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ABSTRACT 

FIELD-SCALE CROPLAND SOIL N2O EMISSIONS AS INFLUENCED BY CROP 

DIVERSIFICATION AND COVER CROPS OVER TWO YEARS USING A MICRO-

METEOROLOGICAL METHOD 

Yuanpei (Kean) Gao Advisor: 

University of Guelph, 2020 Professor Claudia Wagner-Riddle 

 

Cropland soil is a major driver of global N2O emissions and crop diversification and use 

of cover crops (CC) has potential to mitigate these emissions. This two-part thesis reports 

on firstly effects of fall cultivation and cover crops on N2O fluxes over freezing and 

thawing periods in the 2018-19 six-month non-growing season (NGS), and secondly on 

overall effects of cover crop integrated diversification on N2O fluxes measured on a 

simple (corn-soybean-soybean) and a diversified (corn with CC-soybean-winter wheat) 

rotation field between 2018 and 2020. Over the 2018-19 NGS, fall cultivation or cover 

crops alone increased N2O fluxes, and cultivating summer-established cover crops 

increased the fluxes even more. Over two years, termination of cover crops resulted in 

significantly higher growing-season N2O fluxes and 1.67 kg N ha-1 higher total emissions 

than the simple field over two years. The trends for diversified rotations observed here 

need to be confirmed in the long-term.   
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Chapter 1 - General Introduction 

Atmospheric nitrous oxide (N2O) concentration increased from 290 ppb in 1940 to 330 

ppb in 2017 and this has become a global concern because of the contribution to climate 

change and ozone depletion from this gas (Ravishankara et al. 2009; Thompson et al., 

2019). Anthropogenic N2O emissions accounted for 6.2% of global annual GHG 

emissions in 2010, with over 70% attributed to cropland soils (IPCC, 2014).  

In soils, N2O is a product of mainly two categories of microbial processes, nitrification 

and denitrification, which are regulated by soil conditions such as soil water content, soil 

temperature, and substrate (C and N) availability (Ussiri and Lal, 2013). N2O production 

is stimulated when soil conditions favor denitrification, that is, a wet, warm soil 

environment with readily available nitrogen and a neutral pH (Butterbach-Bahl et al., 

2013; Robertson and Groffman, 2007; Schaufler et al., 2010; Schmidt et al., 2000). In 

cold environments, thawing of soils can induce large N2O fluxes by promoting new 

production by denitrification through increasing anaerobiosis, nitrogen substrates, and 

releasing N2O produced and trapped under ice or snow cover (Congreves et al., 2018). In 

seasonally frozen agricultural soils, freeze-thaw cycles have been shown to be 

responsible to 30 to 90% of annual total N2O emission; exclusion of this emission could 

lead to a 17 – 28% underestimation on global agricultural N2O budget (Wagner-Riddle, 

2017). These soil conditions can be effectively altered to favor or reduce N2O production 

through changing management practices such as cultivation and crop rotation diversity. 

Crop rotation diversification has become increasingly popular among innovative farmers, 

which involves more diversified species of crops or cover crops in each rotation and 
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subsequently shortens the period of exposing the soil surface. Crop diversification has 

shown significant improvements of crop yield stability and resilience to many 

environmental stresses (Gaudin et al., 2015). Integrating cover crops (CC) within crop 

rotations is a common way to diversify crop rotations. A cover crop is commonly under-

seeded to a main crop or planted after harvest of the main crop and is typically terminated 

and incorporated into soil for nutrient cycling before planting a new main crop. 

Diversification of crops and cover cropping may provide many economical and 

environmental benefits in the long term, such as lowering fertilizer demand and cost, 

reducing soil erosion and nutrient loss, soil stabilization, weed control, and improving 

soil health (Munkholm et al 2013, Congreves et al. 2015, Groff 2015). Wagner-Riddle 

and Thurtell (1998) also suggested an opportunity to use CC for soil N2O mitigation. 

However, 20 years after it is suggested, impacts of CC on soil N2O emission are not yet 

well studied. While the ability to reduce nitrate leaching has been well documented which 

may contribute to reduced indirect off-site N2O emissions, direct impacts of CC on N2O 

emissions were not consistent in past studies (Hansen et al., 2019; Mosier, 1998). Basche 

et al. (2014) investigated 26 cover crop studies and found that CC increased soil surface 

N2O emissions in 60% of the observations and decreased the emissions in 40% of the 

observations. This meta-analysis concluded that the impacts of CC on N2O emissions are 

modified by many environmental and management factors such as N fertilizer use, soil 

cultivation, residue incorporation, timing and amount of precipitation, and period of 

measurement. Out of the 26 studies reviewed by Basche et al. (2014), only 4 have 

investigated year-round effect of CC on N2O emissions, especially during non-growing 
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seasons. Year-round studies on cover crop are needed to improve understanding of 

controlling factors of N2O emissions and to guide agricultural management strategies. 

In a conventionally tilled system, cover crops are usually terminated and incorporated 

into soils (Sainju and Singh, 2001). Surface cultivation changes soil conditions that may 

affect N2O emissions following the practice. However, results from past studies are not 

consistent due to inconsistent environmental conditions and management practices 

(Basche et al., 2014). There is also a lack of studies on effect of cultivation on off-season 

N2O emissions, especially the emissions induced by winter freeze-thaw cycles in cold 

regions due to the episodic nature of N2O emissions and challenges of measuring the 

emissions in winter.  

Two main approaches have been taken to measure N2O emissions, discontinuous and 

continuous, which are differentiated by frequency of measurements. The majority of N2O 

studies were done with discontinuous measurement methods, mainly represented by 

variations of manual chamber techniques performed with non-flow-through non-steady-

state (NFT-NSS) chambers (Bouwman et al., 2002). While manual chamber techniques 

have advantages in terms of simplicity, affordability, and versatility, the low measuring 

frequencies (every 1-2 days or once per week) may often lead to poor estimates of N2O 

fluxes (Rochette and Eriksen-Hamel, 2008). The manual chamber methods also rely on 

field accessibility which limits the actual measuring frequency, especially in regions that 

have regular winter snow covers. In contrast, continuous measurement techniques, 

mainly represented by automated chamber techniques and micro-meteorological 

techniques, can measure N2O flux much more frequently (several times per day). Like the 

manual chamber techniques, automated chamber techniques are often used to compare 
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N2O fluxes between treatments within a given plot-scale study (de Klein and Harvey, 

2015). In cold environments, winter site accessibility and snow or ice cover may also 

limit viability of chamber measurements. Micrometeorological techniques, such as the 

flux-gradient method (Wagner-Riddle et al., 2007) and the eddy-covariance method 

(Cowan et al., 2020), allow for field-scale measurements while capturing temporal 

variabilities. To address the lack of studies that use meteorological methods in areas with 

cold winters and focus on cover crops, the flux-gradient method was used in this 

research. 

