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ABSTRACT 

LONG-TERM CROP ROTATION AND TILLAGE EFFECTS ON NITROUS OXIDE 

EMISSIONS DERIVED FROM CROP RESIDUES, SOIL, AND NITROGEN FERTILIZER 

Pedro Vitor Ferrari Machado                                                      Advisor:       

University of Guelph, 2020                                                         Professor Claudia Wagner-Riddle 

Sustainable crop production, with low greenhouse gas (GHG) footprint, has become 

imperative to ensure food security in a world with increasing demands for agricultural products. 

Agriculture is an important contributor to N2O emissions – a potent GHG whose emissions are 

high when soil mineral-N is increased (e.g., following soil freeze-thaw cycles and N fertilization). 

Nitrous oxide emissions are affected by soil and crop management practices (e.g., tillage and crop 

rotation), are highly episodic, and subjected to spatial variations (i.e., “hot spots”). Since most of 

the studies from the literature assessed tillage and crop rotation effects on total N2O emissions, 

quantification of the contribution of specific N sources (i.e., soil, crop residues, N fertilizer) in 

response to contrasting tillage and crop rotation levels is needed. For this thesis, I addressed this 

knowledge gap with a 15N isotope study, which was conducted for two non-growing seasons - 

NGS (Chapter 2) and growing seasons - GS (Chapter 3). Annual emission factors for crop residues 

and N fertilizer were derived and the datasets were used to study spatial variation in N2O emissions 

(Chapter 4). For NGS, tillage induced higher N2O emissions than no-tillage, mostly derived from 

soil nitrogen since the contribution from crop residue was minimal (<2%). These results indicate 

refinements in emission inventories for cold climates are needed and that freeze-thaw nitrogen 

substrate release for N2O production does not come from crop residues. A similar trend, with 

higher emission for tilled soil, occurred for GS and total N2O accumulated over 4-yr. Also, N2O 



 
 

emissions over 4-yr from the diversified rotation were 1.3-times higher than the simple rotation, 

induced by differences in N fertilizer usage as fluxes were equivalent when scaled by N fertilizer 

rates. The recommended emission factor for crop residues is overestimated as measured values 

never surpassed 0.1% (vs. 0.6% IPCC, 2019). In both NGS and GS (annual cropping systems), 

spatial variation in N2O flux occurred, sometimes even within short distances (e.g., GS datasets). 

Ranges of uncertainties due to spatial variation were overall wider for tilled than no-tilled soil. The 

methodology used in this thesis advanced our knowledge on N2O emissions. 
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Chapter 1 - General Introduction 

Atmospheric pollution caused by nitrous oxide (N2O) emissions is of global concern as 

N2O causes global warming and ozone destruction. Agriculture is a major contributor to 

anthropogenic N2O emissions and high fluxes can occur following increases in soil mineral 

nitrogen (N). In agricultural soils subjected to cold weather, increased soil mineral N can occur 

following soil freeze-thaw cycles and N fertilization. The drivers of N2O emissions are therefore 

distinct between the non-growing season (NGS) subjected to cold weather and the growing season 

of annual crops (GS), and are affected by soil and crop management practices (e.g., tillage and 

crop rotation). Because most studies in the literature report crop rotation and tillage effects on total 

NGS and GS N2O emissions, information is still scarce on the effect these management practices 

have on specific N sources affecting emissions (i.e., N fertilizer, soil, and crop residues) – a 

knowledge gap explored in this thesis. 

Non-growing season N2O emissions  

In locations subjected to cold weather, increases in soil mineral N can occur following 

cycles of soil freeze-thaw due to increased mineralization of labile soil organic matter (Christensen 

and Christensen, 1991; Herrmann and Witter, 2002), microbial cytoplasmatic release (Schimel et 

al., 2007) and decreased aggregate stability (Oztas and Fayetorbay, 2003). In parallel, crop 

residues – sometimes returned to the field at high quantities, can promote or reduce N2O emissions 

due to mineralization and immobilization of mineral N, respectively (Pelster et al., 2013). For 

freeze-thaw emissions, it is not known how much of the N2O is derived from crop residue N and 

if this contribution varies with residue type, crop rotation or tillage. Thus, determination of crop 

residue contribution to N2O emitted over non-growing seasons subjected to cold climate is needed 
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to refine the national inventory of this important greenhouse gas by evaluating whether crop 

residue and spring-thaw emissions factors are not ‘double-counting’ sources of N in N2O emission 

estimates – an error that would lead to overestimation of these emissions. 

Growing season N2O emissions 

For growing seasons of annual crops, increases in soil mineral N – and ultimately in N2O 

emissions, can occur following N fertilization (Tenuta et al., 2016; Machado et al., 2020) and 

mineralization of crop residues (Chen et al., 2013; McDaniel et al., 2014; Charles et al., 2017; 

Akiyama et al., 2020) and organic matter (Clivot et al., 2017; Wu et al., 2017). Therefore, N inputs 

are accounted for as sources for N2O emissions (IPCC suggests emission factors of 0.6% and 1.6%  

for crop residues and synthetic N fertilizers, respectively, for wet climates). For crop residues, 

IPCC emission factors (EF) carry large uncertainties - ranging from 0.1% to 1.1% (IPCC, 2019), 

and represent the average for different types of organic amendments. The present thesis advanced 

our knowledge by proposing specific EF for different crop residues – measured during the 12-

month period of rapid residue decomposition (Beyaert and Voroney, 2011). In addition, I 

quantified the contribution of soil, N fertilizer, and crop residues to total N2O emissions in response 

to contrasting crop rotations (i.e., simple vs. diverse) and tillage (no-tillage vs. conventional tillage) 

– management practices with potential to affect N2O emissions. This comprehensive partitioning 

of total N2O emissions into specific N sources – enabled by the use of 15N tracing – was not 

attempted before, to my knowledge.        
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Spatial variation in N2O fluxes  

The daily N2O fluxes from NGS and GS presented in this thesis were always measured 

with manual chambers - a reliable method if trials are properly designed to enable adequate spatial 

coverage of the experimental area. Spatial variation as a source of measurement uncertainties in 

chamber-based N2O studies has been widely explored in the literature (Ball et al., 2000; Yanai et 

al., 2003; Mathieu et al, 2006; Jahangir et al., 2011; Chadwick et al, 2014; Russenes et al., 2016), 

but little information exists for the non-growing season of locations subjected to cycles of soil 

freeze-thaw or for contrasting tillage levels (i.e., no-tillage vs. conventional tillage) – a knowledge 

gap explored in the Chapter 4 of this thesis. 

Thesis structure 

 The present thesis research used a 15N isotope study to quantify the contribution of crop 

residues and indigenous soil N to N2O emissions under NGS subjected to cold weather, in response 

to contrasting tillage and crop rotations (Chapter 2), and the contribution of these same N sources 

to GS emissions, when the addition of N fertilizer becomes a major controlling factor (Chapter 3). 

Integration of results from Chapters 2 and 3 was conducted to enable refinements on N2O emission 

factors for crop residues and N fertilizer since our measurements likely captured most of the N2O 

emissions from these sources of N. The daily N2O flux data from Chapter 2 and 3 were subsampled 

to study within-plot and between- block spatial variation in N2O emissions from NGS and GS, 

under contrasting tillage levels – a potential source of uncertainties in chamber-based N2O studies 

(Chapter 4). The list of specific objectives explored in Chapters 2, 3, and 4 is found below:       

Chapter 2 - Crop residues contribute minimally to spring-thaw nitrous oxide emissions under 

contrasting tillage and crop rotations: 
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(i) compare N2O emissions for different crop residues within simple or diverse crop rotations under 

no-tillage (NT) or conventional tillage (CT).  

(ii) determine the importance of above- and below-ground crop residue to spring-thaw N2O 

emissions as affected by rotation and tillage. 

Chapter 3 - Long-term crop rotation and tillage effects on nitrous oxide emissions derived from 

crop residues, soil, and nitrogen fertilizer: 

(i) compare total N2O emission and intensity for the growing season period of simple or diverse 

4-yr rotations under no-tillage and conventional tillage. 

(ii) derive N2O annual totals for the 4-yr rotations, partitioned into indigenous soil N, crop residue, 

and N fertilizer derived sources. 

(iii) to compare the 12-month emission factors of crop residue against the default values proposed 

by IPCC (2019).   

Chapter 4 - Assessment of spatial variation on nitrous oxide measurements during growing and 

non-growing seasons of seasonally frozen soils: 

(i) assess spatial variation in N2O fluxes within small, “visually uniform” plots and study how the 

average from duplicated sampling compare to single measurements. 

(ii) assess spatial variation between blocks of a completely randomized block trial, and study how 

an increased number of blocks compare with lower levels of spatial coverage.
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Chapter 2 - Crop residues contribute minimally to spring-thaw nitrous oxide emissions 

under contrasting tillage and crop rotations* 

* Manuscript published in Soil Biology & Biochemistry: Machado et al. (2020), v.152, pp 108057.  

 Abstract 

Crop residues are sources of carbon and nitrogen (N) after harvest, releasing inorganic N 

through mineralization or protecting soil N through immobilization. Inorganic N controls nitrous 

oxide (N2O) emissions, a potent greenhouse gas (GHG) from agriculture. Hence, crop residues 

are accounted for as N2O sources in national GHG inventories. For locations where post-harvest 

N2O emissions occurs due to freeze-thaw, it is not known if crop residues contribute to emissions, 

and if tillage or residue type impact this contribution. This is of concern since crop residue and 

freeze-thaw emission factors (EF) may be ‘double-counting’ N2O sources. We conducted an 

experiment over two non-growing seasons (NGS) in a long-term corn, soybean and winter wheat 

trial to (i) compare N2O emissions for different crop residues within simple or diverse crop 

rotations under no-tillage (NT) or conventional tillage (CT); (ii) determine the importance of 

above- and below-ground residue addition to spring-thaw N2O emissions as affected by rotation 

and tillage. A 15N residue enrichment study was used to directly trace above- and below-ground 

residue 15N into 15N2O fluxes and derive EF. Higher N2O emissions were observed for CT than 

NT, regardless of rotation. Soybeans induced higher N2O emissions than corn residue and the 

same crop residue (e.g., corn or soybean) showed trends of higher N2O in the long-term diverse 

rotation.  In all cases, crop residues contributed minimally to spring-thaw N2O emissions (< 2%), 

meaning differences in N2O emissions were due to tillage and rotation effects on soil N availability, 

rather than by affecting crop residue N release for N2O production. The NGS 6-month EF for crop 

residues never surpassed 0.05%, a minimal fraction of the annual 0.6% recommended EF. 
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Refinement in emission inventories for cold climates should focus on freeze-thaw substrate release 

for N2O production from other sources than crop residue.   

Graphical abstract 

 

Highlights 

• A 15N isotope study identified contribution of N sources to spring-thaw N2O totals 

• Conventional resulted in higher N2O totals than no-tillage during spring-thaw 

• Crop rotation affected N2O emissions on short and long-term scales (legacy effect) 

• Crop residue had negligible contribution to spring-thaw N2O emissions  

• A specific approach for inventory of spring-thaw N2O emissions is recommended. 

Introduction 

Agriculture generates large amounts of crop residues annually, with approximately 5 

billion tonnes produced globally in 2013 (Cherubin et al., 2018). Crop residues added to soil after 

harvest serve as an organic nitrogen (N) source, subject to microbial mineralization and 

nitrification, and provide organic carbon (C) substrates for microbial growth (Frimpong and 

Baggs, 2010). Furthermore, by stimulating microbial respiration, crop residues can deplete oxygen 

in soils promoting anaerobic conditions for denitrification (Chen et al., 2013). Nitrification and 
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denitrification are biological reactions that can lead to emissions of nitrous oxide (N2O), a potent 

greenhouse gas (Firestone and Davidson, 1989; Charles et al., 2017). To estimate the N2O emission 

inventory from managed soils, the Intergovernmental Panel on Climate Change (IPCC) proposes 

a default method, where 0.6% of the crop residue total N added to soil is emitted as N2O in wet 

climates (IPCC, 2019). However, location specific N2O emission factors that consider 

environmental conditions affecting emissions and disaggregation into categories of crop residue 

are recommended. 

Crop residue addition to soil after harvest in cold climates coincides with decreasing 

temperatures followed by several weeks or months of freezing conditions interrupted by thaw 

cycles. The occurrence of thaw derived N2O emissions has been reported for a range of terrestrial 

ecosystems (Kim et al., 2012; Gao et al., 2018), with a substantially greater effect on arable soils 

compared to forest soils (Matzner and Borken, 2008). Indeed, freeze-thaw related N2O emissions 

for croplands can comprise 29 - 53% of annual N2O totals, and global agricultural N2O emissions 

could be underestimated by 17 to 28% due to freeze-thaw emissions not being considered 

(Wagner-Riddle et al., 2017). Freeze-thaw induced N2O emissions originate mostly from 

biological denitrification (Wagner-Riddle et al., 2008), and are affected by substrate availability 

(Schimel et al., 2007) and the activity of nitrifying and denitrifying enzymes (Wertz et al., 2013; 

Nemeth et al., 2014), as well as the physical release of trapped N2O (Risk et al., 2013). However, 

it is not known how much of the N2O emitted at spring thaw is derived from crop residue N and if 

this contribution varies with residue type, crop rotation or tillage. It is important to determine the 

crop residue contribution to N2O emission in cold climates since it is not clear if crop residue and 

freeze-thaw emission factors may be ‘double-counting’ sources of N in N2O emission estimates. 

For example, Rochette et al. (2008) proposed a freeze-thaw EF based on the magnitude of non-



8 
 

growing season (Nov-Apr) emissions while also using an IPCC based crop residue EF.  In Wagner-

Riddle et al. (2017), a model based on freezing degree-days accumulated between Nov-Apr was 

proposed but it is unclear if the application of this model to inventory GHG estimates would require 

modification of the crop residue EF. 

  Crop residue inputs can promote N2O emissions, but the effect size depends on the 

dynamics of decomposition of residues (Chen et al., 2013). Crop residues with high C/N ratio 

induced net immobilization of soil N during early stages of decomposition and reduced N2O 

emissions (Muhammad et al., 2011; Pelster et al., 2013), while a surplus of mineral N was observed 

for low C/N ratio residues (Kuo and Sainju, 1998; Trinsoutrot et al., 2000). During freeze-thaw 

cycles, increased mineralization of labile soil organic matter (Christensen and Christensen, 1991; 

Herrmann and Witter, 2002), microbial cytoplasmatic release (Schimel et al., 2007) and decreased 

aggregate stability (Oztas and Fayetorbay, 2003) have been reported in the literature as reviewed 

by Congreves et al. (2018). These mechanisms can render N substrate available to denitrifiers and 

induce N2O emission peaks. Congreves et al. (2017) found higher emissions at the field-scale when 

corn residue was removed compared to returned residues, suggesting corn residue was not 

contributing as a N source for freeze-thaw N2O emissions. However, crop residue might affect 

emissions by shaping communities of soil denitrifiers (Németh et al., 2014) or by increasing 

immobilization of mineral N, attenuating freeze-thaw related N2O emissions (Pelster et al., 2013). 

Hence, we hypothesised that recently added mature crop residues contribute minimally as a N 

source for spring-thaw N2O emissions, but rather N availability from freeze-thaw mechanisms 

releasing soil N are the main N sources. Furthermore, N supply and mineralization rates between 

above and below-ground residue have been shown to differ (Katterer et al., 2011, Arcand et al., 
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2014a, Arcand et al., 2014b), so it is likely these two fractions of residue could represent different 

contributions to N2O emissions. 

The mechanisms increasing mineral N availability due to soil freeze-thaw are also affected 

by soil management practices, such as tillage. Research has shown reduced soil freezing due to the 

insulating effects of the larger snow cover plus crop residues from NT compared to CT soil 

(Wagner-Riddle et al., 2007; Yang et al., 2018), and decreased oscillation in daily soil temperature 

in winter due to an increased insulation effect (Durán et al., 2014). Increased insulation can 

attenuate microbial cell lysis and aggregate disruption, decreasing N2O emissions (Wagner-Riddle 

et al., 2017; Durán et al., 2013). Furthermore, tillage influences multiple soil properties that affect 

N2O emissions, like abundance of functional genes associated with nitrification and denitrification 

(Tatti et al., 2015; Wang et al., 2019), organic carbon dynamics and rates (Ramnarine et al., 2018; 

Zhang et al., 2019), decomposition of crop residues (Beyaert and Voroney, 2011) and soil physical 

properties (Yang et al., 2018; Page et al., 2019).  For example, no-tillage (NT) promotes higher 

soil water storage than conventional tillage (CT) (Page et al., 2019) and, as soil water content 

dictates the activity of functional genes associated with denitrification, also affects N2O emissions 

(Tosi et al., 2020). Because the tillage effect is complex, however, how N2O emissions respond to 

contrasting tillage levels varies, with reports of N2O emissions being greater for CT vs. NT 

(Wagner-Riddle et al., 2007; Drury et al. 2012; Ruan and Philip Robertson, 2013; Omonode and 

Vyn, 2019) and vice-versa (Lognoul et al., 2017; Niu et al., 2019). Furthermore, the tillage effect 

on N2O emissions under specific bioclimatic conditions such as freeze-thaw cycles, when abrupt 

changes in soil biophysical properties are known to induce emissions, is still poorly understood 

(Congreves et al., 2018).  
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To our knowledge, quantifying the contribution of recently added residue-N and soil-N to 

N2O emissions during the period after harvest and during/after spring-thaw in cold climates has 

not been attempted for contrasting tillage systems, above- vs. below ground residue types or crop 

rotations. Artificial enrichment of crop residues in situ with a 15N tracer is a promising technique 

to determine N fate (Zebarth et al., 1991; Fillery and Recous, 2001), and ideally suited to directly 

determine N2O emission factors for above and below-ground crop residues, contributing much 

needed information regarding spring-thaw emissions.  

We conducted an experiment over two non-growing seasons in a long-term agronomic trial, 

where N2O fluxes were measured and 15N in labelled crop residue was traced into 15N2O flux. The 

objectives of the research were to: (i) compare the non-growing season N2O emissions for 

treatments with different crop residues within simple or diverse rotations under no-tillage (NT) or 

conventional tillage (CT); (ii) to determine the importance of above- and below-ground crop 

residues (i.e. corn, soybean, and winter wheat under-seeded with red clover) to non-growing 

season N2O emissions, with a focus on the main spring-thaw (ST) event, as affected by crop 

rotation and tillage treatment. Our research evaluated short and long-term (legacy) effects of 

diversity of crop rotation on N2O emissions, represented by recently added crop residues and soil 

organic matter, respectively. 

Material and Methods 

 Site description and experimental design 

The experiment was conducted at the University of Guelph’s long-term rotation and tillage 

trial at the Elora Research Station (43o39'N, 80o25'W, 376 m elevation), Ontario, Canada, during 

the non-growing season portion of two field seasons (i.e., post-harvest through spring thaw), 
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starting in December 2017. Here we refer to the non-growing season of 2017/2018 (Dec 2017 to 

April 2018) as Year 1 and the non-growing season of 2018/2019 (Nov 2018 to April 2019) as Year 

2. The soil at the experimental site is classified as a Woolwich silt loam (Munkholm et al., 2013), 

which is a Grey-Brown Luvisol (CSSC, 1998) or Albic Luvisol in the FAO system (WRB, 2006). 

The particle size distribution is 17, 56, and, 27%, clay, silt, and, sand respectively, and 21.2 g kg-

1 of total organic carbon in the top 0-20 cm soil depth (Ramnarine et al., 2015). The climate in 

Elora is classified as humid continental (Dfb) according to the Köppen–Geiger classification 

system (Peel et al., 2007), with annual precipitation of 946 mm and an annual average temperature 

of 6.7 oC (ECCC, 2019). For the winter period Elora experiences, on average, 87 days with frozen 

soils, 79.4 cumulative freezing degree-days at 5 cm (<0 Co) - ranging from 9.5 to 370.4, and median 

snow depth ranging from 2 to 21 cm (Wagner-Riddle et al., 2017). 

 The long-term crop rotation and tillage trial was established in 1980 using a split-plot 

design with four blocks, crop rotation as the main plot, and tillage as the split-plot (Gaudin et al., 

2015; Munhholm et al., 2016). For our research, we chose a subset of simple and diverse crop 

rotations, each under CT and NT. These were 4-yr rotations with the simple rotation consisting of 

two years of corn followed by two years of soybean (CCSS), and the diverse rotation consisting 

of two years of corn, followed by one year of soybean and one year of winter wheat under-seeded 

with red clover as a cover crop (CCSWrc). The long-term simple and diverse rotations were 

established so that two crop phases could be sampled in any given year: CCSS and SSCC for the 

simple rotation; CCSWrc and SWrcCC for the diverse rotation.  The present study took place during 

the second (Year 1) and third (Year 2) years of 4-year rotations identified as bold and underlined 

letters in the sequence: CCSS, SSCC, CCSWrc, and SWrcCC in Year 1 and CCSS, SSCC, CCSWrc, 

and SWrcCC in Year 2. Thus, when combining data for Years 1 and 2 a complete four-year cycle 

https://www-sciencedirect-com.subzero.lib.uoguelph.ca/science/article/pii/S0925857415302676#bib0080
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of the simple CCSS and diverse CCSWrc rotation was assessed. The tillage treatments included 

CT using a moldboard plow in the fall (~20 cm depth) followed by secondary tillage in the spring 

(i.e., two passes of field cultivator and packer within one day of seeding) and NT (Munkholm et 

al., 2013). Additional details on the design of the complete trial and history of management 

practices can be found in Munkholm et al. (2013, 2016) and Gaudin et al. (2015). 

