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ABSTRACT
The effects of band placement of enhanced efficiency fertilizers (EEF) on nitrous oxide (N2O) emissions are uncertain. Place-
ment and EEF on N2O emissions from spring wheat (Triticum aestivum L.) at two locations in Manitoba, in 2011 and 2012 
were examined. Treatments were a no N control and 80 kg N ha–1 at planting of five combinations of placement and granular N 
source: broadcast-incorporated urea (UreaI) and, subsurface side-banded urea (UreaS; each row side-banded), midrow-banded 
urea (UreaM; placement between every other set of rows), midrow-banded environmentally smart nitrogen (ESN, Agrium, Inc.) 
(ESNM), and midrow-banded SuperU (Koch Industries Inc.) (SuperUM). Planting in 2011 was delayed 40 d compared to 2012. 
Planting coincided with higher soil temperature and moisture resulting in three- to sevenfold more growing season N2O emis-
sions (ΣN2O) in 2011 than 2012. In 2011, SuperUM and ESNM reduced ΣN2O, emission factor (EF) scaled by N-applied EF, and 
yield-scaled N2O emission intensity (EI) by 47, 67, and 55%, respectively, compared with UreaI. In 2011, increasing placement 
concentration of N in order broadcast-incorporation, side-banding, and midrow-banding tended to decrease ΣN2O, EF, and EI 
of granular urea, but not statistically significant. The ΣN2O and nitrate exposure (NE), were significantly correlated over the site-
years, indicating N availability from treatments in part determined emissions. Grain yield and crop N uptake were unaffected 
by sources and placement. These results suggest for early season wet and warm conditions, EEF N sources can reduce emissions 
compared with granular urea. Further studies are required to clarify placement effects on N2O emissions.
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Increasing use of N fertilizers in agriculture is a major 
contributor to rising N2O in the atmosphere, which is one of the 
most important greenhouse gases (GHG) causing global warming 
and the destruction of stratospheric ozone. In Canada, agriculture 
accounts for 72% of all N2O emissions, with application of syn-
thetic N fertilizers being the largest source (Environment Canada, 
2013; Rochette et al., 2008). This is particularly important for the 
northern Great Plains of Canada because this region accounts for 
approximately 80% of all synthetic fertilizer N used in Canada 
(Statistics Canada, 2013). Therefore, it is important to develop N 
fertilizer management strategies to reduce N2O emissions from 
agricultural land in this region.

It is well documented that field emissions of N2O increase with 
rate of N fertilizer application (Gao et al., 2013; Halvorson et al., 
2008; Van Groenigen et al., 2010) while the effects of placement 
and source remain uncertain. Of the N fertilizers, granular urea 
is the dominant N source in the northern Great Plains. Once 

applied to soil, urea is rapidly hydrolyzed by urease to ammonia 
(NH3) and ammonium (NH4

+). Ammonia and NH4
+ are likely 

to be nitrified to NO3
– within 2 to 4 wk if soil temperature and 

moisture are appropriate (Tenuta and Beauchamp, 2000). Nitrous 
oxide may be produced from nitrification and denitrification, with 
both processes being affected by soil factors including temperature, 
moisture, available N, and aeration conditions (Granli and Bøck-
man, 1994). Nitrate exposure, also referred to as “nitrate intensity”, 
is a measure of the magnitude of accumulation and duration of 
soil NO3

– and its potential for loss to the environment, including 
N2O emissions (Burton et al., 2008a; Zebarth et al., 2008).

Broadcast-incorporation and banding are two common 
methods of applying granular urea in the northern Great Plains of 
Canada. In Manitoba, granular urea is sometimes broadcast to the 
soil surface and then incorporated by cultivation of disturbance 
during planting (Manitoba Soil Fertility Guide, 2007). Banding 
N fertilizers at planting as side-banding (placing the fertilizer in a 
narrow band 2.5 to 8.0 cm to the side and/or 2.5 to 8.0 cm below 
the seed) or midrow-banding (placing the fertilizer between every 
second seed row 2.5 to 8.0 cm below the seed) is usually recom-
mended for annual crops. Banding N fertilizer provides greater 
fertilizer N use efficiency than broadcast-incorporation (Grant and 
Wu, 2008; Lemke et al., 2009; Malhi et al., 1996; Racz, 1979).

There are few studies comparing the effects of band vs. broadcast-
incorporation of N fertilizers on N2O emissions and the results 
are inconsistent. Surface side-banding of N fertilizers increased 

G
al

le
y 

Pr
oo

fs



2 Agronomy Journa l  •  Volume 107, Issue 1 •  2015

N2O emissions compared to surface-broadcast at an irrigated 
grain corn site in Central Great Plains of Colorado (Halvorson 
and Del Grosso, 2013). Hand-trenching using a hoe to simulated 
banding of urea delayed and increased N2O emissions compared 
to surface-broadcast under canola at a site in Montana (Engel et 
al., 2010). Single midrow-banding (banding between all rows) also 
by hand-trenching using a hoe, doubled N2O emissions compared 
to broadcast-incorporation of urea applied at 180 kg ha–1 to a corn 
site in Minnesota (Maharjan and Venterea, 2013). In Manitoba, 
Burton et al. (2008a) reported no statistically significant impact of 
pre-plant double midrow-banding (banding between every other 
set of rows) on N2O emissions compared with broadcast-incorpo-
rated urea when applied at 80 kg ha–1 at planting to spring wheat 
across two sites over 3 yr. In that study, the 2000 study year had 
greater rainfall in spring and early summer for a site near Winnipeg 
resulted in double the cumulative emissions of N2O than the other 
study years. Though not statistically significant, double midrow-
banding in spring reduced emissions by 30% at that site in 2000. In 
Saskatchewan, two of four sites had lower emissions of N2O over 
3 yr with single side-banded than broadcast-incorporated urea to 
a spring wheat, flax (Linum usitatissimum L.), and canola (Bras-
sica napus L.) rotation (Hultgreen and Leduc, 2003). On a poorly 
drained silt loam in Missouri, Nash et al. (2012) reported greater 
N2O emissions with no-till/surface broadcast than strip-till/sub-
surface single side-banded urea when the fertilizers were applied at 
140 kg ha–1 at planting to corn. It was suggested that broadcasting 
may have resulted in greater soil contact with the fertilizer and thus 
faster rates of nitrification or denitrification. Variation in results 
from these studies could be due to differences in soil type, fertilizer 
rate, fertilizer source, and regional climate or weather condition. To 
our knowledge, none of the studies have compared N2O emissions 
from single side-banded with that from double midrow-banded 
fertilizer placement. Double midrow-banded N in solid-seeded 
crops such as wheat is usually applied between paired seed rows 
rather than between every midrow. With paired midrow-banding, 
the concentration of N in a band is twice that of side-banded N. 
The higher concentration of urea may slow urease activity and 
nitrification rates and hence reduce N2O emissions (Tenuta and 
Beauchamp, 2000). The impact of slower urease and nitrification 
processes on N2O emissions is unknown. Both band placements 
are popular with northern Great Plain farmers in Canada and it is 
necessary to determine using equipment similar to used by growers 
if there is a relative advantage of one system over the other.

