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ABSTRACT 

Termination of the manure application treatments at the Dixon long-term manure 

research site in Humboldt, Saskatchewan provided a unique opportunity to explore how a change 

in management regime to annual urea applications would affect nitrous oxide (N2O) emissions. 

My hypotheses were that long-term manure applications would produce a legacy (or priming) 

effect that would result in enhanced N2O emissions following the changeover to a more readily 

available nitrogen source and that this effect would be relatively short-lived. The impacts of 

long-term manure application and change in fertility management in the sub-humid prairies of 

Saskatchewan has not been investigated in great depth, this work provided an opportunity for 

greater insight into changes in N transformation and gaseous N loss from a manured 

agroecosystem. Nitrous oxide fluxes associated with the long-term manure and fertilizer 

application from the Dixon site were measured during a 37-month period (i.e., from May 2011 to 

June 2014). In addition, denitrification enzyme activity (DEA) was measured in a subset of the 

plots starting in June 2011 and continuing three times per year (i.e., prior to and after the spring 

fertilizer application and again in early fall). 

 Treatment-induced N2O emissions for the various historical amendment treatments 

indicate that past management can result in considerable N being lost from the system as N2O. 

Indeed, summed over the three-year post-manure period (i.e., from fertilizer application in 2011 

through the 2014 spring thaw), N2O-N losses accounted for 2% to 6% of the total applied 

fertilizer-N. Moreover, under environmental conditions that optimize denitrification, N2O-N 

losses can be even greater. For example, high DEAs coupled with warm moist soil conditions 

resulted in large N2O emission events following the spring 2013 fertilizer application and during 

the 2014 spring thaw. As a result, cumulative annual N2O-N losses in 2013/14 were much 

greater than those in previous years — with emissions from the liquid swine manure (LSM)-

amended plots ranging from 3% to 15% of applied N. These data support my earlier hypothesis 

that long-term applications of manure-N can — especially at high application rates and following 

frequent application — produce a ‘priming’ effect that exacerbates N2O emission when a more 

available form of N (e.g., urea fertilizer) is applied to the soil. Moreover, this priming effect 

appears to be relatively long-lived — persisting in the soil more than four and a half years after 

the last manure application. In any given year, however, the impact of the priming effect on 
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cumulative N2O emissions depends on environmental conditions — being greatest during years 

with above average precipitation and temperature during the spring thaw period and a 

seeding/fertilizer application. Overall, my data demonstrate that management history can have a 

significant impact on soil N turnover in agricultural soils, and that long-term annual application 

of manure-N at high rates can produce a N2O ‘priming’ effect that — under appropriate 

environmental conditions — can significantly intensify N2O emissions long after the manure 

applications have ceased. 
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1 INTRODUCTION 

 Background 

Long-term nitrogen (N) fertilizer application can increase crop productivity and impact 

future management decisions; yet repeated N fertilizer applications can produce an excess of 

nutrients that can accumulate or be lost into the surrounding environment. Soil amendments such 

as manures not only supply available nutrients for increased plant growth, but can also alter the 

activity and structure of the soil microbial community, which in turn can affect nutrient cycling 

and the production/emission of greenhouse gases. However, very little data exists that relates 

long-term manure applications to N2O emissions in Saskatchewan or western Canada in general.  

The Dixon long-term manure research site was established in 1996 to investigate the 

agronomic and environmental benefits of liquid swine manure (LSM) and solid cattle manure 

(SCM) applications (Mooleki et al., 2002; Mooleki et al., 2004). Since its establishment, the 

Dixon site has been managed as a grain-oilseed rotation with manure amendments, as well as 

equivalent urea fertilizer treatments applied in late fall of each year. Unfertilized control plots 

also were established in both the LSM and SCM experiments. The 2010 cropping season was the 

last year in which crop N demand was met by the previous fall’s manure/urea application; i.e., 

starting in spring 2011 there was an N-fertilizer change-over with annual spring applications of 

inorganic fertilizer-N at rates (based on a spring/fall soil test) designed to meet the needs of that 

year’s crop. 

Research conducted at the Dixon site between 2009 and 2011 quantified and compared 

N2O emissions from the plots receiving long-term applications of LSM and SCM to those 

receiving equivalent rates of urea fertilizer (Farrell et al., 2011). The study’s authors concluded 

that “long-term applications of manure-N can, at high application rates or following frequent 

applications, produce a ‘priming’ effect which may exacerbate N2O emissions if a more available 

form of N (e.g., urea fertilizer) is applied to the soil”. Thus, the present study was initiated in 

2011 to examine the N2O priming effects associated with long-term manure applications, and 

provide insights into the implications of changes to long-term management practices on 
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greenhouse gas emissions. The costs associated with the use of N fertilizers to increase crop 

yields can be weighed against the loss through N2O emissions or leaching (Chantigny et al., 

2001; Malhi et al., 2009). However, with new insights, and a greater understanding of how N-

fertilizer applications impact N-cycling and losses from agricultural soils, proper management 

protocols can be established. For example, Cavigelli et al. (2012) reported that increases in N2O 

emissions in the United States have been slowed by improving N application efficiency and can 

be further reduced by changing farming practices. Clearly, with increased research in this area 

proper and sustainable agricultural practices can be developed and implemented. 

 Research Objectives 

The main objective of my study was to assess the occurrence and duration of a ‘priming 

effect’ on microbial communities and the resulting increase in N2O emissions from an 

agricultural soil that has received long-term applications of liquid swine manure or solid cattle 

manure. To address this objective two hypotheses were tested: 

 long-term manure applications ‘prime’ the soil for more rapid N transformations that 

result in greater loss of N2O when a more readily available N-source is applied to the 

soil; and 

 the duration of the ‘priming effect’ will be short lived and not expressed over the 

duration of monitoring;  

 Organization of the Thesis  

The thesis is organized in manuscript format and contains a detailed literature review 

followed by a research chapter organized as a complete, publishable paper; and a final synthesis 

chapter that brings together the research chapter and supplemental information presented in the 

Appendices, discusses the implications of the research as a whole and presents suggestions for 

future studies. The Literature Review (Chapter 2) presents a broad outline of relevant topics and 

research related to my objectives, and is followed by a research chapter dealing with the impact 

of long-term manure applications on N2O emissions and denitrification enzyme activity (Chapter 

3).   
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Chapter 3 focuses on the impacts of long-term manure applications on the production of 

N2O emissions following conversion from a manure-based to an inorganic fertilizer-based 

management system. This chapter collates the GHG-data (focusing on N2O) collected from the 

Dixon site over three growing seasons (2011-2013) plus the snowmelt period in early spring 

2014. Daily N2O flux data were used to calculate cumulative emissions for a N-budget year that 

allows for an assessment of how the different historical manure treatments (which varied in type 

of manure, rate of application and frequency of application) impacted current N2O emissions. 

Denitrification enzyme activities (DEAs) were used to examine the potential N2O production 

associated with the historical manure treatments.  

Chapter 4 presents the Synthesis and Conclusions, which summarize the results of the 

research chapter and presents conclusions regarding the study as a whole, the implications of this 

research, and some suggestions for future studies. This chapter is followed by a Reference 

section (Chapter 5), containing a complete list of the citations used throughout the thesis, and the 

Appendices, which include supplemental field data, daily N2O loess figures, correlation tables, as 

well as a summary of the crop yield data.  

  



 

4 

2 LITERATURE REVIEW 

 Nitrogen Cycle 

 Overview 

Nitrogen (N) is essential for all life as it is a building block of amino acids, nucleic acids, 

enzymes and proteins. Nitrogen is a common constituent in the environment, with the majority of 

N occurring in the atmosphere as di-nitrogen gas (N2). However, the second largest reserve of N 

is organically bound N in the soil (Whalen and Sampedro, 2010). In soils, the N cycle involves 

microbially mediated processes that convert bound or inaccessible N into plant available forms, 

while producing energy through the transfer of electrons. Nitrogen fixation is the process of 

converting molecular N2 gas into ammonium (NH4
+) by N fixing bacteria, or abiotically through 

lightning strikes (Canfield et al., 2010). The fixed inorganic N that is deposited into the soil can 

be temporarily stored or taken up by plants or microbes and becomes bound organically. 

Although this soil organic matter (SOM) pool is a large source of organic N in the surface layers 

(Olk, 2008), it is not readily available to plants (Whalen and Sampedro, 2010). 

Organic forms of N are recalcitrant because they bind to clay particles in the soil, can be 

bound covalently, and are commonly found in amide and aromatic structures that vary in 

configuration and limit microbial breakdown (Olk, 2008). In order for this N to become 

available, it must be converted into inorganic forms through mineralization of the soil organic 

matter. Organic amendments, such as manures, also contribute N to the soil, though the organic 

N in manure itself requires the same transformations as soil organic N before it becomes 

available to plants. Manures consist of a combination of relatively undecomposed plant residues 

and the products of animal metabolism (Beegel et al., 2008), thus they also provide substantial 

amounts of C that can affect the transformation of N by microbes. Nitrogen transformations in 

the soil continue until the N is finally released back into the atmosphere as either nitric oxide 

(NO), nitrous oxide (N2O), or N2 gas (Fig. 2.1). These transformations are catalyzed by a number 

of different enzymes produced by soil microbes that convert the various inorganic N forms to 

gaseous species along specific pathways (e.g., nitrification and denitrification). Nitrous oxide is 

of particular concern as it is an important ozone depleting and greenhouse gas.   
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Fig. 2.1. Conceptual model of N cycling showing the important transformations of reactive N. Adapted 

from Prosser (2007).  

 Mineralization 

Mineralization is the transformation of organic N into ammonium (NH4
+) by soil 

microbes. This part of the N cycle is facilitated by several extracellular enzymes such as 

proteinase, aminopeptidase, endonuclease, and urease (Whalen and Sampedro, 2010). 

Mineralization is a two-way biological process where the organic N is transformed by 

ammonification into NH4
+ ions, or immobilized by soil microbes (Mitsch and Gosselink, 2007; 

Whalen and Sampedro, 2010). Mineralization of N can be driven by nutrient gradients. High C 

additions to the soil, such as those which occur during manure application, can lead to limited 

mineralization (Qian and Schoenau, 2002; Calderón et al., 2005), and, ultimately, to potential 

immobilization of NH4
+ by microbes (Whalen and Sampedro, 2010). The N becomes bound to 

the organic matter or is taken up by microbes resulting in immobilization of the N. For example, 

cattle manure, which has a high organic carbon content, can impede mineralization for several 

weeks (Paul and Beauchamp, 1994; Calderón et al., 2005). Conversely, inorganic N fertilizer 

addition (e.g., urea) can increase mineralization rates in soils (Zhang et al., 2008). Ammonium is 

typically only released into the soil matrix from microbes when there is an excess of N in the 

system, or from microbial cell lysis (Whalen and Sampedro, 2010). The NH4
+ can then be taken 
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up by plants, utilized by microbes, lost to the atmosphere as NH3 through volatilization, or 

transformed during nitrification (Mitsch and Gosselink, 2007).  

 Nitrification 

Ammonium can be utilized by plants and microbes, but under conditions of abundant N 

concentrations in the soil, the NH4
+ can be further transformed via the nitrification pathway. 

Nitrification occurs under aerobic conditions and is very rapid. Transformation of N allows for 

the exchange of electrons that can be used to generate energy, or facilitate other reactions such as 

fixing inorganic C (Norton, 2008; Canfield et al., 2010). During nitrification, microbial enzymes 

facilitate the oxidation of NH3 or NH4
+ producing NO3

- in two stages (Prosser, 2007). The first 

stage involves ammonium oxidation by ammonia oxidizing chemolithotrophic microbes 

(bacteria and archaea) where NH4
+ is oxidized and transformed into nitrite (NO2

-) in two 

reactions. The first part of this reaction utilizes the enzyme ammonia monooxygenase that 

converts the NH3 into the intermediary product hydroxylamine (NH2OH), which is then oxidized 

to NO2
- by the enzyme hydroxylamine oxidoreductase (Norton, 2008; Canfield et al., 2010). The 

second phase of the nitrification process is the conversion of NO2
- into nitrate (NO3

-) through 

nitrite oxidation catalyzed by the nitrite oxidoreductase (encoded by the norB gene) enzyme 

(Prosser, 2007) (Figure 2.1). These two plant available forms of N (NO2
- and NO3

-) can be 

utilized by plants or soil microbes, but are also able to move rapidly through the soil resulting in 

losses to the environment (Norton, 2008).  

The effect of manure application on the rate of nitrification varies with the type of 

manure. For example, the application of solid cattle manure (in which the majority of the added 

N is in organic forms) often results in an increase in the C:N ratio of the soil, which can lead to 

the removal of mobile N by creating conditions conducive for N immobilization and, in turn, can 

limit or decrease net mineralization (Calderón et al., 2005). This can slow subsequent 

transformations of N ─ including the production of N2O. Liquid swine manure amendments, on 

the other hand, have been shown to increase NO3
- in soils (Chantigny et al., 2001), especially 

with larger repeated application rates (Stumborg et al., 2007). This reflects the fact that most of 

the N in liquid swine manure is present as NH4
+ and urea, which can promote higher rates of 

nitrification and the subsequent build-up of NO3
- in the soil. Inorganic N fertilizers also can 

create greater potential for N losses as they also generate increased NO3
- (Ding et al., 2010; Tatti 
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et al., 2012; Cui et al., 2016). Because NO3
- is highly mobile, it is susceptible to leaching below 

the root zone or into ground water systems. Nitrate accumulation can also promote denitrification 

─ leading to further potential N2O losses ─ if soil moisture conditions are sufficient (Norton, 

2008). 

Nitrous oxide produced during nitrification is generally thought to be the result of 

chemical decomposition of the intermediates formed between NH4
+ and NO2

- (e.g., NH2OH). 

The amounts of N2O produced in the semi-arid northern Great Plains via this pathway are 

generally considered to be small and the major flux events are linked to denitrification type 

events following increases in moisture at snowmelt and fertilizer application (Dusenbury et al., 

2008), and as such nitrifier denitrification may represent a more significant source of N2O 

production (Wrage et al., 2001; Wrage et al., 2005). Nitrifier denitrification involves sequential 

reduction of the NO2
- produced during NH4

+ oxidation (see Fig. 2.1) and differs from coupled 

nitrification-denitrification in that it is carried out by a single group of microorganisms (i.e., 

autotrophic NH3-oxidizers). The enzymes involved in these transformations are believed to be 

the same as those involved in both NH3 oxidation and denitrification (see Section 2.1.4). The rest 

of this pathway proceeds with the further reduction of NO to N2O and, finally, to N2 (Prosser, 

2007). 

 Denitrification 

Denitrification is the principle process of returning inorganic oxidized N back to the 

atmosphere through the reduction of NO3
- to N2 gas under anaerobic conditions in the soil 

(Tiedje et al., 1984; Coyne, 2008). The denitrification process is beneficial in that it creates 

energy for soil microbes that can utilize N oxides as terminal electron acceptors (Coyne, 2008; 

Whalen and Sampedro, 2010). Denitrifiers are heterotrophic microorganisms capable of reducing 

N-oxides when oxygen becomes limited (Bremner, 1997). Many different types of soil microbes 

are capable of denitrification, including many bacterial species and some fungi (Canfield et al., 

2010). The diversity of denitrifiers in soil microbial populations is large, and bacterial species 

that contain the genes needed to carry out denitrification are constantly being discovered (Kostka 

et al., 2012).  While many denitrifier soil microbes are present in the soil matrix only a small 

number actually express the functional genes (Yoshida et al., 2012). The denitrification pathway 

is closely linked to the supply of available soil organic C (SOC), soil pH, and soil temperature 
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(Wei-xin et al., 2007; Coyne, 2008). In addition, denitrification requires a supply of N-oxides, a 

microaerophilic environment, and soil microbes that produce nitrite reductases which are 

encoded by the nirK and nirS genes, nitric oxide reductase (encoded by the norB gene), and 

nitrous oxide reductase (encoded by the nosZ gene) (Coyne, 2008; Canfield et al., 2010). 

The denitrification pathway begins with the reduction of NO3
-, the end product of 

nitrification, or added directly from an external source into the soil matrix (e.g., as N-fertilizer). 

