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Executive Summary 
Nitrogen fertilizer management presents an opportunity to reduce the emissions of N2O from 
agro-ecosystems in Canada. Fertilizer Canada has developed the 4R – Right Source, Right Place, 
Right Time, Right Rate – management system to improve the efficiency of fertilizer use in 
agriculture. The Nitrous Oxide Emissions Reduction Protocol (NERP) documents the 
implementation of 4R practices intended to reduce N2O emissions. Here we review the science 
documenting the ability for 4R N fertilizer management practices to reduce N2O emissions in 
Canadian agro-ecosystems. 
 
Climate is one of the strongest influences on the potential for N2O production in Canadian agro-
ecosystems and is important in assessing the most important 4R practices to reduce these 
emissions. Climate has direct influence on soil water content which a major factor influencing 
the timing and nature of the microbial processes producing and consuming N2O. Climate also has 
an indirect effect on the soils that form in the region and the cropping systems that are practiced. 
It is useful to differentiate the soils and cropping systems typical of the more arid prairie region 
of Canada form the more humid regions of the country in assessing the suitability of 4R practices 
for reducing N2O emissions. 
 
The 4R practice that most clearly result in reduced N2O emissions are: 
Source - The use of enhanced efficiency N fertilizer sources, in particular nitrification and urease 
inhibitors, has been shown to be a reliable means of reducing N2O emissions.  
 
Place - Fertilizer placement can increase the efficiency of fertilizer N use by reducing NH3 
emissions, but in some cases, this may result in increased N2O emissions. It has also been shown 
that placement interacts with tillage system to influence N2O emissions. 
 
Timing – Reduction in N2O emissions associated with fall application of N fertilizer, practiced in 
prairie Canada, can be achieved by delaying the application until soil temperature declines below 
5 oC and/or by using urease/nitrification inhibitors. Split application of N fertilizers during the 
growing season is effective in reducing N2O emissions when there is the potential for N2O loss 
during the early growing season. 
 
Rate – The greatest opportunities for reducing N2O emissions are associated with lower rates of 
N fertilizer application. Better accounting for soil and residue N sources and targeting N rates for 
maximal N use efficiency have been shown to result in reduced N2O emissions. 
 
There are also opportunities for a reduction of N2O emissions associated with non-4R practices. 
The consideration of crop rotation effects on carbon and nitrogen availability, impact of tillage 
system, the use of tile drainage and the inclusion of legumes in rotation are all important in 
assessing the potential for N2O emissions and developing 4R practices to reduce N2O emissions.  
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Introduction 
One of the challenges in predicting the impact of fertilizer management on N2O emissions is the 
nature of the processes that generate and/or consume N2O and their dependence on soil moisture 
conditions. The primary processes producing N2O are nitrification and denitrification and 
denitrification can also result in the consumption of N2O. Which processes are active and what 
end-product is produced is influenced by soil water content. The water content of soils varies 
considerably between regions, seasons, within the landscape and from year-to-year. This makes 
the generalization as to the impact of a particular 4R management practice difficult. Often the 
impact will depend to a large degree on the context. Thus, the uncertainty expressed in the 
impact of a mitigation practice reflects both scientific uncertainty and the variability of N2O 
emission potential associated with the conditions under which the practice was assessed. 
Correspondingly the outcomes of the implementation of a 4R suite will vary between locations 
and between years. The implementation of 4R management practices for N2O emissions 
reduction is best viewed as an exercise in risk reduction and will often be situation/site specific. 
To assess the value of practices to reduce risk it is useful to understand the potential for N2O 
production. 
 
The Canadian Context 
Nitrogen fertilizer use in 
Canada is the greatest of the 
crop nutrients and continues to 
grow more rapidly than the 
other major macronutrients 
(Fig. 1). Thus, the potential to 
produce N2O and the N2O 
emissions reported in Canada’s 
GHG inventory are also 
increasing.  
 
Climate 
As climate is a major 
determinant of the risk of N2O 
emissions, delivering a national NERP program in Canada must recognize the diversity of its 
agro-ecozones and agricultural production systems and how they impact the sources of N2O from 
agriculture and the most appropriate means of mitigating those sources. The risk of N2O 
emissions also varies with season in the various regions in Canada. It is important that N2O 
emissions reduction options are assessed in the context of climatic zone and season. 
 
Climate and its impact on soil type, is one of the most fundamental attributes that defines 
Canadian agro-ecozones. In a recent meta-analysis, the single factor that explained the greatest 
amount of the variation in N2O emissions was growing season precipitation, accounting for 38% 
of the variation in cumulative N2O emissions (Rochette et al., 2018). At the site level, 
management was observed to have a greater impact on N2O emissions than climate (Congreves et 
al., 2016). The majority of agriculture production in Canada occurs in four ecozones (Fig. 2): 
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Pacific Maritime - This ecozone has 
some of the warmest and wettest 
weather in Canada. Its maritime 
climate receives as little as 600 mm 
of precipitation per year in the 
lower Georgia Strait, while the area 
to the north is typically much 
wetter, receiving up to 3,000 mm. 
Compared to the rest of Canada, 
there is little variation in monthly 
temperatures. Averages in July 
range between 12 and 180C and, in 
January, between 4 and 60C. The 
frost-free period is up to 220 days 
long in the moist southerly valleys, 
decreasing to about 100 days in the 
mountains. 
 
Prairies extending into the Boreal Plains – This region is a pronounced, subhumid to semi-arid 
climate. Winters are very cold. Summers are short and warm. A water deficit is typical as the 
ecozone receives considerably less precipitation than other parts of Canada. Annual precipitation 
is extremely variable, ranging from 250 mm in the arid grassland regions of southwest 
Saskatchewan and southeast Alberta to slightly less than 700 mm in the Lake Manitoba plain, the 
warmest and most humid region in the Prairies Ecozone. About a quarter of the precipitation falls 
as snow. 
 
Mixedwood Plains (Great Lakes/St. Lawrence Lowlands) - The climate of the Mixedwood Plains 
produces relatively warm summers and cool winters moderated by surrounding water bodies. 
Average annual growing season, north to south, ranging from 1,750 to 2,500 growing degree 
days above 5°C. This region also receives 720 to 1,000 mm of precipitation annually. Due to its 
location in the midst of a significant North American storm belt, weather in the Mixedwood 
Plains can change rapidly. 
 
Atlantic Maritime - The proximity of the Atlantic Ocean creates a moderate, cool, and moist 
maritime climate. Most of the ecozone experiences long, mild winters (averaging about -4°C in 
January) and cool summers (the mean daily July temperature is 18°C). Average precipitation 
varies from 1,000 mm inland to 1,425 mm along the coast. The average annual growing season 
ranges from 1,500 to over 1,750 growing degree days above 5°C. Frost-free days, on average, 
fluctuate from 80 in the New Brunswick highlands to 180 along the coast. With a storm 
frequency, higher than anywhere else in Canada, sunshine can be a rare commodity. 
 
The ratio of precipitation to potential evapotranspiration dictates the amount of water that 
remains in the soil and/or drains from the soil profile. (Rochette et al., 2008b) expressed the 
fraction of N inputs lost by leaching as a function of the ration of precipitation to potential 
evapotranspiration (Fig. 4). 
 

