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Agriculture management including tillage and crop residues impact the functioning 

of soil microbiota. Soil microbiota cycle nutrients, with greenhouse gases being a 

byproduct within the cycle. The main objectives of this thesis were to 1) assess 

tillage and corn residue impact on N-cycling soil microorganisms and N2O emissions 

in situ (Chapter 3); and 2) evaluate N-cycling soil microorganisms in situ relative to 

N2O flux during a spring thaw cycle (Chapter 4). In situ sampling addresses how 

changing field conditions influence soil bacterial processes.  

Results indicated tillage and removal of corn residue declined soil microbial 

abundance and increased N2O emissions. These responses were dependent on local 

environmental conditions; moisture, carbon and nitrogen availability. The spring 

thaw study highlighted N-cycling microorganisms were present and active over the 

spring thaw event, and delayed nosZ denitrifier activity was related to the timing of 

significant N2O emission events, suggesting new evidence of de novo denitrification.  
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CHAPTER ONE  
 

INTRODUCTION 

Major opportunities lie ahead in agriculture production to provide innovative fossil fuel 

alternatives, such as using corn residues (Zea mays L.) for bioenergy production. The value 

of biofuels relies on the assumption that residue removal has negligible impact on the soil’s 

physical, chemical and biological parameters that contribute to environmental quality, in 

particular, efficient nutrient cycling, and the offset of greenhouse gas (GHG) emissions. 

GHGs emitted from agriculture soil include carbon dioxide (CO2) and nitrous oxide (N2O). 

These gases prevent long wave (LW) radiation from escaping into space, but their ability to 

absorb LW radiation varies; for example, N2O is 300 times more effective at trapping LW 

radiation than CO2. Although these gases have supported the functioning of Earth’s 

ecosystems for centuries, concentrations of greenhouse gases have been increasing due to 

increased burning of fossil fuels and changing land use practices (e.g. deforestation). 

Measuring GHG emissions can inform how efficiently an ecological system (e.g. a farm), is 

performing. For example, in soils N2O is derived from microbes as they process Nitrogen 

(N), and increased N2O emissions for a given management scenarios (e.g. tillage, residue 

removal, livestock or N fertilizer application) would indicate excess soil N at risk of loss to 

the environment. The quantification of GHGs may provide greater insight into potential 

environmental impacts of N loss from Canadian farms, apart from goals of meeting 

reduction targets within the Kyoto Protocol. 
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1.2 Research objectives and outline of thesis 

The purpose of this research was to evaluate tillage and residue removal impact on soil 

processes. The main objectives of this thesis were to 1) evaluate the effect of tillage and 

residue removal on the abundance and activity of denitrifying and ammonia oxidizing 

bacteria; and 2) relate changes in abundance of denitrifying and ammonia oxidizing 

bacteria to N2O flux from the soil.  

 Previous studies of the study site have shown combining no-tillage (NT) and 

reduced N fertilizer decreased N2O emissions compared to conventional tillage (CT) 

(Wagner-Riddle et al., 2007). Within NT systems, crop residues accumulate at the soil 

surface compared to CT that incorporates crop residues. Decomposition of plant residues 

supplies habitat and nutrients for soil microorganisms. Soil microbes are at the base of the 

food web, and population changes are responsive to changing environmental conditions, 

making them short term indicators of changing soil processes. Modeled estimates of direct 

and indirect effects of removing residues on soil microbes and GHG emissions indicate N2O 

to be the largest source of GHG emitted from these systems (Richardson et al., 2009). N2O is 

a byproduct of inefficient microbial driven redox reactions, catalyzed by two microbial 

processes: nitrification and denitrification (Firestone et al., 1980; Conrad, 1996). Although 

nitrification can be catalyzed by archaea, heterotrophs and autotrophs, the latter group is 

considered the major nitrification contributor in agricultural soils. Autotrophic nitrification 

occurs in two steps; first the oxidation of ammonia (NH4+) to nitrite (NO2-), and second the 

oxidation of NO2- to nitrate (NO3-). Under ideal aerobic soil conditions N2O associated with 

nitrification processes varies less than 1% relative to changes in ammonia oxidizing 

communities; however, as soil oxygen levels decrease, microbes substitute O2 as an 
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electron acceptor with NO2- leading to greater N2O produced (Wai et al., 2011). Due to 

biochemical interactions and by-products created by nitrifiers (e.g. NO2- and NO3-), changes 

in quantity of nitrifier population would have either positive or negative epistasis on 

quantity of denitrifier population, influencing the denitrification process (Firestone et al., 

1980; Granli and Bockman, 1994; Philippot et al., 2011). Denitrification is the dissimilatory 

reduction of ionic NO2- and NO3- in the soil to atmospheric gaseous products (nitric oxide 

(NO), N2O, and dinitrogen (N2)). The reduction occurs by microbial respiration conducted 

by heterotrophic bacteria which can function in oxygen deficient conditions (Prosser, 

2006). Complete denitrification returns N2 to the atmosphere, resulting in completion of 

the N-cycle; however, incomplete denitrification can lead to the emission of N2O. 

Incomplete denitrification can be due to denitrifying bacteria lacking reductase enzymes 

necessary to complete the reduction of NO3- and N2O to N2, or environmental effects 

limiting reductase enzyme expression (Davidson, 1991; Granli & Bockman, 1994; Cavigelli 

& Robertson, 2000; Holtan-Hartwig et al., 2000; Holtan-Hartwig et al., 2002). 

Improving understanding of the influence of crop production practices on soil 

conditions (e.g. O2 and temperature) and soil microbial populations can lead to a greater 

ability to predict N loss by N2O emissions. A previous study focused on N2O mitigation 

strategies used 15N tracers and suggested increased N2O emissions during thaw was due to 

de novo denitrification, or newly produced N2O (Wagner-Riddle et al., 2008). A follow-up 

microbial characterization study by Smith et al., (2010) showed tillage changed nitrifier 

and denitrifier microbial community structure and diversity significantly between pre- and 

post-thaw sampling, and that this change was associated with a significant N2O emission 

event. Although this study demonstrated a structural change in nitrifying and denitrifying 
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communities, it did not quantify how changes in the soil environment and N2O emissions 

corresponded to changes in quantities of soil nitrifier or denitrifier abundance. To my 

knowledge, no studies have focused on changes in activity of microbial communities and 

their correlation with N2O production in situ.  

Chapter 2 is a review of literature focused on how tillage alters carbon distribution 

within the soil profile, soil water holding properties, the rate of organic matter 

decomposition, and nitrogen cycling within the soil. 

In Chapter 3, tillage and corn residue impacts on N-cycling soil microorganisms and 

N2O emissions were assessed in situ using DNA extraction and quantitative PCR (Q-PCR) 

and a micrometeorological method to measure N2O continuously throughout the year (May 

2009 to May 2010) in four field plots at the long term Agriculture Meteorology Research 

plots at the University of Guelph Elora Research Station (ERS), Elora, Ontario, Canada. The 

descriptors of both N-cycling microorganisms and N2O emissions were linked to a wide 

range of seasonal changes and soil factors.   

Chapter 4 further evaluated changes in situ of both abundance (DNA gene copies) and 

activity (RNA transcript) extraction of N-cycling soil microorganisms relative to N2O flux 

during a spring thaw cycle. Principle Component analysis was used to disentangle the 

effects of changing field conditions on soil bacterial processes.  

Chapter 5 presents a general discussion of the results from the two field studies 

described in this thesis and integrates the different chapters.  
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CHAPTER TWO 
 

LITERATURE REVIEW 

Interest in bioenergy production is increasing due to rising concerns about greenhouse gas 

emissions, increased fuel consumption and prices. The potential for new high value 

agricultural products have raised interest in the use of corn residue for bioenergy 

production (Ulgiati & Giampietro, 2001; Mann et al., 2002; Wilhelm et al., 2004; Andrews, 

2006; Lal, 2008a; Lal, 2008b). Bioenergy feedstocks include woody perennials, herbaceous 

perennials and annuals. Crop residues are an inexpensive feedstock for bioenergy 

production, and have been a major object of study and consideration by researchers and 

industry in the Midwest, United States. Based on current agricultural production levels, U.S. 

corn residue production is 1.7 times more than other leading cereals (Wilhelm et al., 2004). 

Corn residues can be used to manufacture liquid fuel (e.g. ethanol) or be utilized as a 

substitute for natural gas or coal in various thermo chemical platforms. A conversion for oil 

based fuel dependence to cellulosic fuels may result in greater fuel efficiencies and reduced 

greenhouse gas (GHG) emissions. On the other hand, the effects of residue removal on soil 

performance and health need to be considered as well.  Both GHG emissions and soil 

function within an ecosystem are important environmental considerations and how one 

influences the other needs to be explored (Andrews, 2006). 

2.1 Crop residue decomposition  

Research has indicated that 50% of the initial plant material can decompose within the first 

year (Johnson et al., 2007). Temperature, precipitation, residue size, soil contact with 

residue, residue orientation, and biochemical composition all influence the rate of 
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decomposition (Johnson et al., 2007). Soil degradation from residue harvest is most likely 

to become significant over the long-term, but few such long-term field studies exist (Mann 

et al., 2002; Wilhelm et al., 2004; Moebius-Clune et al., 2008). 

 Decomposition of plant residues supply habitat and nutrients for soil 

microorganisms and decomposition rates can be estimated using residue C:N ratio. The C:N 

ratio for corn stover is 60:1, which is relatively high compared to soil organic matter (10:1), 

and soil microorganisms (8:1) (Robertson & Groffman, 2007). The incorporation of corn 

residue with a high C:N ratio may require additional N for decomposition, promoting 

immobilization of soil N and reducing N availability for microbial metabolism. In residues 

with low C:N ratios, mineralization of N may lead to additional N available.  

2.1.1 Residue impact on soil organic matter and carbon pool 

Soil organic matter (SOM) contributes to all functioning of the soil including physical 

attributes, chemical and biological processes (Andrews, 2006; Carter & Gregorich, 2007). 

SOM content is in part controlled by organic inputs such as crop residues (Wilhelm et al., 

2007). To increase SOM, the rate of humification (chemically stable matter) needs to 

exceed the rate of decomposition (organism breaking down into simpler forms of matter) 

(Johnson et al., 2007). Once the decomposition/humification rate is determined this can be 

used to estimate how much corn residue can be sustainably harvested in that system 

without removing SOM (Johnson et al., 2006 (a); Johnson et al., 2006 (b)). Using this 

approach, the authors estimated on average corn yield would need to exceed yields of8.9 t 

ha-1 y-1 in Midwest U.S. climatic conditions using moldboard plowing to maintain soil 

organic carbon. The minimum corn yield required to sustain SOM could be up to 40% less 
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in a no-till or minimum tillage management system, or assuming corn yields and biomass 

continue to increase (Johnson et al., 2006). The economic benefit of harvesting crop 

residues must therefore be weighed against the potentially negative effects that such 

management may have on soil quality (Moebius-Clune et al., 2008). 

2.1.2 Residue influence on soil erosion 

Erosion can cause numerous soil issues including removal of organic matter, nutrients, 

biota, and reduced water holding capacity. Protecting soil from erosion is critical to 

keeping soils productive and supporting healthy crops. Pimentel et al., (1995) estimated 

the total on- and off-site costs of erosion to be over $44 million. They estimated a 

benefit/cost ratio of 5.24 for applying soil conservation practices. One of these practices 

included leaving residue on the surface, which helps to prevent wind and water erosion 

(Andrews, 2006). 

Harvesting crop biomass can result in loss of soil structure due to reduced soil 

aggregation, leading to potential erosion of soil by wind (Andrews, 2006; Malhi et al., 

2006). Residue removal affects water erosion by increasing rainfall impact on the soil, 

which can cause crusting of the soil and reduced water infiltration (Blanco-Canqui & Lal, 

2007). As a result, there can be an increase in water runoff and consequently water erosion 

(Lindstrom, 1986; Andrews, 2006).   

2.1.3 Residue influence on yield response 

Yield response to biomass harvest varies among locations and it is not possible to relate 

yield directly to crop residue harvest. Removal of corn (Zea mays L.) residue for biofuel 

production may affect crop yields by altering soil properties such as bulk density, nutrient 
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cycling, and biological decomposing biota (Blanco-Canqui et al., 2006). Decomposed 

residues are like the glue of the soil, acting as organic binding agents essential to formation 

and stability of aggregates. Crop residues both enhance and protect soil structure and 

quality.  

2.2 Long term impact of tillage and residue harvest 

Moebius-Clune et al., (2008) suggested that, on a silt loam soil in a temperate climate, long-

term corn residue harvest (32 years) had lower adverse impacts on soil quality than long-

term tillage. Overall, soil quality in NT tillage with residues harvest was higher than in 

plow-till with residues harvested in silt loam for northern New York state climatic 

conditions (Moebius-Clune et al., 2008). These authors found NT soils with residues 

harvested had a lower pH (7.8 vs. 8.0), higher organic matter (4.9 vs. 4.0 %), and higher 

water stable aggregates (0.42 vs. 0.14 g g-1) than plow tilled soils with residues returned. 

Overall, these results suggest if initiating residue harvest for bioenery production, an 

option for a plow-till grower is to offset the negative effects of residue harvest by making 

the transition to NT management to alleviate soil degradation.  

Recent measurements from a corn/soybean rotation in west central Minnesota found 

that any residue harvest reduced spring residue cover below 30% (both in corn and 

soybean) if chisel plowed on a <2% slope. When the field was not tilled (3 and 13 years no 

till) the surface residue coverage could provide protection against erosion (soil coverage 

from 39.5-90.7%) (Johnson, 2008). Campbell et al., (1991) found no difference in soil 

organic carbon for conventionally tilled plots when spring wheat straw was harvested or 

returned for 30 years, suggesting that intensive tillage combined with incorporating 
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residues may stimulate organic matter decomposition. This may explain why significant 

effects of residue harvest were mostly expressed under NT (Moebius-Clune et al., 2008). 

2.2.1 Impact of residue removal on nutrient removal 

Corn biomass harvest removes 5 to 11 kg N, 0.5 to 2 kg P and 2 to 9 kg K per ton of biomass 

removed depending on the crop (Johnson, 2008). Removal of biomass will also remove 

other macro (Ca and Mg) and micronutrients (Cu, Fe, Mn and Zn), which in the long term 

may need to be supplemented. Producers harvesting biomass should be alert to signs of 

micronutrient deficiency (Johnson et al., 2007; Johnson, 2008). Soil tests and crop 

monitoring are recommended for both macro and micronutrients to avoid deficiencies 

(Lindstrom, 1986; Al-Kaisi & Yin, 2005; Johnson, 2008). Crop response to removing these 

nutrients will vary by inherent soil fertility and poor fertilizer management, and the 

escalating input costs and offset risk of displaced nutrient dictate inputs be applied 

judicially (Johnson, 2007; Johnson, 2008). 