Nitrate is reduced to NO2
- by the nitrate reductase enzyme (encoded by the narG gene) and is 

then further reduced by either of the nitrite reductases (encoded by the nirK and nirS genes), 

thereby producing nitric oxide (NO). While these two enzymes preform the same N 

transformation, they are distinct and soil microorganisms may have either but not both; as well, 

these two enzymes are produced from two separate genes and are differentiated by having either 

a heme-type (nirS gene) or a copper-type (nirK gene) reductase (Coyne, 2008). The NO is then 

reduced to N2O by nitric oxide reductase (encoded by the norB gene). The final phase of 

denitrification is the conversion of N2O into N2 gas ―the end product of the N cycle― through 

the action of the enzyme nitrous oxide reductase (nosZ gene).  

Denitrification can also proceed by utilizing the intermediary NO2
- created from 

nitrification. This allows the microorganisms to directly transform the NO2
- with nitrite 

reductases into NO, by-passing further N transformations that generate NO3
- (Fig. 2.1). The rest 

of this pathway proceeds with the further reduction of NO to N2O, and finally N2 gas (Prosser, 

2007). While denitrification commonly proceeds to completion releasing N2, some N2O can 

escape the soil matrix into the atmosphere increasing the amount of GHGs. Specific 

environmental conditions (sufficient soil moisture and aeration) can limit the nosZ enzyme 

preventing the pathway from completing the final reducing step which can lead to a greater 

proportion of N2O lost to the atmosphere.  

Denitrification becomes important in the contribution to N2O emissions after application 

of N to soils (i.e. fertilization) as it is dependent on the presence of N oxides. This is potentially 

even a greater problem with manures as they also add organic C to the soils. Cattle manure 

applications can be important in denitrified N losses as suggested by high denitrification enzyme 

activity (DEA) in manure amended soils (Calderón et al., 2004), with especially high N2O 

emissions resulting from manures with high initial NH4
+

 (Calderón et al., 2005). Liquid swine 
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manures can also lead to increased N2O losses from denitrification as liquid swine application 

can lead to higher rates of nitrification that can lead to an accumulation of nitrate in the soil 

prompting denitrification. Nitrous oxide losses are further increased when environmental 

conditions increase soil moisture creating anaerobic conditions.  

Denitrification and the microbial rates of denitrification can result in the greatest flux of 

N2O emissions under anaerobic conditions whereby water filled pore spaces go beyond a 60% 

threshold (Linn and Doran, 1984). However, as the soils become further saturated it can result in 

complete N reduction into N2 reducing N2O loss to the atmosphere. In agricultural systems that 

apply inorganic N-fertilizer, increased soil water content can lead to greater N2O emissions as 

the soils begin to become saturated with water (Mulvaney et al., 1997).  

 Nitrous Oxide and the Environment 

 N2O and the atmosphere 

Greenhouse gases (GHG) are important atmospheric constituents which increase average 

global temperatures by trapping solar long wave infrared radiation (IPCC, 2013). The major 

GHG contributors to atmospheric warming potential are: water vapour, carbon dioxide (CO2), 

nitrous oxide (N2O), and methane (CH4). These GHGs are produced naturally in the environment 

through nutrient cycling and environmental processes. However, among these GHGs, CO2, N2O, 

and CH4 are of particular interest as increases in the emission of these gases can be linked to 

human activities. Anthropogenic inputs (i.e. N-fertilizer) can directly influence GHG emissions 

through their manufacturing, or indirectly by altering the amount of GHG precursor molecules in 

the environment that can then lead to increases in emissions. Nitrous oxide is also a significant 

GHG that has a global warming potential that is approximately 298 times more effective than 

CO2 at trapping outgoing radiation in the atmosphere (IPCC, 2013). Therefore, these processes 

can lead to increases of GHGs in the atmosphere that can increase global temperatures and 

impact the climate. Nitrous oxide emissions are of particular interest because of the high 

emissions from agriculture which are recognized as being the primary source of N2O emissions 

in Canada (Rochette et al., 2008a) and the U.S. (Cavigelli et al., 2012). Ozone depletion in the 

stratosphere has been shown to be a negative consequence of N2O emissions (Ravishankara et 
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al., 2009). It is important to understand the anthropogenic sources of these gases so potential 

mitigation strategies can be implemented. 

 N2O emissions and the soil environment 

Soil water content can be a major driver of N2O emissions especially when the soils are 

not nutrient limited. In agricultural soils the highest N2O fluxes are generally seen under higher 

moisture conditions, as increases to soil temperature and water filled pore space (WFPS) result in 

greater N2O losses (Wei-xin et al., 2007). Linn and Doran (1984) found that when WFPS 

exceeds 60% there is a shift towards denitrification; while aerobic microbial activity increases at 

water contents between 45-60%, and it is in this range that nitrification is typically the dominant 

microbial process. Higher moisture conditions reduce the amount of O2 available and promote 

N2O production through the process of denitrification (Tiedje et al., 1984). Under field 

conditions higher moisture contents occur following precipitation events. In fact, it is these 

rainfall events that increase the water content in soils that lead to large seasonal losses of N2O 

(Tiedje et al., 1984). These precipitation events contribute to the greatest fluxes of N2O (Malhi et 

al., 2009). For regions with more intermittent precipitation events, high N2O emissions can be 

linked to the seasonal fluctuations in precipitation (Corre et al., 1996). In addition, higher 

emissions can be observed following snowmelt (Lemke et al., 1998; Dusenbury et al., 2008). 

These seasonal increases in soil moisture (precipitation and snowmelt events) accompanied by 

increases in temperature lead to greater emissions, and these “hot moments” can be responsible 

for the bulk of N2O fluxes (Molodovskaya et al., 2012). The sub-humid prairies in the Black soil 

zone of Saskatchewan where this research was conducted is a northern climatic region where 

precipitation events are relatively infrequent and freeze thaw cycles are prominent. In 

conjunction with these precipitation and freeze thaw driven moisture events, the soils in this 

agroecosystem under long-term manure application management are not often limited in 

nutrients and thus able to generate these hot moments becoming sources of significant amounts 

N loss. 

Topographic factors that influence soil temperature or soil moisture content can also 

affect the production of N2O emissions from soils (Corre et al., 1996; Yates et al., 2006a), and 

can vary within the same landscape (Helgason et al., 2005). Furthermore, soil texture can 

influence N2O emissions as sandier soils can result in lower emissions than finer textured soils 
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(Corre et al., 1996). Smaller soil pore sizes commonly associated with soils with a higher clay 

content can have higher water filled pore space and result in greater N2O emissions (Skiba and 

Ball, 2002). The micro-environments within soil aggregates have been shown to be favorable 

sites for nitrifier and denitrifier communities because of their ability to capture available C and 

N, as such, may induce higher N2O losses (Kong et al., 2010). These soil micro-environments 

can therefore be important factors in estimating N2O losses in agricultural soils. Soil texture can 

also influence N2O losses. Upon comparing soils with a greater clay content to loamy textured 

soils, Rochette et al. (2008b) observed that despite lower reactive N in the clay soils they resulted 

in higher N2O emissions and attributed the increased N2O emission to a higher water content.  

Soil moisture and available oxygen content have also been linked to N2O losses. As 

aerated and drier soil conditions can also generate N2O emissions by the nitrification pathway. 

Both denitrification and nitrification produce N2O as an intermediary part of their pathways and 

are large contributors to the production of atmospheric N2O (Bremner, 1997), depending on the 

soil moisture content and aeration conditions (Skiba et al., 1992). Nonetheless, depending on the 

amount of precipitation over the year, soil type may influence emissions and nitrogen 

transformations may become significant.  

 N2O emissions and N-fertilizer application 

Fertilizer N can increase crop productivity by providing available N and other important 

nutrients to the system (Qian and Schoenau, 2000; Wen et al., 2003). While both mineral 

fertilizers and animal manure applications can increase C and N in soils, manures can promote 

larger increases (Christensen, 1988). While other studies have noted a decrease in organic C 

(OC) and N in mineral fertilized soils due to a decrease in pH, in contrast, animal manure 

amendments tend to raise the pH (Heinze et al., 2010). Inorganic fertilizers provide readily 

available reactive N that can be immediately used by the soil microorganisms and plants. In 

contrast, for soils amended with organic fertilizers (e.g. manure), the N is in organic forms and 

must first be mineralized before it is readily available for plant uptake. In manure amended soils, 

less reactive N is available because there is a higher C:N ratio that can slow and impede organic-

N mineralization (Qian and Schoenau, 2002). The rate and degree of mineralization depends on 

the C:N ratio of the manure, which can vary between liquid and solid manures. Solid cattle 

manure has a much higher C:N ratio and OC content than liquid swine manure (Wen et al., 
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2003). Therefore, N is not as readily available and mineralizes more slowly (Qian and Schoenau, 

2000; Qian and Schoenau, 2002; Helgason et al., 2007). Wen et al. (2003) reported lower 

inorganic-N recovery rates from cattle manure than from pig manure on Saskatchewan soils. 

However, continuous solid cattle manure application over several years can result in increased N 

availability through a reduction of the C:N ratio as a result of decomposition (Mooleki et al., 

2004). In addition, the N form and content of manures is quite variable, with the N in liquid 

swine manures mostly in the form of NH4
+ in contrast to the N in solid cattle manure that is 

mostly in the form of organic-N, which can significantly impact N2O emissions (Velthof et al., 

2003). Consequently, the N in liquid swine manures is nitrified (Whalen, 2000), and converted to 

NO3
- which can be used by the crop, leached from the soils or converted to N2O (Chantigny et 

al., 2001). Mooleki et al. (2002) observed increased N-availability from liquid swine manure 

applications due to lower C:N ratios and high NH4
+ levels, and Velthof et al. (2003) saw greater 

N2O losses due to the higher available N and available C found in liquid swine manure. The 

method of manure N-fertilizer application can result in differences in N2O losses, as slurries 

applied as an injection have been shown to produce greater N2O emissions than surface applied 

manure slurries in a corn system (Velthof and Mosquera, 2011). 

Organic fertilizers can increase the available N in the soils, but also add extra OC 

(Hopkins and Shiel, 1996; Whalen, 2000), as well as P and K, and increase aggregate formation 

(Wu et al., 2006). This increase in OC can, in turn, affect the use of N, as OC is used to accept 

electrons during the reduction of NO3
- (Canfield et al., 2010). An increase in available C also can 

result in an increase in N cycling between organic and inorganic forms with high net N 

immobilization (Paul and Beauchamp, 1994). Thus, the C:N ratio can influence substrate use by 

microbial communities. In nutrient depleted environments, adding urea can increase microbial 

abundances; however, adding too much can decrease the abundance by potentially shifting 

nutrient limitations (Zhang et al., 2008). These shifts in nutrient abundances can also lead to 

impacts on nutrient cycling as excess nutrients can impact priming effects (Kuzyakov et al., 

2000). For example, a change in available substrates such as OC required for heterotrophic 

denitrifiers to transform NO3
-
 into N2O or N2 may in turn effect the ultimate production of N2O 

in the soil environment. Truly, N2O emissions have been strongly linked to the water soluble OC 

content in soils (Mulvaney et al., 1997). Long-term cattle manure applications have been shown 
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to increase microbial contribution to residue C in the top soil, and maintain a greater extractable 

C to SOC ratio at depth than mineral fertilizers (Sradnick et al., 2014). 

Excess availability of N as a result of application of manures above crop requirements 

can lead to NO3
--N loading (Stumborg et al., 2007) that in turn can lead to increased N2O 

emissions (Yates et al., 2006a; Rochette et al., 2008b). Large fluxes of N2O are a by-product of 

the extra N introduced in these systems with the greatest fluxes occurring soon after fertilizer 

applications (Skiba et al., 1992). Using mineral N applications, Lebender et al. (2014) observed 

linear increases in emissions as application rates were increased even beyond crop demands. 

Fertilizer additions can impact soil denitrification rates, which have been observed to be high 

following fertilizer additions that increase N to the system (Mulvaney et al., 1997).   

The type of fertilizer applied can also impact mineralization. Cattle manure tends to 

impede mineralization for multiple weeks after application (Paul and Beauchamp, 1994, 

Calderón et al., 2005). Inorganic N-fertilizer addition (urea) can increase both mineralization and 

nitrification rates in soils (Zhang et al., 2008), while denitrification emissions of N2O have been 

correlated with inorganic N-fertilizers creating alkaline soil conditions (Mulvaney et al., 1997).  

 N2O emissions and organic carbon 

Organic C is very important in the production of N2O emissions from soils during 

denitrification (Burford and Bremner, 1975) as many of the microbes involved in the N-cycle are 

heterotrophic and require organic C as an energy source. The links with OC and fertilizer 

application have been well documented (Christensen, 1988; Mogge et al., 1999; Su et al., 2006; 

Barrett et al., 2016), where manure soil amendments will add and sustain SOC pools. However, 

continuous agricultural practices that can lead to less SOC and nutrients may not be sustainable 

in the long-term. Evidence of resource limitation creating negative impacts on resource 

acquisition, microbial abundance and activity between long-term organic managed (i.e., no 

synthetic fertilizer or pesticides) cropping systems vs. conventionally managed (i.e., no-till, 

synthetic fertilizer) systems (Arcand et al., 2016). Furthermore, establishing nutrient deficits can 

create deficits in the OM content of the soils as well as negatively impact soil microbial biomass 

(Chu et al., 2007). Fertilizer applications that add C such as manure amendments can lead to 

decreases in soil OC loss.  
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 Soil Environment and Microbes 

Soil microbes are important for soil and ecosystem health. They control decomposition 

and nutrient cycling, and are also a driver of soil formation and aggregation. Soil microsites such 

as microaggregates are important habitats for microbial growth (Kong et al., 2010). In 

agricultural soils many natural processes including nutrient cycling are impacted through 

fertilizer and nutrient additions. Altering the soil pH as a result of N fertilizer applications has 

been shown to increase microbial denitrification activity (Mulvaney et al., 1997; Nägele and 

Conrad, 1990). These changes to the pH of soil can impact the success of microbes. Parkin et al. 

(1985) demonstrated that in low pH soils, the denitrifier populations adapt and select for 

denitrifiers able to survive and be active under these conditions. Long-term manure and chemical 

fertilizers applications can impact soil pH, with bacterial communities increasing in abundance 

when pH increases and fungal communities decreasing in abundance (Parham et al., 2003). This 

microbial adaptation to low pH conditions can lead to a shift of denitrifier populations and 

potentially greater N2O emission rates (Baggs et al., 2010). Conversely, increasing the soil pH by 

adding an alkaline substance (e.g., lime) can shift microbial activity from denitrification to NH4
+ 

oxidation (Baggs et al., 2010). This ‘priming’ of the soil denitrifiers for low pH conditions 

suggests the investigations into other priming effects on microbial communities as a result of 

long-term soil management are warranted. For example, how does the change in soil 

management following long-term manure applications affect N2O emissions? 

 Fertilizer amendments and microbial abundances 

Investigating soil microbial populations in agricultural soils is important to maintaining 

economically viable and ecologically sustainable agricultural production systems (Kennedy, 

1999). Different management approaches can lead to differences in microbial populations. Long-

term and short-term agricultural management has been shown to impact enzyme activities and 

microbial community structure, while microbial biomass has been shown to have a stronger link 

with short-term management (Stark et al., 2008). The use of N fertilizer improves nutrient uptake 

by crops, and its use can lead to changes in the abundance, diversity and activity of the microbial 

communities (Nägele and Conrad, 1990; Mulvaney et al., 1997; Chu et al., 2007a; Zhang et al., 

2008; Kong et al., 2010; Chaudhry et al., 2012). Inorganic fertilizers allow plants and microbes 

in the soil access to specific readily available nutrients making them appealing choices in 
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agriculture. While organic amendments (i.e. manures) can be more costly to transport and store, 

they also contain organic compounds (i.e. aromatic compounds, lignins, and microbes) that can 

increase both C and N to the soil. Manure application benefits can therefore offset the higher 

associated costs. There is also an energetic cost for the soil microbes, as acquiring the N and C 

from organic complexes requires an energetic investment. Nonetheless, manure can provide 

enough C and N to an agroecosystem enabling sustainable management that can maintain soil 

quality. 

Long-term studies on the impact of organic amendments to microbial populations has 

shown that long-term organic amendments not only increases microbial biomass (Heinze et al., 

2010), abundance (Acea and Carballas, 1988) and richness (Zhong et al., 2010), but also 

microbial activity (Parham et al., 2003; Chu et al., 2007a). Therefore, long-term manure 

application should alleviate N and C limitations and could create the conditions for increased 

denitrifier abundance as well as activity in the soil which could lead to potentially greater losses 

of N2O. Specifically it is the denitrifiers that are potentially impacted on a greater scale by this 

addition of nutrients as they are heterotrophic, and must obtain C through ingesting organic 

compounds which can then be used to generate energy and to create enzymes to cycle nutrients. 