This thesis presents findings from two years of an ongoing long-term experiment that 

studies crop diversification and CC impacts on N2O emissions, using a flux-gradient 

method. Chapter 2 of this thesis presents a study conducted to investigate short-term 

effects of fall cultivation and termination of CC on soil conditions and N2O emissions in 

the non-growing season following harvesting of corn. Chapter 3 of this thesis presents a 

study of crop diversification effects on N2O emissions from April 2018 to April 2020 

with continuous and high-resolution N2O flux data from the same research area as 

described in Chapter 2. 

Objectives 

Study 1: Assessment of short-term impacts of cover crops and cultivation on non-

growing season N2O fluxes  

i) to evaluate cover crop and cultivation effects on N2O fluxes through several 

freeze-thaw cycles and total non-growing season (NGS) N2O  

ii) to relate N2O fluxes to surface soil temperature and water content 
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Study 2: Assessment of crop diversification and cover crops on N2O fluxes over two 

years. 

i) to evaluate if cover crops can reduce winter soil freezing and non-growing 

season N2O emissions. 

ii) to evaluate if spring termination of cover crops would result in elevated N2O 

emission during the following growing season, and if this effect would 

counteract the effect cover crops had during non-growing season. 

iii) to assess the overall effect of crop diversification and cover crops on N2O 

emissions over the two study years. 
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Chapter 2 - Assessment of short-term impacts of cover crops and 

cultivation on non-growing season N2O fluxes  

 

2.1 Introduction 

Cropland soils are a major source of nitrous oxide (N2O), a potent greenhouse gas (GHG) 

that can persist for over 100 years in the atmosphere and contribute to climate change and 

destruction of stratospheric ozone (IPCC, 2007; Ravishankara et al. 2009). In cold 

climates, non-growing season (Nov - Apr) N2O emissions from soil freeze-thaw (FT) 

cycling can account for 35 to 65% of total annual emissions (Wagner-Riddle et al., 2017). 

A combination of mechanisms is responsible for the thaw flush of N2O, including 

physical release of winter produced N2O trapped under frozen layers (ice, snow, and 

soils), changes in soil microbial activity, and new production of N2O through 

denitrification during thaws (Risk et al., 2013; Nemeth et al., 2014; Flessa and Dorsch, 

1995). Congreves et al. (2018) also suggested a link between FT N2O fluxes with severity 

of winter soil freezing - less fluxes were observed following a warmer winter. This also 

agrees with a conclusion from an earlier study that fewer winter freezing-degree hours 

lead to smaller spring-thaw N2O emissions (Wagner-Riddle et al., 2007). 

Through 15N tracer studies, Ludwig et al. (2004) and Wagner-Riddle et al. (2008) have 

identified microbial denitrification as the dominant contributor to high thaw fluxes. 

During thawing events, soil conditions are favorable for denitrification because of 

increased soil temperature, soil water content from snowmelt (increased anaerobiosis), 

and substrates (C and N) availability (Wagner-Riddle et al., 2007). Therefore, altering 
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these soil conditions before and during non-growing seasons shows great opportunity for 

mitigating thaw N2O emission. 

Potential mitigation approaches might be through changing agronomic management 

practices, such as tillage/cultivation and rotation diversity (Decock, 2014; Lehman et al., 

2017). While many studies have suggested reduced- or no- tillage systems may reduce 

GHG emissions, including N2O, conventional tillage is still widely practiced, and the 

combined effects of tillage and cover crops were rarely explored (Six et al., 2004; 

Jayasundara et al., 2007; Petersen et al., 2011, Sainju, 2016). As a mean of rotation 

diversification, cover crops have gained increasing interest among innovative farmers 

because they can improve soil health and reduce demand for synthetic N fertilizer 

(Carlson and Stockwell, 2013). Agricultural use of cover crops has a long history, even 

before the concept of diversification was realized (Groff, 2015). In recent years, cover 

crops have also gained increasing research interests in the light of greenhouse gas 

mitigation potentials (Kaye and Quemada, 2017).  

Cover crops, commonly defined as plants that are purposed to cover the soil surface 

rather than being harvested, can be planted between seed rows of a cash crop, or planted 

following harvest of a cash crop, although the latter appeared in the majority of published 

studies (Carlson and Stockwell, 2013).  Well established and managed cover crops have 

N2O mitigation potentials because of the ability to affect a few controlling factors of the 

denitrification process: soil water content, temperature, and substrate (C and N) 

availability (Qi and Helmers, 2010; Abdalla et al., 2019; Kaye and Quemada, 2017). Soil 

water content regulates oxygen availability for microbe-driven N transformations in soil 

by restricting air diffusion, which increases anaerobiosis and consequently promote 
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denitrification (Tiedje, 1988). Past studies suggest a positive correlation between soil 

water content and nitrous oxide emissions when water-filled-pore space (WFPS) is below 

80% (Bowman and Steltzer, 1998; Dobbie and Smith, 2001; Schaulfler et al., 2010; Lin 

and Hernandez-Ramirez, 2020). During a freeze-thawing (FT) event, aqueous water fills 

soil pores, transports substrates to microbes, and creates an oxygen-deficient 

environment, ultimately leading to escalated N2O fluxes (Goodroad and Keeney, 1984; 

Prieme and Christensen, 2001). Well established cover crops may reduce soil water 

content through transpiration during the growing season, while they may also increase 

soil water by reducing soil surface evaporation, increasing rainfall infiltration, and 

increasing soil water storage capacity (Basche et al., 2016). 