2.2.2. Impact of tillage on SOM 

Reduced and NT systems generally accumulate SOM, and bring about higher aggregate 

stability, porosity, abundance of root channels and macrofauna burrows, infiltrability, 

water-holding capacity, and biological activity (Puget et al., 1998; Moebius-Clune et al., 

2008). Approximately 56% of the soil organic matter is carbon indicating that a carbon 

source is important for maintaining soil organic matter levels. As such, leaving crop 

residues on the surface for decomposition adds to the soil organic matter pool and overall 

soil health. In an experiment by Hooker et al. (2005), soil organic carbon in the top 15 cm 
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was not significantly affected by residue harvest within tillage treatments, but tillage effects 

were significant regardless of residue management.  

2.3 Impact of bioenergy production on climate change 

Direct and indirect effects of bioenergy production on greenhouse gas emissions have not 

been quantified; however, modeled estimates indicate N2O to be the largest source of 

greenhouse gas emitted from these systems (Richardson et al., 2009). This is a significant 

concern because one kg of atmospheric N2O has the same "global warming potential" as 

about 290 kg of carbon dioxide (IPCC, 2007). 

Nitrous oxide accounts for 6.8% of Canada’s total greenhouse gas (GHG) emissions, 

and agricultural activities are an important source of anthropogenic nitrous oxide (N2O) 

emission. Recent research has shown significant annual N2O emissions occur in the non-

growing season (November-April), with dominant contributions (30-80%) of the annual 

N2O emissions occurring during spring thaw (March or April) (Hu et al., 2006; Sharma et 

al., 2006). Two current theories to explain increased N2O emissions during freeze thaw 

cycles are:  1) release of N2O accumulated in soils by denitrification occurring over the 

winter (Bremner et al., 1980; Christensen & Christensen, 1991; Teepe et al., 2001); and 2) 

microbial cells within the soil are lysed during freeze cycles, releasing nutrients such as 

carbon and nitrogen which are used in de novo denitrification at thaw (Skogland et al., 

1988; Müller et al., 2002; Öquist et al., 2004; Wagner-Riddle et al., 2008; de Bruijn et al., 

2009).  
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2.4 N2O production in the soil 

N2O is a byproduct of microbial driven redox reactions in the soil, catalyzed by two soil mi-

crobial processes: nitrification and denitrification (Firestone et al., 1980; Conrad, 1996). 

The functional nitrifier and denitrifier genes discussed in chapters 3, 4 and 5 of this thesis 

have previously been correlated with specific redox reactions of nitrogen cycling (Rot-

thauwe et al., 1997; Throbäck et al., 2004; Henry et al., 2006). Studies on fundamental 

questions of how microorganisms play a crucial role in biogeochemical cycling in the envi-

ronment can provide insight to climate change. 

2.5 Nitrogen impact on microbes 

Nitrogen is cycled by soil microbes which catalyze a series of nitrogen redox reactions in 

the soil. Greater available N would contribute to increased microbial metabolism and 

respiration, increasing CO2 concentration while lowering O2 concentration in the soil, and 

the creation of more anaerobic sites would be expected (Beauchamp et al., 1989; Drury et 

al., 1991; Kong et al., 2010). Studies of agricultural soil using molecular techniques to 

evaluate the impact of reduced carbon availably on soil nitrifiers and denitrifiers are 

limited. A recent microcosm study by Miller et al. (2008) designed to induce denitrification, 

showed the addition of both complex carbon from crop residues, and simple carbon from 

glucose and NO3- significantly increased the nitric oxide reductase (cnorBP) gene abundance 

within 24 hours, but did not affect N2O reductase (nosZ) gene abundance, revealing 

different denitrifier gene response to carbon amendments.  
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2.5.1 Nitrification 

The flux of N2O from the soil is a result of both nitrification and denitrification processes 

(Robertson & Groffman, 2007). The rate of nitrification and denitrification are influenced 

by soil conditions such as pH, temperature, moisture, O2, carbon and nutrient availability 

and presence of the appropriate microbial community.  

Under ideal aerobic conditions N2O associated with nitrification processes varies less 

than 1% relative to temporal changes in ammonia oxidizing communities; however, as the 

oxygen level decreases, more N2O is produced as nitrite, which is used as the electron 

acceptor instead of oxygen (Wai et al., 2011). Although nitrification can be catalyzed by 

archaea, heterotrophs and autotrophs, the latter group is thought to be the major 

contributor of nitrification in an agricultural soil ecosystem. Autotrophic nitrification 

occurs in two steps, first the oxidation of ammonia (NH4+) to nitrite (NO2-) by Nitrosomonas 

bacteria, and second the oxidation of NO2- to nitrate (NO3-) by nitrite oxidizers, primarily 

from soil phyla Nitrobacter and Nitrospira (Prosser, 2006). Quantities of nitrifiers would 

have either positive or negative epistasis on quantity of denitrifier population, due to 

biochemical interactions and by products created, influencing the denitrification process 

(Firestone et al., 1980; Granli & Bockman, 1994; Philippot et al., 2011). 

2.5.2 Denitrification 

Denitrification is the dissimilatory reduction of ionic NO3- and NO2- in the soil to 

atmospheric gaseous products (nitric oxide (NO), N2O, and dinitrogen (N2)) by microbial 

respiration of bacteria species in the domain Archaea and heterotrophic bacteria species 

(Pseudomonas and Clostridium) which can function in oxygen deficient conditions (Prosser, 

2006). Complete denitrification returns N2 to the atmosphere, resulting in completion of 
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the N-cycle; however, denitrification reduces soil nitrate, an essential plant nutrient, and 

can lead to the emission of the greenhouse gas, N2O, as a result of incomplete 

denitrification. Although most denitrifying bacteria possess reductase enzyme complexes 

necessary to complete the reduction of NO3- and N2O to N2, some bacteria are not equipped 

with the N2O reductase gene, thus N2O is the terminal product (Davidson, 1991; Granli & 

Bockman, 1994; Cavigelli & Robertson, 2000; Holtan-Hartwig et al., 2000; Holtan-Hartwig 

et al., 2002). 
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CHAPTER THREE 
 

NITROUS OXIDE EMISSION AND ABUNDANCE OF N-CYCLING MICROORGANISMS IN CORN-
BASED BIOFUEL CROPPING SYSTEM 

3.1 ABSTRACT 

Micrometeorological approaches were used to measure half hourly N2O flux continuously 

throughout the year (May 2009 – May 2010) in four field plots where corn was grown un-

der no-tillage and conventional tillage, with residue removed and residue returned. Soil 

samples were collected at seven times over the growing season at spring tillage, crop 

physiological maturity, crop senescence, post-harvest and fall tillage, mid-winter (frozen 

soil), spring thaw, and pre-seeding in the following year. Abundance of functional genes 

(amoA, nirS and nosZ) involved in nitrification and denitrification pathways were quanti-

fied with real-time PCR. Results from the field study indicated that seasonal variation influ-

enced the abundance of amoA nitrifier populations. No-tillage management resulted in sig-

nificantly decreased amoA abundance, and removing crop residues decreased amoA gene 

abundance in both CT and NT systems. In contrast, denitrifier gene abundance increased in 

NT managed soils. Residue removal did not significantly affect nirS gene abundance; how-

ever, the nosZ gene abundance decreased with residue removal in both CT and NT systems. 

NT management resulted in less N2O flux than in CT managed soils. When residues were 

removed in both CT and NT managed soils, the mean annual N2O flux was greatest in CT. 
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3.2 INTRODUCTION 

Major opportunities lie ahead in agriculture production to provide innovative fossil fuel 

alternatives. Current interest in using corn residues (Zea mays L.) as a carbon source for 

second generation bioenergy production necessitates evaluating the consequences of resi-

due removal to soil quality and greenhouse gas emissions. Direct and indirect effects of 

bioenergy production on N2O emissions have not been quantified; however, modeled esti-

mates indicate N2O to be the largest source of greenhouse gas emitted from these systems 

(Richardson et al., 2009). This is a significant concern because N2O has a global warming 

potential that is circa 300 times greater than carbon dioxide (CO2) (IPCC, 2007). 

The flux of N2O from the soil is a result of both nitrification and denitrification 

processes (Robertson & Groffman, 2007). The rate of nitrification and denitrification are 

influenced by soil conditions such as pH, temperature, moisture, O2, carbon and nutrient 

availability and presence of the appropriate microbial community. Although nitrification 

can be catalyzed by archaea, heterotrophs and autotrophs, the latter group is thought to be 

the major contributor of nitrification in an agricultural soil ecosystem. Autotrophic 

nitrification occurs in two steps, first the oxidation of ammonia (NH4+) to nitrite (NO2-) by 

Nitrosomonas bacteria, and second the oxidation of NO2- to nitrate (NO3-) by nitrite 

oxidizers, primarily from soil phyla Nitrobacter and Nitrospira (Prosser, 2006). 

Denitrification is the dissimilatory reduction of ionic NO3- and NO2- in the soil to 

atmospheric gaseous products (nitric oxide (NO), N2O, and dinitrogen (N2)) by microbial 

respiration of archaea and heterotrophic bacteria which can function in oxygen deficient 

conditions (Prosser, 2006). Complete denitrification returns N2 to the atmosphere, 

resulting in completion of the N-cycle; however, denitrification reduces soil nitrate, an 
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essential plant nutrient, and can lead to the emission of the greenhouse gas, N2O, as a result 

of incomplete denitrification. Although most denitrifying bacteria possess reductase 

enzyme complexes necessary to complete the reduction of NO3- and N2O to N2, some 

bacteria do not possess the N2O reductase gene, thus N2O is the terminal product 

(Davidson, 1991; Granli & Bockman, 1994; Cavigelli & Robertson, 2000; Holtan-Hartwig et 

al., 2000; Holtan-Hartwig et al., 2002). 

Recent literature reviews have suggested interactions of climatic factors, crop 

decomposition rate, carbon and nitrogen cycling processes, and changing microbial 

communities are factors that drive denitrification and in situ N2O production in agriculture 

systems (Richardson et al., 2009; Gärdenäs et al., 2011). Soil water content close to field 

capacity has been shown to increase denitrification rates (Bakken & Olsen, 1989). In soil 

conditions with non-limiting NO3-, additional carbon from decomposition of plant or root 

residues also stimulate denitrification rates, with low carbon to nitrogen ratios (<30:1) 

having the greatest effect (Granli & Bockman, 1994).  

Decomposition of plant residues supply habitat and nutrients for soil microorganisms 

and decomposition rates have been estimated using residue C:N ratio. The C:N ratio for 

corn stover is estimated to be 60:1, which is relatively high compared to soil organic matter 

(10:1), and soil microorganisms (8:1) (Robertson & Groffman, 2007). The incorporation of 

corn residue with a high C:N ratio may require additional N for decomposition, promoting 

immobilization of soil N and reducing N availability for microbial metabolism. In residues 

with low C:N ratios, mineralization of N may lead to additional N available. Greater 

available N would contribute to increased microbial metabolism and respiration, 

increasing CO2 concentration while lowering O2 concentration in the soil, and the creation 
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of more anaerobic sites would be expected (Beauchamp et al., 1989; Drury et al., 1991; 

Kong et al., 2010). Studies of agricultural soil using molecular techniques to evaluate the 

impact of reduced carbon availably on soil nitrifiers and denitrifiers are limited. A recent 

microcosm study by (Miller et al., 2008) designed to induce denitrification, showed the 

addition of both complex carbon from crop residues, and simple carbon from glucose and 

NO3- significantly increased the nitric oxide reductase (cnorBP) gene abundance within 24 

hours, but did not affect N2O reductase (nosZ) gene abundance, revealing different 

denitrifier gene response to carbon amendments.  

Previous studies at the Elora Research Station, in Ontario Canada have focused on N2O 

mitigation strategies related to Beneficial Management Practices (BMP), including a 

combination of no-tillage (NT) and reduced nitrogen fertilizer application. During a five 

year study, a rotation that was managed using BMP decreased N2O emissions compared to 

a conventional management system (Wagner-Riddle et al., 2007). Recently, a microbial 

characterization study of the site by (Smith et al., 2010) using denaturing gradient gel 

electophoresis coupled with PCR (PCR-DGGE), showed tillage changed microbial 

community structure and diversity of nitrifier and denitrifier populations. The results also 

indicated NT management practices decreased seasonal N2O emissions from soil, and were 

associated with alterations in denitrifying bacterial community structure (Smith et al., 

2010). Although this study demonstrated a structural change in nitrifying and denitrifying 

communities, it did not measure corresponding population abundance in the soil 

environment.  

The objective of this study was to characterize seasonal changes in abundance of 

nitrifiers and denitrifiers in soils under contrasting tillage and residue removal practices. 
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Abundance of functional groups were quantified using QPCR analysis and targeted gene 

primers (amoA, nirS, nosZ) for enzymes expressed in N-cycling microbial populations. A 

second objective was to relate gene abundance to emissions of nitrous oxide and other 

changing edaphic factors (soil moisture, aeration, nutrient availability) at the field site. I 

hypothesized that CT and residue removal would be associated with differences in 

abundance of nitrifier and denitrifier populations and N2O emissions when compared to no 

tillage and residues returned.  
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3.3 METHODS AND MATERIALS 

3.3.1 Sampling site description 

The sampling site was located at the long term Agriculture Meteorology Research plots at 

the University of Guelph Elora Research Station, Elora, Ontario, Canada (43˚38’ N -80˚25 W, 

elevation 376 m). During the May 2009 to May 2010 sampling period, the average annual 

precipitation and daily average temperature were 767 mm and 6.8°C, which is similar to 

the 30 year climate normal (1971-2000) of the site (Environment Canada, 2012). The soil is 

an imperfectly drained Guelph silt loam, and the texture consists of 29% sand, 52% silt and 

19% clay with a carbon content of about 30 g C kg-1(Jayasundara et al., 2007).  

The cropping sequence over the last ten years for the site is summarized in Table 3.1. 

Table 3.1: Cropping history for studied site.  

Year Crop Cited 

2000 Corn * 

2001 Soybean * 

2002 Winter wheat * 

2003 Corn * 

2004 Soybean * 

2005 Corn † 

2006 Soybean  

2007 Corn  

2008 Corn **Fall residue removal treatment applied 

2009 Corn **Fall residue removal treatment applied 

2010 Soybean   

*Reported in (Jayasundara et al., 2007), † Reported in (Smith et al., 2010) 
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 A post harvest soil test in October 2008 indicated an average pH of 8, and nutrient 

levels (0-15 cm) were total N: 3.1 g kg-1; available P: 19 mg kg-1 and available K: 127 mg kg-

1 in dry soil. Based on intensive soil sampling in the fall 2008, a spring application (May 4) 

to balance soil nutrient levels in each plot occurred by adding phosphorus (P) at the rate of 

100 kg P /ha (0-46-0) to the plots with residue removed in 2008 (Plot 3 – no tillage and 4 –

conventional tillage). The plots with residue returned in 2008 (Plot 1 – conventional tillage 

and Plot 2 – no-tillage) had no P applied. Potash (K) was also applied to balance plot nutri-

ent levels by applying (50 kg K /ha (0-0-60) to Plot 1 and (100 kg K /ha (0-0-60) to Plot 3 

and 4. No K was applied to Plot 2. 