The presented N2O research complements a 15N experiment conducted on the long-term 

plots from 2017 to 2018 to trace crop residue-N into subsequent crops (Taveira et al., 2020). 

Readers are referred to this complementary trial for details on crop establishment, fertilizer 

applications, and harvest. 

Nitrogen-15 enrichment and characterization of crop residue-N sources  

Nitrogen-15 enriched above- and below-ground crop residues were produced during the 

growing season that preceded the N2O measurements. Details of 15N-enriched urea application at 

the start of crop growing season, harvesting and characterization of the 15N-enriched crop residue 

and residue swapping approach are described in the complementary trial (Taveira et al., 2020). 

Briefly, for each split-plot per year a total of 32 15N enriched microplots, and 32 natural abundance 

(NA) microplots (4 blocks x 2 tillage levels x 2 simple rotation phases x 2 diverse rotation phases) 

were established. The microplots were 1.5 m wide by 0.67 m long and centered in the main plot 

(spaced 2 to 3 m from each other and 1.5 to 2 m from the edge of the split-plots). At crop harvest, 

above-ground residue from 15N enriched and NA microplots was removed, weighed and returned 

to the field to the opposite microplot from which it had been collected (i.e., residue swapping).  

The residues were distributed evenly over the surface of the microplots and secured using a 2 mm 

mesh diameter fiberglass screen to prevent loss during the winter and early spring. Thus, the NA 
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microplots became areas where only the above-ground residue was enriched with 15N (AG15N) 

and 15N microplots became areas where only the below ground residue plus residual soil N were 

enriched with 15N (BG15N). The residue swap allowed us to trace the 15N into N2O emissions and 

assess the individual contributions of a) above-ground and b) below-ground residues plus residual 

mineral soil N (left in the soil from the labelled fertilizer application to the crop in the preceding 

growing season) to N2O emissions during the subsequent non-growing season period — as 

described in the next section.  

 Crop residue samples (corn stover, soybean and winter wheat straw, and red clover 

biomass) and soil samples (0-15 cm depth) were collected from the microplots prior to the 

exchange and analyzed for total N and 15N atom%, and 15N recoveries were calculated — as 

described by Taveira et al. (2020). Table 2.1 summarizes the dry mass, total N content, and 15N 

atom% excess of the crop residue as well as the residual-N remaining in the soil (0-15 cm) at the 

time of the crop residue exchange. The below-ground residue (root) dry biomass was estimated 

using the measured harvest indices from Taveira et al. (2020), and the shoot:root ratios from 

Bolinder et al. (2007). For corn and soybean, total N concentrations in the below-ground residues 

were derived from a comprehensive meta-analysis by Thiagarajan et al. (2018). For red clover, 

total N concentration in the below-ground residue was derived from a study by Kriaučiūnienė et 

al. (2012). The 15N atom% excess in the roots, used to calculate the 15N atom% excess in root 

biomass (mg m-2), was determined only in Year 1, with these values also used for calculations in 

Year 2 in our study.
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Table 2.1. Average dry biomass, total N content, and 15N atom% excess of the above- and below-ground crop residue pools, prior to 

measuring N2O emission overwinter. C = corn, S = soybean, Wrc = winter wheat + red clover, and N.A. = not available. Tillage was 

significant for soil 15N atom% excess at 0 – 15 cm (p<0.05), with higher values under NT than CT soil. 

*crop phase studied is shown underlined and bold. 

§ source: Taveira et al. (2020). 

‡ source: Bolinder et al. (2007). 

# source: Kriaučiūnienė et al. (2012) and Thiagarajan et al. (2018). 

 

  -------------Above-ground------------- -------------------------Below-ground------------------------- 

Year Rotation* 
Biomass § 

(g m-2) 
Total N § 

(g m-2) 

15N atom%  

excess § 
(mg m-2)   

-------------- Roots --------------- -------- Soil -------- 

Biomass ‡ 
(g m-2) 

Total N # 
(g m-2) 

15N 

atom% 

excess § 
(mg m-2) 

15N atom% 

excess  

CT § 
(mg m-2) 

15N atom% 

excess  
NT § 

(mg m-2) 

Year 1 

CCSS 588.1  2.3  17.2  424.0   3.0  25.3  75.5 102.9 

SSCC 184.9  1.3  4.2  235.4  2.4  20.6  59.8 75.4 

CCSWrc 601.9   3.0   21.8  438.9  3.1  26.2  84.8 137.2 

SWrcCC 449.0   5.1  6.2  437.9  4.9  4.1  60.6 68.4 

W 275.3  1.6  4.4 334.1  3.3 N.A. N.A. N.A. 
rc 176.6 3.5  1.8  103.8 1.5 N.A. N.A. N.A. 

Year 2 

CCSS 171.9  0.9  2.1  229.1  2.3  20.0  N.A. N.A. 

SSCC 596.0  2.8  19.5  517.2  3.6  30.9  N.A. N.A. 

CCSWrc 216.3  1.0  2.8  284.1  2.8  24.8  N.A. N.A. 

SWrcCC 657.8  3.6  22.6  562.0  3.9  33.6  N.A. N.A. 
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Nitrous oxide gas sampling and flux calculations 

Nitrous oxide fluxes were measured in AG15N and BG15N microplots to determine the 

proportion of flux derived from either AG residue or BG residue plus soil residual 15N over the 

non-growing season (approximately Nov to April), immediately after crop harvest. Hence, N2O 

fluxes were sourced to the recently added crop residue. Fluxes were measured using manually-

sampled opaque, non-steady-state, vented chambers, with gas samples collected in winter 2017/18 

(December 9; n = 1), during the 2018 spring-thaw (February 21 to March 21; n = 7), pre-seeding 

2018 (March 22 to May 17; n = 4); post-harvest 2018 (October 10 to December 16; n = 4); winter 

2019 (January 22; n = 1); and spring thaw 2019 (March 15 to April 12; n = 9). 

 Following the residue swapping, and 24-h before the first gas sampling event, one 173.2 

cm2 aluminum collar was installed in each microplot to a depth of 5-cm (n=64). To determine the 

15N natural abundance of N2O flux, additional collars were installed outside the microplots, 

randomly locating them in two out of the four blocks. Measurement in all four blocks was deemed 

unnecessary as it was expected that natural 15N abundance of N2O from samples taken outside of 

the microplots would not change significantly between the four blocks. During each sampling 

event, chambers were positioned over the collars, sealed, and a single gas sample was collected 

after 20 min, following the optimized protocol for headspace sampling in chamber methods by 

Chadwick et al. (2014). The linear increase in N2O concentration following a 20-min chamber 

closure in this site was reported by Linton et al. (2020) in a study using high-frequency automatic 

chambers – results are summarized in Table S.5. Gas samples were collected using a disposable 

30-mL syringe equipped with a 25-gauge, 40-mm needle and transferred to pre-evacuated 12-mL 

Exetainer® vials. In addition, 12 ambient air samples (three per block) were collected on each 
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sampling date, with the average N2O concentration for these samples used as the “time-zero” (t0) 

N2O measurement. Samples were collected during mid-morning on a twice per week basis for 30 

days after the major spring-thaw event and weekly thereafter, following the optimized protocol for 

winter and spring thaw emission characterization proposed by Ferrari Machado et al. (2019).  

The gas samples were sent to the Prairie Environmental Agronomy Laboratory in the 

Department of Soil Science at the University of Saskatchewan for total and isotopic gas analysis 

(Farrell and Elliott, 2007; Congreves et al., 2019). Total N2O concentrations were determined 

using a gas chromatograph (Scion 456-GC; Scion Instruments Canada, Edmonton, AB) equipped 

with a 63Ni electron capture detector. Following the N2O concentration analysis, gas samples were 

analyzed using cavity ring-down spectroscopy (G5131-i, Picarro Inc., Santa Clara, CA USA) to 

determine the bulk delta-15N of the N2O, which was then used to calculate the 15N2O concentration 

(Mariotti, 1983). 

Daily N2O fluxes (FN) were calculated using (Venterea et al., 2020): 

FN = (
𝐶20− 𝐶0

𝑡20− 𝑡0
 ) (

𝑉

𝐴
) (1) 

where FN is the daily flux (g N2O-N m-2 min-1); C0 and C20 are the N2O concentrations (g N2O-

N m-3) determined at t0 (i.e., for ambient air) and t20 (i.e., 20-min after the chamber was closed), 

respectively; V = the headspace volume of the chamber (1.871x10-3 m3); and A = the soil surface 

area under the chamber (0.01732 m2). All fluxes were calculated based on standard atmospheric 

pressure and temperature at the time of sampling retrieved from ECCC (2019).  

 Daily 15N2O fluxes (F15N) (g N2O-N m-2 min-1) associated with the above- or below-

ground crop residues were calculated with a modified version of Equation 1, where C20 and C0 
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N2O concentrations were multiplied by the 15N atom excess (i.e., atom% excess / 100) at times t20 

and t0, respectively:   

F15N  = (
𝐶20 

𝐴%𝐸20
100

− 𝐶0 
𝐴%𝐸0

100

𝑡20− 𝑡0
 ) (

𝑉

𝐴
) (2) 

where A%E20 and A%E0 is the atom% excess of the N2O at t20 and t0, respectively, A%E is the 

atom% 15N in N2O collected from either the AG15N or BG15N microplots minus the natural 

abundance atom% 15N in N2O flux values collected outside of the microplot.    

Cumulative N2O emissions were calculated for (i) the critical 30 day period following the 

major spring-thaw (ST) event in 2018 and 2019 (February 21 to March 21, 2018; March 15 to 

April 12, 2019), (ii) the 35 days between the end of ST and the beginning of the growing season 

of 2018 (pre-planting – PP); and (iii) the 60 days between corn harvest and when the soil became 

frozen in 2018 (post-harvest – PH). Post-harvest measurements in 2017 (Year 1) were not 

performed because the trial did not start until December 2017; likewise, there were no 

measurements during the PP period in 2019 because N fertilization of the wheat plots (i.e. 

CCSWrc) occurred immediately after the 30 day ST period. Over-winter cumulative N2O 

emissions were not calculated for both years due to low frequency of measurements (n=1) – which 

could result in a wide range of uncertainty associated with the discrete sampling (Ferrari Machado 

et al., 2019). Cumulative emissions (CN = total N2O-N [g N2O-N ha-1]; C15N = N2O-15N [g N2O-

15N ha-1]) were calculated using an area-under-the-curve analysis involving trapezoidal integration 

of the daily fluxes over the specified evaluation periods (David et al., 2018; Gomes et al., 2019).  
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Nitrous oxide emission factors and total residue derived N2O 

Nitrous oxide emission factors for the winter (W), ST, PP, and PH periods were calculated 

as the proportion of 15N in the AG15N and BG15N residues recovered as N2O-15N: 

EF  = (
𝐶15𝑁

𝑁15𝑅
)  ×  100 (3) 

where EFAG and EFBG are used to denote the emission factor (%) for above- and below-ground 

residues, respectively; C15N is the cumulative emission of N2O-15N in the AG15N or BG15N 

microplots; and N15R is the amount of 15N excess applied as AG or BG residue (Table 2.1). Note 

that for BG, N15R was the sum of 15N atom% excess applied as crop residue plus residual mineral 

N in soil. 

 The EF represents the proportion of residue-15N applied to the microplots that is emitted 

as 15N2O; therefore, assuming that this fractional contribution also applies to the total residue-N, 

the total amount of N lost as N2O during the spring-thaw period was calculated by multiplying 

total residue-N applied to the microplot (Table 2.1) by the calculated EF. The difference between 

total N2O emission and residue-derived (i.e., AG + BG) N2O was attributed to inorganic N derived 

from other non-labeled sources such crop residues from previous years and mineralization of soil 

organic matter, here called indigenous soil N. 

Environmental and soil measurements 

Soil properties monitored during the study were: bulk density (BD), volumetric soil water 

content (VSWC), soil temperature, and concentration of soil nitrate (NO3
-). For BD, soil cores 

were taken two weeks after the start of the spring-thaw (i.e., on March 30, 2019) and again before 

planting (i.e., on May 16, 2019). The soils were sampled from the upper 5–7 cm in each split-plot 
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and the cores collected as described by Hao et al. (2008). Bulk density values were used to 

calculate total soil porosity, while assuming a particle density of 2.65 g cm-3 (Danielson and 

Sutherland, 1986). The VSWC average in the 0-12 cm soil depth was measured at each gas 

sampling event when the soil was not frozen using a portable FieldScout TDR300 on standard 

mode and with medium rods (Spectrum®, Technologies, Inc.). Water-filled pore space (WFPS) 

was obtained by dividing the VSWC by the total porosity.  

For NO3
- concentration determination, four soil cores (0–15 cm depth) were collected from 

each split-plot and used to make a composite sample for analysis. To avoid N losses, samples were 

placed on ice in a cooler in the field, and then stored in a 4 C laboratory cooler if they were to be 

extracted the following day; if next-day extraction was not possible, the samples were placed 

directly in a -20 C freezer and thawed at low temperatures at the time of extraction, and 

immediately extracted (Esala, 1995). Soil NO3
- was extracted with 2.0 M KCl as described by 

Maynard and Kalra (2007), and the extracts were analyzed using a continuous flow autoanalyzer 

(cadmium reduction procedure) (Seal AutoAnalyzer 3; Folio Instruments Inc., Kitchener, ON). 

Soil temperature was measured from Dec. 21, 2018 to April 15, 2019, with soil copper-constantan 

thermocouples embedded in 10-cm long copper tubes built in-house. Due to the limited cable 

length of the sensors, only two phases of the rotation (CCSS and SSCCS) from one of the blocks 

were measured, using 12 sensors, installed to cover 0–10 cm soil depth and connected to a data 

logger (CR23X, Campbell Scientific).  These supporting measurements were used to compare 

tillage treatments only. Air temperature (minimum, maximum, and average daily temperature), 

total precipitation, and depth of snow on the ground at the Elora Research Station were obtained 

from ECCC (2019). 
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Statistical analysis 

Cumulative N2O emissions and EFs for all periods of the non-growing season, and the 

contribution of AG, BG or soil N to cumulative N2O emissions (for ST period only), were 

subjected to an analysis of variance (ANOVA) using SPSS ver. 25 (IBM® SPSS® Statistics). The 

statistical model was designed for a randomized complete block split-plot. Before any statistical 

analysis, the data sets were explored with a Shapiro-Wilk and Levene’s test, for normality and 

homogeneity of the variances, respectively. Non-parametric variables (i.e., post-harvest soil NO3
-

, cumulative N2O, and EF) were log transformed to meet ANOVA assumptions. For soil NO3
- and 

WFPS, statistical tests were performed on the averages over ST, PP, and PH, with marginal means 

and a 95% interval of confidence estimated to study cases where the interaction rotation by tillage 

was significant. Only descriptive statistics were performed on soil temperature data. For all 

statistical tests, significance was determined when p ≤ 0.05. 

Results 

Climate and soil conditions 

The non-growing season of both studied years showed a similar cumulative number of days 

with air temperature below 0 °C, with 115 and 117 days in Years 1 and 2, respectively, but the 

ground was covered with snow for a longer time in Year 1 than in Year 2 (116 vs. 70 days) (Fig. 

2.1). Soil temperatures measured during Year 2 (i.e., from Dec 21, 2018, until the beginning of the 

spring-thaw event) revealed colder soils in CT than NT in the 0-10 cm layer (229 vs. 163 soil 

freezing degrees-day) (data not shown). No notable differences in average air temperature and total 

precipitation were present during the winter (Tavg= -6.4 and -6.6 oC, and total precipitation = 231 

and 280 mm, for Years 1 and 2, respectively) (Fig. 2.1). However, earlier occurrence of the major 
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spring-thaw happened in Year 1 (start date on Feb. 21, 2018) than in Year 2 (start date on Mar. 15, 

2019). For the 30 days of ST, weather conditions were colder and drier in Year 1 than in Year 2 

(Tavg = -1.5 and 1.0 oC, and precipitation = 37 and 91 mm, for Years 1 and 2, respectively) (Fig.2.1). 

The PP and PH periods of 2018 showed an averaged air temperature of 0.8 and -0.3 o C, and total 

precipitation of 163 mm and 188 mm, respectively (Fig. 2.1). 

 

Figure 2.1. Weather data for the non-growing seasons in (A) Dec 2017 to May 2018 (Year 1) and 

(B) Oct 2018 to Apr 2019 (Year 2). The solid black line indicates average daily air temperature, 

with grey shading showing the minimum and maximum temperature ranges. Blue bars indicate 

total daily precipitation (mm), and the dashed line with blue shading shows the depth of snow on 

the ground (cm). The small blue and brown arrows at the top of each panel indicate the dates when 

gas () and soil () samples were collected, respectively. W = winter, ST = spring-thaw, PP = 

pre-planting, and, PH = post-harvest. 
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Soil water-filled pore space was influenced by tillage (Fig. 2.2), with higher liquid soil 

water contents in the NT plots than in the CT plots. Despite interannual variations in magnitude, 

this trend was consistent throughout the non-growing season (i.e., ST, PP, and PH), with the 

highest WFPS values generally occurring during ST (Fig. 2.2). A late cycle of freezing 

temperatures in Year 1 after a brief warming period in late February (Fig. 2.1A) resulted in a large 

decrease in WFPS at the beginning of March (Fig. 2.2A), indicating a reduction in liquid water 

content due to soil freezing. Thus, WFPS before the late freezing cycle in ST of Year 1 was >70% 

in NT and ~ 60% in CT plots. As the second freeze/thaw cycle ended, there was a rebound in soil 

moisture and the soil WFPS remained high in both the NT (�̅� = 64%) and CT (�̅� = 50%) plots 

throughout the PP phase in Year 1. Conversely, when the soils were not frozen, WFPS was lowest 

(i.e., 59 and 44% WFPS on average in the NT and CT, respectively) during the PH period in Year 

2. The ST period of Year 2 presented higher WFPS levels than Year 1, with 79 and 69% average 

for NT and CT, respectively (Fig. 2.2B). 

 

Figure 2.2. Average soil water-filled pore space (WFPS) at 0-12 cm soil depth for no-tillage and 

conventional tillage plots during the non-growing seasons of (A) 2017/18 (Year 1) and (B) 2018/19 

(Year 2). The blue shading around lines illustrates the standard error of the measurement. No 

WFPS measurements were performed during the winter; and there was no PP period in 2019. ST 

= spring-thaw, PP = pre-planting, and PH = post-harvest. 
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Following the major spring-thaw event in 2019 (i.e., on March 30) — when there was no 

more snow on the ground and the mean air temperature was 0.9 oC — soil bulk density was lower 

in the CT plots than the NT plots (1.15 vs. 1.25 g cm-3, Table S.1). As a result, total soil porosity 

was greater (Table S.1), and WFPS was lower (Fig. 2.2) in the CT than NT plots. However, prior 

to planting on May 16, the CT and NT plots had similar BDs (~1.3 g cm-3; Table S.1). Soil NO3
- 

was within the range of background concentrations usually seen for this site (Machado et al., 2020) 

across levels of tillage and rotation during ST of Years 1 and 2 (Table S.3). Evaluation of the 

intervals of confidence did not highlight any significant difference between treatments in Year 1 

(average of 5.8 kg N ha-1 in the top 15 cm soil). The situation was similar for Year 2, when soil 

NO3
- during the first week of ST ranged from 2.3 – 6.8 kg N ha-1 in the top 15 cm soil and was not 

affected by treatments (Table S.3). 

N2O emissions 

 Nitrous oxide emission peaks occurred during the ST period in both years, which lasted 12 

days in Year 1 (highest peak on March 1, 2018) and ~15 days in Year 2 (peaks on March 19 and 

28, and April 9, 2019) (Fig. 2.3). For Year 1, over-winter N2O emissions, represented by one 

sample taken on Dec 12, 2017 (data not shown), were low across all treatments and only affected 

by tillage. Whereas daily winter emission from CT soil was around zero (i.e., -0.2 g N2O-N ha-1 d-

1) NT emitted 5.0 g N2O-N ha-1 d-1. Using a 30-day period that started on the first day of increased 

emissions to integrate and compare emissions, resulted in N2O emission ranging from 117.6 to 

516.8 g N2O-N ha-1 for ST in Year 1, which were affected by tillage and rotation (Table 2.2). 

Conventionally tilled plots emitted ~2.3-times more N2O than NT, a difference of 212.0 g N2O-N 

ha-1 during ST. Between the two crop phases under simple rotation (CCSS, SSCC), soil after 
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soybean production emitted ~ 4.4-times more N2O than after corn (p<0.05). No difference was 

seen between the two corn phases, under simple or diverse rotation (CCSS, CCSWrc), and winter 

wheat under seeded with red clover (SWrcCC) did not emit more N2O than the other crop phases 

(Table 2.2).  

The 35-day PP period of Year 1 presented cumulative emissions ranging from 33.3 to 111.5 

g N2O-N ha-1, with both tillage and rotation having a significant effect (Table 2.2). Conventionally 

tilled plots emitted 2.7-times more N2O than NT (Figure 2.3; Table 2.2). The rotation effect for PP 

was similar to the one observed for ST, with SSCC > CCSS, and SWrcCC not exceeding the N2O 

emission of the other phases, but emission from corn in the diverse rotation significantly exceeding 

simple rotation emissions by 65.0 g N2O-N ha-1 (Table 2.2). For the PH period of Year 2, only 

rotation affected N2O emissions. Corn in the diverse rotation (SWrcCC) emitted 2.5-times more 

N2O than the other crop phases averaged together (i.e. CCSS, SSCC, and, CCSWrc), a difference 

of 143.0 g N ha-1.  