Enhanced efficiency fertilizers are formulated to slow N release 
to match crop N uptake and reduce N losses to the environment 
(Halvorson et al., 2014; Trenkel, 2010). Two widely available granu-
lar urea EEF products in the northern Great Plains are ESN and 
stabilized urea (SuperU). Environmentally smart N is a polymer-
coated urea product (44–0–0) from which the release of urea is 
controlled by soil temperature and moisture. SuperU (46–0–0) 
contains a urease inhibitor, N-(n-butyl) thiophosphoric triamide, 
and a nitrification inhibitor, dicyandiamide, in the formulation 
to reduce the conversion from urea to NH3 plus NH4

+ and from 
NH3 plus NH4

+ to NO3
–, respectively (Trenkel, 2010). Inhibition 

of nitrification process with dicyandiamide has increased NH3 
concentration in the soil (Gioacchini et al., 2002; Nastri et al., 
2000) and thus greater risk of toxicity to seed and seedlings (Reeves 
and Touchton, 1986; Rodgers, 1983). It is unknown if toxicity is 
promoted by band placement of inhibitor formulated urea.

Several studies have investigated the impact of ESN or SuperU 
on N2O emissions from cropping systems and the results are 
inconsistent. For irrigated corn in Colorado, Halvorson and Del 
Grosso (2013) and Halvorson et al. (2014) reported reductions in 
N2O emissions as great as 26 to 51% using ESN or SuperU relative 
to conventional granular urea when applying 202 kg N ha–1 at 
crop emergence. Maharjan and Venterea (2013) reported ESN and 
SuperU reduced N2O emissions by 53 and 70% compared to urea, 
respectively, when fertilizers were hand trenched to simulate single 
midrow-banding (between every pairs of rows) at 180 kg ha–1 to 
a corn site in Minnesota. For sites in Alberta and Saskatchewan, 
Soon et al. (2011) reported 35 to 53% reduction in N2O emissions 
from ESN compared to conventional urea when single side-banded 
at planting. In Alberta at one site, Li et al. (2012) also reported 20% 
less N2O emissions from ESN than conventional urea with side-
banding at planting. On a clay soil with high organic matter in the 
Red River Valley of Manitoba, we reported ESN but not SuperU 
reduced N2O emissions by half compared to granular urea in a rape-
seed–spring wheat cropping system, with the fertilizers broadcast-
incorporated at planting (Asgedom et al., 2014). It was hypothesized 
that the efficacy of the inhibitors in SuperU were restricted by high 
concentrations of soil organic C. Other studies also reported no 
effect on N2O emissions from ESN or SuperU relative to conven-
tional urea. For example, Sistani et al. (2011) reported no differences 
in N2O emissions from ESN or SuperU and granular urea, with the 
fertilizers surface-broadcasted at 168 kg N ha–1 4 d before planting 
at a corn site in Kentucky. At a site in Minnesota, ESN or SuperU 
did not reduce N2O emissions compared with granular urea, with 
the fertilizers surface-broadcasted at 146 kg N ha–1 at stage V4 to 
V6 of corn (Venterea et al., 2011). These studies reflect the uncer-
tainty in the effectiveness of EEF in reducing N2O emissions, which 
may be associated with placement of fertilizer or timing of rainfall 
event following N application.

The objectives of this study were to evaluate (i) if subsurface 
band placement using equipment similar to used by growers 
effects N2O emissions from granular urea compared to broadcast-
incorporation; (ii) if doubling the concentration of N in bands by 
double midrow-banding effects N2O emissions compared to single 
side-band placement; (iii) whether use of the EEF sources, ESN, 
and SuperU, rather than granular urea can further reduce N2O 
emissions when double midrow-band applied; and (iv) if the effect 
of placement and EEF sources on N2O emissions is related to 
impacts on N release and NO3

– appearance in the treatments.

MATERIALS AND METHODS
Site and Growing Seasons

A field experiment was conducted over two growing sea-
sons (2011 and 2012) at two locations in the Red River Valley, 
Manitoba. The locations were southwest of Winnipeg, near 
Carman (49°30¢10² N, 98°0¢37² W) and Oak Bluff (49°47¢7² N, 
97°20¢0² W). Soils at the Carman and Oak Bluff sites are mapped 
as Rignold and Scanterbury series, respectively (Michalyna et al., 
1975). Both soils are classified as Orthic Black Chernozem in the 
Canadian system and Udic Boroll in the USDA-NRCS system. 
The soil (0–15 cm) before planting in spring 2011 at Carman was 
sand texture (sand 690, silt 130, clay 180 g kg–1) with pHCaCl2 
of 5.8, electrical conductivity 0.4 dS m–1, organic C 20 g kg–1, 
NO3

––N 11 mg kg–1, and NaHCO3 extractable-P (Olsen) 
20 mg kg–1. The soil before planting in spring 2011 at Oak Bluff 
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was clay texture (sand 120, silt 240, clay 640 g kg–1) with pHCaCl2 
of 7.1, electrical conductivity 1.3 dS m–1, organic C 34 g kg–1, 
NO3

––N 22 mg N kg–1, and Olsen P 21 mg kg–1.
Growing season total and daily precipitation and mean air 

temperature for Carman and Oak Bluff were obtained from 
a weather station located onsite and an Environment Canada 
weather station 16 km north of the field site, respectively. 
Long-term mean air temperature and total precipitation 
April through October 1971 to 2000 for the study area were 
obtained from Environment Canada for the Richardson Inter-
national Airport in Winnipeg.

Treatment and Experimental Design

Treatments were established at planting in spring of each year. 
The treatments were (i) control without N addition (Control), (ii) 
broadcast-incorporated granular urea (UreaI), (iii) subsurface side-
band granular urea (UreaS), (iv) subsurface midrow-band granular 
urea (UreaM), (v) subsurface midrow-band ESN (ESNM), and 
(vi) subsurface midrow-band SuperU (SuperUM). Nitrogen was 
added at 80 kg N ha–1. Treatments were laid out in a randomized 
complete block design with four replicate plots of 6 by 3.4 m each. 
At each location, a different adjacent field was used in 2011and 
2012, respectively, to avoid cumulative effects of fertilizer treat-
ments between years. The difference in soil characteristics between 
the adjacent fields was minimal and its influence on fertilizer treat-
ment effects was negligible.

The fertilizer treatments were chosen to reflect common agro-
nomic practices in the region. For the broadcast-incorporated 
treatment, fertilizers were hand applied to the soil surface and 
shallow (2.5 cm) incorporated with the Knock-On Openers of a 
plot-scale air-seeder (5000HD, Flexi-Coil Ltd., Saskatoon, SK). 
The band treatments were applied with the airseeder at plant-
ing. The N fertilizers were either side-banded 2.5 cm below and 
2.5 cm to the side of each seed row using a Stealth Double-shoot 
side-banding knife-style opener (Flexi-Coil Ltd., Saskatoon, SK) 
or midrow-banded of seed row pairs using a Bourgault Mid Row 
disk-style Bander (Bourgault Industries Ltd., St. Brieux, SK) 
to place treatments 7.6 cm below and 10 cm to the side of every 
second seed row. For all treatments except the Control, triple 
superphosphate (0–46–0) was applied at 13 kg P ha–1 with the 
seed. All fertilizers used in this study were obtained from local 
farm suppliers just before applications.

The sites were managed in conventional tillage with fall and 
spring cultivation and a harrow pass in spring before seeding. 
The previous crop at the Oak Bluff site was soybean in 2010 and 
spring wheat in 2011 and at Carman, canola in 2010 and flax in 
2011. In 2011, all plots were seeded on 20 cm rows to hard red 
spring wheat (cultivar A.C. Barrie) at 126 kg ha–1 and 3.8-cm 
depth on 6 June 2011 (day of year [DOY] 157) and 17 June 2011 
(DOY 168), for Carman and Oak Bluff, respectively. In 2012, all 
plots were also seeded to the same wheat cultivar on 4 May  2012 
(DOY 125) and 25 Apr. 2012 (DOY 116), for Carman and Oak 
Bluff, respectively. The late planting in 2011 was due to saturated 
condition caused by an unusually large and late snowmelt. Har-
vest occurred on 15 Sept. 2011 (DOY 258) and 29 Aug. 2012 
(DOY 242) at Carman, and on 19 Sept. 2011 (DOY 262) and 3 
Sept. 2012 (DOY 247) at Oak Bluff. For all site-years, commer-
cial herbicides were used according to label recommendations to 
control weeds based on site conditions.