 In spring 2009, fertilizer N was applied according to a combined plot spring nitrate 

soil test and provincial soil fertility recommendations for the growing region (OMAFRA, 

2002). On all plots, fertilizer N was split-applied: 56 kg ha-1 (Monoammonium Phosphate 

(MAP)(11-52-0) starter fertilizer was applied at seeding (May 12, 2009); followed by a 118 

kg N ha-1 side dressing of liquid urea and ammonium nitrate (UAN) (28-0-0) when corn 

was at the 5-7 leaf stage (June 23, 2009).  

The experiment was conducted on four contrasting 150 m by 100 m (1.5 ha) plots. Large 

scale plot measurements are a requirement for micrometeorological studies. Four contrast-

ing plots were sampled: CT with residue, CT without residue, NT with residue, NT without 

residues (Figure 1). No-tillage had been applied to the two studied plots for 9 years since 

November 1999 and consisted of cutting ca. 5 cm width x 5 cm depth band in the soil for 

seed and fertilizer placement. Conventional tillage included disking to ca. 10-15 cm depth 

three times over the sampling period: 2009 pre-seeding (May 12) and post harvest (Nov. 
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10) and 2010 pre-seeding (May 18). Residue removal or return was applied in the fall of 

both 2008 and 2009. Residue return consisted of all above ground corn residue (leaves, 

stems, husks) returned to the soil surface post harvest, and removal consisted of corn resi-

due removed by ensiling corn stalks approximately 5 cm above the soil with a silage cutter, 

and removing the residue from the plot.  
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Figure 3.1: Schematic diagram of experimental site with large scale (1.5 ha) plots, 

sampling transects, N2O air intakes and anemometers identified. Soil samples were 

collected along three replicated plot transects within each plot. Field plots were subjected 

to: 1) CT with residue returned, 2) NT with residue returned, 3) NT with residue removed, 

4) CT with residue removed. Grey dots indicate location of N2O gas sampling intakes within 

each plot. Location of cup anemometers between plots 1and 2 is indicated with a black star, 

and sonic anemometer between plot 3 and 4 with a black dot. Diagram not to scale.  
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Soil was sampled on seven dates during 2009-2010, representing different 

agricultural field conditions: 2009 post spring seeding and tillage (May 20), crop 

physiological maturity (August 27), pre harvest (November 5), post harvest and fall tillage 

(Nov 10), and 2010 frozen soil pre-thaw (March 4), spring thaw (March 17) and post spring 

tillage, pre-seeding (May 18). Within each plot, composite soil samples were taken along 

three transects. The composite soil sample was composed of ten soil cores (2 cm diameter 

x 15 cm depth) taken every 10 to 15 m along transects (Figure 1). A total of 84 soil samples 

(7 dates x 4 plots x 3 transects) were taken. Soil samples were partitioned for molecular 

analysis, microbial biomass, and mineral N. Care was taken to collect the soil cores between 

the corn row and furrow from side dress fertilization to avoid interference of fertilizer N 

contribution to mineral N tests. In the same method previously described, additional 

mineral N soil samples were collected bi-weekly during the growing season, and monthly 

during the non-growing season to monitor seasonal variation in soil mineral N (NH4+-N, 

NO3--N). Samples were placed on ice in coolers, and transported to the laboratory. Fresh 

soil samples for microbial quantification were analysed within 24 h post sampling. Soil 

samples for both mineral N, and soil dissolved organic carbon and microbial biomass were 

stored at -20°C until analysis.  

 On Oct 18, 2009, plants were harvested from six 1.5 m2 quadrants from each plot. 

Fresh and dry biomass weights were determined by weighing samples before and after 

drying for 48 h at approximately 50°C. Three corn cobs per quadrant sampled were de-

kernelled to determine a grain: residue (t dry wt ha-1) harvest index. Harvest index is calcu-

lated (Donald & Hamblin, 1976) as: 
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          (Equation 3.1) 

HI = Ygr/Ybiol  

where Ygr is harvested grain and Ybiol is the total aboveground biomass including the har-

vested grain (aboveground net primary production) at maturity.  

 The residue treatment included seed harvest (8.9±0.4 dry wt t ha-1) with remaining 

corn residue returned (9.16±0.8 t dry wt ha-1) to the soil surface. The corn residue was 

mulched with a flail mower to facilitate residue incorporation by disk cultivation. The no 

residue treatment included seed harvest (8.6±0.4 t dry wt seed ha-1) with remaining corn 

residue (9.13±0.8 t dry wt ha-1) removed as silage. The ensiling method cut corn stalks 5 

cm above the soil with a silage cutter. Both plots had post harvest tillage (disking to 10-15 

cm depth) applied within 4 h after residue harvest (November 10). 

A micrometeorological method was used to measure N2O continuously throughout the year 

(May 09 to May 10) in the four field plots. The vertical flux of N2O (FN2O) per plot was 

measured over half-hourly intervals using the flux gradient method described by the fol-

lowing (Equation 3.2) (Wagner-Riddle et al., 1996; Wagner-Riddle et al., 2007).  

          (Equation 3.2) 

  

where u* is the friction velocity, k is the von Karman constant (=0.41), ΔC is the difference 

of [N2O] between sample heights z2 and z1, d is the displacement height, and ψh
2

  and ψh
1 

are 

the integrated Monin-Obukhov similarity functions for heat for both sampling heights. The 
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friction velocity and the integrated Monin-Obukhov similarity functions for heat were ob-

tained from sonic anemometers. Cup anemometers were used to estimate u* when sonic 

anemometer data were not available. Half hourly averages of N2O concentration differences 

between the lower and upper sampling heights were obtained using a tunable diode laser 

trace gas analyzer (TGA 100, Campbell Scientific Inc., Campbell Scientific Inc., Logan, UT, 

USA). The half-hourly data from each plot was filtered (filtering criteria previously de-

scribed in Wagner-Riddle et al., (2007)) before the data were used in Eq. 3.2 to calculate 

FN2O. Each plot was sequentially sampled over a 24 h period; therefore each plot had a 

maximum of 12 half-hourly flux values per day. Daily flux means were calculated by aver-

aging half-hourly FN2O values (minimum of two data points). 

Exchangeable NH4+-N and NO3--N were extracted from 10 g sieved field moist soil 

with 2.0 M KCl (1:5 soil: extractant ratio) and shaken for 1 h (Maynard et al., 2007). The KCl 

extract was filtered and analyzed spectrophotometrically for NH4+-N (Salicylate Quik-

Chem® Method 12-107-06-2-A), and for NO3--N (Cadmium-copper reduction, QuikChem® 

Method 12-107-04-1-B) using a Lachat AutoAnalyzer (Lachat Instruments, Loveland, Co, 

USA). Standards for NH4+-N and NO3--N were in the range of (0.0 to 5.0 and 0.0 to 10.0 ppm 

N respectively). Analyzed NH4+-N and NO3--N results were converted to mg N kg-1 dry soil 

using gravimetric water content determined on each sample. 

3.3.2 Laboratory analysis 

Soil DNA gene copies were extracted from each plot transect from 10 g fresh soil using the 

PowerMax® Soil DNA Isolation Kit (MoBio Laboratories, Inc. Carlsbad, CA, USA), and 

stored at -80°C for further analysis. 
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Abundance of soil nitrifying and denitrifying bacteria communities were enumerated by a 

quantitative polymerase chain reaction (QPCR) assay using a Bio-Rad iQ5 detection system 

(Bio-Rad Laboratories, Mississauga, ON, Canada). Primer pairs targeting a segment of the 

ammonium monooxygenase, nitrite reductase and nitrous oxide reductase genes are sum-

marized in Table 3.2 

Initial quantification assays of gene copy numbers were achieved by measuring fluorescent 

intensity of iQ™SYBR®Green Supermix dye during each of the 40 cycles. The iQ SYBRGreen 

Supermix contains 100 nM KCl, 40 mM Tris-HCl, pH 8.4, 0.4 mN dNTP, 50 units mL-1 iTaq 

DNA polymerase, 6 mM MgCl2, SYBR Green1 20 nM flourescein, and stabilizer (Bio-Rad 

Laboratories, Hercules, CA, USA). To reduce inhibitory effects of soil humic acid during the 

QPCR process, 150 ng µL-1 T4 gene 32 protein (Applied Biosystems, Life Technologies 

Corp., Carlsbad, CA, USA) was included (Kreader, 1996).  
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Table 3.2: Description of targeted gene primers for N-cycling microbial populations  

Gene Primer  Bacteria spp. of 

standard curve 

Oligo Sequence (5'-3') Annealing 

Temp 

(C°) 

Size 

(bp)  

Reference 

ammonium monooxy-
genase 

amoA-1F Nitrosomonas  GGGGTTTCTACTGGTGGT 57 491 Rotthauwe et al., 1997 

 amoA-2R europaea CCCCTCKGSAAAGCCTTCTTC   

nitrite reductase nirS-cd3af Pseudomonas GTSAACGTSAAGGARACSGG 57 425 Throbäck et al., 2004 

 nirS-R3cd aeruginosa GASTTCGGRTGSGTCTTGA   

nitrous oxide reductase nosZ-1F Pseudomonas 
WCSYTGTTCMTCGACAGCCA
G 67 259 Henry et al., 2006 

 nosZ-1R flourescens  ATGTCGAT-
CARCTGVKCRTTYTC 
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For each 1 µL template, reactions were performed in a total volume of 25 µL per sample, 

with 12.5 µL of 1x SYBR Green Supermix (12.0 µL for amoA), 10 µM (2.5 µL) each for-

ward and reverse primers, 1 µL T4g32, and RNase DNase free water. The bacterial gene 

fragments for amoA and nirS were amplified with an initial denaturation step for 5 min 

at 95°C followed by 40 cycles of 30 s at 95°C, 1 min at 57°C, 1 min at 72°C followed by 

10 min at 72°C. The initial denaturation step for nosZ was 15 min at 95°C followed by a 

touchdown (15 s at 95°C, 30 s at 67 - 63°C, 30 s at 72°C and 15 s at 80°C and then 40 cy-

cles of 15 s at 95°C, 15 s at 62°C, 30 s at 72°C, 15 s at 80°C). For the nosZ gene, data ac-

quisition occurred after extension (Henry et al., 2006). 

 A melt curve analysis was used to confirm amplicon authenticity, for amoA: 51 

cycles of 30 s at 70°C - 95°C; for nirS: 61 cycles of 30 s at 65°C - 95°C; and for nosZ: 41 

cycles of 30 s at 75°C - 95°C. For each primer pairs, no-template control reactions in 

each run had undetectable amplification.  

Three bacterial strains (Table 3.2) DNA gene copies were extracted using an UltraClean® 

Microbial DNA Isolation Kit (MoBio Laboratories, Inc. Carlsbad, CA, USA). Primers for 

amoA, nirS and nosZ gene fragments (Table 3.2) were used to amplify targeted gene cop-

ies by PCR reaction. PCR products were cloned using a TOPO TA Cloning® kit (Invitro-

gen, Burlington, ON, Canada). The target gene (amoA, nirS or nosZ) plasmid was in-

serted into a circular vector DNA of One Shot® DH5α™-T1R, Top10 E.coli competent 

cells, and inoculated into LB broth , and incubated for 24 h at 37°C. Plasmid DNA was 

extracted using a PureLink™Quick Plasmid Miniprep Kit (Quagen Inc., Mississauga, ON, 

Canada). The cloned target DNA inserts were verified by sequencing. Plasmid concen-

tration was used to calculate a dilution series (106 to 101) of linearized plasmids sensi-
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tive to at least 10 gene copy numbers of target genes quantified. R2 values ranged from 

0.91 to 0.99. 

3.3.3 Soil environmental conditions 

Water-filled pore space (WFPS m3 m-3) was calculated (Eq. 3.3) using SWC, soil water 

content (g g−1), ρb, bulk density (g cm-3), and ρd, soil particle density (g cm-3) (assumed to 

be 2.65 g cm-3) (Doran et al., 1988; Franzluebbers, 1999). (Equation 3.3) 

 

 SWC (g g−1) (Eq. 3.4) was calculated from 10 g sieved soil (10 cm depth) dried at 

105 ◦C for 24 h (Eq. 3.4).  

         (Equation 3.4) 

 

 To determine soil bulk density (ρb) six soil cores per plot were collected (2 cores 

per 3 plot transects) at 3-10 cm depth using a 4.3 cm cylindrical aluminum core 

sampler, on dates corresponding to microbial DNA gene copy and microbial biomass 

sampling (May 20, August 27, November 5, and Nov 12, 2009; and March 4, March 17 

and May 18, 2010). Cores were bagged, and transported to the laboratory and weighed 

before and after drying in an oven (24h at 105°C) (Maynard & Curran, 2007).  

Sampled soil was used to determine soil microbial biomass carbon (SMB-C). Oven dried 

soils (80 g weight basis) were placed in a desiccator and fumigated with 30 mL 

chloroform, and incubated (25°C for 10 days) (Voroney et al., 2007; Oelbermann & 

Echarte, 2011). Fumigated and non-fumigated soil were extracted with 150 mL 0.5 M 
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K2SO4 followed by shaking for 1 h. Filtered extractant was analyzed using a TOC-5000 

analyzer (Shimadzu, Kyoto, Japan). SMB-C was determined by subtracting fumigated 

from non- fumigated C values using a conversion factor of Kec=0.35 (standard fraction 

of biomass C) (Voroney et al., 2007; Oelbermann & Echarte, 2011). 

Dissolved organic carbon (DOC) was determined by subtracting inorganic carbon 

from total organic carbon measured in filtered K2SO4 extractant of non-fumigated soils 

(Horwath & Paul, 1994; Adair & Burke, 2010). Analysis results were adjusted to mg N 

kg-1 dry soil. The extraction and fumigation procedure were performed in the 

Department of Environment and Resource Studies, University of Waterloo, Canada. 

3.3.4 Statistical analysis 

The experiment consisted of four management systems (treatments) applied to one 1.5 

ha field. The probability distribution of N2O fluxes observed in this study were log 

normal or highly skewed. To remove bias of treatment comparisons for N2O fluxes, pair-

wise two tailed t-test for comparison of daily means using the Wilcoxon signed rank test 

(Wagner-Riddle et al., 2007) in SAS 9.2. (SAS Inst., Cary, NC, USA). Six comparisons were 

conducted by pairing: treatment 1 with treatment 2, 3, 4; treatment 2 with treatment 3 

and 4; and treatment 3 with treatment 4.  