While soil water content impacts N transformations indirectly by limiting oxygen 

availability and determining predominance between nitrification and denitrification, soil 

temperature affects soil N transformation directly by accelerating organic matter 

decomposition and microbial metabolic turnover (Ussiri and Lal, 2013). Temperature 

may also impact N2O emissions indirectly as both O2 and N2O solubilities in water 

change with temperature. At low temperatures, an increased O2 solubility may reduce 

denitrification activity and thus N2O production (Coyne, 2008). However, low over-

winter soil temperatures (severe freezing) may lead to higher N2O fluxes during thaws 

(Congreves, 2018; Wagner-Riddle, 2007). As temperature increases, decreasing N2O 

water solubility and increasing N2O diffusion coefficient in soil may also contribute to 

increased N2O fluxes (Schmidt et al., 2000). Cultivation has critical impacts on soil 

temperatures: fall cultivation decreases over-winter surface soil temperatures (more 

winter soil freezing) and increases growing-season surface soil temperatures (Yang et al., 
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2018; Shen et al., 2017). These effects can contribute to higher N2O emissions during 

both non-growing season (thaws) and growing season. On the other hand, cover crop 

establishment can shade soil surface and thus reduce soil temperature in hot summer 

months, and trap early snowfall that insulates soil surface against the cold atmosphere 

and reduces soil freezing depth and severity in winter, which can potentially reduce N2O 

emissions year-round (Lombardozzi et al., 2018). 

Substrates, particularly nitrate (NO3
-), are essential for soil microbial N2O production as 

denitrification is fueled by them (Ussiri and Lal, 2013). During growing seasons, cover 

crops have the potential to uptake soil N, and thus limit available N in soil and reduce 

N2O emissions. The uptake efficiency varies depending on the type of cover crop. 

Legume species (Fabaceae), such as alfalfa and clover, can uptake soil N while fixing 

atmospheric N into organic N in the rhizosphere, whereas non-legumes such as wheat and 

perennial rye are more efficient in scavenging soil N (Thorup-Kristensen, 2003). 

However, both types of cover crops can only maintain this effect while they are alive. 

Decomposition upon termination and/or incorporation of established cover crops may 

result in increased N2O emissions, if the C:N ratio of the decomposing biomass is low, 

which increases soil nitrate substrate level through promotion of mineralization 

(Robertson and Groffman, 2015). Therefore, further studies with intensive measurements 

are necessary to understand and evaluate the effects of cover crops on soil N substrate 

and emissions throughout whole years.  

To successfully implement and benefit from cover crops, careful and sometimes complex 

management is required. Management strategy is critical to the effects that CC may have 

on N2O emissions; developing and improving CC management strategies thus becomes 
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important for CC to deliver its benefits in emission mitigation. This study presents 

research that investigated the effects of two management practices, fall cultivation and 

use of cover crops, on soil conditions and N2O emissions in the following non-growing 

season. Fall cultivation likely accelerates crop residue and cover crop biomass 

decomposition and thus provides more substrates, as well as increases winter soil 

freezing, therefore could increase NGS N2O emissions, especially during thaws. Cover 

cropping can likely result in lower water content and substrate availability in surface soil 

before the non-growing season, and consequently lower N2O production through the 

NGS. The snow-trapping effect can also contribute to lower N2O emissions during thaws. 

However, decomposing winter-killed cover crop biomass may provide extra substrate for 

N2O production. Therefore, the net effect of cover cropping still needs further 

investigation. 

The objectives of this study were: (i) to assess individual and combined effects of fall 

cultivation and cover cropping on soil conditions, and winter freezing; (ii) to evaluate 

individual and combined effects of fall cultivation and cover cropping on non-growing 

season N2O emissions and compare to changes in soil conditions (soil water, temperature, 

N substrate). 

 

2.2 Material and Methods 

2.2.1 Site description, experimental design, and management 

This study focuses on effects of cover crops and fall cultivation on non-growing season 

N2O emissions measured over following corn harvest. The experiment described herein is 

a continuation and expansion of a long-term N2O study established in 2000 at the 
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University of Guelph Elora Research Station, Ontario, Canada (43°39’N, 80°25W, 

376m), as described in previous studies (Jayasundara et al., 2007; Wagner-Riddle et al., 

2007; Congreves et al., 2017; Machado et al., 2020). This study presents results for one 

non-growing season from October 31, 2018 to April 30, 2019. Soil at the site is an 

imperfectly drained Guelph silt loam (29% sand, 52% silt, 19% clay) and experiences a 

humid continental climate with cold winters (Köppen–Geiger Dfb). Detailed soil 

description and site history can be found in previous publications from Sulaiman et al. 

(2017) and Machado et al. (2020).  

Nitrous oxide was measured over four fields (4 ha each), within a 30-ha area of 

aerodynamically homogeneous land with the same crop, using a flux-gradient method 

(Wagner-Riddle et al., 1996 and 2007). Each of the 4-ha fields was managed according 

to: no cultivation, no cover crop (-CL-CC); cultivation, no cover crop (+CL-CC); no 

cultivation, with cover crop (-CL+CC); cultivation, with cover crop (+CL+CC).  

Corn was planted in all four fields at 80,000 seeds ha-1 on May 14, 2018, followed by a 

two-species mixture of crimson clover (Trifolium incarnatum) seeded at 6.7 kg ha-1 and 

cereal rye (Secale cereal) seeded at 33.6 kg ha-1, under-seeded to corn at the 6th leaf stage 

on -CL+CC and +CL+CC fields on June 20 and 21, 2018. Fall cultivation with 

moldboard plough took place immediately following harvesting of corn on Oct 30, 2018 

in fields +CL-CC and +CL+CC.    

2.2.2 Nitrous oxide flux  

Nitrous oxide was measured with the flux-gradient method, and the fluxes were 

determined from Arya (1988): 
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𝐹𝑁2𝑂 =
𝑢∗𝑘∆𝐶

[𝑙𝑛 (
𝑧2 − 𝑑
𝑧1 − 𝑑

) −  𝛹2 +𝛹1]
 

where  𝑢∗ is the friction velocity, 𝑘 is the von Karman constant (= 0.41), ∆𝐶 is the 

difference in measured N2O concentration between two sampling heights, 𝑧1 and 𝑧2, 𝑑 is 

the displacement height, 𝛹1 and 𝛹2 are the integrated Monin-Obukhov similarity 

functions for heat for the two sampling heights. Two 3-D sonic anemometers (CSAT3) 

were installed in the field, one that captured -CC fields and one for +CC fields, which 

provided near-continuous measurements of 𝑢∗ and sensible heat flux (for 𝛹 calculations). 