Over-winter N2O emission from Year 2, represented by the sample taken on Jan 22, 2018, 

were higher than the winter emissions from Year 1, mostly due to a small peak of soil temperature 

that coincided with the gas sampling (Fig. 2.1), but the trend was similar to Year 1 with NT 

emitting more N2O than CT soil (i.e., 11.8 vs. 0.7 g N2O ha-1d-1) (Fig. 2.3). For ST of Year 2, the 

interaction tillage vs. rotation was significant (p<0.05), with emissions from treatments ranging 

from 78.2 to 559.5 g N2O-N ha-1. The interaction was examined by unfolding crop rotation into 

tillage levels and vice-versa (Table 2.2). Within NT, CCSS emitted ~ 3.3-times more N2O than 

SSCC, but no difference was seen between CCSWrc and SWrcCC (Table 2.2). Within CT, N2O 

emissions from the crop rotations followed the trend seen for ST of Year 1, with the legume 

emitting more than the cereal phase. The rotation CCSWrc emitted ~ 3.4-times more N2O than 
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SWrcCC, and CCSS had ~ 1.8-times higher N2O emissions than SSCC (numerical but not 

significant trend) (Table 2.2). For tillage unfolded into rotation levels, the trend of CT emitting 

significantly (i.e. CCSS and SSCC), or numerically (i.e. CCSWrc) higher N2O than NT was 

present, except for SWrcCC where the trend was reversed, and NT emitted ~2.1 more N2O than 

CT (Table 2.2). To avoid errors associated with infrequent N2O measurements, as described by 

Machado et al. (2019), cumulative emissions were not calculated for the winter period since fluxes 

were sampled only once for 2017/2018 (on Dec. 9, 2017), and once for 2018/2019 (on Jan. 22, 

2019).   

 

Figure 2.3. Nitrous oxide emissions for simple (CCSS or SSCC) and diverse rotations (CCSWrc or 

SWrcCC) under no-tillage (NT) (top graph) and conventional tillage plots (CT) (bottom graph) 

during periods of the non-growing season (ST-spring-thaw, PP-pre-planting, PH-post harvest, W-

winter) of Years 1 and 2. C = corn, S = soybean, and Wrc = winter wheat + red clover. Results for 

samples taken on Dec.9, 2017 are not shown. 
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Table 2.2. P-values for the main effects and interaction (bolded values meaning p<0.05), for periods of Years 1 and 2 (ST-spring-

thaw, PP-pre-planting, PH-post-harvest), and mean cumulative N2O-N emissions for the significant main effects and interaction. The 

studied crop phase is underlined and bolded. CT and NT are conventional and no-tillage, respectively and letters indicate Duncan's 

classes. 

p-values 

Year 1 periods Tillage (T) Rotation (R) T x R 

ST (Feb. 21 - Mar. 21, 2018) 0.017 0.024 0.813 

PP (Mar. 22 - Apr. 26, 2018)  <0.010 0.023 0.624 

Year 2 periods    

PH (Oct. 19 - Dec. 18, 2018)  0.297 0.011 0.051 

ST (Mar. 15 - Apr. 12, 2019)  0.182 0.002 0.004 

Cumulative N2O-N (g ha-1) for main effects† 

 -------- Tillage -------- -------------------- Rotation -------------------- 

Year 1 periods NT CT CCSS SSCC CCSWrc SWrcCC 

ST (Feb. 21 - Mar. 21, 2018) 163.8 b  375.8 a 117.6 b 516.8 a 251.3 ab 193.5 ab 

PP (Mar. 22 - Apr. 26, 2018) 42.3 b 113.8 a 33.3 b 111.5 a 98.7 a 68.7 ab 

Year 2 periods NT CT CCSS SSCC CCSWrc SWrcCC 

PH (Oct. 19 – Dec. 18, 2018) 122.2   144.3   48.5 b  159.5 b  84.6 b  240.6 a  

Cumulative N2O-N (g ha-1) for the interaction § 

----- Tillage ----- ----------------------------------- Rotation ----------------------------------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 258.8 b B ‡ 78.2 c B 435.8 a A 344.1 ab A 

CT 367.6 ab A‡ 209.9 b A 559.5 a A 164.3 b B 
† Lowercase letters show a difference within the main effect (i.e., tillage or rotation) per period. 

§ Lowercase letters shown a difference in rotation within a tillage treatment (i.e., within a row), and uppercase letters show differences in tillage 

within a rotation treatment (within a column). 

‡ marginal significance for tillage within the rotation treatment (within a column) (p<0.10)



27 
 

Nitrous oxide emission factors for above- and below-ground residues  

Emissions factors for winter, ST, PP, PH, and whole NGS were low over the 2-yr (Table S.4). 

Here we focus on values for ST since this period had the highest N2O intensity and cumulative 

emissions. Regardless of tillage and rotation effects, EF during the 30-day ST period of the 2 years, 

ranged from 0.001 – 0.019% and 0.001 – 0.029% for AG and BG, respectively (Table 2.3). For 

example, from the 2.3 g N m-2 added in corn AG residue from CCSS (Year 1) only 0.046 mg N m-

2 were emitted over the 30-day thaw period. For Year 1, AG- and BG-EF were not affected by 

tillage or rotation, with an average of 0.006% and 0.009% for AG and BG residues, respectively 

(Table 2.3). For Year 2, rotation significantly affected N2O EF during ST, and legume presented 

higher values than cereal residue for AG and BG (Table 2.3). Thus, CCSS presented 3.4- and 2.7-

times higher emission factors than SSCC, for AG and BG, respectively, although values were 

never higher than 0.009% (Table 3). The same pattern happened for the diverse rotation and 

CCSWrc presented EF values 3.0- and 2.8-times higher than SWrcCC, for AG and BG respectively, 

with values never surpassing 0.011% (Table 2.3).  

Table 2.3. Nitrous oxide emission factors (%) of above- and below-ground crop residues in 

response to tillage and rotation for the spring-thaw of Years 1 and 2. The crop phase studied is 

underlined and bold. 

----------- Spring-thaw (Year 1) ----------- ----------- Spring-thaw (Year 2) ----------- 

Rotation 
Above-ground§ Below-ground§ 

Rotation 
Above-ground† Below-ground† 

CT NT CT NT CT NT CT NT 

CCSS 0.002 0.002 0.002 0.002 CCSS 0.009 a 0.008 a 0.002 ab 0.006 ab 

SSCC 0.012 0.019 0.029 0.014 SSCC 0.002 b 0.004 b 0.001 c 0.002 c 

CCSWrc 0.003 0.004 0.007 0.003 CCSWrc 0.011 a 0.010 a 0.009 a 0.008 a 

SWrcCC 0.001 0.002 0.009 0.002 SWrcCC 0.001 b 0.006 b 0.001 bc 0.005 bc 
§ rotation, tillage, and, rotation x tillage not significant (p>0.05) 

† tillage, and, rotation x tillage not significant (p>0.05). Letters are Duncan`s classes between rotation 

(p<0.05)  
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Crop residue and soil N derived spring-thaw N2O emissions 

The contribution of crop residues to ST N2O emissions was small for Year 1, averaging 

0.4% and 0.8% of the total emissions for AG and BG, respectively (Table 4). Indigenous soil N, 

calculated as the difference between total and residue-derived N2O emissions, accounted for the 

majority of the N2O emitted during ST of Year 1, or 98.8% for all rotations averaged together 

(Table 2.4). For Year 1, indigenous soil-N derived emissions were significantly affected by tillage 

and rotation (p<0.05), but no significant effect was seen for AG and BG residue derived N2O 

emissions (p>0.05) (Table 2.4). For the tillage effect, CT plots showed indigenous soil N derived 

N2O emissions ~2.3-times higher than NT (p>0.05), a difference of 210.9 g N2O-N ha-1 (Table 

2.4). For the rotation effect, phases containing cereal crop showed the lowest soil N derived N2O 

emissions (i.e., CCSS, SWrcCC), although CCSWrc was in the same class of emissions as SSCC 

(Table 2.4)
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Table 2.4. Contribution expressed as g N ha-1, of above- (AG) and below-ground (BG) residues, 

and indigenous soil-N to cumulative N2O emitted during the spring-thaw of Years 1 and 2. The 

percentage of total N2O emission derived from each source is shown in brackets. Letters indicate 

Duncan’s classes, and an asterisk indicates a significant difference between CT and NT (p<0.05). 

§ Main tillage and rotation effects were significant for Indigenous Soil-N (p<0.05), but no effects were 

found for AG and BG. 

† Significant tillage effect for AG only, and rotation effect for BG only (p<0.05). Significant tillage by 

rotation interaction for Indigenous soil -N. 

‡ Interaction presented where lowercase letters show differences between rotations within each tillage 

treatment (i.e., within a row), and uppercase letters show differences between tillage practice within a 

rotation treatment (i.e., within a column). Within CCSS and SSCC, the tillage effect was marginally 

significant (p<0.10).

Year 1§ 

N2O from: 
--------------------- Rotation --------------------- --- Tillage --- 

CCSS SSCC CCSWrc SWrcCC CT NT 

AG  
0.5  1.6   1.1  1.0  0.8  1.3  

(0.4%) (0.3%) (0.5%) (0.5%) (0.2%) (0.8%) 

BG 
0.6  4.2  1.5  2.5  3.0  1.4  

(0.5%) (0.8%) (0.6%) (1.3%) (0.8%) (0.9%) 

Indigenous Soil-N  
116.5 b 510.9 a 248.7 ab 190.1 b 372.0* 161.1* 

(99.1%) (98.9%) (99.0%) (98.2%) (98.3%) (99.0%) 

Year 2† 

N2O from: 
--------------------- Rotation --------------------- --- Tillage --- 

CCSS SSCC CCSWrc SWrcCC CT NT 

AG 
0.7  0.7  1.0  1.2  0.7* 1.1* 

(0.2%) (0.5%) (0.2%) (0.5%) (0.2%) (0.4%) 

BG 
1.0 ab 0.5 b 2.5 a 1.3 ab 0.9  1.7  

(0.3%) (0.4%) (0.5%) (0.5%) (0.3%) (0.6%) 

Indigenous Soil-N, Year 2 ‡ 

----- Tillage ----- 
--------------------- Rotation --------------------- 

CCSS SSCC CCSWrc SWrcCC 

NT 256.5 b B 70.7 c B 432.1 a A 339.9 ab A 

CT 366.4 ab A 208.9 b A 556.0 a A 163.7 b B 
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 The sourcing of the total N2O emitted from AG and BG residue N, and indigenous soil N 

for ST of Year 2 showed the same overall pattern as the one seen for Year 1, and indigenous soil 

N always contributed to >99% of the total N2O emissions (Table 2.4). Although the contribution 

of crop residues to cumulative N2O emission over ST was minimal, differences due to tillage and 

rotation were present. For AG residues, the rotation effect was not significant (0.9 g N ha-1 

averaged over all treatments), while NT induced higher N2O from residue than CT (Table 2.4). 

For BG residues, legume showed a numerically higher contribution to total N2O than cereal 

residues, although values never surpassed 2.5 g N ha-1 over ST (Table 2.4). 

  Indigenous soil N, the major contributor to N2O emissions over ST of Year 2, presented a 

significant tillage by rotation interaction (p<0.05). The interaction was studied by unfolding tillage 

into rotation treatment and vice-versa. The rotation effect from ST of Year 2 agreed with the results 

from Year 1, with legumes presenting higher indigenous soil N derived N2O than cereal residues. 

Thus, within CT plots CCSS had ~1.7-times numerically higher N2O totals than SSCC and 

CCSWrc had ~3.4-times significantly higher emissions than SWrcCC (Table 2.4). Whereas for NT, 

CCSS had ~3.6-times significantly higher N2O totals than SSCC and CCSWrc ~1.3-times 

numerically higher emissions than SWrcCC (Table 2.4). When the tillage effect was investigated 

within each rotation treatment separately, the trend of CT plots presenting significantly (i.e., CCSS 

and SSCC) or numerically (i.e., CCSWrc) higher indigenous soil N derived N2O emissions than 

NT was present (Table 2.4). The only exception was seen for SWrcCC when NT presented ~2.1-

times higher indigenous soil N derived N2O than CT (Table 2.4). The legacy effect of rotation on 

indigenous soil N derived N2O emissions followed what was found for the total N2O emissions of 

Year 2, and corn and soybean showed significantly or numerically higher values when under 

diverse than simple rotation (except for corn under CT) (Table 2.4). 
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Discussion 

Range of emissions and tillage effect on N2O emissions 

Cumulative emissions over ST, the critical period with potential for high N2O peaks in 

locations subjected to cycles of freeze-thaw (Lemke et al., 1999; Abalos et al., 2016; Wagner-

Riddle et al., 2017), ranged from 78.2 to 559.5 g N ha-1 across the rotation and tillage levels tested 

in our study. This is within the range of cumulative N2O emission over ST (25.3 to 2348.0 g N ha-

1), from a corn-soybean-wheat rotation study using 7 years of data measured quasi-continuously 

with a micrometeorological method at an adjacent field (Ferrari Machado et al., 2019). Cumulative 

emissions decreased following the N2O emission peaks of ST (i.e., over the 35 days of the PP 

period), ranging from 33.3 to 111.5 g ha-1, or after crop harvest (i.e., 60 days PH period), ranging 

from 48.5 to 240.6 g N ha-1 (Table 2.2). Cumulative N2O emissions over the 3-months winter 

season, not determined in our study, averaged 305 g ha-1 over 5 years (i.e., from 2000-2005) of a 

previous corn-soybean-wheat study conducted at the same location (Wagner-Riddle et al., 2007). 

Thus, ST was overall the most important period for non-growing season N2O emissions and 

presented the highest intensity and cumulative emissions. 

 The tillage effect on non-growing season N2O emissions was consistent over the studied 

periods, with CT soil emitting significantly or numerically higher N2O than NT. The only 

exception happened during ST of Year 2 when SWrcCC presented significantly lower N2O 

emissions under CT than NT (Table 2.2). Increased freeze-thaw derived N2O emission from CT 

compared to NT, have been reported in the literature (Lemke et al., 1999, Wagner-Riddle et al., 

2007), and have been explained by differences in degree of soil freezing (Abalos et al., 2016; 

Wagner Riddle et al., 2017; Yang et al., 2018). The higher degree of soil freezing from CT than 

NT soils could induce higher mineralization of labile organic matter (Christensen and Christensen, 
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1991; Herrmann and Witter, 2002), microbial cytoplasmatic release (Schimel et al., 2007) and  

disruption of soil aggregates followed by release of previously protected soil organic matter (Oztas 

and Fayetorbay, 2003). These mechanisms could have increase N availability to denitrifiers, and 

resulted in higher N2O emissions under CT than NT. In addition, the nitrous oxide reductase 

enzyme (nosZ), which converts N2O to N2 (i.e., complete denitrification), is temperature sensitive 

and can promote increased N2O fluxes under low soil temperatures (Holtan-Hartwig et al., 2002). 

Conventionally tilled soil might have experienced higher N2O / (N2O+N2) ratio than NT due to the 

higher soil freezing degrees and temperature fluctuations, contributing to the differences in N2O 

emissions between CT and NT seen in our study.  

Short- and long-term effects of crop rotation on N2O emissions 

 Quantity and chemical composition of recently added crop residues, the short-term effect of 

the crop rotation, affected N2O emissions. Independently if under simple or diverse rotation, 

soybean residue presented higher emission than corn residue (except for the PH period in Year 2). 

The cereal phases (i.e., corn and winter wheat) yielded high C/N ratio residues at high quantities 

(Taveira et al., 2020), compared to soybean that yielded much lower residue inputs with lower C/N 

ratio (Table 2.1). Quantity and chemical composition (e.g., C/N ratio) dictate microbial N demand 

during utilization of carbon from crop residues (Korsaeth et al., 2002). For our study, higher 

microbial N demands likely happened after the cereal than the soybean residue addition, resulting 

in higher immobilization of soil N and ultimately lower non-growing season N2O emissions after 

cereal than soybean phases.  

 The 35+ year legacy effect of crop rotation on N2O emissions was assessed by comparing 

the same crop phase under simple or diverse rotation (i.e., CCSS vs. CCSWrc for Year 1; CCSS 
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vs. CCSWrc and SSCC vs. SWrcCC for Year 2), that is, the same crop residue added to soil that 

had been managed in contrasting rotations. Overall, significantly or numerically higher N2O 

emissions occurred under diverse than simple rotation during the non-growing season (except for 

corn under CT, during ST of Year 2) (Table 2.2). This legacy effect of crop rotation could 

potentially be associated with differences in soil organic carbon (King et al., 2020), abundance of 

genes associated with nitrification and denitrification reactions (Linton et al., 2020) and soil 

physical properties (Munkholm et al., 2013) between simple and diverse rotations after almost 40 

years of trial. The typically ~ 1.2-times greater crop residue biomass inputs over the 4 years of the 

diverse than the simple rotation (Table 2.1), and the two years of soybean on the simple rotation 

(i.e., associated with decreases in SOC) have promoted soil organic carbon changes at the 0-20 cm 

soil depth over time, with ~17% higher values for CCSWrc than CCSS (King et al., 2020). 

Increased mineralizable C supports microbial denitrification and can explain the higher N2O 

emissions in CCSWrc than CCSS. In addition, the improved soil quality (i.e., aggregation, porosity, 

and root growth) under diverse than simple rotation in this site (Munkholm et al., 2013) promoted 

increased nitrifying, denitrifying, and total bacterial abundance in soil according to research 

conducted by Linton et al. (2020). The authors found increased amoA abundance (a nitrification 

gene), 1.3-times greater nosZ2 (a denitrification gene), and 1.4-times higher total bacterial 

abundance under diverse than simple rotation. Whereas increased amoA and total microbial 

abundance can support N2O production by providing N substrates to denitrifiers and increased 

microbial activity during N metabolism, respectively, the inverse also happens as the greater nosZ2 

abundance can promote higher complete denitrification in diverse than simple rotations (Linton et 

al., 2020; Mafa-Attoye et al., 2020). 
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Contribution of crop residues and indigenous soil N to spring-thaw N2O emissions 

Most of the spring-thaw N2O emissions from the 2 years of our research were derived from 

indigenous soil N (i.e., the combination of crop residues at 15N natural abundance from longer 

timescales and soil organic matter), with minimal (< 2%) contribution from recently added crop 

residues (Table 2.4). Crop residues did not contribute to N2O emissions even if other periods of 

the non-growing season with lower emission (i.e., PH, PP and W) were considered, since EF was 

always low (Table S.4). Thus, tillage and rotation affected N2O emissions by promoting 

mineralization or immobilization of indigenous soil N rather than by affecting crop residue N 

release for N2O production. 

 The low contribution of recently added crop residues as an N substrate to N2O emissions found 

by our study aligns with the N cycling study by Taveira et al. (2020) conducted on this long-term 

trial. The authors indicated that most (66%) of the N contained in corn grain was derived from 

indigenous soil N, while N fertilizer and crop residues accounted for 26 and 8%, respectively. A 

similar situation was found for soybean, but due to the lack of N fertilization and to biological 

fixation of N, almost all (97%) of the N in the seeds was derived from indigenous soil N, with 

minimal contribution from recently added corn residues (3%). Results by Taveira et al. (2020) are 

evidence that N release from recently added crop residues during the immediate year after residue 

return to the field is reduced. This can explain why the contribution of recently added crop residues 

as a N source to N2O emissions seen in our study was low (< 2%). Decreased spring-thaw N2O 

emissions due to presence of crop residues was reported in a study by Congreves et al. (2016). The 

authors contrasted field-scale plots with or without residue removal, and found higher emissions 

when residues where removed, a suggestion that recently added crop residues are potentially not a 

significant N source to N2O emissions. Here we directly quantified the contribution of crop 
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residues to ST N2O emissions through 15N isotope techniques and obtain conclusive evidence to 

support our hypothesis of negligible contributions from recently added crop residue. Rather, our 

results suggest freeze-thaw mechanisms that increase N availability from indigenous soil N are the 

major contributors to N2O emissions during ST.  

For the tillage effect, CT induced higher indigenous soil N derived N2O emission than NT 

(except for SWrcCC) (Table 2.4), which could be related to enhanced freeze-thaw mechanisms that 

increase N availability to denitrifiers (Christensen and Christensen, 1991; Herrmann and Witter, 

2002; Oztas and Fayetorbay, 2003; Schimel et al., 2007; Wagner Riddle et al., 2017), since CT 

presents higher degree of soil freezing than NT (Wagner-Riddle et al., 2007; Yang et al., 2018). 

The only treatment where the contribution of indigenous soil N to N2O emissions was higher under 

NT than CT was SWrcCC. When this rotation was managed as no-till it had a significantly higher 

emission than SSCC also managed under NT (344.1 vs. 72.2 g N2O-N ha-1), presumably associated 

with the legacy effect of having red-clover as a cover crop in the rotation (Table 2.4). Crop residues 

decompose faster under CT than NT (Lupwayi et al., 2004; Beyaert and Voroney, 2011), and the 

winter wheat plus red clover residue from the SWrcCC rotation (i.e., indigenous soil N pool during 

Year 2), may have mineralized faster under CT than NT. Winter wheat under- seeded with red 

clover presented the highest total N among the residues tested in our study (Table 2.1). After one 

year, the residue was likely more decomposed and releasing less N under CT than NT. This could 

be the reason why NT presented higher indigenous soil N derived N2O emissions than CT for 

SWrcCC.  
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Implications for N2O emission inventories of locations subjected to spring-thaw 

conditions 

Our finding of negligible contribution of recently added crop residues to spring-thaw N2O 

emissions has significant implications for estimating N2O emissions in national GHG inventories 

for countries subjected to cold climates.  The default crop residue EF of 0.6% for wet climates is 

intended to describe the ‘life-time’ contribution of added residue N to N2O emissions (IPCC, 

2019).  EFs for recently added crop residue in our study never surpassed 0.05% over the 6 months 

non-growing season.  It may be argued that cold conditions would have prevented decomposition 

of residues. But Beyaert and Voroney (2011) showed that 64-71%, 32-47%, and 46-59% of corn, 

soybean and winter wheat C biomass added post-harvest, respectively, remained in the soil by the 

following April – evidence of significant decomposition during the non-growing season of a 

location subjected to cold winters. Therefore, we caution that the EF of 0.6% (IPCC, 2019) for 

cold climates could be an overestimate because it is unlikely that crop residue contribution to N2O 

emissions during the growing season would be high enough to compensate for low contributions 

we observed during the 6 months of the non-growing season. 