Figure 2: Terrestrial Ecozones of Canada (CanSIS) 
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Figure 3: Fraction of N inputs that are lost by leaching and runoff (Frac, leach) as a function of 

the ratio of precipitation to potential evapotranspiration ratio (P/PE). From Rochette 
et al. (2008b) 

The role of climate is not unique to Canada. A meta-analysis of global N2O emissions 
characterized the impact of climate on N2O emissions potential (Charles et al., 2017). Total 
annual precipitation had a significant impact on N2O emission factor and that was dependent on 
nitrogen source. The emissions associate with organic N sources increased by a factor of 5 when 
the total annual precipitation increased from less than 250 mm to from 500 – 1000 mm and 
decreased by a factor of 2 when precipitation exceeded 1000 mm (Charles et al., 2017; Table 1). 
The “sweet” spot for N2O emissions is at intermediate water contents (Linn and Doran, 1984). At 
low moisture contents oxygen supply limits denitrification, at high moisture content slow 
diffusion of gases limits oxygen availability and prevents the release of nitrous oxide promoting 
denitrification and N2 as the primary product, resulting in reduced N2O emissions from the soil. 
 

 
Figure 4: Relationship between the regional fertilizer-induced N2O emission factor 

(EFreg) determined in three regions of Canada and the ratio of precipitation 
to potential evapotranspiration (P/PE). From Rochette et al. (2008b) 
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The impact of 4R management practices on N2O emissions reduction is often related to soil water 
content. In a study of N fertilization of barley across soil zones Kryzanowski (2018) found 
regional influences of N fertilizer management changes on the N2O emissions corresponded to 
soil zone which is a function of climate. van Kessel et al. (2013) noted that climate was an 
important factor influencing N2O emissions in reduced tillage systems. 
 
 
Table 1: The impact of climate, cropping system, soil management and soil properties on N2O emission factors for soil amended 
with organic (FertiType O), synthetic (FertiType S) and combinations of organic and synthetic (FertiType O and OS) nitrogen 
sources  (From Charles et al. 2017). 

 
 
Soil Type 
Soil characteristics influence the environment of the soil microorganisms that are producing N2O. 
Relevant characteristics include soil physical characteristics (texture, bulk density) which 
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influence the soil water content and aeration status; chemical characteristics (pH) which 
influence chemical speciation and the microbial environment; and biological characteristics 
(organic matter content, microbial community) which impact the nature and extent of microbial 
activity. 
 
Soil Texture 
Soil texture influences the water-holding capacity of the soil and therefore interacts with 
precipitation in influencing N2O emissions. Rochette et al. (2018) examined the impact of soil 
texture on N2O emissions from synthetic and organic N sources in Eastern Canada (Table 2). 
They found that emission factors increased in finer-textured soils. In addition, organic N sources 
had lower emission factors in coarse-textured soils but had emission factors that were equal to or 
greater than those for synthetic nitrogen sources in medium- and fine-textured soils. 
 
Table 2: Effect of texture and fertilizer nitrogen type on soil nitrous oxide emissions factors in Eastern Canada (Rochette et al. 
2018). 
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Nitrous Oxide Emissions Potential  
The potential for N2O emissions varies across these ecozones (Rochette et al., 2008a). The 
greatest annual emission rates occur in the Great Lakes/St. Lawrence Lowlands (Mixedwood 
Plains) associated with intensive corn-soybean Production. Drier regions and regions with lower 
intensity production result in 
lower N2O emission potentials. In 
the Prairies, the drier climate 
results in nitrification becoming 
an important source of N2O 
emissions. In the more humid 
regions denitrification, 
particularly associated with 
rainfall and snowmelt events is 
the dominant source of emissions 
(Risk et al., 2013; Rochette et al., 
2018). In the regions with higher 
rainfall nitrate leaching and the 
indirect N2O emissions associated 
with nitrate leaching become an 
important source of N2O.  
 
Tier I fertilizer-induced emission 
factor is 0.01 kg N2O-N kg-1 
fertilizer N (Bouwman et al., 
2002). To reflect country-specific 
and regional influences on 
emission factors the IPCC permits 
the determination of Tier II 
coefficients (Rochette et al., 2008b). Tier II emissions factors are lower for the Prairies than for 
the more humid portions of the country (Table 3). 

Figure 5: Annual N2O emissions associated with agricultural production in 
Canada (Rochette et al. 2008a) 
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Table 3: Regional emission factors (EFreg) for the estimation of direct N2O emissions. RFtill is the ratio factor accounting for the 
effect of tillage; RFtext is the ratio factor accounting for the effect of soil texture on emissions (from Rochette et al. 2008b). 

 
 

From: http://news.agropages.com/News/NewsDetail---19821.htm 
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Nitrogen source effects on N2O emissions 
 
Source selection provides the opportunity to use fertilizer N formulations that will result in lower 
N2O emissions. Over the past two decades we have become aware that N2O is generated from a 
number of combinations of nitrifying and denitrifying processes, specifically nitrifier 
nitrification, nitrifier denitrification, nitrifier-coupled denitrification, and denitrification of 
fertilizer nitrate sources (Fig. 6). These pathways include oxidative processes that occur 
primarily under aerobic conditions (nitrification) and reductive processes under conditions of 
oxygen limitation (denitrification). Despite this diversity of processes potentially producing N2O, 
denitrification is generally considered 
the process that generates the greatest 
amount of N2O because of its 
predominance during rewetting and 
thawing events and because of the 
relative yield of N2O from 
denitrification (Risk et al. 2013; 
Rochette et al. 2018).  
 
 Aerobic pathways involve the 
oxidation of NH4

+ and anaerobic 
pathways involve the reduction of 
NO3

-. Further, NO2
-  and NO3

- are anions 
which can be much more rapidly 
leached from soils during periods of 
water movement and involved in in 
direct pathways of N2O production.  
 
While multiple pathways can result in 
N2O production the majority originate 
from oxidized forms (NO2

-  or NO3
-) 

and are associated with reductive 
processes during periods of high 
water content such as rainfall or 
snowmelt (Risk et al. 2013; Rochette et al. 2018). As a result, fertilizer N sources that do not 
contain NO3

- and delay the formation of NO3
- generally result in reduced amounts of N2O 

emissions.  
 
Form of nitrogen 
Generally, there is less direct N2O production from microbial processes involving NH4

+ than those 
involving oxides of nitrogen (NO2

-  + NO3
- ). Over time, the predominant fate of ammonium is its 

oxidation to NO3
- during nitrification. One of the major approaches to limiting N2O production in 

soil is to delay nitrification to limit the duration of NO3
-  accumulation and thereby reduce the risk 

of N2O emissions (Rochette et al. 2018). Delaying NO3
- production is particularly effective in 

Figure 6: Pathways from fertilizer products (in green) to microbial N2O production in 
soil. 1) Urea hydrolysis, 2) nitrification, 3) denitrification, 4) nitrifier denitrification, 
5) nitrifier nitrification, 6) in direct N2O emissions associated with NH3 and NO3

- loss 
to the environment. The red stars indicate process inhibited by 1) urease inhibitors 
and 2) nitrification inhibitors. 
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situations where there is a high potential for denitrification following N fertilizer application 
such as periods of high soil moisture early in the growing season. 
 