In the cases when the sonic anemometers did not yield data (e.g. under heavy rain or 

snow conditions, or equipment maintenance), estimates of 𝑢∗ were derived from hourly 

wind profiles measured by a five-cup anemometer (at 67, 102, 155, 236, 354 cm; F460, 

Climatronics Corp., Newton, PA, USA), and estimates of sensible heat flux were 

calculated as a function of net radiation measured by two net radiometers (CNR1, Kipp 

and Zonen, Delft, the Netherlands) installed next to the sonic anemometers. A detailed 

description of the system can be found in Wagner-Riddle et al. (2007).  

To sample gas and measure N2O concentration difference (∆𝐶), one tower with two 

intakes drawing air at two heights (spaced 50 cm apart) was installed in each of the four 

fields. The heights of air intakes were adjusted over the study period, with the lower 

intake heights at approximately 1.9 times crop canopy height or winter snow cover 

depths, and the upper intake 50 cm above. When soil surface was bare, intake heights 

were at 0.4 m and 0.9 m for all four fields. Air intakes were programmed to switch 

between the two heights every 15 s with solenoid valves. Air samples from the four fields 

were drawn into a manifold with a central vacuum pump. Controlled by a datalogger 
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(CR1000, Campbell Scientific), the manifold allows air to be sampled from one field 

over 30 min while returning air sampled from other fields to the atmosphere. A second 

vacuum pump sub-sampled air from the manifold and directed it through a tunable diode 

laser trace gas analyzer (TGA100A, Campbell Scientific), which continuously measured 

N2O concentrations at 10 Hz in the sampled gas stream. With this system, N2O 

concentration differences for each field were measured for 30 minutes every 2 hours, 12 

times per day. Raw N2O concentration data were filtered according to a list of criteria, 

including friction velocity (< 0.1 m/s), poor analyzer performance, fetch conditions, and 

stability parameter outside a range of -5 to 2 (Wagner-Riddle et al., 2007). From each of 

the 15 s intervals over which N2O concentrations were measured, data during the 

transition between the two intakes heights were eliminated, leaving approximately 5400 

concentration values per height per 30 min period.  

2.2.3 Soil inorganic N analysis 

Concentrations of mineral N (NO3
- and NH4

+) from surface soils at 0 – 15cm depth were 

determined. Soils were sampled once before harvesting of corn, on October 19, 2018 and 

once during the final thaw when soils were not frozen or covered by snow or ice, on April 

4th of 2019. Each of the four fields was divided into 9 subplots by a 3x3 grid. Within each 

subplot, soils cores were taken at five locations between two rows of corn stubble, and a 

subsample of the composite sample was taken, resulting in a total of 36 soil samples each 

time. Collected soil samples were placed in a chest cooler for transportation and stored 

directly in a -20 °C freezer until extraction. Samples were taken to a 4 °C refrigerator one 

day before extraction to thaw. Soil NO3
- and NH4

+ were then extracted with 2.0 M KCl 

solutions as described in Maynard et al. (2007). Extracts were then analyzed for NO3
- and 
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NH4
+ concentrations using a continuous flow analyzer (Seal AutoAnalyzer 3-AA3, Seal 

Analytical).  

2.2.4 Soil water content and soil temperature 

Soil volumetric water content (SWC) and soil temperature were continuously measured 

at 5 and 25 cm in all fields using time domain reflectometry probes (TDR, Model CS616, 

Campbell Scientific) and lab-built copper-constantan thermocouples, respectively. The 

sensors were installed in pairs, each consisting of one SWC and one temperature sensor. 

Both SWC and temperature sensors in a pair were connected to a data logger (CR23X, 

Campbell Scientific). In each field, two pairs of sensors were installed at each 

measurement depths for a total of 8 measurements (4 temperature and 4 SWC) every 10 

minutes. Two data loggers were installed on the shared boundary between the two +CC 

fields and between the two -CC fields, each connected to all 8 pairs of sensors from two 

adjacent fields. Due to the limited cable lengths on the sensors, the sensors were placed in 

a radial fashion within 30 m from the connected data logger. Collected data were 

manually downloaded from the data loggers monthly throughout the period. 

SWC calculations were done using equations derived from Kulasekera et al. (2011). All 

SWC and soil temperature measurements were filtered for any sensor or data logger 

malfunctions or damages by manually identifying and deleting errors represented by 

extraordinarily low or high values (outside of 0 to 1 for SWC, or -50 to 50 °C for 

temperature). Filtered data points measured at the same depths were then averaged and 

inspected again for outliers before being finalized for further analyses. Both filtered SWC 

and temperature data were averaged into daily means, any gap in the daily averaged data 
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were filled by linear interpolation with function ‘na.approx’ from package ‘zoo’ (v1.8.7) 

in R(v3.6.3). 

2.2.6 Other supporting data 

Other data required for N2O flux calculations, such as air temperature, precipitation, and 

on-the-ground snow depth were obtained from an Environmental Canada weather station 

located within 200 m from the research area. Snow depths within the research area were 

also taken manually through the winter on a weekly basis. Ten measurements were taken 

across the four fields and an average depth was recorded for adjusting intake heights and 

indicating timing of snow melts. 

2.2.6 Data and statistical analyses 

Field activities, harsh weather, or equipment maintenance were the main causes of data 

gaps in flux measurement, which ranged between a few minutes to a maximum of five 

days in the period. Daily N2O flux means were calculated from filtered half-hourly 

values, and the means were linearly interpolated when data gaps were present. 

Cumulative emissions were then calculated from the filled daily N2O fluxes. 

An uncertainty test was performed to evaluate the potential errors resulting from linearly 

filling the gaps in measured daily flux data. Based on the number and length of gaps 

within the original N2O flux data for each field, five artificial gap scenarios were 

developed that describe the typical number and length of gaps within each of the data 

sets. Artificial gaps, with number and length based on the scenarios created, were inserted 

by removing daily N2O flux data at random positions, and then linearly interpolating the 

data gap to obtain a newly filled daily flux data set. The artificial gaps inserted were kept 

at least one location away from other gaps to ensure the individual gaps would not 
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combine with each other. This process was repeated 50 times for each scenario, resulting 

in a total of 251 sets of filled daily flux data, including the original data set. The 

cumulative N2O emission for each of the 251 sets of data was calculated and a relative 

standard deviation among the 251 values was derived to represent the potential error that 

may result from linearly filling the data. The 251 total emission values derived for each 

treatment had a normal distribution, therefore, a two-tail Welch’s test assuming unequal 

variances was used to compare treatments. 

