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This thesis consists of firstly, an assessment of diurnal variation (DV) and effect of sampling
frequency on N2O cumulative emissions, and secondly, an evaluation of N2O emissions in
response to N fertilization best management practices (BMPs) in a corn field. The first study was
performed by sub-sampling a high frequency dataset for growing and non-growing seasons. For
growing seasons, taking mid-morning samples twice per week after N fertilization, with an extra
sample taken after >10 mm rainfall resulted in lowest uncertainties among the studied strategies.
For non-growing seasons mid-morning and mid-afternoon measurements introduced positive
errors into the analysis, but taking bi-weekly mid-morning samples still underestimated fluxes
due to missing N2O emission events. For the second study, the interaction of soil water content
and soil nitrate influenced N2O emissions and the tested BMPs were effective to mitigate N2O
emissions when nitrate accumulation was delayed to periods when soil was drier.
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Chapter 1
General Introduction
Environmental pollution caused by nitrous oxide (N2O) emission is a global concern
because N2O is a potent greenhouse gas and contributes to ozone destruction (Ravishankara et
al., 2009). Agriculture is an important economic sector contributing to N2O emission worldwide,
largely from agricultural soil and nitrogen (N) fertilizer-induced emissions (Reay et al., 2012).
The production of N2O in agricultural soil is a function of nitrification and denitrification
reactions mediated by soil microbes (Firestone and Davidson, 1989), and emissions are highest
when there is a surplus of N in the soil that is not used by plants (Burton et al., 2008).
The episodic nature of N2O emission, controlled by soil variables such as temperature,
water filled pore space (WFPS), and concentration of inorganic N, make it challenging to capture
total N2O emissions. Different techniques have been used, and a notable difference between
these methods relates to the frequency of measurement (e.g. continuous vs. discontinuous).
Discontinuous N2O measurements, which represent the majority of studies found in the literature
(i.e. manual chamber techniques) can have two sources of uncertainties related to sampling
frequency. The first one refers to the inability of capturing diurnal fluctuations, and the second
one is related to the error when integrating emissions through time. Chapter 2 of the present
thesis presents an assessment of these two potential sources of errors associated with less
frequent measurements. Firstly, the error associated with diurnal variation was studied through
comparing cumulative N2O emissions obtained by mid-morning and mid-afternoon sampling
strategies to the emissions obtained by up to 12 half-hourly measurements per day. Secondly,
three sampling strategies were created to simulate less frequent sampling protocols (e.g. fixed
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protocol of sampling on a weekly basis during the growing season and bi-weekly in the nongrowing season). The cumulative N2O emissions obtained by each of these sampling strategies
were compared to the emissions obtained by daily measurements. The assessment of such errors
is important so that results from the literature on best management practices to mitigate N2O
emissions can be more confidently assessed.
To minimize N2O emissions, best management practices (BMP) have been proposed, and the
4Rs Nutrient Stewardship concept is an example of a framework for nutrient BMPs. This
concept involves the implementation of intensive crop management practices using principles of
ecological intensification to enhance efficient and effective nutrient uptake without
compromising high yields (Snyder et al., 2009). Thus, synchronizing N fertilization with plant N
uptake could achieve reductions in N2O emission (Sehy et al., 2003). This synchronization can
be achieved through either delaying N fertilization until the crop reaches a developmental stage
demanding large amounts of the nutrient (e.g. side-dress fertilization) or by the use of controlled
release N fertilizers (e.g. nitrification and urease inhibitors - NUI). Treating conventional sources
of N with NUI potentially delays nitrate accumulation in soil until plants reach the more
nitrogen-demanding development stages. Chapter 3 of the present thesis presents research on the
effect of N fertilization BMPs on N2O emissions in a corn field located in Elora, Ontario,
Canada. The treatments tested consisted of a combination of N fertilization management
practices and the choice of N sources, placement of fertilizer and timing aimed to reproduce
current practices and realistic BMPs that corn producers may adopt. The effect of delaying N
fertilization to side-dress stage on N2O emissions on a corn field was one of the combinations of
BMPs tested in chapter 3. A field fertilized with urea-ammonium nitrate (UAN) at side-dress
stage was compared to a field conventionally fertilized with urea at planting. The results of this
2	
  
	
  

	
  

comparison are important because of the controversy in the literature based on previous studies
of the effect of side-dress fertilization in mitigating N2O emissions (Zebarth et al., 2008; Drury et
al., 2012; Venterea et al., 2016; Venterea and Coulter, 2015; Burzaco et al., 2013). The effect of
treating conventional sources of N (e.g. UAN, urea) with NUI was also assessed in chapter 3. For
this assessment, a field conventionally fertilized with urea at planting was compared to a field
fertilized with urea+NUI at planting, and a field side-dress fertilized with UAN was compared to
a field similarly fertilized with UAN+NUI. Finally, a field that received a combination of sidedress fertilization and NUI was compared to a field conventionally fertilized. To the best of our
knowledge our study was the first to be conducted in the Northeastern Corn Belt (Ontario) that
compared the combination of side-dress fertilization and NUI effects on N2O emission. N2O
emission measurements were performed by the flux gradient method in all tested fields of our
study. This micrometeorological method is ideally suited for comparing field scale emissions as
it avoids errors associated with diurnal variability and integration of daily fluxes.