Nitrous Oxide Gas Sampling and Analysis
Sampling for N2O emissions was performed during the growing 

season between 14 June  and 26 October (DOY 165–299) in 2011 
and between 27 April and 24 August (DOY 118–237) in 2012. 
The sampling interval was generally once or twice weekly with 
a gap between 2 September and 26 October (DOY 245–299) 
in 2011 and 7 August and 24 August (DOY 220–237) in 2012 
because of harvest activities. In 2011, fluxes were determined for a 
total of 18 and 15 events in Carman and Oak Bluff sites, respec-
tively. In 2012, fluxes were determined for a total of 26 and 28 
events in Carman and Oak Bluff sites, respectively.

Nitrous oxide emission sampling was conducted using vented 
static chambers. Sampling was mostly done between 0900 and 
1100 h at each sampling date as this time is usual in between the 
daily minimum and maximum air temperature. Two-piece cham-
bers consisted of (i) a rectangular collar (0.15 m high by 0.45 m 
long by 0.20 m wide) and (ii) a lid (0.45 m long by 0.20 m wide) 
with an internal vent tube to equilibrate pressure and temperature. 
The width of the chamber was chosen to correspond to the width 
between the plant rows. Collars were inserted 5 cm into the soil 
and left open throughout the experiment periods, except during 
gas collection periods. Collars were removed temporarily only 
once during a growing season for herbicide spraying. Four collars 
were deployed in each plot between separate plant rows. Thus, for 
side-band treatments, the collars resided over four bands and for 
midrow-band treatments, resided over two bands and two inter 
row areas without bands. For sampling, lids were attached to the 
collars and 20-mL gas samples were collected through a rubber 
septum at regular intervals (0, 20, 40, and 60 min) using syringes 
(Becton-Dickinson, Franklin Lakes, NJ) and subsequently trans-
ferred to 12-mL thrice helium-flushed pre-evacuated to 0.04 MPa, 
screw cap glass vials (Labco Exetainer, High Wycombe, UK). A 
layer of all-purpose Silicon II was applied to vial tops. Two 20-mL 
vials containing known concentrations of N2O were prepared in 
the laboratory prior and brought to the field site, and handled in 
the same manner as other gas samples to confirm sample integrity 
during sampling and storage. All vials were transported back to 
the laboratory for analysis.

Concentrations of N2O in gas samples were determined using a 
gas chromatograph equipped with an electron capture detector (Var-
ian CP-3800, Bruker Daltonics LTD., Milton, ON) and a Combi-
PAL robotic sample introduction system (CombiPal, Zwingen, 
Switzerland). The chromatograph was calibrated using dilutions 
of pure N2O gas (Welders Supply, Winnipeg, MB). Analysis of a 
sample set was either repeated or the gas chromatograph column 
reconditioned and calibration redone if check vials were off by more 
than 5% of expected concentration. The minimum detection limit 
of the gas chromatography system was 0.01 mL N2O L–1. The 
N2O emission rates (ng N m–2 min–1) were calculated using the 
HMR package (Pedersen, 2011) implemented with the R language. 
The package recommends application of one of three regression 
approaches to estimate emission from the accumulation of N2O 
during chamber deployment. A nonlinear model (Pedersen et al., 
2010) is recommended if the rate of accumulation of N2O decreases 
with time. A linear model is recommended if the rate of N2O 
accumulation is consistent with time. An emission of zero is recom-
mended in the absence of a clear trend in gas concentration with 
time. In the current study, we did not remove outlier concentration 
data from emission estimations or force negative emissions to zero. 
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The application of the HMR package resulted in 17% of emissions 
being estimated using a nonlinear model and 83% a linear model.

Cumulative Emissions and Emission Factors

Growing season area-scaled cumulative emissions 
(ΣN2O kg N ha–1) were estimated from individual chambers by 
summation of daily estimates of N2O emissions obtained by linear 
interpolation between sampling dates over 130 (2011) and 110 
(2012) days monitoring periods, with an assumption that N2O 
emission rate measured on a sampling date was representative of 
the average daily N2O emission rate on that day.

Growing season N applied-scaled EF for the fertilizer treat-
ments, expressed in percentage of N emitted as N2O, was 
calculated as: (ΣN2Ofert– ΣN2Ocontrol)/applied N × 100, where 
N2Ofert is the ΣN2O (kg N ha–1) for a N fertilizer treatment, 
N2Ocontrol is the ΣN2O (kg N ha–1) of the Control, and applied 
N (kg N ha–1) is the application rate of N fertilizer.

Soil Sampling and Analysis

At each site, soil samples were collected on five occasions in 
2011 and seven in 2012 during the study period. For each plot, 
10 3.8-cm-diam. soil core samples (0–15 cm), consisting of five 
on-band and five between-band samples for the band treatments, 
were collected and composited to one sample. Samples were 
stored at 4°C overnight and the next day mixed by hand to break 
large aggregates and then extracted with 2 M KCl and analyzed 
colorimetrically within 3 d for NH4

+ using the Berthelot reaction, 
NO2

– by azo dye formation from reaction with sulfanilamide 
and N-naphthylethylene-diamine dihydochloride, and NO3

– by 
reduction using Cu–Cd to NO2

– before azo dye formation using 
a Technicon Autoanalyzer II system. The minimum reportable 
concentration of NO2

– was 0.1 mg N kg–1 dry soil basis. The 
concentration of NO3

– (mg N kg–1 dry soil basis) was estimated 
as the difference between NO2

–+NO3
– (mg N kg–1 dry soil basis) 

from determination with the Cu–Cd reduction step and NO2
– 

(mg N kg–1 dry soil basis) with the reduction step. Nitrate expo-
sure (g N kg–1 days) was calculated in a similar way as ΣN2O by 
summing daily estimates of soil NO3

–-N concentrations obtained 
by linear interpolation between sample dates from post-planting to 
freeze. During gas sampling occasions, soil temperature at 2.5-cm 
depth and volumetric moisture content (VMC) at 5-cm depth 
were measured using a Traceable Long-stem Thermometer (Fisher 
Scientific Canada, Ottawa, ON) and a Delta-T WET Sensor 
(Delta-T Devices Ltd., Cambridge, England), respectively.

Plant Sampling and Analysis

At crop maturity, grain yield and straw (total aboveground non-
grain material) biomass were determined by sampling six lengths 
of 50-cm rows in each plot. Plant samples were dried at 48°C 
before dry-weight determination, ground using a Thomas Wiley 
Laboratory Mill Model 4 grinder (Thomas Scientific, Swedesboro, 
NJ). Total N concentrations (g kg–1 dry material) in plant samples 
were determined using a LECO CNS-2000 Analyzer (LECO 
Corporation, St. Joseph, MI). Dry-weight grain yield (Mg ha–1) 
and N concentrations (g kg–1) in grain and straw are reported. 
Grain (NUgrain) and total aboveground plant material (NUabove) 
N uptake was determined as NUgrain = grain N concentration × 
grain yield; NUabove = (grain N concentration × grain yield) + 
(straw N concentration × straw yield). Yield-scaled EI, was 

calculated as the ratio of cumulative emissions to yield for each 
plot and expressed as g N Mg–1 grain yield.

