Figures 3-2, 3-3). In
a global meta-analysis, Yang et al. (2021) found that controlled-release fertilizers (CRFs) such as ESN did
not significantly affect nitrate-N and ammonium-N levels compared to conventional fertilizer N sources
such as urea unless the N fertilizer rate was >150 kg N ha™. The prolonged delay in modelled N release
from ESN due to cool soil temperatures (see Chapter 2) and hence slower modelled crop N uptake
resulted in slightly higher post-harvest residual nitrate-N levels compared to urea (0.5—-4.9 kg N hatat0
— 2.0 meters in the soil profile for 30 to 120 kg N ha™), although this only made up 1.1 — 6.8% of applied
N fertilizer. In accordance with modelled results, Gagnhon et al. (2012) found that ESN had 2 -9 kg N ha!
greater nitrate-N than urea ammonium nitrate (UAN) (1.3 — 6.0% of applied N fertilizer) in the top 0.15
meters of the soil profile post-harvest and attributed this to a delay in N availability with ESN. Clément et
al. (2021) also found that ESN resulted in slightly higher residual nitrate-N levels of 0.9 — 4.7 kg N ha™*
compared to ESN in a blend with urea (0.5 — 2.35% of applied N fertilizer) in 0 — 0.9 meters in the soil
profile post-harvest. Greater modelled residual soil NOs-N with ESN could result in greater post-harvest

N losses with ESN compared to that of urea (Gagnon et al. 2012; Clément et al. 2021) (Figures 3-2, 3-3).

3.4.1.2 N,O-N, NHs-N and Subsurface N Losses

Accordingly, similar modelled crop N uptake and modelled soil inorganic N levels for ESN or urea
N sources resulted in similar modelled N>O-N, NHs-N, surface N and subsurface N losses for urea and ESN
at this semi-arid site in Southern Alberta (Table 3-5). In accordance with modelled results, An et al.
(2020) and Thilakarathna et al. (2020) found that a delayed N availability with ESN did not result in a shift

in N2O emission peaks, and found no reduction in cumulative N,O emissions at semi-arid and semi-
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humid sites in Alberta for winter and spring wheat cropping systems. At sites throughout Alberta, Li et al.
(2012, 2016) found that in some site-years, the delayed N availability with ESN occasionally shifted the
N,O emission peaks to later in the growing season compared to conventional urea, but this did not result
in reduced cumulative N,O emissions. Furthermore, Li et al. (2012, 2016) found that N,O emissions were
similar regardless of N source for most site-years, with similar NoO emissions for ESN and urea at 9/9 site
years for canola, and 7/9 site years for barley. Across different climatic conditions and soil zones
throughout Alberta, Mezbahuddin et al. (2020) found no reduction in N,O emissions with ESN compared
to urea. Under sub-humid conditions in the Northern Canadian prairies, Soon et al. (2011) found that
ESN could reduce N,O emissions up to 1.7x compared to urea, but only when conditions promoted high
N,O production such as above-average temperatures, high soil moisture, and high soil nitrate-N levels.
However, under wetter conditions in Southern Manitoba, where growing season precipitation is 100 mm
greater than in Northern Alberta, Burton et al. (2008) found that N,O emissions were similar regardless
of ESN or urea N sources. Variability in ESN effectiveness in reducing N,O losses in the Canadian prairies
is likely due to the differences in the timing of N availability with conditions prone to N losses, such as
large precipitation events (Burton et al. 2008; Li et al. 2012, 2016). In addition, temperature, and
moisture rather than N availability may have a greater influence on N,O emissions than small differences
in N availability from different N sources under the cool and dry conditions of the semi-arid Canadian

prairies (Burton et al. 2008; Rochette et al. 2008; Li et al. 2012, 2016; An et al. 2020).

The effectiveness of ESN for reducing modelled NHs-N losses was inconsistent and minor (Table
3-5). In contrast to model findings, Mezbahuddin et al. (2020) found that ESN reduced NH3; losses by 2.2
— 8% across different soil and climatic zones in Alberta due to a delayed urea hydrolysis and N release
with ESN. However, in a global meta-analysis of wheat cropping systems, Ti et al. (2019) found that
reductions in volatilization losses with CRFs such as ESN were highly variable and not significant. The

effectiveness of ESN in reducing volatilization losses in cereal cropping systems likely depends on the
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timing of N availability with drier conditions which promote volatilization losses, as well as soil chemical
and physical properties such as soil pH, CEC, and soil texture, which affect soil buffering capacity and

adsorption of NH.+ on soil colloids (Cameron et al. 2013; Ti et al. 2019).

Modelled surface and subsurface N losses were similar for urea and ESN, which is in accordance
with other literature findings in cool, semi-arid regions (Table 3-5) (John et al. 2017; Mezbahuddin et al.
2020). While there are limited studies on nitrate-N leaching losses in semi-arid dryland agroecosystems
(John et al. 2017), other research suggests that ESN may be more effective in reducing N leaching losses
under wetter conditions and in coarse-textured soils (Wilson et al. 2010; Gagnon et al. 2012; Li et al.
2018; Clément et al. 2021). However, even under wetter conditions, the effectiveness of ESN in reducing
N leaching losses will depend on the timing of N availability coinciding with downward water movement,
with ESN increasing nitrate leaching if delayed N availability coincides with greater downward water

movement (Omonode et al. 2017; Clément et al. 2021).

3.4.1.3 Factors Influencing ESN Effectiveness: Climatic Conditions, Soil Properties, and Management
Practices

The effectiveness of ESN in reducing N losses may be limited or inconsistent in the semi-arid
Canadian prairies due to the cool, dry conditions (Burton et al. 2008; Li et al. 2012, 2016; John et al.
2017; Mezbahuddin et al. 2020; An et al. 2020; Thilakarathna et al. 2020) (see section 3.4.1.2) (Figures 3-
4, 3-5; Table 3-5), but under warmer and wetter conditions, PCUs such as ESN have been found to be
more effective at reducing N losses (Nelson et al. 2008; Gagnon et al. 2012; Drury et al. 2012; Li et al.
2018; Zhang et al. 2019; Yang et al. 2021). ESN must improve the synchronization between available N
and crop N demand to reduce N losses. Otherwise, reductions in N losses may be a result of a prolonged
delay in N release, which may continue after the growing season and be subject to further N losses
rather than improved crop N uptake (Thapa et al. 2016; Li et al. 2018). Li et al. (2018) found that PCU

fertilizers such as ESN were only effective at increasing yields and NUE in cropping systems with a mean
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annual temperature (MAT) of 10 — 20 °C, and an annual precipitation of 800 — 1200 mm, which is higher
than the MAT of 5.8 °C and an annual precipitation of 365 mm at this cool, semi-arid site (Table 3-1).
Under warmer and wetter conditions, urea would hydrolyze more rapidly, and a delay in N release from
ESN compared to urea could improve the synchronization between N supply and crop N demand, reduce
inorganic N accumulation in the soil, and thereby reduce N losses (Nelson et al. 2008; Golden et al. 2011;
Soon et al. 2011; Li et al. 2018; Yang et al. 2021). For instance, in corn cropping systems where N fertilizer
application occurs at temperatures > 10 °C (Cahill et al. 2010b; Gagnon et al. 2012), a global meta-
analysis for corn agroecosystems found that PCU fertilizers increased yields by 5.3% and reduced N,O-N,
NHs-N, and N leaching losses by 24%, 39%, and 27%, respectively (Zhang et al. 2019). In addition to
climatic conditions, other factors such as soil properties (SOC, texture, soil pH) and management
practices (N rate, N placement, tillage regime) have been found to influence the efficacy of PCU fertilizers
such as ESN (Drury et al. 2012; Nelson et al. 2014; Thapa et al. 2016; Feng et al. 2016; Li et al. 2018;
Zhang et al. 2019; Yang et al. 2021). The effectiveness of PCU fertilizers has been found to be greater
when SOC is low (<10-15 g kg?) (Li et al. 2018; Zhang et al. 2019), soil texture is coarse (Thapa et al.
2016; Li et al. 2018; Yang et al. 2021), and N rates are >150 kg N ha in global meta-analyses (Zhang et al.
2019; Yang et al. 2021). In global meta-analyses, Li et al. (2018) reported that soils with a pH >8 could
reduce the effectiveness of PCU, and Feng et al (2016) found that subsurface banded fertilizer
application of PCU did not increase yields or reduce N,O emissions. Application of PCU in no-tillage
cropping systems has also been found to be less effective at increasing yields and reducing N,O
emissions than conventional tillage (Drury et al. 2012; Nelson et al. 2014; Thapa et al. 2016; Feng et al.
2016). The soil in this modelling experiment had high SOC (>20 g kg!), a moderately fine soil texture
(clay loam), and a pH>8 (Table 3-2). In addition, the experiment was under a no-tillage regime, N rates
were applied at €120 kg N ha®, and fertilizer was subsurface banded, which may have also reduced the

effectiveness of ESN according to the above-mentioned studies. Therefore, climatic conditions, soil
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properties, and management factors should be considered when deciding on the use of PCU fertilizers
such as ESN as an N management practice aiming to increase yields, NUE and reduce N losses (Cahill et

al. 2010a; Feng et al. 2016; Li et al. 2018).