Objectives
Study 1: Assessment of diurnal variation and effect of sampling frequency on nitrous oxide
emission for growing and non-growing seasons.
(i) to assess the diurnal variation bias associated with a single mid-morning or mid-afternoon
measurements and identify the best strategy for both non-growing and growing seasons.
(ii) to assess the uncertainties in estimates of total N2O emissions when non-continuous sampling
protocols are deployed compared to high frequency measurements, and identify the best
sampling protocols for both non-growing and growing seasons.
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Study 2: Nitrous oxide emissions from corn in response to nitrogen fertilization best
management practices
(i) to evaluate if side-dress application of UAN can lower N2O emissions without compromising
grain corn yields compared to the urea application at planting.
(ii) to evaluate the effect of conventional sources of N (urea or UAN) on N2O emissions and
grain corn yield, compared to the same fertilizers with NUI.
(iii) to evaluate if side-dress application of UAN combined with NUI can lower N2O emissions
without compromising grain corn yields compared to the urea fertilization at planting.
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Chapter 2
Assessment of diurnal variation and sampling frequency on nitrous oxide
emission measurements for growing and non growing seasons
Introduction
The pressure for sustainable agriculture, with low greenhouse gas (GHG) footprint has
increased over the past years. The agricultural sector is the largest contributor to global
anthropogenic non-CO2 GHGs, accounting for 54% of emissions in 2005 (U.S. EPA, 2011). The
importance of N2O as a GHG is reflected in the increasing number of published studies regarding
the driving factors of N2O emissions, and comparison among treatments (Stehfest and Bouwman,
2006). Different techniques have been used to perform N2O measurements, and a notable
difference between these methods relates to the frequency of measurement (e.g. hours vs.
weeks). Automatic chambers and micrometeorological methods, such as the flux gradient
(Wagner-Riddle et al., 1997) and the eddy covariance method (Neftel et al., 2007), conduct
measurements at high frequencies (typically half-hour intervals). In contrast, manual
measurements using non-flow-through, non-steady-state chambers (NFT-NSS) that are
performed at lower frequencies (e.g. 2-3 days, weekly or monthly). In quantitative terms, the
NFT-NSS chamber method is the most used approach to measure N2O emissions under field
conditions (Bouwman et al., 2002; Rochette and Eriksen-Hamel, 2008), it has the ability to
compare multiple treatments with replication and the advantage of being a technology that is
easy to adopt, relatively inexpensive and versatile in the field (de Klein and Harvey, 2015).
Despite of the advantages of manual chambers, discontinuous measurements can carry
two sources of uncertainties associated with sampling frequency. The first is the inability of
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capturing diurnal soil derived N2O emission fluctuations, and the second one is related to the
error when integrating emissions through time. Estimates of daily N2O emissions obtained by
continuous/semi-continuous measurement rely on the mean of a series of measurements
performed per day. In contrast, measurement of the daily emission rate usually relies on a single
measurement using the manual chamber method that is performed at a predefined time of the
day. Hence it is important to identify the diurnal pattern of N2O emissions to define a successful
sampling protocol. In this context, de Klein and Harvey (2015), suggested a mid-morning gas
sampling strategy (from 10 am - 12 pm), since measurements performed at this time tend to
reflect the daily average. Other studies also suggested a mid-morning strategy to mitigate the
errors associated with diurnal variation (Dong et al., 2000; Van der Weerden et al., 2013; Alves
et al., 2012). In contrast, no effect of diurnal variation on N2O fluxes was found by Smith and
Doobie (2001), and Crill et al. (2000). Due to the episodic nature of N2O emissions and to the
fact that the majority of the studies have relied on short term trials to identify the diurnal
variation, questions regarding the deployment protocol of manual chambers still remain
unanswered. Is the mid-morning gas sampling strategy still representative of the daily average in
long-term trials under different crop fields? Is the diurnal-pattern the same for the non-growing
season in areas subjected to cold winter, with soil freeze-thaw cycles? Research is still required
to fill these knowledge gaps.
The episodic nature of N2O emissions requires interpolation of the measurement data
before they can be integrated over time. Integration of emission data can create uncertainties
particularly when an infrequent sampling protocol is adopted (Crill et al., 2000; Metivier et al.,
2009; Parking, 2008). To minimize errors associated with integration of emissions,
measurements carried out with manual chambers or other methods performing measurements at a
6	
  
	
  

	
  

frequency lower than on a daily basis should rely on a sampling strategy that identifies periods
with potential high emission events (de Klein and Harvey, 2015). Events with potential to trigger
N2O emission include N fertilization (Burton et. al, 2008; Roy et. al, 2014), soil thawing
(Wagner-Riddle et. al, 2007), and rainfall (McSwiney and Robertson, 2005). The aforementioned
context of frequency of measurement and integration of fluxes through time raises questions
when deciding on the sampling protocol to be adopted for manual measurements, such as: How
does cumulative emissions obtained with the sampling protocol proposed by de Klein and
Harvey (2015) compare to a high frequency measurement in a long-term trial, performed under
different crop rotations? What is the effect of sampling protocol on the integration of N2O fluxes
in the non-growing season in places subjected to cold winter, with soil freeze-thaw cycles? Does
identifying and taking an extra sample one day after intense rainfall events (>10 mm) result in
improvement when integrating fluxes compared to a fixed protocol (e.g. two samples per week)?
Answering these questions with a long term trial can represent a scientific gain, as well as give
more confidence when defining the sampling protocols to be adopted under discontinuous N2O
measurements. The objectives of this study were: (i) to assess the diurnal variation bias
associated with a single mid-morning or mid-afternoon measurement, identifying the best
strategy for both non-growing and growing season; (ii) to assess the uncertainties in N2O
emission totals when non-continuous sampling protocols are deployed compared to high
frequency measurements, and identify the optimal sampling protocols for both non-growing and
growing seasons.
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Material and Methods
Site description, experimental design and crop management
A subset of data was selected from a previously published dataset for 2000 to 2006
(Wagner-Riddle et al, 2007; Congreves et. al, 2016), and from a non-published dataset for 2015
to 2016 (chapter 3). These two experiments were carried out at the University of Guelph, Elora
Research Station (lat. 43o39'N, long. 80o25'W, 376 m elevation), Ontario, Canada. From 2000 to
2006, N2O emissions were measured in the growing and non-growing seasons of a
corn/soybean/winter-wheat, followed by two cycles of a corn/soybean crop rotation. A complete
soil description of the site and management practices is found in Jayasundara et al. (2007), and
Congreves et. al (2016). Nitrogen fertilizer was applied at planting for the corn cycle of the
rotation. Urea was broadcasted and incorporated by disk tillage to a depth of 10 cm and applied
at 150 kg N ha-1. For the winter-wheat cycle, N fertilization was performed early in the spring
after soil thawing. Urea was broadcasted at 90 kg N ha-1. No N fertilizer was applied in the
soybean cycle of the crop rotation. The subset of data obtained from 2000-2006 was divided into
7 subsets (per year basis), and then subdivided into growing and non-growing season (total of 14
datasets). Two additional datasets were obtained for the growing season of 2015, both for corn
fields situated in an adjacent area to the experiment carried out from 2000 to 2006. In the first
dataset, N fertilization was performed according to previous descriptions of N fertilization for the
corn cycle of the rotation. For the second one, Urea Ammonium Nitrate (UAN) was injected at
10 cm at the side-dress stage at 150 kg N ha-1. Two datasets were obtained from the non-growing
season and for the corn growing season of 2016. Nitrogen fertilization was performed according
to previous descriptions of N fertilization for the corn cycle of the rotation. Thus, a total of 10
and 8 growing and non-growing season datasets, respectively, were used in this study (Table 1).
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All the experiments were carried out in adjacent fields, in a Guelph silt loam (Morwick and
Richards, 1946). N2O emissions were measured using the flux gradient method (Wagner-Riddle
et. al, 1997). Due to the nature and to the requirements of this method this research was carried
out in large-scale 1.5 ha (2000-2006) or 4 ha plots (2015-2016). Values of N2O emissions
consisted of integrated means for a portion of the plot (footprint), upwind of the measurement
tower and dependent on wind direction (Skinner and Wagner-Riddle, 2012). All plots were
conventionally tilled and rock picked before planting. Weed control was performed through
herbicide application either at planting (pre emergence) or at post planting (post emergence). All
the measurements reported here consisted of the initial 30 days after the spring thaw event for the
non-growing season datasets and of the initial 45 days after N fertilization or planting for the
growing season datasets. The datasets were linearly interpolated when measurements were not
available.
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Table 1 - Description of the reference datasets used in the study (REF). The identification of the
season is represented by NG - Non-growing season, or G - growing season, followed by the year
of study. The crops are represented by C-corn; SB-soybean; and WW-winter wheat. The number
of half-hours measurements performed over the non-growing and growing seasons is showed as
number of observations.