Increases in denitrifying microbial activity as a result of N additions perpetuating the loss of N2O 

have indeed been shown to have a strong link to increases in the availability of labile C sources 

(Bergstrom et al., 1994; Miller et al., 2008), including dissolved organic carbon (DOC) (Barrett 

et al., 2016). The application of organic amendments can also introduce more than just manure 

nutrients (C and N) into the soil. This can include straw bedding, as well as some microbes and 

enzymes from the guts of animals which long-term applications have been shown to increase 

bacterial species already present in the soil (Chu et al., 2007a). 

Investigating the effects of long-term organic and mineral N-fertilizer applications on 

NH4
+ oxidizing bacteria, Chu et al. (2007b) observed that N-fertilizer applications shifted the 

community structure and increased the bacterial diversity with the highest diversity observed in 

the mineral (combinations of N, P, and K) amendments. Conversely, comparing organic compost 

and chemical fertilizers, Chaudhry et al. (2012) saw decreases in the diversity of microbial 

communities and their activities in soils under chemical amendments, similar to the decrease in 

bacterial abundance observed in Chinese red soils under long-term mineral N fertilizer 

application (Shen et al., 2010). Shen et al. (2010) observed that manure application alone or in 



 

16 

conjunction with mineral N fertilizer maintained bacterial communities and ecosystem health 

under long-term management.  

These studies illustrate that the impacts on microbial communities from inorganic 

fertilizer amendment are not clear cut, and can either increase or decrease microbial populations 

(Hopkins and Shiel, 1996). Hopkins and Shiel (1996) also observed that the increase in microbial 

abundance from inorganic fertilizer applications had little impact on the microbial activity. The 

use of inorganic fertilizers that provide a specific nutrient may lead to quick utilization and 

changes in abundance, but may also create greater deficiencies in the available ratios of other 

essential nutrients requiring greater costs energetically for their acquisition which may impact 

activity such as higher rates of nutrient cycling. Decreases in microbial activity have indeed been 

shown to be greater as inorganic fertilizers create nutrient deficiencies (i.e. use of N, P, or K 

only) (Chu et al., 2007a). Investigating both organic and inorganic N-fertilizer applications, 

Kong et al. (2010) did not observe any strong links between rates of nitrification or 

mineralization of N with any of the observe changes in abundance of the nitrifiers and 

denitrifiers. 

 Fertilizer amendments and microbial activity 

Interestingly, with the abundances and activities of soil microbes, there are differences in 

how different fertilizer amendments impact the microbial abundance and gene copy number for 

enzymes related to the N cycle. Hallin et al. (2009) saw an increase in the gene copy number of 

some denitrifying enzymes (narG and nosZ) with cattle manure amendments. However, 

increases in denitrification activities as a result of fertilizer application with an increase in C 

availability did not translate into increases in the number of copies of the nosZ gene (Miller et 

al., 2008). Kong et al. (2010) also observed that the greatest nosZ gene copies occurred with 

inorganic amendments; however, it was the amoA gene copies that saw the largest increases with 

organic fertilizer amendments. Organic manure (pea residues) have been shown to increase 

microbial population growth and activity leading to improved soil conditions (Stark et al., 2008). 

The difficulty in accurately predicting microbial changes in activity, abundances and diversity 

caused by long-term manure applications makes developing N-fertilizer management strategies 

to maximize efficiency and minimize N2O losses difficult.  
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 Priming effects 

Continuous fertilizer amendments such as manures can lead to a buildup of nutrients 

altering the soil environment. These nutrients can fuel microbial communities leading to changes 

in activities. Kuzyakov et al. (2000) have suggested that ‘priming effects’ are “strong short-term 

changes in the turnover of soil organic matter caused by comparatively moderate treatments of 

the soil”. While priming effects are typically focused on the turnover of C stores in the soil 

resulting in changes in CO2 fluxes (Kuzyakov and Bol, 2006), these concepts can be applied to N 

pools as well. For example, long-term manure applications can lead to an abundance of N and 

OC in the soil, which in turn could “prime” the soil microbial community ─ including N cycling 

microbes ─ resulting in an increased loss of N (as N2O) when a more readily available form of N 

(e.g., urea fertilizer) is applied to the soil. Jenkinson et al. (1985) referred to this as “added 

nitrogen interactions (ANI)” that could result in either a ‘real’ or ‘apparent’ priming effect. 

“Real” priming occurs when N addition to the system results in a direct N-movement (i.e., loss 

or gain of soil organic N), “apparent” priming occurs when, there is simply pool substitution of 

the added N.  

Organic amendments can be higher in organically bound N, especially solid manure 

applications (i.e. solid cattle manure (Wen et al., 2003)) which may provide the conditions 

conducive for a priming effect for increased N2O emissions. The length and duration of manure 

additions, and the subsequent build-up of soil SOM, might produce a priming effect that may 

persist for several years. While liquid swine manure application can lead to NO3
- build-up in 

agricultural soils which when environmental conditions are suitable (increased moisture), may 

also lead to higher rates of N2O loss. Manure applications provide higher quantities of available 

C and NO3
- that can sustain denitrifiers for periods of time well beyond the application (Calderón 

et al., 2005). Repeated applications can therefore result in a build-up in nutrients conducive to 

sustaining microbial activity. With a change in management on agricultural soils from a manure-

based N application to a more readily available inorganic fertilizer N source, this carry-over of 

nutrients and microbial activity could lead to greater N losses, or a reduction of N use efficiency 

from the agroecosystem. Higher losses of N2O have been attributed to adaptations to ammonia 

oxidizing bacteria (AOB) after receiving long-term synthetic and organic (composted straw) 

fertilizer applications (Ding et al., 2010). The abundant N pools from continuous manure 

fertilization at or above recommended rates can induce N mineralization as a result of N 
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additions as suggested by Jenkinson et al. (1985), which can induce higher rates of denitrification 

resulting in increased N2O emissions. Positive priming occurs with additive effects to the 

environment (Kuzyakov et al., 2000). Nutrient mineralization as a result of microbial priming 

has been linked with positive priming effects where urea fertilization has been observed to 

increase mineralization of the OM. This positive priming effect is further illustrated as a shift in 

bacterial communities from gram positive to gram negative bacteria, as well as increases in the 

fungal abundance (Hammer et al., 2009).  It is these positive priming effects that may result in 

negative impacts in the environment as they may increase losses from cycles that produce 

intermediate products (e.g., increased N2O loss to the atmosphere). 
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3 LONG-TERM MANURE FERTILIZER AMENDMENTS PRODUCE A “LEGACY” 

EFFECT OF INCREASED NITROUS OXIDE EMISSIONS 

 Preface 

The Dixon fertilizer research site was established in 1996 and included a Liquid Swine 

Manure (LSM) research trial and a Solid Cattle Manure (SCM) trial that were set up in adjacent 

blocks at the same site (Mooleki et al., 2002; Mooleki et al., 2004). The manure nitrogen (N) and 

urea fertilizer amendments were applied in the fall over the course of this study, until the final 

manure application in the fall of 2009. With two exceptions, the 1996 and 2002 fall applications 

which due to an early fall freeze-up were applied the fallowing May. A no-fertilizer control 

treatment was included. The 2009 fall application was the final manure application and provided 

nutrients for the 2010 growing season. Beginning in the spring of 2011, an annual urea 

application was applied to the whole site including the former LSM and SCM blocks.  

An initial greenhouse gas (GHG) investigation was conducted during the spring of 1998 

through to seeding in the spring of 2000 quantifying nitrous oxide (N2O) emissions during the 

early stages of the manure trial at the Dixon long-term research site. A follow up N2O 

investigation was conducted during the 2009 and 2010 growing seasons, into the spring of 2011 

(Farrell et al., 2011). During the second period of GHG monitoring, denitrification enzyme 

assays (DEA’s) were conducted which showed a potential “priming” for higher N2O emissions 

in plots that had received the largest application rate of manure compared to the urea or control 

plots (Farrell et al., 2011). The potential for greater emissions as a result of long-term manure 

applications (1996-2009), as well as the introduction of a readily available reactive N source on 

an annual basis (beginning in 2011) provided an opportunity to increase our understanding of 

how N-fertilizer management may impact GHG emissions, namely N2O emissions post long-

term manure application of both LSM and SCM in the sub-humid prairies in Saskatchewan, 

Canada. 
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 Abstract 

Long-term manure applications [liquid swine (LSM) and solid cattle (SCM)] at the Dixon 

long-term manure research site were used to assess a “priming” effect on increased N2O 

emissions and their production as a result of a management regime change from manure to urea 

fertilizer. The Dixon site had a 14-year history of manure (LSM and SCM) at different rates (i.e., 

1×, 2×, and 4× the recommended rate) and frequency (annually or triennially) of application, 

which also included urea plots and a no N-fertilizer control. The soils under a history of long-

term manure applications had greater denitrification enzyme activities (DEA), which lasted from 

the first year after manure termination in 2011 — the first year of a blanket application of urea 

across the whole site including the former manure/N-fertilizer plots — until the final year of 

monitoring in 2014. This was especially apparent in the soils receiving repeated application of 

manure at high rates — four times greater than 50 kg plant available N ha-1 — which resulted in 

the largest DEAs. The long-term plots with a history of annual LSM applications also showed a 

legacy effect as these plots had a significantly greater cumulative N2O-N loss with the greatest 

influence observed from the annual 4× LSM plots. Interestingly, the historically applied SCM 

did not show any significant differences in cumulative N2O losses from the historical control 

(0N) plots. No differences in cumulative N2O-N loss were observed between any of the manure 

treatments from the triennial application plots. Daily emission patterns were similar for all years 

of monitoring with snowmelt and N-fertilizer application contributing to most of the N2O loss. 

The greatest N2O emissions occurred during the spring of 2013 — three years after manure 

application termination — pointing to a sustained effect and indicating that there can be a 

priming effect from long-term manure applications that may only be expressed under field 

conditions when environmental conditions are favorable. 

 Introduction 

Fertilizer N (both inorganic and organic) is an important resource in agriculture, leading 

to greater productivity and increased crop yields. However, because of various inefficiencies, the 

use of fertilizer in agriculture can lead to an accumulation of excess N in the environment. 

Manure is an organic N fertilizer commonly used in agriculture in the Canadian prairies to 

supplement crop N demands. Solid cattle and liquid swine manure are two of the most common 
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manure forms, and are often applied if they are available within close proximity to the crop 

production operations that require them. In Canada solid manure is applied to approximately 

1.75 million ha of land, while approximately 1.12 million ha receive liquid manures (Statistics 

Canada, 2011). Synthetic fertilizers (e.g. urea) are by far the main source of N-fertilizer applied 

in Canadian agriculture, and provide a readily plant-available N source. Both organic and 

inorganic (synthetic) fertilizer N, can increase crop yield by providing available N and other 

important nutrients to the system (Qian and Schoenau, 2000; Wen et al., 2003). However, the use 

of N fertilizers in agriculture also is a major source of N2O emissions to the atmosphere. Nitrous 

oxide is a potent greenhouse gas (GHG) and its increased concentration in the atmosphere 

increases trapping of solar radiation (IPCC, 2013), and stratosphere ozone depletion 

(Ravishankara et al., 2009). While N2O emissions are an unavoidable consequence of soil N 

cycling, anthropogenic activities such as fertilizer-N usage have greatly increased their 

magnitude and as such are an important symptom of N use inefficiency — increased N loss from 

the soil environment. 

Losses of N2O may be further impacted by the predicted change in regional variability 

and extremes in temperature and precipitation due to a changing climate (IPCC, 2013). The 

production and movement of soil-emitted N2O is complex, being influenced by changes to 

external N additions, as well as many biotic (i.e. soil microbes) and abiotic soil factors (i.e. OC, 

water content, pH, etc.). At present, crop production throughout the Canadian prairies is thought 

to yield below its potential (Tilman et al., 2011). As food demand increases, the need for 

enhanced efficiencies and more intensive use of agricultural land will also increase. This may 

create conditions that augment N2O losses by increasing the use of N fertilizers. While the 

Canadian prairies are believed to be a low N2O producing region because they are drier than the 

more humid eastern agricultural lands (Rochette et al., 2008a), changes to fertility management 

could negate the benefits of reduced N2O loss. Therefore, increasing our understanding of how 

changes in management (e.g., switching from manure to a more readily available fertilizer N 

form) impact N2O emissions is necessary if we are to develop strategies that maximize N use 

efficiency and mitigate N2O losses.  

Solid organic fertilizers (e.g. cattle manure) typically contain N bound in organic forms 

which must first be mineralized by the soil microbial community before it is available for plant 

uptake. These solid manure amended soils also have high C:N ratios that can slow and impede 
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organic-N mineralization (Qian and Schoenau, 2002). The rate and degree of mineralization will 

not only depend on the C:N ratio of the manure, but also the form and source of manure (i.e. 

liquid or solid manures). Solid cattle manure tends to have a higher C:N ratio and OC content 

than liquid swine manure (Table 3.1); therefore, solid cattle manure N is not as readily available 

and mineralizes more slowly (Qian and Schoenau, 2000; Qian and Schoenau, 2002; Helgason et 

al., 2007). For example, Wen et al. (2003) reported lower inorganic-N recovery rates from cattle 

manure than from swine manure on Saskatchewan soils. These studies suggest that solid cattle 

manures will not produce N2O emissions as large in magnitude as liquid manures ─ particularly 

liquid swine manure. However, consecutive solid cattle manure applications over several years 

can increase N availability by reducing the C:N ratio as a result of organic matter (N-containing) 

decomposition (Mooleki et al., 2004). In addition to the C:N ratio of manures, the N form and 

content of manures is quite variable, with the N in liquid swine manures mostly in the NH4
+ form 

(Mooleki et al., 2002) while the N in solid cattle manure is mostly in an organic form. As a 

result, the N in liquid swine manures is more easily nitrified (Whalen, 2000) providing a rapid 

conversion of NH4
+ to NO3

- . The NO3
- can then be used by the crop, leached from the soil 

profile, or lost as N2O during denitrification (Chantigny et al., 2001). Liquid manures also tend 

to have C that is more readily available, and a higher water content that can lead to a more rapid 

conversion of N into N2O. Rapid utilization of liquid manure C and N accompanied by enhanced 

denitrification losses was reported by Loro et al. (1997) while examining the effects of liquid and 

solid cattle manures on denitrification. Interestingly, it was the solid cattle manure applications 

that resulted in larger N2O losses and peak emissions occurred later than those associated with 

the liquid manure (Loro et al., 1997). 

Inorganic fertilizers provide readily available reactive N that can be used immediately by 

soil microorganisms and plants. In the Canadian prairies, synthetic fertilizer applications are 

typically applied at seeding or in the fall ─ before they are required for crop uptake. This can 

lead to inefficiencies in N utilization. These inefficiencies can be further exacerbated if N is 

applied in quantities above what is required to ensure maximum yields. Large fluxes of N2O are 

a by-product of the extra N introduced to soils, with the greatest fluxes occurring soon after 

fertilizer applications (Skiba et al., 1992). Using mineral N applications, Lebender et al. (2014) 

observed linear increases in emissions as application rates were increased beyond crop demands. 

However, non-linear (exponential) patterns for fertilized-induced N2O losses have also been 
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reported, and have been proposed to be more appropriate descriptors of fertilizer induced 

emissions (Shcherbak et al., 2014). 