Distribution of N2O fluxes has been shown to be non-normal (Yates et al., 2006). This 

was the case for daily N2O fluxes measured in this study as well. Therefore, the paired-

sample Wilcoxon signed-rank test with medians was used to investigate statistical 

differences in medians of half-hourly N2O fluxes between the treatments, with the 

Bonferroni correction applied to reduce Type 1 errors of false positivity due to multiple 

comparisons. Treatment effects were compared in four pairs: 1) -CL-CC vs. +CL-CC to 

determine the effect of cultivation without presence of CC, 2) -CL-CC vs. -CL+CC to 

determine the effect of CC without cultivation, 3) -CL+CC vs. +CL+CC to determine the 

effects of cover crop biomass incorporation, and 4) -CL-CC vs. +CL+CC to determine 

the combined effects of cultivation and cover crops. In all but comparison 3), we 

considered -CL-CC as the control treatment. The highest NGS emission was expected 

from +CL+CC due to increased availability of substrate through CC addition and 

cultivation as well as more intense freezing, followed by +CL-CC due to substrate 

released from cultivation and more intense freezing, and then -CL-CC. The lowest 

emission was expected from -CL+CC. However, the net effect of CC is uncertain as 

winterkilled cover crops can add substrates which may increase thaw emissions. The 
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statistical test was performed with the wilcox.test (R, v3.6.3) function using only 

measured values. Gap-filled daily flux values were not considered for the tests to avoid 

biasing treatment comparisons.  

2.3 Results and Discussion 

2.3.1 Environmental conditions and agronomy 

From October 31, 2018 to April 30, 2019, the experimental period was characterized by 

cold weather with a mean daily temperature of -2.6°C and early snow cover from the first 

day following corn harvesting and soil cultivation. Measured soil water content (SWC) 

varied among the treatments, generally with -CL fields having higher SWC than the +CL 

fields (Figure 2.1). The sensors for SWC detect presence of liquid water and as such the 

low SWC values observed after DOY 338 of 2018 on +CL fields and DOY 13 of 2019 on 

-CL fields are an indication of soil freezing and decreased liquid soil water. Between 

DOY 13 and 85 of 2019, -CL-CC (mean SWC = 0.265 m3 m-3) maintained the highest 

SWC among all treatments, followed by -CL+CC (mean SWC = 0.218 m3 m-3, p < 

0.001). This was likely due to the undisturbed corn residue on top of the two -CL fields 

that reduced soil water evaporation, and the earlier and longer soil water freezing as seen 

on the two +CL fields (Figure 2.1). Between the two -CL fields, lower SWC in -CL+CC 

was likely associated with water consumption by cover crop transpiration in late fall. Fall 

cultivation resulted in lower SWC for a period immediately after the practice, and after 

the final thaw in early April. Between the two cultivated fields, +CL+CC had higher 

SWC than +CL-CC (mean SWC = 0.120 vs. 0.096 m3 m-3 respectively, p < 0.01), 

potentially due to the added CC biomass absorbing soil water (Kravchenko et al., 2017). 

During the thawing event in mid-March, SWC on the two cultivated fields increased 
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more rapidly than the -CL fields, indicating a faster melt of snow and ice, as well as 

faster thawing of surface soils. This could be associated with the lower albedo caused by 

fall cultivation, resulting in increase of absorbed solar radiation (Cresswell et al., 1993). 

Cultivation of the fields with and without cover crops after corn harvest directly resulted 

in less corn stover on the surface and more exposed bare soil and in a visibly darker 

surface immediately following the practice in fall 2018 and at thaw in 2019. SWC in the 

cultivated fields decreased dramatically following the final thawing event in early-April. 

This could have been due to faster soil surface warming caused by lower albedo, and 

hence evaporation, on the cultivated fields when soil surface was exposed as shown by 

the higher soil temperature in the cultivated fields (Table 2.1 and 2.2).  

Fall cultivation greatly impacted surface soil temperature during the experimental period. 

Between the two -CC fields, the cultivated soils had significantly higher freezing-degree 

days (Table 2.1), indicating surface soils on the +CL field experienced longer and more 

severe freezing. Surface soil FDD in -CL+CC and +CL+CC were not different, although 

-CL+CC was expected to experience less freezing through the winter. There may be a 

few potential reasons for the lack of difference: (1) One of the thermometers in -CL+CC 

had constant connection issue through the winter, and resulted in halving the total data 

points and lower data quality; (2) Re-installation of soil sensors following harvesting and 

fall cultivation might have disturbed soils and crop residue around the sensors, leading to 

a similar soil surface as around +CL+CC sensors; (3) Patchiness of cover crop 

establishment was observed on both CC fields, it was possible that cover crop biomass 

was low around the working thermometer in -CL+CC, resulting in similar soil 

environment as soils around +CL+CC sensors; (4) The working 5cm-depth thermometer 
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in -CL+CC may not have been installed properly and resulted in excessive exposure of 

the sensor to the atmosphere and snow cover, although this is a speculation based on field 

observations after snowmelt in 2019 and limited records. 

Before corn was harvested, surface soil (0 – 15cm depth) nitrate concentration was 

measured on October 19, 2018. Average nitrate concentrations of the four fields were 

similar at 9.29 ± 4.97 (-CL-CC), 9.04 ± 3.95 (+CL-CC), 10.14 ± 4.39 (-CL+CC), and 

9.25 ± 3.91 (+CL+CC) mg NO3-N / kg soil. Surface soil nitrate concentration was 

measured again on April 4, 2019. Average nitrate concentrations of the four fields were 

4.56 ± 1.42 (-CL-CC), 2.28 ± 1.72 (+CL-CC), 6.38 ± 0.76 (-CL+CC), 3.26 ± 2.37 

(+CL+CC) mg NO3-N / kg soil.  