Dataset

Season

Crop

Min/Max emissions
(ng N2O-N m-2 s-1)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

NG 2000
NG 2001
NG 2002
NG 2003
NG 2004
NG 2005
NG 2006
NG 2016
G 2000
G 2001
G 2002
G 2003
G 2004
G 2005
G 2006
G 2015
G 2015
G 2016

C
SB
WW
C
SB
C
SB
C
C
SB
WW
C
SB
C
SB
C
C
C

2.7/111.8
-6.1/56.8
-1.6/26.9
-1.7/383.3
-0.2/48.3
-10.2/156.5
-1.5/33.8
-15.8/22.6
-2.6/135.6
-0.3/38.4
-5.3/28.0
-2.0/74.5
-2.3/24.2
-0.2/52.1
-7.6/8.3
-1.3/362.3
-1.4/520.5
-2.7/43.9

Cumulative
N2O-N (g ha-1)
REF
693.3
286.1
101.7
2342.8
160.4
970.6
113.6
99.0
741.4
324.2
235.1
521.7
210.8
381.0
58.6
2338.7
4048.1
481.5

#
observations
REF
140
90
152
131
157
110
277
106
169
199
194
178
173
336
331
324
243
273

Measurement scenarios
The

complete

dataset

measurement

performed

by

the

semi-continuous

micrometeorological method consisted of the reference (REF) for the analysis. All other
sampling scenarios were created by sub-sampling this semi-continuous dataset to create noncontinuous datasets. Firstly, the effect of diurnal variation on N2O emissions was assessed. Thus,
two sampling scenarios were created: the first one consisted of taking one sample every day
during mid-morning between 9 am and 12 pm (MM), and the second one involved taking one
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sample per day in mid-afternoon between 12 pm and 16 pm (MA). In practical terms, taking
samples every day during mid-morning or a mid-afternoon usually does not represent a realistic
strategy. However, these treatments were meant to assess errors associated with diurnal variation
separate from errors due to flux integration over time. Secondly, the effect of deploying
measurements at frequencies lower than a daily basis was assessed. For that, three additional
scenarios (S1, S2 and S3) were created. For S1, one sample was taken before major events
which potentially could induce N2O emission (spring thaw and N fertilization), with an
additional sample taken 2 days after these events, followed by a fixed protocol with twice per
week samples (Tuesdays and Fridays) in the first month and weekly in the second month
(Tuesdays). The second scenario (S2) consisted of an improvement on S1. The sampling pattern
was the same as S1, with an extra sample taken one day after any > 10 mm rainfall events in the
first 45 days after planting or fertilization. The S2 strategy was tested only in the growing season
datasets. The third scenario (S3) consisted of a less frequent fixed sampling pattern. Weekly and
bi-weekly measurements were performed during growing and non-growing seasons,
respectively. All samples for S1, S2 and S3 consisted of a single mid-morning measurement, as
recommended by de Klein and Harvey (2015), and measurements were linearly interpolated
before integration of fluxes through time.	
  	
  	
  	
  	
  	
  
Data and statistical analyses
The relation between MM or MA and REF was assessed through a regression analysis
approach. Firstly, the cumulative N2O emissions for each of the 8 and 10 non-growing and
growing season datasets were calculated. The calculated cumulative emissions for MM and MA
were plotted against the cumulative emissions obtained by the reference treatment (REF), for
growing and non-growing season datasets individually. The best linear fit equation was selected
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based on sum of squared errors of prediction. The confidence interval of the slope was calculated
and evaluated for its difference from 1. Secondly, the cumulative emissions over the growing and
non-growing season for each sampling strategies S1, S2 and S3 were compared to cumulative
emissions obtained by REF through using regression analysis approach similar to the one used
for the diurnal variation assessment.
Results and discussion
Diurnal Variation
The mid-morning sampling strategy (MM) showed similar N2O emissions during the
growing season compared to the REF. The regression between REF vs. MM values resulted in a
slope of 0.97 and a confidence interval of slope ranging from 0.90 to 1.03 indicating that these
strategies did not differ (Figure 1A). However, the MA sampling strategy over estimated fluxes
for the growing season, as indicated by a slope of 1.12, which is significantly higher than 1
(Figure 1B). Similar results were reported by van der Weerden et al. (2013) when studying the
effect of diurnal variation on N2O emissions in a study carried out in a urine-affected pasture in
southern New Zealand. The authors found no bias in cumulative losses when gas samples were
collected between 10:00-12:00 h. In contrast, a significant positive bias was reported for
measurements performed between 11:00 - 13:00 h and 12:00-14:00. Alves et al. (2012) also
suggested a mid-morning strategy to mitigate potential errors associated with the diurnal
variation in a study carried out in two contrasting locations (UK and Brazil). The authors found
soil temperature to be the most important factor controlling diurnal variation, with both the midmorning (09:00-10:00) and evening strategy (21:00-22:00) better representing daily N2O means
in both locations.
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Figure 1 - Regression analysis of cumulative emissions REF vs. MM or MA for the growing
season datasets. Numbers inside the circles represent dataset number.
	
  	
  

For the non-growing season, both MM and MA over estimated N2O emission cumulative

fluxes compared to REF, with slopes significantly higher than 1 (Figure 2A and 2B). Further
research is required to identify the N2O emission controlling factors that led to this
overestimation of cumulative emissions for both diurnal variation strategies.
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Figure 2 - Regression analysis of cumulative emissions REF vs. MM or MA for the non-growing
season datasets. Numbers inside the circles represent dataset number.
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Errors associated with integration of fluxes through time due to less frequent sampling
There was no significant difference between the strategies tested (S1, S2 and S3) and
REF, but the uncertainty in the agreement increased with less frequent sampling. The strategy S2
resulted in the best agreement with REF for growing season datasets, with a slope of 0.98, and
confidence interval ranging from 0.90 - 1.04 (Figure 3B). In parallel, the S1 strategy resulted in a
slope of 0.9, with a confidence interval of slope ranging from 0.7 to 1.09 (wider range than the
one for S2) (Figure 3A) and S3 resulted in a slope of 1.19 with a confidence interval ranging
from 0.75 to 1.63 (the widest range among S1, S2 and S3)(Figure 3C). Improvement in
uncertainty of estimates of N2O emissions when using a sampling protocol similar to S2 was
reported by der Weerden et al. (2016) in a short term study carried out in a urine-affected pasture
in New Zealand. The authors reported errors ranging from -3% to +21% when adopting a twice
per week sampling protocol similar to S1. In their study the errors were only slightly reduced
when an extra sample was taken following significant rainfall events (-3% to 18%). Results from
our study showed higher reduction in errors with an additional sample taken after rainfall >
10mm. While errors associated with the S1 sampling strategy ranged from -30% to +9%, these
errors ranged from -10% to +4% when S2 was used. Smith and Dobbie (2001) contrasted the
high frequency of measurement performed by an autochamber to a less frequent strategy,
consisting of sampling every 3 days in the first 2 weeks, and at weekly interval thereafter. The
result was a non-significant 14% higher estimate of emissions for the more intensive
measurements than the one obtained by the less frequent measurement (3-7days). Parkin (2008),
reported that sampling at 3 to 7-day intervals resulted in spread of deviations that ranged from 18 to +24% of the cumulative emissions obtained by the complete dataset used in their study. In
addition, the author reported a sharp increase in errors at sampling intervals greater than 9 days,
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with deviations greater than 100% for the 21-d sampling interval. This was also the case in our
study, where the least frequent sampling resulted in the widest range of errors among the other
tested strategies (-25% to 63%). The residuals of the regressions S1 vs. REF and S3 vs. REF
were non-normally distributed, and in quantitative terms higher errors were seen in datasets with
high N2O emissions (e.g. dataset 16, Figure 4B) than in the ones with low emissions (e.g. dataset
13, Figure 4A). For dataset 16, subsequent high N2O emission events (124.1, 257.0 and 110.6 ng
N2O-N m-2 s-1 for 19, 27 and 34 days after planting respectively) resulted in high errors when
integrating fluxes. The overall effect was an overestimation of N2O fluxes when adopting S3
(+91.8% or +2148.5 g N2O ha-1) (Figure 4B). For dataset 13 (G 2004) the S1, S2 and S3
strategies resulted in negative errors of -73, -97 and -57 g N2O ha-1 , respectively. For this reason
daily average emissions were never higher than 24.2 ng N2O-N m-2 s-1 which resulted in a
smaller magnitude of errors than the one associated with dataset 16 (Figure 4A).