The use of ammonium-based fertilizers is advocated as part of the Basic level of the proposed 4R 
programs and represents the majority of N fertilizer used in Canada (Fig. 8; Statistics Canada, 
2018). The use of nitrate-based fertilizers (calcium nitrate, potassium nitrate) and in fertilizers 
containing nitrate in addition to other N forms (ammonium nitrate, calcium ammonium nitrate 
and UAN) represent less than 10% of the total N fertilizer sold (Fig. 8).  
 

 
Figure 7: Forms of fertilizer nitrogen sold in Canada from 2013 to 2018. (Statistics Canada, 2018) 

 
Studies examining the influence of nitrogen 
source on N2O emissions have produced 
variable results. In a meta-analysis of corn 
cropping systems in the US Midwest, 
Ontario and Quebec, (Decock, 2014) report 
that source impacted fertilizer induced 
emissions and were ranked in the order 
anhydrous ammonia > UAN > ammonium 
nitrate > urea in terms of greatest to least 
N2O emissions (Fig. 8). Vyn et al. (2016) 
also reported on studies examining N2O 
emissions associated with various N 
sources being used in rainfed and irrigated 
corn production in the American mid-west 
and Ontario and Quebec. In contrast to 
Decock, they found emission coefficeints 
associated with UAN exceeded anhydrous 
ammonia and urea (Fig. 9). Abalos et al. 
(2016b) in examining 200 pair-wise 
observations from 23 studies from the same 
general region (US Mid-west and Eastern 
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Canada) found no significant effect of N source (urea vs. ammonium nitrate or UAN) or time of 
application (fall vs. spring) on N2O emissions (Fig. 10). 
 
 

 
Figure 9: Fertilizer-induced emission factor due to sources under rainfed and irrigated corn systems. From Vyn et al. 2016 

 
 
 

 
 
 
 
 
 

 
In a meta-analysis of 27 studies, 
Eagle et al. (2017) reported that 
nitrification inhibitors, side-dress 
timing, and broadcast placement of 
fertilizer N had much more 
significant impacts on N2O 
emissions than did modest (10%) 
rate decreases in rate of N 
application, reducing average 
losses by between 23 and 31%. 
 
 

Figure 10: Influence of fertilizer 
management practices on N2O 
emissions indicating mean effect 
and 95% confidence intervals. 
Number in parentheses indicate 
the number of control-treatment 
pairs. From Abalos et al. 2016. 

Figure 11: Effect sizes of N2O and NO3 losses 
from selected fertilizer management 
treatments, yield-scaled percent change with 
95% confidence intervals. ISO = “Instead of” 
and values in parentheses are (number of 
comparisons / number of locations). from 
Eagle et al. (2017) 
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Enhance Efficiency Fertilizers 
Emerging enhanced efficiency technologies have the promise for significant and reliable 
reductions in N2O emissions. The term enhanced efficiency fertilizer (EEF) refer to a range of 
technologies that use inhibitors or coatings to influence the rate of nitrate appearance in soil 
(Table 4). The following definitions are being used in this paper: 
 

Stabilized N – Stabilized nitrogen sources include urease inhibitors that inhibit enzymes in 
the soil which hydrolyze urea to yield ammonium (e.g. Agrotain, Limus, NYieldCX), 
nitrification inhibitors which inhibit ammonia-oxidizing bacteria, thereby delaying oxidation 
of NH4

+ to NO3
- (e.g. eNtrench, NBound, N-Serve) and double inhibitors (e.g. SuperU, NEON 

Air) 
  
Controlled Release – A controlled-release fertiliser is a granulated form of urea that releases 
nutrients gradually into the soil based on conditions such as moisture and temperature (i.e., 
release of urea dependent on soil conditions). An example of controlled release products is 
polymer coated urea, also called PCUs (e.g. ESN). The polymer membrane allows moisture 
to diffuse into the granule creating a solution of urea. The solution moves out through the 
membrane at a rate that is controlled by soil temperature. 
  
Slow Release - A slow-release fertilizer releases nutrients to plants slowly over time. Slow-
release fertilizers are usually dry blends or granular formulas (e.g. sulfur-coated urea, 
methylene urea, isobuylidene diurea, urea formaldehyde and urea triazone). These 
formulations of urea reduce the solubility and release of urea. 

 
Enhanced efficiency fertilizers (EFFs) have been shown to result in relatively consistent 
reductions in N2O emissions (Drury et al. 2012; Decock 2014; Thapa et al., 2016; Vyn et al. 
2016; Drury 201; Snyder, 2017; Eagle et al., 2017). The magnitude of the reduction is influenced 
by the mode of action, soil and management factors.  
 
Table 4: Examples of enhanced efficiency fertilizer products (From: http://news.agropages.com/News/NewsDetail---19821.htm) 
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In a meta-analysis of 113 data sets 
from 35 studies globally (Fig. 12), 
Akiyama et al. (2010) report an 
average reduction in N2O emissions 
of 38% and 35% from inhibitor 
treated products and polymer coated 
products, respectively.  
 
Similarly, in their global meta-
analysis, Thapa et al., (2016) 
reported mean reductions in N2O 
emissions as a result of the use of 
nitrification inhibitors of 38%, 
urease in combination with 
nitrification inhibitors of 30%, and 
controlled-release N fertilizers of 19% 
(Fig. 13). 
 

Thapa et al. (2016) found nitrification inhibitors and 
controlled release products to give relatively consistent 
reduction of 25% to 50%, whereas urease was more variable 
resulting in 0 to 50% reductions (Fig. 13). Urease inhibitors 
alone are less effective in controlling N2O emissions (Abalos 
et al., 2016b; Akiyama et al., 2010). 
 
Snyder (2017) reports the influence of EEFs on direct N2O 
emissions ranging from a 466 % increase to a 100% 
decrease. The majority of the reported reductions in N2O 
emissions were between 25% and 50% as a result of the use 
of nitrification inhibitors. Urease inhibitors alone were found 
to have resulted in either increased N2O emissions or only 
small reductions (Snyder 2017). 
 
Thapa et al. (2016) examined the influence of crop type, pH, 
texture, mode of application, tillage and irrigation on the 
effectiveness of nitrification inhibitors, urease inhibitors, a 
combination of urease and nitrification inhibitors and 
controlled release products (Fig. 14). Nitrification inhibitors 
were most effective in corn-based systems and when used in 
banded fertilizer applications (Thapa et al., 2016). The use of 
nitrification inhibitors alone can result in increased loss of 
NH3 (Drury et al., 2017; Snyder, 2017) and are generally less 
effective at reducing N2O loss from alkaline soils as 
compared to neutral or acidic soils (Thapa et al. 2016).  

 

Figure 12: Influence of nitrification inhibitors on N2O emissions relative 
to a conventional fertilizer (without nitrification inhibitor). Points 
indicate mean and bars indicate 95% confidence interval. Numbers 
indicate number of observations. From Akiyma et al. 2010. 