3.4.2 Nitrogen Losses and Nitrogen Rate

3.4.2.1 N,O-N Emissions

Modelled daily N,O fluxes were low (0 — 0.057 kg N ha* day?) and coincided with rises in soil
temperature and precipitation and irrigation events (Figures 3-1A, 3-1D, 3-4A, 3-5A). In this cool, semi-
arid region (Table 3-1), N,O fluxes have been found to be constrained by temperature and moisture,
rather than N availability, resulting in low daily N,O fluxes (< 0.04 kg N ha day?) (Li et al. 2012, 2016; An
et al. 2020) (Figures 3-1A, 3-1D, 3-4A, 3-5A). Initial daily modelled N,O fluxes occurred early in the
growing season after N application and spring thaw, as rising soil temperatures and high SWC increased
denitrification rates (Nyborg et al. 1997; Burton et al. 2008; Li et al. 2012; An et al. 2020; Thilakarathna et
al. 2020). Peaks in modelled N0 fluxes also occurred later in the growing season in July and August with
further increases in soil temperature combined with large precipitation and irrigation events (Figures 3-
1A, 3-1D, 3-4A, 3-5A) (Stanford et al. 1975; Grant et al. 2006; Metivier et al. 2009; Li et al. 2012; An et al.
2020). At the irrigated site, increased water availability increased crop N uptake, reducing inorganic N
substrate for denitrification and offsetting the effects of increased SWC (Figures 3-1A, 3-1D, 3-5A, Table
3-5) (Djaman et al. 2013; Maharjan et al. 2014; Thilakarathna et al. 2020). Under saturated conditions
such as after major rainfall events, the rate of denitrification increases as nitrate is used as a terminal
electron acceptor instead of O, and is reduced to N,O (Figures 3-4A, 3-5A). When anaerobic conditions
persist and the demand for electron acceptors is not met by N,O, N.O may be reduced to N, (Figures 3-
4B, 3-5B) (Grant et al. 2006; Metivier et al. 2009; Cameron et al. 2013; Mezbahuddin et al. 2020). Soil
temperature is also a major control on the production of N,0O, as increases in temperature increase
microbial activity and O, demand, which increases the rate of denitrification (Stanford et al. 1975; Grant
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et al. 2006; Metivier et al. 2009; Cameron et al. 2013). Metivier et al. (2009) found N,O production to
increase fourfold with a 6 °C temperature rise, and Stanford et al. (1975) found that N,O production

doubled with every 10 °C degrees Celsius rise between 15 to 35 °C.

Annual modelled direct N,O emissions of 0.13 — 0.68 kg N ha year™ for N rates of 0 — 120 kg N
ha (Table 3-5) fell within the range of annual N,O emissions reported by other studies in cool, semi-arid
Southern Alberta (Rochette et al. 2008; Li et al. 2012; An et al. 2020). Li et al. (2012) reported annual
cumulative N,O emissions of 0.46 —0.56 kg N ha™* year for canola at N rates of 30— 97 kg N halin
Lethbridge, Alberta. An et al. (2020) found annual N,O emissions for winter wheat production were 0.21
—0.95 kg N ha year® at N rates of 146 — 176 kg N ha’. From 155 site years in the brown and dark brown
soil zones in the semi-arid Western Canadian prairies, Rochette et al. (2008) found that N,O emissions
were <1 kg N ha? year®. Modelled results and previous literature findings of low annual N,O emissions in
this cool, semi-arid region highlight the importance of regional-specific GHG emissions accounting.
However, although N,O emissions in this cool, semi-arid region are low, the high global warming
potential of N,O (298 times that of CO,) means that even low N,O emissions will have a large

contribution to GHG emissions (Forster et al. 2007; Venterea et al. 2012).

Increasing N rates resulted in a linear increase in modelled annual N,O emissions (Table 3-5),
which is a trend reported by field studies in semi-arid regions (Rochette et al. 2008; Halvorson et al.
2014) as well as other studies (Gagnon et al. 2011; Zhang et al. 2019). In contrast, other studies have
reported that N,O emissions increased non-linearly or exponentially with N rate as N availability
exceeded crop N demand (Grant et al. 2006; Zebarth et al. 2008; Kim et al. 2013). In this semi-arid
region, temperature and precipitation are the primary controls on N,O emissions rather than N
availability (Burton et al. 2008; Rochette et al. 2008; Li et al. 2012, 2016; An et al. 2020), which may
explain the linear relationship between N rate and annual N,O emissions. In addition, the increased

productivity from higher N rates resulted in reduced SWC due to increased transpiration (Figure 3-1A),
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which may offset increases in N2O emissions from increased N availability with higher N fertilizer
application rates (Kaiser et al. 1998; Grant et al. 2006). The linear relationship between N,O emissions
and N fertilizer rate highlights the importance of optimal N rates, as N,O emissions increase with N

fertilizer rate (Table 3-5) while yield gains diminish as crop N demand is met (see Chapter 2).

3.4.2.2 NHs-N Losses

Modelled NHs-N losses of 2.5 — 7.6 kg N ha (Table 3-5) were higher than ammonia volatilization
losses of 3.0 —4.5 kg N ha? estimated by Yang et al. (2023) using the Canadian Agricultural Budget model
and higher than the estimated 2.5 kg N ha estimated by Sheppard et al. (2010) using a model based on
land area and regression equations with coefficients for N fertilizer type, soil pH, and CEC. A soil pH of
8.15 (Table 3-2) likely resulted in higher modelled NH3-N emissions compared to the above-mentioned
studies, as a pH >7.3 has been found to increase volatilization losses by as much as 39% (Bouwman et al.
2002). Volatilization emissions estimated by Sheppard et al. (2010) from a land area with a pH > 7.3
represented only 8.9% of soil areas in Canada, likely resulting in the lower NH3-N loss estimates
compared to modelled results. In addition, a CEC of <26 cmol kg (Table 3-2) in this modelling
experiment likely also contributed to greater NHs-N losses, as Bouwman et al. (2002) found 40% higher
NHs-N losses when CEC was <32 cmol kg* due to reduced retention of ammonium ions on soil colloids
(Cameron et al. 2013). While modelled NHs-N losses rose with fertilization, NH3-N losses levelled off at N
application rates >30 kg N hat. Ammonium levels were similar between N rates of 30 — 120 kg N ha
(Table 3-3; Supplementary Figure 3-1), which likely resulted in similar NHs-N losses between N fertilizer
rates of 30 — 120 kg N ha* as NHsz-N losses increase with higher ammonium concentrations (Cameron et
al. 2013). In addition, in a global meta-analysis of corn agroecosystems, Zhang et al. (2019) found that
NH; emissions did not increase linearly with N rate, unlike other forms of N losses such as denitrification
and leaching. Rapid nitrification of ammonium may also lead to reduced N rate effects on ammonia

volatilization losses (Cameron et al. 2013). Daily modelled NHs-N losses coincided with dry periods
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(Figures 3-1A, 3-1D, 3-4C, 3-5C) and were lower at the irrigated site compared to the dryland site (Table
3-5), highlighting the importance of NHs-N volatilization losses in this semi-arid region, particularly under
rainfed conditions. Ammonia losses will not only have negative impacts on human and environmental
health due to decreased air quality and increased N loading to terrestrial and aquatic ecosystems, but
ammonia losses may also result in indirect N,O losses as NHjs is deposited offsite and later reemitted as
N,O (Sheppard et al. 2010; Cameron et al. 2013). Accordingly, quantifying all forms of N losses, including
NH;s volatilization losses, is important when examining the effects of different N management practices

and irrigation on agroecosystems.

3.4.2.3 Deep Soil Nitrate-N and Subsurface N Losses

Modelled downwards nitrate-N movement in the soil profile and subsurface N losses occurred in
wetter years (e.g. 2010) at this semi-arid site and were driven by above-average precipitation and large
modelled discharge events (Figures 3-1B, 3-1D, 3-2, 3-3, Table 3-5). Subsurface N losses, and deep soil
nitrate-N below the rooting zone may be considered a leaching loss as N is beyond the zone of maximum
barley root N uptake (~1 meter) (Campbell et al. 2006; Fan et al. 2016; He et al. 2016; Chantigny et al.
2019; Yang et al. 2023). Repeated N fertilizer applications in the model spin-up before the experimental
years (see section 3.2.2) resulted in high levels of deep modelled soil nitrate-N below 0.9 meters of 52 —
113 kg N ha* prior to seeding (Figures 3-2, 3-3). Modelled post-harvest deep soil nitrate-N of 49 — 127 kg
N halin 0.9 — 2.0 meters of the soil profile (Figures 3-2, 3-3) was similar to the range of 96 — 152 kg N ha
1in 0.9 — 2.1 meters of the soil profile reported by Campbell et al. (2006) in a continuous wheat cropping

system at a semi-arid site in the Canadian prairies.