15	
  
	
  

	
  
5000

5000

A.

4000

cumulative S2 (g N 2O-N ha-1)

cumulative S1 (g N2O-N ha-1)

4000

17
3000

16

2000

1000

0

B.

17

3000

16
2000

9

1000
9
18
12
10
14
13
11
15
0

0
1000

2000

3000

4000

5000

18
12
10
14
11
13
15
0

1000

cumulative REF (g N2O-N ha-1)

2000

3000

4000

5000

cumulative REF (g N2O-N ha-1)

5000

C.
16

cumulative S3 (g N 2O-N ha-1)

4000

17

3000

2000

1000
18

0

12 9
10
14
13
1511
0

1000

2000

3000

cumulative REF (g N2O-N ha -1)

4000

	
  

5000

Figure 3 - Regression analysis of cumulative emissions REF vs. S1(A.), S2(B.) and S3 (C.).
Numbers displayed inside circles represent dataset number for growing season datasets.
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Figure 4 - An example of a growing season dataset where the fixed low frequency strategy (S3)
did not introduce errors when integrating emissions through time (A.); and, an example where S3
introduced significant errors that could be avoided by adopting S1 and S2 (B.).
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For the non-growing season, the strategy S1 resulted in over estimation of N2O

cumulative fluxes (Figure 5A). It is important to note that when adopting S1 the errors are a
summation of diurnal variation errors and errors associated with integration of fluxes through
time due to the less frequent measurement. Since MM over estimates the fluxes according to
results previously presented, the overall result when adopting S1 for non-growing season was
also an over estimation of N2O fluxes (slope of 1.22, with confidence interval ranging from 1.15
to 1.29). Contrasting results were obtained when S3 was used. Even considering that MM
introduced positive errors into the analysis, the overall result was an under estimation of
cumulative fluxes (Figure 5B). The regression S3 vs. REF resulted in a slope of 0.4, with a
confidence interval always below 1 (0.09 - 0.714). In addition, the residuals of this regression
analysis were non-normally distributed, and higher errors were noted for datasets that
experienced high N2O emissions after the spring thaw event (e.g. dataset 4). For dataset 4 the S3
strategy clearly missed the main N2O emission event that took place after the main spring thaw,
resulting in under estimation of cumulative fluxes (Figure 6).
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Figure 5 - Regression analysis of cumulative emissions REF vs. S1(A.) and S3 (B.). Numbers
displayed inside circles represent non-growing season dataset number.
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Figure 6 - Under estimation of N2O cumulative emissions when adopting the S3 strategy due to
missing the main N2O emission event.
Conclusion
The strategy of mid-morning sampling for N2O measurements did not introduce
significant errors for the growing season datasets. However, sampling at mid-afternoon
consistently over estimated cumulative N2O emissions. The pattern of the diurnal variation was
different for the non-growing season datasets and both studied strategies (MM and MA) resulted
in over estimation of emissions. Further exploration of this finding is necessary through
contrasting nighttime vs. daytime emissions in locations subjected to cold winters with soil
freeze-thaw cycles. The range of errors associated with integration of fluxes through time due to
the less frequent sampling strategies were narrower when the S2 strategy was used for the
growing season (-10 to +4%), with the less frequent strategy (S3) resulting in the widest range
among the studied strategies (-25 to +63%). For non-growing season the S1 strategy
overestimated fluxes (summation of diurnal variation errors and errors associated with
integration of fluxes through time). The S3 strategy was also not adequate, resulting in under
estimation of N2O fluxes, mainly due to missing large emission events.
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Chapter 3
Nitrous oxide emissions from corn in response to nitrogen fertilization best
management practices
Introduction
Nitrogen (N) can take several forms in soils and some of these forms can be lost from the
root zone causing pollution, such as an increase in concentrations of N2O, a greenhouse gas
(GHG), in the atmosphere. Agriculture is estimated to be the major contributor to anthropogenic
N2O emissions worldwide (Reay et al., 2012). The production of N2O in agricultural soil is a
function of nitrification and denitrification reactions mediated by soil microbes (Firestone and
Davidson, 1989), and is higher when there is a surplus of nitrogen in the soil that is not used by
plants (Burton et al., 2008). To minimize N2O emissions, best management practices have been
proposed. The 4Rs Nutrient Stewardship concept is an example of a framework for BMPs. This
concept involves the implementation of intensive crop management practices using principles of
optimal management of ecological functions to enhance efficient and effective nutrient uptake
without compromising high yields (Snyder et al., 2009). Thus, applying N at the right time and
with the right sources can improve the synchrony between N fertilization and plant N uptake,
potentially reducing N2O emission (Snyder, 2016).
Farmers commonly apply N fertilizer as urea at the beginning of the growing season, but
that often causes a lack of synchronicity between soil N availability and crop N demand (Fageria
and Baligar, 2005). For corn, N demand increases after the stage when the collar of the 8th leaf is
visible, with the maximum rate of N uptake occurring near silking (Hanway, 1963). As a
consequence, between planting and the stage when corn needs high amounts of N, there is gap
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during which the N fertilizer applied at planting will be potentially more susceptible to
transformations and losses, hence increasing the potential for losses by N2O emission. Delaying
N fertilization to early vegetative stages prior to rapid growth stage (side-dress fertilization) has
the potential to reduce N2O emission while still producing high crop yields (Roy et al., 2014;
Drury et al., 2012). Despite of the potential of reducing N2O emissions with side-dress
application, further exploration of this topic is still necessary, since some studies have reported
no significant reduction in N2O emissions when N was side-dress fertilized (Zebarth et al., 2008;
Drury et al., 2012; Venterea et al., 2016; Venterea and Coulter, 2015); or higher N2O emissions
on side-dress fertilized treatments when compared to pre-emergence fertilization (Burzaco et al.,
2013).
Synchronization of N fertilization with crop demand is a challenging process because
yield reduction due to N deficiency can occur when N fertilization is delayed beyond the optimal
point due to inappropriate soil and weather conditions (Diechow et al., 2006). As an alternative
to side-dress fertilization, nitrification and urease inhibitors (NUI) have been developed to better
synchronize N availability in soil with plant demands. N sources to which urease or/and
nitrification inhibitor have been added decrease ammonia volatilization and delay the release of
and availability of NO3-, potentially resulting in less N2O emissions. Dicyandiamide (DCD) is a
common inhibitor added to fertilizers, acting in the first stage of nitrification (oxidation of NH4+
to NO2-). This inhibitor is widely used in agriculture because it is cheap to produce, highly
soluble and suitable for liquid fertilizer application, and has low volatility, which increases the
suitability in cases of solid fertilizers. The urease inhibitor N-(n-butyl) thiophosphoric triamide
(NBPT), which slows hydrolysis of urea to NH4+, is also potentially effective in reducing N2O
emissions (Menéndez et al., 2009). As a mean effect from 8 studies reporting side-by-side
20	
  