Significantly, our results indicate alternative approaches should be used to predict freeze-

thaw N2O emissions (e.g., Rochette et al., 2008; Wagner-Riddle et al., 2017), without the risk of 

‘double-counting’ freeze-thaw and crop residue induced non-growing season emissions. The 

finding that contribution of recently added crop residues to N2O emissions during the non-growing 

season was minimal (< 2%) suggests other N substrate sources such as organic matter 

mineralization, aggregate disruption, and microbial cell lysis or cytoplasmatic secretion lead to ST 

N2O emissions (Congreves et al., 2018). Our results support the creation of ST specific N2O 
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emission factors, which would consider substrate release from these other sources, while also 

considering how crop residues impact N release or immobilization. 

Conclusion 

Over two non-growing seasons with frequent freeze-thaw cycles, N2O emissions were 

measured and 15N-labelled crop residue was traced into 15N2O flux for simple and diverse rotations 

under NT or CT in a 35+ years long-term trial. Overall, CT consistently resulted in higher N2O 

emissions than NT, regardless of rotation, as expected due to the higher freezing intensity in CT 

previously observed. Crop rotation presented a short-term effect on N2O emissions, with soybean 

residue overall inducing higher N2O emission than corn residue. A long-term legacy effect was 

also observed with the same crop residue showing a trend towards higher N2O emissions when in 

a diverse compared to a simple rotation.  The 15N tracing study showed that recently added AG 

and BG residue N contributed < 2% of the N2O emissions during ST, the critical 30 days when the 

bulk of the non-growing season emissions occur, with > 98% derived from indigenous soil N. 

Thus, the observed tillage and rotation effects on N2O emissions were due to crop residue inducing 

mineralization or protecting indigenous soil N from losses, rather than by affecting crop residue N 

release. The EF for recently added crop residue directly derived from 15N2O flux measurements 

never surpassed 0.05% over the 6 months non-growing season, a minimal fraction of the 0.6% 

default EF recommended for this region. There are two important implications of these findings. 

Firstly, default crop residue EF may be overestimated but additional studies over the whole year 

are needed to corroborate this. Secondly, non-growing season emission induced by FT cycles 

should be modelled with a separate approach without concern for ‘double counting’ by considering 

substrate release from other sources than crop residue (e.g., soil organic matter).  
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Chapter 3 – Contribution of crop residues, soil, and fertilizer nitrogen to nitrous oxide 

emissions varies with long-term crop rotation and tillage ** 

** Manuscript submitted to Science of the Total Environment. 

Abstract 

Agriculture is an important contributor to N2O emissions – a potent greenhouse gas – with 

high peaks occurring when soil mineral nitrogen (N) is high (e.g., after mineralization of organic 

N and N fertilizer application). Nitrogen dynamics in soil and consequently N2O emissions are 

affected by crop and soil management practices (e.g., crop rotation and tillage), an effect mostly 

assessed in the literature through comparisons of total N2O emission. Hence, information is scarce 

on the effect of these management practices on specific N sources affecting N2O emissions (i.e., N 

fertilizer, soil, above and belowground crop residues) – a knowledge gap explored in this study 

with the use of 15N tracers. The isotope approach enabled refinement on global N2O budget by 

directly determining the emission factors (EF) of above and belowground crop residues that vary 

in chemical composition and comparison with default EF values (e.g., IPCC EFs). Our experiment 

was conducted over the full-cycle of long-term crop rotations to (i) compare N2O totals and 

intensity, under no-tillage and conventional tillage, simple and diverse rotation; (ii) partition of 

total N2O emissions into soil, N fertilizer, above and belowground crop residue N sources; (iii) 

compare the 12-month EF of crop residue against the default values proposed by IPCC (2019). 

For the tillage effect, annual N2O emissions were from 1.2- to 2.0-times higher on CT than NT soil 

due to 40% increased soil N derived N2O emission in CT. The diversified crop rotation emitted 

1.3-times higher N2O than the simple rotation over the full-cycle of the rotations, but the effect 

was due to differences in N fertilizer usage between the rotations since emissions were equivalent 
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when scaled by N rate. Finally, our results suggested that default IPCC EF are overestimated for 

crop residues under CT and NT, simple and diverse rotations as measured EFs never surpassed 

0.1%. 

Graphical abstract 

 

Highlights 

• Crop rotation and tillage effects on N2O emissions were analyzed with a 15N isotope study 

• Contribution of N fertilizer, soil, and crop residues to N2O fluxes was determined 

• Conventional tillage increased contribution of soil N and N2O emissions 

• Diverse and simple rotations emitted equivalent amounts of  N2O (scaled by N usage) 

• IPCC overestimates EF of crop residues as measured values never surpassed 0.1% 
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Introduction 

Agriculture is the major contributor to anthropogenic nitrous oxide (N2O) emissions (Reay 

et al., 2012), a potent greenhouse gas contributing to climate change and stratospheric ozone 

depletion (Ravishankara et al., 2009). The majority of N2O emissions from agricultural soils are 

derived from nitrification and denitrification reactions (Charles et al., 2017), and are increased 

when soil mineral N content is high (Burton et al., 2008; Pelster et al., 2012; Thangarajan et al., 

2018; Machado et al., 2020a). Increased soil mineral N occurs following the addition of synthetic 

N fertilizers (Tenuta et al., 2016; Krol et al., 2020; Machado et al., 2020a) and mineralization of 

organic matter (Clivot et al., 2017; Wu et al., 2017) and organic amendments, such as crop residues 

(Chen et al., 2013; McDaniel et al., 2014; Charles et al., 2017; Akiyama et al., 2020). Nitrogen 

inputs are accounted as sources for N2O emissions with the Intergovernmental Panel on Climate 

Change (IPCC) suggesting an emission factor (EF) of 0.6% for crop residue inputs in wet climates 

– a value lower than the 1.6% suggested for fertilizer inputs under the same conditions. Emission 

factors carry large uncertainty with the crop residue EF ranging from 0.1% to 1.1% (IPCC, 2019) 

and representing the average for different types of organic amendments.  

Organic amendments differ in chemical composition, which impacts the dynamics of 

decomposition and release of mineral N (Mary et al., 1996; Chen et al., 2013). For example, crop 

residues and cover crops were shown to release mineral N (Chen et al., 2013; McDaniel et al., 

2014), but immobilization of soil N occurred for residues with a high C:N ratio (Green and 

Blackmer, 1995; Sakala et al., 2000; Gentile et al., 2008; Machado et al., 2020b). The influence of 

the C:N ratio of crop residues on N2O emission was also explored in the meta-analysis by Charles 

et al. (2017). The authors concluded that residues with a C:N ratio higher than 21.3 would not 

increase N2O emissions. Machado et al. (2020b) reported very low N2O EF of crop residues (i.e., 
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<0.05%) for the Nov-Apr non-growing season period of a place subjected to cold weather. Such a 

low EF over the 6-month non-growing period implies a high EF for the subsequent growing season 

is required for the annual crop residue EF to approach the default value of 0.6% (IPCC, 2019). 

More likely, the annual default EFs might be overestimated for crop residues. Measurements 

directly tracing crop residue N into derived N2O emissions are urgently needed to refine the global 

N2O budget, which should be specific for above and belowground crop residues as N supply to 

crops from these fractions was shown to differ (Arcand et al., 2014).  

Indigenous soil N, or the N mineralized from soil organic matter, is another N source 

promoting N2O emissions. Management practices that enhance soil organic matter levels — for 

example diversified crop rotations (Nunes et al., 2018; King et al., 2020) — are the foundation for 

sustainable crop production (Janzen, 2006; Hou et al., 2020) but could increase N2O emissions if  

the soil N supply capacity is increased. In addition, soil microbial communities related to N2O 

consumption or production are affected by crop rotations and associated soil organic matter levels. 

For example, persistently higher nosZ2 abundance was observed in a long-term diverse (i.e., corn-

corn-soybean-winter wheat under seeded with red clover) compared to a simple rotation (i.e., corn-

corn-soybean-soybean) (Linton et al. 2020). The nosZ2 gene encodes the nitrous oxide reductase 

enzyme, which converts N2O to N2 (i.e., complete denitrification) (Conthe et al., 2018), and can 

reduce N2O emissions (Philippot et al., 2011; Vieira et al., 2019; Mafa-Attoye et al., 2020). Hence, 

the long-term effect of crop rotations on N2O emissions becomes complex as increased organic 

matter content can promote N2O emissions if there is increased mineralization, but persistently 

higher nosZ abundance can decrease N2O emissions by reducing the N2O/ (N2 + N2O) ratio. 

Nitrous oxide emissions are also affected by soil management practices, such as tillage 

(Drury et al. 2012; Ruan and Philip Robertson, 2013; Omonode and Vyn, 2019; Pareja-Sánchez et 
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al., 2020). Soil disturbances influence nutrient cycling of crop residues and organic matter 

(Ramnarine et al., 2018; Zhang et al., 2019) and soil N dynamics (Bini et al., 2014; Taveira et al., 

2020). Besides, no-tillage (NT) promotes higher soil water storage and water-filled pore space than 

conventional tillage (CT) (Page et al., 2019; Machado et al., 2020b). Soil water content dictates 

the activity of functional genes associated with denitrification and therefore affects N2O emissions 

(Tosi et al., 2020). Compared to CT, no-tillage systems were shown to stimulate carbon and 

nutrient cycling (Bini et al., 2014), increase soil organic carbon over the long-term (Varvel et al., 

2010; Fiorini et al., 2020), and increase potentially mineralizable N or soil labile N (Martínez et 

al., 2017). Hence, because tillage affects multiple soil parameters concomitantly, comparison of 

N2O emissions of CT vs. NT show inconsistent results in the literature, with higher N2O emissions 

for CT than NT (Ruan and Philip Robertson, 2013; Omonode and Vyn, 2019; Fiorini et al., 2020; 

Machado et al., 2020b) and vice-versa  (Lognoul et al., 2017; Badagliacca et al., 2018; Niu et al., 

2019; Pelster et al., 2020). Although the tillage effect on N2O emissions is a topic widely explored 

in the literature, to our knowledge quantification of the N sources (i.e., N fertilizer, soil N, crop 

residues) contributing to annual N2O emissions under different degrees of tillage for diverse or 

simple crop rotations has not been attempted but could be achieved with the use of 15N tracers.    

Artificial enrichment of crop residues in situ with 15N tracer enables the study of N fate 

(Zebarth et al., 1991; Fillery and Recous, 2001; Rashti et al., 2017; Taveira et al., 2020). We 

recently used this technique to determine that above and belowground crop residues have a 

negligible contribution to freeze-thaw derived N2O emissions during the non-growing season 

(Machado et al., 2020b). A 15N isotope study for the growing season period would allow for 

comparisons with IPCC (2019) factors and quantification of the contribution of N pools to N2O 

emissions in response to crop rotation and tillage. For the growing season, determination of N2O 
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intensity becomes particularly important as tillage and crop rotations have the potential to affect 

crop yields and N2O emissions concomitantly (Mosier et al ., 2006; Van Kessel et al., 2013). The 

objectives of our research were to: (i) compare total N2O emission and intensity for the growing 

season period of simple or diverse 4-yr rotations under no-tillage and conventional tillage; (ii) 

derive N2O annual totals for these treatments partitioned into indigenous soil N, above and 

belowground crop residue and N fertilizer derived sources; (iii) to compare the 12-month emission 

factors of crop residue against the default values proposed by IPCC (2019). 

Material and Methods 

Site description and experimental design  

This experiment is one of a series of complementary experiments conducted from 2017 to 

2019 at the Elora long-term rotation and tillage trial (43o39'N, 80o25'W, 376 m elevation) to study 

N cycling and recovery (Taveira et al., 2020), N cycling bacterial groups (Linton et al., 2020), soil 

organic carbon and aggregation (King et al., 2020), and contribution of N sources to spring-thaw 

N2O emissions (Machado et al., 2020b).  Here we report on N2O measurements over two growing 

seasons (i.e., 2018 = GS1; 2019 = GS2), which were added to the non-growing season emission 

values derived by Machado et al. (2020b) to compile annual cumulative N2O emissions. 

Measurements for different phases of the crop rotation within a year allowed for estimates of total 

N2O emission accumulated over the 4-yr rotations (see below).  

The long-term rotation and tillage trial was established in 1980 using a split-plot design 

with four blocks, 4-yr crop rotations as the main plot, and tillage as the split-plot (Gaudin et al., 

2015; Munkholm et al., 2016; Machado et al., 2020b). The soil at the experimental site is classified 

as a Woolwich silt loam (Munkholm et al., 2013) with 17% sand and 27% clay, which is an Albic 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2486.2012.02779.x?casa_token=wLtOCIv-4-0AAAAA%3AGqEGGLtDZbQfRqlVsZPnRfwgcvw3M8ZHC03sOedt9gsN9pSL4t_y285skHfSas2vs0-OyAzY3Cw_SLY1#gcb2779-bib-0047
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Luvisol in the FAO system (WRB, 2006), and a total organic carbon content of 21.2 g C kg-1 in 

the top 0–20 cm soil depth (Ramnarine et al., 2015). The climate in Elora is classified as humid 

continental (Dfb) according to the Köppen–Geiger classification system (Peel et al., 2007), with 

annual precipitation of 946 mm and an annual average temperature of 6.7o C (ECCC, 2020). 

We studied a simple (i.e., corn-corn-soybean-soybean – CCSS) and a diverse (corn-corn-

soybean-winter wheat under seeded with red clover - CCSWrc) rotation, each under no-tillage and 

conventional tillage. The simple and diverse rotations were originally established so that two 

phases of the rotations were present in the same year: CCSS and SSCC for the simple, CCSWrc 

and SWrcCC for the diverse rotation. Our research evaluated the third and fourth years of the tenth 

cycle of these 4-yr rotations in GS1 and GS2, respectively, shown as bold and underlined letters 

in the sequence: CCSS, SSCC, CCSWrc, and SWrcCC in GS1 and CCSS, SSCC, CCSWrc, and 

SWrcCC in GS2. Thus, when combining data from GS1 and GS2, and because two phases of the 

same rotation were measured per year (i.e., phases 1 and 3 in GS1; phases 2 and 4 in GS2), a 

complete 4-yr cycle of CCSS and CCSWrc was estimated with 2 years of measurements. The tillage 

treatments included NT and CT using a moldboard plow in the fall (~20 cm depth) followed by 

secondary tillage in the spring (i.e., two passes of field cultivator and packer before planting) 

(Munkholm et al., 2013). Additional details on the design of the complete trial and history of 

management practices can be found in Meyer-Aurich et al. (2006), Gaudin et al. (2015), and 

Munkholm et al. (2016). 

Crop management 

For GS1, all conventionally tilled plots were cultivated on May 14, 2018. Corn for 

treatments SSCC and SWrcCC was planted on May 17, 2018, received 180 kg N ha-1 (10 kg ha-1 

https://www-sciencedirect-com.subzero.lib.uoguelph.ca/science/article/pii/S0925857415302676#bib0080
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of seed-placed starter fertilizer and the remaining 170 kg ha-1 injected as UAN on June 19, 2018) 

and was harvested on October 19, 2018. Soybean for treatments CCSS and CCSWrc was planted 

on May 24, 2018, did not receive any N fertilizer over the growing season, and was harvested on 

September 27, 2018. All plots were moldboard plowed on November 14, 2018, except for CCSWrc 

– which was subjected to one pass with a soil cultivator on October 10, 2018, to allow for winter 

wheat seeding. For GS2, winter wheat plots of treatment CCSWrc received 136 kg N ha-1 as 

ammonium nitrate on April 16, 2019. Red clover (rc) was under seeded into winter wheat plots on 

the same date the N fertilizer was applied, and winter wheat was harvested on August 16, 2019. 

Conventionally tilled corn and soybean plots were cultivated and packed, on May 22 and 23, 2019, 

respectively. Corn for treatments SSCC and SWrcCC was planted on June 3, 2019, received 182 

kg N ha-1 (6 kg ha-1 of seed-placed starter fertilizer, 26 kg N ha-1 injected as UAN at planting, and  

150 kg N ha-1 injected as UAN on June 24, 2019), and was harvested on November 2, 2019. 

Soybean for treatments CCSS was planted on June 7, 2019, did not receive any N fertilizer, and 

was harvested on October 8, 2019. Weed control was achieved using pre- and post-emergence 

herbicide application. 

15N isotope study  

Labelled above and belowground crop residues were produced in 15N microplots in a 

complementary study by Taveira et al. (2020) for determination of 15N recovery from crop residue 

by subsequent crops. Details of 15N-enriched urea application at the start of the preceding crop 

growing season, harvesting and characterization of the 15N-enriched crop residue and residue 

swapping approach are given in Taveira et al. (2020). Briefly, two micro plots (1.5 m wide by 0.67 

m long) were established per split-plot at the beginning of the growing season that preceded GS1 
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(i.e., May 2017) and GS2 (i.e., May 2018), for a total of 32 15N enriched microplots, and 32 natural 

abundance (NA) microplots. Whereas one microplot received 15N enriched urea (15N-microplot), 

the other received natural abundance urea (NA-microplot). The microplots were centered in each 

split-plot to prevent border effects (i.e., spaced 2 to 3 m from each other and 1.5 to 2 m from the 

end of the split-plots). The microplots were hand-harvested on October 10, 2017, for GS1 (except 

for winter-wheat, harvest earlier on August 2, 2017), and on October 9, 2018, for GS2. 

Once all field operations were finalized (October 18, 2017, and October 10, 2018, for GS1 

and GS2, respectively), the aboveground residue was returned to the field to the opposite microplot 

from which it had been collected at harvest (i.e., residue swapping), and secured with a 2 mm mesh 

diameter screen. That is, aboveground residues from 15N- microplots were placed in NA- 

microplots, while aboveground residue from NA- microplots were placed in the 15N- microplots. 

Thus, the NA-microplots became areas where only the aboveground residue was enriched with 

15N (AG15N) while the 15N- microplots became areas where only the below ground residue plus 

soil were enriched with 15N (BG15N). Isotope analysis on crop residue and soil samples were 

performed by Taveira et al. (2020) with 15N atom% excess values reported in Machado et al. 

(2020b).  

Nitrous oxide gas sampling and flux calculations 

Nitrous oxide fluxes were measured inside the microplots during the growing seasons, 

complementing measurements conducted during the non-growing season at the same site as 

reported in Machado et al. (2020b). Fluxes were measured 23 times from May 4 to September 26, 

2018 (GS1), and 29 times from April 18 to October 21, 2019 (GS2) in AG15N and BG15N 

microplots to determine the proportion of flux derived from recently added AG residues or BG 
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residues + residual N from previous fertilization. Manually operated, opaque, non-steady and 

vented chambers were used according to protocols and flux calculation described by Machado et 

al. (2020b). Briefly, one 173.2 cm2 aluminum collar was installed into the soil per micro plot 

(n=64) one day before the initial measurements. To determine the 15N natural abundance of N2O, 

one additional collar was installed per split-plot, outside the microplots, and randomly located in 

two out of the four blocks. Measurement of natural abundance N2O in all four blocks was deemed 

unnecessary as it was expected that values would not change significantly between the four blocks.  

For the period post N fertilization in corn plots, collars were positioned over the fertilizer 

injection band half-way between corn rows. To avoid overestimating due to collar placement over 

the injection zone, fluxes were scaled up using measurements from additional collars installed 

outside of the injection area in 2 out of 4 blocks following the procedure described by Cambareri 

et al. (2017). During each sampling event, chambers were positioned over the collars, sealed, and 

a single gas sample collected after 20 min, following the optimized protocol for headspace 

sampling in chamber methods by Chadwick et al. (2014). The linearity of the N2O emissions 

during 20-min deployment time at this location was reported by Linton et al. (2020) in a study 

using high-frequency automatic chambers – with results shown in Machado et al. (2020b). Gas 

samples were collected using a disposable 30-mL syringe equipped with a 25-gauge, 40 mm needle 

and transferred to pre-evacuated 12-mL Exetainer® vials. In addition, 12 ambient air samples (three 

per block) were collected on each sampling date, with the average N2O concentration for these 

samples used as the “time-zero” (t0) N2O measurement. Samples were collected during mid-

morning on a twice per week basis in the first month after N fertilization and at least weekly 

thereafter, following the optimized protocol for growing season N2O emission characterization 

proposed by Ferrari Machado et al. (2019).  
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Total and isotopic gas analysis were performed at the Prairie Environmental Agronomy 

Research Laboratory in the Department of Soil Science at the University of Saskatchewan. Total 

N2O concentrations were determined using a GC (Scion 456-GC, Scion Instruments Canada, 

Edmonton, AB) equipped with a 63Ni electron capture detector. Following the GC analysis, the 

gas samples were analyzed using a Picarro G5131-i isotope and gas concentration analyzer 

(Picarro Inc., Santa Clara, CA USA) to determine the bulk  delta 15N of the N2O, which was then 

used to calculate the 15N2O concentration (Mariotti, 1983). Nitrous oxide fluxes (FN) were 

calculated using Equation 1 (Venterea et al., 2020): 

FN = (
𝐶20− 𝐶0

𝑡20− 𝑡0
 ) (

𝑉

𝐴
) (1) 

where FN is the N2O flux (g N m-2 min-1); C0 and C20 are the N2O concentrations (g N2O-N      

m-3) determined at t0 (i.e., for ambient air) and t20 (i.e., 20-min after the chamber was closed), 

respectively; V = the headspace volume of the chamber (1.871x10-3 m3), and A = the surface area 

under the chamber (0.01732 m2). All fluxes were calculated based on standard pressure and air 

temperature at the time of sampling using data from ECCC (2020). Daily 15N2O fluxes (g 15N2O-

N m-2 min-1) were calculated with a modified version of Equation 1 (Machado et al., 2020b), where 

C20 and C0 N2O concentrations were multiplied by the 15N atom excess (i.e., atom% excess / 100) 

at times t20 and t0, respectively. 