In the drier years of 2008 and 2009 at the dryland site, modelled soil nitrate-N did not increase
below 0.9 meters in the soil profile due to a lack of downwards nitrate-N movement, and subsurface N
losses were minimal (0 — 1.85 kg N ha yr) (Figure 3-2, Table 3-5). In a continuous wheat cropping

system in the semi-arid Canadian prairies where N was applied at a rate of 30 kg N ha?, Campbell et al.
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(2006) estimated nitrate-N movement below 1.2 meters from the applied N fertilizer by comparing the
fertilized treatment with an unfertilized control. Over a period of 37 years, Campbell et al. (2006) found
that 47 kg N ha (~1.3 kg N ha* year™) moved below 1.2 meters compared to the unfertilized treatment.
However, in this modelling experiment, the unfertilized treatment frequently (2009 — 2011; Figure 3-2)
had higher modelled deep soil residual nitrate-N due to greater mineralization of soil humus, lower crop
N uptake and higher SWC from reduced transpiration (see Chapter 2), indicating that differences in
feedback mechanisms may not allow for accurate estimations of N leaching when comparing fertilized
and unfertilized treatments. In accordance with this, Campbell et al. (2006) found that the unfertilized
treatment in a fallow-containing wheat cropping system had higher N leaching than the fertilized
treatment due to greater mineralization and lower crop N uptake. He et al. (2016) modelled N leaching
as soil nitrate-N below 1.2 meters in the soil profile at a semi-arid site in the Canadian prairies using the
Decision Support System for Agrotechnology Transfer (DSSAT) model, and found nitrate-N leaching losses
were low (<7 kg N ha year?) when precipitation was at or below the average annual precipitation of
350 mm. Yang et al. (2023) estimated N leaching below 1.0 meters in the soil profile using an N balance
equation and modelled discharge events and found that in the semi-arid Canadian prairies, N leaching
was 0 — 4 kg N ha™ year? due to dry conditions and low residual nitrate-N levels. However, these N
leaching estimates did not account for extreme precipitation events (Yang et al. 2023), which was what
drove the large, modelled discharge events and subsequent subsurface N losses in the wetter years of
this modelling experiment (Figures 3-1B, 3-4E, 3-5E). In wetter years (2010, 2011), when annual
precipitation was 121 — 154% higher than the climate normal (Table 3-1), modelled nitrate-N below 0.9
meters increased 5 — 14 kg N ha* year? (Figure 3-2), and subsurface N losses were 6 — 17 kg N ha™ year
at the dryland site (Table 3-5) (Total: 17 — 28 kg N ha year? of downwards NOs-N beyond 0.9 meters +
subsurface N losses). Likewise, in wetter years where annual precipitation was 443 — 525 mm (127 -

150% greater than average annual precipitation), He et al. (2016) modelled nitrate leaching below 1.2
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meters to be 25 — 140 kg N ha! year. At a site in semi-arid Montana (average annual precipitation of
390 mm), John et al. (2017) estimated nitrate-N leached below 1.0 meters based on an N balance
method which accounted for inputs, outputs, and changes in soil N stocks and found N leaching losses to
be 18 — 69 kg N ha year? in a wheat cropping system. While estimated N leaching was in part high due
to a prior fallow rotation, which increased soil inorganic N prior to seeding of spring wheat, growing
season precipitation was also 121 — 225% greater than the long-term average, which also contributed to

the high N leaching rates (John et al. 2017).

While N leaching losses may be minimal in drier years (Table 3-5) in cool semi-arid
agroecosystems, high levels of soil nitrate-N combined with wetter conditions may increase the risk for N
leaching losses (Campbell et al. 2006; He et al. 2016; John et al. 2017). Over time, repeated N fertilizer
applications may result in the accumulation of deep soil nitrate-N (Figures 3-2, 3-3), which is beyond the
zone of root N uptake and is therefore at risk for N leaching and groundwater contamination (Campbell
et al. 2006; Cameron et al. 2013; He et al. 2016; Yang et al. 2023). Quantifying deep soil nitrate-N below
0.9 meters using models such as ecosys that account for large precipitation and drainage events that
drive downward nitrate-N movement would help assess the risk for nitrate-N groundwater
contamination in different regions and under variable climatic conditions. Incorporating crops with
deeper root systems that can uptake deep soil nitrate-N such as alfalfa (1.8 meters; Fan et al. (2016)) into
crop rotations would help reduce deep soil nitrate N, minimizing N leaching losses and indirect N,O

emissions (Mathers et al. 1975; Snyder et al. 2009; Grant et al. 2020).

3.4.3 Nitrogen Losses at Dryland vs Irrigated Sites

Irrigation affected the type and magnitude of modelled N losses (Figures 3-4, 3-5; Tables 3-3, 3-
5). Irrigated sites are at a greater risk for leaching and denitrification losses compared to dryland sites

due to the wetter conditions (Maharjan et al. 2014; Liang et al. 2020; Guo et al. 2022) (Figure 3-1A).
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Irrigation reduced modelled volatilization losses but increased N leaching losses (deep soil residual
nitrate-N below 0.9 meters + subsurface N losses) compared to the dryland site, particularly in wetter
years (2010, 2011) (Figures 3-2, 3-3, 3-4, 3-5; Table 3-5). Greater moisture inputs (precipitation +
irrigation) drove larger modelled discharge events, resulting in greater modelled downward nitrate-N
movement and subsurface N losses at the irrigated site (Figures 3-1B, 3-5E; Table 3-5). Guo et al. (2022)
and Maharjan et al. (2014) also found greater N leaching with greater irrigation amounts, and in a
modelling experiment using the DSSAT model, He et al. (2016) found increasing N leaching losses below

1.2 meters with greater moisture inputs.

Compared to the dryland site, the irrigated site had lower annual N,O emissions in all years
except 2009, in which N,O emissions were similar for the dryland and irrigated site (Table 3-5). This was
due to increased crop N uptake in 2008 and 2009 which offset the effects of increased SWC ((Djaman et
al. 2013; Maharjan et al. 2014) (see chapter 2), as well as an increased complete reduction of N,O to N»
in 2009 (Kuang et al. 2019) (Figures 3-4, 3-5; Table 3-5). In 2010 and 2011, lower N,O losses at the
irrigated site were likely due to a trade-off with increased subsurface N losses (Omonode et al. 2017;
Kuang et al. 2019; Clément et al. 2021) (Table 3-5). David et al. (2018) found that despite higher N
fertilizer rates (+37 to + 56 kg N ha) at irrigated sites and higher soil moisture, N,O emissions were not
substantially higher at irrigated than dryland sites in the semi-arid Canadian prairies. In addition, David
et al. (2018) found that the proportion of N fertilizer lost as N,O was lower at the irrigated sites than the
dryland sites, which is similar to modelled results in which area-based direct N,O emission factors were
lower at irrigated than dryland sites (Table 3-6). However, this study did not measure other forms of N
losses, such as N leaching (David et al. 2018). Nitrogen availability coinciding with deep water
percolation may increase N leaching losses instead of N,O emissions (Omonode et al. 2017; Clément et
al. 2021), resulting in a trade-off between different types of N losses depending on the environmental

conditions and irrigation quantity and timing. Maharjan et al. (2014) found that irrigation significantly
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increased N leaching but did not increase N,O emissions compared to a dryland site. In a soil column
experiment, Kuang et al. (2019) found that N,O surface emissions were lower at a higher SWC than at a
lower SWC due to greater downwards nitrate-N movement, reduced gas diffusivity in the soil profile, and
increased reduction of N,O to N». Therefore, while in 2010 and 2011 N,O losses were lower at the
irrigated site, increased subsurface N losses resulted in overall higher N losses, and higher direct +
indirect yield scaled emissions than at the dryland site in these years (Table 3-6). This highlights the
importance of quantifying all forms of N losses to determine the full impact of irrigation management in

water-limited semi-arid agroecosystems on N losses and GHG emissions accounting.

3.4.4 Area-Based Emission Factors and Yield-Scaled Emissions for Direct and Indirect NO-N
Emissions

Modelled area-based direct EFs were 0.16 — 0.37% (Table 3-6), which was within the range of EFs
reported in the literature in this semi-arid region. In Southern Alberta, An et al. (2020) reported EFs of
0.013 — 0.356% for winter wheat production, and Chai et al. (2020) reported an average EF of 0.23% for
irrigated wheat and canola production. In Lethbridge, Alberta, Li et al. (2012) reported an EF of 0.37% for
canola production. Rochette et al. (2018) reported an EF of 0.16% in the brown and dark brown soil
zones of the Canadian Prairies, and Thilakarathna et al. (2020) reported an EF of 0.31% for spring wheat
production in semi-humid central Alberta. Liang et al. (2020) developed an empirical model to estimate
EFs as a function of growing season precipitation, and according to this method, EFs in this experiment
would range between 0.19 — 0.41%, which closely agrees with modelled EFs (Figure 3-1D, Table 3-1).
Area-based emission factors from modelled results and previously reported EFs are lower than the 2019
IPCC default EF of 1%, highlighting the importance of regional EFs to account for the effects of different
climatic conditions, soil properties, and management practices on N,O emissions (Rochette et al. 2018;
Hergoualc’h et al. 2019; Liang et al. 2020; Thilakarathna et al. 2020). On average, when including indirect
N,O emissions from volatilization and leaching in modelled EFs, modelled EFs increased by 0.06% (+24%)
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(Table 3-6), indicating the potential to reduce N,O emissions via indirect N,O losses, as well as the
importance of considering indirect N,O emission losses when assessing total N,O emission losses

(Venterea et al. 2012).