The nitrate concentrations for the different fields followed our expectation. Cultivation 

was expected to accelerate biomass decomposition and increase nitrate levels following 

the practice early in the NGS. Nitrate levels on the +CL-CC field was expected to be low 

by the end of the NGS, as observed with values less than 4.0 mg N/kg soil. We also 

expected cover crops to increase soil nitrate level when the CC biomass is decomposed, 

likely during early spring as seen with -CL+CC. Cultivating cover crops (+CL+CC) was 

expected to accelerate both crop residue and terminated CC biomass and release large 

amount of nitrate following cultivation but was somewhat depressed at the April 

sampling with around 3.3 mg N/kg soil, as the nitrate was likely depleted from the high 

flux events during thaw periods. 
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Figure 2.1. (a) Mean daily soil temperature measured at 5 cm (colored solid lines) and mean daily 

air temperature (dashed line) and (b) Mean daily soil water content at 5 cm (solid lines), average 

snow depth (bars), measured from October 31, 2018 to April 30, 2019. The legend for line colors 

in (b) are common for both (a) and (b), and indicate values for -CL-CC(red), +CL-CC(blue), -

CL+CC(orange), +CL+CC(green). Grey, solid vertical lines in both (a) and (b) indicate pre-

freeze, freezing (indicated by “F”) and thawing (indicated by “T”) or “Final Thaw” periods. 
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Corn residue yield and cover crop biomass yield are shown in Table 2.1. The corn 

residues were chopped and returned to the soil surface (-CL) or incorporated into the soil 

(+CL). Cover crop yields were low on both CC fields, with +CL+CC had slightly higher 

cereal rye and crimson clover yields than -CL+CC by the time when cover crops on 

+CL+CC were terminated by cultivation. From field observations in December 2018 and 

March 2019, although cover crops on -CL+CC were not terminated until May 2019, 

almost all crimson clover died from the harsh winter, which suggests that part of the 

crimson clover biomass on the field may have entered the soil N pool. Cereal rye on -

CL+CC survived well and continued to grow until termination in May 2019, when the 

average rye biomass yield (dry, above-ground biomass) on the field was measured to be 

174.1 ± 38.0 kg ha-1. 

Table 2.1. Freezing-degree days (FDD) of surface soil temperatures measured at 5 cm depth 

between October 31 2018 to April 30 2019; Corn grain (15.5% moisture) and residue yield (dry 

matter) measured at harvest on October 30, 2018; cover crop biomass yield (above ground dry 

matter) in kg ha-1 measured at corn harvest on October 30, 2018. Values shown are means ± 

standard error. Treatment abbreviations: (+ or -) CL indicates a field was (was not) cultivated 

following corn harvest in Fall 2018; (+ or -) CC indicates a field with (without) cover crops (mix 

of cereal rye and crimson clover) planted on June 20 and 21, 2018. 

 

 FDD Corn yield Cover crop biomass 

 
5 cm Grain Residue 

Cereal 

Rye 
Clover 

Field °C Mg ha-1 Mg ha-1 kg ha-1 kg ha-1 

-CL-CC 131.8 12.2±0.3 9.7±0.6 NA NA 

+CL-CC 260.0 13.0±0.5 9.9±0.2 NA NA 

-CL+CC 190.8 12.8±0.2 9.7±0.3 56.8±20.3 117.6±25.3 

+CL+CC 191.2 13.4±0.4 9.9±0.6 68.2±18.4 134.9±23.6 
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2.3.2 Freeze-thaw cycles and daily N2O fluxes 

From October 31, 2018 to April 30, 2019, several freezing and thawing periods occurred, 

with a peak in N2O flux during each of the thaws (Figure 2.1 and 2.2). Freezing events 

were defined as periods when the mean daily soil temperature measured at 5 cm depth for 

the four fields was below 0 °C for two consecutive days. Thawing events were defined as 

periods with air temperature above zero for longer than 48 h, that is, shorter (< 48 h) 

thawing events during pre-freezing or freezing periods are not included although 

increased N2O fluxes might be recorded during these periods. During this non-growing 

season, there were six distinct freezing or thawing periods and one pre-freezing period 

(Figure 2.1).  

The pre-freezing period between DOY 304 to 330 of 2018 was short and mild, with an 

average air temperature of -0.27 °C, soil temperatures slightly above 0 °C in all fields 

(Figure 2.1). The first freeze started at DOY 331 of 2018 and lasted until DOY 33 of 

2019 when the first thaw occurred (Figure 2.1). During this 68-day freezing period, mean 

air temperature was -6.0 °C and mean soil temperature was below 0 °C in all fields. This 

was followed by a 3-day thaw from DOY 34 to 36 of 2019, average air temperature rose 

to 2.11 °C leading to warmer soil temperatures in all fields, with the highest increase 

observed in the two +CL fields.  

The second freezing period, from DOY 37 to 71 of 2019, was the coldest period of the 

NGS, when the lowest air and soil temperatures of the study period were recorded, with 

an average air temperature of -7.18 °C and average soil temperature below -2 °C in all 

fields (Figure 2.1). The lowest soil temperatures during this freeze were recorded on 

+CL-CC with an average of -2.82 °C. In the following 3-day thawing event (DOY 72 to 
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74 of 2019), air temperature rose to an average of 2.45 °C and surface soil temperatures 

were close to 0 °C, with the highest average temperature of -0.02 °C recorded on 

+CL+CC. 

The third freezing period from DOY 75 to 85 of 2019 was mild with air temperatures 

peaking above zero briefly on some days. Although the ice crust formed during previous 

freezes remained on top of the surface soil as determined from field observation, mean 

soil temperatures on -CL+CC and +CL+CC were slightly above zero during this period 

(0.08 and 0.33 °C, respectively), indicating a slow melt of ice and snow cover, as well as 

frozen soil water. This was followed by the third and final thawing period (DOY 86 to 

120 of 2019), in which air temperature continued to increase with highest daily 

temperature of 8 °C and mean temperature of 4.05 °C during this period, with an 

exception from DOY 90 to 91 of 2019, when more than 10 cm of snowfall was recorded 

(Figure 2.1).  

2.3.2.1 Cultivation increased N2O fluxes at thaw 

Results from the first comparison (Table 2.2, -CL-CC vs. +CL-CC) show that cultivation 

led to significantly lower soil temperature during pre-freezing, first, and second freeze; 

and higher soil temperature during the third freeze and final thaw. Cultivation of soils and 

incorporation of crop residues made the soil surface layer more vulnerable to winter 

freezing during cold months. Since the SWC sensors only measured liquid-state water, 

the low SWC measured on +CL-CC during pre-freeze and the first freeze also reflects 

that more soil water was frozen early (Table 2.2). During the third freezing and the final 

thawing periods, when snow melted and soil surface was exposed to direct sunlight, the 

lower surface albedo caused by cultivation led to earlier and faster warming. The higher 



 
 

24 

 

SWC recorded on +CL-CC during the third freeze also shows that more liquid water was 

in the soil (Table 2.2).  