 

Table 3.1 Manure fertilizer properties from Canadian studies including the Dixon site from selected 

literature 

Manure Fertilizers 
Total N 

(g kg-1) 

Available N 

(NH4
+)(g kg-1) 

Total C  

(g kg-1) 
C:N Source 

Liquid Swine‡ 86.00 59.86 411.80 4.79 Chantigny et al., 2001 

Liquid Swine†‡ 2.55 1.94 20.66 8.10 Mooleki et al., 2002 

Liquid Swine‡ 3.94 2.00 31.91 8.10 Mooleki et al., 2002 

Liquid Cattle§‡ 2.54 1.33 22.73 8.95 Rochette et al., 2008b 

Solid Cattle† 12.75 1.88 255.00 20.00 Mooleki et al., 2004 

Solid Cattle 16.25 2.25 325.00 20.00 Mooleki et al., 2004 

Solid Cattle 3.75 1.10 52.13 13.90 Paul and Beauchamp, 1994 

Solid Cattle 20.00 1.78 316.00 15.80 Helgason et al., 2007 

Solid Cattle 14.00 1.60 417.00 29.80 Helgason et al., 2007 

Solid Cattle§ 5.45 0.75 71.67 13.15 Rochette et al., 2008b 

Composted Cattle§ 17.38 0.53 197.88 11.73 Helgason et al., 2007 

Composted Cattle 5.96 0.02 103.70 17.40 Paul and Beauchamp, 1994 
‡Units are g L-1 

§Values averaged from source 

†Manure applied at the Dixon long-term research site 

Organic fertilizers add OC as well as nutrients to soils (Hopkins and Shiel, 1996; Whalen, 

2000), which is important because it not only alleviates nutrient deficiencies but also provides an 

abundant energy source for the microbial nutrient transformations. In the case of denitrification, 

the potential production of N2O by heterotrophs requires OC as the primary energy source and 

electron acceptor during the reduction of NO3
- (Canfield et al., 2010). An increase in C can also 

result in an increase in N cycling between organic and inorganic forms with higher net N 

immobilization (Paul and Beauchamp, 1994). Therefore, manures with different C:N ratios can 

have varied influence on substrate use by microbial communities. Higher N additions to soils can 

promote microbial uptake and immobilization. Residues (i.e., barley residues) contained in the 

manure or added upon application can also lead to increased mineralization or immobilization of 

N (Chantigny et al., 2001). The long-term application of cattle manure has been shown to 

increase microbial C in the topsoil, and maintain a greater extractable-C to SOC ratio at depth, 
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through additions from microbial C (e.g., amino sugars) (Sradnick et al., 2014). Changes to 

denitrification also have been observed from long-term manure applications. Denitrification rates 

in soils are generally high following fertilizer additions that increase N in the system or adjust 

the soil pH (Mulvaney et al., 1997).  

Excess nutrients from any N-fertilizer application that can lead to greater nutrient losses 

from the system can also impact priming effects (Kuzyakov et al., 2000). In this case, priming 

effects are defined as long-term manure applications that remove nutrient (N and C) limitations 

resulting in greater N loss as N2O. Therefore, the build-up or soil storage of N as a result of long-

term application of manures could lead to future issues of N loss. Nitrogen application rates that 

exceed crop requirements can lead to NO3
--N loading (Stumborg et al., 2007) that in turn can 

lead to increased N2O emissions (Yates et al., 2006a; Rochette et al., 2008b). The leaching of 

NO3
--N deeper into the soil profile is a concern with swine manures, as the NO3

- can build up 

rapidly after application if not used by crops (Chantigny et al., 2001). Labile N sources are a 

concern as they are prone to downward movement in soils, which in the case of long-term liquid 

swine manure applications can lead to large stores of NO3
- at depth. This, in turn, raises the 

concern that long-term liquid swine manure applications may lead to greater N2O losses, 

particularly in view of the added C that may become available after termination of the 

application. Because of the capacity of manures to increase OC and N, long-term applications 

could therefore create conditions conducive to a priming effect for N2O emissions. This priming 

effect could be of great importance as 2.5% of synthetic fertilizer-N produced globally has been 

estimated to have been converted to N2O between 1860 to 2005 (Davidson 2009) and a priming 

effect could result in even greater losses by increasing the proportion of N lost as N2O. While 

also resulting in economic costs such as lost yields for producers. 

This study examined how different N-fertilizers (solid cattle manure, liquid swine 

manure, or urea) applied at different rates and frequencies over 14 years at the Dixon long-term 

research site contributed to conditions conducive for increased N2O emissions when fertility 

management was changed to an annual application of chemical N-fertilizer. Soil-emitted N2O 

was measured from snowmelt until snowfall at the Dixon site during the 2011/12, 2012/13, and 

2013/14 seasons. Cumulative N2O losses were derived from an N-budget years (e.g., 2011/12) 

incorporating all N2O losses from the soil during from fertilizer application until the following 

years fertilizer application incorporating spring snowmelt into the previous growing season’s 
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budget. Cumulative emissions were used to identify differences in N loss as a result of the 

historical N-source applications. The potential for greater gaseous N loss was further examined 

using the denitrification enzyme activity (DEA) assay. The DEA’s were conducted on a subset of 

the soil amendments on three occasions during both the 2012 and 2013 growing seasons. These 

analyses were used as they allow a “worst case” potential of N2O loss alleviating any potential 

variation due to environmental differences thus enabling the determination of whether the long-

term manure applications had “primed” the soil for increased N2O emissions and, if so, to assess 

the duration of the priming effect at the Dixon site. My hypotheses for this study were: (i) long-

term manure applications ‘prime’ the soil for increased N2O emissions when a more readily 

available N-source is applied to the same field, and (ii) the duration of this priming will be short-

lived and will not impact emissions for a timeframe longer then the three post-manure 

applications. 

 Methods and Materials 

 Field site description 

Field sampling and monitoring was conducted at the Dixon long-term agricultural 

research site which is situated on privately owned and operated agricultural land located west of 

Humboldt, Saskatchewan (U.T.I. Coordinates NW21-37-23-W2). The soil is classified as a 

Black Chernozem of the Cudworth association that developed on calcareous, lacustrine parent 

material with a loam texture (31% sand, 45% silt, 24% clay), an electrical conductivity of 1.3 dS 

m-1, and a pH of 7.5 (Wen et al., 2003; Stumborg et al., 2007). The landscape is undulating but 

the study site is gently sloping (King, 2007). There is a wetland located on the southern edge of 

the site, and during wet years, small water-filled depressions often develop in the low lying 

areas.  

The research site at Dixon was established in 1996 to investigate the agronomic and 

environmental benefits of manure applications. Liquid Swine Manure (LSM) and Solid Cattle 

Manure (SCM) trials were established in adjacent blocks at the same site (Mooleki et al., 2002, 

2004). Manure amendments (with application rates based on N content) were applied in the fall 

— with two exceptions, the fall of 1996 and 2002, when an early freeze prevented fall 

application and resulted in the manure being applied in the spring of 1997 and 2003 respectively 
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(Mooleki et al., 2002, 2004; King, 2007). The soil amendments included the manures as well as a 

set of urea fertilizer treatments and a no-fertilizer control; treatments were applied starting in 

1996 and continued through the fall of 2009. The 2010 growing season was the final year in 

which crop nutrient demands were met by the addition of manure or urea applied the previous 

fall. Starting in 2011, the entire site received an annual application of urea-N (plus any P, K, 

and/or S as required) at seeding. Seeding and fertilizer operations were applied at the same time 

(May 16, 2011, May 27, 2012, and May 22, 2013). Fertilizer rates were based on the results of a 

fall soil test and the target yield of the coming year’s crop.   

 Experimental design 

The Dixon long-term manure research site included two manure trials: one using LSM 

and the other using SCM. Due to differences in methods of application and the size of the 

equipment involved, it was not possible to integrate both manure types into a single design. 

Consequently, the manure trials were established side-by-side, with each trial set up in a 

randomized complete block design. The LSM trial included 15 treatments replicated four times; 

the plots (3.05-m wide × 30.5-m long) were arranged running east to west, with Blocks 1 and 2 

located to the north of Blocks 3 and 4 (Fig. 3.1). The LSM treatments were applied using a 

Prairie Agriculture Machinery Institute (PAMI; Humboldt, SK) manifold/cutter with a 30-cm 

spacing, and were applied by sub-surface injection at a depth of 10-cm (Mooleki et al., 2002). 

The SCM trial included 12 treatments replicated 4 times; the plots (3.05-m wide × 3.05m long) 

were arranged running east to west in four parallel blocks that were arranged from north to south 

(Fig. 3.2). The SCM treatments consisted of a feedlot mixture (i.e., fecal matter and straw 

bedding) that had been stockpiled for less than one year and was mixed prior to being manually 

broadcast and incorporated into the soil using a rototiller (Mooleki et al., 2004). 

For logistical and budgetary reasons, not all of the treatments present at the Dixon site 

were included in this study. The treatments included are listed in Table 3.2, and varied in N-

source (LSM, SCM, and urea), N-rate (1×, 2×, 4× the agronomic rate), and frequency of 

application (applied annually or triennially). To describe these treatments a unique treatment 

code was utilized; beginning with an H indicating that these are historical N-treatments; followed 

by the type of N-treatment (i.e. liquid swine (LS), solid cattle (SC), and urea fertilizer (UF)); the 

historical timing of application (annually (A) or triennially (T)) ; and the historical rate of 
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application (i.e., 1×, 2×, or 4×) (e.g., for the historical annual LSM 1× application would be 

HLS-A1; the historical control plots within the LSM trial or the SCM trial would be HLS-C0 or 

HSC-C0 respectively). Triennial application means that manure was applied once every three-

years. The subset of treatments utilized in this study were selected to provide a range of 

historical conditions and included (i) the unfertilized (0N) control; (ii) the 1× annual application 

of urea (i.e., the “standard” BMP); (iii) the 2×, triennial application of manure (i.e., the 

recommended manure BMP); and (iv) the 4×, annual application of manure (i.e., the “worst case 

scenario”). 

 

Table 3.2 Historical N treatments, timings, and application rates for liquid swine manure (LSM) and 

solid cattle manure (SCM) trials. All amendments applied from fall 1996 until fall 2009. Only the 

treatments included in the GHG sampling are listed.  

Manure Trial Plot no. N source 
Application 

Rate† 

Application 

Frequency 

Treatment 

ID  

Liquid Swine 

Manure 

(LSM) 

1, 24, 44, 57 None 0× ─ ─ ─ HLS-C0 

13 ,20, 33, 47 Urea 1× Annual  HUF-A1 

14, 22, 39, 46 Urea 2× Annual  HUF-A2 

15, 26, 36, 51 Urea 4× Annual  HUF-A4 

4, 29, 38‡, 55 LSM 1× Annual  HLS-A1 

7, 27, 35, 54 LSM 2× Annual  HLS-A2 

9, 28, 31, 50 LSM 4× Annual  HLS-A4 

3, 21, 42, 58 LSM 1× Triennial  HLS-T1 

5, 30, 32, 52 LSM 2× Triennial  HLS-T2 

8, 18, 41, 56 LSM 4× Triennial  HLS-T4 

     

 121, 134, 148, 160 None 0× ─ ─ ─ HSC-C0 

Solid Cattle 

Manure 

(SCM) 

123, 140, 156, 159 SCM 1× Annual  HSC-A1 

126, 141, 149, 158 SCM 2× Annual  HSC-A2 

128, 142, 154, 157 SCM 4× Annual  HSC-A4 

122, 144, 152, 162 SCM 1× Triennial  HSC-T1 

124, 138‡, 153, 167 SCM 2× Triennial  HSC-T2 

127, 139‡, 147, 164 SCM 4× Triennial  HSC-T4 

†Plant available N; 0×, 1×, 2×, 4× rates = 0, 50, 100 & 200 kg N yr-1 respectively. 

‡Plots removed from gas sampling due to wrong application during historical applications. 
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Fig. 3.1. Plot map (map is not to scale) for the liquid swine manure (LSM) trial at the Dixon long-term 

manure research site. Plots shaded dark grey were included in the current study; i.e., only these plots 

were sampled for greenhouse gas emissions during the period from spring 2011 through spring 2014; 

plots shaded light grey were not sampled.  
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Fig. 3.2. Plot map (not drawn to scale) for the solid cattle manure (SCM) trial at the Dixon long-term 

manure research site. Plots shaded dark grey were included in the current study; i.e., only those plots 

were sampled for the greenhouse gas emissions during the period from spring 2011 through spring 

2014; plots shaded light grey were not sampled.



 

30 

Manure and urea application rates were based on meeting the crop nutrient requirements 

for the year (agronomic rate), with the base (1×) rate being equivalent to 50 kg plant available-N 

ha-1. Thus, urea was applied at a rate of 50 kg of N year-1, but manure was applied at a rate 

equivalent of 100 kg total-N ha-1, assuming only 50% of the N was plant available (Mooleki et 

al., 2002, 2004; Stumborg, 2006; King, 2007). The research site was managed by PAMI and the 

area surrounding the site was farmed and maintained by the land owner (Collin Ford). Site 

management followed a 4-year grain-oilseed rotation of barley, canola, wheat, and flax; and 

included herbicide applications as necessary. 

 Greenhouse gas monitoring 

Ambient N2O fluxes were determined using non-steady state, vented chambers (Fig. 3.3) 

adapted from previous studies (Corre et al., 1996; Farrell et al., 1999; Yates et al., 2006a). The 

chambers were wrapped in reflective bubble insulation to mitigate against temperature 

fluctuations during sampling. Collar rings were placed in the experimental plots following the 

fall manure/urea application and remained in place until just before seeding operations in the 

spring; the collars were then removed until seeding operations were completed and then placed 

back in the plots where they remained until agricultural practices (i.e., heavy harrowing) in the 

fall required that they be removed. Plants were removed from inside the collars to ensure that gas 

fluxes were measured from the bare soil only. 

Chambers were installed at 65 locations (see Table 3.2), with collars (15-cm  20.3-cm 

i.d.) for the chambers manually driven into the soil 

to a depth of 5-cm. Each chamber had an internal 

headspace volume (including the above-ground 

portion of the collar) of 1766 cm3 and a surface area 

of 176 cm2, yielding a volume-to-surface area ratio 

of ca. 10:1. The chambers were attached to the 

collars using two flip clamps located on opposite 

sides of the base. Once a chamber was sealed to the 

collar, a total of four gas samples per chamber were 

collected at 15-min intervals (i.e., at t0, t15, t30, and 

t45).  

Fig. 3.3. Vented, non-steady state chamber. 

Note: prior to deployment, each chamber was 

wrapped with insulation and reflective foil to 

minimize heating effects. 
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Gas samples were collected from the enclosed headspace using a disposable, 25-mL 

syringe equipped with a 25-gauge, 5/8-inch needle. The syringe was flushed with ambient air 3-

times prior to sample collection to eliminate carry-over, and gas samples withdrawn through a 

Swagelok™ sampling port (sealed with a gray butyl rubber septum) in the top of each chamber. 

The gas samples were then injected into pre-evacuated (ca. 5  10-3 atm), 12-mL Exetainer® 

vials (Labco, Canada) where they were analyzed using gas chromatography (Farrell and Elliott, 

2008). The gas samples were stored under a slight positive pressure (ca. 2-atm) and returned to 

the Department of Soil Science, University of Saskatchewan for N2O analysis (usually within 36- 

to 48-h). The CO2, N2O, and CH4 greenhouse gas concentrations were determined using a Bruker 

450 gas chromatograph equipped with electron capture, thermal conductivity and flame 

ionization detectors for N2O, CO2, and CH4, respectively (Bruker Biosciences Corporation, 

Billerica, MA, USA) (Farrell and Elliott, 2008). 

Ambient air samples were collected at regular intervals during the sampling period and 

used to detect the minimum detectable concentration difference (MDCD) between samples 

collected at t0 and each subsequent time step. The MDCD was calculated using the average of 

the differences between paired air samples (μ Pair Difference) and the standard deviation of the paired 

air samples (σ Pair Difference) (Eqn. 3.1; Yates et al., 2006a).  

 𝑀𝐷𝐶𝐷 = 𝜇𝑃𝑎𝑖𝑟 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + (2𝜎𝑃𝑎𝑖𝑟 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒) [Eqn. 3.1] 

The MDCD was used to identify potentially problematic data points and determine the 

flux calculation method to be used by the HMR model (Pedersen, 2015) — a modification of the 

Hutchinson-Mosier method (Hutchinson and Mosier, 1981) — implemented as an add-on 

package for the R statistical software program (3.1.3; R Development Core Team, 2015). Daily 

fluxes were calculated using the HMR package and fitted either a non-linear (exponential) 

regression or a linear regression (LR) to the concentration vs. time data. Linear regression was 

used to calculate the daily flux whenever the change in concentration was less than the MDCD, 

allowing for all GHG data to be used; when the change in concentration was greater than the 

MDCD, the daily flux was calculated using the method suggested by the HMR package. No 
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outlier data were removed and negative values were not forced to a zero value allowing for any 

micro-conditions or hot spots caught by the chambers to be assessed. 

Gas sampling was conducted from snowmelt in early spring until freeze-up in late fall. 