 For variables such as mineral N (NO3- and NH4+), gene abundance (amoA, nirS, 

nosZ), Water Filled Pore Space (WFPS), Soil Microbial Biomass-Carbon (SMB-C) and 

Dissolved Organic Carbon (DOC), there were three replicate observations per treatment. 

All gene abundances were normalized to gene copy number (per g-1 dry soil) and log10 

transformed before statistical analysis. Individual treatment means were compared 

using Tukey’s method for all pair wise comparisons in SAS 9.2. (SAS Inst., Cary, NC, USA). 

Covariance analysis including the Shapiro-Wilks test was used to test for normality of 
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data (p>0.05). Studentized residuals were checked for outliers. 

 Microbial and chemical soil properties that account for variation in the data were 

evaluated using a Principal Component Analysis (PCA) (Minitab 15, Minitab Inc., State 

College PA, USA). The original data was scored and plotted as individual dates. Variables 

that explained a response in the data were plotted as correlation vectors using Eigen 

values. Eigen values ≥ 1 represent a significant explanation of variance at p=0.05. 

Plotted vectors show the relative loading rate of each variable, indicating the influence 

the variable has on explaining variance within the data. 
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3.4 RESULTS 

3.4.1 Agronomic yields 

For each plot, grain yield and corn biomass (t dry weight ha-1) was measured. 

Seed yield weight was used to determined corn residue harvest index (Table 

3.3).  

 

Table 3.3: Grain yield, total corn biomass and corn residue harvest index (HI) for 

conventional tillage (CT) and no-till (NT) with and without residues in 2009. 

Grain Yield Total Corn Biomass HI

Treatment  t ha
-1

 dwt  t ha
-1

 dwt  

CT-Residue 8.3 ± 0.5 19.1 ± 1.1 0.58

NT-Residue 8.9 ± 0.5 16.5 ± 1.1 0.42

NT-No Residue 8.4 ± 0.5 17.2 ± 1.1 0.52

CT-No Residue 9.5 ± 0.5 19.1 ± 1.1 0.5

 

3.4.2 Micrometeorological Nitrous Oxide (N2O) flux 

Micrometeorological N2O fluxes were monitored continuously throughout the 

field season (May 2009 to May 2010). Daily N2O fluxes varied from -18.7 to 101.6 

ng N m-2s-1 (Figure 3.2A). Periods of significant N2O fluxes were observed after 

side dress fertilizer (117.6 kg N ha-1 June 23, 2009) and during the spring thaw 

period (March 4 to March 17, 2010) (Figure 3.2A). The largest daily flux event 

during spring thaw occurred on March 17, 2010 (Figure 3.2A) in CT - No Residue 

(95.6 ng N m-2s-1). 

 Daily N2O fluxes varied between treatments within the year. Statistical 

comparison of daily N2O flux (medians, 25% percentile (Q1) and 75% percentile 

(Q3) in brackets) between two treatments over the sampling year indicated 
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significant reduction in fluxes for NT compared to with CT, except when 

compared to CT-Residues. The median N2O flux indicated significant reductions 

in N2O fluxes from CT - Residue (4.11 ng N m-2s-1, (Q1=1.52:Q3=12.04, n=211)) 

compared with NT –Residue (3.14 ng N m-2s-1, (Q1=1.51:Q3=7.44, n=232) 

(p=0.0523)) and from CT - No Residue compared with NT- No Residue (2.60 ng N 

m-2s-1, (Q1=0.95: Q3=7.02, n=222) (p=0.0019)) treatments.  

3.4.3 Soil nitrogen content 

During the 2009-2010 sampling period, soil NO3--N and NH4+-N concentrations 

had significant seasonal variation. Tillage and residue management had a 

significant effect on mineral N. A means comparison indicated no-till 

management had greater annual soil concentrations of NO3--N compared to CT 

management at 0-15 cm soil depth (Figure 3.2B). Residue removal resulted in 

greater mean annual soil concentrations of NO3--N compared to residue 

returned. Over the sampling year, the NT -No Residue plot had the greatest mean 

annual NO3--N concentration (Figure 3.2B). 

Over the season, the results of tillage showed significant decreases of 

averaged yearly soil [NH4+-N] in NT-Residue compared to the CT-Residue at 0-15 

cm soil depth (Figure 3.2C). Residue removal significantly decreased [NH4+-N], in 

CT treatments. The decreased annual mean in CT plots may have been influenced 

by individual spring thaw sampling dates March 17 and May 18.
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Figure 3.1: A) Measured average daily fluxes of N2O emissions (ng N m-2s-1), 

B) NO3--N content (mg N kg-1 dry soil), C) NH4+-N content (mg N kg-1 dry soil) 

at 0-15 cm soil depth, in plots with tillage and residue treatments applied. 

Error bars represent 1 s.e., treatment statistical difference (*) (p≤0.05). F, HT, 

and T represent timing of side dress fertilizer application (June 23, 2009), 

harvest (November 5, 2009) and post harvest fall tillage (November 10, 2009) 

and spring thaw (March 17, 2010) dates, respectively. CT and NT represent 

Conventional Tillage and No-Tillage. Residue and no residue indicate corn 

residue was returned to the field or not returned after harvest. 
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3.4.4 Nitrifier and denitrifier microbial gene abundance  

Quantification of the ammonia monoxygenase gene (amoA) indicated that CT-

Residue returned had the highest amoA abundance compared to contrasting 

treatments throughout the sampling period (Figure 3.3A). Both NT and residue 

removal significantly reduced abundance of the amoA gene.  

Significant increases in abundance of the nitrite reductase (nirS) genes 

occurred in NT – Residue compared to CT – Residue plots (Figure 3.3 B). The 

increase was influenced by the May 20, 2009 and spring thaw sampling date 

March 17, 2010 (Figure 3.3 B). During March 17, 2010, nitrifier nirS gene 

abundance was significantly lower in CT - Residues, compared to NT-Residues, 

NT-No Residue and CT-No Residue treatments (Figure 3.3 B). 

Abundance of nitrous oxide reductase (nosZ) denitrifying gene varied over 

the sampling period (Figure 3.3 C).  
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Figure 2.3: A) Nitrifying gene, ammonia monooxygenase (amoA) (log gene 

copies g-1 dry soil), B) Denitrifing gene nitrite reductase (nirS) (log gene 

copies g-1 dry soil), C) Denitrifying genes for nitrous oxide reductase (nosZ) 

(log gene copies g-1 dry soil), at 0-15 cm soil depth, in plots with tillage and 

residue treatments applied. Error bars represent 1 s.e. and statistical 

difference (p=0.05) by treatment and by date is indicated by (*) and (a,b) 

respectively. HT represents timing of 2009 pre-harvest (November 5) and post 

harvest and fall tillage (November 10) and Thaw is indicated on March 4 to 17. 

CT and NT represent Conventional Tillage and No-Tillage. Residue and no 

residue indicate corn residue was or was not returned to the field post harvest. 
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3.4.5 Soil environmental conditions 

Daily mean precipitation and temperature were monitored throughout the 

experiment (Figure 3.4A). There was a significant change in WFPS during the 

spring thaw dates (March 4 to 17) (Figure 3.4A). Initial low (43%) WFPS when 

the soil was frozen (March 4), increasing during the thaw when soils became 

close to saturated (62% WFPS) (March 17). Soil bulk density varied over the 

sampling dates; however, bulk density was not significantly different between 

treatments (data not shown). 

3.4.6 Soil microbial biomass carbon and dissolved organic carbon. 

Seasonal variation had significant influence on the yearly mean SMB-C (mg C g-1 

dry soil), with significantly largest SMB-C in all plots occurring on March 4, when 

the mean daily temperature was ≥ 0 °C (Figure 3.4 A, B).  

Comparison of annual means of dissolved organic carbon (DOC) (mg kg-1 

dry soil) indicated the annual mean was significantly greatest in the CT–Residue 

treatment compared to CT-No residue, NT- Residue, and NT – No residue (Figure 

3.4 C). Over the year, DOC was significantly highest at spring thaw (March 4 to 

17, 2010) in all treatments (Figure 3.4 C). During March 4th, the CT - Residues 

removed plot had significantly lower DOC compared to other treatments (Figure 

3.4 C). 
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Figure 3.4: A) Changes in percent water filled pore space, mean daily 

precipitation and temperature, B) Soil microbial biomass-carbon (SMB-C 

mg C g-1 dry soil), and C) Dissolved organic carbon (mg g-1 dry soil) in plots 

with tillage and residue treatments applied at 0-15 cm soil depth. Error bars 

represent 1 s.e. and statistical difference (p=0.05) by treatment and by date is 

indicated by (*) and (a,b, c, d, e) respectively. HT represent timing of pre-harvest 

(H) (November 5) and post harvest tillage (November 10) and (T) represents 

spring thaw (March 4 to 17) dates. CT and NT represent Conventional Tillage and 

No-Tillage. Residue and no residue indicate corn residue was returned to the plot 

or not returned after harvest. 
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3.4.7 Principal components analysis 

Principal components analysis (PCA) was used to explore correlations between 

multidimensional data indicating seasonal changes of biological and chemical 

properties. The PCA analysis explains a cumulative 91.7% variance in the data 

(42.6%, 30.0%, and 19.1%) and Eigen values of the correlation matrix are 2.1, 

1.5 and 1.0 for principal component (PC) 1, 2 and 3, respectively. Variation in the 

data is explained by the location of plotted data in relation to a Principal Compo-

nent axis. Sampling dates correspond to crop physiological maturity (August 27), 

pre-harvest (November 5), post harvest and fall tillage (November 10), frozen 

soil pre-thaw (March 4), spring thaw (March 17), pre-seeding (May 18). Dates 

missing N2O flux values were excluded from PCA analysis (May 20, August 27 

and November 5 CT and NT- residue). Arrow lengths are proportional to the 

loading of each factor. The length of vector arrows correlates to the importance 

to the ordination, while the direction of vector arrows indicates a positive or 

negative relationship or loading factor between variables. 

 The PCA results (Figure 3.5) identified that the separation of samples 

along the first Principal Component (PC1) was mainly explained by the positive 

loading factor of Water Filled Pore Space (WFPS) and negative loading factors of 

soil N2O emission (N2O) and dissolved organic carbon (DOC). Nitrate concentra-

tion [NO3-] and nitrous oxide reductase (nosZ) gene abundance had the greatest 

positive and negative loading factors respectively along the second Principal 

Component (PC2). The third Principal Component (PC3) had a positive loading 

factor of DOC and negative loading factors from N2O and nosZ gene abundance. 

DOC co-varied with soil emitted N2O, indicating a relation to each other.
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Figure 3.5: Principal component analysis (PCA) with vectors representing 

measured nitrous oxide flux (N2O), nosZ gene abundance (log gene copy g-1 dry 

soil), dissolved organic carbon (DOC), water filled pore space (WFPS), and 

nitrate (NO3--N) over the 2009-2010 sampling period. Plotted symbols represent 

CT-Residue (black square), NT-Residue (black circle), NT-No Residue (grey 

triangle), and CT-No Residue (grey diamond). Solid black lines indicate a factor 

has positive PC value, dotted black lines indicate a factor has negative PC value. 

Dotted ovals indicate sampling dates grouped according to treatments applied. 
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3.5 DISCUSSION 

3.5.1 Tillage effect 

Studies of soil microbial response to tillage regimes have shown variable 

responses, with some indicating few differences (Kladivko, 2001; Helgason et al., 

2009), while other studies indicate higher biological activity in no-till systems 

(Kladivko, 2001; White & Rice, 2009; Ceja-Navarro et al., 2010). Prior research 

on the same experimental site used denaturing gel gradient electrophoresis to 

assess the soil microbial community in tilled and no-till plots, and indicated a 

shift in diversity of the nitrifier and denitrifier community when tillage was 

applied, with a key change occurring at spring thaw (Smith et al., 2010).  

In the current study functional genes involved in nitrification and 

denitrification processes in soils under contrasting tillage and residue 

management regimes were quantified. At the ecosystem level, nitrification is 

favorable in soil conditions of available NH4+, and sufficient aeration. In plots 

with residues returned, both ammonia oxidizers amoA gene abundance and soil 

ammonia levels were greater in CT compared to NT management systems 

(Figure 3.4A), indicating a larger nitrification potential in CT-residues. CT had 

significantly less soil moisture resulting in greater soil aeration than in NT 

managed plots (Figure 3.4 A). In this study, an average of 7.9 and 7.5 log gene 

copies amoA (g-1 dry soil) were quantified in CT and NT, respectively. This range 

of measured indigenous soil nitrifiers was similar to other reported findings in 

agriculture soils (Hallin et al., 2009; Verhamme et al., 2011; Wessén et al., 2011; 

Wessén & Hallin, 2011); however, to the best of my knowledge, this is the first in 
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situ field study that indicates how this community may be affected by residue 

management.  

The major rate limiting step in denitrification is recognized to be nitrite 

reduction because it is the first step in the denitrification process that leads to 

gaseous intermediates (NO, N2O and N2) (Zumft & Körner, 2007). Quantification 

of nirS gene abundance ranged from 6.5 to 6.9 log gene copy numbers g-1 dry soil, 

similarly reported in other CT soils (Kong et al., 2010). The results indicated less 

nitrite reducing (nirS) gene abundance in CT compared to the NT managed soils. 

Although there was less nirS gene abundance in CT soils, these plots resulted in 

the greater N2O emission compared to the NT plots sampled. Smith et al. (2010) 

observed differences in diversity of denitrifiers when comparing CT and NT, and 

suggested the presence of a different community of denitrifiers may be partially 

responsible for contrasting N2O emissions measured from these plots.  

There are several denitrifying microbial enzymes that can lead to N2O 

production; however, the only bacterial enzyme currently known to reduce N2O 

is nitrous oxide reductase (nosZ) gene bearing communities (Richardson et al., 

2009). Although no significant fluctuations in the abundance of nosZ copy 

numbers occurred over the sampling period, less nosZ gene abundance in CT 

plots was measured. Less nosZ gene abundance in CT soils may be a factor of 

incomplete denitrification. As less N2O consumption occurs, a surplus of N2O in 

the soil would occur and be susceptible to loss. During the sampling period, CT 

managed soils resulted in greater N2O emission, with significant peaks occurring 

post N fertilizer application and during a spring thaw event, March 4 to 17. These 

results suggest that incomplete denitrification due to less denitrifier nosZ gene 
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abundance may be occurring in CT plots compared to NT plots, resulting in 

greater overall N2O emissions.  