Statistical Analysis

Analysis of variance was performed using the PROC MIXED 
procedure in SAS 9.3 (SAS Institute, Cary, NC) to determine the 
main and interactive effects of fertilizer treatment, site and year 
on ΣN2O, EF, yield, grain and aboveground N concentration, 
NUgrain, NUabove, EI, and NE. In the model, fertilizer treatment, 
site and year were fixed effects, and least squares means of fixed 
effects were compared by Tukey’s Honestly Significant Differ-
ence test. The plot replicates, and also chambers-within-plots were 
random factors. For a given sampling date, N2O emission rate data 
and soil N data were subject to Fisher’s LSD to compare fertilizer 
treatments means.

The PROC MIXED analysis, as well as LSD analysis for daily 
emissions, were conducted in three ways, by inclusion of (i) all 
treatments, (ii) subgroup of placement treatments UreaI, UreaS, 
UreaM to determine the effect of placement of granular urea, and 
(iii) subgroup of source treatments UreaM, ESNM, SuperUM to 
determine the effect of enhanced efficiency products when mid-
row-banded. The analysis for the placement and source subgroups 
did not provide more information than that for all treatments 
and thus only the results for all treatments are shown. Regression 
analysis was conducted for each site-year to determine the relation-
ship between NE and ΣN2O. Differences among treatments or 
relationship between variables were declared to be significant at 
P < 0.10 unless otherwise stated. Before analyses, ΣN2O, grain 
yield, EI, and NE were log(10) transformed to meet requirements 
for normality of residuals. Treatment means and standard errors 
calculated from untransformed data are presented.

RESULTS
Weather

Weather conditions, especially precipitation during the growing 
season (May–October), varied between years and with respect to 
the 30-yr normal conditions (Table 1). Weather conditions were 
similar between sites since they were only 60 km apart. Total 
precipitation in April of 2011 was 34% greater than the 30-yr 
normal. The precipitation plus the late-season melt of greater than 
normal accumulations of snow resulted in saturated soil condi-
tions and thus late planting in 2011. In 2012, total precipitation 
April through October was approximately 20% below the 30-yr 
normal, with greatest precipitation in May, June, and October. 
Total precipitation in July and August of both years was about half 
of that for normal conditions.

Daily Nitrous Oxide Emission Rate

In general, N2O emissions occurred within 4 to 5 wk of fertil-
izer application with the magnitude of peak emissions in 2012 
being less than a 10th of that for 2011 (Fig. 1). Therefore, the main 
focus of the results and discussion of emissions is 2011. At Carman 
in 2011, peak emission was 323 g N ha–1 d–1 17 d post applica-
tion (DOY 174) for UreaI, compared to only 26 g N ha–1 d–1 
39 d post application (DOY 164) for UreaM in 2012. At Carman, 
significant (P < 0.10) fertilizer treatment effects were observed 
on 9 of 18 measurement occasions in 2011 and 20 of 26 in 2012, 
respectively (data not shown). At Oak Bluff in 2011, peak emission 
was 218 g N ha–1 d–1 6 d post application (DOY 174) with UreaI, 
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Table 1 Mean monthly air temperature and precipitation for the 2011 and 2012 study period in comparison to the long-term (1971–2000) normal.

Measure Apr. May June July Aug. Sept. Oct. Apr.–Oct.
Mean air temperature, °C
   2011-Carman 5 10 17 20 19 14 8 13
   2011-Oak Bluff 4 11 17 21 20 14 8 14
   2012-Carman 6 12 18 22 19 13 4 13
   2012-Oak Bluff 6 12 18 22 19 13 4 13
Total precipitation, mm
   2011-Carman 44 72 59 38 12 65 8 298
   2011-Oak Bluff 50 55 46 10 38 68 38 305
   2012-Carman 19 61 86 28 47 3 85 329
   2012-Oak Bluff 39 98 62 24 40 4 58 325

Normal (1971–2000)
Mean air temperature, °C 4 12 17 20 19 12 5 13
Total precipitation, mm 32 59 90 71 75 52 36 415

Fig. 1. Daily N2O emission rates as affected by fertilizer treatments at Carman and Oak Bluff over 2011 and 2012 growing seasons. UreaI: broadcast-
incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: double midrow-banded ESN; SuperUM: double 
midrow-banded SuperU. Bars indicates standard error of the mean, n = 16. Arrows indicate the date of fertilizer application.
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compared to only 10 g N ha–1 d–1 49 d post application (DOY 
165) with UreaS in 2012. At Oak Bluff in 2011, significant (P < 
0.10) fertilizer treatment effects were observed on 6 of 15 measure-
ment occasions and 6 of 28 in 2012, respectively (data not shown).

In both years and at both sites, emissions from the Control 
were generally negligible and occurrence of peaks that did occur 
coincided with rain events. For Carman in 2011, peak emission for 
all treatments occurred on DOY 174, coinciding with rainfall of 
32 mm 1 to 2 d prior. In 2011, on the sampling occasions at both 
sites when a treatment effect was significant (P < 0.10), emission 
rates for sources were generally UreaM > ESNM = SuperUM, and 
for placements, UreaI > UreaS = UreaM > Control. In 2012, emis-
sion rates tended to be greater for UreaM than other treatments. 
In 2011, average daily N2O emission rate for both sites was 30.2a, 
24.7ab, 21.0bc, 15.8cd, 14.6d and 8.0e g N ha–1 d–1 for UreaI, 
UreaS, UreaM, SuperUM, ESNM, and Control, respectively, with 
significant (P < 0.10) differences indicated by lowercase letters 
following the value.

Area-scaled Cumulative Nitrous Oxide Emissions 
and Applied Nitrogen-scaled Emission Factors

At both sites in each year, ΣN2O over the growing season was 
affected by the treatments. The three-way interaction (P = 0.037) 
between site, year, and N treatment occurred as there was a consis-
tent pattern in ΣN2O with fertilizer source and placement treat-
ments in 2011 but not in 2012 (Table 2). For all site-years, fertilizer 
N additions increased ΣN2O over the Control. The ΣN2O was 
greater in 2011 than 2012 being 1.20 kg N ha–1 compared to only 
0.24 kg N ha–1, respectively. In 2011, although ΣN2O was twofold 
greater at Carman than Oak Bluff, the treatment effects were 
consistent across sites (Table 3). Across both sites in 2011, ΣN2O 
tended to decrease with UreaI to UreaS, and further to UreaM 

though these differences between placements were not significant 
(P = 0.42). For sources, ΣN2O for ESNM and SuperUM were 
similar, being 19 and 51% smaller than for UreaM at Carman and 
Oak Bluff, respectively (P < 0.001). Across sites in 2011, double 
midrow-banded ESN and SuperU reduced N2O emissions by 39 
and 85%, respectively, of the broadcast-incorporated treatment.

In 2012, the effect of placement and source on ΣN2O was not 
consistent across sites (Table 3). For placement, side-banding but 
not midrow-banding reduced N2O emissions compared to broad-
cast-incorporated urea at Carman. In contrast, ΣN2O for urea was 
similar between placements at Oak Bluff. For source, compared to 
UreaM, SuperUM but not ESNM reduced emissions at Carman, 
and ESNM but not SuperU reduced emissions at Oak Bluff.

Similar to ΣN2O, the EF for urea placement at both sites in 
2011 tended to decrease from broadcast-incorporation to side-
band and further to midrow-band even though the differences 
were not significant (P = 0.30; Table 4). Averaged across both sites 
in 2011, EF of ESNM and SuperUM was approximately half that 
of UreaM and one-third that of UreaI. No consistent treatment 
effect with placement and fertilizer source was evident for the 
relatively small EF values at both sites in 2012 compared to 2011, 
resulting in a treatment ´ year interaction (P < 0.001, Table 2).