Sampling frequency was greatest in the spring (2–3 times per week) in order to catch the large 

emission events associated with spring thaw and seeding. Sampling frequency decreased as the 

crop matured and the soil N pool was depleted, with sampling occurring only once per week 

during June and July, and once every two weeks from August until freeze-up. Cumulative 

gaseous N2O losses were determined by plotting the daily flux vs. time (day of the year) curve 

for each complete sampling season and calculating the area under the curve using Eqn. 3.2: 

 𝑡 − 𝑁2𝑂 = 𝑓𝐼 +  ∑[(𝐷𝑂𝑌𝑛+𝑥 − 𝐷𝑂𝑌𝑛) ∗ (
𝑓𝑛+𝑥+𝑓𝑛

2
)] + 𝑓𝐿   [Eqn. 3.2] 

where t-N2O is the cumulative (total) N2O loss for the sampling period (kg N2O-N ha-1 yr-1); fI 

and fL are the initial and final daily fluxes measured during the sampling period; fn is the flux 

measured on a particular day of the year (DOYn); and fn+x is the flux measured x days later 

(DOYn+x). 

 Soil sampling and processing 

Soil samples (0-10 cm) were collected for determination of the available N (NO3
- and 

NH4
+) in the spring and fall of 2013, and the spring of 2014. Duplicate soil cores (4.5-cm i.d.) 

were collected from inside the flux chamber collar in each plot; the samples were composited 

and bagged in the field, and then returned to the Department of Soil Science in Saskatoon where 

they were stored in a walk-in cooler at 4˚C until analyzed. Available N analyses were performed 

following the method of Maynard et al. (2008); briefly the soils were removed from the cooler, a 

5.00 g field moist soil subsample was extracted with 50-mL of 2M KCl solution, shaken for 1-hr 

at 142 rpm on a rotary shaker, then filtered into 16-dram vials using VWR® 454 filter paper 

(VWR International Edmonton, AB, Canada). Gravimetric soil water content (GSWC) was 

determined by drying a subsample of the soil at 105˚C for 24-hr; the GSWC was then used to 

determine the dry weight equivalent of the moist soil sample used in the KCL extraction. 
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 Denitrification enzyme activity 

Denitrification enzyme activity (DEA) were determined for a subset of the historical urea 

and manure treatment plots. The plots sampled were the control treatment (HLS-C0), standard 

practice treatments [i.e., annual application of urea fertilizer at the soil test recommendations 

(HUF-A1) and manure application at twice the recommended N rate, but applied every third year 

(HLS-T2 and HSC-T2)], and those receiving the highest manure-N rates [i.e., annual 

applications at 4-times the recommended N rate (HLS-A4 and HSC-A4)]. The HLS-T2 and 

HSC-T2 plots are standard practice applications comparable to the annual 1× urea application 

[i.e., 50 kg plant available N ha-1 (Stumborg, 2006)] allowing for an equivalent base-line to the 

annual Urea applications that began in 2011 after the termination of manure applications (fall 

2009). Soil samples were collected on three occasions in 2012: prior to fertilization/seeding in 

May (May 16th), at 50% flowering in July (July 10th), and at harvest in September (September 

4th). In 2013, the sample collection dates were changed in order to catch the spike in emissions 

that normally follows fertilizer/seeding operations. The 2013 samples were taken before (May 

14th) and after fertilization/seeding (May 29th) event in May and again immediately prior to 

harvest in September (September 16th). Each soil sample (0-10 cm) was extracted using a 3.14-

cm (i.d.) back-saver probe, and five samples were taken from each plot. Because of the 

difference in the sizes of plots between the LSM and SCM blocks, the sampling method was 

different. Sampling of the LSM plots was varied to reflect the larger size of the LSM plots 

compared to the SCM plots. In the long rectangular LSM plots which were orientated in a north 

south direction the collars were located approximately 20 feet from the northern edge. The first 

soil sampling core was taken between the north edge and the collar, three subsequent samples 

were taken around each collar, and one between the collar and the south edge (except the May 

2012 samples were taken in a transect along the length of the plot); while in the smaller square 

SCM plots, the five samples were taken from around the collar throughout the plot. The five soil 

cores from each plot were bagged together and homogenized in the field and immediately placed 

into a cooler with ice packs. The soil samples were returned to the Department of Soil Science in 

Saskatoon and stored in a 4˚C walk-in cooler. Within 24-hr of collection, the soil samples were 

sieved to pass a 4.75-mm screen and a sub-sample of the sieved soil was used immediately for 

DEA analysis, with a second sub-sample of the sieved soil stored in a 7-oz Whirl-pak® (Nasco, 
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Fort Atkinson, USA) bag at -80˚C, and the remainder stored in a chest freezer at the University 

of Saskatchewan.  

The DEA assays (Alef, 1995; Groffman et al., 1999; Drury et al., 2008) were conducted 

between June 2011 to May 2014. The assay itself was adapted from Groffman et al. (1999) and 

involved weighing 6.50 g field moist soil (equivalent to 5.24 ± 0.15 g oven-dry weight; sieved to 

< 4.75-mm) into an acid-washed 160-mL serum bottle1. A 10-mL aliquot of DEA solution 

[prepared by dissolving 1.44 g potassium nitrate (KNO3), 1.00 g glucose, and 0.25 g 

chloramphenicol in 2 L distilled deionized water] was added to each serum bottle, which was 

then sealed with a gray butyl rubber septum using an aluminum crimp cap. The serum bottles 

were then connected to a gas manifold and purged of ambient air by flushing with ultra high 

purity (UHP) N2 gas for 2-min. The serum bottles were disconnected from the manifold and 

acetylene was injected into each bottle (acetylene concentration – 10% v/v) and the headspace 

mixed by pumping the syringe for 15-s before withdrawing a 10-mL sample of the headspace gas 

(t0) and injecting it into a pre-evacuated 12-mL Exetainer® vial containing 10-mL UHP N2. To 

maintain a constant pressure in the serum bottles, 10-mL of UHP N2 was injected into each 

serum bottle immediately after the headspace gas sample was collected. The serum bottles were 

then placed on a rotary shaker and shaken at 125 rpm for a total of 90 minutes, with headspace 

sampled at 30-min intervals (i.e., t30, t60, and t90). Analytical blanks (i.e., serum bottles that did 

not contain soil but were treated exactly the same as the bottles containing the soils) were 

included in each set of analyses. Duplicate analyses for each soil were run in 2011, 2012, and 

2013; however, because of time constraints [and considering that between-duplicate coefficients 

of variation were generally quite small (<7%)] duplicates were not included for the spring 2014 

analyses. 

The Exetainer® vials containing the headspace gas samples were placed in a combi-PAL 

auto-sampler connected to a Bruker 450 gas chromatograph (Bruker Corp., Billerica, MA, USA) 

equipped with a 63Ni electron capture detector for the determination of N2O. Nitrous oxide 

concentration (µL N2O-N L-1) vs. time (min) curves were prepared for each sample, and the DEA 

calculated using Equation 3.3, adapted from Alef (1995) and modified with Drury et al. (2008): 

                                                 
1 Note: 125-ml serum bottles were used for the May and July 2012 DEA assays. 
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 𝐷𝐸𝐴 =  (𝑆𝑁2𝑂) (
28.014

𝑉𝑚
) (

(𝑉𝑆𝐵−𝑉𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛−𝑉𝑆𝑜𝑖𝑙)

𝑂𝐷𝑊
) [Eqn. 3.3] 

where DEA is the denitrification enzyme activity (μg N2O-N g-1 min-1); SN2O is the slope of the 

N2O concentration vs. time curve for each sample (μL N2O L-1 min-1); 28.014 is the molecular 

weight of N2; Vm is the molar volume of a gas at STP (22.414 µL µmol-1; VSB is the volume of 

the serum bottle (125- or 160-mL); VSolution  is the volume of DEA solution (10-mL); VSoil is the 

volume of soil (ODW/PD; PD = particle density = g/2.65 g cm-3); and ODW is the oven dry 

weight of the soil (g). Note 1: the ODW was determined by drying a subsample of the soil at 

105ºC for approximately 48-hr.  

 Weather data 

All weather data were compiled by Environment Canada for the Saskatoon area (i.e., the 

RCS Station Saskatoon) (Environment Canada, 2015a) which, though located roughly 110 km 

west of the Dixon site, was the closest accessible weather station to the site. A comparison of the 

climate at the Saskatoon site with that at the Dixon long-term research site was conducted using 

spatially interpolated climate data as described by Hijmans et al. (2005, 2016). Climate surfaces 

comparing the mean annual precipitation and temperature at Saskatoon and Dixon (see Appendix 

A) were developed using WorldClim interpolated climate layers data (1950-2000) and the 

“raster” package in R (3.1.3; 2015) (Hijmans et al., 2016).  

 Statistical analysis 

All statistical analyses were completed using the statistical software R (3.1.3) (R 

Development Core Team 2015). The cumulative N2O loss data were not normally distributed and 

so were transformed using a Johnson transformation in R (Fernandez, 2015) that assesses the 

values and probabilities to choose whether to use the “SU’ (unbounded system), “SB” (bounded 

system), or “SL” (log-normal system) transformation functions. Exploratory data analysis 

revealed that a Johnson “SL” transformation was best for the cumulative N2O data. The Johnson 

transformation was chosen based on its effectiveness in normalizing chamber-based N2O 

measurements (Moulin et al., 2014), and, indeed there was improvement to the data towards 

normal distributions following the transformation. Moreover, using Levene’s test for equality of 

variances (α < 0.05), it was determined that the transformed data met the requirements of 

homogeneity of variance for parametric analyses. Similarly, the denitrification enzyme activity 
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data were log-transformed to normal distributions that met the requirements of homogeneity of 

variance for parametric analyses (α < 0.05). For each manure type (LSM and SCM), treatment 

effects on cumulative N2O loss were assessed using a two-way ANOVA. The DEA’s were 

natural log transformed for statistical analyses and backtransformed for respective tables. The 

log of the DEA’s was assessed using a one-way ANOVA looking at treatment effects on 

denitrification enzyme activities. Significant differences (p ≤ 0.10) between treatments for both 

the two-way and one-way ANOVA’s were assessed using a least significant difference (LSD) 

test, and was performed using the “agricolae” package in R (Mendiburu, 2016). 

 Results 

 Local weather 

The Environment Canada weather station closest to the Dixon site was in Saskatoon, 

which is about 110 km west of the research site. However, Saskatoon and Dixon have similar 

climates —based on the climate surfaces (Appendix A1 and A2) the Dixon area tends to be a 

little wetter and cooler. During the course of this study (i.e., from spring 2011 through spring 

2014), weather conditions in the Central Saskatchewan region ranged from very wet to relatively 

dry (Table 3.3). Indeed, during the 2010 crop year (i.e., from May 27th to October 21st) 

cumulative precipitation was 84% (256 mm) greater than the long-term (30-yr) average. Above-

average precipitation (+43%; 130 mm) also occurred in 2012. At the other extreme, 2011 and 

2013 were drier than normal — with 20% and 32% less cumulative precipitation, respectively, 

than the 30-yr average. Mean seasonal temperatures during this period were typically cooler 

(0.5-1.2˚C) than the 30-yr average — except during the years when there was greater than 

normal precipitation (2010 and 2012), when the temperature averaged about 0.5˚C higher than 

normal.  

Greater than normal precipitation in 2010 produced flooding throughout the region, 

particularly in areas of lower depression and in catchment waterways and had a significant 

impact on the Dixon research site. For example, seeding and harvest were late (June 2nd and 

October 1st, respectively), resulting in reduced yields (Jeff Schoenau, 2013 Personal 

Communications). Cooler than usual temperatures occurred during the spring 201l, resulting in a 

late spring thaw and, in turn, a late start to the gas sampling program. Conversely, spring 2012 
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was characterized by a shallower than normal snow cover, with a warmer spring allowing for an 

early start to the GHG monitoring (see Table 3.3). Greater fall precipitation and deeper snow 

cover over the 2012/2013 winter — combined with cool temperatures in the spring (Fig. 3.4) — 

resulted in a late spring melt and delayed start to the 2013 sampling season. In all years, 

greenhouse gas monitoring was completed in mid to late October when the surface soil became 

frozen and covered with snow. 

 

Table 3.3 Total precipitation and mean annual temperature (based on Environment Canada data for 

Saskatoon, SK RCS Station). The fertilizer applications rates are for that growing season, as well as the 

crop seeded that year. 

Crop 

Year 

Seasonal 

Precipitation 

(mm) ‡ 

Mean 

Temperature 

(˚C) ‡ 

Gas Sampling 

(start - end) 

Fertilizer 

Application 

(NPKS)  

(kg nutrient ha-1) 

Crop 

2010 560.5 10.18 — LSM & SCM 
Canola   

(Nexera Hybrid) 

2011 241.8 9.28 May 27 - Oct 21 81-25 -11-11 
Malt Barley (CDC 

Copeland) 

2012 434.3 10.21 Mar 22 – Oct 18 135-29-0-22 
Canola   

(Nexera Hybrid) 

2013 208.1 8.54 May 5 - Oct 31 95-25-11-11 
Hard Red Spring 

Wheat 

2014 323.7 8.86 Apr 5 - May 16 — — 

Norm† 304.2 9.75 — — — 

† 30-yr (1981-2010) average from Environment Canada Weather data Saskatoon, SK. 

‡ Sampling season is designated from March 1 – October 31 
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Fig. 3.4. Mean daily temperature and daily total precipitation for the study period. (Environment 

Canada, 2015a).  Days are based on Julian days (Day 1 = January 1st). The black arrows indicate the 

yearly seeding date. The blue shaded region is the gas sampling period after snowmelt, but prior to 

seeding in the spring; while the tan shaded region is the gas sampling period from immediately after 

seeding until snowfall and soil freeze-up in the fall. 

 Denitrification enzyme activity 

The historical N-treatment had a significant impact on present day (post-manure) DEA 

activities; e.g., DEA’s associated with the long-term application of LSM were generally greater 

than those associated with the non-fertilized control (HLS-C0) or historical 1× urea treatment 

(HUF-A1) (Table 3.4). This was especially true for the treatment receiving annual applications 

of LSM at the 4× rate (HLS-A4). Moreover, although by 2014 all the plots had received an 

annual application of urea for 3 years, the HSL-A4 treatment was still producing more (p = 

0.018) total N2O-N than the historical control (HLS-C0) (Table 3.4). Likewise, the manure BMP 

treatment (HLS-T2) yielded DEAs that were greater than the historical control and/or the urea 

BMP treatment (HUF-A1) in three of four sampling years. Interestingly, the HLS-A4 treatment 

was significantly greater than the HLS-T2 treatment only in the driest years (i.e. 2011 and 2013). 

Similar results were observed for the plots with a history of SCM applications (Table 3.4). 

Interestingly, DEAs associated with the historical BMPs (i.e., the HLS-C0 and HUF-A1) did not 

differ significantly despite the fact the HLS-C0 plots had received no N fertilizer during the 14 

years prior to 2011.  

 

  



 

39 

Table 3.4 Mean DEA activities for the historical liquid swine manure (top table) and solid cattle manure 

(bottom table) N-fertilizer treatments for each year of analysis. The p values are probabilities from One-

Way ANOVA performed for each year and trial separately. 

 DEA (ng N2O-N g-1 min-1) 

Treatment ID n 2011 (1) 2012 (3)‡ 2013 (3)‡ 2014 (1) 

Liquid Swine Manure Trial      

HLS-C0 4 2.99  b 1.18  b 2.85   c 6.78 bc 

HUF-A1 4 2.53  b 1.12  b 2.76   c 5.44   c 

HLS-T2 4 2.76  b 1.77  a 3.86   b 9.14 ab 

HLS-A4 4 5.76  a 2.39  a 5.31   a 13.53  a 

p value  0.008 0.000 0.000 0.018 

Solid Cattle Manure Trial      

HLS-C0 4 2.99 1.18  b 2.85  b 6.78   b 

HUF-A1 4 2.53 1.12  b 2.76  b 5.44   b 

HSC-T2 3 2.44 1.71 a 4.21  a 8.42 ab 

HSC-A4 4 3.41 2.20  a 4.93  a 10.72 a 

p value  0.378 0.001 0.000 0.084 

† Within columns and within a trial, means followed by the same letter are not significantly (p ≤ 0.10) different according to the 

least significant difference (LSD) test. 

‡ Values in parentheses are the number of sampling events in a given year. 

In general, DEAs associated with the HLS-A4 and HSC-A4 treatments were greater than 

those associated with the other treatments and, despite some seasonal variability, this trend 

remained relatively consistent throughout the 3-yr monitoring period (Fig. 3.5 and Fig. 3.6). As 

well, significant differences between the fertilizer (HUF-A1) and manure BMPs (HLS-T2 and 

HSC-T2) were observed on several occasions, with the historical manure treatments yielding 

higher DEAs than the urea treatment. Differences between the HUF-A1 and historical control 

treatment (HLS-C0), on the other hand, were not significantly different at any time during the 

monitoring period.  
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Fig. 3.5. Denitrification enzyme activity (DEA) measured in the plots with a history of LSM applications. 