Figure 13: Effect of enhanced efficiency 
fertilizer products on N2O emissions relative 
to conventional fertilizers. Points are means, 
bars indicate 95% confidence intervals. 
Number of studies reported in parenthesis. 
From Thapa et al. 2016. 
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The use of urease inhibitors in combination with nitrification inhibitors have been reported to 
result in greater reductions in N2O emissions (Decock, 2014; Abalos et al. 2016b; Drury et al., 
2017; Snyder, 2017), particularly in alkaline soils, when used in banded systems, coarse-textured 
soils or in irrigated systems (Thapa et al. 2016). Drury et al. (2017) noted that when ammonia 
volatilization was reduced by adding a urease inhibitor, N2O emissions were increased by 30% 
when comparted to a nitrification inhibitor alone. They noted that by reducing pollution 
swapping (increased NH3 loss to reduce N2O loss), corn grain yields increased by 5% to 7%. The 
combination of a urease and a nitrification inhibitor resulted in increased yields of 19% 
compared with urea without the inhibitors. Wagner-Riddle (2017), in examining corn production 
systems in Ontario, observed significant reduction in N2O emissions and NO3

- loss when 
UAN+EEF was applied as side-dress in a wet year when emissions were large. Tenuta (2017) 
examined the potential for enhanced efficiency fertilizers in combination with fall N application 
to reduce N2O emissions. They observed treatments with highest cumulative N2O emissions were 
LIMUS (urease inhibitors), urea, ESN (coated urea) and anhydrous ammonia N-serve 
(nitrification inhibitor), with eNtrench (nitrification inhibitor) and SuperU (urease + nitrification 
inhibitor) resulting in lower emissions. Snyder (2017) reported more consistent reductions in 
direct N2O emissions as a result of the use of dual urease and nitrification inhibitor combinations, 
falling in the range of 17% to 46% reduction in N2O emissions. The addition of DCD to pig 
manure resulted in a 60% reduction in N2O emissions in a corn-wheat system in Brazil (Aita et 
al., 2015).  
 
 

 
 

Figure 14: Effect of Nitrification inhibitors on N2O emissions as influenced by soil type and management system. (From Thapa et 
al. 2016) 

 
 

Nitrification Inhibitors Double Inhibitors Controlled Release Products 
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Proposed guidance for NERP framework 
 
Note that the guidance for the identification of emissions reduction modifiers is intended to be 
conservative. The following reflect generalizations that can be used to develop emissions 
reductions modifiers for various cropping systems in Canada. 
 
The use of a nitrification inhibitor results in a reduction of approximately 35% in N2O emissions 
compared to an uninhibited source. 
 
A nitrous oxide emission reduction modifier should not be allocated to the use of urease 
inhibitors alone when using urea.  
 
The use of both a urease inhibitor and a nitrification inhibitor results in a reduction of 
approximately 25% in N2O emissions. 
 
Controlled Release Products 
Polymer-coated urea (PCU) has been less consistent than other EEFs in reducing N2O emissions 
(Abalos et al. 2016b; Gao et al. 2017). Snyder (2017) reported a range of a 50% increase to a 
70% decrease in direct N2O emissions associated with the use of polymer coated fertilizer 
products across a range of studies globally. The majority of observations falling in the range of a 
20% to 40% reduction in direct N2O emissions (Snyder 2017). A single pre-plant application of 
PCU failed to reduce emissions compared to conventional granular urea, banding the PCU did 
however result in a 32% reduction in emissions (Gao et al. 2017). The use of PCU was found to 
result in a 15% decrease in N2O emissions in no till barley production systems across a range of 
conditions in Alberta (Li et al., 2016). The reductions in N2O were dependent upon rainfall 
conditions that created a risk of N2O loss early in the growing season. Drury et al. (2012) found 
polymer coated urea only reduced N2O emissions in 1 year out of 3 whereas it delayed but did 
not reduce N2O emissions in the other 2 years. Polymer coated products were observed to be 
more effective in reducing N2O emissions in moist soil conditions where there is a greater 
potential for N2O loss via denitrification (Drury et al., 2012). The use of PCU resulted in 
increased N2O emissions in potato production in Atlantic Canada (Zebarth et al., 2012). The 
authors noted that for enhanced efficiency products to deliver reduced N2O emissions they may 
have to be applied at lower rates to reflect the increased efficiency of N delivery. Controlled 
release products were found to be more effective in wheat production, alkaline soils, under 
irrigation, tilled soils, and coarse-textured soils (Thapa et al. 2016). Kryzanowski (2018) found 
PCU could provide higher N use efficiency than uncoated urea, under similar conditions and 
resulted in a 5-6% reduction in N2O emissions but noted that any disruption or reduction in crop 
N uptake during the growing season could result in higher emissions from PCU.  
 
Proposed guidance for NERP framework 
Note that the guidance for the identification of emissions reduction modifiers is intended to be 
conservative. The following reflect generalizations that can be used to develop emissions 
reductions modifiers for various cropping systems in Canada. 
 
The use of polymer-coated urea results in a reduction of 10% in N2O emissions.  
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Influence of Timing of N application on N2O emissions 
The objective of applying supplemental nitrogen fertilizers to crops is to meet the nitrogen 
requirements of the crop as efficiently as possible. Increasing nitrogen use efficiency (NUE) 
results in agronomic and environmental benefits. The challenge is to ensure there is sufficient 
nitrogen present while minimizing exposure to loss. (Robertson and Vitousek, 2009) conclude 
that asynchrony between the timing of N availability and crop N demand is probably the single 
greatest contributor to excess N and loss in annual cropping systems. Timing the supply of N to 
coincide with plant N demand minimizes the potential for N loss. Nitrate exposure, a temporally 
integrated measure of soil nitrate concentration (Burton et al., 2008), has been shown to be 
correlated with cumulative N2O emissions across a range of ecozones and cropping systems (Aita 
et al., 2015; Chantigny et al., 2010; Engel et al., 2010; Gao et al., 2015; Maharjan and Venterea, 
2013; Pelster et al., 2013). Management practices that reduce soil NO3

-  concentrations can 
decrease soil N2O emissions (Aita et al., 2015) 
 
Nitrogen losses occur primarily as a result of the leaching of nitrate, volatile losses of ammonia 
and the production of N2O and N2. The timing of these losses is a function of climatic conditions. 
The leaching of NO3

- and the production of N2O and N2 are related to periods of high soil water 
content and therefore coincide with periods of rainfall and/or snow melt. Ammonia volatilization 
occurs as a result of the presence of NH3 gas under alkaline conditions and its exchange with the 
atmosphere at the soil surface and therefore is enhanced in dry soils and during windy days or 
days in which there are high evaporative losses from the soil surface. Optimizing the delivery of 
nitrogen to the plant and minimizing N loss requires that the vulnerable forms of N are not 
present during the times of highest risk of loss. To minimize NO3

- leaching and N2O emissions the 
accumulation of NO3

- should be avoided during periods of high rainfall or snowmelt. To 
minimized NH3 loss NH4

+ should not be allowed to accumulate in alkaline conditions at or near 
the soil surface. 
 
In terms of timing of N application, it is useful to distinguish the more arid regions of Canada 
(prairies) from more humid regions of Canada. In Prairie Canada, the cold winters limit the 
potential for over-winter loss, making fall nitrogen application a viable alternative. In the more 
humid regions, fall N application would only be recommended for growing crops such winter 
cereals.  
 