Crop Responses and Emission Intensities

Fertilizer N additions generally increased wheat grain yield 
over the Control for all site-years except at Carman in 2011, where 
SuperUM was the only fertilized treatment with significantly 
greater grain yield than for the Control (Table 5). Yield was gener-
ally not affected by fertilizer source or placement at either site in 
the two growing seasons, except at Carman in 2012 SuperUM 
yielded approximately 20% more than UreaI and UreaS. Average 
dry grain yield across all treatments was 2.8 and 2.9 Mg ha–1for 

Table 2. Results of three-factor ANOVA (p values) from effects of N treatment, site and year on growing season cumulative N2O emissions (ΣN2O), 
fertilizer-based emission factor (EF), grain yield, grain N concentration, straw N concentration, grain nitrogen uptake (NUgrain), aboveground plant 
nitrogen uptake (NUabove), yield-based N2O emission intensity (EI) and nitrate exposure (NE).

Sources ΣN2O EF Yield Grain N Straw N NUgrain NUabove EI NE

N treatment (N) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Year (Y) <0.001 <0.001 <0.001 <0.001 0.064 <0.001 <0.001 <0.001 0.108
Site (S) <0.001 <0.001 <0.001 0.241 0.980 <0.001 <0.001 <0.001 <0.001
N× Y 0.013 <0.001 0.942 <0.001 0.055 0.033 0.007 0.002 <0.001
N× S 0.008 0.728 0.683 0.008 0.636 <0.001 0.350 0.026 0.013
Y× S <0.001 <0.001 <0.001 0.161 0.800 <0.001 <0.001 0.016 <0.001
N× Y× S 0.037 0.538 0.004 0.049 0.268 0.235 0.099 0.028 0.022

Table 3. Growing season cumulative N2O emissions (ΣN2O) as influenced by sources and placement of fertilizer N at Carman and Oak Bluff sites in 
2011 and 2012. Cumulative emissions were calculated by interpolation between measurements over 130-d (2011) and 129-d (2012) monitoring periods.

N treatments

ΣN2O (kg N ha-1)

2011 2012

Carman Oak Bluff Avg. Carman Oak Bluff Avg.

Control 1.03d‡ 0.07c 0.55d 0.11c 0.11c 0.11b
UreaI† 2.70a 0.94a 1.82a 0.30a 0.20ab 0.25a
UreaS 2.41a 0.69a 1.55a 0.18b 0.26a 0.22a
UreaM 2.04ab 0.58a 1.31ab 0.51a 0.25a 0.38a
ESNM 1.67c 0.26b 0.97c 0.39a 0.16b 0.28a
SuperUM 1.64c 0.31b 0.98c 0.18b 0.25a 0.22a
Avg. 1.91A§ 0.47B 0.28C 0.20C

† UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: double midrow-banded ESN; SuperUM: double 
midrow-banded SuperU.
‡ Means within a column followed by the same lowercase letter are not significantly different at P < 0.10.
§ Means within a row followed by the same uppercase letter are not significantly different at P < 0.10.
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Carman in 2011 and 2012, respectively, and 1.2 and 3.4 Mg ha–1 
for Oak Bluff in 2011 and 2012, respectively. Lower yield at Oak 
Bluff than Carman in 2011 but not in 2012 resulted in a site by 
year interaction (P < 0.001; Table 2). The 2011 and 2012 average 
dry yield for the wheat variety, A.C. Barrie, in the Carman area 
was 2.4 and 3.2 Mg ha–1, respectively, and for the same years in the 
Oak Bluff area was 1.3 and 3.2 Mg ha–1, respectively (Manitoba 
Agricultural Services Corporation). The low yield for the Oak Bluff 
site and area in 2011 was due to late planting into saturated heavy 
clay soil. At Carman in 2011, grain N concentration was UreaS < 
UreaI = UreaM, and SuperUM < ESNM = UreaM. Such pattern for 
Carman in 2011 but not for other site-years resulted in a three-way 

interaction (P = 0.049, Table 2). At Oak Bluff in 2011, as well as for 
both sites in 2012, concentration in grain and straw were generally 
not affected by fertilizer source or placement but were greater than 
those for the Control (Table 6). Similarly, in both years and at both 
sites, NUgrain and NUabove were also generally not affected by 
fertilizer treatment but were greater than the Control (Table 7).

Effect of N treatment on yield-scaled N2O emissions, EI, 
differed between site-years, resulting in a three-way interaction 
(P = 0.028, Table 2). The overall EI was approximately sevenfold 
greater in 2011 than in 2012 (Table 5). At both sites in 2011, EI 
response to urea placement tended to decrease from broadcast-
incorporation to side- or midrow-band, and for source, from Urea 

Table 4. Fertilizer-induced emission factor (EF) as influenced by sources and placement of fertilizer N at Carman and Oak Bluff sites in 2011 and 2012.

N treatments

Emission factor 
2011 2012

Carman Oak Bluff Avg. Carman Oak Bluff Avg.
––––––––––––––––––––––––––––––––––––––––––––––––––– % –––––––––––––––––––––––––––––––––––––––––––––––––––

UreaI† 2.10 1.08 1.59a‡ 0.22 0.11 0.17b
UreaS 1.73 0.77 1.25a 0.09 0.19 0.14b
UreaM 1.27 0.63 0.95ab 0.51 0.18 0.35a
ESNM 0.80 0.23 0.52b 0.35 0.07 0.21ab
SuperUM 0.76 0.29 0.53b 0.09 0.18 0.14b
Avg. 1.33A§ 0.60B 0.25C 0.15C

† UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: double midrow-banded environmentally smart nitro-
gen; SuperUM: double midrow-banded SuperU.
‡ Means within a column followed by the same lowercase letter are not significantly different at P < 0.10.
§ Means within a row followed by the same uppercase letter are not significantly different at P < 0.10.

Table 5. Grain yield and yield based N2O emission intensity (EI) as influenced by sources and placement of fertilizer N at Carman and Oak Bluff sites 
in 2011 and 2012.

N treatments

Grain yield  EI
2011 2012 2011 2012

Carman
Oak 
Bluff Avg. Carman

Oak 
Bluff Avg. Carman

Oak 
Bluff Avg. Carman

Oak 
Bluff Avg.

——————————– Mg ha–1 ——————————– ————————————— kg N Mg–1 ———————————
Control 2.5b‡ 0.8b 1.7 1.9d 2.8b 2.4 0.41c 0.09d 0.25d 0.05c 0.04c 0.05c
UreaI† 2.9ab 1.2a 2.1 2.7c 3.7a 3.2 0.94a 0.81a 0.88a 0.11a 0.05bc 0.08ab
UreaS 2.7ab 1.3a 2.0 2.8bc 3.5a 3.2 0.90ab 0.58ab 0.74ab 0.06bc 0.07ab 0.07bc
UreaM 2.8ab 1.4a 2.1 3.2ab 3.6a 3.4 0.75abc 0.42bc 0.59abc 0.17a 0.07a 0.12a
ESNM 2.9ab 1.4a 2.2 3.0abc 3.3a 3.2 0.63bc 0.20cd 0.42cd 0.13a 0.05bc 0.09ab
SuperUM 3.1a 1.3a 2.2 3.3a 3.5a 3.4 0.54bc 0.24cd 0.39cd 0.05c 0.07ab 0.06bc
Avg. 2.8B§ 1.2C 2.9B 3.4A 0.70A 0.3B 0.10C 0.0D

† UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: double midrow-banded environmentally smart nitro-
gen; SuperUM: double midrow-banded SuperU.
‡ Means within a column followed by the same lowercase letter are not significantly different at P < 0.10.
§ Means within a row followed by the same uppercase letter are not significantly different at P < 0.10.