Note: the plots were sampled once in 2011; three times in 2012 and 2013 (i.e., before fertilization, after 

fertilization, and harvest); and once in 2014 (before fertilization). The shaded region is the mean ± 

standard deviation for the HUF-A1 (urea) soil amendment, the squares are HLS-C0 [], circles are 

HLS-T2 [], triangles are HLS-A4 []. The error bars represent one standard deviation from the 

mean.  
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Fig. 3.6. Denitrification enzyme activity (DEA) measured in the plots with a history of SCM 

applications. Note: the plots were sampled once in 2011; three times in 2012 and 2013 (i.e., before 

fertilization, after fertilization, and harvest); and once in 2014 (before fertilization). The shaded region 

is the mean ± standard deviation for the HUF-A1 (urea) soil amendment, the squares are HLS-C0 [], 

circles are HLS-T2 [], triangles are HLS-A4 []. The error bars represent one standard deviation 

from the mean.  
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Regardless of amendment history, the highest overall DEA activity occurred during the 

spring 2014 sampling event. Conversely, DEA activities were generally lowest during the 2012 

sampling events. At the same time, however, DEAs at the 2012 harvest sampling event were 

significantly (p < 0.05) greater than those measured earlier in the year (Fig. 3.5 and Fig. 3.6). 

The opposite was true in 2013 — with DEAs being significantly (p < 0.05) greater in the early 

spring (before fertilizer/seeding operations) than after harvest in the fall. It is also important to 

note that in spring 2014 — four years after termination of the manure applications — the 

potential denitrification activities associated with the “worst case” scenarios (i.e., the HLS-A4 

and HSC-A4 treatments) remained significantly higher than those associated with the BMPs 

(Table 3.4).  

 Daily N2O emission 

Regardless of amendment history, daily N2O emissions at the Dixon long-term manure 

research site followed typical background/event-based pattern (Yates et al., 2006a, 2006b) during 

peak sampling season (i.e., from snowmelt to snowfall). This consisted of two large event-based 

peaks (at snowmelt and fertilization), followed by small precipitation-driven spikes during early 

growing season (before the crop had depleted the available N supply), and then by “background” 

emissions during the latter part of monitoring period (Fig. 3.7). Whereas the seasonal patterns 

reflected local weather and current fertilizer management practices, the magnitude of the daily 

N2O emissions was clearly impacted by amendment history.  

As indicated above, the magnitude of the daily N2O flux was impacted by the historical N-

treatment — which included both the rate at which the manure/urea was applied and the 

frequency of application (See Appendix B: Figs. B1-B4). Treatment effects were observed both 

within and between years (Fig. 3.7) and there was a high degree of within treatment (i.e., 

between reps) variability in the magnitude of emissions. This was most apparent in 2013 — the 

only year in which spring melt emissions were greater than those induced by the fertilizer 

application — particularly in HSC-A4 and HLS-A4 plots.  

Several distinct trends were observed for the plots with a history of LSM application. For 

example, the higher the application rate, the larger the magnitude of the peak fluxes and the 

greater the variability between plots with the same history (i.e., rate and frequency of 

application). Regardless of the historical N-treatment, the largest daily fluxes observed during 
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the study occurred during the spring melt, and following the application of urea fertilizer in 2013 

(Fig. 3.7). This was also true for the plots with a history of no manure/fertilizer additions (i.e., 

the non-fertilized controls), though there appeared to be less between-rep variability among the 

historical controls — and the historical urea treatments — than the LSM treatments (See 

Appendix B). Likewise, daily N2O emissions from the plots with a history of SCM applications 

were greater in 2013 and the spring of 2014 than in either 2011 or 2012. Unlike N2O emissions 

from the plots with a history of LSM and urea applications, emissions from the SCM amended 

plots were much more variable across the sampling season.  



 

 

 

4
4

 

 

Fig. 3.7. Daily N2O emissions from the historical control (HLS-C0; top row) plots and plots that had received annual applications of manure at 

the 4× rate (HSC-A4 and HLS-A4; middle and bottom rows, respectively). The daily flux from each plot (rep) is shown as a green circle (●); the 

mean flux is shown as a red line (─). The x-axis is the day of the year. In cases where one or more fluxes exceeded the y-axis range, these values 

are listed on the graph. The black arrow represents the seeding/fertilization date (Note: in 2014 sampling ended prior to seeding).
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Whereas the historical manure treatments affected the peak emissions associated with the 

events triggered by snow-melt and the spring fertilizer application, no such effect was observed 

in the “background” emissions (Fig. 3.7). Moreover, whereas the magnitude of the N2O 

emissions was clearly impacted by the rate and frequency of the historical LSM and urea 

applications, there appeared to be little if any impact of the historical SCM treatments on 

emissions after the treatments were terminated (see Appendix B). 

 Cumulative nitrous oxide loss and historical fertilizer amendments 

Cumulative N losses were calculated for an “N budget year”; i.e., from fertilizer application in 

YEAR 1, through the growing season and spring thaw period in YEAR 2. For example, the 

cumulative N loss for the 2011/12 N-budget year includes the period from the spring fertilizer 

application on May 27, 2011 through to the subsequent spring thaw period ending on March 21, 

2012. As a result, the spring melt-fluxes were included in the previous year’s N2O emission 

budget. In addition, total cumulative losses were calculated by summing the annual losses over 

the course of the 3-yr monitoring period. These cumulative N2O-N losses were then used to 

assess the potential of the long-term manure treatments to create conditions conducive for greater 

N2O losses after the treatments were terminated (Table 3.5 and Table 3.6).  

In general, cumulative N2O-N losses associated with historical treatments involving 

annual applications of LSM were significantly (p < 0.10) greater than those associated with the 

equivalent SCM treatments, yet were similar to the equivalent urea treatments (Table 3.5). 

Furthermore, cumulative N2O-N losses (averaged across N rate) increased in order: non-

fertilized control ≈ SCM < LSM. Not surprisingly, cumulative N2O-N losses also increased with 

increasing N rate, though this effect was only significant at the 4× rate. 

Conversely, cumulative N2O-N losses associated with historical treatments involving 

triennial applications of LSM were not significantly greater than those associated with the 

equivalent SCM treatments (Table 3.6). Likewise, N rate had no significant effect on cumulative 

N2O-N emissions when the manures were added every third year as opposed to on an annual 

basis (Table 3.6).  

 



 

46 

Table 3.5. Annual and total cumulative N2O-N loss measured between the spring fertilizer application in 

2011 (May 27th) and the end of snowmelt period in 2014 (May 16th). Only data from the plots with a 

history of annual manure/urea applications were considered; data were analysed using a 2-way ANOVA 

with N-source and N rate as the main effects. 

 Cumulative N2O loss (kg N2O-N ha-1)‡ 

N-source 2011/12 2012/13 2013/14 3-yr Total  

Control 2.609 2.371   b 2.649   c  7.629    b 

Urea 1.149 4.151 ab 5.986 ab 11.286 ab 

SCM 1.824 3.944 ab 3.026 bc 8.794    b 

LSM 1.522 5.405   a 7.745  a 14.672  a 

p value 0.407 0.094 0.014 0.073 

     

N Rate† 2011/12 2012/13 2013/14 3-yr Total  

0× 2.609 2.371 2.649 bc 7.629    c 

1× 1.595 4.031 2.619   c 8.245   bc 

2× 1.618 3.976 4.759 ab 10.353 ab 

4× 1.289 5.378 8.951   a 15.618   a 

p value 0.337 0.116 0.001 0.025 
†Plant available N; 0×, 1×, 2×, 4× rates = 0, 50, 100 & 200 kg N year-1 respectively. 
‡Within columns and N-fertilizer or N-rate, means followed by the same letter are not significantly (p ≤ 0.10) different according 

to the least significant different (LSD) test. 

 

Table 3.6. Annual and total cumulative N2O-N loss measured between the spring fertilizer application in 

2011 (May 27th) and the end of snowmelt period in 2014 (May 16th). Only data from the plots with a 

history of triennial manure/urea applications were considered; data were analysed using a 2-way 

ANOVA with N-source and N rate as the main effects. 

 Cumulative N2O loss (kg N2O-N ha-1) 

N-source 2011/12 2012/13 2013/14 3-yr Total  

Control 2.609 2.371 2.649 7.629 

SCM 1.783 3.062 3.250 8.096 

LSM 1.525 4.283 3.416 9.224 

p value 0.876 0.475 0.772 0.702 

     

N-rate† 2011/12 2012/13 2013/14 3-yr Total 

0× 2.609 2.371 2.649 7.629 

1× 1.552 3.448 3.483 8.483 

2× 1.865 2.734 2.765 7.364 

4× 1.524 5.042 3.754 10.320 

p value 0.952 0.849 0.604 0.744 
†Plant available N; 0×, 1×, 2×, 4× rates = 0, 50, 100 & 200 kg N year-1 respectively. 
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Cumulative annual (and total) N2O emissions associated with the individual historical 

treatments are shown in Figures 3.8-3.10. For the sum of all three-years, the plots receiving 

annual applications of LSM exhibited significant (p = 0.017) treatment effects (Fig. 3.8A). 

Cumulative N2O losses from the plots that had received long-term applications of the LSM 

(HLS-A1, HLS-A2, and HLS-A4) were greater than those from the historical control (HLS-C0) 

plots. Moreover, plots that had received the highest (4×) rate of LSM (HLS-A4) produced greater 

cumulative emissions than those receiving the lower (1× and 2×) rates (Fig. 3.8A). Conversely, 

application rate had no significant (p = 0.345) effect on cumulative N2O emissions from plots 

that had received triennial applications of the LSM (Fig. 3.9A). 

 

 

Fig. 3.8. Cumulative N2O emissions during the three years following termination of the historical LSM 

applications. Manure applications were made either (A) for the historical annual LSM and (B) for the 

historical annual SCM applications. Error bars represent one standard deviation from the mean total 

cumulative emissions.
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Unlike the LSM, for the sum of all three years long-term annual applications of SCM had 

no significant (p = 0.751) effect on cumulative N2O losses (Fig. 3.8B). This was true regardless 

of application frequency (i.e., annual or triennial). Whereas plots with history of annual 

applications of SCM yielded cumulative N2O emissions that were significantly (p = 0.073; Table 

3.5) lower than those from equivalent LSM plots. However, there was no significant (p = 0.702; 

Table 3.6) difference in cumulative emissions from plots with a history of triennial applications 

of SCM compared to LSM. 

 

 

Fig. 3.9. Cumulative N2O emissions during the three years following termination of the historical LSM 

applications. Manure applications were made either (A) for the historical triennial LSM and (B) for the 

historical triennial SCM applications. Error bars represent one standard deviation from the mean total 

cumulative emissions. 

Much like the historical LSM treatments, the sum of the three-year cumulative loss from 

plots receiving annual applications of urea fertilizer exhibited a significant treatment (N rate) 

effect (p = 0.004). When looked at annually this treatment effect was significant in two of the 

three years of the study (Fig. 3.10). The lone exception occurred in 2011/12 — a year 
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characterized by relatively cool, dry conditions that resulted in the lowest cumulative emissions 

measured during the four years of the study (i.e., 0.98-1.25 kg N ha-1
 yr-1). Moreover, cumulative 

N2O emissions summed over the three-year study period increased in order: HLS-C0 ≈ HUF-A1 

< HUF-A2 < HUF-A4. Total cumulative N2O emissions from the HUF-A4 plots were ca. 3- 

times greater than those from HLS-C0 and HUF-A1 plots, and almost double those from the 

HUF-A2 plots. It is also noteworthy that cumulative annual emissions associated with the urea 

best management practice (i.e., the HUF-A1 treatment) were essentially the same as those 

associated with the previous control (non-fertilized; HLS-C0) plots. 

  

 

Fig. 3.10. Cumulative N2O emissions during the three years following termination of the long-term urea 

applications. Urea applications were made on an annual basis. Error bars represent one standard 

deviation from the mean total cumulative emissions.  

Annual cumulative N2O-N losses associated with the different historical treatments 

varied depending on crop management and weather — though the trends described in the 

previous section remained relatively constant across time. In general, cumulative emissions were 

lowest during the 2011/12 N-budget year and greatest during the 2013/14 N-budget year (Table 
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3.7). The same trend was observed for the historical urea N-treatments; i.e., cumulative annual 

emissions increased in the order 2011/12 < 2012/13 ≈ 2013/14. Regardless of the historical 

manure/urea treatment, cumulative annual emissions in any N-budget year were driven primarily 

by two large emission events associated with (i) the fertilizer N application in the spring of that 

year and (ii) the snowmelt period in the subsequent spring (i.e., preceding the following year’s 

N-fertilizer application) (Table 3.7). Indeed, emission occurring during these two events 

accounted for 47, 77 and 77% of the cumulative annual N2O-N losses (averaged across all 

treatments) in the 2011/12, 2012/13, and 2013/14 N-budget years, respectively. Cumulative 

emissions during the snowmelt period associated with the 2011/12 N-budget year were 2- to 3- 

times lower (averaging about 16%) than those in the 2012/13 and 2013/14 N-budget years 

(which averaged ca. 43 and 31%, respectively). 
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Table 3.7. Cumulative annual N2O-N loss and the proportion of the cumulative annual N2O loss 

associated with the spring application of N fertilizer (Nf) and the snowmelt (SM) period preceding the 

next year’s spring fertilizer application. Emissions associated with the spring application of N fertilizer 

were calculated based on a 20-day period immediately following snowmelt or fertilizer application. 

      Cumulative annual N2O-N loss  

N source N rate† F‡ 

2011/12 2012/13 2013/14 

 CL§ 

(kg ha-1) 

Nf 

(%) 

SM 

(%) 

CL§ 

(kg ha-1) 

Nf 

(%) 

SM 

(%) 

 CL§ 

(kg ha-1) 

Nf 

(%) 

SM 

(%) 

─ 0× A 1.0 41 12 1.8 36 46 2.9 63 18 

LSM 1× A 1.7 39 8 7.0 40 39 3.6 47 15 

LSM 2× A 1.3 28 17 4.6 30 40 5.7 40 34 

LSM 4× A 1.6 28 15 5.0 33 38 12.9 34 48 

LSM 1× T 1.9 37 4 3.5 21 62 4.3 52 23 

LSM 2× T 1.5 17 16 2.4 30 38 2.6 36 40 

LSM 4× T 1.3 17 15 7.0 26 55 3.4 45 23 

         
 

  

─ 0× A 4.2 50 15 2.9 49 27 2.4 52 27 

SCM 1× A 1.9 32 25 3.8 49 37 2.2 52 23 

SCM 2× A 2.4 29 31 3.0 50 21 4.1 51 32 

SCM 4× A 1.3 29 19 5.0 19 54 2.8 48 30 

SCM 1× T 1.3 42 9 3.4 23 57 2.7 55 12 

SCM 2× T 2.4 28 30 3.2 56 23 3.0 69 14 

SCM 4× T 1.9 29 16 2.5 42 10 4.2 29 53 
         

 
  

Urea 1× A 1.3 25 14 2.0 36 41 2.3 38 38 

Urea 2× A 1.2 27 10 4.3 20 70 4.4 40 42 

Urea 4× A 1.0 33 13 6.1 19 67 11.2 26 61 
         

 
  

Overall mean 1.7 31 16 4.0 34 43 4.4 46 31 

†Plant available N; 0×, 1×, 2×, 4× rates = 0, 50, 100 & 200 kg N year-1 respectively. 
‡F = Application frequency of the historical manure/urea treatment; A = annual application; T = triennial application 

§CL = Cumulative N2O-N loss (kg N2O-N ha-1) 

The available soil N pool (i.e., NO3
- and NH4

+) was measured during 2013 and 2014 — 

with samples collected prior to fertilizer/seeding operations in 2013, and after fall 2013 harvest, 

and prior to fertilizer/seeding operations in 2014. Results of these analyses are summarized in 

Figs. 3.11-3.13. Soil NO3
- concentrations were greatest in the spring of 2013 and lowest in the 

fall of 2013 — though the concentrations then rebounded over winter and were again relatively 

high in spring 2014. However, there appeared to be less recovery in those plots with a history of 
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LSM applications (Figure 3.11A) than in those with a history of SCM applications (Figure 

3.11B). 

 

 

Figure 3.11. Concentrations of soil nitrate (NO3
-) in plots with a history of (A) LSM and (B) SCM 

applications. Available N was determined at the end of the snowmelt period (prior to seeding/fertilizer 

operations) in spring 2013 (green), after harvest in fall 2013 (light green), and at the end of the snowmelt 

period (prior to seeding/fertilizer operations) in spring 2014 (dark green). 