3.5.2 Residue effect  

During nitrification, the rate determining step is considered to be ammonia 

oxidation (Belser, 1979). In this study, plots with no residues resulted in lower 

nitrifier amoA gene abundance, in both CT and NT soils. The plots with residues 

returned had increased [NH4+] and dissolved organic carbon, which would be 

expected from the increase of organic matter input. Soil NH4+ would increase 

during residue decomposition by ammonification, which would explain the 

higher soil [NH4+] and amoA gene abundance in plots with residues returned. 

Previous published results indicated soil organic matter input from compost 

significantly increased ammonia oxidizing bacteria (AOB) (Innerebner et al., 

2006); however, long term soil C inputs from straw or peat resulted in no 

significant difference in community size of AOB (Wessén & Hallin, 2011).  

In complex soil ecosystems, anaerobic soil conditions favour denitrification 

processes. Factors that affect the rate of denitrification activity are excess labile 

carbon for microbial energy, and available NO3-, an alternative electron acceptor 

in limited O2 conditions (Granli & Bockman, 1994; Barnard et al., 2005). Soils 

with CT - No Residues had the greater N2O emissions, [NO3-], and WFPS, but less 

DOC compared to CT - residues. Although there was less DOC in CT - No 

Residues, soil carbon is not expected to be a limiting factor to denitrification 

activity within an agriculture soil. Results indicated an increased abundance of 

nirS genes in the CT- no residue; however, this result may be influenced heavily 

by the spring thaw March 17 sampling date when CT – no residue soils had 
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significantly more nirS gene abundance than measured in the CT – residue plot. 

On March 17, there was a significant N2O flux event, with N2O flux in CT - No 

Residues measuring 6x greater than the N2O flux from CT - residues, and 2x 

greater than NT plots with or without residues. The CT-no residue treatment had 

significant correlation for N2O emission and nirS gene abundance (R2 =0.98; 

p=0.092). Other studies have found no correlation for potential denitrifier rates 

and the abundance of nirS genes (Hallin et al., 2009; Dandie et al., 2011). 

In contrast to greater nirS gene abundance in CT soils when residues were 

removed, there was a trend of less nosZ gene abundance in both CT and NT plots 

with no residue compared to CT and NT plots with residues returned; however, 

the nosZ gene abundance data had large replicate variation, and this trend was 

heavily influenced by the May 20 sampling date. Interestingly, during the spring 

thaw peak flux of N2O on March 17, both CT and NT soils with no residues had 

the largest N2O emission flux. These trends show the introduction of a new 

cropping practice may reduce nosZ gene abundance and increase N2O emissions 

during a major spring thaw event. Potential denitrifier rates have been 

correlated with abundance of nosZ gene copy numbers (Hallin et al., 2009; 

Philippot et al., 2011). A recent study by (Ceja-Navarro et al., 2010), also 

reported reduced bacterial diversity of Pseudomonas spps. after removal of corn 

residues in both zero till and CT systems. Their recent study may support these 

findings, since several strains of Pseudomonas contain denitrification genes 

(Throbäck et al., 2004; Henry et al., 2006).  
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3.5.3 Relating soil microbial communities to N2O emissions under field conditions 

Previous literature reviews have indicated a gap in N2O field studies that include 

a wide set of environmental, chemical, and microbial processes monitored in 

relation to N2O emissions in situ (Richardson et al., 2009; Kong et al., 2010). To 

the best of my knowledge, this is the first in situ field study evaluating changes to 

soil nitrifying and denitrifying abundance when crop residues are removed, and 

how the impact of changes in microbial abundance influences in situ soil N2O 

emissions.The long-term field experimental site evaluated in this study allows 

the comparison of soils with the same pedogenic features, but differences in 

chemical and biological properties resulting from the contrasting agriculture 

management systems used. 

Using principal component analysis (PCA), available soil N ([NO3--N], [NH4+-

N]), abundance of amoA, nirS, and nosZ genes, and N2O emissions were compared 

for each management system on each sampling date. PCA clearly showed 

separation between sampling points that occurred during the 2009 growing 

season (August 27, November 5, November 12) compared to the 2010 non- 

growing season (March 4 to 17, and May 18). Loading factors indicate that this 

differentiation is likely heavily influenced by soil nitrate levels, which were 

higher during the growing season. Within sampling dates, a separation due to 

tillage and residue management is indicated. Interestingly, on March 4, pre-

spring thaw, the plots group closely, with the CT and NT plots that had residue 

returned grouping the closest; however, after spring thaw on March 17, all four 

management systems are clearly separated. Smith et al. (2010), compared the 

community structure of the nitrifier and denitrifier communities under a system 

where residue was returned, and also found no differences between the 
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community structure before a significant spring thaw event, but significant 

changes in community structure immediately after spring thaw. The analysis of 

loading values for March 17 shows the CT with no residue plot with the greatest 

separation and this was likely influenced by significantly higher N2O emissions. 

Ammonia levels and quantities of nosZ also influence the separation of the 

treatments during the non-growing season.  

3.5.4 Spring thaw N2O emission 

In this study, lower N2O emissions were measured from the NT managed plots 

compared to CT managed plots. The difference in N2O emissions was most 

obvious during the measured spring thaw (March 7 to 19) (Figure 3.2A). This 

confirms past studies by (Wagner-Riddle et al., 2007) showing reduced N2O 

emissions associated with physical impacts of NT and residue on the soil, such as 

potentially less soil freezing due to insulating effects of snow and residues. 

Several studies hypothesize freeze thaw cycles increase substrate availability 

(carbon and nitrogen) for soil microbial processes (Groffman & Tiedje, 1989; 

Sharma et al., 2006). Although more available N [NH4+ and NO3-] was measured 

in both NT and CT with residues, less N2O emissions was measured, compared to 

NT and CT plots with no residues during the March 17 sampling date.  

Spring thaw sampling results showed greater nitrifier (amoA) gene 

abundance in NT. Denitrifier results indicated greater nirS gene abundance in CT, 

and a trend of lower nosZ gene abundance in CT plots. Key field and laboratory 

studies have measured increased rates of denitrification and N2O emissions 

during freeze thaw cycles (Groffman & Tiedje, 1989; Christensen & Christensen, 

1991; Holtan-Hartwig et al., 2002; Sharma et al., 2006; de Bruijn et al., 2009; 
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Wagner-Riddle et al., 2010). Specifically, soil N2O fluxes are most likely to occur 

when water filled pore space exceeds 60% (Dobbie & Smith, 2003; Aviento-

Borbe et al., 2006). On the initial spring thaw sampling date, (March 4), there 

was snow cover and the mean daily temperature was 0°C. On (March 17), the 

snow cover had melted, the mean daily temperature had increased to 

approximately 8°C, the average soil surface temperature was 3.9 °C, and this 

sampling date coincided with a significant N2O emission event. Results indicated 

fluctuating environmental conditions (soil nitrogen, carbon and moisture), 

during the spring thaw accentuated tillage and residue effects on N2O emissions.  

CT and residue removal resulted in the largest N2O emissions, which 

represented 30% of annual N2O fluxes for this plot. Soil N concentrations (NO3-) 

increased from 5 mg N kg-1 at the onset of spring thaw (March 4) to 10 mg N kg-1 

dry soil by March 17 in NT plots; however, [NO3-] in CT plots decreased below 5 

mg N kg-1 dry soil over the spring thaw. More [NO3-] in NT plots, possibly 

indicates nitrification processes were occurring; however, similarly, less [NO3-] 

in CT treatments may indicate denitrification processes were favourable. The 

aerobic status of soil microsites determines the potential for nitrification or 

denitrification, and aerobic and anaerobic process can occur simultaneously 

(Parkin, 1987).  

Changing carbon availability for microbial processes occurred over spring 

thaw. The results indicated both soil microbial biomass carbon and dissolved 

organic carbon significantly decreased over the spring thaw event, with the 

exception of increasing DOC in the CT-no residue plot.  
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Fluctuating soil moisture conditions existed during the spring thaw, and 

WFPS increased from approximately 40% to 60% WFPS on March 4 to 17, 

respectively, for all sites, except the CT with no residue which maintained 

approximately 60% WFPS throughout the thaw event.  
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3.6 CONCLUSIONS 

The results indicated contrasting environmental conditions, tillage, and residue 

inputs influenced available C and N, microbial nitrification and denitrification 

gene copy abundance at 0-15 cm soil depth, and N2O emissions from an agricul-

ture soil ecosystem. Similar to previous studies on this site, results indicated 

greater N2O emissions from CT, compared to NT, with a major contribution of 

N2O flux occurring at spring thaw. The removal of crop residue did not signifi-

cantly affect N2O emissions from NT systems; however, residue removal did sig-

nificantly increase N2O emission in CT systems.  

 CT managed soils with corn residues incorporated resulted in greater amoA 

gene abundance, ammonium concentration, and dissolved organic carbon, indi-

cating greater residue mineralization occurred in CT compared to NT-with resi-

dues. In contrast, NT managed soils had greater nitrate concentrations than CT. 

When residues were applied, NT soils had increased nirS and nosZ gene abun-

dance, and soil moisture, indicating more denitrification was occurring.  

 The effect of gene abundance on emissions of N2O at the field site was most 

evident during spring thaw. CT with residues had the least denitrifier gene 

abundance (nirS) and the least N2O emissions contrasting with the CT and resi-

due removed plot which had the greatest N2O emissions, and significantly 

greater denitrifier (nirS) gene abundance. This work is novel in its approach, by 

relating measurements of field scale N2O emissions to abundance of nitrifying 

and denitrifying microorganisms. 
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CHAPTER FOUR 
 

EFFECT OF CORN (ZEA MAYS L.) BIOMASS REMOVAL ON SOIL NITRIFYING AND 
DENITRIFYING BACTERIA AND N2O EMISSIONS DURING A SPRING THAW EVENT 

4.1 ABSTRACT 

Fluxes of nitrous oxide (N2O) from the soil surface to the atmosphere are influ-

enced by factors that affect microbial processes. These factors include soil tem-

perature and available moisture, which have been shown to influence 

denitrification and N2O flux from soil during freezing and thawing. Micrometeor-

ological measurements of N2O from CT soils combined with no residues resulted 

in significant N2O emission during the spring thaw. Abundance of nitrifier 

(amoA) and denitrifier (nirS and nosZ) populations were greater in plots with 

residues incorporated, and resulted in less N2O emissions. When residues were 

removed, there was greater N2O emission, but less quantity of nosZ abundance 

over the spring sampling period. Changes in active denitrifiers (nosZ) were in-

versely proportional to N2O flux over the spring thaw. Combinations of anaerobic 

soil conditions favoring denitrification, nutrient availability, and active popula-

tions of both nitrifiers and denitrifiers present at the onset of the spring thaw 

provided evidence of de novo denitrification. 
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4.2 INTRODUCTION 

Nitrous oxide accounts for 6.8% of Canada’s total greenhouse gas (GHG) 

emissions. One kg of atmospheric N2O has the same "global warming potential" 

as about 290 kg of carbon dioxide (IPCC, 2007). Laboratory studies have shown 

significant annual N2O emissions occur in the non-growing season, with 

dominant contributions (30-80%) of the annual N2O emissions occurring during 

spring thaw (Hu et al., 2006; Sharma et al., 2006).  

Two current theories propose increased N2O emissions during freeze thaw 

cycles are due to: 1) build up of N2O accumulated in soils by denitrification over 

the winter, and physical release with thawing (Bremner et al., 1980; Christensen 

& Christensen, 1991; Teepe et al., 2001), and 2) lysis of microbial cells within the 

soil during freeze cycles, releasing nutrients such as carbon and nitrogen which 

are used in de novo denitrification at thaw (Skogland et al., 1988; Müller et al., 

2002; Öquist et al., 2004; Wagner-Riddle et al., 2008; de Bruijn et al., 2009).  

Studies on fundamental questions of how microorganisms play a crucial 

role in biogeochemical cycling in the environment can provide insight into 

climate change. N2O is a byproduct of microbial driven redox reactions in the 

soil, catalyzed by two microbial processes: nitrification and denitrification 

(Firestone et al., 1980; Conrad, 1996). Although nitrification can be a source of 

N2O production (Davidson, 1991), microbial denitrification processes are 

favored in anaerobic conditions resulting in N2O produced as an intermediate or 

end product, as soluble NO3- and NO2- is reduced to nitrogen gases NO, N2O and 

N2 (Firestone et al., 1980; Conrad, 1996). 
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Studies have concluded soil moisture and available nutrients (N and C) are 

primary drivers that affect denitrification during freeze thaw cycles (Stres et al., 

2008; Morley & Baggs, 2010; Attard et al., 2011; Jahangir et al., 2011). 

Specifically, soil N2O fluxes are most likely to occur when NO3- is > 5 mg N kg-1 

dry soil, and when water filled pore space exceeds 60% (Barnard et al., 2005). 

The distribution of carbon from decomposing residues, organic matter, or 

microbial biomass also impacts microbial processes (Christensen & Christensen, 

1991). Positive response of denitrification to temperature (0-4°C) has also been 

observed in laboratory incubated soils, (Barnard et al., 2005), and in recent field 

experiments (Wagner-Riddle et al., 2010).  

Nitrifying and denitrifying microorganisms are almost entirely responsible 

for the N cycling that occurs in the soil (Bremner, 1997). These microbial 

communities can be quantified based on their functional genes. Functional genes 

can be conserved in many species of soil microbes, which share common enzyme 

pathways. The functional genes quantified in this study have previously been 

correlated with key redox reactions associated with the nitrogen cycle 

(Rotthauwe et al., 1997; Throbäck et al., 2004; Henry et al., 2006). 

Nitrification is the aerobic microbial production of nitrate from the 

oxidation of reduced nitrogen compounds. There are two steps to nitrification; 1) 

oxidation of ammonia (NH3) to nitrite (NO2-) by ammonia oxidizing bacteria 

(amoA gene) and 2) NO2- oxidation to NO3- by nitrite oxidoreductase (norB). N2O 

production can occur in limited O2 conditions when ammonium oxidizing 

bacteria use NO2- as an electron acceptor, and during redox reduction of NH4+ 

and NO2- (Firestone et al., 1980; Davidson, 1991; Conrad, 1996). Under ideal 
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aerobic conditions N2O associated with nitrification processes varies less than 

1% relative to temporal changes in ammonia oxidizing communities; however, as 

the oxygen levels decrease more N2O is produced as nitrite, which is used as the 

electron acceptor instead of oxygen (Wai et al., 2011). Complete denitrification in 

soil occurs under anaerobic conditions where reducing bacteria (nirS gene) 

reduce NO to N2O and (nosZ gene) reduces N2O to N2. Incomplete denitrification 

in soil occurs when reduction of N2O to N2 is interrupted or halted, creating a 

flush of N2O in the soil that may consequently be lost as a surface flux (Conrad, 

1996). Interestingly, both nitrification and denitrification processes can occur 

simultaneously in the soil due to the dynamic matrix in soil pores and within soil 

aggregates.  