Modelled yield-scaled emissions of 0.029 — 0.093 g N,O-N kg grain yield DM (Table 3-6) were
low and fell within the range of yield-scaled emissions reported by other studies in semi-arid Southern
Alberta. In Lethbridge, Alberta, An et al. (2020) reported yield-scaled emissions of 0.046 —0.238 g N,O-N
kg™ grain yield DM for winter wheat production and Li et al. (2012, 2016) reported yield-scaled emissions
intensities of 0.07 —0.20 g N,O-N kg™ grain yield DM for barley and canola production. For irrigated
wheat and canola production, Chai et al. (2020) reported yield-scaled emissions of 0.001 — 0.1 g N,O-N
kg™ grain yield DM. As N rates increased, both N,O emissions and crop yields increased due to higher N
availability for crop N uptake and N,O production (Table 3-3) (Thilakarathna et al. 2020). To account for
this, yield-scaled emissions consider N,O emission losses relative to crop productivity (Van Groenigen et
al. 2010). Modelled yield scaled emissions were often higher at low N rates of 0 and 30 kg N ha due to
lower yields, and higher at 120 kg N ha (Table 3-6) as N availability exceeded crop N uptake and yield
gains diminished (Table 3-3; see Chapter 2 for yield response to N rates). Unfertilized treatments often
had similar or higher modelled yield-scaled emissions than fertilized treatments (Table 3-6). This was
likely because unfertilized treatments had lower yields and reduced transpiration resulting in higher SWC
(Figure 3-1A), which likely increased N,O production relative to the fertilized treatments, which had
greater crop N uptake, higher yields and lower SWC (Kaiser et al. 1998, Grant et al. 2006). Similarly, Van
Groenigen et al. (2010) found that yield-scaled emissions were lowest at intermediate N rates due to
greater crop productivity rather than at lower N rates. Accordingly, yield-scaled emissions should be
considered in N fertilizer management so that trade-offs between N rates, yields and N,O losses may be
assessed, and reductions in N,O emissions at one site are not offset by higher yield-scaled emissions and

N,O losses at another (Venterea et al. 2011).
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3.4.5 Soil N Stocks: SON and Residual Nitrate-N

Nitrogen fertilizer application reduced the depletion of modelled SON, thereby contributing to
the maintenance of long-term soil fertility, but increasing N fertilizer rates increased modelled residual
nitrate-N levels, which are subject to N losses after the growing season (Chantigny et al. 2019; Mahal et
al. 2019; Grant et al. 2020; Yang et al. 2023). Increasing N fertilizer rates increased modelled SON by
decreasing net mineralization of modelled soil humus (Supplementary Figure 3-4) with increased
allocation of microbial decomposition products to humus from increased microbial growth driven by
increased litterfall (Supplementary Figure 3-3). In accordance with these model findings, Mahal et al.
(2019) found that N fertilization reduced the mineralization of soil organic matter, thereby contributing
to the maintenance of soil fertility in a long-term field experiment. Additionally, in a long-term modelling
experiment, Grant et al. (2020) found that N fertilization increased SON and soil organic carbon stocks
compared to an unfertilized treatment that was consistent with field measurements due to increased net
primary production and hence litterfall with fertilizer inputs. Of the applied N fertilizer, 20 — 50%
contributed to the maintenance of modelled SON, with the relative proportion of N fertilizer
contribution to SON declining with increasing N rates (Table 3-3). A substantial portion of the applied N
fertilizer being incorporated into SON agrees with the 30% of applied urea fertilizer retained in SOM

determined in an incubation experiment by Daly and Hernandez-Ramirez (2020).

Of the applied N fertilizer, 0 — 40% was retained as residual nitrate-N, with modelled residual
nitrate-N increasing non-linearly with N rate as N availability exceeded crop N demand (Table 3-3). He et
al. (2016) modelled soil mineral N levels using the DSSAT model at a semi-arid site in the Canadian
prairies and found that soil mineral N increased exponentially with N rates of 0 — 90 kg N ha™. At N rates
of 90 — 120 kg N ha® for urea, modelled residual nitrate-N increased 6 — 27 kg N ha™! relative to initial
NOs-N levels on average for 2008 — 2011, while at N rates <90 kg N ha™ modelled residual nitrate-N

declined relative to initial NOs-N levels due to higher modelled N uptake efficiency (see Chapter 2) (Table
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3-3). Similarly, using the Canadian Agricultural budget model, Yang et al. (2023) found that at N rates of
83 — 135 kg N ha?, residual nitrate-N values were 13 — 40 kg N ha™ in the Canadian prairies. Despite
modelled soil nitrate-N being lower than the nitrate-N limit listed in the Agricultural Operations Practices
Act (AOPA), in wetter years (e.g. 2010), modelled downwards nitrate-N movement resulted in greater
deep modelled soil nitrate-N accumulation and subsurface N losses (see section 3.4.2.3) (Figures 3-2, 3-
3, Table 3-5) (Alberta Agriculture and Rural Development 2008). Non-linear increases in residual nitrate-
N levels with increasing N fertilizer rates highlight the importance of proper N fertilizer applications to
reduce residual nitrate-N losses which increases the risk of water contamination (Yang et al. 2023) and is
at risk for overwinter N leaching and denitrification losses (Chantigny et al. 2019). Even in the dry, cold
soils of the semi-arid Canadian prairies, overwinter N losses have been found to be 60 — 75% from
residual nitrate-N left in the soil after harvest (Chantigny et al. 2019). Accordingly, proper nitrogen
fertilizer management must balance the maintenance of long-term soil fertility by sustaining SON stocks

while also minimizing residual nitrate-N with optimum N-rate applications (Snyder et al. 2009).

3.5 Conclusion

A comprehensive nitrogen budget in semi-arid Southern Alberta was developed using the
process-based ecosystem model ecosys to assess the effects of N source, N rate, irrigated vs dryland, and
interannual climatic variability on the fate of N in the agroecosystem. Results from this modelling
experiment indicate that optimal N fertilizer application rates rather than N source (urea vs ESN) should
be a priority for effective N fertilizer management. Under the cool, dry conditions of the semi-arid
Canadian prairies, ESN did not increase crop N uptake or reduce N losses compared to conventional urea
fertilizer. Cold soil temperatures slowed N release from ESN such that there was no improved
synchronization between N availability and crop N uptake, which did not reduce inorganic N
accumulation in the soil profile and did not reduce N losses. Increasing N rates reduced the depletion of

SON, but increased N,O-N, NH3-N, and subsurface N losses, and increased residual nitrate-N levels non-
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linearly. Therefore, proper N fertilizer application must balance sustaining long-term soil fertility with N
losses and residual nitrate-N, which may be subject to post-harvest N losses. Interannual climatic
variability and irrigation influenced the type and magnitude of N losses, with larger volatilization losses
in drier years and at dryland sites, and larger subsurface N losses in wetter years and at irrigated sites.
Large increases in area-based emission factors from the inclusion of indirect N,O emissions estimated
from volatilization and subsurface N losses highlight the potential to reduce N,O emissions via indirect
N,O losses. High residual nitrate-N deep in the soil profile also indicates the potential to reduce potential
N leaching and indirect N,O losses by incorporating crops with deeper rooting systems which can access
deep soil nitrate-N into crop rotations, and the importance of optimal N fertilizer rates to reduce residual
nitrate-N levels. Due to the variability in climate, soils, and cropping systems throughout Canada, N
management practices will need to be fine-tuned for different regions and environmental conditions.
This modelling study demonstrated that ecosys could be an effective tool to assess the impacts of
different N management practices, irrigation, and interannual climatic variability on soil N stocks and N
leaching, volatilization, and denitrification losses and could be used to inform effective N fertilizer

management strategies for policymakers and producers.
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3.7 Tables

Table 3-1. Monthly mean air temperature (°C) for the growing season (May — September), mean annual temperature (°C)(MAT) for 2008 — 2011, monthly total
precipitation (mm) for the growing season (May — September) and total annual precipitation (mm) for 2008 — 2011 at Lethbridge, Alberta compared to the 30-

year climate normal (1971 — 2000) (ACIS 2021). Monthly irrigation amounts (mm) for the growing season (May — September), and total growing season
irrigation + precipitation for 2008 — 2011 at the irrigated site in Lethbridge, Alberta (Kryzanowski et al. 2009).

Mean Air Temperature (°C)

Total Precipitation (mm)

Total Irrigation (Irrigated Site Only)

30 Year 30 Year
Climate Climate
Month(s) 2008 2009 2010 2011 Normal Month(s) 2008 2009 2010 2011 Normal Month(s) 2008 2009 2010 2011
(1971- (1971 -
2000) 2000)
May 11.4 10.9 8.1 9.8 11.4 May 70.9 29.0 114.8 87.6 48.3 May - 24.0 - -
June 14.4 14.0 14.3 13.9 15.6 June 88.3 57.1 127.8 76.4 53.0 June 47.5 40.4 -
July 17.0 16.8 16.9 17.7 18.2 July 84.7 42.0 43.6 42.0 37.2 July 89.4 143.9 63 36.4
August 16.6 15.9 15.5 17.5 17.7 August 28.6 81.2 65.8 33.9 47.4 August 45.3 - - 40.6
September 11.5 15.4 10.5 15.1 12.3 September 60.4 6.4 41.2 11.3 38.3 September - - - -
May - May - May -
14.2 14.6 13.1 14.8 15.0 332.9 215.7 393.2 251.2 224.2 182.2 208.3 63 77
September September September
Total
Mean Annual Growing
. Total Annual
Air 5.4 5.0 5.2 53 5.8 L 419 341.5 560.6 440.4 365 Season 515.1 424 456.2 328.2
Precipitation N
Temperature Irrigation +
Precipitation
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Table 3-2. Model inputs for the soil properties at Lethbridge, Alberta obtained from field and laboratory

measurements (Kryzanowski et al. 2009). *Estimated from Saxton and Rawls (2006).