Cultivation had significant impacts on N2O fluxes during the first freeze, first thaw, and 

second freeze (p < 0.05, Table 2.2) with +CL-CC showing higher emissions than -CL-

CC. During the first and second freeze periods, a few short thaws were observed, which 

contributed to temporarily elevated N2O fluxes, especially on +CL-CC (Figure 2.2). The 

largest fluxes before the final thaw were recorded on +CL-CC during the first thawing 

period that was significantly higher than -CL-CC (mean flux of 17.06 vs. 1.66 ng - N m-2 

s-1, respectively). Much smaller fluxes were recorded during the second thaw with less 

significance level found between +CL-CC and -CL-CC (mean flux of 8.44 vs. 0.30 ng - 

N m-2 s-1, respectively, p = 0.14). No difference was found for the remainder of the NGS.  

2.3.2.2 Cover crops increased N2O fluxes at thaw 

In the second comparison (-CL-CC vs -CL+CC; Table 2.3), results indicate that cover 

crops did not keep soil surface warmer through freezing periods as expected. Measured 

surface soil temperatures on -CL+CC were higher during the third freeze and the final 

thaw than -CL-CC, which was also contrary to our expectation. This could be related to 

sensor issues or cover crop patchiness as discussed above. Soil water content measured 

for -CL+CC were lower than -CL-CC during the pre-freeze and the first freeze, which 

was expected and can be explained by water use by cover crop transpiration. The lack of 

difference in SWC during the third freeze and final thaw indicates that timing of melt was 

not significantly different between the two fields, which also supports the speculation that 

the surface soil temperature measured on -CL+CC may not be accurate.   
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Cover crops increased N2O fluxes during the second and the third freeze, and the final 

thaw (p < 0.05, Table 2.3). Small but intense flux events were recorded on -CL+CC 

during the short thaws in the second and third freeze, contributing to higher mean fluxes 

during these periods than on -CL-CC. A few of the highest single-day flux events were 

recorded on -CL+CC during the final thaw (Figure 2.2, 32.2, 52, and 35.2 ng-N m-2 s-1, 

on DOY 97, 101, and 103, respectively), resulting in significantly higher fluxes than on -

CL-CC (P <0.01, Table 2.3). The elevated fluxes on -CL+CC could have been 

contributed by the winter-killed crimson clover biomass, which might have temporarily 

boosted N-mineralization during warm periods of the second and third freeze, and the 

final thaw. This is also supported by the higher nitrate concentration measured in the 

surface soil (0 – 15cm) for -CL+CC than -CL-CC on DOY 94 (6.38 vs. 4.56 mg NO3-N/ 

kg soil, respectively, p < 0.05).  

2.3.2.3 Cultivating cover crops led to higher N2O fluxes at thaw than non-cultivated 

cover crops  

Comparison between -CL+CC and +CL+CC, followed the same pattern as discussed 

above for cultivation of fields without cover crops except for the soil temperature trends 

which were likely erroneous for -CL+CC (Table 2.4). SWC measured on +CL+CC were 

significantly lower than -CL+CC during the beginning of the NGS and the final thaw. 

This agrees with our expectation because both cultivation and cover crops can reduce 

SWC due to increased soil evaporation and/or plant transpiration water consumption, 

respectively.  

Cultivating cover crops led to significantly higher N2O fluxes than -CL+CC during the 

first freeze – thaw cycle (Table 2.4). During the first freeze, short flux events were 
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recorded on both fields during the short thaws, with +CL-CC having a higher mean flux 

than -CL+CC (4.82 vs. 2.09 ng-N m-2 s-1, respectively, p < 0.01). A larger difference was 

found between the two fields during the first thaw (p < 0.01), when +CL+CC had its 

highest single-day flux in the NGS (46.2 ng-N m-2 s-1 on DOY 35) and a high mean flux 

of 25.3 ng-N m-2 s-1 over the 3-day thaw, while -CL+CC had negligibly increased fluxes 

(mean of 6.0 ng-N m-2 s-1). The lack of difference in the rest of the NGS suggests that 

most easily decomposed N substrate on both fields might have been consumed before the 

second freezing period.  

2.3.2.4 Cultivating cover crops increased N2O fluxes at thaw 

The combined effects of cultivation and cover crops were determined by comparing 

+CL+CC vs. -CL-CC (Table 2.5). The combined treatments resulted in lower surface soil 

temperature during the pre-freezing, first, and second freezing periods than -CL-CC (p < 

0.001 during the first and second freeze, p < 0.01 during the pre-freeze). The lower 

albedo due to cultivation on +CL+CC led to higher surface soil temperatures than -CL-

CC during the third freeze and the final thaw (Table 2.5, p < 0.01 and p < 0.001, 

respectively). Lower SWC were recorded on +CL+CC than on -CL-CC during the pre-, 

first, and second freezing periods (p < 0.001 for all), which meets the expectations 

because both cultivation and cover crops can reduce soil SWC due to reasons discussed 

above. A higher SWC was recorded on +CL+CC than on -CL-CC (p < 0.001) during the 

3rd freeze, indicating an earlier melt of ice, snow, and soil water in this field. A lower 

SWC was recorded on +CL+CC than on -CL-CC (p < 0.001) during the final thaw, which 

could have been a result of accelerated evaporation and drainage associated with soil 

profile melting caused by the higher temperature on +CL+CC.  



 
 

27 

 

The two treatments combined (+CL, +CC) significantly increased N2O fluxes through 

most of the NGS (Table 2.5). Significantly higher fluxes were recorded on +CL+CC than 

on -CL-CC during all periods except the pre-freeze and the final thaw (p = 0.5 and p = 

0.11, respectively). The increased freezing during cold months and increased supply of 

N-rich cover crop biomass combined likely resulted in the high fluxes during this NGS. 
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Table 2.2. Measured mean air temperature (°C), and comparison of median soil 

temperature at 5 cm depth (°C), median soil water content at 5 cm depth (m3/m3) and 

median N2O fluxes (ng m-2 s-1) for the effect of cultivation without cover crops (-CL-CC 

vs. +CL-CC) over the non-growing season from October 31st, 2018 to April 30th, 2019. 

Statistical significance (p < 0.05) was determined by a paired-sample Wilcoxon signed 

rank test with median, with Bonferroni correction applied, and shown by different letters 

between rows (a or b indicating the higher or lower value). -CL= no cultivation, +CL=fall 

cultivation, -CC= no cover crop.  