	
  

	
  

comparisons without vs. with inhibitors, the application of NUI decreased N2O emissions by
27.7% according to a meta-analysis study by Abalos et al. (2016). A significant reduction in N2O
emissions due to the combined use of NBPT and DCD was also reported in a meta-analysis study
by DeCock (2014). However, results were based on a low number of observations and studies
(20 and 3, respectively). Halvorson & Del Grosso (2010) reported a 35% N2O emission
reduction when inhibitors were added to urea fertilizer, and 52% when added to urea ammonium
nitrate (UAN), without impacting corn grain yields in Northeastern Colorado - USA. Contrasting
these results, other studies reported no significant reduction in N2O emissions in response to NUI
due to the episodic nature of N2O emissions (Venterea et al., 2011; Parkin and Hatfield, 2014;
Sistani et al., 2011). However, it is not clear if side-dress fertilization and use of NUI, which are
two strategies with potential to reduce N2O emissions, provide advantages compared to urea
applied at planting. In addition, to the best of our knowledge no field scale studies have ever
been conducted in the Northeastern Corn Belt (Ontario) comparing N2O emissions from the
combination of side-dress fertilization and NUI to the emissions of conventional fertilized fields
(urea at planting).
The objective of this study was: (i) to evaluate if side-dress application of UAN can
lower N2O emissions without compromising yield compared to urea application at planting; (ii)
to evaluate the effect of conventional sources of N (urea or UAN) on N2O emissions and corn
yield, compared to the same fertilizers with NUI; and (iii) to evaluate if the side-dress application
of UAN combined with NUI can lower N2O emissions without compromising yield compared to
the urea application at planting.
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Material and Methods
Site description, experimental design and crop management
The experiment was carried out at the University of Guelph, Elora Research Station (lat.
43o39'N, long. 80o25'W, 376 m elevation), Ontario, Canada, during the corn growing season
(from May to mid-October) in 2015 and 2016. The results for the first 80 days after planting are
presented in this chapter (from corn planting to silking stage). The soil in the experimental site is
classified as a Dark Gray-Brown Luvisol according to the Canadian System of Soil
Classification. The Ap horizon has a dark grayish brown color (10YR 2/4, when dry) and the
transition to the following horizon is clear and smooth. The Bt horizon, enriched in clay content,
has an olive yellow color (2.5Y 6/6, when dry). A stoneline of gravel and cobbles is present in
the transition to the Ck horizon. The Ck horizon has a pale yellow color (2.5Y 7/3) and many
medium and distinct mottles, indicating influence of the water table. A complete soil description
of the site is found in Jayasundara et al. (2007) and Congreves et al. (2016).
N2O emission measurements were performed by a micrometeorological method. Due to
the nature and requirements of this method the experimental setup consisted of four large-scale
plots, each 4 ha. Measured fluxes were integrated over a large spatial area upwind of the
measurement tower, depending on wind direction (Skinner and Wagner-Riddle, 2012). The
treatments tested in the present study consisted of a combination of N fertilization management
practices. The choice of N sources, placement of fertilizer and timing aimed to reproduce current
practices and realistic BMPs that corn producers may adopt. Thus, each of the 4-ha plots
received one of the following treatments: (i) urea broadcasted and incorporated at planting; (ii)
NUI at planting, with urea treated with NBPT and DCD inhibitor broadcasted and incorporated
at planting (SuperU, Koch Agronomic Services, Wichita, KS); (iii) side-dress fertilization, with
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urea ammonium nitrate (UAN) injected at side-dress stage; and, (iv) combination of side-dress
fertilization and NUI, with UAN treated with NBPT and DCD inhibitor injected at side-dress
stage (28%N, UAN+AgrotainPlus, Koch Agronomic Services, Wichita, KS). Urea and urea
treated with inhibitors were broadcasted one day before planting (May 12 and May 11 for 2015
and 2016, respectively). These fertilizers were applied at 120 kg N ha-1 and mechanically
incorporated by disk tillage to 10 cm. UAN and UAN + inhibitors treatments were injected at 10
cm at the side-dress stage (June 25 and June 17 for 2015 and 2016, respectively). These
fertilizers were applied at 120 kg N ha-1 rate, and AgrotainPlus at 6.8 kg per Mg-1 of UAN
(manufacturer recommendation). Corn (N20Y-3122 - NK variety) was planted on May 13 and
May 12 in 2015 and 2016, respectively, at a density of approximately 80000 seeds ha-1.
Monoammonium phosphate (MAP) was applied as a starter source of N and phosphorus with the
planter in all plots at 250 kg ha-1. The N in MAP added to the rate of fertilizer applied as
treatments totaled 150 kg N ha-1. All plots were conventionally tilled and rock picked before
planting. Weed control was performed through herbicide application either at planting (pre
emergence) or at post planting (post emergence).
N2O emission measurements
The N2O emissions (FN2O) were measured by the flux gradient method (Wagner-Riddle
              𝐹𝑁2𝑂   =     

et al., 1996):
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where u* is the friction velocity, k is the von Karman constant (=0.41), ΔC is the difference in
N2O concentration between sample heights , z1 and z2 are sample heights, d is the displacement
height, and 𝛹

!