Depth (m) 0.01 005 010 0.15 0.30 045 0.60 0.90 1.20 2.00
Bulk Density (Mg m'3) 1.4 1.4 1.4 141 142 142 149 149 15 15
Field Capacity (m® m®)* 0.293 0.293 0.293 0.288 0.29 0.29 0.282 0.282 0.27 0.27
Wilting Point (m3 m'3)* 0.157 0.157 0.157 0.155 0.159 0.159 0.156 0.156 0.13 0.13
Saturated Hydraulic Conductivity (mm hr'l)* 16.65 16.65 16.65 13.83 9.78 9.78 899 899 54 54
Sand Content (kg kg™ 456 456 456 450 442 442 452 452 410 410
Silt Content (kg kg™*) 318 318 318 320 310 310 302 302 370 370
Clay Content (kg kg™) 226 226 226 230 248 248 246 246 220 220
pH 8.15 8.15 815 808 793 793 795 795 75 75
Cation Exchange Capacity (CEC) (cmolkg™) 25.5 255 255 244 244 241 23 23 11 1.1
Anion Exchange Capacity (AEC) (cmol kg™*) 3 3 3 3 3 3 3 3 3 3
Organic Carbon (g kg'l) 215 215 215 173 124 124 94 94 07 O
Organic Nitrogen (g Mg‘l) 1933 1933 1933 1557 1115 1115 850 850 70 0
Organic Phosphorus (g Mg™) 213 213 213 171 123 123 93 93 7 0
NO;-N (g Mg™) 825 825 825 65 175 175 425 425 0 O
NH,-N (g Mg™) 36 36 36 253 208 208 29 29 0 O
Exchangeable PO,-P (g Mg™) 35.25 35.25 3525 175 575 575 55 55 2 2
K (g Mg™) 460.5 460.5 460.5 373.75 340 340 248 248 3.9 3.9
SO;-S (g Mg‘l) 18.75 18.75 18.75 62.75 200 200 200 200 48 48
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Table 3-3. Average N budgets (kg N ha* year) from modelled outputs over a 4-year period (2008 — 2011) for N rates (0, 30, 60, 90, and 120 kg N ha'), and N
sources (Control (0 kg N hal), Urea, ESN), at dryland and irrigated sites in Lethbridge, Alberta. The change in N stocks is the gain (positive) or loss (negative) at

the year's end compared to the year's beginning. Modelled gaseous and agueous N20 and N2 gases within the soil profile were not included in the stock

changes, likely resulting in negative N budget balances.

Year 2008 - 2011
Site Dryland Irrigated
Nitrogen Source | Control ESN Urea Control ESN Urea
Nitrogen Rate 0 30 60 90 120 30 60 90 120 0 30 60 90 120 30 60 90 120
Change in Stocks
Change in SON -70.68 -59.09 -53.05 -48.68 -46.41 -58.30 -51.09 -46.94 -44.50 -69.03 -55.22 -47.20 -41.32 -38.56 -54.12 -45.67 -39.14 -36.23
Change NO3’ -11.51 -21.44 -9.16 9.08 30.59 -22.83 -11.64 5.96 27.00 -9.74 -23.25 -15.49 -0.74 19.26 -24.39 -17.47 -3.70 15.37
Change NH," 22.15 25.32 26.39 27.24 27.67 25.84 26.87 27.63 28.10 21.50 22.89 23.02 23.15 23.28 23.13 23.36 23.60 23.83
Fluxes In (Negative
N, fixation -0.23 -0.19 -0.19 -0.19 -0.19 -0.21 -0.20 -0.19 -0.19 -0.27 -0.28 -0.27 -0.27 -0.27 -0.29 -0.27 -0.28 -0.27
N in Seed -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30 -3.30
N from Deposition -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43 -2.43
Fertilizer N 0.00 -30.00 -60.00 -90.00 -120.00 -30.00 -60.00 -90.00 -120.00 0.00 -30.00 -60.00 -90.00 -120.00 -30.00 -60.00 -90.00 -120.00
Fluxes Out (Positive
Subsurface Flux 5.43 7.40 7.37 7.36 7.36 7.39 7.36 7.35 7.35 10.02 12.76 12.59 12.57 12.56 12.73 12.56 12.55 12.54
Surface Flux 0.16 0.17 0.17 0.18 0.17 0.17 0.17 0.17 0.17 0.14 0.15 0.14 0.14 0.15 0.15 0.14 0.14 0.14
N,O Flux 0.21 0.31 0.37 0.43 0.48 0.31 0.37 0.42 0.48 0.18 0.25 0.31 0.36 0.41 0.25 0.30 0.35 0.40
NH; Flux 4.79 5.61 5.88 6.10 6.18 5.66 5.93 6.08 6.18 3.25 3.57 3.65 3.72 3.75 3.57 3.65 3.72 3.76
N, Flux 0.22 0.27 0.28 0.28 0.29 0.27 0.27 0.27 0.28 0.21 0.27 0.29 0.30 0.30 0.27 0.29 0.30 0.30
Removal in Grain N 55.04 77.23 87.36 92.93 96.82 77.30 87.40 94.14 98.46 49.31 74.48 88.60 97.71 104.66 74.30 88.75 98.09 105.71
Total -0.13 -0.13 -0.31 -1.00 -2.76 -0.12 -0.28 -0.82 -2.38 -0.16 -0.11 -0.08 -0.09 -0.18 -0.11 -0.08 -0.08 -0.17

*SON = soil organic nitrogen
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Table 3-4. Measured annual N20 emissions based on linear interpolation (Kryzanowski et al. 2009) (standard deviations presented in brackets), and modelled
annual N20-N emissions (kg N ha), measured and modelled area-based emission factors (% kg N20-N kg N Fertilizer), and measured and modelled yield-

based emission intensities (g N2O-N kg Grain Yield Dry Matter (DM)) for N rates (0, 60, and 120 kg N ha'!), and N sources (Control (0 kg N ha'l), Urea, ESN), at
the irrigated site in Lethbridge, Alberta for 2008 — 2011.

N Amount

Measured Annual N,O- Modelled Annual N,O-N

Measured EF Area (% Modelled EF Area

Measured Yield
Based Emissions

Modelled Yield Based
Emissions Intensity (g

-N kg 9 -N kg Intensity (g N,O-N
Year (kg N ha'l) N Source N Emissions (kg N ha'l) Emissions (kg N ha'l) ke ?:?tml\lz:rg) N (A:igrztﬁi::r')(g kg'l G:/a(ii Yi:ld N,O-N kg'1 Grain Yield
D) DM)
0 Control 0.17 (0.03) 0.26 - - 0.036 0.084
60 ESN 0.34(0.03) 0.40 0.29 0.24 0.054 0.062
2008 60 Urea 0.23 (0.03) 0.40 0.10 0.23 0.036 0.062
120 ESN 0.41 (0.03) 0.51 0.20 0.22 0.056 0.071
120 Urea 0.26 (0.03) 0.51 0.08 0.21 0.038 0.071
0 Control 0.18 (0.03) 0.15 - - 0.035 0.037
60 ESN 0.33(0.03) 0.27 0.26 0.21 0.053 0.036
2009 60 Urea 0.32(0.03) 0.27 0.24 0.20 0.049 0.035
120 ESN 0.57 (0.03) 0.36 0.33 0.18 0.080 0.045
120 Urea 0.58 (0.05) 0.36 0.34 0.17 0.086 0.044
0 Control 0.19 (0.09) 0.13 - - 0.043 0.047
60 ESN 0.25 (0.09) 0.25 0.1 0.20 0.047 0.049
2010 60 Urea 0.41 (0.03) 0.24 0.4 0.20 0.080 0.048
120 ESN 0.4 (0.09) 0.35 0.2 0.18 0.064 0.058
120 Urea 1.53(0.1) 0.34 1.1 0.18 0.260 0.057
0 Control 0.09 (0.01) 0.17 - - 0.028 0.050
60 ESN 0.14 (0.01) 0.31 0.09 0.22 0.031 0.056
2011 60 Urea 0.21(0.02) 0.30 0.21 0.22 0.049 0.055
120 ESN 0.29 (0.02) 0.40 0.17 0.19 0.050 0.065
120 Urea 0.36 (0.04) 0.40 0.23 0.19 0.065 0.064
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Table 3-5. Annual modelled subsurface N, surface N, N2O-N, NH3-N, and N2 losses (kg N ha year) for N rates (0, 30, 60, 90, and 120 kg N ha), and N sources

(Control (0 kg N ha), Urea, ESN), at dryland and irrigated sites for 2008 — 2011 in Lethbridge, Alberta.