 Concentrations of soil NH4
+, on the other hand, showed no such trend and were greater 

in both spring and fall 2013 than in spring 2014 (Figure 3.12). As with soil NO3
-, however, soil 

NH4
+ concentrations measured in spring 2014 tended to be greater in the plots with a history of 

SCM applications (Figure 3.12B) than those with a history of LSM applications (Figure 3.12A). 

Soil NO3
- and NH4

+ concentrations in plots with a history of variable urea applications (Figure 

3.13) followed patterns that were similar to those observed for the LSM plots. 
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Figure 3.12. Concentrations of soil ammonium (NH4
+) in plots with a history of (A) LSM and (B) SCM 

applications. Available N was determined at the end of the snowmelt period (prior to seeding/fertilizer 

operations) in spring 2013 (blue), after harvest in fall 2013 (light blue), and at the end of the snowmelt 

period (prior to seeding/fertilizer operations) in spring 2014 (dark blue). 

 

 

Figure 3.13. Concentrations of soil nitrate (NO3
-) and ammonium (NH4

+) in plots with a history of 

variable urea applications. Available N was determined at the end of the snowmelt period (prior to 

seeding/fertilizer operations) in spring 2013 (green), after harvest in fall 2013 (light green), and at the 

end of snowmelt period (prior to seeding/fertilizer operations) in spring 2014 (dark green). (A) NO3-N: 

spring 2013 (green), fall 2013 (light green), and spring 2014 (dark green). (B) NH4-N: spring 2013 (blue), 

fall 2013 (light blue), and spring 2014 (dark blue). 
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 Discussion 

The Dixon long-term manure research site provided a unique opportunity to examine how 

N-management history affected N2O emissions after manure applications had ceased; i.e., to 

determine whether there was a “legacy” effect associated with the long-term manure 

applications. And, if so, to determine whether this could be attributed to a “priming” effect of the 

manures. The 2010 cropping season was the last in which crop N demands were supplied by the 

application of manure (either LSM or SCM), and starting in 2011 N was supplied to all the 

research plots at a single rate (based on a field average soil test recommendations) using granular 

urea as the N-source. Nitrous oxide emissions from each plot were then measured from spring 

2011 through spring 2014 and cumulative annual N2O-N losses calculated from each of the 

historical manure/fertilizer treatments. 

Emission patterns for the daily N2O fluxes observed at the Dixon site were generally 

dominated by two large emission events: the first occurring in early spring — with snowmelt, 

and the second associated with the first precipitation event following the spring fertilizer 

application. Outside of these events (and a few other smaller emission events associated with 

early season precipitation), the bulk of the daily N2O fluxes were low-level background 

emissions (123±165 ng N2O-N m-2 min-1).  This pattern is common to the semi-arid prairies, 

including Saskatchewan and the Prairie Pothole Region in general (Yates et al., 2006a; Lemke et 

al., 2010; Dunmola et al., 2010). Dixon is located in the Black Soil Zone, which is more sub-

humid than other areas of the Prairie Pothole Region, and events that increase the soil moisture 

content (e.g., snowmelt and precipitation) and trigger denitrification are more common in this 

area. Daily losses of N2O at the Dixon site illustrate the importance of N application and 

environment conditions in driving N2O losses. As well showing that N applied in excess above 

best management recommendations can lead to N use inefficiencies. These trends and patterns in 

daily emissions can also relate on a broader scale to the rest of the province of Saskatchewan. At 

Dixon, approximately half to three-quarters of the cumulative annual emissions measured during 

the 2011/12, 2012/13, and 2013/14 N-budget years were observed to occur during a 20-day 

period following snowmelt and fertilizer application (see Table 3.7). The largest of these spring 

flux events occurred in 2013, when the soils were quite wet (volumetric water content = 0.311-

0.420). Likewise, DEAs measured during this period were generally greater than those measured 
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later in the season or previous springs (see Fig. 3.5 and Fig. 3.6). Large N2O emissions have been 

shown to accompany high DEAs when field conditions include high levels of NO3-N and WFPS 

(Dandie et al., 2008). 

Following termination of the manure applications (i.e., starting with the 2011 cropping 

season, including both the 2011/12 and the 2013/14 N-budget year), the spring urea application 

appeared to be the event driving the majority of the N2O-N losses — with over 31% of 

cumulative N2O-N losses occurring after this event. This implies that the microbial communities 

may be accustomed to higher N levels from long-term fertilizer application and transform it quite 

quickly. Nonetheless, in the 2012/13 N budget year snowmelt generated N2O emissions greater 

than those associated with fertilization N losses — with 43% of cumulative N2O-N occurring 

during the snowmelt period, and 34% occurring during the 20-day period following the urea-N 

application. This may imply a change in microbial utilization of N whereby the residual N in the 

soil was used to a greater extent than that of the added urea-N, resulting in increased N2O loss. 

The high spring-melt losses also illustrated how soil moisture increases can lead to significant 

N2O emissions in the Black soil zone where the build-up of OM (Pennock et al., 2011) likely 

provides a steady supply of available C (and other nutrients), suggesting minimal nutrient 

limitations for microbial activity. That the majority of N2O emissions occurred in conjunction 

with spring snowmelt and during the period immediately following N-fertilizer application is a 

common feature of agricultural ecosystems (Corre et al., 1996; Dobbie et al., 1999, Yates et al., 

2006b). Indeed, Dusenbury et al. (2008) observed that snowmelt-based emissions in Montana 

comprised up to 84% of cumulative annual losses. High emissions during spring thaw also have 

been reported on agricultural land in the Prairie Pothole region of Manitoba, Canada (Dunmola 

et al., 2010), and the Prairie Parkland region in Alberta (Lemke et al., 1998). These data indicate 

that N use inefficiencies associated with the application of N-fertilizers, in combination with 

precipitation and snowmelt, are likely to lead to higher N losses and an increase in GHG 

emissions. Rochette et al. (2008a) pointed out that mineral N is generally not limiting in the 

semi-arid prairies, rather it is a lack of the precipitation needed to drive denitrification that is 

responsible for the lower cumulative N2O production (on a per hectare basis) observed in prairie 

regions. Therefore, it is the enhanced denitrification resulting from increased soil moisture 

during snowmelt and following early season rainfall events (when N is not limiting) that is the 

most important driver of N2O production/emission in the semi-arid prairies.  
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Severe weather occurred throughout central Saskatchewan in 2010, with nearly twice as 

much rainfall as usual (see Table 3.3). Consequently, the Dixon site in 2010 saw extremely wet 

conditions that carried over to spring 2011 and left much of the research site inaccessible during 

the early spring. Moreover, the extremely wet conditions likely restricted the oxygen supply in 

the soil which may have led to more anaerobic conditions and, in turn, may have caused 

denitrification to proceed to completion (i.e., promoted the reduction of N2O to N2). 

Additionally, these conditions likely contributed to relatively low cumulative annual N2O-N 

emissions measured in 2011.  

In general, cumulative annual N2O-N losses during the 2011/12 N-budget year were 

relatively low (ranging from 0.98 to 4.18 kg N2O-N ha-1), reflecting both the very wet conditions 

in early spring and the relatively dry conditions that occurred throughout most of the subsequent 

growing season (see Fig. 3.4). Conversely, cumulative annual N2O-N losses were generally 

greatest in 2013/14, especially in the plots with a history of LSM or urea fertilizer application at 

the highest (4×) N rate (12.89 and 11.18 kg N2O-N ha-1 respectively). In part, this most likely 

reflects the relatively high fertilizer-N input (120 lbs N ac-1) needed to meet the demands of the 

canola crop planted in 2012, the canola residue left on site following harvest, and the 85 lbs N  

ac-1 applied to meet the demands of the wheat seeded in the spring of 2013. That is, precipitation 

events early in the growing season — before there was a significant crop demand for N — 

triggered large N2O emissions that, on average, contributed about 43% of the total annual N2O-N 

loss. In general, there is a strong relationship between early-season concentrations of NO3
- and 

early-season peak N2O emission in prairie agroecosystems, and there is a very strong positive 

correlation between NO3
- intensity [i.e., an integrated measure of the accumulated NO3

- in the 

soil over time (mg NO3
- kg-1); calculated using an AUC analysis of the NO3

- concentration vs. 

time curve] and cumulative N2O losses (Burton et al., 2008; Asgedom et al., 2014). Likewise, at 

the Dixon site, the high spring emissions in 2013 reflected the high spring nitrate (NO3
-) levels in 

the soils (Figure 3.11). Although much of the available N was depleted during the growing 

season, there was a general increase in available N between harvest and the subsequent (2014) 

spring — which together with the warm, wet conditions that occurred during the 2014 spring 

thaw likely contributed to the high emissions measured during this period. In fact, there was a 

significant correlation (r = 0.60, p = 0.01) between cumulative N2O-N loss and spring 2014 NO3
- 

concentrations. 
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Whereas, strong correlations have been made between N2O emissions and soil respiration 

— suggesting a relationship between emissions and microbial activity — (Dandie et al., 2008; 

Miller et al., 2008; Barrett et al., 2015), links between denitrifying communities and gene 

expression have been more difficult to demonstrate (Henderson et al., 2010; Tatti et al., 2012). In 

the current study I found a strong correlation between cumulative N2O-N losses and cumulative 

soil respiration (r = 0.60, p = 0.01) at the Dixon site, but was unable to demonstrate any 

significant correlation between N2O-N losses and gene copy number for the nirS, nirK, and nosZ 

gene involved in denitrification (data not shown). At the same time, cumulative N2O emissions 

tended to increase as a function of DEA and there was a strong correlation between the time-

averaged DEA and both the cumulative N2O emissions (summed over the three-year post-

manure period; rs = 0.943, p ≤ 0.02) and the time-averaged cumulative emissions (rs = 0.860, p ≤ 

0.05). This effect was generally stronger in the plots with a history of LSM applications, and 

suggest that the long-term applications of manure-N, especially at high application rates, 

produced a “priming” effect that under the right environmental and management conditions, 

exacerbated fertilizer induced N2O emissions. 

Averaged across application rates and frequencies, cumulative N2O-N losses associated 

with the historical LSM and SCM treatments were not significantly different (p = 0.338). In 

addition, though neither the rate nor the frequency of application had a residual or “legacy” 

effect on post-termination N2O-N losses from the plots with a history of SCM applications, plots 

with a history of LSM application did exhibit a legacy effect. That is, beginning in the spring of 

2011, differences between the historical LSM treatment plots could only be attributed to long-

term legacy effects from the manure. In general, N2O-N losses from plots that had received an 

annual application of LSM were greater than those from plots that had received triennial 

applications. Not surprisingly, the HLS-A4 treatment (i.e., annual applications at the 4× rate) had 

the greatest impact on N2O-N loss. Soils from these plots also had the highest DEAs. This 

suggests that excessive labile C and N from the LSM application generated a priming (legacy) 

effect that yielded N2O-N losses greater than what would have been expected from the spring 

application of urea fertilizer.  

Whereas Farrell et al. (2011) reported that annual applications of SCM at the highest (4×) 

rate appeared to ‘prime’ the soils for denitrification — as evidenced by the much greater DEAs 

associated with this treatment — results from the post-manure period (i.e., the 2011/12-2013/14 
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N-budget years) suggest that actual N2O priming in these soils was minimal. In fact, during the 

first year following termination of the manure treatments, it was the historical control plots 

(HSC-C0) that generated the greatest N2O-N loss. A closer inspection of the data, however, 

revealed that these higher N2O-N losses from the HSC-C0 plots can be attributed mainly to a 

single plot. This is likely due to some soil redistribution during the flooding that occurred in 

2010, as this plot was situated in a low spot along the southern end (Block 4) of the SCM trial 

nearest a slough. Nevertheless, the lack of a response to the spring application of urea-N in the 

post-manure period suggests that the lower N2O-N loss in the SCM plots may be a result of 

increased immobilization of N. For example, long-term residue addition (e.g., organic manures 

as well as pig slurries) have been shown to increase gross N immobilization in soils (Luxhøi et 

al., 2007). As well, an increase in OM in the SCM plots could have provided the necessary 

nutrients (including C), and promoted conditions that allowed denitrification to proceed to 

completion. In turn, this would have contributed to the observation that the historical SCM 

treatments had no significant effect on the cumulative N2O-N losses after they were terminated.  

The historical LSM treatments, on the other hand, did produce a legacy effect — with 

cumulative N2O-N losses in the post-manure period being affect by both the rate and frequency 

of the LSM applications. In the spring of 2013, available soil N (NO3
- + NH4

+) concentrations in 

the plots that had received SCM applications were similar to those that had received LSM 

applications, yet N2O-N emissions were greater from the plots with a history of LSM 

applications. In the spring of 2014, NO3
- concentrations in the SCM-amended plots were similar 

to those measure in 2013, suggesting that the release of immobilized (organic) N in these soils 

provided a relatively stable source of NO3
-. Conversely, NO3

- concentrations in the LSM-

amended plots were lower in 2014 than 2013; nevertheless, N2O-N losses during the 2014 

snowmelt period were greater from the LSM-amended plots than the SCM-amended plots. 

Denitrification enzyme activities also were greater in the LSM-amended soils than the SCM-

amended soils during the snowmelt periods, suggesting that either (i) the denitrifier communities 

in the LSM-amended soils were larger or more active, or (ii) denitrification was more likely to 

proceed to completion in the SCM-amended soils. That NO3
- levels in the LSM-amended soils 

did not rebound in the spring of 2014 to the same extent as they did in the SCM-amended soils 

suggests that there may be less long-term storage of N from the LSM applications, possibly 
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indicating that there could be a decrease in N2O losses from the LSM-amended plots in the 

future.  

As indicated by the DEA results, long-term application of manures (especially at high 

rates) can stimulate denitrification activities when the management regime is changed to supply a 

more readily available source of N (in this case, urea fertilizer). This is consistent with other 

reports that denitrification potential was greater with manure applications — specifically solid 

cattle (Enwall et al., 2005) and pig manure amendments (Yin et al., 2015). Miller et al. (2008) 

examined the influence of glucose and crop residue on denitrification, and reported that the type 

of C available when a readily available N source is present is what differentiates the amount of 

denitrification losses and community abundance in soils. This implies that differences in the 

quality of organic C in the LSM and SCM is a major reason for the differences in N2O-N losses 

observed at the Dixon site. The magnitude of the DEAs measured at the Dixon site one to three 

years after the manure applications had been terminated were much lower than those reported 

following a recent manure application (Šimek et al., 2014).  

While manure-induced treatment differences were not observed on all sampling dates, the 

DEA analyses that did generate treatment differences that seemed to coincide with periods under 

drier conditions. Typically, an increase in soil aeration and drier conditions are not as favorable 

for denitrification. Šimek et al. (2014) have also reported that the DEAs coincided with field 

N2O emissions, and suggested that this may be caused by a decrease in NO3
- in microsites. This 

suggests that there is a masking effect of the long-term manure applications on the growing 

seasonal decreases in nutrient levels, allowing for a potential of high microbial activity even 

under less-favorable environmental conditions. Comparing the N2O potential losses with the 

DEA’s between manure amendments and the no-fertilizer historical control, the manure 

amendments show a greater potential for larger losses of N2O from the same climatic and 

management regimes. This supports the hypothesis that long-term (14 yr) manure applications 

altered the capacity of the soils to efficiently cycle inorganic fertilizer-N under the current 

management regimes. This was particularly true of the LSM long-term applications which 

generated larger N2O-N losses following application of urea fertilizer. Likewise, plots with a 

history of urea applications at the highest (4×) rate produced larger N2O-N losses than the plots 

that had received the lower (1× & 2×) application rates.  
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 Conclusion 

Nitrous oxide emissions and DEA data from the Dixon long-term manure research site 

indicate that long-term manure applications (especially when applied at excessive rates) can 

produce a “legacy” effect — i.e., can lead to greater loss of N2O-N when the manure is replaced 

by a more readily available inorganic N source. Daily N2O emissions were highly responsive to 

spring snowmelt and N-fertilizer application, which strongly suggests that denitrification was 

responsible for the majority of the N2O produced at the Dixon site. The data clearly 

demonstrated that, under the right environmental conditions, a manure-induced priming effect 

can result in significant N2O-N losses, and that this effect can last for at least four years after the 

manure applications cease. Moreover, manure type had a major impact on whether or not 

denitrification potential was translated into quantifiable differences in cumulative N2O-N losses. 