Cumulative N2O emissions 

Cumulative emissions (CN = total N2O-N [g N2O-N ha-1]; C15N = N2O-15N [g N2O-15N       

ha-1]) were calculated using an area-under-the-curve analysis involving trapezoidal integration of 

the daily fluxes over GS1 and GS2 (David et al., 2018; Gomes et al., 2019). Annual cumulative 
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emissions were calculated by adding growing season (i.e., GS1 and GS2), non-growing season 

(except for the winter period) from Machado et al. (2020b) conducted on the same plots over the 

same years as this study. As Machado et al. (2020b) did not measure N2O emissions during the 3-

month winter period (Dec-Feb), the average N2O emissions measured by Wagner-Riddle et al. 

(2007) for the 3-month winter period (i.e., average of 305 g N2O-N ha-1 [2000-2005]) in an 

adjacent field was used to gap-fill data and derive annual emissions for all treatments. For example, 

if SSCC-NT (GS1) presented growing season emissions of 957.8 g N ha-1, and non-growing season 

emissions of 337.8 g N ha-1, these values were added to the Dec-Feb estimate (i.e., 305 g N ha-1) 

to compose an annual total of 1600.6 g N ha-1. 

Quantification of emission factors and contribution from crop residue, N fertilizer and 

indigenous soil N to N2O emissions 

Emission factors for crop residues were calculated according to Machado et al. (2020b). 

Briefly, EF of above and belowground residues was the proportion of 15N in the AG15N and BG15N 

residues lost as N2O-15N and was calculated, in percentage, as C15N (mg m-2)  divided by the amount 

of 15N excess applied as 15N enriched residue in the microplot (mg m-2). The contribution of 

recently added AG and BG residues to annual N2O totals was then calculated by multiplying the 

annual N2O EF of AG and BG by the total N in these categories of residue. Above and 

belowground residue derived N2O emissions were then added together to compose the crop residue 

derived N2O emission. 

 To estimate the indigenous soil N contribution to N2O emissions requires measurements 

on an unfertilized control treatment (i.e., no-N). However, neither the corn nor wheat treatment in 

the long-term crop rotation trial included a no-N control treatment. Instead, we estimated a no-N 
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N2O emission total for each crop rotation and tillage treatments by using the data for the soybean 

plots — assuming they would have similar emissions as unfertilized corn or wheat plots. For the 

calculation, above and belowground residue derived N2O emissions were deducted from the total 

N2O emissions in soybean plots, to obtain N2O emissions from indigenous soil N alone. The 

indigenous soil N derived N2O emission from soybean plots was then added to the crop residue 

contribution of the treatment of interest to obtain an estimate of the no-N treatment emissions. For 

example, if total N2O emissions in a soybean plot were 1222.1 g ha-1 and from this total 14.8 g ha-

1 was derived from preceding crop residues, the contribution from soil alone would be 1207.3 g 

ha-1. The contribution of soil alone was adjusted with the crop residue derived N2O emissions of 

the treatment of interest (e.g., 5.0 g ha-1) to obtain the “background” N2O total (1212.3 g ha-1 in 

this example). The difference between annual N2O totals and indigenous soil N + crop residue 

derived N2O emissions was attributed to the applied N fertilizer. For the total over the 4-yr cycle 

of the rotations, N fertilizer derived N2O emissions were scaled to account for the fact that N 

fertilizer rate over the 4 years of the rotations was greater for CCSWrc due to the two years of 

soybean in CCSS (498 vs. 362 kg N fertilizer ha-1 over 4 years). The emission factor of N fertilizer 

was calculated according to Van Groenigen et al. (2004), using the estimated no-N as the zero-

nitrogen treatment. 

Soil and weather measurements 

For soybean and winter wheat plots, four soil cores (0–15 cm) were randomly collected 

from each split-plot and used to make a composite sample for soil NO3
- analysis. The sampling 

pattern of corn plots post side-dress fertilization was different due to the difference in placement 

of N fertilizer and sets of cores were collected across the injected N bands, according to Brouder 
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(2003). Samples were stored in a 4oC laboratory cooler and extracted the following day or placed 

in a -20o C freezer until extraction. When frozen, samples were thawed out at low temperatures 

and immediately extracted (Esala, 1995). Soil NO3
- was extracted with 2.0 M KCl (Maynard and 

Kalra, 2007) and the extracts were analyzed using a continuous flow autoanalyzer (cadmium 

reduction procedure) (Seal AutoAnalyzer 3; Folio Instruments Inc., Kitchener, ON).  

The soil volumetric water content of each split-plot was measured every time a gas 

sampling event occurred using a portable FieldScout TDR300 on standard mode and with medium 

(i.e., 4.8 inch, or ~ 12 cm) rods (Spectrum®, Technologies, Inc.). Water-filled pore space (WFPS) 

was obtained by dividing the soil volumetric water content by the soil total porosity, derived from 

soil bulk density and assuming a particle density of 2.65 Mg m-3 (Danielson and Sutherland, 1986). 

Soil bulk density analysis was performed with soil cores sampled on May 16, 2019 (i.e., 1 week 

before cultivation of soybean and corn plots), May 30, 2019 (i.e., 1 week after cultivation of corn 

and soybean plots), and three additional times over the growing season, on June 18, July 5, and 

August 2, 2019 (Table S.1). The soils were sampled from the upper 5–7 cm in each split-plot, 

following the methodology described by Hao et al. (2008).  Air temperature (minimum, maximum 

and average daily temperature) and total precipitation at the Elora Research Station were obtained 

from Environment and Climate Change Canada (ECCC, 2020). 

Grain yields and nitrous oxide intensity  

For corn harvest, a combine (R42 Gleaner, AGCO Corporation, Georgia, US) was used to 

harvest the 4 center corn rows over the 17 m length of the split-plot. The outside rows (n = 4) were 

not included in the harvest calculations to avoid “edge effects” but were harvested so the residue 

could be returned to the plots. Soybean plots were harvested with a combine (Wintersteiger Inc., 
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QC, Canada), and the operation consisted of a single pass to harvest the 3 center rows (~1.11 m 

width), over 17 m length of the split-plot. The winter wheat plots, present only in GS2, were 

harvested over a 1.33 m width by 17 m length area centrally located in the split-plot. Harvested 

grains were oven dried at 65 oC to a constant weight and the weights recorded. Yields were 

expressed in Mg ha-1 at 15.5, 13.0, and 14.5% moisture for corn, soybean, and, winter wheat, 

respectively. Nitrous oxide intensity, expressed in kg N2O-N per Mg grain, was calculated by 

dividing the annual N2O total by the grain yield. 

Data and statistical analysis 

  All statistical calculations were performed on SPSS ver. 25 (IBM® SPSS® Statistics). Mean 

comparisons of WFPS over the 30-d period post N fertilization, soil NO3
- at 0–15 cm depth over 

the growing season, cumulative N2O emissions (growing season and total), and the contribution 

of different sources to N2O emissions were performed with an analysis of variance (ANOVA) 

using a statistical model designed for a randomized complete block split-plot, rotation as the main 

plot and tillage as the split-plot. The blocks entered in the model as a random factor. Comparison 

of EF from N fertilizer and crop residues also used a split-plot ANOVA, but for crop residues each 

year of the rotation was considered as a residue type and included in the analysis as an independent 

variable (i.e., two rotation levels: CCSS and CCSWrc; two tillage levels: CT and NT; and four 

residue types: first- and second-year corn, third year soybean, and fourth year soybean or winter 

wheat + red clover residues). Crop yields and N2O intensity comparisons – also analyzed with an 

ANOVA, were performed within the year (i.e., GS1 and GS2) and only within the same crop type. 

For example, for GS1 – corn grain yield from SSCC was compared to SWrcCC, under CT and 

NT. Before any statistical analyses, the datasets were explored with a Shapiro-Wilk and a Levene’s 

test, for normality and homogeneity of the variances, respectively. Non-parametric variables (i.e., 
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soil NO3
- average, N2O emission accumulated over the growing season and EF of crop residues) 

were log transformed to meet the assumptions of the ANOVA. For all statistical tests, significance 

was determined when p ≤ 0.05. 

Results 

Environmental conditions  

Mean daily air temperature averaged 18oC for GS1 (May-Sep) and 13.6oC for GS2 (Apr-

Oct) (Fig. 3.1) — with GS1 being slightly warmer and GS2 similar to the long-term average 

(ECCC, 2020). Accumulated precipitation over the sampling periods were 273 and 639 mm for 

GS1 and GS2, respectively, drier than normal in GS1 and similar to the 30-year average for GS2 

(ECCC, 2020). 

 

Figure 3.1.Weather data for the growing seasons in 2018 (GS1; upper panel) and 2019 (GS2; 

bottom panel). The solid line indicates average daily air temperature, with grey shading showing 

the minimum and maximum temperature ranges. Blue bars indicate total precipitation (mm). The 

small blue and brown arrows at the top of each panel indicate the dates when gas () and soil () 

samples were collected, respectively. 
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Soil WFPS for the 0–12 cm depth, a key controller of N2O emissions, was monitored over 

the two years of research. For GS1, the NT plots were wetter than the CT plots at the beginning of 

the growing season (80% vs. 65% WFPS) — with this trend continuing throughout the growing 

season (Fig. 3.2A and B). The 30-d period after the N fertilization, when the risk of N2O peaks is 

highest, was characterized by significantly higher WFPS under NT than CT during GS1, except 

for SSCC that had similar values between CT and NT (Table S.2). 

 

Figure 3.2. Soil water-filled pore space (WFPS), soil nitrate content, and daily N2O emissions 

during GS1 (2018), for soybeans (circles) and corn (triangle, diamond) in simple (i.e., CCSS and 

SSCC; shown as open symbols) and diverse (i.e., CCSWrc and SWrcCC; shown as filled symbols) 

crop rotations, under no-tillage and conventional tillage. The arrow in panels C. and D. shows the 

timing of N addition as side-dress fertilization in corn plots (Nc). Underlined letter in the legend 

indicates the phase of rotation when N2O was measured. 
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The trend of higher WFPS for NT than CT was also present in GS2, and the higher 

precipitation in the second year (Fig. 3.1) translated into higher WFPS values than GS1 (Fig. 3.3A 

and B). For GS2, there were two major applications of N fertilizer, the first one on April 12, 2019 

(for CCSWrc), and the second one on June 24, 2019 (for SSCC and SWrcCC). High WFPS were 

measured in the 30-d period following winter wheat fertilization, mostly due to its proximity to 

the major spring-thaw event (Machado et al., 2020b), and NT plots presented higher WFPS than 

CT (79.4 vs. 66.4% for NT and CT, respectively). The 30-day period after N fertilization of corn 

plots presented lower WFPS than the 30-days after winter wheat fertilization, and NT was wetter 

than CT on corn and soybean plots (53.3 vs. 47.7% for NT and CT, respectively) (Table S.2). For 

that same time period, the winter wheat plus red clover plots were significantly drier (33.7% 

WFPS) than the corn and soybean plots but showed no tillage effect (Table S.2)
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Figure 3.3. Soil water-filled pore space (WFPS), N2O emissions, and soil nitrate content during 

GS2 (2019), for soybean (circles), corn (triangle, diamond), and winter wheat (circles) in simple 

(i.e., CCSS and SSCC; shown as open symbols) and diverse (i.e., CCSWrc and SWrcCC; shown as 

filled symbols) crop rotations, under no-tillage and conventional tillage. The arrow in panels C. 

and D. shows the timing of N addition in corn (Nc) and winter-wheat plots (NWW). Underlined 

letter in the legend indicates the phase of rotation when N2O was measured. 

Soil nitrate concentration 

The concentration of soil NO3
- at 0–15 cm increased immediately after the N fertilization 

events in both years, and corn plots presented the highest values over the growing season (Fig. 

3.2C and 3.2D, and Fig. 3.3C and 3.3D). For GS1, the rotation by tillage interaction was significant 

(p<0.05), studied with a simple effects test (i.e., differences in rotation at each tillage level and 



57 
 

vice-versa) (Table 3.1). Within CT, corn plots showed higher NO3
- average content over the 

growing season than soybean (58.7 vs. 13.5 kg N ha-1), and no legacy effect of rotation was present 

(i.e., CCSS = CCSWrc and SSCC = SWrcCC) (Fig. 3.2; Table 3.1). The trend of higher soil NO3
- 

levels in corn than in soybean plots also happened for NT, but there was a significant legacy effect 

and higher averages occurred under diverse than simple rotation (66.9 vs. 36.3 kg N ha-1 for 

SSCWrc and SSCC, respectively) (Fig. 3.2; Table 3.1). For the study of rotation at each tillage 

level, no difference due to tillage was present for CCSS, CCSWrc, and SWrcCC, but higher soil 

NO3
- average over the growing season was found for CT than NT on SSCC (Table 3.1). 

Table 3.1. P-values of the analysis of variance used to test tillage and rotation effects on soil nitrate 

(NO3
-) averages over the growing seasons 1 (GS1) and 2 (GS2), and respective nitrate averages. 

The studied crop phase is underlined and bolded. CT and NT are conventional and no-tillage, 

respectively. C = corn, S = soybean, and Wrc = winter wheat under seeded with red clover. 

 

 

 

 

 

 

§ Lowercase letters shown a difference in rotation within a tillage 

treatment (i.e. within a row), and uppercase letters show differences in 

tillage within a rotation treatment (within a column). 

p-values 

     Period Rotation (R) Tillage (T) R x T 

GS1 p<0.001 p<0.001 p=0.046 

GS2  p<0.001 p=0.919 p=0.037 

NO3
- (kg N ha-1, top 15 cm), GS1 § 

--- Tillage--- --------------------- Rotation --------------------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 9.4 c A 36.3 b B 13.8 c A 66.9 a A 

CT 12.1 b A 53.8 a A 14.8 b A 63.5 a A 

NO3
- (kg N ha-1, top 15 cm), GS2 § 

--- Tillage --- ---------- Rotation ---------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 14.7 b B 56.0 a A 15.7 b A 56.1 a A 
CT 23.5 b A 51.6 a A 14.1 c A 53.9 a A 
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The rotation by tillage interaction also was significant for NO3
- concentration averaged over 

GS2 (Table 3.1). Independent of tillage level, corn always had a greater soil NO3
- content than 

soybean and wheat, but there was no legacy effect of rotation for the corn plots (i.e., SSCC = 

SWrcCC). For GS2, the only notable difference was observed for CCSS which showed higher NO3
- 

averages under CT than NT (Table 3.1). 

Nitrous oxide fluxes over the growing season and annual totals  

  Nitrous oxide peaks occurred after N fertilizer application in both years and returned to 

background levels as the soil dried and WFPS passed under the 40% (Fig. 3.2E and 3.2F and 3.3E 

and 3.3F), or when soil NO3
- returned to background levels (e.g., CCSWrc on GS2). Due to the 

lack of N fertilization, soybean plots did not experience high peaks of N2O emissions in any of the 

years (Fig. 3.2E, 3.2F, 3.3E and 3.3F). For GS1, the rotation by tillage interaction significantly 

affected growing season cumulative N2O emissions, studied with a simple effects test (i.e., 

differences in rotation at each tillage level and vice-versa) (Table 3.2). Within CT plots, corn 

emitted ~2.9-times more N2O than soybean and the legacy effect of crop rotation was not 

significant (i.e., CCSS = CCSWrc and SSCC = SWrcCC) (Table 3.2). Under NT, corn plots also 

emitted significantly more N2O than soybean, and the legacy effect was significant for both crops. 

Soybean and corn emitted 2.0- and 2.7-times more N2O under diverse than simple rotation, 

respectively (i.e., CCSWrc > CCSS and SWrcCC > SSCC) (Table 3.2). For tillage within rotation 

levels, CT emitted significantly (i.e., SSCC) or numerically (i.e., CCSS and CCSWrc) higher 

cumulative N2O than NT, except for SWrcCC that presented 1.6-times less N2O under CT than NT 

(Table 3.2). 
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Table 3.2. P-values of the analysis of variance used to test tillage and rotation effects on total N2O 

fluxes over the growing-season 1 (GS1), growing-season 2 (GS2), the estimated over the 4-yr of 

the rotations (∑ 4-yr), and respective N2O totals. The studied crop phase is underlined and bolded. 

CT and NT are conventional and no-tillage, respectively. C = corn, S = soybean, and Wrc = winter 

wheat under seeded with red clover. 

† Lowercase letters shown differences for rotation within a tillage treatment, and uppercase letters show 

differences for tillage within a rotation treatment. 

‡ Non-growing season values (except 3-month winter period) from Machado et al. (2020b). Winter 

emissions from Wagner-Riddle et al (2007). 

* Assumes CCSS = SSCC; CCSWrc = SWrcCC; CCSS = SSCC; and CCSWrc = SWrcCC. 

 For GS2, the main effects of rotation and tillage affected cumulative N2O emissions (Table 

3.2). Corn and winter wheat emitted similar total N2O, which was higher than that emitted by 

soybean. Furthermore, the legacy effect of crop rotation on total N2O emissions was not significant 

p-values 

Period Rotation (R) Tillage (T) R x T 

GS1 p<0.001 p=0.010 p=0.005 

GS2 p=0.007 p=0.007 p=0.847 

∑ 4-yr p=0.044 p=0.004 p=0.140 

Total N2O-N (g ha-1), GS1 † 

--- Tillage --- -------------------------------------- Rotation -------------------------------------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 240.3 d A 957.8 b B 489.2 c A 2581.0 a A 

CT 561.7 b A 2041.8 a A 681.3 b A 1609.4 a B 

Total N2O-N (g ha-1), GS2 † 

--- Tillage --- -------------------------------------- Rotation -------------------------------------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 603.5 b B 1919.6 a B 1548.2 a B 1583.6 a B 

CT 729.7 b A 2325.0 a A 2149.3 a A 2690.8 a A 

Total N2O-N (g ha-1), ∑ 4-yr ‡ 

--- Tillage --- -----------------------------Simple rotation (CCSS) ----------------------------- 

 CCSS * CCSS * CCSS  CCSS  ∑4-yr † 

NT 1600.6 2399.5 647.0 1222.1 5869.2 b B 

CT 3265.5 3056.1 1066.7 1444.4 8832.7 b A 

--- Tillage --- ---------------------------- Diverse rotation (CCSWrc) --------------------------- 

 CCSWrc  * CCSWrc * CCSWrc  CCSWrc  ∑4-yr † 

NT 3004.4 2509.2 1060.7 2343.7 8918.0 a B 

CT 2320.5 3364.7 1419.9 3128.3 10233.4 a A 
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during GS2 (i.e., SSCC = SWrcCC) (Table 3.2). For GS2, CT emitted 1.4-times more total N2O 

than NT (Table 3.2). The N2O totals from GS1 and GS2 were added to N2O totals reported in the 

Chapter 2 of this thesis (Machado et al., 2020b) and to the winter estimates from Wagner-Riddle 

et al. (2007) to obtain annual totals. This allowed for an assessment of the overall effect of crop 

rotation and tillage on N2O emissions estimates over a full 4-yr rotation cycle. Total N2O emission 

estimate over 4-yr for CT were 1.5- and 1.2-times higher than NT for CCSS and CCSWrc, 

respectively. The rotation effect was also significant with CCSWrc presenting N2O fluxes 1.5- and 

1.2-times higher than CCSS for NT and CT, respectively (Table 3.2). 

Contribution of N fertilizer, crop residues, and indigenous soil N to estimated N2O 

totals over the 4-yr rotation cycle 

Emission factors for the different above and belowground residues (i.e., corn, soybean, and 

winter wheat under seeded with red clover), under simple and diverse rotation, and CT and NT 

were determined using a 15N isotope tracer technique (Table 3.3) that enabled the partitioning of 

the estimated total N2O emissions over the 4-yr rotation cycle into different N sources. Tillage and 

rotation did not affect EF of aboveground residues, which responded only to residue type. Thus, 

corn presented lower EF values for above ground residue than soybean for CCSS, and soybean 

and winter wheat under seeded with red clover for CCSWrc (Table 3.3). Similar results were found 

for belowground residues, but in addition to the residue type effect, rotation also affected EFs, 

with CCSWrc presenting higher values than CCSS. 
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Table 3.3. Annual emission factors (EF%) for above and belowground crop residues for each phase 

of the simple (CCSS) or diverse (CCSWrc) rotations. Interactions and tillage effects were not 

significant (p > 0.05). 