A previous study using 15N tracers at the study site suggested that increased 

N2O emissions observed during spring thaw was due to de novo denitrification, 

or newly produced N2O (Wagner-Riddle et al., 2007). A follow-up study at the 

site by Smith et al. (2010) characterized microbial communities using denaturing 

gradient gel electrophoresis coupled with PCR (PCR-DGGE), and showed that 

tillage changed microbial community structure and diversity of nitrifier and 

denitrifier populations. A significant change in microbial community structure 

was observed between before and immediately post spring thaw sampling, and 

was associated with a significant N2O emission event. Although this study 

demonstrated a structural change in nitrifying and denitrifying communities, it 

did not quantify corresponding population abundance in the soil environment 

during the spring thaw event. Determining if denitrification occurs over the 

winter in frozen soil aggregates before a spring thaw release of N2O, or if de novo 
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denitrification occurs once the thawing process starts producing N2O has 

implications for modeling N2O emission at thaw (Kariyapperuma et al., 2011). 

This is one of the first studies to enumerate active populations of nitrifiers and 

denitrifiers along with in situ measurements of N2O emissions in the field, and to 

provide evidence of de novo denitrification during a spring thaw emission event.  

The objective of this study was to quantify active nitrifying and 

denitrifying communities over spring thaw by targeting key functional genes 

in the nitrogen cycle. A second objective was to compare microbial activity to 

timing of N2O flux in two contrasting plots, with residue returned and residue 

removed. 
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4.3 METHODS AND MATERIALS 

4.3.1 Sampling site description 

This experiment was conducted at the Agrometeorology Research Site, Univer-

sity of Guelph Elora Research Station (ERS), Elora, Ontario, Canada (43˚38’ N- 

80˚25 W Elev 376m). Textural analysis indicated: 29% sand, 52% sand, and 19% 

clay in the 0 to 15 cm soil layer (Jayasundara et al., 2007). The soil type is an im-

perfectly drained Guelph silt loam (Morwick & Richards, 1946) with an average 

pH of 8, 19 mg kg-1 dry soil P, 127 mg kg-1 dry soil K, 447 mg kg-1 dry soil Mg 

from 2008 fall soil test results. The carbon content is about 30g C kg-1 

(Jayasundara et al., 2007). The cropping sequence for the site is summarized in 

Chapter 3, Table 3.1. 

 A large scale trial was established in autumn 2008 on four 150 m by 100 m 

(1.5 ha) plots as part of an experiment evaluating corn residue removal effects 

on soil quality and N2O emission (Chapter 3). Corn residue included all above 

ground corn biomass (leaves, stems, husks). For this spring thaw study, two con-

ventional tilled plots were used to evaluate contrasting residue treatments (Fig-

ure 4.1). The residue treatment included seed harvest removal (8.9±0.36 t dry wt 

ha-1) and corn residue returned (9.16±0.82 t dry wt ha-1) to the soil surface. The 

corn residue was mulched with a flail mower to facilitate residue incorporation 

by disk cultivation. The no residue treatment included seed harvest (8.6±0.36 t 

dry wt ha-1) and corn residue removed as silage (9.13±0.82 t dry wt ha-1). The 

ensiling method cut corn stalks 5 cm above the soil with a silage cutter. Both 

plots had post harvest tillage (disking to 10-15 cm depth) applied within 4 h af-

ter residue harvest (November 10, 2009). 
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 Fertilizer N was spring applied according to spring nitrate-nitrogen soil test 

determined on soil samples taken from all plots and provincial soil fertility rec-

ommendations for the growing region (OMAFRA, 2002). On all plots, fertilizer N 

was split applied: 56 kg ha-1 (Monoammonium Phosphate (MAP)11-52-0) starter 

fertilizer was applied at seeding (May 12, 2009); followed by 118 kg N ha-1 side 

dressing of liquid urea and ammonium nitrate (UAN) (28-0-0) when corn was at 

the 5-7 leaf stage (June 23,2009).  

 Soil samples were taken circa every 48 h during spring 2010 (March 7, 9, 

11, 15, 17, 19), with the purpose of quantifying the abundance of soil microbial 

communities throughout a spring thaw associated N2O emission event. To ac-

count for spatial variation within each plot, 8 subsamples were collected and 

combined into a 2 g composite sample along three (150 m) transects. There were 

a total of 36 soil samples (2 plots x 6 dates x 3 reps) collected (Figure 4.1).  

 To quantify microbial communities at the soil:air interface, soil was col-

lected with sterilized sampling tools from the soil surface (0 to 0.5 cm depth). 

Due to the short half-life of RNA transcript, soil samples were placed immedi-

ately into a sterile collection tube with (1 mL g-1 soil) LifeGuard™ Soil Preserva-

tion Solution (MO BIO Laboratories, Inc. Carlsbad, CA) to stabilize transcript in 

situ for transportation to the laboratory. Samples were frozen (-20°C) and ex-

tracted within 12-28 d. 

 Within each plot, volumetric water content (VWC, m3 m-3) was measured 

using automated Time Domain Reflectometry (TDR) probes (Model CS616, 

Campbell Scientific Inc., Logan, UT). Three probes were installed (Oct 26, 2009) 

at approximately 5 cm depth, and 18 m apart on each plot. The TDR probes were 

http://www.mobio.com/soil-rna-isolation/lifeguard-soil-preservation-solution--10ml.html
http://www.mobio.com/soil-rna-isolation/lifeguard-soil-preservation-solution--10ml.html
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calibrated for sandy clay loam, and a bulk density of 1.6 Mg m-3. Half-hourly 

mean VWC was recorded with a datalogger (21X Campbell Scientific Inc., Edmon-

ton, AB) located at the boundary of the plot. Soil temperature (°C) was measured 

using thermocouples (TC) built in house. TCs were installed in each plot at ap-

proximately 3-5cm depth. Half-hourly mean temperatures were recorded on the 

same datalogger. Infra-Red (IR) thermometers were installed on (Dec 1, 2009) to 

measure surface temperature (°C). On each plot, two thermometers were placed 

24-30 m apart, and installed at 1 m from the ground pointing towards the sur-

face.
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Figure 4.1: Layout of experimental site (1.5 ha plots) at Elora, Ontario. 

Location of N2O gas sampling intakes (grey dots), cup anemometer (black star), 

sonic anemometer (black square) is indicated. Soil samples were collected along 

three replicated plot transects indicated by number and line. Plots were 

conventionally tilled, and residues were returned (CT-Residue) or removed (CT-

No Residue). Diagram not to scale. 
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The vertical flux of N2O per plot (FN2O ) was measured in real time and calculated 

using the Flux Gradient equation (Eq. 4.1):    (Equation 4.1) 

 

where u* is the friction velocity, k is the von Karman constant (=0.41), ΔC is the 

difference of N2O concentration [N2O] between sample heights z2 and z1, d is the 

displacement height, and ψh
2

  and  ψh
1 

are the integrated Monin-Obukhov simi-

larity functions for heat for both sampling heights. The friction velocity and the 

integrated Monin-Obukhov similarity functions for heat were obtained using 

sonic anemometers. Cup anemometers were used to estimate u* when sonic 

anemometer data were not available. Half-hourly averages of N2O concentration 

differences between the lower and upper sampling heights were obtained using 

a tunable diode laser trace gas analyzer (TGA 100, Campbell Scientific Inc., 

Campbell Scientific Inc., Logan, UT). The half-hourly data from each plot was fil-

tered (filtering criteria previously described by Wagner-Riddle et al., (2007)) be-

fore the data were used in Eq. (5) to calculate FN2O. Each plot was sequentially 

timed for air sampling; therefore each plot had a maximum of 12 half-hourly flux 

values per day. Daily flux means were calculated by averaging half-hourly FN2O 

values (minimum of two data points). 
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4.3.2 Laboratory analysis 

Nucleic acids (RNA transcript and DNA gene copies) were co-isolated from field 

soil samples (approximately 2 g), according to the manufacturers protocol using 

the RNA PowerSoil® Total RNA Isolation Kit and RNA PowerSoil® DNA Elution 

Accessory Kit (MoBio Laboratories, Inc. Carlsbad, CA). The extraction protocol 

uses a bead beating method with phenol chloroform. RNA transcript were cap-

tured on a proprietary matrix in a column format, washed and eluted. After the 

transcript was eluted from a capture column, DNA elution buffer was added to 

the same column and DNA was preferentially eluted. Both RNA and DNA had 

RNase DNase-free water added to a final volume of 50 µL, and stored at -80°C.  

 Quantitative conversion of transcript to single stranded cDNA was com-

pleted using 10 µL of transcript immediately post transcript extraction using a 

random primer based High Capacity cDNA Reverse Transcription (Applied 

Biosystems, Life Technologies Corp., Carlsbad, California). RNA transcripts were 

further diluted (1:2.5) with RNase DNase free water, and stored at -80°C before 

further analysis. 

 Quantitative polymerase chain reaction (QPCR) was used to enumerate 

the abundance and activity of nitrifying and denitrifying communities in the soil. 

Starting quantities of amoA, nirS and nosZ genes in cDNA and DNA were assessed 

using Bio-Rad iQ5 detection system (Bio-Rad Laboratories, Mississauga, ON). 

Primer pairs targeting a segment of the ammonium monooxygenase, nitrite re-

ductase and nitrous oxide reductase genes are summarized in Table 4.1. 

http://www.mobio.com/soil-rna-isolation/rna-powersoil-total-rna-isolation-kit.html
http://www.mobio.com/soil-rna-isolation/rna-powersoil-dna-elution-accessory-kit.html
http://www.mobio.com/soil-rna-isolation/rna-powersoil-dna-elution-accessory-kit.html
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 QPCR analysis used optimized cycling profiles for each primer set, and 

initial quantification assay of gene copy numbers, achieved by measuring fluo-

rescent intensity of iQ™SYBR®Green Supermix dye during each of the 40 cycles. 

The iQ SYBRGreen Supermix contains 100 nM KCl, 40 mM Tris-HCl, pH 8.4, 0.4 

mN dNTP, 50 units ml-1 iTaq DNA polymerase, 6 mM MgCl2, SYBR Green1 20 nM 

flourescein, and stabilizer (Bio-Rad Laboratories, Hercules, CA, USA). To reduce 

inhibitory effects of soil humic acid during the QPCR process, 150 ng uL-1 T4 gene 

32 protein (Applied Biosystems, Life Technologies Corp., Carlsbad, CA, USA) was 

included (Kreader, 1996).  

 For each 1 µL template, reactions were performed in a total volume of 25 

µL per sample, with 12.5 µL of 1x SYBR Green Supermix (12.0 µL for amoA), 10 

µM (10 pmol µL-1) each forward and reverse primers, 1µL T4g32, and RNase 

DNase free water. The bacterial gene fragments for amoA and nirS were ampli-

fied with an initial denaturation step for 5 min at 95°C followed by 40 cycles of 

30 s at 95°C, 1 min at 57°C, 1 min at 72°C followed by 10 min at 72°C. The initial 

denaturation step for nosZ was 15 min at 95°C followed by a touchdown, (15 s at 

95°C, 30 s at 67 - 63°C, 30 s at 72°C and 15 s at 80°C and then 40 cycles of 15 s at 

95°C, 15 s at 62°C, 30 s at 72°C, 15 s at 80°C. For the nosZ gene, data acquisition 

occurred after extension (Henry et al., 2006). 

 A melt curve analysis was used to confirm amplicon authenticity, for 

amoA: 51 cycles of 30 s at 70°C - 95°C and for nirS: 61 cycles of 30 s at 65°C -  
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Table 4.1: Description of targeted gene primers for N-cycling microbial populations  

Gene Primer  Bacteria spp. of 

standard curve 

Oligo Sequence (5'-3') Annealing 

Temp 

(C°) 

Size 

(bp)  

Reference 

ammonium monooxygenase amoA-1F Nitrosomonas  GGGGTTTCTACTGGTGGT 57 491 Rotthauwe et al., 1997 

 amoA-2R europaea CCCCTCKGSAAAGCCTTCTTC   

nitrite reductase nirS-cd3af Pseudomonas GTSAACGTSAAGGARACSGG 57 425 Throbäck et al., 2004 

 nirS-R3cd aeruginosa GASTTCGGRTGSGTCTTGA   

nitrous oxide reductase nosZ-1F Pseudomonas 
WCSYTGTTCMTCGACAGCCA
G 67 259 Henry et al., 2006 

 nosZ-1R flourescens  ATGTCGAT-
CARCTGVKCRTTYTC 
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95°C and for nosZ 41 cycles of 30 s at 75°C - 95°C. For each primer pairs, no-

template control reactions in each run had undetectable amplification. 

 Quantity of DNA gene copies and RNA transcript was validated against 

reference standards (101 x 10 to 106 x 10 copy number). To achieve this, DNA 

was extracted from N cycling bacterial strains (Nitrosomonas europaea spp., 

Pseudomonas aeruginosa spp., Pseudomonas flourescens spp) (UltraClean® Micro-

bial DNA Isolation Kit, MoBio Laboratories, Inc. Carlsbad, CA, USA) for standard 

curve development. Primers (Table 4.1) were used to amplify targeted amoA, 

nirS and nosZ gene copy fragments from the respective bacterial strains by PCR 

reaction. PCR products were cloned into One Shot® DH5α™-T1R, Top10 E.coli 

competent cells using a TOPO TA Cloning® kit (Invitrogen, Burlington, ON, Can-

ada). Cloned plasmid DNA was extracted using a PureLink™Quick Plasmid 

Miniprep Kit (Quagen Inc., Mississauga, ON, Canada) and verified by sequencing. 

Final plasmid DNA gene copy concentration was used to calculate a linearized 

dilution series (106 to 101) sensitive to quantify an abundance of 10 gene copy 

numbers. R2 values ranged from 0.91 to 0.99. 

4.3.3 Soil environmental conditions  

Dissolved organic carbon (DOC) and soil exchangeable NH4+-N and NO3--N were 

measured from a composite of 10 cores per transect per plot (0-15 cm soil 

depth) collected March 4 and 17, 2010.  

 Soil DOC was determined by taking 80 g dry soil and extracting with 150 

mL 0.5 M K2SO4 followed by shaking for 1h. Filtered extractant was analyzed us-

ing a TOC-5000 analyzer (Shimadzu, Kyoto,Japan). Dissolved organic carbon 

(DOC) was determined by subtracting inorganic carbon from total organic car-
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bon measured in filtered K2SO4 extractant of non-fumigated soils (Horwath & 

Paul, 1994; Adair & Burke, 2010). Analysis results were adjusted to mg N kg-1 dry 

soil. The extraction procedure was performed in the Department of Environment 

and Resource Studies, University of Waterloo, Canada. 