and 𝛹 ! are the integrated Monin-Obukhov similarity functions for heat for each

sampling heights. A 3-D sonic anemometer (CSAT3) was installed in the field for continuous
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measurement of u*. Moreover a tower with five cup anemometers was installed as a backup, to
be used to estimate u* using the log-wind profile when such information was not available for
the sonic anemometer.
The difference in concentration (ΔC) was measured by a tunable diode laser trace gas
analyzer (TGA 100A; Campbell Scientific, Logan, UT, USA), in air drawn from two heights
over each plot (Wagner-Riddle et al., 2007) . The analyzer was placed inside an instrumentation
trailer situated at the center of each of the 4 ha plots. A vacuum pump continuously drew air
from the four plots into a single bypass manifold. A second vacuum pump sampled air at halfhourly intervals using a sub sampling system controlled by a data logger (Model
CR1000,Campbell Scientific Inc.). To obtain half-hourly ΔC measurements solenoid valves were
installed in each plot and activated so the flow of sampled air switched between lower and upper
intake every 15 s. Over the experimental period the intakes were adjusted with the change of
crop height, with the lower intake being at 1.5 to 1.9 times the corn canopy height and spacing
between intakes of 0.5 to 0.7 m. Approximately 60 of the 150 data points sampled during each of
the 15s intervals were eliminated from the calculation during the transition times between
sampling levels to ensure a complete flushing of sample lines, leaving ~5400 samples per level
per 30 min period. After the removal of the transition measurements, data were filtered for
optimum analyzer performance, friction velocity, stability parameter, poor boundary layer or
fetch conditions and wind direction according to criteria given in Wagner-Riddle et al. (2007).
Daily averages were calculated based on half-hourly fluxes, and measurements were linearly
interpolated when gaps where present.
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Soil inorganic N analysis
The concentrations of soil NH4+ and NO3- at 0-15 cm and at 15-30 cm were monitored
over the corn growing season. For an adequate spatial and temporal resolution, each of the 4 ha
plot was divided into nine subplots, and one composite sample from 6-9 individual samples was
randomly taken in each one of the nine sub plots. Soil samples were taken on a weekly basis in
the first month after fertilization, then on a bi-weekly basis in the second month and on a
monthly basis in the rest of the corn growing season. The sampling pattern of side-dress
fertilized plots was different than that of pre-planting fertilized plots, due to the difference in
placement of N fertilizer. Sets of cores were collected across the injected N bands, according to
Brouder (2004). The sampling frequency of side-dress fertilized plots was the same as the plots
fertilized at planting. To avoid N losses, samples were placed in a cooler with ice in the field
and then stored in a 4oC laboratory cooler and extracted in the following day, or placed directly
in a -20oC freezer for further extraction. The soil extraction was performed according to
Maynard & Kalra (1993), and the extracts were analyzed for nitrate and ammonium
concentrations using a continuous flow autoanalyzer (Seal AutoAnalyzer 3 - AA3, Seal
Analytical).
Temperature and soil water content analysis
The volumetric soil water content (SWC) and the soil temperature were continuously
measured at 5 cm and 25 cm, to represent the top and the bottom of the Ap horizon, respectively.
The SWC measurements were performed by soil time domain reflectometry probes (TDR)
(model CS616, Campbell Scientific), with SWC calculation performed according to equation
described by Kulasekera et al. (2011). Soil temperature was measured at the same depths by
using soil copper-constantan thermocouples. Both TDRs and thermocouples were connected to
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two data loggers (model CR23X, Campbell Scientific). Two SWC and temperature
measurements were performed per field per measured depth, resulting in a total of 8 replicates,
which were later averaged to obtain one time series that represented the mean SWC and
temperature at 5 and 25 cm. The position of each replicate was randomly chosen, but due to the
cable length sensors were installed within 30m from the data loggers. The data loggers were
placed in the central part of the field, the first one between the two fields fertilized at planting,
and the second one between the two fields fertilized at side-dress stage. Soil bulk density
measurement was performed by the metal ring method (Blake and Hartge, 1986), from 12
replicates sampled at 0-15 cm and 15-30 cm. Total soil porosity was calculated by using BD
according to the relationship: soil porosity = 1–(BD/2.65); assuming a particle density of 2.65
Mg m-3 (Danielson & Sutherland, 1986). The Water Filled Pore Space (WFPS) was obtained by
dividing the SWC by the soil total porosity and values higher than 60%, considered conducive to
N2O production (Davidson, 1993), were highlighted in the WFPS chart.
Assessment of corn yield
To evaluate corn yield response to the studied N fertilization management practices, plant
samples were taken at harvest (October 10 and 4, for 2015 and 2016, respectively). For the 2015
season, each 4-ha plot was divided into nine sub plots and all plants in a randomly chosen 1 m
row within each sub-plot were sampled, resulting in 9 replicates per field. To improve spatial
resolution, plants were taken in three randomly chosen 1 m row in the 2016 season, and later
combined into a composite sample, resulting in 9 replicates per field. The number of sampled
plants per replicate was recorded, and the corn grain was separated from cobs, oven dried at 65oC
until constant weight, and weighed. The weight was divided by the number of plants per
replicate, and the dry grain weight per plant was then adjusted to 15.5% moisture content basis.
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The plant population of each of the 4-ha fields was measured at the emergence stage of corn to
allow for calculations of final dry grain yield per area. Each of the 4-ha fields was divided into
nine sub-plots and all plants in 2 randomly chosen 8 m corn rows were counted per sub-plot. The
plant density of the sub-plots were averaged and the calculation of final plant population was
performed considering a spacing between corn rows of 76.2 cm.

	
  

Data and statistical analyses
Field measurements of N2O emission, SWC and soil temperature started at planting date.
The mean of half-hourly measurements of N2O emissions were used to obtain the daily N2O
emissions. Daily N2O fluxes were integrated to obtain the cumulative emission. The SWC and
temperature were measured every 10 min over the growing season. The 10 min measurements
were averaged to obtain a daily value of temperature and SWC. The temporal scale used for all
variables was days after planting and the results shown are from planting to silking stage.
Fluxes of N2O have been shown to be non-normally distributed (Yates et al., 2006). This
was also the case for the daily flux values observed in this study. Thus, the Wilcoxon signed
rank-test was used to assess differences between treatments, with the Bonferroni correction
applied to reduce chances of false positive due to the multiple comparison. This statistical test
was performed using daily averages of measured values, that is, without considering the
interpolated daily means. To address objectives 1-3, respectively, the plots were paired as: urea
vs. UAN; urea vs. urea+NUI; UAN vs. UAN+NUI; and, UAN+NUI vs. urea. Prior to any
statistical test of yield measurements, data was explored for distribution (Komolgorov-Smirnov
test) and equality of variance (Lavene test). An Independent Samples T-Test with a Bonferroni
correction was performed to compare corn grain yield. To address objectives 1-3, respectively,
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the plots were paired as: urea vs. UAN; urea vs. urea+NUI; UAN vs. UAN+NUI; and,
UAN+NUI vs. urea.
Results
Environmental conditions
The two seasons were characterized by very different soil water conditions with 2015
moderately wet and 2016 dry. In 2015, SWC was 0.241 and 0.317 m3 m-3, for 5 and 25 cm
respectively at the start of the growing season (day 1 - Figure 1C). In contrast, SWC was lower
in 2016 with 0.180 and 0.261 m3m-3 measured at 5 and 25 cm respectively (day 1 - Figure 1D).
The initial SWC was the result of the winter and spring weather conditions that preceded the
growing seasons. Cold conditions in 2015 (average air temperature from December to March = 8.9oC) combined with an accumulated precipitation of 184 mm (December to March) led to 25
cm of snow on the ground by February of 2015. Melting of this snow layer and another 90 mm
of rain from end of March to beginning of May led to high SWC at the time of planting in 2015.
In contrast, the winter was warmer in 2016 (average air temperature from December to March =
-2.9oC), with several thawing cycles, resulting in a lower SWC at the start of the corn growing
season. Conditions during the 45 days following planting also differed markedly between
seasons with less precipitation in 2016 than in 2015 (73 vs. 220 mm)(Figure 1C and 1D). As a
result of several rainfall events in 2015 SWC at 5 cm ranged from 0.24 to 0.39 m3 m-3 in the
initial 45 days after planting, while in 2016 SWC was never higher than 0.22 m3 m-3 . Due to the
lower precipitation, the soil was also drier at the time of side-dress stage in 2016 than in 2015
(0.142 vs. 0.267 m3 m-3 at 5cm, Figure 1C and 1D). Drier conditions in 2016 also led to higher
soil temperature averages for the initial 45 days after fertilization than in 2015 (19.2oC vs. 16.8oC
for 5 cm and 17.3oC vs. 15.9oC for 25 cm, Figures 1A and 1B). A similar trend was observed in
28	
  
	
  

	
  

the initial 45 days after side-dress fertilization, with soil temperatures higher in 2016 than in

soil T(C o)