Rotation Residue from: 
Residue 

 type: 

-------- Annual EF† (%) --------- 

Aboveground Belowground‡ 

CCSS 

  CCSS * Corn 0.011 b 0.009 b 

  CCSS * Corn 0.014 b 0.005 b 

CCSS  Soybean 0.022 a 0.013 a 

CCSS  Soybean 0.053 a 0.031 a 

CCSWrc 

  CCSWrc * Corn 0.017 b 0.008 b 

  CCSWrc * Corn 0.017 b 0.019 b 

CCSWrc  Soybean 0.099 a 0.038 a 

CCSWrc  ww+rc 0.048 a 0.044 a 
† non-growing season (NGS) emission factors from the study by Machado et al. (2020b).  

‡ CCSWrc > CCSS (p<0.05). 

* Assumes CCSS = SSCC; CCSWrc = SWrcCC; CCSS = SSCC; and CCSWrc = SWrcCC. 

Recently added crop residue derived N2O emissions, calculated with the annual EF values for 

AG and BG residues (Table 3.3), contributed minimally to estimated N2O totals over the 4-yr of 

the rotation (i.e., 0.3, 0.5, 0.5, and 1.3% of the total emissions for CCSS-CT, CCSS-NT, CCSWrc-

CT, and, CCSWrc-NT, respectively) (Table 3.4). Although at a small contribution level, the 

interaction rotation by tillage significantly affected crop residue derived N2O emissions, studied 

by unfolding rotation into tillage levels and vice-versa (Table 3.4). For rotation within tillage 

treatments, the diverse rotation showed higher crop residue derived N2O emissions for both NT 

and CT. For tillage within the rotation treatment, while no significant effect was seen for the simple 

rotation (i.e. NT = CT under CCSS), higher crop residue derived N2O emissions were observed 

for NT than CT for CCSWrc (Table 3.4).  
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Table 3.4. P-values of the analysis of variance used to test tillage (conventional vs. no-tillage) and 

rotation (simple vs. diverse) effects on estimated total N2O emissions derived from crop residue, 

nitrogen fertilizer and indigenous soil N over the 4-yr of the rotations (∑ 4-yr), and respective 

contribution from these N sources. Non-growing season values (except 3-month winter period) 

from Machado et al. (2020b). Winter emissions from Wagner-Riddle et al (2007). C = corn, S = 

soybean, and Wrc = winter-wheat under seeded with red clover. 

p-value, contribution to ∑ 4-yr 

N source Rotation (R) Tillage (T) R x T 
Crop residue p=0.006 p=0.011 p=0.021 

N fertilizer p=0.090ms p=0.144 p=0.218 

Soil  p=0.233 p<0.001 p=0.117 

Contribution to total emissions, g N2O-N ha-1 § 

--- Tillage --- -------------------------- Simple rotation (CCSS) -------------------------- 

 CCSS * CCSS * CCSS  CCSS  ∑4-yr † 

 Crop residue‡ 

NT 14.8 5.7 3.1 5.3 28.9 b A 

CT 11.2 6.1 5.7 4.1 27.1 b A 

 N fertilizer 

NT 592.6 1314.6 0 0 1907.2 b A 

CT 1423.2 1593.2 0 0 3016.4 b A 

 Soil 

NT 993.2 1079.2 643.9 1216.8 3933.1 a B 

CT 1831.1 1456.8 1061.0 1440.3 5789.2 a A 

--- Tillage --- ------------------------- Diverse rotation (CCSWrc) ------------------------ 

 CCSWrc * CCSWrc * CCSWrc CCSWrc ∑4-yr † 

  Crop residue‡ 
NT 66.6 11.4 14.1 21.5 113.6 a A 
CT 23.4 6.3 7.7 18.3 55.7 a B 

 N fertilizer 
NT 2165.4 979.9 0 936.4 4081.7 a A 
CT 977.2 1958.7 0 1412.1 4348.0 a A 

  Soil  

NT 772.4 1517.9 1046.6 1385.8 4722.7 a B 

CT 1319.9 1399.7 1412.2 1697.9 5829.7 a A 
ms Marginal significance (p < 0.10) 
§ Statistical test comparing the contributions of different N sources to N2O emissions (i.e., crop residue, N 

fertilizer, or indigenous soil N). Lowercase letters show differences for rotation (i.e., simple vs diverse) 

within the same tillage (i.e., NT vs CT) treatment and uppercase letters show differences for tillage within 

a rotation treatment. 

* Assumes CCSS = SSCC; CCSWrc = SWrcCC; CCSS = SSCC; and CCSWrc = SWrcCC. 
‡ Crop residue = above-ground + below-ground residues.  
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Nitrogen fertilizer accounted for 34.2, 32.5, 42.5, and 45.7%, of the total N2O emitted over 

4-yr for CCSS-CT, CCSS-NT, CCSWrc-CT, and CCSWrc-NT, respectively (Table 3.4). Nitrous 

oxide emissions derived from N fertilizer were marginally affected by rotation (p=0.09), where 

the diverse presented ~1.7-times higher N fertilizer derived N2O emissions than the simple rotation 

for the 4-yr estimated totals (Table 3.4). Indigenous soil N accounted for 65.5, 67.0, 57.0, and 

53.0% of the total N2O accumulated over 4-yr for CCSS-CT, CCSS-NT, CCSWrc-CT, and 

CCSWrc-NT, respectively (Table 3.4), and was not affected by rotation or by the tillage by rotation 

interaction (p>0.05), but responded to the tillage effect, with values 1.4-times higher for CT than 

NT (Table 3.4). 

Crop yields and nitrous oxide intensity  

 Crop yields were not affected by tillage and rotation during the three initial phases of the 

rotations with averages of 11.7, 7.6 and 3.3 Mg grains ha-1 for first year corn, second year corn 

and soybean, respectively (Table 3.5). Due to lack of yield variations in response to treatments, 

N2O intensity during this time was closely related to cumulative N2O emissions. First year corn 

presented a significant tillage by rotation interaction (p<0.05), and whereas CT showed higher 

N2O intensity than NT for CCSS, the inverse happened for CCSWrc (Table 3.5). Second year corn 

and first year soybean (i.e., years 2 and 3) were not affected by the rotation (i.e., N2O intensity of 

simple = diverse rotation) but presented higher intensities for CT than NT (Table 3.5). 

Furthermore, the second year experienced a significant drop of 35% in yield compared to first year 

corn (i.e., from 11.7 to 7.6 Mg ha-1). The rotation effect was not tested for the fourth phase of the 

rotations since while the simple rotation was on soybean phase the diverse was on winter wheat 

under seeded with red clover.  
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Second year soybean (i.e., CCSS) presented similar results as first year soybean, with no 

difference in yield due to tillage and higher N2O intensity for CT than NT (Table 3.5). The winter 

wheat under seeded with red clover phase (i.e., CCSWrc) was the only case where a significant 

effect of tillage on crop yield happened in our study and CT presented higher yields than NT plots. 

Thus, the lower total N2O emissions from NT than CT on CCSWrc plots (Table 3.2) were offset 

by the decreased yields of NT and N2O intensity was thus similar between CT and NT (Table 3.5). 

Table 3.5. Crop yield and N2O intensity for each phase of simple (CCSS) and diverse rotation 

(CCSWrc), under not-tillage (NT) or conventional tillage (CT). C = corn, S = soybean, and Wrc = 

winter-wheat under seeded with red clover.  

Crop Yield (Mg ha-1) §   

--- Tillage --- -------------------------- Simple rotation (CCSS) -------------------------- 
 CCSS * CCSS * CCSS  CCSS  

NT 11.40 7.30 3.10 3.20 

CT 11.80 7.70 2.80 2.80 

--- Tillage --- ------------------------- Diverse rotation (CCSWrc) ------------------------ 

 CCSWrc * CCSWrc * CCSWrc  CCSWrc  

NT 11.70 7.60 3.70 4.90 B 

CT 12.00 8.00 3.50 6.20 A 

N2O intensity (kg N2O-N Mg-1 grain) §,† 

--- Tillage --- -------------------------- Simple rotation (CCSS) -------------------------- 

 CCSS * CCSS * CCSS  CCSS  

NT 0.12 b B 0.32 a B 0.28 a B 0.39 B 

CT 0.23 a A 0.36 a A 0.47 a A 0.72 A 

--- Tillage --- ------------------------- Diverse rotation (CCSWrc) ------------------------ 

 CCSWrc * CCSWrc * CCSWrc  CCSWrc  

NT 0.30 a A 0.28 a B 0.35 a B 0.40 

CT 0.19 a B 0.43 a A 0.48 a A 0.46 

§ Analysis of variance compared within year. Lowercase letters show differences in rotation (i.e., CCSS 

and CCSWrc) within the same tillage treatment (i.e., CT or NT), and uppercase letters show differences in 

tillage within a rotation treatment. Rotation was not compared in the fourth phase of the rotations as CCSS 

and CCSWrc had different crops. 

* Assumes CCSS = SSCC; CCSWrc = SWrcCC; CCSS = SSCC; and CCSWrc = SWrcCC. 
† Total annual N2O-N values from Table 2 (growing-season – GS + preceding non-growing season – NGS) 

were rearranged for N2O intensity calculations to allow for total annual N2O-N for the GS + succeeding 

NGS.   
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Discussion 

Conventional tillage increased contribution of soil N and N2O emissions  

Nitrous oxide emissions were overall higher in CT than NT soil during the growing season 

and as this trend also occurred for the non-growing season (Chapter 2), annual emissions were 

from 1.2- to 2.0-times higher for CT than NT soil (Table 3.2). For GS1 and GS2, N2O peaks 

occurred when high soil NO3
- concentrations coincided with WFPS >40% (Fig. 3.2 and 3.3), as 

previously described by Machado et al. (2020a) for this site. Several studies have reported tillage 

effects on soil labile carbon (Plaza-Bonilla et al., 2014; Liu et al., 2014; Bongiorno et al., 2019) 

and soil organic matter decomposition rates (Balesdent et al., 2000), which tend to present higher 

levels under CT than NT or soil under reduced tillage. By disrupting soil aggregates and promoting 

increased temperature and aeration, tillage can also release physically protected soil organic matter 

(Six et al., 1999). Increased mineralization of soil organic matter can induce soil derived N2O 

emissions and explain why CT emitted more N2O than NT soil. 

The only exception occurred for SWrcCC (GS1) when growing season N2O emissions were 

1.6-times higher for NT than CT soil (Table 3.2), which translated into 1.3-times higher annual 

N2O totals from NT than CT soil (Table 3.2). This was likely due to an interaction between crop 

residues, N fertilizer, and the soil – known to exert major influence on cycling and dynamics of N 

(St. Luce et al., 2016). Recently added crop residues stimulate microbial activity, but the N 

mineralization-immobilization turnover depends on the chemical composition and placement of 

the crop residues (St. Luce et al., 2014; St. Luce et al., 2016). The residues from winter wheat 

under seeded with red clover had the highest total N among the residues tested in our study 

(Machado et al., 2020b; Taveira et al., 2020), and were likely more decomposed—releasing less 
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inorganic N— under CT than NT for SWrcCC at the time of measurement. This may explain why 

soil NO3
- concentrations at 0–15 cm were equivalent for SWrcCC under CT and NT (Table 3.1), 

despite the tendency of CT to increase mineralization of indigenous organic soil N and present 

higher mineral N levels than NT (e.g., SSCC - GS1; Table 3.2). Thus, the N credit from the winter 

wheat phase of SWrcCC, which—to avoid adding a confounding factor to the long-term trial—was 

not considered when calculating the N fertilizer rate, increased crop residue derived N2O emissions 

in NT to a higher extent than in CT soil (66.6 vs. 23.4 g N ha-1 yr-1), and indirectly affected N2O 

emissions by influencing N fertilizer derived emissions (2165.4 vs. 977.2  g N ha-1 yr-1 for NT and 

CT, respectively) (Table 3.4). 

The lack of differences in corn yield (Table 3.5), although SWrcCC under NT had ~2-times 

higher soil NO3
- averages than SSCC under NT despite both receiving the same N rate (Table 3.1), 

is evidence that SWrcCC under NT could have benefited from N rate reductions, resulting in 

reduced N2O intensity from this phase of the diverse rotation. Over the full rotation cycle, the N 

pool that contributed most of the N2O emissions (i.e., 53–67% of the total)—the indigenous soil 

N pool—was also the pool most affected by tillage induced soil disturbances. Conventionally tilled 

plots presented on average 1.4-times higher indigenous soil N derived N2O emissions than NT, a 

difference of 1.5 kg N ha-1 over 4-yr (Table 3.4). For our research, yield differences due to tillage 

only occurred for CCSWrc , when CT plots presented 1.3-times higher yield than NT, a difference 

of 1.3 Mg ha-1 (Table 3.5). Total N2O emissions between CCSWrc under NT and CT, showed the 

opposite trend, with CT emitting ~1.7-times higher N2O than NT soil (Table 3.2). Thus, the higher 

N2O emissions from CT than NT were offset by the increased yield in CT, and N2O intensity was 

thus globally independent of tillage (i.e., CT = NT; Table 3.5). These results show that in terms of 

balancing agronomic and environmental performance, reporting N2O intensity is particularly 
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important when evaluating a practice such as tillage that affects both yield and total N2O emissions 

(Mosier et al., 2006; Van Kessel et al., 2013). For all other scenarios the N2O intensity was 

comparable to or greater for CT than NT soils (Table 3.5). 

Diversification of rotation increased N2O, but not when emissions were scaled by N rate 

The crop rotation effect on N2O emissions differed between growing seasons and whereas 

for GS1 there was a tendency of higher N2O emissions for the same crop phase (i.e., corn or 

soybean) under diverse than simple rotation, as reported by another study at the same site (Linton 

et al., 2020), this effect was not present for GS2 (Table 3.2). The overall crop rotation effect on 

N2O emissions was assessed by estimating emissions for the full (4-yr) rotation cycle, which 

indicated that emissions for the diversified rotation (CCSWrc) were 1.3-times greater than for the 

simple rotation (CCSS) (Table 3.2). This difference in N2O emissions from the CCSWrc rotation 

was due mostly to the much greater (1.7-times) N fertilizer derived emissions in the diversified 

compared to simple rotation (Table 3.4). In turn, this was a reflection of the CCSWrc having 

received about 28% more fertilizer N than the CCSS due to the replacement of the second soybean 

phase with Wrc and not accounting for the N credit from the red clover. Since N input is a 

significant determinant of N2O emissions from agricultural soils (Petersen et al., 2006; Campanha 

et al., 2019; Machado et al., 2020a), and to account for differences in N fertilizer rate between 

CCSS and CCSWrc over the full rotation cycle, N fertilizer derived N2O emissions were scaled to 

account for the N fertilizer rate. This resulted in the rotation effect becoming non-significant (p = 

0.48; annual emissions of 2462 vs. 3064 g N2O-N ha-1 for CCSS and CCSWrc, respectively) (data 

not shown). Furthermore, when the scaled N fertilizer derived N2O emissions were used to correct 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2486.2012.02779.x?casa_token=wLtOCIv-4-0AAAAA%3AGqEGGLtDZbQfRqlVsZPnRfwgcvw3M8ZHC03sOedt9gsN9pSL4t_y285skHfSas2vs0-OyAzY3Cw_SLY1#gcb2779-bib-0047
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the estimated total emissions over 4 years, the difference between CCSS and CCSWrc also became 

non-significant (p = 0.16; 6131 vs. 7205 for CCSS and CCSWrc, respectively) (data not shown).  

Although above and belowground crop residues contributed to only a small amount of the 

total N2O emissions (i.e., 0.3–1.3% of total emissions over the full rotation cycle), crop residue 

derived N2O emissions were affected by rotation. The effect was due to CCSWrc residues yielding 

higher contribution to total N2O than CCSS residues for both CT and NT soil (Table 3.4). For the 

diverse rotation, the maximum crop residue derived N2O emissions (23.4 and 66.6 g N2O-N ha-1 

yr-1 under CT and NT, respectively) occurred when corn was preceded by winter wheat under 

seeded with red clover (i.e., CCSWrc) (Table 3.4). Overall, even considering the differences in 

crop residue derived N2O emissions, our results showed that differences in total N2O emissions 

between CCSS and CCSWrc were mostly driven by differences in the amount of N fertilizer applied 

since total N2O emissions between these two rotations were equivalent when a correction based 

on N rates was considered.  

Over the full rotation cycle, indigenous soil N derived N2O emissions were comparable for 

the CCSS and CCSWrc (Table 3.4). This equivalence was not seen during the non-growing season 

when higher spring-thaw N2O emissions were observed for CCSWrc than CCSS (Machado et al., 

2020b). This was presumably due to a priming effect caused by the higher soil organic carbon in 

CCSWrc than CCSS [i.e., an increase of ~17% after ~40 years (King et al., 2020)]. Linton et al. 

(2020) identified differences in nitrifying, denitrifying and bacterial abundance due to improved 

soil quality in CCSWrc than CCSS (Munkholm et al., 2013), with soil under CCSWrc from this site 

presenting ~1.3-times greater nosZ2 abundance than CSSS. The greater abundance of nosZ2 

indicates an increased potential for complete denitrification (Hallin et al., 2018; Vieira et al., 2019; 

Mafa-Attoye et al., 2020), and that might have reduced N2O emissions from the diverse rotation 
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when the soil was promoting complete denitrification, explaining the equivalence between CCSS 

and CCSWrc despite the tendency of higher emissions from the later due to increased organic 

matter levels.   

Crop yields were not affected by the rotations and similar N2O intensities occurred between 

CCSS and CCSWrc (except for first year corn under NT, when SSCC < SWrcCC) (Table 3.5). 

Despite the lack of yield response to crop rotations, interannual variation occurred for corn with a 

~35% drop in yields from first (GS1) to the second (GS2) year, resulting in higher N2O intensities 

for GS2 than GS1 (i.e., average of 0.35 and 0.21 kg N2O Mg-1 grain for GS2 and GS1, respectively) 

(Table 3.5). Decreased yields for second-year corn compared to first-year corn also were reported 

for cycles 6 through 9 of the same CCSS and CCSWrc rotations (Janovicek et al., 2020) and could 

be, to an extent, explained by interactions between the high C:N ratio corn residue returned to the 

field at high quantities (Taveira et al., 2020), N fertilizer, and the soil. Corn as the preceding crop 

residue can induce microbial immobilization of soil mineral N for prolonged periods (Sakala et 

al., 2000; Gentile et al. 2008), which might justify adjustments of N rates (Green and Blackmer, 

1995). Future research on this topic should focus on quantifying the extent and the dynamics of N 

immobilization by corn residues and on the identification of the N rate adjustment needed to offset 

this effect, as the yield reduction seen for second-year corn directly increased N2O intensities. 

Implications of our study to nitrous oxide emission inventories 

Emission factors directly derived from AG and BG residue using a 15N tracer approach 

were from 6- to 55-times (for AG) and 14- to 120-times (for BG) lower than the 0.6% default value 

for wet climate proposed by IPCC (2019). The lowest EFs occurred for corn residue, followed by 

soybean and winter wheat under seeded with red clover and, whereas rotation and tillage did not 
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affect EF of AG residues, a rotation effect was significant for BG residues with CCSWrc > CCSS 

(Table 3.3). Our results are comparable to the values proposed by Charles et al. (2017). The authors 

derived a global EF of 0.57% (all organic sources grouped together), with crop residues either 

included in the medium-risk group when in combination with fertilizers (EF=0.35±0.13%) or in 

the low-risk group when alone (0.02±0.13%). For our study we were able to disaggregate the EF 

into types of crop residues, which even when added with N fertilizer (i.e., corn and wheat) would 

fall into the range of low-risk EF proposed by Charles et al. (2017) (i.e., EF range = 0.005 – 

0.048%).  

Our results align with those of Taveira et al. (2020) who used the same microplots to 

examine N recovery from crop residues by the subsequent phases of the CCSS and CCSWrc 

rotations. They showed that <1% and ~8% of the N in AG and BG residues, respectively, ended 

up in the grains of the following crop phase. As such, not only did AG and BG residues supply 

little N to subsequent crop production, the crop residues also provided little N for N2O production 

and emission. 

For N fertilizers, the EF ranged from 0.33 to 1.20 % (average of 0.78% across all treatments) 

(Table S.3), which was below that recommended by the IPCC when disaggregated by climate (i.e., 

1.6% for wet climates). Overall, the range of EF for N fertilizers from our study was higher than 

the  0.07–0.33% range reported for dry climate (Pareja-Sánchez et al., 2020), within the 0.6–1.5% 

range for research conducted in US Midwest (Hoben et al., 2011), and lower than the 2–7% range 

from maize fields from northern US (McSwiney and Robertson, 2005). Since the EF for crop 

residues were determined for the 1-yr period post residue return to the plots — i.e., during the 

stage of rapid decomposition (Beyaert and Voroney, 2011) — and EF of N fertilizer was 

determined for the period of maximum influence of N fertilizer to N2O emissions (i.e.,  growing 
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season) (Machado et al., 2020a), our measurements likely captured most of the N2O emissions 

from the recently added crop residue and N fertilizer. 

Conclusion 

 Crop rotation and tillage influenced specific N pools that, in turn, affected N2O emissions. 