Exchangeable NH4+-N and NO3--N was extracted using 10 g wet sieved soil 

and 50 mL 2.0 M KCL and shaken for 1h (Maynard et al., 2007). Filtered extract 

was analyzed for NH4+-N (Salicylate QuikChem® Method 12-107-06-2-A), and 

for NO3--N (Cadmium-copper reduction, QuikChem® Method 12-107-04-1-B) 

using a Lachat AutoAnalyzer (Lachat Instruments, Loveland, Co, USA). Standards 

for NH4+-N and NO3--N were in the range of (0.0 to 5.0 and 0.0 to 10.0 ppm N 

respectively). Analyzed NH4+-N and NO3--N results were converted to mg N kg-1 

dry soil. 

The bulk density (ρb) from six soil cores per plot were collected (2 cores per 

3 plot transects) at 3-10 cm depth using a 4.3 cm cylindrical aluminum core 

sampler, on dates corresponding to DOC, NH4+-N and NO3--N sampling (March 4, 

March 17). Cores were bagged, and transported to the laboratory and weighed 

before and after drying in an oven (24 h at 105°C) (Maynard et al., 2007). 

Water-filled pore space (WFPS m3 m-3) was calculated using (Equation 3) as 

previously reported in Chapter 3.  

4.3.4 Statistical analysis 

The experiment consisted of two management systems (treatments) applied to 

one 1.5 ha field. The probability distribution of N2O fluxes observed in this study 

were log normal or highly skewed. To remove bias of treatment comparisons for 

N2O fluxes, pair-wise two tailed t-test for comparison of daily means using the 
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Wilcoxon signed rank test (Wagner-Riddle et al., 2007) in SAS 9.2 (SAS Inst., Cary, 

NC, USA). Median comparisons were conducted by pairing: CT-Residue treatment 

with CT- No Residue treatment.  

 For variables such as mineral N (NO3- and NH4+), abundance of gene copy 

and transcript (amoA, nirS, nosZ), Water Filled Pore Space (WFPS), Bulk Density 

and Dissolved Organic Carbon (DOC), there were three replicate observations per 

treatment. DNA gene copy and RNA transcript QPCR analysis was performed in 

duplicate and triplicate respectively. All gene abundance values were normalized 

to gene copy number (per g-1 dry soil) and log10 transformed before statistical 

analysis. 

 Individual treatment means were compared using Tukey’s method for all 

pair wise comparisons in SAS 9.2. (SAS Inst., Cary, NC, USA). Covariance analysis 

including the Shapiro-Wilks test was used to test for normality of data (p>0.05). 

Studentized residuals were checked for outliers. Significance was accepted at p ≤ 

0.05, unless otherwise noted at p ≤ 0.10. 
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4.4 RESULTS 

4.4.1 Climatic conditions 

Between January 1 and April 30, 2010, average snow depth was significantly 

greater in the plot with residues returned than the plot with residues removed 

(Figure 4.2A) (n=64, p=0.011). Rapid snow melting occurred between March 4 to 

March 10. Precipitation was snow before March 7, and after was rain. 

Surface temperature and soil temperature at 5 cm depth were monitored 

from January 1 to April 30, and were used to predict the likely timing of the main 

N2O spring flux event and determine when to sample soil for molecular analysis 

(Figure 4.2A and B). Based on previous thaws it was determined that the main 

N2O flux event usually occurs at the time of fast snow melting and when surface 

T is > 0°C (Wagner-Riddle et al., 2010). Hence, it was predicted that the main 

thaw likely started on day March 9, when soil temperature at 5 cm depth was 

first above 0°C in both plots, and fast snow melting was occurring, and this was 

the start of the intensive field sampling (Figure 4.2B). 

4.4.2 Volumetric water content and precipitation 

During January 1 to April 30, 2010, volumetric water content (VWC) at 5 cm 

depth was significantly greater in the plot with no residue than the plot with 

residues (0.222 vs. 0.215±0.01 m3m-3 respectively n=11426 (Figure 4.2C)). 

Specific to the spring thaw period, the VWC was significantly greater in the plot 

with no residues compared to the plot with residues (0.26 vs. 0.23±0.03 m3m-3, 

respectively, n=15, p=<0.05), with the largest VWC in both plots occurring during 

March 13 to 15 (Figure 4.2 C), n=15, p=<0.0001. The VWC was used to calculate 

the Water Filled Pore Space (WFPS), which was significantly greater in the plot 
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with no residues compared to the plot with residues (91.2±0.09 vs. 77.9±0.09 % 

WFPS; n=42, p=0.003).  

During the spring thaw sampling dates (March 7 to 19), accumulated 

rainfall was 24.8 mm. The rainfall events occurred on March 12 (9.5 mm), 

March13 (12.8 mm), and March 14 (2.5 mm).  

4.4.3 N2O emission 

Micrometeorological N2O fluxes were monitored continuously throughout 

January 1 to April 30, 2010. Daily N2O fluxes varied from -0.65 to 95.8 ng N m-2s-1 

(Figure 4.2D). Periods of significant N2O fluxes were observed in January 

(January 22to January 29, 2010) and during the spring thaw period (March 4 to 

March 17, 2010) (Figure 4.2D). Statistical comparison of daily N2O flux (medians, 

25% percentile (Q1) and 75% percentile (Q3) in brackets) over the January 1 to 

April 30, 2010 period indicated significant reductions in N2O fluxes from CT - No 

Residue (6.76 ng N m-2s-1, (Q1=2.97:Q3=16.08, n=113)) compared with CT –

Residue (5.24 ng N m-2s-1, (Q1=2.71:Q3=10.45, n=116)) (p=0.0493)).  
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Figure 4.2: Environmental conditions and N2O flux for plots with residue 

returned (black lines) and residue removed (grey lines) (A) Surface 

temperature (solid line) and snow depth (circle/solid line) with dashed lines 

indicating 5 C° and 0 C°. (B) Soil temperature (C) Volumetric water content 

(VWC) and daily precipitation (mm) (bars) (D) Daily N2O flux. Horizontal line 

indicates significant spring thaw sampling period, with statistical difference 

between treatments indicated by letters (a, b) (p<0.05). 
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During the main spring thaw event (March 7 to 19), mean daily N2O fluxes varied 

from 0.81 to 95.8 ng N m-2s-1 (Figure 4.3). The significantly highest half-hourly 

N2O value of 186.7 ng N m-2s-1 was in CT- no residues on March 18.  

Statistical comparison of daily N2O flux (medians, 25% percentile (Q1) and 75% 

percentile (Q3) in brackets) over March 7 to 19, 2010 indicated significant 

reductions in N2O fluxes from CT - No Residue (67.17 ng N m-2s-1, 

(Q1=44.74:Q3=87.23, n=10)) compared with CT –Residue (13.64 ng N m-2s-1, 

(Q1=11.40:Q3=17.29, n=13)) (p=0.0001)).  
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Figure 4.3: Half-hourly N2O flux measured during spring thaw March 7 to 19in plots with residue removed (grey line) compared 

to plot with residue returned (black line). Arrows represent significant N2O flux measured on combined dates (March 7 to 12, 13 to 15, 

and 17 to 19) and statistical difference of mean of treatments indicated by letters (a,b,c) (p<0.05) is. 
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4.4.4 Quantification of microbial communities during spring thaw 

Over the spring thaw, targeted nitrifying and denitrifying genes (amoA, nirS, 

nosZ) were successfully quantified for all sampling dates using QPCR, providing 

evidence that both nitrification and denitrification was occurring (Figure 4.3). 

 The plot with residue returned yielded greater microbial gene (DNA) and 

transcript (RNA) quantification compared to the plot with no residues (6.9±0.1 

vs. 6.4±0.1 (amoA, nirS, nosZ) log gene copies g-1 dry soil; 3.9±0.2 vs. 2.7±0.2 

(amoA, nirS, nosZ) log transcript copy g-1 dry soil; n=42, p<0.0003 DNA and 

p<0.0005 RNA).  

 In both plots, gene quantity of nitrifiers (amoA) were more abundant than 

denitrifiers (nirS and nosZ) with the nosZ gene being the least abundant (7.5±0.1 

amoA log gene copies: 6.7±0.1, nirS log gene copies: 5.8±0.1, nosZ log gene copies g-

1 dry soil; n=42, p <0.0001) (Figure 4.4).  

4.4.5 Corn residue and tillage effects on microbial activity 

Quantification of ammonia oxidizers (amoA) gene abundance 

Although both residue and no residue plots had high quantities of amoA genes 

present early with relatively little change over the sampling period; amoA gene  

copies were significantly greater in the plot with residue returned compared to 

residue removed (Figure 4.4A). 

 Active nitrifier populations, measured by quantification of amoA tran-

script, were also significantly greater in the plot with residue compared to those 

with no residue (3.5±0.54:2.7±0.54 amoA transcript g-1 dry soil) n=21, p=0.0412 

(Figure 4.4 B).  
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Quantification of nitrate reducers (nirS) gene abundance 

Residue removal had no significant impacts on the abundance of nirS genes 

(6.8±0.13, 6.5±0.13 nirS log gene copy g-1 dry soil in residue and no residue plots, 

respectively, n=26, p <0.1017). Both plots sampled had relatively small changes 

over the 12 day sampling period (Figure 4.4 A). 

 Over the spring thaw sampling period, nirS transcript was present in plots 

with and without residues. Results from the plot with residues removed indicat-

ed that nirS transcript was lowest on March 15, and increased significantly by 

March 19 (1.3±0.27 and 2.8±0.27 nirS log transcript g-1 dry soil) (n=21, 

p=0.0347) (Figure 4.4B).  

Quantification of nitrous oxide reducers (nosZ) gene abundance 

Quantity of nosZ gene abundance was significantly greater in the plot with resi-

dues compared to the plot with no residues (n=21, p<0.0001). In both plots, nosZ 

gene abundance was present at the start of sampling, but in low quantities. In 

both plots, nosZ gene quantity increased over the sampling period (March 7 to 

March 19); with a significant increase of nosZ gene abundance most obvious in 

the plot with no residue (4.9±0.16 increased to 6.1 ±0.16 nosZ log gene copy g-1 

dry soil, n=21, p=0.0314) (Figure 4.4).   

 Abundance of nosZ transcript was also significantly higher in plots with 

residue compared to plots with no residue (n=42, p=0.0363). In addition, plots 

with no residue, had a smaller increase in active nosZ gene abundance than plots 

with residue (1.7 to 2.7 nosZ transcript log gene copy g-1 dry soil) and a lower 

nosZ transcript gene copies at the end of sampling period than the plot with re-

side returned. On March 13 there was a significant increase (3.75 nosZ log tran-
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script g-1 dry soil), in the active nitrous oxide reductase community, likely due to 

anaerobic soil conditions from a rainfall event (n=21, p-0.3102) (Figure 4.4B).  

 Analysis of results highlighted transcript quantities in the plot with resi-

dues had greater variance influenced significantly by replicate transect 1; how-

ever, even with high background variability, there were significant treatment ef-

fects. Specifically for the plot with no residue, regression analysis indicated daily 

average N2O emission significantly correlated with amoA DNA gene copies, nirS 

DNA gene copies and transcript, and nosZ transcript (Table 4.2). A regression 

model indicated N2O emissions were a significant function of activity of 

denitrifier bacteria with nosZ transcript gene abundance in the soil during spring 

thaw (March 7 to 19) (p=0.0046). Dates with lower abundance of active denitri-

fying (nosZ transcript) genes correlated with dates of increased N2O flux meas-

ured from the soil in both residue and no residue treatment. Changes in active 

denitrifiers (nosZ transcript) were inversely proportional to N2O flux over the 

spring thaw (Figure 4.5).  
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Figure 4.4: Quantification of nitrifying and denitrifying communities in 

conventionally-tilled plots with residue (black lines) and no residue (grey 

lines), gene copy (solid line) and transcript copy (dotted line). Error bars 

represent 1 s.e., statistical differences between treatments and sampling date 

indicated by black star (*) and letters (a,b,c) respectively (p<0.05).   
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Table 4.2: Regression analysis of daily average N2O emission (ng N m-2s-1) with abundance of amoA, nirS and nosZ gene and 

transcript (log gene copy g-1 dry soil, log transcript g-1 dry soil), over spring thaw sampling dates (March 7 to 19).  

Independent amoA DNA amoA RNA nirS DNA nirS RNA nosZ DNA nosZ  RNA

n=14 n=14 n=14 n=14 n=14 n=14

N2O                R
2

0.57* NS 0.31** 0.23† NS 0.53*

a Significance of regression: *p < 0.01; **p < 0.05; †p < 0.1

NS not significant

Soil nitrifying bacteria Soil denitrifying bacteria
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Figure 4.5: Mean N2O flux as a function of nosZ transcript abundance during 

spring thaw March 7 to 19, 2010. Plots with residue returned (solid circle) and 

residue removed (cross) (data not available for March 13 in the no residue 

treatment). N2O flux values (ng N m-2s-1) were averaged over 48 h to match the 

nosZ transcript microbial analysis (log gene copy g-1 dry soil) conducted on 

samples taken every 2 d.  
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4.4.6 Soil chemical and physical properties 

During the spring thaw sampling dates March 4 to 17, the plot with residues had 

significantly greater DOC than plots with no residues (70.3±5.78; 44.1±5.78 mg 

DOC kg-1 dry soil respectively n=12, p=0.0127(Table 4.3)). Soil NH4+-N was also 

significantly greater in the plot with residues compared to the plot with no 

residues (3.7±0.57; 1.0±0.57 mg N kg-1 dry soil) respectively (n=12, 

p<0.0197(Table 4.3)). However, soil NO3
--N concentrations were greater in the 

plot with no residue and highest on March 4 decreasing to a value 3 times 

smaller by March 17 (3.9 to 0.9±1.1 mg N kg-1 dry soil). This was influenced 

heavily by a decrease in [NO3-] in the plot with no residues (5.4 ±1.5 decreased to 

0.9±1.5 mg N kg-1 dry soil) indicating potential loss by leaching, N2O emission, or 

complete denitrification.  

 The water filled pore space (WFPS) increased significantly in both plots 

over the sampling period (61.4 ±9.6 vs. 41.2±9.6 %), on March 17 compared to 

March 4; n=12, p=0.0251 (Table 4.3). Bulk density (ρb) is inversely related to soil 

porosity, and was greater in plots with no residues, indicating lower porosity, 

compared to plots with residues (n=12; p=0.0119). The ρb also increased 

significantly over the sampling period, (1.3 ±0.08, 0.9±0.08 g cm-3) between 

March 4 to March 7; n=12, p=0.001. This was influenced heavily by a low ρb on 

March 4 in the plot with residue returned (0.7±0.08 g cm-3, p=0.0135 (Table 

4.3)). A change in ρb during the spring thaw was expected due to the phase 

change from ice to water during this period.  
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Table 4.3: Characterization of field conditions over spring thaw. 