Table 6. Concentrations of N in grain and straw as influenced by sources and placement of fertilizer N at Carman and Oak Bluff sites in 2011 and 2012.

N treatments

Grain N concentration Straw N concentration
2011 2012 2011 2012

Carman
Oak 
Bluff Avg. Carman

Oak 
Bluff Avg. Carman

Oak 
Bluff Avg. Carman

Oak 
Bluff Avg.

———————————————————————— g N kg–1 ———————————————————————————
Control 21.1d‡ 23.6bc 22.4c 20.7b 22.4b 21.6b 6.4 7.3 6.9b 6.0 5.5 5.7b
UreaI† 27.2a 24.9ab 26.1a 27.6a 27.9a 27.8a 8.7 7.9 8.3a 7.9 8.0 7.9a
UreaS 23.6c 25.4a 24.5ab 28.8a 28.8a 28.8a 7.5 7.7 7.6ab 8.2 8.2 8.2a
UreaM 25.7ab 23.4c 24.6ab 27.7a 28.3a 28.0a 8.6 7.9 8.2a 8.0 7.7 7.8a
ESNM 25.1bc 25.4a 25.3ab 28.7a 28.8a 28.8a 8.3 8.9 8.6a 7.7 7.7 7.7a
SuperUM 23.9c 23.7bc 23.8bc 27.7a 29.0a 28.4a 8.2 7.8 8.0ab 7.9 8.7 8.3a
Avg. 24.4 24.4 27.0 27.5 8.0 7.9 7.6 7.6

† UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: double midrow-banded environementally smart nitro-
gen; SuperUM: double midrow-banded SuperU.
‡ Means within a column followed by the same lowercase letter are not significantly different at P < 0.10.
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to ESN or SuperU when all fertilizers were midrow-banded, with 
P values of placement effect and EEF effect being 0.51 and 0.01, 
respectively. Compared to UreaI, ESNM or SuperUM significantly 
(P < 0.001) reduced EI by 35 and 72%, for Carman and Oak Bluff, 
respectively. The EI values in 2012 were smaller and there was no 
consistent pattern for fertilizer source or placement.

Soil Conditions and Nitrate Exposure

Soil temperature generally followed the trend of air temperature 
(Fig. 2). Soil temperature at time of fertilizer addition in 2011 was 
approximately 25°C, relative to 10°C in 2012. Additionally, soil 
moisture was higher and continued to increase post-fertilizer addi-
tion in 2011 relative to 2012 which decreased following addition 

(Fig. 2). When comparing the two sites in 2011, soil VMC post-
fertilizer addition at Oak Bluff was high at 60%.

Concentrations of extractable NH4
+ and NO3

– from fertil-
izer treatments peaked within 2 to 3 wk following additions and 
thereafter declined to levels similar to the Control (Fig. 3). Nitrite 
was not detected in extracts from samples collected from the start 
of the study through to mid-July 2011 at both study sites and 
thus results are not shown and analysis for this anion not contin-
ued. Compositing of samples from on-band and between band 
positions may have resulting in NO2

– not being detected. Across 
site-years, SuperUM tended to have the highest peak extractable 
NH4

+ concentration while UreaI tended to have the highest peak 
NO3

– concentration. Nitrification of added N was evident from a 

Table 7. Uptake of nitrogen in grain (NUgrain) and aboveground plant material (NUabove) as influenced by sources and placement of fertilizer N at 
Carman and Oak Bluff sites in 2011 and 2012.

N treatments

NUgrain NUabove

2011 2012 2011 2012

Carman
Oak 
Bluff Avg. Carman

Oak 
Bluff Avg. Carman

Oak 
Bluff Avg. Carman

Oak 
Bluff Avg.

——————————————————————————  kg N ha–1 —————————————————————————————
Control 53.5 18.8 36.2b‡ 40.1 63.3 51.7b 81.1c 28.8b 54.9b 59.2c 88.7b 74.0b
UreaI† 79.0 29.2 54.1a 75.0 103.0 89.0a 132.0a 45.3a 88.7a 113.3b 151.3a 132.3a
UreaS 64.3 34.2 49.2a 80.3 101.5 90.9a 102.2b 53.8a 78.0a 120.7ab 148.4a 134.6a
UreaM 73.3 32.9 53.1a 89.1 100.8 94.9a 124.1a 52.7a 88.4a 131.1a 146.2a 138.6a
ESNM 71.0 35.7 53.3a 86.1 95.2 90.7a 113.6ab 56.7a 85.2a 124.1ab 134.4a 129.2a
SuperUM 74.4 30.8 52.6a 89.6 102.6 96.1a 124.6a 49.0a 86.8a 129.8a 152.9a 141.4a
Avg. 69.2C§ 30.3D 76.7B 94.4A 112.9B 47.7C 113.0B 137.0A

† UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: souble midrow-banded environmentally smart nitrogen; 
SuperUM: double midrow-banded SuperU.
‡ Means within a column followed by the same lowercase letter are not significantly different at P < 0.10.
§ Means within a row followed by the same uppercase letter are not significantly different at P < 0.10.

Fig. 2. Soil temperature at 2.5 cm and volumetric moisture content (VMC) at 5-cm depth as affected by fertilizer treatments at Carman and Oak Bluff 
over 2011 and 2012 growing seasons. UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: 
double midrow-banded ESN; SuperUM: double midrow-banded SuperU. Bars indicate standard error of the mean, n = 4. Arrows indicate the date of 
fertilizer application.

G
al

le
y 

Pr
oo

fs



Agronomy Journa l  •  Volume 107, Issue 1 •  2015 9

decrease in extractable NH4
+ and increase in NO3

– concentration 
over a period of 30 to 40 d post-application across all site years.

Nitrate exposure was positively correlated with ΣN2O, with 
coefficient of determination (R2) varying between 0.46 and 0.67 
(P = 0.05~0.14) depending on site-year (Fig. 4). Nitrate exposure 
for the fertilizer treatments generally ranged between 0.6 and 2.5 
g N kg–1 days, except at Oak Bluff in 2011 when NE values of 
UreaI were exceptionally high, at 6.5 g N kg–1 days. At both sites 
in 2011, greater ΣN2O for UreaI than other treatments occurred 
with higher NE values, treatments UreaS, UreaM, SuperUM, and 
ESNM had intermediate åN2O and NE values while the Control 
had the least emissions and lowest NE.

DISCUSSION
To our knowledge, this study is the first report of N2O emis-

sions from broadcast incorporation to side- and midrow-banded 
conventional granular urea, and midrow-band of controlled 
release ESN and stabilized SuperU granular urea products to 
conventional urea. In 2011, with generally greater cumulative 
emissions than for 2012, double midrow-banded EEF sources of 
ESN or SuperU reduced emissions by 26% compared to the same 
placement of granular urea across the two sites, and the reduc-
tion increased to 47% compared to the conventional broadcast-
incorporated granular urea. In the same year, there was a trend for 
decreasing N2O emissions with concentrating N in soil with place-
ment of conventional granular urea being broadcast-incorporation 
> single side-band > double midrow-band, but the differences were 
not statistically significant (P = 0.42), suggesting further stud-
ies are needed to confirm the placement effect. The greater N2O 
emission in 2011 reinforces the expectation that N2O emissions 
are most likely to be large under warm, moist conditions shortly 
after fertilizer is applied (Beauchamp, 1997). In 2012, the greater 

emission rates for UreaM than other treatments could be due to 
midrow-banding having increased NO3

– accumulation (increased 
nitrate exposure) under relatively drier soil conditions. Results 
of the current study indicate EEF sources and band placement 
perhaps are more likely to reduce N2O emissions under warm, 
moist conditions if urea is applied. Use of banded EEF sources did 
not induce NH3 toxicity or negatively affect grain yield. The study 
results revealed that EEF N sources and possibly with banding 
should be considered in a strategy to reduce N2O emissions from 
agricultural soils without affecting yield of spring wheat in the 
northern Great Plains.