One of the challenges in examining processes that are so dependent on climate is that results vary 
from year-to-year as a result of fluctuations in weather patterns. Research on timing strategies 
almost always report year-to-year variation in results based on patterns of precipitation. For 
example, split application of fertilizer N has been observed to result in reduced N2O emissions 
only when there is a potential for N2O production in the early part of the growing season (Burton 
et al. 2008; Wagner-Riddle 2017; Farrell, 2017). These observations suggest risk-management 
based approaches are appropriate in assessing the role of timing in reducing N2O emissions.  
 
Nitrogen management practices which influence the timing of N supply include the time of 
application, the splitting of application and a host of technologies that influence the rate of N 
release in the soil following application. 
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Fall application of N - On the Prairies, the application of N fertilizers in the fall is a common 
practice. This is due to cost of N fertilizer products at that time as well as the opportunity to shift 
field operations from spring to fall. This usually involves an ammonium-based N source. In the 
more humid regions of Canada N fertilizer is seldom applied in the fall unless it is to a growing 
crop such as winter cereals. 
 
The SDD (FISAF, 2015) concluded that “there is a considerable body of evidence demonstrating 
that in the cropping systems of the northern Great Plains in Canada, spring-applied N generally 
out performs fall (Malhi et al., 2001; Malhi and Nyborg, 1984). The ranking from most to least 
effective under conventional tillage can be summarized as spring banded > fall banded > spring 
broadcast > fall broadcast. Fall-application performs about equally well to spring application in 
drier regions under normal moisture conditions. Under wetter than normal conditions, 
overwinter losses of fall-applied nitrogen can occur.”. 
 
More recent studies have shown fall applications resulted in greater N2O emissions 
(Kryzanowski, 2018), failed to detect a difference in spring vs fall applications (Abalos et al., 
2016a), or found fall N applications to result in less N2O loss than spring applications (Tenuta et 
al., 2016; Kryzanowski et al., 2018), particularly if N application occurs late in the fall after the 
soil has dropped below 5 oC (Tenuta et al., 2016). In a study of N fertilization of barley across 
soil zones in Alberta, Kryzanowski (2018) found spring application of nitrogen fertilizer was the 
most effective means of reducing total emissions. Switching from fall applied nitrogen fertilizer 
to spring application results in 17% to 25% reduction in N2O emissions 
 
Preventing the nitrification of NH4

+ to NO3
-  prior to the winter period reduces the potential for N 

losses (Risk et al., 2013; Tenuta et al., 2016). This can be achieved by the delaying N application 
in late fall (Tenuta et al., 2016), sub-surface banding of NH4

+-based fertilizers (Malhi et al., 
2001), the use of nitrification inhibitors (Malhi and Nyborg, 1984), or the use of coated urea 
(Kryzanowski, 2018). Kryzanowski (2018) found that switching from fall applied urea to fall 
applied PCU results in 6% reduction in N2O emissions. Like the results for EEFs, the results can 
vary from year-to-year. A Manitoba study of enhanced efficiency fertilizers for fall N 
applications found that N2O emissions from all N addition treatments were higher for fall than 
spring addition in one year of study (2015) but not in the second year of study (2016) (Tenuta, 
2017). 
 
Proposed guidance for NERP framework 
Note that the guidance for the identification of emissions reduction modifiers is intended to be 
conservative. The following reflect generalizations that can be used to develop emissions 
reductions modifiers for various cropping systems in Canada. 
 
Delaying of fall application of N until the soil has cooled to below 10 oC or the use of an 
inhibitor will result in N being retained in the NH4

+ form and a reduction of N2O emissions of 
30% relative to spring pre-plant application.  
 
Spring application of N will result in a reduction of N2O emissions of ~20% relative to an early 
fall application with no inhibitor.  
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The fall application of N should be avoided in the more humid regions of Canada (Abalos et al., 
2016b) unless it is part of a P application or being applied to a winter cereal. 
 
Split applications of N – Split applications of N involve the application of an initial amount of N 
early in the growing season (pre-plant or at planting) followed by application or applications 
later in the season closer to the period of maximum plant N demand. Split application will only 
result in reduced N2O emissions in situations where there was a potential for N2O loss over the 
time period of the split (Burton et al., 2008). Thus, the response to split application treatments 
can vary from year-to-year. 
 
In a study of crop production in Minnesota, (Fernandez et al., 2016) observed split applications 
to emit 26% less N2O than a single pre-plant application of urea with no differences in grain 
yield. (Drury et al., 2012) found that in conventional tillage treatments, N2O emissions were 49% 
greater when N was applied at planting compared to a side-dress. Split application of urea N in a 
corn-soybean system do not always result in reduced N2O emissions (Venterea and Coulter, 
2015). In this study the failure of the split application to reduce N2O emissions was attributed, in 
part, to a prolonged dry period prior to the split application followed by a period of heavy rainfall 
following the split. There was a significant relationship between cumulative N2O emissions and 
nitrate exposure (referred to as nitrate-nitrite intensity) suggesting that the split application 
treatments resulted in increased availability of nitrate and nitrite to loss following application. 
 
Splitting the application of pig manure in a corn-wheat production system in Brazil resulted in a 
33% reduction in N2O emissions (Aita et al., 2015). The combination of split application with the 
use of DCD resulted in a 41% reduction in N2O emissions. The combination of split application 
and the use of DCD did not however result in as great an emissions reduction as did the use of 
DCD in a single application which resulted in a 60% reduction in N2O emissions (Aita et al., 
2015). Similarly, (Abalos et al., 2016b) observed that the combined adoption of split fertilizer 
application with inhibitors and a N fertilizer application rate 10% lower than the conventional 
application rate (i.e. 150 kg N ha− 1) resulted in reduced N2O emissions, but the benefits were 
lower than those achieved with a single fertilizer application at sidedress. In a corn production 
system in Ontario, Wagner-Riddle (2017) did not observe a reduction in N2O emissions as a 
result of split N application. A combination of UAN with inhibitors and split N application 
resulted in significant reduction in N2O emissions, but only in the dry year when emissions were 
small (Wagner-Riddle 2017).  
 
In examining potato production systems in Manitoba (Gao et al., 2017) found split urea 
application with N being added both at hilling and through fertigation, resulted in reduced N2O 
emissions. A single split urea (2/3 pre-plant, 1/3 hilling) also reduced N2O emissions compared to 
single pre-plant urea application. Similarly, (Burton et al., 2008) observed that split application 
reduced N2O emissions by 30% in a year when there was rainfall between planting and the split 
application of N (hilling), but that there was no significant difference N2O emissions in drier year 
where there was no risk of N loss during the period between planting and hilling. Farrell (2017) 
observed that in an irrigated canola production system split application (broadcast-incorporated) 
of urea resulted in lower cumulative N2O emissions than those from plots receiving all the 
fertilizer during a single pre-plant application prior to seeding. 
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These examples illustrate that the success of 4R practices in reducing N2O emissions are 
dependent on climatic conditions and the benefits of split application with other 4R practices 
may be, but are not necessarily, additive.  
 
Proposed guidance for NERP framework 
Note that the guidance for the identification of emissions reduction modifiers is intended to be 
conservative. The following reflect generalizations that can be used to develop emissions 
reductions modifiers for various cropping systems in Canada. 
 