Effect

Residue 70.3 ± 5.8 a * 3.8 ± 0.6 a * 1.7 ± 1.1 NS 77.9 ± 9.5 ** 1.0 ± 0.08 b **

No Residue 44.1 ± 5.8 b * 1.0 ± 0.6 b * 3.1 ± 1.1 NS 91.2 ± 9.5 ** 1.2 ± 0.08 a **

March 4/10 57.7 ± 5.8 NS 2.5 ± 0.6 NS 3.9 ± 1.1 a * 84.3 ± 9.6 NS 0.9 ± 0.08 b  **

March 17/10 56.7 ± 5.8 NS 2.2 ± 0.6 NS 0.9 ± 1.1 b * 80.3 ± 9.6 NS 1.3 ± 0.08 a  **

 **p ≤ 0.01; *p ≤ 0.05

NS  Not significant.

(mg N kg-1 dry soil ) (g cm-3)

ρb WFPS

(%)

DOC

(mg kg-1 dry soil)
NO3

-
- N NH4

+
 - N

(mg N kg-1 dry soil )
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4.5 DISCUSSION 

Peak micrometeorological N2O fluxes occurred with thawing of the soil surface, and 

when temperatures at 5 cm depth were 0°C (Figure 4.1). In 2010, the spring thaw pe-

riod of intense N2O emission occurred between March 7 to 19 corresponding to the 

sampling period. Over the sampling dates, measured N2O emissions from the plot with 

residues returned accounted for 9% of annual N2O emissions measured (data not 

shown), while the plot with residues removed had a higher N2O flux accounting for 

20% of the annual N2O emissions. The largest daily flux was measured on March 17 in 

the plot with residue removed (Figure 4.1D and Figure 4.2). Continuous measuring of 

N2O flux was an important factor in the success of capturing a significant N2O emission 

event, because the timing of enhanced fluxes during the thaw period lasted only a few 

days. Plot conditions with saturated soil (water content >60 to 80% WFPS) were con-

ducive to denitrification (Holtan-Hartwig et al., 2002; Koponen & Martikainen, 2004; 

Öquist et al., 2004). Combined increases in soil water from snow melt, a significant 

rainfall event on March 12 to 13, and reduced infiltration rates due to a frost layer, sig-

nificantly increased the volume of water content in the 0-5cm soil surface (Figure 4.1 

C). The plot with residues removed resulted in significantly higher volumes of water in 

the surface layer prior to the largest daily N2O flux on March 17 (Figure 4.1 C and D).  

4.5.1 Microbial changes over spring thaw 

All nitrifying and denitrifying genes (amoA, nirS, and nosZ) were successfully quanti-

fied throughout the study. The results indicated amoA DNA gene copies were most 

prevalent and active from the beginning of the sampling period, when the soil was still 
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frozen (average 7.5 amoA log gene copies g-1 dry soil). The plot with residues returned 

had a significant decrease of amoA gene copies on March 9. Similar quantities of amoA 

gene copies (5.6x106 to 1.7 x107 gene copies g-1 dry soil) were recently reported in a 

study looking at spatial variability of ammonia oxidizers in agriculture soils (Wessén et 

al., 2011). Populations of denitrifiers throughout the study, averaged 6.7 nirS and 5.4 

nosZ (log gene copies g-1 dry soil). Similar values have been reported for nirS contain-

ing communities in agricultural soils with corn during the growing season (6.3 nirS log 

gene copy g-1 dry soil). Interestingly, this group reported significantly higher nosZ gene 

abundance and gene expression (8.2 and 5.3 nosZ log gene copy and transcripts g-1 dry 

soil, respectively), but also reported lower N2O emission rates (1.9 g N ha-1 d-1) from 

their plots (Dandie et al., 2011). In the present study the abundance of nosZ communi-

ties was lower in the plot with residues removed at the start of the sampling period 

(March 7); however, over the sampling dates, nosZ gene copies increased significantly 

from 4.9 to 6.1 nosZ log gene copy g-1 dry soil. By the last sampling date, there were no 

differences in the abundance of the nosZ gene in either plot (Figure 9 A). The lower 

abundance of nosZ communities in the surface soil at the onset of sampling could be 

due to temperature sensitivity of nosZ at 0°C compared to 5-20°C as described by 

(Holtan-Hartwig et al., 2002). Recent studies indicate low temperatures (<5°C) not on-

ly retard microbial process rates, but also shift community composition (Braker et al., 

2010; Stres et al., 2010; Braker & Conrad, 2011; Haei et al., 2011).  

DNA gene copies were analyzed to determine the abundance of each gene; how-

ever DNA based methods do not distinguish between active and non active cells. To 

capture active gene expression during the spring thaw event, transcript was captured 
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in situ as plot conditions changed. Results show that communities containing amoA, 

nirS and nosZ were active throughout the study, averaging 3.2, 2.7 and 2.6 log tran-

script g-1 dry soil, respectively. Due to spatial heterogeneity associated with the large 

size of the field plots (1.5 ha), as expected, there was high variability in the values ob-

tained for gene copies and gene transcript for all genes analyzed, across the plot tran-

sects. However, despite variability, there were significant experimental effects that 

could be detected (Figure 4.4 A and B).  

Over the spring thaw, physical and chemical variables associated with the soil 

surface layer changed and were associated with a significant N2O flux; this was also 

affected by type of residue management. The quantities of active communities were 

also different depending on residue management and the sampling date. The plot with 

residues returned had significantly higher expression of N cycling gene abundance (6.9 

vs. 6.4 ±0.09 log gene copy numbers g-1 dry soil) (Figure 4.4), however, significantly 

lower N2O fluxes than the plot with no residues (Figure 4.2). 

4.5.2 Timing of N2O flux related to microbial enzyme activity 

Significant N2O fluxes over the March 7 to 19 spring thaw period were coupled with 

changes in quantity of amoA, nirS, nosZ gene copies and transcript, therefore, a correla-

tion between expression of nitrifying and denitrifying genes and the timing of N2O 

fluxes was tested. The regression model showed changes in active denitrifiers (nosZ), 

the active denitrifier population responsible for consumption of N2O to produce N2 gas, 

were inversely proportional to N2O flux over the spring thaw (Figure 4.5).  
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 Earlier studies at this research site suggested that de novo denitrification might 

be responsible for some of the N2O emissions occurring during the spring thaw emis-

sion event.  Smith et al. (2010) showed that the diversity of the amoA and nirS contain-

ing microbial communities changed significantly over spring thaw, and Wagner-Riddle 

et al. (2008) detected new N2O production in the thawed (0-5 cm) layer above the fro-

zen layer of soil using N15 tracers. The current study indicates that nitrifier and 

denitrifier populations were present and active at 0-5 cm depth, throughout spring 

thaw, and that their activity changed over this period. 

 In the present study, a larger N2O flush from one of the field plots was associat-

ed with a delay in expression of nosZ gene, in fact, changes in the expression of nosZ 

were found to be inversely related to N2O emissions at the field site (Figure 4.5). N2O is 

an intermediary product within the biological process of denitrification (Delwiche & 

Bryan, 1976) and is often the primary end product during conditions that prevent 

complete denitrification. NosZ gene expression in the soil is responsible for the con-

version of N2O to N2 gas during complete denitrification (Holtan-Hartwig et al., 

2002).The hypothesis was that communities of bacteria that carry the nosZ gene were 

present in the soil in the plot with residues removed, but were not actively expressing 

the gene resulting in incomplete denitrification and a higher N2O emission event, com-

pared to the plot with residue returned, where nosZ gene expression was significantly 

higher and N2O emission significantly lower. At the field site, differences in the magni-

tude of N2O released during spring thaw may be due to heterogeneous soil conditions, 

such as organic carbon, bulk density and temperature that affect the activity of micro-

bial community. Slight changes in the soil conditions could shift the microbial commu-
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nity towards complete denitrification, and lower N2O emissions. Average water-filled 

pore space (WFPS) in the top 0–5 cm of soil was positively correlated with the total 

N2O spring thaw emissions (data not shown). Previous research results have also 

shown that moisture and oxygen diffusion are regulators for N2O emissions during 

freeze thaw cycles (Groffman & Tiedje, 1991). 

 Incomplete denitrification can occur when carbon to nitrogen (C:N) ratios are 

low (Dörsch et al., 2004; Klemedtsson et al., 2005; Hunt et al., 2007). The estimated 

C:N ratio for corn stover is 60:1, relatively high compared to soil organic matter (10:1), 

and soil microorganisms (8:1) (Robertson & Groffman, 2007). The results indicated 

that the plot with residues returned had significantly greater dissolved organic carbon 

and [NO3-] compared to the plot with no residue (Table 4.3). DOC measured by K2SO4 

extraction yielded 70 ppm and 44 ppm DOC in plots with residue and with no residue 

respectively, suggesting microbial activity may have been fueled by lower C:N ratio 

substrates, favoring incomplete denitrification, and greater N2O emissions. Studies on 

freeze thaw cycles have indicated that microbes damaged by frost, deliver a flush of 

available carbon substrate to the soil when frozen soil thaws (Skogland et al., 1988; 

Müller et al., 2002).   
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4.6 CONCLUSIONS 

Micrometeorological measurements of N2O from CT soils combined with no residues 

indicated significant N2O emissions during the spring thaw. Abundance of nitrifier 

(amoA) and denitrifier (nirS and nosZ) populations was less in plots with no residues 

compared to plots with residues.  

 The CT soil with residues resulted in greater nirS and nosZ gene abundance and 

lower N2O emissions than CT with no residues. Residue removal accounted for a re-

duction in quantity of nosZ abundance and an increase in N2O emissions over the 

spring thaw sampling period. Changes in active denitrifiers (nosZ) were inversely pro-

portional to N2O flux over the spring thaw. Combinations of anaerobic soil conditions 

favoring denitrification, nutrient availability, and active populations of both nitrifiers 

and denitrifiers present at the onset of the spring thaw provide evidence of de novo 

denitrification.  

 This is the first work to relate changes in abundance of active of nitrifiers and 

denitrifiers to field-scale measurements of N2O released during spring thaw. 
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CHAPTER FIVE 
 

GENERAL DISCUSSION AND CONCLUSIONS 

5.1 Research contributions 

The main goal of this thesis was to evaluate the impact of contrasting tillage and 

residue removal on soil physical, chemical and biological processes, specifically on 

changes to microbial N cycling abundance and activity related to N2O flux in the soil.  

 The first field study included long term sampling over contrasting seasonal and 

field conditions. The objectives of the first study (Chapter 3) was to 1) characterize 

seasonal changes in abundance of nitrifiers and denitrifiers in soils under contrasting 

tillage and residue removal practices, and 2) relate gene abundance to emissions of 

nitrous oxide and other changing edaphic factors (soil moisture, aeration, nutrient 

availability) at the field site. Results from the first field study indicated that seasonal 

variation influenced the abundance of amoA nitrifier populations. Conventional tillage 

resulted in significantly increased nitrifier, and decreased denitrifier gene abundance 

compared to no-tillage. Removing crop residues further decreased nitrifier gene 

abundance in both CT and NT systems. Residue removal did not significantly affect 

nirS gene abundance; however, the nosZ gene abundance decreased with residue 

removal in both CT and NT systems. Results indicated greater nitrifier, but less 

denitrifier gene abundance, and greater N2O emissions from CT, compared to NT. The 

removal of crop residue did not significantly affect N2O emissions from NT managed 

plots; however, residue removal did significantly increase N2O emission in CT systems. 

The CT-no residue plot had significantly less gene abundance compared to the 
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contrasting plots and the greatest N2O emissions. NT-residues had the greatest gene 

abundance and the least N2O emissions. The effect of gene abundance on emissions of 

N2O at the field site was most evident during spring thaw. CT managed soils with corn 

residues incorporated resulted in greater amoA gene abundance, ammonium 

concentration, and dissolved organic carbon, indicating greater residue mineralization 

occurred in CT compared to NT-with residues. In contrast, NT managed soils had 

greater nitrate concentrations than CT. When residues were applied, NT soils had 

increased nirS and nosZ gene abundance, and soil moisture, indicating more 

denitrification was occurring. This work is novel in its approach, by relating in situ 

measurements of field scale N2O emissions to abundance of nitrifying and denitrifying 

microorganisms. 

The second field study (Chapter 4) focused on a short term intensive sampling 

during the spring thaw event. The objectives of the second study were 1) to quantify 

abundance of active nitrifying and denitrifying communities over spring thaw in 

situ, and 2) compare activity of active nitrifying and denitrifying communities to 

timing of N2O flux in conventional tilled plots with and without residues applied. 

The results indicated CT-no residues had significantly less abundance of active 

nitrifying and denitrifying communities over spring thaw compared to CT-residues. 

In both plots, initial sampling indicated quantities of active nitrifiers (amoA) and 

denitrifier (nirS) populations, and these quantities did not significantly change over 

the spring thaw sampling period. In contrast, CT-no residue had significantly less 

abundance of active denitrifiers (nosZ), and the N2O flux over the spring thaw was 

inversely proportional to nosZ activity. Combinations of anaerobic soil conditions 
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favoring denitrification, nutrient availability, and active populations of both 

nitrifiers and denitrifiers present at the onset of the spring thaw provide evidence 

of de novo denitrification. To the best of my knowledge, the combined analysis of the 

quantity and activity of N cycling microbes in situ related to the timing of a spring 

thaw N2O emission event is the first such attempt.  

 The results from the long term and short term field studies identify both chang-

ing abundance and activity of microbial populations in the soil environment, and pro-

vide ecologically meaningful associations between changes in microbial activity and 

N2O emissions in situ. These results support measuring changes in N-cycling microbial 

activity as a useful feedback of how agriculture management practices affect N2O emis-

sions.  

5.2 Research limitations 

Despite the interesting finding of these studies, it is difficult to know what is causing 

changes in the microbial populations. Also, there are limitations only knowing the 

potential changes in biochemistry from microbial genes that can be currently 

evaluated in the laboratory. To further the knowledge of how microbial communities 

function within an ecosystem, metagenomic analysis could reveal significant species 

present that are otherwise undetectable. This technology would also contribute to 

understanding of the physiology of microbes and how they cooperate as a complex 

community relative to greenhouse gas production in different climate scenarios.  
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5.3 Future research 

Bridging soil ecology and climatology is critical in both fields of study. Climate models 

can be supported with more explicit contribution of biogeochemical processes, to get 

better estimates of the fate of carbon or nitrogen loss as a greenhouse gas (CO2, CH4, 

N2O). Most climate models start from a satellite top down approach, but these studies 

provide bottom up ecosystem data of detailed and microorganism processes and envi-

ronmental gas flux. Integrating data on soil microorganism functioning  with climate 

models, would allow future models to better predict the scale of impact soil processes, 

and the amplifying cause of anthropogenic and agriculture activities. 
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