Fertilizer Source Effect

Compared with placement, use of EEF sources showed a con-
sistent and significant effect to reduce N2O emissions. The EEF 
products such as ESN and SuperU are designed to release N more 
gradually to match crop N demand and thus reduce N losses to 
environment (Trenkel, 2010). Many studies (Halvorson and Del 
Grosso, 2013; Halvorson et al., 2011; Li et al., 2012; Maharjan and 
Venterea, 2013), in combination with ours, have demonstrated 
the effectiveness of EEF in mitigating N2O emissions. Compared 
to previous works in Manitoba where broadcast incorporation of 
SuperU or urease inhibitor was not effective in reducing N2O in 
soils with high organic C (21~28 g C kg–1) (Asgedom et al., 2014; 
Burton et al., 2008a), placing the product in a band was effective. 
We hypothesize that banding minimized the contact between 
inhibitors in SuperU and soil organic matter to maintain the effi-
ciency of the inhibitors. Previous studies reported that decomposi-
tion of the urease inhibitor, N-(n-butyl) thiophosphoric triamide, 
and nitrification inhibitor, dicyandiamide, increased with soil 
organic C concentrations (Bremner and Chai, 1986; Reddy, 1964). 
Several pot experiments suggested banded N fertilizers formulated 

Fig. 3. Extractable soil NH4
+ and NO3

– concentrations as affected by fertilizer treatments at Carman and Oak Bluff over 2011 and 2012 growing 
seasons. UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: double midrow-banded 
ESN; SuperUM: double midrow-banded SuperU. Bars indicate standard error of the mean, n = 4. Arrows indicate the dates of fertilizer application.
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with dicyandiamide might result in toxic NH3 concentrations 
near roots and adversely affect crop growth (Reeves and Touch-
ton, 1986; Reeves et al., 1988). In the current field study, however, 
no injurious effects on seedlings were noted, suggesting double 
midrow-banding of SuperU at 80 kg N ha–1 is a safe recommenda-
tion for spring wheat production in the Red River Valley area of 
the northern Great Plains.

From the current study, soil conditions at the timing of fertilizer 
application seem to determine the effectiveness of EEF in reducing 
N2O emissions. In this study, wetter and warmer conditions in 
2011 may have increased urease activity and thus promoted rapid 
hydrolysis of urea to NH3 plus NH4

+ (Moyo et al., 1989; Sommer 
et al., 2004), and further increased N2O production by nitrifica-
tion or denitrification. In such conditions where conventional 
urea fertilizers were susceptible to N2O emissions, the efficacy of 
polymer coating to slow N release for ESN and that of urease and 
nitrification inhibitors for SuperU was evident. At a Manitoba site 
with wet soil condition, Burton et al. (2008a) also reported 20% 
less N2O emissions from polymer coated urea (an earlier product 
equivalent to ESN) than urea when both were pre-plant banded 
in spring, though the difference was not statistically significant. 
Conversely, the efficacy of EEF in reducing N2O emissions was 
less evident in 2012 for the current study where the urea fertilizers 
were not generally susceptible to large losses of N2O because of 
drier soil conditions at planting.

It is interesting to note the N2O emissions in 2011 were less 
at Oak Bluff than Carman, though the former being a clay soil 
with higher organic C content. Several studies reported greater 
N2O emissions from clay than sandy soils through denitrifica-
tion due to low levels of O2 and large C availability (Rochette et 

al., 2004; Xue et al., 2013). It is likely that high VMC (35–60%) 
at Oak Bluff after planting compared to lower VMC (<30%) 
at Carman promoted complete denitrification to N2. In 2012, 
SuperUM reduced ΣN2O compared to UreaM at Carman but 
not Oak Bluff. The ineffectiveness of SuperUM at Oak Bluff was 
likely due to greater decomposition of urease and nitrification 
inhibitors at higher soil organic C content (Bremner and Chai, 
1986; Reddy, 1964).

The positive relationship between NE and ΣN2O for the vari-
ous N sources was similar to other studies (Asgedom et al., 2014; 
Burton et al., 2008a, 2008b; Zebarth et al., 2008) and suggested 
the EEF had reduced N2O emissions compared to granular urea 
by slower N release from the products. The relatively small R2 
(0.46–0.67) over the site-years could be due to an over estimation 
of soil NO3

– by 50/50 mix of the on-band and between-band posi-
tions. Maharjan and Venterea (2013) concluded nitrite exposure 
rather than nitrate exposure related best to N2O emissions from 
different N fertilizer sources. In the current study, as described 
previously, nitrite was not detected. In 2011, among the various 
sources and placements, UreaI consistently had statistically or 
numerically greater NE than other N treatments, resulting in 
greater N2O emissions. It is likely relatively rapid release of N 
into the soil for this treatment coincided with wet conditions that 
promoted nitrification and/or denitrification, increasing N2O 
losses. The slow N release from the EEF products reduced N2O 
but did not affect crop N uptake or yield. The lack of N uptake 
and yield response to fertilizer treatments indicates nitrification 
may have been the major source for N2O emissions in the current 
study since denitrification can reduce soil N availability and crop 
N uptake and yield while nitrification does not.

Fig. 4. Relationships between cumulative growing season N2O emissions and nitrate exposure over fertilizer treatments at Carman and Oak Bluff 
over 2011 and 2012 growing seasons. UreaI: broadcast-incorporated urea; UreaS: single side-banded urea; UreaM: double midrow-banded urea; ESNM: 
double midrow-banded ESN; SuperUM: double midrow-banded SuperU.
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Our results are similar to those of other studies reporting no 
effect of ESN on crop yields compared to other N sources. Cahill 
et al. (2010) reported that in North Carolina ESN did not affect 
yields of corn (Zea mays L.) or wheat compared to urea ammo-
nium nitrate and/or other new products such as NutriSphere 
(Specialty Fertilizer Products, Leawood, KS) and UCAN (clear 
liquid N fertilizer containing 8% NO3

––N, 5% NH4
+–N, and 

10% urea N, and 4% Ca, Yara, Tampa, FL). At five sites across the 
northern Great Plains in Canada, Grant et al. (2012) also reported 
few differences in crop yield, grain N concentration, and total N 
uptake at harvest between ESN and granular urea applied at 75 or 
150 kg N ha–1, no matter whether the fertilizers were broadcast-
incorporated or side-banded. One of our recent studies showed 
that ESN but not SuperU greatly reduced grain yield and grain or 
aboveground N uptake of rapeseed and spring wheat in a 2-yr field 
study, relative to conventional granular urea, where all fertilizers 
were broadcast-incorporated (Asgedom et al., 2014). Nitrogen 
release from ESN in the high clay (700 g kg–1) soils in the study of 
Asgedom et al. (2014) were not sufficient to meet the N require-
ments of crops. Blending of ESN with urea would have provided 
faster release of N.