In-season split (1/3 or more) application of nitrogen fertilizer results in a 15% reduction in N2O 
emissions. 
 
Foliar application/Fertigation -  
There is limited information on the impact of timing of N application on N2O emissions in 
irrigated systems in Canada. Gao et al. (2017) found that split urea application at pre-plant and 
hilling and fertigation with in-season application of UAN resulted in lowest N2O emissions 
relative to a single pre-plant urea application. Farrell (2017) observed that cumulative N2O 
emissions in irrigated canola were significantly impacted by the timing of the fertilizer 
application. Emissions were lower for split N application compared to a single application at 
seeding. 
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Influence of N Placement on N2O emissions 
Nitrogen fertilizer placement attempts to place the fertilizer in an environment where its 
availability to the plant is maximized and the potential for N loss in minimized. Care must be 
exercised to ensure placement does result in toxicity to the plant. Often sub-surface placement 
has a positive impact on yield and therefore may reduce N2O emissions intensity. 

An important consideration in assessing placement effect is the potential for NH3 loss. The SDD 
(FISAG, 2015) noted that “placing N fertilizer in bands also reduces volatilization losses, lowers 
the risk of immobilization, and slows the rate of nitrification of fertilizer N to nitrate in the fall, 
which reduces the risk of overwinter loss (Yadvinder-Singh et al., 1994).” The loss of NH3 may 
result in reduced N2O emissions as a result of the lower soil NH4

+ content and subsequent NO3
- 

production, this is not a desired trade-off from either a production or environmental stand point. 
 
The SSD (2015) document made the following points: 

• Subsurface band placement tends to increase nitrogen use efficiency and more effectively 
increase yield than broadcasting nitrogen.  

• Based on their meta-analysis of emission measurements from experiments comparing 
tillage and placement, Van Kessel, et al. (2013) concluded that deep placement (>5 cm) 
of nitrogen was an effective strategy for reducing emissions in no-tillage and reduced 
tillage systems.  

• Banding urea can increase ammonia volatilization on dry acidic soils compared to 
surface placement (Rochette, et al., 2009) and ammonia losses contribute to indirect N2O 
emissions.  

 
The impact of placement on N2O emissions is influenced by soil water content. Sub-surface 
placement has been shown to increase N2O emissions in sub-humid ecosystems (Venterea et al., 
2010 (Engel et al., 2010; Fujinuma et al., 2011; Venterea et al., 2010), although this not observed 
in more arid settings (Gao et al., 2015; Farrell, 2017). Based on their experimental observations, 
Farrell (2017) conclude that wetter conditions were 
required to induce and maintain denitrification 
activity in the sub-surface band. Gao et al. (2015) 
reported that at two sites in Manitoba cumulative 
N2O emissions were generally greater following 
broadcast/incorporation than side-banding. These 
differences may reflect differences in the timing of 
N application. Gao et al. (2017) observed that 
banding of ESN, but not urea, reduced N2O 
emissions compared to broadcast-incorporation 
placement. Placement has also been shown to 
interact with the tillage system (van Kessel et al., 
2013). N2O emissions were increased in NT and RT 
systems in dry climates, and in particular in the first 
10 years of reduced tillage and shallow (< 5 cm) N 
placements (van Kessel et al., 2013). 
 

Figure 15:  Influence of NT and RT as compared to 
conventional tillage on area-scaled N2O emissions as 
influenced by depth of fertilizer N placement and 
climate (from van Kessel et al. 2013). 
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Depth of placement may also be a factor in determining the extent of N2O emissions. (Drury et 
al., 2006) observed that deeper placement of N generally results in greater N2O emissions, 
whereas van Kessel et al. (2013) found that when fertilizer-N was placed at >5 cm depth, in 
reduced tillage systems, significant reductions were observed in area-scaled N2O emissions, in 
particular under humid climatic conditions.  
 
Placement of fertilizer products also has the potential to influence the rate of solubilization 
and/or nitrification of ammonium-based N sources and may result in reduced N2O emissions. 
 
Proposed guidance for NERP framework 
 
Note that the guidance for the identification of emissions reduction modifiers is intended to be 
conservative. The following reflect generalizations that can be used to develop emissions 
reductions modifiers for various cropping systems in Canada. 
 
In sub-humid regions, surface dribble banding of UAN should be avoided. 
 
Compared to spring broadcast, fall banding of nitrogen fertilizer is equivalent in N2O emissions. 
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Impact of fertilizer N application rate on N2O emissions 
IPCC National accounting frameworks directly reflect the impact of the rate of N fertilizer 
application on N2O emissions by expressing emissions as the product of fertilizer N rate and an 
emission factor. The influence of the other three “Rs” is represented in changes in the magnitude 
of the emission factor using an emission factor modifier.  Implicit in this approach is the 
assumptions that N2O emissions are a linear function of fertilizer N rate (i.e., a single emission 
factor applies across all rates) and that other sources of N do not influence the magnitude of 
fertilizer N induced emissions. Both assumptions are incorrect. Firstly, the relationship between 
N fertilizer application rate and N2O emissions is not linear (Fig. 16). Secondly, N2O emissions 
occur not only from fertilizer N sources, but are a function of total soil N supply derived from 
multiple sources. Thus, the magnitude of the non-fertilizer N sources influences the magnitude of 
fertilizer N induced N2O emissions.  
 
Fertilizer N application rate is also a particularly important “R” in that the yield response to N 
fertilizer application rate is one of the fundamental factors managed in developing best 
agronomic production practices for a crop. Producers are keenly aware of N application rates and 
their implication for potential yields. Often the choice of an N rate is seen primarily through an 
economic lens. The maximum economic rate of N is the rate at which the value of the next 
increment in crop yield exceeds the cost of the fertilizer. The maximum economic rate of N does 
not explicitly reflect desired N recovery efficiency (Fig. 16) or the potential for environmental 
impact. The use of additional “insurance” N to ensure increased yields should climatic conditions 
be favourable result in N additions in excess of the maximum economic rate of N. 
 

 
 

Figure 16: Relationship between fertilizer N application rate (N Rate, kg N ha-1) and cumulative growing season N2O emissions 
(N2O, kg N ha-1) and nitrogen recovery efficiency (NRE, %) defined as the total increase in  above ground N uptake by the plant 
as a result of N fertilizer application. From Omonode et al. 2017. 
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In a meta-analysis of 597 pair-wise comparisons, Han et al. (2017) found that the rate of N 
application was more significant driver of N2O emissions than was N source. They observed that 
applying N fertilizer at higher than recommended rates resulted in 55% greater N2O emissions 
than application at the recommended rate and that application at less than recommended rate 
resulting in a 33% decline in N2O emissions (Fig. 17). In a study of N fertilization of barley 
across soil zones Kryzanowski (2018), found reduction in emissions was greater for high N 
treatments compared to low N. Eagle et 
al. (2017) concluded that lower 
fertilizer N rates resulted in lower N2O 
emissions and NO3

- leaching. Cutting 
typical N fertilizer rates by as little as 
10 kg N ha–1, a rate likely to be 
considered reasonable by producers, 
reduced average N2O emissions by 4% 
and reduced average NO3

- leaching 
losses by 2.9% under average 
conditions. 
 