The diverse rotation emitted from 1.2- to 1.5-times more N2O than the simple rotation over the full 

(4-yr) rotation cycle, but this effect was due largely to differences in the total amount of N fertilizer 

applied as the simple rotation had two years of soybean with no N fertilizer addition while the 

diverse rotation had only one year of soybean. When a correction was performed to scale emissions 

by N fertilizer rate, N2O totals over the full rotation cycle for the CCSS and CCSWrc were 

comparable – an evidence that crop diversification increased organic matter levels without 

increasing N2O emissions. The tillage effect was due to CT soil promoting a 40% increase in 

indigenous soil N derived N2O compared to NT. Except for winter wheat in GS2, crop yields were 

not affected by rotation and tillage, although annual variation was present, and second-year corn 

had 35% lower yield than first-year corn. The yield reductions (both for winter wheat and the 

interannual variation) represented an environmental disadvantage as it directly increased N2O 

intensities. Recently added crop residues contributed minimally to N2O emissions accumulated 

over 4-yr (i.e., 0.3-1.3% of the total). Emission factors for AG and BG residues never surpassed 

0.1% (vs. 0.6% IPCC EF for wet climates), evidence that the default IPCC overestimates the 

contribution from AG and BG crop residue for CT and NT soil, under simple and diverse rotation 

in locations subjected to cycles of freeze-thaw during the non-growing season. 
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Chapter 4 - Spatial variation of nitrous oxide fluxes during growing and non-growing 

seasons at a location subjected to seasonally frozen soils  

Abstract 

Nitrous oxide (N2O) emissions from soils have been widely studied in the literature – mostly 

with the chamber method – due to the importance of this gas to climate change. Emissions of N2O 

derive from biological reactions and are controlled by soil parameters, which are by nature 

heterogeneous (i.e., “hot spots” for N2O emissions) – a source of uncertainty in chamber-based 

studies. Spatial variation in N2O fluxes has been assessed in the literature, but information is still 

needed for contrasting soil management practices (e.g., tillage) and for specific bioclimatic 

situations (e.g., non-growing seasons under cold weather - NGS). Here, we sub-sampled daily N2O 

data to assess within-plot and between-block spatial variation from an agronomic experiment 

under conventional (CT) and no-tillage (NT), identifying if patterns differ between growing season 

(GS) and NGS datasets. Within-plot spatial variation in N2O fluxes was a small source of 

uncertainties, but half of the comparisons in GS datasets presented a slope different than 1 for the 

regression of N2O averages from two vs. one chamber per plot – a source of uncertainty mitigated 

when within-plot duplication occurred during N2O “hot moments”. Between-block spatial 

variation in N2O emissions was much larger than within-plot errors – an effect more accentuated 

for NGS and CT  than GS and NT datasets. Decreasing block coverage resulted in averages that 

did not represent the N2O daily average of the whole field – but exceptions occurred. The 

methodology proposed here can be used in other locations for improved planning and 

maximization of the limited resources associated with N2O measurements. 
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Graphical abstract 

 

Highlights 

• N2O fluxes per block of an agronomic trial were used to assess spatial variability  

• The assessment targeted growing and non-growing season (with cycles of freeze-thaw) 

• Within-plot replication on “N2O hot moments” reduced short-range spatial variation  

• Large between-blocks N2O spatial variation occurred – but there were exceptions. 

• Spatial pattern assessment with chamber N2O data can improve usage of resources 

Introduction 

 The pressure for sustainable agriculture with a decreased N2O emission footprint – a potent 

greenhouse gas – can be seen in the increased number of studies in the literature aiming to identify 
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emission drivers (e.g., Pelster et al., 2013; Risk et al., 2013; Zhu et al., 2013; Charles et al., 2017; 

Machado et al., 2020a; Tosi et al., 2020) and evaluate N2O emissions in response to adoption of 

climate-smart management practices (e.g., Grant et al., 2004; Garland et al., 2011; Tenuta et al., 

2016; Cambareri et al., 2017a). The bulk of published studies to quantify N2O fluxes from soil – 

plant systems deploy chambers (Rochette, 2011; Clough et al., 2020; de Klein et al., 2020), a 

method relatively cheap and adjustable to a wide range of environmental conditions and flux 

ranges (Smith et al, 1995). Nitrous oxide emissions from soils result mostly from biological 

processes of nitrification and denitrification (Charles at al., 2017) and are controlled 

simultaneously by several soil properties (McDaniel et al., 2017; Liang et al., 2018; Kuang et al., 

2019; Linton et al., 2020; Machado et al., 2020a). Hence, soil spatial heterogeneity translates into 

spatial variations in N2O fluxes, a relevant aspect to be considered when designing trials to study 

N2O emissions using static chambers (McDaniel et al., 2017; Charteris et al, 2020).  

 Spatial variation of N2O fluxes has been widely assessed in the literature (Ball et al., 2000; 

Yanai et al., 2003; Mathieu et al, 2006; Jahangir et al., 2011; Chadwick et al, 2014; Russenes et 

al., 2016). Differences as high as 50-fold between the maximum and minimum N2O fluxes 

measured with five chambers in a 72 m2 plot were reported by Chadwick et al. (2014) and were 

larger with increasing flux magnitude. Under high water content, Mathieu et al. (2006) showed 

that the coefficient of variation for N2O fluxes can range from 70-140%, leading to measurement 

challenges under field conditions. The coefficient of variation was also high (i.e., 217%) in the 

study by Yanai et al. (2003), and > 150% in the research by Röver et al. (1999) – influenced by 

areas with disproportionally high N2O emissions (“hot spots”). The uncertainty induced by the 

occurrence of soil “hot spots” on N2O measurements has been reported even over short distances 
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(Ball et al., 2000), or under agricultural soil “deemed uniform” (Folorunso and Rolston, 1984; 

McDaniel et al., 2017).   

 Soil “hot spots” for N2O emissions can be generated by heterogeneity in water content 

(Mathieu et al., 2006; Poblador et al., 2017), nitrogen (McDaniel et al., 2017), pH (Russenes et al., 

2016), microbes associated to N2O reduction (Giles et al., 2012; Juhanson et al., 2017), organic 

matter (Parkin, 1987; Christensen et al., 1990), as well as the distribution of straw residues (Ball 

et al., 2000) and gas diffusion (Van den Heuvel et al., 2009). These spatial variations in soil 

physicochemical characteristics were shown to differ between tillage regimes and were higher for 

conventional (CT) than no-tilled (NT) soil – translating into higher variations in N2O emissions 

from CT than NT soil (i.e., CV of  90% vs. 78%)  in an incubation study by Jahangir et al. (2011). 

However, the tillage effect on N2O spatial variation still needs to be evaluated under field 

conditions for annual crops subjected to N fertilization and for different bioclimatic situations as 

this source of uncertainty is location specific. 

 The spring-thaw period of locations subjected to cold weather is an example of a 

bioclimatic scenario known to induce N2O emission pulses (Pelster et al., 2013; Chantigny et al., 

2016; Wagner-Riddle et al., 2017; Machado et al., 2020b) due to increased mineralization of labile 

soil organic matter (Christensen and Christensen, 1991; Herrmann and Witter, 2002), microbial 

cytoplasmic release (Schimel et al., 2007) and decreased aggregate stability (Oztas and 

Fayetorbay, 2003), as reviewed by Congreves et al. (2018). These mechanisms, widely controlled 

by soil degree of freezing (Wagner-Riddle et al., 2017), are also affected by soil management 

practices – such as tillage (Machado et al., 2020b). Differences in thermal insulation between 

conventional and no-tilled soil, mostly due to the placement of crop residues and snow coverage, 

can occur during the winter (Wagner-Riddle et al., 2007; Yang et al., 2018). Besides, the spatial 
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distribution of crop residues varies in response to tillage (Staricka et al., 1991; Guerif et al., 2001), 

which can ultimately result in spatial variations in N2O emissions during the spring-thaw period – 

a topic so far little explored in the literature. The objectives of this research were to: (i) assess 

short-range and between-block spatial variation in N2O fluxes from an agronomic experiment 

under conventional and no-tillage, and (ii) assess if spatial variation patterns for the growing 

season subjected to N fertilization differ from the non-growing season subjected to cycles of soil 

freeze-thaw.  

Material and Methods 

Site Description, experimental design, and crop management 

This research used data from previously published studies conducted from 2017 to 2019 to 

quantify the contribution of soil, crop residues, and N fertilizer to N2O emissions associated with 

soil freeze-thaw and N fertilization (Machado et al., 2020b; Chapter 3 of this thesis). The 

experiments were conducted at the Elora long-term rotation and tillage trial, Ontario, Canada 

(43o39'N, 80o25'W, 376 m elevation). This long-term trial started in 1980 and was designed as a 

split-plot with four blocks, 4-yr rotations as the main plot and tillage as the split-plot (Gaudin et 

al., 2015; Munkholm et al., 2016; Machado et al., 2020b; Chapter 3 of this thesis). Each split-plot 

was 7 m wide by 17 m long (i.e., ~120 m2), distributed in an experimental site subjected to a gentle 

slope (i.e., 0 - 2.6 degrees) (Laamrani et al., 2020). The soil at the experiment was classified as a 

Woolwich silt loam (Munkholm et al., 2013), which is an Albic Luvisol in the FAO system (WRB, 

2006), and presents 17, 56, and, 27%, clay, silt, and, sand respectively (Ramnarine et al., 2015). 

The site is under a humid continental (Dfb) climate (Peel et al., 2007) and experiences annual 

precipitation of 946 mm and an annual mean temperature of 6.7 oC (ECCC, 2020).  

https://www-sciencedirect-com.subzero.lib.uoguelph.ca/science/article/pii/S0925857415302676#bib0080
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The N2O datasets used here were measured in a CCSS (i.e., corn-corn-soybean-soybean) 

and a CCSWrc (corn-corn-soybean-winter wheat under seeded with red clover) rotation, each under 

no-tillage and conventional tillage. The rotations were originally established so that two phases 

were present in the same year: CCSS and SSCC, CCSWrc and SWrcCC (i.e., four datasets per 

season). The non-growing season of 2018 had measurements following second-year corn and 

soybean for CCSS (i.e., CCSS and SSCC, bold underlined representing the measured phase), and 

second-year corn and winter wheat under seeded with red clover for CCSWrc (i.e., CCSWrc and 

SWrcCC). The growing season of 2018 and the non-growing season of 2019 were on and after, 

respectively, first-year soybean and corn for both CCSS and CCSWrc (i.e., CCSS, SSCC, CCSWrc, 

SWrcCC). Finally, the growing season of 2019 was on second-year soybean and corn for CCSS 

(i.e., CCSS and SSCC) and winter wheat under seeded with red clover and second-year corn for 

CCSWrc (i.e., CCSWrc and SWrcCC). For the growing season, first and second-year corn received 

180 kg N ha-1 (10 kg ha-1 of seed-placed starter fertilizer and the remaining 170 kg ha-1 injected as 

UAN at the side-dress stage on June 19, 2018) and 182 kg N ha-1  (6 kg ha-1 of seed-placed starter 

fertilizer, 26 kg N ha-1 injected as UAN at planting, and  150 kg N ha-1 injected as UAN at the 

side-dress stage on June 24, 2019), respectively, whereas winter wheat received 136 kg N ha-1 as 

ammonium nitrate on April 16, 2019.  

The tillage treatments included no-tillage (NT) and conventional tillage (CT) using a 

moldboard plow in the fall (~20 cm depth) followed by secondary tillage in the spring (i.e., two 

passes of field cultivator and packer before planting) (Munkholm et al., 2013). Additional details 

on the design of the complete trial, history of management practices, and crop management 

practices can be found in Chapter 3 of this thesis, Lamrami et al., (2020), and Munkholm et al. 

(2016). 
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Nitrous oxide flux measurements 

The  N2O flux dataset  used in this study was measured with manually operated, opaque, 

non-steady, and vented chambers, following the protocols of measurement described in Machado 

et al. (2020b). Two collars – covering an area of 0.01732 m2 each, were inserted in the soil per 

split-plot, distanced ~2 m one from the other and located approximately in the center of the 7 m 

wide by 17 m long agronomic plots.  Nitrous oxide measurements were performed with two 

chambers per each NT and CT split-plot (i.e., A and B) in all the four blocks that composed the 

Elora trial (i.e., 4 blocks vs. 4 rotations vs. 2 tillage levels vs. 2 within-plot replicates = 64 

measurements per day). In total, 25 and 47 sampling dates were considered, which generated 100 

and 188 daily N2O averages per tillage level for non-growing and growing season, respectively. 

Briefly, during each sampling event, chambers were positioned over the collars, sealed, and a 

single gas sample collected after 20 min, following the optimized protocol for chamber headspace 

sampling described by Chadwick et al. (2014). The linearity of the N2O emissions during a 20-

min deployment at this location was described in a study using continuous automatic chambers by 

Linton et al. (2020). Total N2O concentrations were determined using a gas chromatograph (Scion 

456-GC, Scion Instruments Canada, Edmonton, AB) equipped with a 63Ni electron capture 

detector, with flux calculations performed according to Venterea et al. (2020). A correction to 

account for the overestimation of area-scaled fluxes due to placement of the chambers over the 

injection area was performed for the corn phases of growing season datasets according to 

Cambareri et al. (2017). Samples were collected during mid-morning following the optimized 

protocol for diurnal variation and sampling frequency of N2O emission characterization proposed 

by Ferrari Machado et al. (2019). 
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Reference dataset and sampling scenarios 

The approach taken to examine the spatial variability was similar to the approach by Ferrari 

Machado et al. (2019) who studied the impact of temporal sampling frequency on N2O fluxes. The 

daily average obtained with the complete dataset (i.e., four blocks, two chambers per split-plot) 

was the reference (REF) for the analysis. All other sampling scenarios were created by 

subsampling REF to study short-range/within-plot (i.e., between chambers A and B) and between-

block spatial variation in N2O emissions. First, the average obtained with REF (i.e., 8 chambers in 

total) was compared to the average obtained when using only one chamber per block (i.e., 4 

chambers in total) to assess whether replicating N2O flux measurements per plot yields averages 

that differ from single measurements (SM). In the SM scenario, we considered all possible 

combinations of measurements from each chamber A or B and blocks 1 to 4 (e.g., all chambers A 

values from the 4 blocks or all chamber B values from the 4 blocks or combinations of A and B 

chambers) for a total of 16 scenarios. This analysis was done for non-growing and growing season, 

conventional and no-tillage, separately. To investigate if measuring two replicates (i.e., chambers 

A and B) per plots over short periods would improve SM, additional scenarios were devised where 

2 replicate measurements were used to calculate daily averages but only during periods when high 

emissions were expected (i.e., after spring-thaw and N fertilization). The first scenario consisted 

of SM throughout except during one week following the start of the high emission events (SM-

V1). The two other additional scenarios consisted of using SM except for the use of 2 replicates 

for 2 or 3 weeks after the start of the main events (SM-V2 and SM-V3, respectively). 

 Secondly, the between-block variation was assessed by comparing the N2O flux average 

from measurements in 100% of the experimental blocks (i.e., REF) against the averages from a 

portion of the blocks: 75% (3 of 4 blocks), 50% (2 of 4 blocks), and 25% (1 of 4 blocks). All 
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possible combinations were considered for the calculations resulting in 4, 6, and 4 difference 

scenarios when simulating measurements in only 3, 2 or 1 block, respectively. The summary of 

the reference dataset and the sampling strategies is presented in Table 4.1. 

Table 4.1. Sampling coverage, number of comparisons, and number of flux data points for the non-

growing (NGS) and growing season (GS), for the reference dataset (REF) and the sampling 

strategies. SM = single measurements. 

Sampling 

strategy 

Blocks 

covered  

Chambers 

used 

Number of 

comparisons  

Flux data 

points‡ 

NGS GS 

-------------------------------- Within-plot variation -------------------------------- 

REF 4 of 4 8 - 100 188 

SM 4 of 4 4 16 1600 3008 

------------------------------- Between-block variation ----------------------------- 

REF 4 of 4 8 - 100 188 

75% 3 of 4 6 4 400 752 

50% 2 of 4 4 6 600 1128 

25% 1 of 4 2 4 400 752 
‡ for each of conventional and no-till treatments (e.g., 100 REF 

observations for CT and 100 for NT during the NGS). 

Data and statistical analysis 

All statistical calculations were performed on SPSS ver. 25 (IBM SPSS Statistics). The 

within-plot and between-block N2O spatial variation study consisted of evaluating the relationship 

between values obtained using the sampling scenarios (i.e., SM, SM-V1, SM-V2, and SM-V3 – 

for within-plot effect; 75%, 50%, and 25% coverage – for between-block effect) and REF through 

a regression analysis approach. First, the daily N2O emission from 25 and 47 independently 

sampled dates, from the 4 crop rotations was determined for growing and non-growing season, 

respectively, from NT and CT plots individually. The daily averages from REF were then plotted 

against the daily averages obtained with SM, SM-V1, SM-V2, and SM-V3 (16 simulations each), 

and against daily averages from measurements that covered 75% (3 of 4 blocks; 4 simulations), 
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50% (2 of 4 blocks; 6 simulations), and 25% ( 1 of 4 blocks; 4 simulations) of the experimental 

area to study within-plot and between-block spatial variation of N2O fluxes, respectively. The best 

linear fit equation was selected based on the sum of squared errors of prediction. The 95% 

confidence interval of the slope was calculated and evaluated for its difference from 1. 

Results and Discussion 

The within-plot spatial variation in N2O fluxes 

In the comparison of the SM scenarios and the REF dataset, each daily value obtained with 

REF was plotted against the 16 daily values derived from SM (Chamber A or B within blocks 1 to 

4) (Fig. 4.1). For non-growing season datasets, the slope was not statistically different from 1 in 

100% (16 of 16 comparisons) and 75% (12 of 16 comparisons) of the cases for CT and NT, 

respectively – evidence that within-plot spatial variation in N2O fluxes was not a considerable 

source of uncertainty (Fig. 4.1). Besides, using SM resulted in higher deviation from REF dataset 

for NT compared to CT during the non-growing season (±23% vs. ±13%), but that was likely 

because N2O fluxes were close to background emissions in most of the sampling days for NT plots 

(Machado et al., 2020b), and high variations over short distances tend to occur when N2O fluxes 

are small (Ball et al., 2008).  

The range of uncertainties from growing season datasets (i.e., ± 13% and ± 12% for CT 

and NT, respectively) was similar to non-growing season datasets (Fig. 4.1), but a higher 

percentage of disagreement between SM simulations and REF occurred (Table 4.2). The slope of 

the REF vs. SM regression was not different than 1 in 50% of the cases (i.e., 8 of 16 comparisons) 

for both CT and NT soil. The percentage of cases with slopes not different than 1 in the REF and 

SM linear regression increased and the range of uncertainties decreased when a combination 
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consisting of single measurements with duplicated measurements taken only during one, two, or 

three weeks following N fertilization was used (i.e., SM-V1, SM-V2, and SM-V3). In all scenarios 

(i.e., CT and NT, for non-growing season and growing season datasets), 100% of equivalence – or 

16 of 16 comparisons with slope not statistically different than 1, was obtained between REF and 

SM-V3 (Table 4.2). Nitrous oxide emissions are enhanced in transient “hot moments” (Wagner 

Riddle et al., 2020), which are stimulated, for example, by cycles of soil freeze-thaw (Matzner and 

Borken, 2008; Wagner-Riddle et al., 2017; Machado et al., 2020b) and N fertilization (Shcherbak 

et al., 2014; Zhu-Barker et al., 2015; Hinton et al., 2015; An et al., 2020; Machado et al., 2020a). 

Our results suggest that when human and financial resources are available to be invested in 

reducing uncertainty related to spatial variation in N2O measurements (i.e., duplicated N2O 

measurements within the plot), they should focus on these “hot moments” that account for the bulk 

of the annual N2O emissions.  

 



83 
 

 

Figure 4.1. Daily N2O flux average from duplicated measurements (REF) vs. single measurements 

(SM) for conventionally tilled (CT) and no-tilled (NT) soil, during non-growing season (NGS) 

subjected to spring-thaw, and growing season (GS). The shaded area indicates the range of 

uncertainties represented by the 95% interval of confidence, whereas green and red lines are the 

simulations with slope equal and different than 1, respectively.
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Table 4.2. Percentage of the scenario used to study within-plot spatial variation on N2O fluxes of 

SM, SM-V1, SM-V2, and SM-V3 equivalent to the REF dataset (Eq.), and 95% interval of 

confidence (IC). NGS and GS are non-growing and growing season, respectively. CT = 

conventional tillage and NT = no-tillage.  

Season Tillage Eq. IC Eq. IC Eq. IC Eq. IC 

  ------ SM ------ --- SM-V1 --- --- SM-V2 --- ---- SM-V3 ---- 
NGS CT  100% ±13% NS NS NS NS NS NS 

NGS NT  75% ±23% 75% ±22%  75% ±13%  100% ±10% 

GS CT  50% ±13% 50% ±12%  75% ±8%  100% ±4% 

GS NT  50% ±12% 75% ±8%  75% ±5%  100% ±4% 

NS = not simulated as the previous level of spatial coverage was equivalent to REF in 

100% of the cases. 

Sampling coverage affected N2O averages – the between-block spatial variation 

The uncertainty related to spatial variation in N2O fluxes over longer distances (i.e., 

between-blocks) was notably wider than the uncertainty over short distances (i.e., within-plot) 

reported in this study. For non-growing season datasets, the highest levels of between-block spatial 

variation occurred for CT plots, likely because freeze-thaw related N2O emissions were 

significantly higher in CT than NT soil due to the lower insulation and increased degree of freezing 

in CT plots (Machado et al., 2020b). Chadwick et al. (2014) reported differences of up to 54-fold 

for days with increased N2O fluxes which was higher than the uncertainties found for days with 

low emissions – an explanation for CT presenting wider ranges of spatial variation than NT soil in 

our study. Besides, all scenarios of lower coverage in CT plots (i.e., 25%, 50%, and 75%) had 

slope significantly different from 1 when regressed against REF during the non-growing season 

and uncertainties decreased as spatial coverage increased (Fig. 4.2). Uncertainties were remarkably 

high for the 25% coverage (-86% to 163%) – a reflection of one of the blocks experiencing higher 

emissions than the other three (S1 >> S2, S3, and S4). The range of uncertainties narrowed for the 
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50% (±64%) and 75% (-53% to +24%) spatial coverage in CT plots, although they still did not 

represent REF well (Fig. 4.2). The range of uncertainties due to N2O spatial variation between 

REF and the scenarios of lower spatial coverage in NT plots was ±46%, ±39%, and ±15% for 

measurements in 25%, 50%, and 75% of the experimental area, respectively (Fig. 4.2). These 

ranges were much lower than reported for CT soil during the non-growing season, and in ~67% of 

the cases (i.e., 4 of 6 comparisons) equivalence to REF (i.e., slope not different from 1) was 

obtained with measurements in 50% of the experimental area (Fig. 4.2). 