For example, cumulative N2O-N losses from the plots with a history of SCM applications were 

generally lower than those from the LSM amended plots. Furthermore, the historical treatments 

did not appear to exhibit residual manure (legacy) effect; i.e., neither rate nor frequency of 

application had a significant effect on cumulative N2O-N losses. Conversely, plots with a history 

of LSM applications exhibited a significant legacy effect — with both the rate and frequency of 

the LSM application affecting cumulative N2O-N losses in the post manure period.  
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4 CONCLUSIONS AND FUTURE RESEARCH NEEDS 

 Summary and Conclusions 

Nitrous oxide emissions are known to be impacted by pH, soil moisture (precipitation and 

snowmelt), fertilizer addition (both manure and synthetic), and C availability all of which impact 

the denitrification process (Tiedje et al., 1984; Lemke et al., 1998; Chantigny et al., 2001; 

Rochette et al., 2008a) which is responsible for the majority of soil-derived N2O emissions. For 

the present study, it was surmised that long-term (14 yr) manure applications would impact not 

only the soil C and N pools, but also the structure and activity of the soil microbial community 

— which could then condition (or “prime”) the soil for enhanced denitrification. Moreover, it 

was hypothesized that a change-over from manure to a synthetic urea fertilizer (i.e., a more 

readily available N source) might result in increased denitrification and, in turn, greater losses of 

N2O-N. Previous research at the Dixon site (Farrell et al., 2011) demonstrated that N2O 

emissions were significantly impacted by both the rate and frequency of long-term applications 

of liquid swine (LSM) and solid cattle manure (SCM). As a result, this research led the authors 

to pose the following question: “do long-term manure applications ‘prime’ the soil resulting in 

increased N2O emissions when a more readily available N-source is applied?” The manure 

applications at the Dixon site ceased in 2010 and the entire site was switched over to a blanket 

application of urea fertilizer in 2011 — thus providing an opportunity to answer this question. 

My study attempted to do this by measuring N2O emissions from a subset of the treatments at the 

Dixon site during the three-year period following the change in management. 

The objective of my study was to examine the potential for a ‘N2O priming effect’ at the 

Dixon site following 14 years of manure application. The treatments chosen for this study were 

selected to provide a range of historical conditions, and included (i) the unfertilized (0N) control; 

(ii) the 1×, annual application of urea (i.e., the “standard” BMP); (iii) the 2×, triennial 

application of manure (i.e., the recommended manure BMP); and (iv) the 4×, annual application 

of manure (i.e., the “worst case scenario”). In general, my research demonstrated that the 

historical LSM-treatments did indeed have a “legacy” effect on cumulative N2O-N losses 

following the conversion from a manure-based to a urea-based N management system. A similar 

legacy effect was associated with the long-term applications of urea fertilizer at high (i.e., 2× and 
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4×) rates. Conversely, the historical SCM treatments did not produce any measurable legacy 

effect. This latter result was surprising, given that gene copy numbers for nirS gene (i.e., one of 

the genes responsible for catalyzing nitrite reduction) were greater in soils with a history of long-

term SCM amendments, than in those associated with the long-term application of LSM (data 

not shown). At the same time, copy numbers of the other genes generally associated with 

denitrification (i.e., nirK and nosZ) were not significantly affected by either the type or rate and 

frequency of application of the historical manure/urea treatments (data not shown). As a result, 

there was no correlation between either N2O emission or DEA and denitrifier community 

abundance, that was similar to the findings reported by Tatti et al. (2014) who examined the 

impacts of manure application and microbial overwintering on N2O production. 

The second objective of this study was to assess the duration of the priming effect, if one 

was detected. Dambreville et al. (2006) reported that 14 months after termination of a medium-

term (7 yr) field study, potential denitrification in soils with a history of composted pig manure 

applications was higher than that in soils with a similar history of synthetic N fertilizer 

(ammonium nitrate) applications. At the Dixon site, cumulative N2O-N loss from the plots 

associated with the highest annual application of LSM (HLS-A4) was significantly greater than 

that from the plots associated with the manure best management practices (HLS-T2). This 

provides strong evidence that N2O priming was still in effect more than four years (i.e., 56 

months) after the final manure application. That a similar result was also observed for the plots 

with a history of high (4×) application rates of urea fertilizer (HUF-A4), but not from those with 

a history of equivalent SCM applications (HSC-A4), also provides a strong indication that this 

effect is mediated by the quality of the N source. 

Finally increases in N2O-N loss also were dependent upon weather — in particular, the 

amount and distribution of precipitation received during the snowmelt period (including 

antecedent soil moisture) through a 3-wk window following the spring fertilizer application. 

Taken together, the data obtained from this study demonstrate that (i) long-term applications of 

manure can result in a N2O priming effect; (ii) this effect is influenced by the type of manure — 

being greater for LSM than for SCM — as well as the rate and frequency of application of the 

manure; (iii) this effect can be relatively long-lived; and (iv) while the potential for enhanced 

denitrification is relatively persistent in the soil, whether this potential translates into a 

quantifiable increase in cumulative N2O-N losses in the field depends on local weather 
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conditions. It is expected that these results will help improve efforts to model the impacts of 

changing soil/fertilizer management on N2O emissions and inform future fertilizer management 

decisions in the Canadian Prairies as these results clearly demonstrate that it is possible to keep 

N2O emissions in manured agroecosystem to a minimum by employing best management 

practices. Perhaps just as importantly, poor N management can have negative effects that may 

persist well beyond a switch to a best management practice. 

 Future Research  

While the Dixon study provided a unique opportunity to explore how fertilizer 

management can impact N2O emissions, extrapolating these results beyond the Black soil zone 

may require additional study. Moreover, extending this study to different soil zones may provide 

a more definitive understanding of the link between long-term manure applications, N2O 

emissions, and microbial adaptations throughout the Canadian Prairies. Potentially incorporating 

phosphorus, and micronutrients in the analysis for long-term manure application may also close 

some of the knowledge gaps.  

It is well known that the denitrification process transforms NO3
- and NO2

- into N2O and 

finally N2 and that the process is regulated by multiple genes each coding for the enzymes 

controlling specific N-transformations. Specifically, narG, and the nirS and nirK genes lead to 

the production of N2O via the transformation of NO3
- or NO2

-, respectively, while the nosZ gene 

controls N2O consumption. Thus, these genes are often used to monitor the contribution of 

denitrification to the loss of N2O. Whereas we have relatively good understanding how specific 

genes impact the denitrification process, there are gaps in our knowledge of how these genes 

relate to enzyme activity and interact under field conditions — especially with regards to how 

they are impacted by soil and crop management practices, such as long-term manure 

applications. Moreover, a better understanding of how changes in N management impact N2O 

emissions is critical to furthering improvements in agriculture sustainability. Closing these gaps 

is likely to require employing advanced analytical techniques that combine stable isotope 

techniques with the molecular techniques used to study soil microbial communities. Not only is 

this likely to provide a better understanding of how soil/fertilizer management affects N-cycling 

process and the production/emission of N2O in agroecosystems, but combining stable N isotope, 

gene quantification and microbial activity assessment techniques may help elucidate the link 
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between microbial gene expression and changes to N2O production in soil. Stable isotopes have 

been successfully utilized to assess N2O production from synthetic fertilizer applications in a 

closed system (Bol et al., 2003) and in field monitoring with manure applications (Snider et al., 

2015). The approach of combining stable isotope and molecular analyses was proven beneficial 

by Snider et al. (2015), who demonstrated that the two approaches yielded similar inferences 

about manure-induced N2O emissions. Including the narG gene in microbial analyses also may 

provide a clearer picture of the N-transformations associated with denitrification, as this enzyme 

regulates a key transformation (i.e., the transformation of NO3
- into NO2

-) in the N cycling 

process. Examining the nitrification genes for both bacterial and archaeal amoA also would help 

identify the primary sources of N2O emissions from a manured agricultural soil, as well as help 

establish the contributions of nitrification or denitrification to N2O production/emission. For 

example, Snider et al. (2015) demonstrated the importance of both processes — which occurred 

in unison during a rainfall-induced emission event from manured agricultural soils in Ontario. 

In terms of the priming effect itself, Kuzyakov and Bol (2006) conducted a study to 

examine CO2 priming effects induced by amending grassland soils with either a C3- or C4-slurry 

or sugar, and concluded that priming effect occurred in four stages: (1) r-strategist 

microorganisms rapidly utilize the added, readily available substrate; (2) this triggers an increase 

in microbial abundance and activity, resulting in enhanced consumption of the more easily 

utilizable components of the SOM; (3) followed by enhanced utilization of other, more 

recalcitrant substrates; and (4) a return to an initial equilibrium community structure and activity. 

However, whether the same stages apply to the N2O priming effect is unknown at this time. 

Combining stable isotope and molecular techniques, may help unravel this issue. 
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APPENDIX A 

Precipitation and temperature spatial representations 

These figures examine the different grids of historical weather data between Saskatoon and 

Dixon and displays the average differences in precipitation or temperature. 

 

Appendix A1. Range of total precipitation in millimetres between Saskatoon and the Dixon long-term 

research site based on geographic distance. 
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Appendix A2. Range in mean total temperature in degrees Celsius between Saskatoon and the Dixon 

long-term research site based on geographic distance. 
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APPENDIX B  

Daily N2O emissions 

 

Appendix B1. Daily fluxes for the LSM and SCM trials for the no N-fertilizer control treatment for all 

years monitored.
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Appendix B2. Daily fluxes for the SCM trial all SCM N-fertilizer treatments for all years monitored.
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Appendix B3. Daily fluxes for the LSM trial all Urea N-fertilizer treatments for all years monitored.
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Appendix B4. Daily fluxes for the LSM trial all LSM N-fertilizer treatments for all years monitored.
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APPENDIX C 

Kendall-tau tables for N2O losses and abiotic factors 

Table C1. 2012 Kendall-tau correlation table of N2O values and abiotic Factors. The values listed are correlation coefficients, and the asterisks 

represent the probability values. 

Variable†‡ 

 GSWC 

App. 

Rate DEA  pH EC OC NH4
+ NO3

- 

2013  

Spring NO3
- 

2013 

 Spring NH4
+ 

Daily 

N2O 

Cum-

N2O 

Cum-

CO2 

GSWC ― 0.29 0.43 -0.48* 0.05 0.44 0.43 0.09 0.27 0.24 0.16 0.24 0.29 

App. Rate  ― 0.42 -0.28 0.21 0.79** 0.74** 0.64** 0.64 -0.36 0.14 0.64** 0.79** 

DEA    ― -0.10 0.14 0.32 0.29 0.34 0.32 -0.14 0.35 0.26 0.40 

pH    ― 0.26 -0.60** -0.62** 0.09 -0.09 -0.26 -0.06 -0.60** -0.26 

EC     ― -0.07 -0.14 0.33 0.47* 0.20 -0.15 -0.07 0.33 

OC      ― 0.97** 0.33 0.47* -0.07 0.16 0.73** 0.60** 

NH4
+       ― 0.28 0.41 0.00 0.14 0.69** 0.55* 

NO3
-        ― 0.60** -0.47* 0.03 0.33 0.73** 

2013 Spring NO3
-         ― -0.07 -0.01 0.20 0.60** 

2013 Spring NH4
+          ― -0.12 -0.33 -0.20 

Daily N2O           ― 0.10 0.01 

Cum-N2O            ― 0.60** 

Cum-CO2             ― 
† Schoenau, 2013 personal communications 
‡ Significant at the p ≤ 0.05 (*) or p ≤ 0.01 (**) level of probability 

Note: GSWC = Gravimetric water content; App. Rate = Application rate; EC = Electrical conductivity; OC = Organic Carbon; Cum-N2O = Cumulative N2O; Cum-CO2 = 

Cumulative CO2 



 

 

 

8
1
 

Table C2. 2013 Kendall-tau correlation table of N2O values and abiotic Factors. The values listed are correlation coefficients, and the asterisks 

represent the probability values. 

Variable†‡ 

 GSWC 

App. 

Rate DEA  pH EC OC 

2013  

Spring 

NO3
- 

2013  

Fall 

NO3
- 

2013  

Fall 

NH4
+ 

2014  

Spring 

NO3
+ 

Daily 

N2O 

Cum-

N2O 

Cum-

CO2 

GSWC ― 1.00 0.57** -0.20 0.23 0.23 0.15 0.16 0.10 0.30 0.58** 0.16 0.02 

App. Rate  ― 0.49** -0.23 0.59** 0.32 0.64** 0.79** -0.50* 0.36 0.26 0.64** 0.36 

DEA    ― -0.04 0.35 0.16 0.37 0.50* -0.26 0.25 0.55* 0.41 0.25 

pH    ― -0.15 -0.88** 0.07 -0.07 -0.36 -0.21 -0.01 0.07 0.50* 

EC     ― 0.15 0.41 0.55* 0.00 0.55* 0.27 0.69** 0.28 

OC      ― 0.15 0.30 0.30 0.45 0.08 0.15 -0.30 

2013 Spring NO3
-       ― 0.60** -0.20 0.33 0.20 0.46* 0.60** 

2013 Fall NO3
-        ― -0.33 0.47* 0.33 0.86** 0.47* 

2013 Fall NH4
+         ― 0.20 -0.06 -0.20 -0.33 

2014 Spring NO3
+          ― 0.16 0.60** 0.20 

Daily N2O           ― 0.34 0.19 

Cum-N2O            ― 0.60** 

Cum-CO2             ― 
† Schoenau, 2013 personal communications 
‡ Significant at the p ≤ 0.05 (*) or p ≤ 0.01 (**) level of probability 

Note: GSWC = Gravimetric water content; App. Rate = Application rate; EC = Electrical conductivity; OC = Organic Carbon; Cum-N2O = Cumulative N2O; Cum-CO2 = 

Cumulative CO2 
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APPENDIX D 

Table D1. Yield data for the 2012 and 2013 cropping seasons at the Dixon long-term research site. Available N data were obtained in spring and 

fall 2013, and spring 2014. All values are the means for the respective historical N-treatment. 

  2012†‡ 2013†‡ 2014† 

I.D. 

Yield S13 NO3-N  S13 NH4-N  F13 NO3-N F13 NH4-N  Yield S14 NO3-N  S14 NH4-N  

(bu/ac) (kg/ha) (µg/g) (µg/g) (µg/g) (µg/g) (bu/ac) (kg/ha) (µg/g) (µg/g) 

HLS-A1 22.66 1270 25.76 2.80 6.18 2.59 88.68 5964 13.23 1.78 

HLS-A2 28.95 1622 30.42 2.65 8.65 2.45 86.47 5815 16.60 1.63 

HLS-A4 26.04 1459 29.18 2.17 9.91 2.00 81.20 5461 12.40 1.48 

HLS-C0 19.78 1108 21.19 3.27 5.24 2.98 86.62 5825 12.94 2.01 

HLS-T1 28.91 1620 16.57 2.83 5.38 2.65 78.27 5263 9.80 1.85 

HLS-T2 26.35 1477 21.61 2.49 5.54 2.36 82.42 5543 9.74 1.54 

HLS-T4 24.97 1399 20.82 2.99 5.41 2.78 93.31 6275 10.02 1.86 

HSC-A1 30.46 1707 20.81 3.18 9.38 3.05 81.38 5473 23.95 2.10 

HSC-A2 28.01 1570 14.91 2.58 10.06 2.49 79.93 5375 16.53 1.80 

HSC-A4 28.15 1578 42.34 3.21 9.08 2.89 83.96 5647 23.89 2.11 

HSC-C0 28.88 1618 13.51 2.73 7.22 2.61 87.85 5908 18.12 1.65 

HSC-T1 25.05 1404 20.33 3.08 7.30 2.92 68.56 4611 21.59 2.03 

HSC-T2 29.61 1659 19.39 3.10 6.39 2.94 84.39 5675 21.68 2.55 

HSC-T4 32.93 1845 17.90 3.71 7.24 3.49 67.42 4534 22.85 2.06 

HUBA-1 30.92 1732 26.79 3.12 7.44 2.89 80.67 5425 15.34 1.85 

HUF-A1 30.54 1712 18.82 2.81 4.92 2.67 75.73 5093 8.60 1.84 

HUF-A2 29.37 1646 24.40 2.88 4.91 2.71 81.24 5463 8.86 2.08 

HUF-A4 31.38 1759 27.66 2.42 7.49 2.26 87.24 5867 11.26 1.82 

† In 2012, the crop was canola; in 2013, it was hard red spring wheat. 

‡ Soils for available N (NO3
- & NH4

+) analyses were collected in spring (S) and/or fall (F). 