There have been calls for alternate 
measures of agronomic, economic, and 
environment soundness of N 
management systems (Snyder et al., 
2014). (Omonode et al., 2017) assessed 
whether the impact of fertilizer N rate might better be quantified in terms of various measures of 
N uptake by the plant and/or residual N in the soil.  Residual soil nitrate, nitrate remaining in the 
soil following crop harvest is also used in Agriculture and Agri-Food Canada’s Agri-
Environmental Indicators as an indicator risk of water contamination by nitrogen (Clearwater et 
al. 2016). (Omonode et al., 2017) found measures of N uptake by the plant and/or residual N in 
the soil were highly correlated with area scaled N2O emissions. They noted that as fertilizer N 
rate increased, there was a non-linear response in growing season N2O emissions and decline in 
N recovery efficiency (NRE) by the plant (Fig. 16). Growing season N2O emissions increased 
exponentially when plant N recover dropped below 60%. 
 
To fully realize potential reductions in N2O emissions, increased nitrogen use efficiency resulting 
from the implementation of 4R practices should result in a corresponding reduction in the 
optimal rate of N fertilizer and thereby a reduction in N2O emissions (Zebarth et al. 2012; Rose et 
al. 2018). Often experimental designs consider various candidate 4R practices at the same rate of 
N fertilizer addition and as a result may not reflect the opportunity to reduce rate and N2O 
emissions while maintaining yield. (Rose et al., 2018) noted that studies examining enhanced 
efficiency products often find decreased N2O emissions but no significant effect on yield. They 
argue that reduced N fertilizer rates should be considered to reflect the enhanced efficiency.  
 
 

Figure 17: Effect of management practices on area-scaled N2O 
emissions reported as percent change from the control. Mean values 
and 95% confidence intervals of the back- transformed response ratios 
are shown. The result for nitrification inhibitors was from Qiao et al. 
(2015) and was shown for comparison. From Han et al., 2017. 
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Non 4R factors that influence N2O emissions 
 
While the 4R program focuses on the opportunities for fertilizer management to reduce N2O 
emissions, it is important to recognize the implications of other management factors and soil 
conditions can influence the success of fertilizer management in reducing N2O emissions. These 
factors primarily act by altering the availability of carbon and/or the soil aeration as influenced 
by water content.  
 
Soil Type/Texture 
In their global meta-analysis, Charles et al. (2018) identified the significance of a range of soil 
factors in influencing N2O emissions from both organic and inorganic fertilizers (Table 1). For 
both mineral and organic fertilizers, Charles et al. (2018) found poorly drained soils had greater 
emissions factors than did well-drained soils. 
 
For mineral fertilizers (FertiTyp S), the factors resulting in the greatest increases in N2O emission 
factor were the result of difference in drainage (poor > well drained) and organic matter content 
(N2O emissions were greater in soils with >3% organic C) and soils with wide C:N ratios (>14) 
had reduced N2O emissions. While N2O emission factors from fine textured soil were numerically 
greater than from medium or coarse textures, these differences were not statistically different 
(Table 1).  For organic fertilizers (FertiType O) drainage (poor > well drained) and texture (fine 
= medium > coarse) were significant influences as were organic C content (3% or less < 3-6% = 
greater than 6%)   and nitrogen content (0.2% or greater > 0.2 % or lower; Table 1). 
 
Abalos et al. (2016b) identified soil texture and C:N ratio as the dominant factors influencing 
N2O emission factors. Fine-textured soils were highly responsive to fertilizer management in in 
terms of both N2O emissions and crop yield. The mitigation of N2O emissions without concurrent 
yield reductions is most frequently achieved in soils with a low C/N ratio (i.e. <12.5). 
 
Proposed guidance for NERP framework 
 
Poorly drained soils should be considered as higher risk areas for N2O emissions. 
 
Irrigation and Drainage  
Tile drainage reduced N2O emissions during periods of excess moisture, but not in periods of 
adequate precipitation in a corn production system in Minnesota (Fernandez et al., 2016). 
Averaged across years, the undrained soil emitted 1.8 times more N2O than the drained soil. Elmi 
et al. (2005) found denitrification (N2O + N2) to be greater under sub-irrigation (12.9 kg N ha-1) 
than in freely drained systems (5.8 kg N ha-1). The N2O emissions were greater under freely 
drained systems (2.2 kg N ha-1) than sub-irrigation (1.6 kg N ha-1). The reduced N2O production 
under sub-irrigation was attributed to a greater reduction of N2O to N2. Nangia et al. (2013) 
reported that while there were no statistically significant differences in observed N2O fluxes 
between conventional tile drainage and controlled tile drainage fields during the growing season. 
They report that predicted N2O fluxes, using a semi-empirical model (NEMIS-NOE), were higher 
for conventional tile drainage for approximately 70% of the paired-field study periods. Thus, 
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while tile drainage appears to reduce emissions during periods of excess moisture, it is not clear 
that tile drained systems consistently emit lower amounts of N2O emissions. Controlled drainage 
water management has the potential to reduce N2O emissions, but this appears to be the result of 
creating conditions conducive to complete denitrification to N2. 
 
Vyn et al. (2016) found that fertilizer-induced emissions were greater under rainfed (0.73%) 
compared to irrigated corn (0.41%) systems in a meta-analysis of the US corn belt and Eastern 
Canada. Applying reduced deficit irrigation and the nitrification inhibitor DMPP individually 
slightly decreased N2O emissions but when applied in combination resulted in a greater reduction 
in N2O emissions (Jamali et al., 2016). In isolation, DMPP tended to be more efficient than 
optimised irrigation management in mitigating N2O emissions. 
 
Tillage   
In the drier regions of the country, greater N2O emissions are generally observed under 
conventional tillage than reduced tillage management due to higher rates of nitrification 
(Helgason et al., 2005; Kariyapperuma et al., 2011). In contrast, in the more humid regions of 
Canada greater N2O emissions usually occur under reduced tillage due to wetter soil conditions 
resulting in higher rates of denitrification (Rochette et al., 2008b; Smith et al., 2010). Drury et al. 
(2012) observed greater N2O emissions (4.2 kg N ha–1) under conventional tillage than under no 
till (3.5 kg N ha–1) or zero till management (2.4 kg N ha–1). Uzoma et al. (2015) observed no 
difference between tillage treatments in a study conducted in the Red River Valley, during a 
period of moderate precipitation. In a meta-analysis considering 239 direct comparisons between 
conventional tillage (CT) and no tillage (NT) or reduced tillage (RT), van Kessel et al. (2013) did 
not observe a significant impact of tillage system on N2O emissions (Fig. 18). They noted that in 
long-term sites (<10 years) in dry climates, NT/RT reduced N2O emissions by 27%. In sites 
under NT/RT for reduced durations N2O emissions were 57% greater than from CT counterparts. 
 