 

Figure 4.2. Daily N2O fluxes from REF dataset plotted against daily average fluxes obtained with 

scenarios (S) of measurements in 25%, 50%, and 75% of the experimental area during the non-

growing season. The shaded area indicates the range of uncertainties represented by the 95% 

interval of confidence, whereas the green and red lines/symbols are the scenarios with slope equal 

and different than 1, respectively. CT = conventional tillage and NT = no-tillage. 
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 The between-block spatial variations in N2O emissions from growing season datasets 

followed the same trend reported for the non-growing season but ranges of uncertainty were 

narrower (Fig. 4.3). Conventionally tilled soil also promoted higher spatial variation than NT, and  

in most cases (4 of 6 and 3 of 4 for the 50% and 75% area coverage, respectively) scenarios were 

not equivalent (i.e. slope different than 1) to REF (Fig. 4.3). For NT soil, sampling only 25% of 

the area resulted in disagreement with REF ranging from -32% to +34%. The range of uncertainties 

narrowed to ±28% with the 50% area coverage, and further narrowed to -11% to +10% with the 

75% area coverage (Fig. 4.3). Similar to the non-growing season datasets, equivalence between 

REF and the simulations of 50% area coverage occurred in 67% of the cases (i.e., 4 of 6 

comparisons).  

 With a few exceptions, our results showed that, in general maximizing the number of 

blocks is necessary to ensure that daily N2O averages represent the whole field (i.e., REF), 

especially during hot moments (e.g., freeze-thaw cycles in the non-growing season; N fertilization 

during the growing season). Chadwick et al. (2014) previously identified the need of maximizing 

chamber numbers to better control spatial variations in N2O emissions, even if reduction in the 

number of headspace sampling per enclosure during the deployment period was required to 

manage the finite resources associated with N2O sampling (e.g., financial and human resources). 

Here we extended this analysis to non-growing seasons subjected to cycles of soil freeze-thaw and 

showed that the range of uncertainty introduced by spatial variation was wider than during the 

growing-season, particularly for CT soil (Fig. 4.2). The wider range seen for CT soil was likely 

due to larger degree of freezing in CT than NT and uneven freezing/thawing. Besides, NT soil is 

less likely to have more extreme variations in cooling/warming due to improved soil thermal 

insulation. From a statistical standpoint, our research confirmed the findings by Kravchenko and 
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Robertson (2015), which indicated increased number of replicates/blocks as the main route to 

increase statistical power in chamber-based experiments on N2O emissions, also listing increased 

number of subsamples per replicates (e.g., within-plot replication) as an alternative to control 

spatial variations. Assessment of spatial patterns in N2O emissions during growing and non-

growing seasons subjected to cycles of freeze-thaw using chamber data can improve usage of 

resources (Morris et al., 2014), which is particularly important in long-term trials.  

 

Figure 4.3. Daily N2O fluxes from REF plotted against daily average fluxes obtained with 

scenarios (S) of measurements on 25%, 50%, and 75% of the experimental area during the growing 

season. The shaded area indicates the range of uncertainties represented by the 95% interval of 

confidence, whereas the green and red lines/symbols are the scenarios with slope equal and 

different than 1, respectively. CT = conventional tillage and NT = no-tillage. 
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Conclusion 

 Through sub-sampling we were able to assess spatial variation in N2O measurements over 

short (within-plot) and long distances (i.e., between-blocks), for non-growing seasons subjected to 

cycles of soil freeze-thaw and growing seasons of annual crops. Duplicating measurements within 

the plots during the 3-wk period after N fertilization/major spring-thaw event was enough to grant 

N2O daily averages that were equivalent to duplicated measurements performed across the whole 

growing or non-growing season – and slopes were overall not different than 1 even when single 

measurements were performed across the whole non-growing season (i.e., without any within-plot 

duplication). In general, decreasing block coverage resulted in averages that did not represent the 

N2O daily average of the whole field – but there were exceptions. We thus recommend: 1) 

prioritizing “hot moments” when under resource limitation by duplicating measurements within 

the plot only in periods of high fluxes can be cost-efficient; 2) maximizing sampling coverage of 

the experimental area to ensure averages that represent the whole field; 3) local evaluation of N2O 

spatial variation patterns using the methodology proposed here to determine a sampling protocol 

that controls this important source of uncertainty. 
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Chapter 5 – General Conclusions  

The present thesis research used a 15N isotope study to quantify the contribution of specific 

N sources (i.e., crop residues, soil, and N fertilizer) to N2O emitted during non-growing seasons 

subjected to cycles of freeze-thaw (Chapter 2) and growing seasons subjected to N fertilization 

(Chapter 3) in response to contrasting tillage and crop rotations. Nitrous oxide measurements from 

non-growing and growing seasons were used to assess spatial variability in emissions – a source 

of uncertainty when using manual chambers (Chapter 4).  

In this research I showed that the contribution of N from recently added crop residues and 

the soil residual 15N from the preceding N fertilization to spring-thaw N2O emissions never 

exceeded 2%, pointing to other mechanisms/N sources as the major contributors to freeze-thaw 

N2O emissions such as increased mineralization of labile soil organic matter (Herrmann and 

Witter, 2002; Christensen and Christensen, 1991), microbial cytoplasmic release (Schimel et al., 

2007) and decreased aggregate stability (Oztas and Fayetorbay, 2003). Substrate release through 

these other mechanisms likely occurred at higher rates in CT than NT soil due to higher degrees 

of freezing on the first and can explain why CT emitted more N2O than NT soil during the non-

growing season. The findings from Chapter 2 evidenced that non-growing season emission 

induced by freeze-thaw cycles should be modelled with a separate approach without concern for 

‘double counting’, by considering substrate release from other sources than crop residue (e.g., soil 

organic matter). 

Nitrous oxide emission in response to tillage during the growing-season followed the same 

trend seen for the non-growing season, with CT>NT due to 1.4-times higher indigenous soil N 

derived N2O emissions. Over the whole 4-yr period CT emitted 1.3-times more N2O than NT soil. 
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Diverse rotations emitted from 1.2- to 1.5-times higher N2O accumulated over 4-yr than the simple 

rotation, but the effect was due to differences in the amount of N applied as the simple rotation 

had two years of soybean with no N addition. When a correction was performed to scale emissions 

by N fertilizer rate, N2O totals over the 4-yr rotation became equivalent between simple (i.e., 

CCSS) and diverse (i.e., CCSWrc) rotations – an evidence that crop diversification can increase 

soil organic matter levels without necessary increasing N2O emissions. Overall, crop residues 

contributed minimally to N2O emissions over the 4-yr rotation (i.e., 0.3-1.3%), which were mostly 

derived from soil N (i.e., 53-67%) and N fertilizer (32-46%). Interestingly, despite the importance 

of N fertilizer to growing season N2O emissions, residual N fertilizer was a minor source to non-

growing season N2O emissions. Chapter 3 also showed that IPCC EF value for crop residues is 

overestimated as measured values never surpassed 0.1% (vs. 0.6% default IPCC default value for 

wet climate). 

Finally, daily N2O fluxes measured in this study were subjected to within-plot (for 

growing-season datasets) and between-block (for non-growing and growing season datasets) 

spatial variation in N2O measurements - assessed in Chapter 4 of this thesis. When within-plot 

variation occurred, duplicating measurements within the plots during the 3-wk period after N 

fertilization was enough to grant N2O daily averages that were equivalent to duplicated 

measurements performed across the whole growing season. The between-block was more 

accentuated than the within-plot spatial variation in N2O fluxes and decreasing block coverage 

resulted in averages that did not represent the N2O daily average of the whole field – with a few 

exceptions. Results from Chapter 4 highlighted that: i) prioritizing “hot moments” when under 

resource limitation by duplicating measurements within the plot only in periods of high fluxes can 

be cost-effective; ii) maximizing sampling coverage of the experimental area is important to ensure 
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averages that represent the whole field; iii) evaluation of chamber-based N2O data – from the 

literature or derived from local measurement – can improve understanding on spatial variation 

patterns in emissions, providing insights towards controlling this important source of uncertainty.  

Overall, this thesis filled important knowledge gaps on N2O emissions from agricultural 

soils subjected to cycles of freeze-thaw (i.e., non-growing season) and N fertilization (i.e., growing 

season) in response to tillage and crop rotations. In addition, we identified potential topics to be 

explored in future research on N2O emissions such as the N fertilizer rate reduction effect on 

emissions due to the N credit from crop residues or the N fertilizer rate increases due to 

immobilization potential of high C/N ration residues (e.g., corn) – topics that could be explored 

with similar methodology as the one used in this thesis.
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APPENDIX A – Supplemental material Chapter 2 1 

Table S.1 - Soil bulk density and porosity for the interaction date vs. tillage (p<0.05). The study 2 

was performed in 2019 on two dates after the spring-thaw event and rotation or the interaction date 3 

vs. rotation was not significant (p>0.05). 4 

Date Treatment Bulk density (g cm-3) Porosity (%) 

March 30, 2019 CT 1.15±0.02 56.5±0.8 

March 30, 2019 NT 1.25±0.03 52.6±1.0 

May 16, 2019 
CT 

1.30±0.02 50.9±0.8 

May 16, 2019 NT 1.31±0.02 50.5±0.6 

 5 

Table S.2 - Average Water-filled pore space - WFPS (%) for spring-thaw (ST), pre-planting 6 

(PP), and post-harvest (PH) in response to tillage and rotation. Letters show Duncan's classes 7 

(rotation levels) or significant Anova difference (tillage). NT is no-tillage, CT is conventional 8 

tillage. Studied crop phase is underlined and bolded, with C = corn, S = soybean, and, Wrc = 9 

winter wheat + red clover. The rotation by tillage interaction was never significant (p>0.05).  10 

Year 1 

 NT CT CCSS SSCC CCSWrc SWrcCC 

ST (Feb. 21 - Mar. 21, 2018) 48.4 a  37.3 b ns ns ns ns 

PP (Mar. 22 - Apr. 26, 2018) 71.7 a  56.2 b ns ns ns ns 

Year 2 

 NT CT CCSS SSCC CCSWrc SWrcCC 

PH (Oct. 19 - Dec. 18, 2018) 59.8 a 43.9 b ns ns ns ns 

ST (Mar. 15 - Apr. 12, 2019) 79.3 a 69.6 b 72.5 c 74.8 b 76.7 a 73.9 bc 

ns non-significant rotation effect (p>0.05)   11 
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Table S.3 - Soil nitrate, expressed in kg N ha-1, from 0-15 cm soil depth in response to tillage, rotation, and interaction tillage x rotation 

for periods of the year (ST-spring-thaw, PP-pre-planting, PH-post-harvest). Average concentration (͞x) was calculated every time a 

period had more than one soil sampling date. Estimated Marginal Means and a 95% confidence interval (CI) were used to study the 

interaction in ST and PP (Year 1), and superscript letters are tillage levels according to the ANOVA.  

Rotation Tillage 

ST (Year 1) 

-----1----- 

PP (Year 1) 

   (1)      (2)       (͞x)           (͞x) 

PH (Year 2) † 

        (1) 

ST (Year 2) 

  (1)       (2)       (3)          (4)       (5)        (͞x) 

NO3
- 95% CI --------NO3

--------- 95% CI NO3
- --------------------NO3

---------------------- 

CCSS 
CT 5.0 2.8-7.2 6.1 7.1 6.6 4.6-8.5 3.3 2.6 11.0 7.3   6.3 8.1 7.1 

NT 4.2 2.0-6.4 7.9 3.0 5.5 3.5-7.4 2.6 3.0 5.4 7.5   6.6 7.7 6.1 

SSCC 
CT 5.0 2.8-7.2 9.0 9.4 9.2 7.3-11.2 2.8 3.3 4.3 6.7   4.1 4.0 4.5 

NT 6.6 4.3-8.8 10.8 3.7 7.3 5.3-9.2 2.2 3.0 6.2 9.3   5.7 8.2 6.5 

CCSWrc 
CT 4.9 2.6-7.1 10.8 8.5 9.6 7.7-11.6 3.1 0.3 6.9 6.6   7.8 5.9 5.5 

NT 8.8 6.5-11.0 9.6 3.3 6.5 4.5-8.4 2.5 2.3 8.7 8.7   9.3 6.5 7.1 

SWrcCC 
CT 7.3 6.4-12.2 9.7 19.4 14.5 12.6-16.5 4.9 4.3 4.5 7.7   4.7 3.9 5.0 

NT 4.7 2.5-6.9 9.8 5.2 7.5 5.6-9.4 3.4 0.8 6.7 11.3   6.1 6.9 6.4 

CCSS All - - - - - - 2.9ns 2.8ns 8.2ns 7.4ns 6.4ns 7.9ns 6.6ns 

SSCC All - - - - - - 2.5ns 3.1ns 5.3ns 8.0ns 4.9ns 6.1ns 5.5ns 

CCSWrc All - - - - - - 2.8ns 1.3ns 7.8ns 7.7ns 8.5ns 6.2ns 6.3ns 

SWrcCC All - - - - - - 4.1ns 2.5ns 5.6ns 9.5ns 5.4ns 5.4ns 5.7ns 

All CT - - - - - - 3.5a 2.6ns 6.7ns 7.1b   5.7b 5.5b 5.3b 

All NT - - - - - - 2.7b 2.3ns 6.8ns 9.2a   6.9a 7.3a 6.5a 
ns is a non-significant effect (p>0.05). 

ST (Year 1) 1 was taken on Feb. 27, 2018; PP (Year 1) 1 and 2 on Mar. 28 and Apr.26, 2018; PH (Year 2) on Nov. 27, 2018; and ST (Year 2) 1 to 

5 on Mar. 15, 22 and 29, April 5 and 12 2019. 
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Table S.4 - Nitrous oxide emission factors (%) of above- and below-ground crop residues in response to tillage and rotation for winter 

(W), spring-thaw (ST), pre-planting (PP), post-harvest (PH), and the whole non-growing season (Nov-Apr) of Years 1 and 2. The crop 

phase studied is underlined and bold. Research started after PH in Year 1, and PP was not present in Year 2 due to N fertilization of 

wheat on CCSWrc.  

Year 1 

Rotation 

---------------------- Above-ground ---------------------- ---------------------- Below-ground ---------------------- 

---- W ---- ---- ST ---- ---- PP ---- --- Total --- ---- W ---- ---- ST ---- ---- PP ---- --- Total --- 

CT NT CT NT CT NT CT NT CT NT CT NT CT NT CT NT 

CCSS 0.0001 0.0010 0.0023 0.0022 0.0002 0.0003 0.0026 0.0035 0.0000 0.0001 0.0019 0.0019 0.0007 0.0001 0.0026 0.0021 

SSCC 0.0004 0.0350 0.0119 0.0189 0.0212 0.0005 0.0335 0.0544 0.0000 0.0039 0.0287 0.0144 0.0011 0.0007 0.0298 0.0190 

CCSWrc 0.0003 0.0073 0.0028 0.0045 0.0003 0.0017 0.0034 0.0135 0.0001 0.0084 0.0069 0.0027 0.0010 0.0077 0.0080 0.0161 

SWrcCC 0.0001 0.0010 0.0014 0.0023 0.0001 0.0002 0.0016 0.0035 0.0000 0.0187 0.0094 0.0022 0.0072 0.0004 0.0166 0.0213 

Year 2 

Rotation 

---------------------- Above-ground ---------------------- ---------------------- Below-ground ---------------------- 

---- PH ---- ---- W ---- ---- ST ---- --- Total --- ---- PH ---- ---- W ---- ---- ST ---- --- Total --- 

CT NT CT NT CT NT CT NT CT NT CT NT CT NT CT NT 

CCSS 0.0028 0.0028 0.0000 0.0000 0.0092 0.0081 0.0120 0.0109 0.0001 0.0005 0.0000 0.0010 0.0021 0.0063 0.0022 0.0078 

SSCC 0.0007 0.0003 0.0000 0.0000 0.0022 0.0038 0.0029 0.0041 0.0000 0.0002 0.0000 0.0006 0.0009 0.0019 0.0009 0.0027 

CCSWrc 0.0048 0.0018 0.0000 0.0000 0.0112 0.0099 0.0160 0.0117 0.0011 0.0005 0.0001 0.0260 0.0094 0.0085 0.0106 0.0350 

SWrcCC 0.0009 0.0035 0.0000 0.0070 0.0010 0.0064 0.0019 0.0169 0.0006 0.0003 0.0000 0.0028 0.0009 0.0054 0.0015 0.0085 



122 
 

Table S.5 – Study of linearity of N2O emissions using high-frequency, small (i.e., volume = 4076.1 cm3), automatic chambers with 20 

minutes deployment time – original data from Linton et al. (2020). 

Period 
Number of 20-min 

measurements 

Range of fluxes 

(g N2O ha-1 d-1) 

June 5 – July 31 3629 -27.7 to 886.2 

Quartile 1 – Q1 
(% measurements best fitted by 

linear regression above Q1) † 

Quartile 2 – Q2 
(% measurements best fitted by 

linear regression above Q2) † 

Quartile 3 – Q3 
(% measurements best fitted by 

linear regression above Q3) † 

9.03 g N2O-N ha-1 d-1  

(88.0%) 

22.5 g N2O-N ha-1 d-1  

(94.0%) 

83.8 g N2O-N ha-1 d-1  

(98.5%) 

†coefficient of determination from the linear regression was higher or equal than values from non-linear/ exponential regression. 
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APPENDIX B – Supplemental material Chapter 3 

Table S.1 – Soil bulk density of samples taken during the growing season 2. The interaction 

rotation by tillage was significant for test of between subject effects (p<0.05), and time was 

significant for the within subject effect (p<0.05). 

Rotation Tillage May 30,19 June 18,19 July 5,19 Aug 2,19 Average IC – Average 

CCSS CT 1.18 1.24 1.20 1.23 1.21 1.18-1.24  

CCSS NT 1.38 1.36 1.25 1.24 1.31 1.28-1.34  

SSCC CT 1.21 1.22 1.23 1.26 1.23 1.20-1.26  

SSCC NT 1.29 1.27 1.21 1.32 1.27 1.24-1.30  

CCSWrc CT 1.34 1.31 1.24 1.36 1.31 1.28-1.34  

CCSWrc NT 1.29 1.18 1.15 1.23 1.21 1.18-1.24  

SWrcCC CT 1.14 1.15 1.15 1.27 1.18 1.15-1.21 

SWrcCC NT 1.26 1.16 1.17 1.30 1.22 1.19-1.25 
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Table S.2 - P-values for the analysis of variance used to test the tillage and rotation effects on 

water-filled pore space (WFPS) averaged over the 30 days period after N fertilization in corn for 

growing season 1 (GS1), and winter wheat and corn for growing season 2 (GS2), and respective 

WFPS averages. The studied crop phase is underlined and bolded. CT and NT are conventional 

and no-tillage, respectively. C = corn, S = soybean, and, Wrc = winter wheat under seeded with red 

clover. 

 

 

 

 

 

 

 

 

 

§ Lowercase letters shown a difference in rotation within a tillage treatment (i.e. within a row), and 

uppercase letters show differences in tillage within a rotation treatment (within a column). 

 

 

p-values 

Year Rotation (R) Tillage (T) R x T 

GS1 p=0.030 p<0.001 p=0.031 

GS2 (for Wrc) p=0.012 p<0.001 p=0.036 

GS2 (for corn) p<0.001 p<0.001 p=0.025 

WFPS (%), GS1§ 

--- Tillage--- --------------------- Rotation --------------------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 41.5 a A 36.3 b A 41.2 a A 38.7 ab A 

CT 37.6 a B 32.1 b A 32.7 b B 31.5 b B 

WFPS (%), GS2 (for Wrc)§ 

--- Tillage --- ---------- Rotation ---------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 78.5 a A 77.7 a A 82.5 a A 79.0 a A 

CT 64.5 b B 64.0 b B 73.0 a B 64.2 b B 

WFPS (%), GS2 (for corn) § 

--- Tillage -- ---------- Rotation ---------- 

 CCSS SSCC CCSWrc SWrcCC 

NT 52.4 a A 52.2 a A 34.0 b A 55.9 a A 

CT 46.7 a B 46.8 a B 33.5 b A 49.7 a B 
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Table S.3. Emission factor (EF) of N fertilizer in response to rotation and tillage treatments during 

growing seasons 1 (GS1) and 2 (GS2). Whereas for GS1 the interaction tillage x rotation was 

significant (p<0.05), only a marginal effect of tillage happened in GS2 (p=0.06). 

Year  Rotation 
N rate 

kg ha -1 

 EF§ 

----- % ----- 

CT NT 

  GS1 
SSCC 180 0.79 a A 0.33 b A 

SWrcCC 180 0.54 a B 1.20 a A 

  

 GS2 

  

SSCC 182 0.89 a A 0.73 a B 

SWrcCC 182 1.08 a A 0.54 a B 

CCSWrc 136 1.04 a A 0.69 a B 
 

§ Within growing season, lowercase letters shown a difference in rotation within a tillage treatment (i.e., 

within a column), and uppercase letters show differences in tillage within a rotation treatment (within a 

row). 

 

 

 

 