Dryland Site Irrigated Site
N Source Control ESN Urea Control ESN Urea
N Rate (kg N ha™) 0 30 60 90 120 30 60 90 120 0 30 60 90 120 30 60 90 120
Subsurface N Flux (kg N ha = year'l )
2008 0.003 0.003 0.004 0.004 0.004 0.004 0.004 0.004 0.004 4.94 1.38 0.895 0.889 0.886 1.373 0.899 0.892 0.890
2009 1.83 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85 4.06 4.98 4.98 4.97 4.97 4.99 4.98 4.98 4.97
2010 14.0 16.8 16.7 16.7 16.7 16.7 16.7 16.6 16.6 22.3 30.2 30.1 30.1 30.0 30.1 30.0 30.0 30.0
2011 5.89 11.0 10.9 10.9 10.9 11.0 10.9 10.9 10.9 8.74 14.5 14.4 14.4 14.4 14.4 14.4 14.3 14.3
Surface N Flux (kg N ha " year™)
2008 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2009 0 0 0 0 0 0 0 0 0 0.073 0.060 0.053 0.051 0.050 0.059 0.052 0.049 0.048
2010 0.203 0.249 0.252 0.264 0.256 0.252 0.251 0.254 0.258 0.133 0.179 0.179 0.182 0.204 0.187 0.176 0.180 0.180
2011 0.439 0.439 0.439 0.439 0.439 0.439 0.439 0.439 0.439 0.344 0.344 0.344 0.344 0.344 0.344 0.344 0.344 0.344
N ,0-N Flux (kg N ha ™ year™)
2008 0.350 0.456 0.525 0.596 0.675 0.454 0.522 0.593 0.669 0.256 0.338 0.399 0.461 0.515 0.340 0.397 0.457 0.513
2009 0.139 0.207 0.252 0.295 0.333 0.204 0.248 0.291 0.330 0.148 0.229 0.274 0.315 0.362 0.226 0.270 0.311 0.356
2010 0.204 0.312 0.368 0.428 0.483 0.312 0.364 0.425 0.479 0.125 0.191 0.248 0.302 0.345 0.187 0.243 0.299 0.342
2011 0.163 0.277 0.335 0.384 0.437 0.275 0.332 0.381 0.431 0.173 0.250 0.307 0.354 0.398 0.249 0.304 0.351 0.395
NH 3-N Flux (kg N ha ™ year™)
2008 6.10 6.57 6.70 7.03 7.17 6.59 6.71 7.02 7.13 3.40 3.72 3.75 3.78 3.79 3.72 3.74 3.77 3.80
2009 5.16 6.79 7.37 7.57 7.53 6.92 7.51 7.55 7.59 3.58 3.97 4.07 4.14 4.17 3.98 4.09 4.14 4.16
2010 4.78 5.20 5.24 5.36 5.47 5.20 5.25 5.35 5.47 3.53 3.70 3.75 3.84 3.86 3.70 3.76 3.85 3.89
2011 3.13 3.86 4.21 4.43 4.53 3.93 4.26 4.40 4.54 2.49 2.88 3.04 3.14 3.18 2.89 3.02 3.12 3.21
N, Flux (kg N ha ™ year™)

2008 0.413 0.472 0.498 0.503 0.513 0.475 0.479 0.487 0.500 0.360 0.421 0.442 0.466 0.474 0.423 0.440 0.461 0.472
2009 0.168 0.167 0.163 0.164 0.167 0.165 0.161 0.162 0.165 0.174 0.228 0.244 0.253 0.256 0.229 0.244 0.250 0.256
2010 0.163 0.245 0.245 0.250 0.258 0.245 0.244 0.248 0.257 0.136 0.200 0.224 0.240 0.235 0.195 0.220 0.233 0.234
2011 0.140 0.200 0.200 0.203 0.206 0.200 0.199 0.200 0.204 0.187 0.246 0.241 0.244 0.250 0.245 0.238 0.243 0.246
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Table 3-6. Modelled N20 emissions, Area-based emission factors, and yield scaled emissions for direct and direct + indirect N20O emissions for urea at N rates of
0, 30, 60, 90 and 120 kg N ha! at dryland and irrigated sites for 2008 — 2011 at Lethbridge, Alberta. (Results for ESN presented in Supplementary Table 3-3).

} L. ) L. Area Based Emission Factor | Yield Scaled N,O emissions
Direct N,0 Area Based Emission Factor | Yield Scaled N,0 emissions ) .
B 1 . B " - o . L. Direct + Indirect N,O (Direct and Indirect N,O (Direct and Indirect N,O
Year Site N Rate (kg N ha®) |emissions (kg N ha"| (Direct N,O emissions) (% kg | (Direct N,O emissions) (g o 1 L 4 o a .
1o 1 . 1 . emissions (kg N ha™ yr~)| emissions) (% kg N,O-N kg™~ | emissions) (g N,O-N kg~ Grain
yrl) N,O-N kg™ N Fertilizer) N,O-N kg™ Grain Yield DM) o .
N Fertilizer) Yield DM)

0 0.35 - 0.085 0.41 - 0.100
30 0.45 0.35 0.083 0.52 0.36 0.095
Dryland 60 0.52 0.29 0.082 0.59 0.30 0.093
90 0.59 0.27 0.086 0.66 0.28 0.097
2008 120 0.67 0.27 0.093 0.74 0.27 0.103
0 0.26 - 0.084 0.34 - 0.112
30 0.34 0.28 0.064 0.39 0.16 0.074
Irrigated 60 0.40 0.23 0.062 0.44 0.17 0.069
90 0.46 0.22 0.062 0.50 0.18 0.069
120 0.51 0.21 0.071 0.56 0.18 0.078
0 0.14 - 0.029 0.21 - 0.044
30 0.20 0.22 0.032 0.29 0.28 0.047
Dryland 60 0.25 0.18 0.037 0.34 0.22 0.052
90 0.29 0.17 0.044 0.39 0.20 0.059
2009 120 0.33 0.16 0.050 0.43 0.18 0.065
0 0.15 - 0.037 0.23 - 0.057
30 0.23 0.26 0.034 0.32 0.31 0.049
Irrigated 60 0.27 0.20 0.035 0.37 0.23 0.048
90 0.31 0.18 0.039 0.41 0.20 0.051
120 0.36 0.17 0.044 0.45 0.19 0.057
0 0.20 - 0.067 0.41 - 0.135
30 0.31 0.36 0.072 0.55 0.48 0.127
Dryland 60 0.36 0.27 0.068 0.60 0.33 0.113
90 0.42 0.25 0.072 0.66 0.29 0.112
2010 120 0.48 0.23 0.077 0.72 0.26 0.115
0 0.13 - 0.047 0.41 - 0.155
30 0.19 0.21 0.047 0.56 0.50 0.140
Irrigated 60 0.24 0.20 0.048 0.61 0.34 0.122
90 0.30 0.19 0.053 0.67 0.29 0.118
120 0.34 0.18 0.057 0.71 0.25 0.119
0 0.16 - 0.056 0.26 - 0.091
30 0.28 0.37 0.052 0.44 0.59 0.083
Dryland 60 0.33 0.28 0.056 0.50 0.39 0.084
90 0.38 0.24 0.060 0.55 0.32 0.087
2011 120 0.43 0.22 0.066 0.60 0.28 0.093
0 0.17 - 0.050 0.30 - 0.086
30 0.25 0.25 0.053 0.44 0.47 0.094
Irrigated 60 0.30 0.22 0.055 0.50 0.33 0.090
90 0.35 0.20 0.059 0.54 0.27 0.091
120 0.40 0.19 0.064 0.59 0.24 0.095
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3.8 Figures
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Figure 3-1. A) Modelled (lines) and measured (points) volumetric soil water content (m* m3) (SWC) for dryland
(red) and irrigated (blue) sites at N fertilizer application rates of 0 kg N ha™* (two dashed line, circle symbol) and 120
kg N ha® (solid line, star symbol) for 2008 — 2011 in Lethbridge, AB. Measured SWC was only available for the
irrigated site. The field capacity (0.293 m3 m) and wilting point (0.157 m® m™) are represented by long dashed and
short dashed horizontal lines, respectively. B) Modelled daily discharge (mm) for dryland (red) and irrigated (blue)
sites at N fertilizer application rates of 0 kg N ha (two dashed line) and 120 kg N ha (solid line) for 2008 — 2011 in
Lethbridge, AB. C) Modelled (lines) and measured (points) soil temperature (°C) at 0.05 (orange) and 0.1 (green)
meters for 2008 — 2011 at the irrigated site in Lethbridge, Alberta. D) Daily average air temperature (°C) (red line),
daily total precipitation (mm) (blue bars), or total daily irrigation (mm) (green bars) for 2008 — 2011 in Lethbridge,
Alberta. For all panels, vertical dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest
dates (two-dashed lines). The solid vertical line is the seeding/fertilizer application date for the irrigated site in
2008. Daily average air temperature and total precipitation data were obtained from ACIS (2021) and measured soil
moisture, soil temperature, and irrigation data from Kryzanowski et al. (2009).
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Figure 3-2. Modelled (lines) and measured (points) soil nitrate + nitrite N (kg N ha?) at different depths in the soil
profile (0 — 2.0 meters) for control (no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line)
at rates of O (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™* for 2008 — 2011 at the dryland site in
Lethbridge, Alberta. Vertical dark grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or
harvest dates (two-dashed lines). Measured soil nitrate is obtained from a field experiment by Kryzanowski et al.