 
 

Figure 18: Effect of no till (NT) and reduced tillage (RT) relative to conventional tillage (%) on cumulative growing season N2O 
emission (kg N ha-1) broken out according to climate, duration of tillage treatment and depth of tillage. from van Kessel et al. 
(2013) 

Crop rotation/cropping system  
Including Legumes in Rotation – Reflecting the role of legumes in rotation in N2O emissions 
historically has been complicated by apparent double accounting – emissions associated with the 
process of biological N fixation and emissions associated with N-rich residue decomposition. 
This issue has since been resolved (Rochette and Janzen, 2005). They note that there is little 
evidence for the use of an emission factor for biological N fixation (BNF) by legume crops equal 
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to that for fertiliser N. Increased N2O emissions in legume crops may result from the N release 
from root exudates during the growing season and from decomposition of crop residues after 
harvest. As a result of this work N2O emissions induced by the growth of legume crops are 
estimated solely as a function of crop residue decomposition using estimated of above- and 
below-ground residue inputs. 
 
Drury et al. (2014) found that growing corn in a corn-oat-alfalfa-alfalfa rotation lost 6.5 kg N ha-

1, 12% lower than emission under continuous corn cropping (7.3 kg N ha-1) despite the higher N 
input from fertilizer and legume N sources. Long-term management practices and crop rotation 
were attributed for the difference. Uzoma et al. (2015) observed that N2O emissions were more 
than 4 times higher under annual cropping than under alfalfa production. The plow down of 
alfalfa did not result in any significant emission events in either the fall or winter. Large 
emissions were observed in the year following alfalfa incorporation despite their being only 
moderate amounts of additional N fertilizer application. This consistent with the findings of 
Wagner- Riddle et al. (1997), they also measured high N2O emissions in the spring following the 
plow down of alfalfa the previous autumn. Rochette et al. (2004) found that despite consistently 
higher soil N, N2O emissions were greater 
under alfalfa than timothy production in only 
6 out of 10 field comparisons. Giweta et al. 
(2017) found that extended rotations 
involving legumes (with or without manure) 
resulted in greater N2O emissions than a 
wheat-fallow rotation. Further they found that 
in this long-term rotation experiment, N2O 
emissions were correlated with total soil N 
(Fig. 19). The rotation that did not contain a 
legume tended to have reduced total soil N 
and reduced N2O emissions. Manure addition 
increased total soil N and N2O emissions. 
 
 
In a study of the interaction of manure application 
and cropping system, (Nikiema et al., 2016) found 
that over two growing seasons and across manure 
types, the N2O emissions factor did not differ 
between annual cropping and perennial forage 
systems. 
 
Cover Crops - In a meta-analysis examining the role of cover crops in N2O emissions, Han et al. 
2017 found that cover crops reduced N2O emissions by 58% relative to bare soils, but that the 
additional N supplied by the cover crop resulted in increased emissions in the subsequent crop 
(Fig. 20). The magnitude of N2O emissions associated with the cover crop was inversely related 
to C:N ratio of the cover crop (Fig. 21). Han et al. (2017) note that in most of the comparisons 
examined, the fertilizer N rate was not adjusted to reflect the additional N contribution of the 
cover crop. 

Figure 19: Relationship between cumulative growing season N2O 
emissions and total soil N (0-15 cm) of soils with different 
fertilization histories under wheat-fallow (WF) and wheat-oat-
barley-alfalfa/brome hay- alfalfa/brome hay (WOBHH) crop 
rotations at Breton Plots, Western Canada. Symbols represent 
mean values, and error bars represent 1 standard error. The line 
represents the orthogonal regression relationship y = 0.45 x – 
0.33. The slope is significantly different from zero (p<0.001), but 
intercept is not (p = 0.21). From Giweta et al. (2017). 
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Cropping System and N Use Efficiency - Understanding the influence of the inclusion of legumes 
in rotation is complicated by the different ways the N associated with the legume are considered 
in choosing the rate of N fertilizer to be applied. Rochette et al. (2018) found that in land 
receiving animal manure, perennial cropping systems had N2O emissions that were 28% of those 
of annual cropping systems. This was attributed to the efficiency of N cycling in perennial 
cropping systems. 
 

Table 5: Effect of crop type and fertilizer nitrogen type on soil nitrous oxide emission 
factors in Eastern Canada. From Rochette et al. (2018). 

 
A study conducted in Minnesota found that corn stover removal decreased soil total CO2 and N2O 
emissions by 4 and 7 %, respectively, relative to no removal. Lower GHG emissions in stover 
removal treatments were attributed to decreased C and N inputs into soils, as well as possible 

Figure 20: Effect of cover crops on 
area-scaled N2O emissions 
depending on different measurement 
periods. Mean values and 95% 
confidence intervals of the back-
transformed response ratios are 
shown. From Han et al. (2017). 

Figure 21: Relationship between N2O emissions and cover crop 
C:N ratios (n = 27). From Han et al. (2017) 
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microclimatic differences associated with changes in soil cover (Jin et al., 2014). 
 
Thomas et al. (2017) found that cover crops (fall rye, oilseed radish) increased non-growing 
season N2O emissions. Winter N2O emissions were greater than spring or fall emissions. In one of 
the two years studied the magnitude of non-growing season N2O losses were correlated with late-
fall soil NO3

- concentration, with concentrations of < 6 mg N kg-1 soil limiting N2O emissions, in 
the second year N2O emissions were correlated with water extractable organic carbon. 

Conclusions 
There is now a considerable body of scientific evidence supporting the ability of 4R N fertilizer 
management to reduce N2O emissions in Canada. It is clear that developing a 4R program is, at 
the very least, region and crop specific and, in many cases, site-specific. The overall program 
must consider the interaction of source, rate, time and place. 
 
The impact of N fertilizer management on N2O emissions is highly dependent on climate and soil 
type. In the prairie region of Canada, more arid conditions result in lower N2O emissions and 
cause in season precipitation to be a major factor influencing the potential for N2O emissions. 
Cold winter conditions result in lower losses during the non-growing period. In contrast the more 
humid regions of Canada, the timing of precipitation remains an important determinant of the 
potential for N2O loss, but more open winters result in greater non-growing season emissions. In 
these regions reducing fall nitrate accumulation is an important strategy in reducing N2O 
emissions and fall N applications should be avoided. 
 
Fertilizer products/practices that delay the formation of nitrate are consistent in their ability to 
reduce N2O emissions. Urease and nitrification inhibitors are particularly consistent in this 
regard. Products and placements that influence the solubilization of the fertilizer product are 
influenced by the pattern of precipitation and as a result produce more variable results. Similarly 
timing of fertilizer N application interacts with the pattern of precipitation in determining the 
magnitude of reduction in N2O emissions. Determining the right rate of N fertilizer still remains 
one of the greatest challenges establishing a 4R program. The need to consider all N sources and 
non-linear nature of N2O emissions to soil N availability complicate the determination of the 
right rate. The emergence tools to provide site specific measures soil N supply and plant N 
response would greatly assist the determinate of right rate. 
 
There is a greater realization and understanding emerging as to the role of other soil management 
and cropping practices in determining the potential for N2O emissions. The choice of the most 
appropriate 4R practices should consider the impact of these factors in determining the 
magnitude and timing of the potential for N2O losses. 
 
While this review has primarily focused on the potential for N2O emissions, the potential for 
pollution swapping must also be considered. Practices that decrease N2O emissions but result in 
increased NH3 or NO3

-  loss do not result in increased N use efficiency. While the indirect 
emissions from these compounds may not be as great as direct emissions of N2O, the overall 
impact on the ecosystem should be considered.  
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