Fertilizer Placement Effect

While subsurface band placement of fertilizer N is widely 
recommended for the northern Great Plains of Canada, there have 
been few examinations of placement and EEF N effects on N2O 
emissions using field equipment similar to that used by grow-
ers. The results of the current study showed a consistent but not 
statistically significant effect of concentrating N placement from 
broadcast incorporation, single siderow-banding to double mid-
row-banding in reducing N2O emissions in 2011, the year with 
appreciable N2O emissions. Under soil moisture and temperature 
conditions conducive to relatively high N2O emissions following 
fertilizer addition in 2011, a pattern for decreasing emissions with 
concentrating N in soil at placement from broadcast incorporation 
> single side-band > double midrow-band was observed in the cur-
rent study. There are plausible reasons why N2O emissions could 
be less with subsurface banding. First, banding could have resulted 
in less contact of soil with urea slowing urease activity (Nash et al., 
2012). Second, high concentration of NH3 plus NH4

+ and pH 
can slow nitrification due to toxic effects on nitrifying bacteria 
(Lang and Elliott, 1991; Russell et al., 2002). Third, banding may 
increase N2O consumption during vertical transport of the gas 
to the soil surface (Gao et al., 2014). Lastly, banding can improve 
fertilizer use efficiency (Grant et al., 2012; Tiessen et al., 2006), 
increase percentage of fertilizer N being taken up by the plant and 
thus perhaps reduce N2O losses. In the current study, the first 
two factors seem more important since banding did not generally 
increase crop N uptake.

Burton et al. (2008a) also reported no impact of double 
midrow-banding to increase N2O emissions from fertilizers 
applied at the same rate (80 kg ha–1) as in the current study. In 
contrast, other studies (Engel et al., 2010; Maharjan and Venterea, 
2013) used higher rates (180–200 kg ha–1) in studies simulating 
siderow-banding by hand trenching compared to those done in the 
northern Great Plains in Canada and found greater N2O emis-
sions compared to broadcast incorporation. Beside the method 
of band placement, the differing effect of banding on emissions 
between studies could be due to a higher N rate per area increasing 

emissions within bands. However, the double midrow-band treat-
ment in the current study effectively doubled the concentration of 
applied N in the band compared to single siderow-band placement 
but did not increase emissions. The findings of the current study 
do not indicate doubling the concentration of N in the band to 
increase emissions. Clearly further studies are required to examine 
the effect of method of band application and N rate (both total N 
applied per area and increasing concentration from single siderow 
to double midrow-banding).

To our knowledge, this study is the first to report N2O emis-
sions from the subsurface double midrow- vs. single side-banded N 
fertilizers. Placing conventional granular urea in double midrow- 
vs. single side-band position tended to decrease N2O emissions in 
2011, the year with greater emissions. It should, however, be noted 
that the difference between the two band placements, as well as 
the differences between band and broadcast-incorporated place-
ment of granular urea in the current study were not statistically 
significant in 2011, when appreciable emissions of N2O occurred. 
Using chambers for N2O determinations results in high spatial 
variability (Del Grosso and Parton, 2011). Linear interpolation for 
the discontinued sampling period may cause potential sources of 
error in estimating ΣN2O. However, the major sampling gaps in 
the current study occurred at late stage in the growing season when 
soil N and water availability were low and not suitable for N2O 
emissions events. Other studies we have conducted monitoring 
N2O using static vented chambers as in the current study (Asge-
dom et al., 2014; Dunmola et al., 2010; Gao et al., 2014; Tenuta et 
al., 2010) and by continuous measurements using the micrometeo-
rological flux gradient approach (Glenn et al., 2010, 2012; Maas et 
al., 2013), have not shown emission events in our region late in the 
growing season, in the fall and over-winter. Field-scale experiments 
using micrometeorological methods may overcome the impact 
of spatial variation in clarifying the benefit of band placement to 
N2O emissions.

Applied Nitrogen and Yield Scaled 
Nitrous Oxide Emissions

At in 2011, growing season EFs of ESNM and SuperUM 
(0.23–0.80%) were approximately one-third of that for UreaI 
(1.08–2.10%). Similarly, in a previous study also on a clay soil with 
high organic C, we reported growing season EF for ESN (0.7%) 
but not SuperU (1.7%) was half of that for urea (1.7%) when 
fertilizers were broadcast incorporated at 120 kg N ha–1 (Asgedom 
et al., 2014). The greater EFs reported by Asgedom et al. (2014) 
compared to those of the current study could be due to a higher 
application rate having resulted in greater proportion of fertilizer 
N loss as N2O. Another study on a clay loam soil in Manitoba 
with irrigated potato (Solanum tuberosum L.) clearly showed 
increasing EF with fertilizer rate from 80 to 240 kg N ha–1 (Gao 
et al., 2013). At rates of N that exceed crop requirement, a greater 
proportion of fertilizer N could be emitted as N2O because of 
greater amounts of unused N that are available for soil nitrifying 
and denitrifying organisms.

In Manitoba, the winter and spring thaw N2O emissions typi-
cally account for approximately 30% of the annual total (Dunmola 
et al., 2010; Glenn et al., 2012; Maas et al., 2013). Using this value 
as an adjustment for estimating annual emissions, the whole year 
EF in the current study was 0.93 to 1.26% for granular urea and 
0.47 to 0.51% for EEF. Burton et al. (2008a) also reported whole 
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year EFs of 0.7 to 1.2% and 0.4% for granular urea and ESN, 
respectively, applied at 80 kg N ha–1 at two sites in Manitoba. 
Our results for broadcast-incorporated urea fertilizer are also 
close to the proposed IPCC Tier II estimate of 0.8% for the Black 
Soil zone of the northern Great Plains of Canada (Rochette et 
al., 2008). Still, the difference in EF values for fertilizer sources 
suggests that an EF modifier for EEFs is required to improve the 
national inventories of N2O emissions.

Results from the current study showed that yield-scaled EI in 
2011 tended to decrease with band placement for granular urea 
while combinations of band placement with EEF sources reduced 
EI by half relative to broadcast-incorporated granular urea. In a pre-
vious study, EI values for sources were 37% smaller for ESN, but not 
for SuperU compared to urea due to the ineffectiveness of SuperU 
for reducing N2O emissions (Asgedom et al., 2014). Similar to our 
study, Halvorson and Del Grosso (2013) reported that EEFs such 
as ESN and SuperU reduced EI compared to urea when applied at 
202 kg N ha–1 in irrigated corn production systems in the Central 
Great Plains. In contrast, Venterea et al. (2011) reported neither 
ESN nor SuperU decreased EI compared with urea, attributing 
the lack of response to the late (stage V4–V6 of corn) application of 
fertilizers resulting in less microbial transformation of fertilizer N. 
These results suggest yield-scaled N2O emissions could be reduced 
by adopting N sources and placement methods that reduce N2O 
emissions while maintaining or increasing crop yields.

CONCLUSIONS
For spring wheat, double midrow-banding of enhanced 

efficiency fertilizer sources at planting reduced N2O emissions 
compared to broadcast-incorporated urea when soil conditions 
(i.e., higher soil temperature, moisture, and N availability) were 
conducive to emissions. The effectiveness of enhanced efficiency 
fertilizer sources for reducing N2O emissions was mainly by 
slowing N transformations to NO3

–-N. For placement of urea, 
there was a nonsignificant trend in 2011 only for decreasing N2O 
emissions, scaled by area, applied fertilizer N, or grain yield, for 
concentrating the amount of N at placement in soil from broad-
cast-incorporation to single side-band to double midrow-band. The 
results of the current study demonstrate the choice of N source 
(SuperU, ESN) to be subsurface placed determines more than 
concentrating N by placement method (broadcast-incorporation, 
single side-band, double midrow-band) for reducing N2O emis-
sions. Further studies are required to clarify the role of method of 
placement and concentrating N in types of bands of granular urea 
and EEF products on N2O emissions.
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