(2009).
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Figure 3-3. Modelled (lines) and measured (points) soil nitrate + nitrite N (kg N ha?) at different depths in the soil
profile (0 — 2.0 meters) for control (no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line)
at rates of O (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™ for 2008 — 2011 at the irrigated site in
Lethbridge, Alberta. Vertical dark grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or
harvest dates (two-dashed lines). Measured soil nitrate is obtained from a field experiment by Kryzanowski et al.

(2009).
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Figure 3-4. Daily modelled A) nitrous oxide-N (N20-N) flux, B) nitrogen gas (N2) flux, C) ammonium-N (NHz-N) flux,
D) Surface N flux, and E) Subsurface N flux (kg N ha™* d!) for control (no N fertilizer applied) (two dashed line), ESN
(dashed line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™* for

2008 — 2011 at the dryland site in Lethbridge, Alberta. Vertical dark grey dashed lines indicate seeding/fertilizer
application dates (dashed lines), or harvest dates (two-dashed lines).
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Figure 3-5. Daily modelled A) nitrous oxide-N (N20-N) flux, B) nitrogen gas (N2) flux, C) ammonium-N (NHz-N) flux,
D) Surface N flux, and E) Subsurface N flux (kg N ha* d!) for control (no N fertilizer applied) (two dashed line), ESN
(dashed line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™* for
2008 — 2011 at the irrigated site in Lethbridge, Alberta. Vertical dark grey dashed lines indicate seeding/fertilizer

application dates (dashed lines), or harvest dates (two-dashed lines).
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3.9 Appendix

Supplementary Tables

Supplementary Table 3-1. Irrigation schedule (mm) and total irrigation (mm) for 2008 — 2011 at the irrigated site in
Lethbridge, Alberta (Kryzanowski et al. 2009).

Total Irrigation

Year Month/Day DOY Irrigation (mm)
(mm)
June 20 172 25
June 27 179 22.5
July 10 192 25
2008 July 15 197 19.5 182.2
July 18 200 20.5
July 31 213 24.4
Aug. 7 220 24.5
Aug. 8 221 20.8
May 26 146 12
May 29 150 12
June 5 156 15.4
June 15 166 25
2009 July 1 182 41.3 208.3
July 6 187 25
July 17 198 27.6
July 24 205 25
July 30 211 25
2010 July 24 205 32.6 63
July 29 210 30.4
July 19 200 36.4
2011 Aug. 3 215 22.2 77
Aug. 8 220 18.4
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Supplementary Table 3-2. Modelled and measured soil ammonium-N (NHas-N), soil nitrate-N (NOs-N), and total

inorganic N (NHs-N + NOs-N) (kg N ha) in 0 — 0.15, 0.15 — 0.30, 0.30 — 0.60, and 0.60 — 0.90 meters in the soil
profile after spin up but prior to seeding/fertilizer application in 2008 — 2011 at Dryland and Irrigated sites in
Lethbridge, Alberta. Measured soil N is obtained from a field experiment by Kryzanowski et al. (2009).

Depth in

Measured

Modelled

Measured

Modelled

Measured Total

Modelled

Total Inorganic

. . . . Inorganic N
Year Site Soil Profile | Soil NH4-N | Soil NH;-N | Soil NOs-N | Soil NOs-N (NOy-N + NH N (NH4;-N +
- -
(m) (kgNha?) | (kgNha)| (kgNha') | (kgNha?) + | NOs-N) (kg N
N) (kg N ha™) 4
ha™)
0-0.15 7.6 6.8 17 22.2 24.9 29.0
0.15-0.30 5.3 2.2 14 0.5 19.1 2.7
Dryland
0.30-0.60 8.9 3.8 7 24.1 16.3 27.9
2008 0.60-0.90 13.0 1.0 19 31.7 32.0 32.7
0-0.15 7.1 5.0 11 24.0 18.1 29.0
. 0.15-0.30 5.6 0.9 8 5.0 13.8 5.9
Irrigated
0.30-0.60 7.9 1.7 4 31.7 12.1 33.4
0.60-0.90 12.6 1.0 6 22.3 19.0 23.3
0-0.15 5.0 6.1 21 38.8 26.3 44.9
0.15-0.30 4.4 1.1 13 21.4 17.8 22.5
Dryland
0.30-0.60 6.7 1.6 14 34.7 20.8 36.3
2009 0.60-0.90 12.1 0.9 14 22.5 26.3 234
0-0.15 4.4 5.3 21 32.5 25.4 37.8
. 0.15-0.30 3.7 13 15 20.2 18.6 21.5
Irrigated
0.30-0.60 6.2 1.8 14 38.7 20.3 40.5
0.60-0.90 8.8 0.9 12 33.4 20.9 34.3
0-0.15 4.7 6.7 19 10.3 23.2 17.1
0.15-0.30 5.6 1.4 10 19.5 15.3 20.9
Dryland
0.30-0.60 9.5 2.3 9 35.0 18.0 37.3
2010 0.60-0.90 14.0 1.1 12 25.4 25.8 26.5
0-0.15 3.7 5.6 36 8.9 40.0 14.5
. 0.15-0.30 2.8 1.5 19 16.4 21.7 17.9
Irrigated
0.30-0.60 4.5 2.2 17 31.6 21.7 33.9
0.60-0.90 7.1 1.1 21 30.7 28.1 31.7
0-0.15 4.0 4.0 20 33.8 24.2 37.8
0.15-0.30 3.3 13 11 20.7 14.7 22.1
Dryland
0.30-0.60 4.8 1.9 28 32.8 32.5 34.7
5011 0.60-0.90 7.4 0.9 36 26.7 43.6 27.6
0-0.15 3.4 34 12 27.0 15.1 30.4
. 0.15-0.30 3.5 1.3 7 15.8 10.4 17.0
Irrigated
0.30-0.60 6.2 1.9 14 24.4 20.6 26.4
0.60-0.90 7.9 0.9 12 26.6 20.4 27.4

119




Supplementary Table 3-3. Modelled N20 emissions, Area-based emission factors, and yield scaled emissions for direct and direct + indirect N20O emissions for
ESN at N rates of 0, 30, 60, 90 and 120 kg N ha! at dryland and irrigated sites for 2008 — 2011 at Lethbridge, Alberta. (Results for urea presented in Table 3-6).

Direct N,O emissions

Area Based Emission
Factor (Direct N,O

Yield Scaled N,0 emissions

Direct + Indirect N,O

Area Based Emission
Factor (Direct and

Yield Scaled N,O emissions
(Direct and Indirect N,O

Year Site = L. Direct N,O emissions Indirect N,O emissions
N Rate (kg N ha™) (kg N hayr?) emISSIO-ll‘IS) (% kg N,O- N(ZO-N kg'i Grain Vield I)D::) emissions (kg N hayr?) (% kg N:O-N ke* N ) emissions) ('g N,O-N kg™ Grain
N kg™~ N Fertilizer) e Yield DM)
Fertilizer)

o] 0.35 - 0.0848 0.41 - 0.100
30 0.46 0.36 0.0838 0.52 0.37 0.096
Dryland 60 0.53 0.29 0.0829 0.59 0.30 0.093
90 0.60 0.27 0.0871 0.67 0.28 0.097
2008 120 0.68 0.27 0.0947 0.75 0.28 0.105
o] 0.26 - 0.0836 0.34 - 0.112
30 0.34 0.27 0.0635 0.39 0.15 0.073
Irrigated 60 0.40 0.24 0.0624 0.45 0.17 0.070
90 0.46 0.23 0.0627 0.51 0.18 0.069
120 0.51 0.22 0.0710 0.56 0.18 0.078
(0] 0.14 - 0.0287 0.21 - 0.044
30 0.21 0.23 0.0330 0.30 0.28 0.047
Dryland 60 0.25 0.19 0.0380 0.35 0.23 0.052
90 0.29 0.17 0.0447 0.39 0.20 0.059
2009 120 0.33 0.16 0.0505 0.43 0.18 0.065
[0] 0.15 - 0.0366 0.23 - 0.057
30 0.23 0.27 0.0344 0.32 0.32 0.049
Irrigated 60 0.27 0.21 0.0356 0.37 0.23 0.048
90 0.31 0.19 0.0385 0.41 0.20 0.050
120 0.36 0.18 0.0446 0.46 0.19 0.057
o] 0.20 - 0.0672 0.41 - 0.135
30 0.31 0.36 0.0716 0.55 0.48 0.127
Dryland 60 0.37 0.27 0.0692 0.61 0.33 0.114
90 0.43 0.25 0.0730 0.67 0.29 0.114
2010 120 0.48 0.23 0.0785 0.72 0.26 0.118
0 0.13 - 0.0475 0.41 - 0.155
30 0.19 0.22 0.0473 0.56 0.51 0.139
Irrigated 60 0.25 0.20 0.0491 0.62 0.35 0.123
90 0.30 0.20 0.0540 0.67 0.29 0.120
120 0.35 0.18 0.0582 0.72 0.26 0.121
o] 0.16 - 0.0562 0.26 - 0.091
30 0.28 0.38 0.0523 0.44 0.59 0.083
Dryland 60 0.34 0.29 0.0568 0.50 0.40 0.085
90 0.38 0.25 0.0617 0.55 0.32 0.089
2011 120 0.44 0.23 0.0684 0.61 0.29 0.095
0] 0.17 - 0.0500 0.30 - 0.086
30 0.25 0.26 0.0533 0.44 0.48 0.094
Irrigated 60 0.31 0.22 0.0559 0.50 0.34 0.091
90 0.35 0.20 0.0598 0.55 0.28 0.092
120 0.40 0.19 0.0646 0.59 0.24 0.096
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Supplementary Figures
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Supplementary Figure 3-1. Cumulative ammonium (NHs-N) plus ammonia nitrogen (NH3-N) (kg N hal) in the soil
profile for control (no N fertilizer applied) (two dashed line), ESN (dashed line), and urea (solid line) at rates of 0
(red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™ for 2008-2011 at dryland and irrigated sites in
Lethbridge, Alberta.
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Supplementary Figure 3-2. A) Modelled cumulative nitrogen release (kg N ha*) and B) Modelled barley N uptake of
soil N + N fertilizer (kg N ha™) over the growing season for control (no N fertilizer applied, two-dashed line), urea
(solid line) and Environmentally Smart Nitrogen (ESN) (dashed line) N sources at 0 (red), 30 (yellow), 60 (green), 90
(blue), and 120 (pink) kg N ha™* for Dryland and Irrigated Sites for 2008 — 2011 in Lethbridge, Alberta. Vertical dark
grey dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines).
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Supplemental Figure 3-3. Residue nitrogen (kg N hat) for control (no N fertilizer applied) (two dashed line), ESN
(dashed line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™* for
2008 — 2011 at dryland and irrigated sites in Lethbridge, Alberta. Residue nitrogen declines with mineralization and
rises after harvest as crop residues are left behind on the soil surface.
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Supplemental Figure 3-4. Soil humus (kg N ha™*) for control (no N fertilizer applied) (two dashed line), ESN (dashed
line), and urea (solid line) at rates of 0 (red), 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha! for 2008 —