2015 (23.0oC vs. 21.0oC for 5 cm and 17.9oC vs. 17.4oC for 25 cm, Figures 1A and 1B).
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Figure 1 - Soil temperature at 5 and 25 cm (solid dark line and dashed line respectively) for 2015
(A) and 2016 (B), soil water content (SWC) at 5 and 25 cm (solid dark line and dashed line
respectively) and, precipitation (solid dark bars) for 2015 (C) and 2016 (D), plotted for days after
planting.
N2O emissions
High N2O emissions occurred when high soil nitrate concentration (> 10 mg NO3--N kg-1)
coincided with high WFPS (>60%) (Figure 2). For the fields receiving N fertilizer at planting in
2015 (Figure 2B and 2C), this combination of high nitrate concentration and high WFPS
occurred within the initial 45 days following N fertilization. A similar pattern was seen for the
side-dressed fields (Figures 2D and 2E), but in the 30 days following this later fertilizer
application. For 2016, the soil WFPS did not reach 60% at 5 cm in the period between planting
and silking stage (Figure 2F). WFPS marginally higher than 60% was only observed at 25 cm,
between 8 and 50 days after planting (Figure 2F), but these WFPS conditions did not induce high
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N2O emission (Figures 2G, 2H,2I and 2J). Thus, the low water content at 5 cm resulted in no
N2O emission events despite high NO3- concentration in soil.
The effects of N fertilization management practices on N2O emission were evaluated
separately for the two studied years to account for the inter-annual variability due to contrasting
water content and were assessed using a Wilcoxon median rank test of daily average N2O
emission.

For 2015, the moderately wet year, there was no significant difference in N2O

emission between the urea applied at planting and UAN applied at side-dress stage (p>0.05;
Figure 2B vs. 2D, Figure 3A). In addition, treating the urea fertilizer with NUI did not result in
N2O emission reduction (p>0.05; Figure 2B vs. 2C, Figure 3A). For the side-dress fertilized
fields, there was significantly less N2O emission for the field with UAN+NUI compared to the
one receiving just UAN fertilizer (p<0.05; Figure 2D vs. 2E, Figure 3A). However, the field
fertilized with the combination of BMPs (side-dress fertilization plus NUI) did not reduce N2O
emission when compared to the conventional practice (urea at planting) (p>0.05; Figure 2B vs.
2E, Figure 3A). For the dry year, there was no significant reduction in N2O emission when UAN
was injected at side-dress stage compared to the conventional practice (p>0.05; Figure 2G vs. 2I,
Figure 3B). However, there was significantly less N2O emission for the field fertilized with
urea+NUI at planting than the one receiving the conventional practice (p<0.05; Figure 2G vs.
2H, Figure 3B). In contrast, the combination of UAN side-dress fertilization and use of NUI did
not result in N2O emission reduction when compared to UAN applied at side-dress stage
(p>0.05; Figure 2I vs. 2J, Figure 3B), and to the conventional practice (p>0.05; Figure 2G vs. J,
Figure 3B). The lack of N2O emission events in 2016 resulted in cumulative emissions 4.1, 12.4,
12.5, and 6.2 times lower than the cumulative emission experienced in 2015 for the same fields
when fertilized with urea, urea + UI, UAN and UAN+NUI respectively (Figure 3).
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Figure 2 - A+F: Soil water filled pore space (WFPS) at 5 and 25 cm (solid and dashed dark lines
respectively) for 2015 (A) and 2016 (F). The dark and gray foreground of the WFPS chart
represent values higher than 60% at 5 cm and 25 cm, respectively. B-E and G-J: N2O flux (solid
gray line with solid gray circles), soil nitrate at 0-15 cm (solid dark line with solid dark circles)
and, soil nitrate at 15-30 cm (dashed line and open triangles), plotted for days after planting. The
arrow represent the N fertilization date for the fields side-dress fertilized.
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Figure 3 - Cumulative emissions from planting to silking stage for urea (dark bars); urea + NUI
(dark with dots); UAN (grey); and, UAN + NUI fertilized fields (grey with dots), for 2015 (A)
and 2016 (B). Comparisons with significantly different median ranks of daily average N2O
emission according to the Wilcoxon rank-test are shown as *(p<0.05).
Corn grain yield
The combinations of N fertilization management practices tested in this research resulted
in significant differences in corn grain yield only in 2015. The plot with UAN applied at sidedress stage yielded significantly less corn grain when compared to the plot that received UAN +
NUI at side-dress stage and to the plot that received urea at planting (Figure 4A). In contrast,
there was no significant difference on corn grain yield in response to the combination of N
fertilization management practices for the dry year (p>0.05), with an average yield of 12.9 Mg
ha-1 at 15.5% moisture (Figure 4B).
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Figure 4 - Corn grain yield at 15.5% moisture for urea (dark bars); urea + NUI (dark with dots);
UAN (grey); and, UAN + NUI fertilized fields (grey with dots), for 2015 (A) and 2016 (B).
Comparisons with significantly different grain yield according to the Independent T-test are
shown as *(p<0.05).
Discussion
The effect of delaying N fertilization to high N demanding phenological stages to mitigate N2O
emission
The basis for delaying N fertilization to a high demanding phenological stage (side-dress
application) is the possibility of improving the synchrony between fertilization and plant N
demands, potentially resulting in less N2O emissions. However, the benefits of applying N
fertilizer at side-dress stage can be counter balanced when other factors controlling N2O
emission, such as WFPS, are favorable for N2O emission after fertilizer application. In 2015,
delaying N fertilization to the side-dress stage resulted in N fertilizer applied when high WFPS
was promoting N2O production resulting in no beneficial effect of side-dress fertilization in
mitigating N2O emission. Similar results were reported in other studies (Venterea et al., 2016;
Venterea and Coulter, 2015; Phillips et al., 2009). Venterea et al. (2006) reported no reduction in
N2O emissions due to split application of N compared to a single application in a rainfed corn

33	
  
	
  

	
  

field in Minnesota. The researchers attributed this non-significant difference to high soil water
content contributing to N2O emission at time of split N application. Contrasting these results,
Roy et al. (2014) reported reduction in N2O emission when N was side-dress applied in a corn
field in Ontario in 2011 because N fertilizer applied at side-dress stage occurred during lower
WFPS when compared to an application at planting (85% vs. 70% WFPS average during 30 days
following N fertilization). The importance of WFPS for N2O production was also observed in
2016 in our study, with low values after both planting and side-dress limiting N2O emissions,
and as a consequence no significant difference was found between treatments.
The effect of NUI on N2O emission for fields fertilized at planting or at side-dress stage
The effect of NUI on N2O emission was inconsistent in the present research. Through a
comparison of the two fields fertilized at planting in 2015, a delay in soil NO3- accumulation can
be seen when NUI was added to urea in comparison to a field receiving just urea at planting
(Figure 2B vs. 2C). While the maximum NO3- concentration at 0-15 cm was observed 22 days
after planting for the urea-fertilized field (55.8 mg N kg-1), in the urea+NUI treatment the
maximum occurred 7 days later (59.1 mg N kg-1). However, N2O emission was similar between
these fields because in both cases high soil NO3- (> 10 mg NO3--N kg-1) coincided with WFPS
>60%. Other studies showed no reduction in N2O emission in response to the use of NUI
(Venterea et al., 2011; Sistani et al., 2011; Parkin and Hatfield, 2014). Parkin and Hatfield
(2014), in a 3 yr study carried out in Iowa, USA, found no N2O emission reduction in all years in
response to the use of NUI. The authors linked this non-response to the episodic nature of N2O
emission induced by rainfall events. Venterea et al. (2011) reported no N2O emission mitigation
in response to the use of NUI for an in-season fertilization performed several weeks after
planting in a corn field in Minnesota, USA. The authors suggest that timing effects may have
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helped to reduce N2O emission in their study and as a consequence decreased the potential
benefit of controlled release fertilizers. In contrast our side-dress fertilized fields in 2015 showed
that treating the UAN with NUI resulted in mitigation of N2O emission compared to applying
UAN. The lower availability of soil NO3- in UAN+NUI field when the environment was prone to
N2O emission is likely the reason for the significant N2O reduction. While the treatment with
UAN showed a maximum of 32.5 mg NO3--N kg-1 57 days after planting, UAN+NUI reached the
maximum concentration 1 week later when the soil was drier (WFPS<60%), and this
concentration was never higher than 24.4 mg NO3--N kg-1. Significant reduction on N2O
emission due to the use of NUI has been reported in the literature (Halvorson and Del Grosso,
2010; Abalos et al., 2016; DeCock, 2014). Halvorson and Del Grosso (2010), reported N2O-N
flux peaks occurring within days of fertilizer application. However, the magnitude of the
emissions was much smaller (46-71% less) when UAN was treated with NUI compared to just
UAN fertilization.
The results from 2016, the year with drier soil condition, demonstrated a different pattern
of N2O emission in response to the use of NUI. No difference was found between the field UAN
and UAN+NUI fertilized at side-dress stage. For the fields fertilized at planting, urea + NUI
resulted in significantly less N2O emission than urea. However, this difference has little
environmental relevance because of the low level of N2O emissions.
The combined effect of side-dress fertilization + NUI on N2O emission
The combination of BMPs for N fertilization did not result in N2O emission reduction
when compared to the field conventionally fertilized. For 2015, N2O emissions were numerically
lower from the field fertilized with UAN+NUI at side-dress stage than the emissions from the
field urea fertilized at planting, but this difference was not statistically significant. It is important
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to notice that for 2015, WFPS was higher in the period after side-dress fertilization than at
planting. This high WFPS (>60%) appears to be an important factor counter balancing the
benefits of side-dress + NUI fertilization. Results from 2016 also followed the same pattern as
the one seen for 2015. Further research on the effect of combining side-dress fertilization + NUI
on N2O emission is still required to support N fertilizer recommendations. This suggested
research should focus on multiple site-years of data to assess the interaction of timing of
application with weather, and should include a comparison of the post-planting vs. post-sidedress
period for probabilities of WFPS>60% .
The effect of the tested management practices on grain yield
A significant effect of tested N fertilization management practices was only observed in
2015 when the practice with high N2O emission (UAN at side-dress stage) yielded significantly
less corn grain than the other fields (urea at planting and UAN+NUI at side-dress stage). The
lower grain yield of the field UAN side-dress fertilized may have been confounded with an N
fertilization delayed to beyond the optimal fertilization date in our research. The soil was too wet
and inappropriate for the N application operation due to increased risk of soil compaction.
Because of that, the field operations for applying N at side-dress stage in 2015 took place on
June 25, 1 week later than the side-dress fertilization for 2016. However, similar grain yield was
obtained for the field UAN + NUI as fields fertilized at planting despite delays in fertilization
beyond the optimum date.
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Conclusion
Our study showed that the benefits of delaying N fertilization to just before the corn
growth stage with high N demand to mitigate N2O emissions can be offset when high soil water
content (i.e. high WFPS) occurs following application. This high WFPS at side-dress stage
occurred in 2015 resulting in no N2O emission mitigation compared to the urea fertilization at
planting.
The effect of treating conventional sources of N fertilizer with NUI to mitigate N2O
emissions was inconsistent, comparing the two years of our research. For the wet year the use of
NUI was beneficial for fields fertilized with UAN as side-dress, but no difference was found
between the two fields fertilized with urea at planting. For the dry year, N2O emissions were
very small, and NUI reduced emissions only for the urea applied at planting. Our results showed
that interaction of soil nitrate with WFPS dictates the effectiveness of NUI to mitigate N2O
emissions and that the use of NUI was beneficial when soil NO3- accumulation was delayed to a
period when the soil was less prone to N2O emission. Further research on this topic should assess
practices aimed to avoid high concentrations of soil NO3- at time of high soil water content, with
emphasis on high temporal and spatial resolution measurements of SWC and N2O emissions.
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Chapter 4
General Conclusion
The present study highlighted two potential sources of errors that could mislead
conclusions in studies using discontinuous N2O measurements: errors associated with diurnal
variation and errors associated with integration of fluxes through time. For the growing season,
the diurnal variation error was mitigated by sampling at mid-morning. In contrast, the midafternoon sampling strategy overestimated N2O fluxes. The range of uncertainties associated
with the less frequent sampling strategies was narrower when two samples were taken per week
after events inducing N2O emissions (spring thaw and N fertilization), with an extra sample
taken after > 10mm rainfall (-10% to 4%). In contrast, sampling once a week resulted in the
widest range of uncertainties between the studied strategies (-25% to +63%).
The importance of performing continuous N2O measurement (REF) was notable for the
non-growing season because both MM and MA resulted in over estimation of fluxes. We suggest
that the low night-time temperatures during main thaw emission period in locations subjected to
cold winter reduces emissions drastically so that any daytime sampling would cause
overestimation.
To understand the effect of N fertilization BMPs on N2O emission, we used the flux
gradient method for N2O measurement, as this micrometeorological method avoids the errors
associated with diurnal variation and errors of flux integration through time. Our study showed
that the benefits of N2O emission reduction of delaying N fertilization to times of high N demand
by corn can be offset by high WFPS at time of side-dress fertilizer application. In addition, the
effect of treating conventional sources of N fertilizer with NUI to mitigate N2O emissions was
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inconsistent if comparing the two years of our research. For the wet year the use of NUI was
beneficial for the side-dress fertilized fields (UAN vs. UAN+NUI), but no difference was found
between the two fields fertilized at planting (urea vs. urea+NUI). For the dry year there was N2O
emission mitigation due to the use of NUI only for the fields fertilized at planting and no
reduction was seen between the fields side-dress fertilized. However, caution must be practiced
when interpreting these results and effect comparisons at lower emissions rates like in 2016
should be considered with lower weight than comparisons at higher emission rates like in 2015.
Our results showed that interaction of soil nitrate with WFPS dictates the effectiveness of NUI to
mitigate N2O emissions and that the use of NUI was beneficial when soil NO3- accumulation was
delayed to a period when the soil was less prone to N2O emission (e.g. UAN vs. UAN+NUI in
2015). Finally, if compared to the conventional practice the combination side-dress + NUI did
not reduce N2O emission in both years. Our study highlighted the need for additional research to
access practices aimed to avoid high concentrations of soil NO3- at time of high soil water
content, with emphasis on high temporal and spatial resolution measurements of SWC and N2O
emissions.
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