2011 at dryland and irrigated sites in Lethbridge, Alberta. Soil humus rises with immobilization and declines with
mineralization.
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Supplementary Figure 3-5. Cumulative modelled surface runoff (mm) for 2008 — 2011 at dryland (red) and irrigated

(blue) sites in Lethbridge, Alberta.
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Supplementary Figure 3-6. The difference in cumulative modelled nitrogen release between urea and
Environmentally Smart Nitrogen (ESN) at 30 (yellow), 60 (green), 90 (blue), and 120 (pink) kg N ha™! for Dryland and
Irrigated Sites for 2008 — 2011 in Lethbridge, Alberta. Positive results indicate ESN has a lower N release than that
of urea, while negative results indicate that N release from ESN is greater than that of urea. Vertical dark grey
dashed lines indicate seeding/fertilizer application dates (dashed lines), or harvest dates (two-dashed lines).
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4.0 Conclusion

Low crop nitrogen use efficiency (NUE) of applied nitrogen (N) fertilizer results in reduced
economic returns on N fertilizer investments for producers and increased N losses, which negatively
impact human and environmental health (Cassman et al. 2002). Nitrous oxide (N,O) emissions from N
fertilizer are of particular concern as N,O is a potent greenhouse gas (GHG) with a global warming
potential 298 times that of CO, (Forster et al. 2007). The Government of Canada established the Fertilizer
Emissions Reduction Target to address climate change issues, which aims to reduce fertilizer GHG
emissions by 30% below 2020 levels by 2030 (Agriculture and Agri-Food Canada 2022). Effective N
fertilizer management that matches N supply with crop N demand (e.g., the 4 R’s) may allow for reduced
N losses while maintaining or increasing yields. To identify effective N fertilizer management practices, a
comprehensive N budget was developed using the process-based model ecosys to assess the effects of N
rate (0 — 120 kg N ha'), N source (Urea vs ESN), irrigation vs dryland, and interannual climatic variability
(2008 — 2011) on modelled crop yields, grain N, fertilizer NUE, N losses, and soil N stocks at a cool, semi-
arid site in Southern Alberta. Compared to conventional urea fertilizer, modelled N release from ESN did
not better match N availability with crop N demand and did not improve modelled yields or fertilizer
NUE or reduce modelled N losses. Nitrogen rate had a greater impact on the N budget than the N
source, indicating the importance of optimal N rate applications in effective N fertilizer management.
Increasing N rates increased modelled yields at N rates of 30 — 90 kg N hal, but above 90 kg N ha™* yield
gains were minimal (<3%) (Figure 4-1) (38 — 127 kg N ha yr' modelled grain N harvest removals), with
fertilizer NUE (27 — 111%) declining with increasing N rates. Modelled soil organic N stocks declined 18 to
90 kg N ha yr with greater declines at lower N rates. In contrast, modelled N,O emissions increased
linearly with increasing N rates (Figure 4-1). Reducing N fertilizer rate applications from the maximum N
rate in this study (120 kg N hal) to economically optimum N rates (71 kg N ha™ at dryland site, 79 kg N

ha™ at the irrigated site at a 7.4 fertilizer-to-grain price ratio; Figure 4-1) would result in N,O emissions
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reductions of 18 — 22%, with only minimal yield reductions of 2.7 — 3.6% (Figure 4-1). Lowering N rates to
<30 kg N ha! often resulted in higher yield scaled emissions than N rates of 60 —90 kg N ha due to
substantially lower modelled yields relative to modelled N,O emissions production. Further N,O
emissions reductions may be achieved by reducing indirect N2O emission losses from NHjs volatilization
(2.5—7.6 kg N hal yr?) and subsurface N (0 —30.2 kg N ha? yr?) losses, and reducing residual nitrate-N
levels (0 — 51 kg N ha* yr) which are at risk for post-harvest N losses. Irrigation and interannual climatic
variability affected the magnitude of modelled N,O, NH3 and subsurface N losses. Overall, modelled N,O
emissions were slightly higher at the dryland site (0.14 — 0.68 kg N ha yr'!) than the irrigated site (0.13 —
0.51 kg N hal yr?) (Figure 4-1) due to higher modelled crop N uptake and fertilizer NUE at the irrigated
site in dry years (e.g., 2008, 2009) (46 — 127 kg N ha* modelled grain N harvest removals at the irrigated
site vs 60 — 106 kg N ha™ at the dryland site; 52 — 107% fertilizer NUE at the irrigated site vs 25 — 61% at
the dryland site) and greater subsurface N losses at the irrigated site in the wet year and the year
following (e.g., 2010, 2011). The dryland site had higher modelled volatilization losses (3.1 — 7.6 kg N ha™
yr) than the irrigated site (2.5 — 4.2 kg N ha yr?), particularly in dry years (e.g., 2008, 2009) which
increased direct and indirect N,O emission factors by 3 —21%. However, repeated N fertilizer
applications in the years leading up to the experimental treatments (1998 — 2007) resulted in the
accumulation of modelled soil nitrate-N below the zone of root N uptake (49 — 127 kg N ha* below 0.9
meters). This accumulated nitrate-N was subject to subsurface N losses in wet years (e.g., 2010) and at
the irrigated site (4 —30.2 kg N ha? yr?; vs <2 kg N hat yrtin dry years at the dryland site), which
increased direct and indirect N,O emission factors by 5 — 57%. Nitrogen fertilizer rate applications > 90 kg
N ha greatly increased modelled residual nitrate-N (15 — 51 kg N ha') compared to lower N rates, which
was subject to downward nitrate-N movement beyond the crop rooting depth and N leaching. Therefore,
optimizing N rate applications would reduce direct and indirect N,O losses, and reduce the risk of N

losses from residual nitrate-N. Fertilizer NUE and N losses varied substantially with N rates, interannual
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climatic variability and irrigation at one site in the semi-arid Canadian prairies, indicating the importance

of site-specific N management practices in developing effective N management practices to increase

fertilizer NUE and reduce N losses. The results from this thesis could provide a methodology for

developing effective N management strategies which balance agronomic benefits and environmental

impacts for policymakers and producers.
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Figure 4-1. A) Mean modelled barley grain yields (kg C ha yr!) and B) Mean modelled N2O-N emissions (kg N ha*
yr'!) response to increasing N rates (0 — 120 kg N ha™) for urea fertilizer at dryland (red) and irrigated (blue) sites in
Lethbridge, Alberta for 2008 — 2011. Error bars represent the standard deviation of mean-modelled barley grain
yields or mean-modelled N2O-N emissions due to yearly variability (2008 —2011). Vertical dashed lines indicate the
economic optimum N rate (EONR) based on a 7.4 fertilizer-to-grain price ratio for dryland (red; 71 kg N hal) and
irrigated (blue; 79 kg N ha'l) sites for 2008 — 2011. Quadratic regression results for modelled grain yields: Dryland: y
=-0.11x% + 23x + 1636; R2 = 0.74; p <0.001. Irrigated: y = -0.13x% + 29x + 1437; R? = 0.69; p <0.001. Linear regression
results for modelled N20-N emissions: Dryland: y = 0.002x + 0.23; R2 = 0.44; p = 0.002. Irrigated: y = 0.002x + 0.19;

R? = 0.64; p <0.001.
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