 Period 

 Pre- 1st  1st  2nd 2nd 3rd Final 

  Freezing Freeze Thaw Freeze Thaw Freeze Thaw 

Day of year 304-330 331-33 34-36 37-71 72-74 75-85 86-120 

 Temperature (°C) 

Air -0.27 -5.99 +2.11 -7.18 +2.45 -1.31 +4.05 

-CL-CC +1.73a -0.31a -0.47 -1.81a -0.46 -0.55b +2.34b 

+CL-CC +0.51b -1.27b -0.51 -2.83b -0.40 -0.34a +3.59a 

 SWC (m3 m-3) 

-CL-CC 0.30a 0.23a 0.06 0.05a 0.06 0.06b 0.25a 

+CL-CC 0.10b 0.02b 0.03 0.02b 0.04 0.18a 0.16b 

 N2O - N Flux (ng - N m-2 s-1) 

-CL-CC 0.41 2.24b 2.10b -0.06b 0.55 1.23 5.99 

+CL-CC -0.86 3.85a 11.74a 2.59a 3.65 3.88 6.29 

 

Table 2.3. Same as Table 2.2 for effects of cover crops without fall cultivation (-CL-CC vs. -

CL+CC)., +CC=with cover crop 

 Period 

 Pre- 1st  1st  2nd 2nd 3rd Final 

  Freezing Freeze Thaw Freeze Thaw Freeze Thaw 

Day of year 304-330 331-33 34-36 37-71 72-74 75-85 86-120 

 Temperature (°C) 

Air -0.27 -5.99 +2.11 -7.18 +2.45 -1.31 +4.05 

-CL-CC +1.73a -0.31a -0.47 -1.81a -0.46 -0.55b +2.34b 

-CL+CC +1.60b -0.92b -0.20 -2.45b -0.09 -0.05a +3.93a 

 SWC (m3 m-3) 

-CL-CC 0.30a 0.23a 0.06 0.05a 0.06 0.06 0.25 

-CL+CC 0.25b 0.09b 0.05 0.04b 0.05 0.07 0.26 

 N2O - N Flux (ng - N m-2 s-1) 

-CL-CC 0.41 2.24 2.10 -0.06b 0.55 1.23b 5.99b 

-CL+CC -0.54 2.09 5.99 5.04a 5.62a 10.07a 10.32a 
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Table 2.4. Same as Table 2.2 for effects of cultivation, with cover crops planted (-CL+CC vs. 

+CL+CC) 

 Period 

 Pre- 1st  1st  2nd 2nd 3rd Final 

  Freezing Freeze Thaw Freeze Thaw Freeze Thaw 

Day of year 304-330 331-33 34-36 37-71 72-74 75-85 86-120 

 Temperature (°C) 

Air -0.27 -5.99 +2.11 -7.18 +2.45 -1.31 +4.05 

-CL+CC +2.19a -1.59 -0.92 -2.55b -0.11 +0.08 +3.95b 

+CL+CC +1.62b -1.70 -0.49 -2.30a -0.02 +0.33 +4.43a 

 SWC (m3 m-3) 

-CL+CC 0.25a 0.11a 0.05 0.04a 0.05 0.08 0.26a 

+CL+CC 0.16b 0.04b 0.06 0.03b 0.06 0.16 0.16b 

 N2O - N Flux (ng - N m-2 s-1) 

-CL+CC -0.54b 2.09b 5.99b 5.04 5.62 10.07 10.32 

+CL+CC 0.45a 4.82a 25.30a 5.98 9.41 8.10 10.05 

 

Table 2.5. Same as Table 2.2 for combined effect of cultivation and cover crops (-CL-CC vs. 

+CL+CC) 

 Period 

 Pre- 1st  1st  2nd 2nd 3rd Final 

  Freezing Freeze Thaw Freeze Thaw Freeze Thaw 

Day of year 304-330 331-33 34-36 37-71 72-74 75-85 86-120 

 Temperature (°C) 

Air -0.27 -5.99 +2.11 -7.18 +2.45 -1.31 +4.05 

-CL-CC +2.42a -0.78a -0.69 -2.02a -0.47 -0.57b +2.99b 

+CL+CC +1.62b -1.70b -0.49 -2.30b -0.02 +0.33a +4.43a 

 SWC (m3 m-3) 

-CL-CC 0.30a 0.18a 0.06 0.05a 0.06 0.06b 0.23a 

+CL+CC 0.16b 0.04b 0.06 0.03b 0.06 0.16a 0.16b 

 N2O - N Flux (ng - N m-2 s-1) 

-CL-CC 0.47 1.86b 1.66b 0.21b 0.30b 3.20b 7.00 

+CL+CC 0.45 4.82a 25.30a 5.98a 9.41a 8.10a 10.05 
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Figure 2.2.  Daily average N2O flux measured from October 31, 2018 to April 30, 2019, measured 

for each field, with segments of period divided by grey, vertical dashed lines representing pre-

freeze, freezing (“F”), or thawing (“T” or “Final Thaw”) periods. 
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Figure 2.3. Cumulative N2O emissions (g N  ha-1) measured from October 31, 2018 to April 30, 

2019, with colored solid lines representing daily main N2O flux measured from each field, and 

segments of period divided by grey, vertical dashed lines representing pre-freeze, freezing (“F”), 

or thawing (“T” or “Final Thaw”) periods. 
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2.3.3 Cumulative and total non-growing season N2O emissions 

Cumulative N2O emissions through the NGS were calculated using linearly filled daily 

N2O fluxes (Figure 2.3). Fluxes measured on all fields during the pre-freezing period 

hovered slightly above 0 with negligible difference between treatments. During the first 

freeze, a few small thawing and flux events were recorded on all fields with the two +CL 

fields having higher fluxes overall (Figure 2.2 and 2.3). Fluxes measured on -CL-CC and 

-CL+CC were close and relatively low comparing to the +CL fields until the second 

freeze. Fluxes measured on -CL+CC started to increase due to the small thawing events 

during the second freeze and the cumulative emissions became considerably higher than -

CL-CC. Daily fluxes on -CL+CC continued to increase at a higher rate than -CL-CC and 

+CL-CC, and eventually resulted in higher cumulative N2O emissions halfway through 

the final thaw. Fluxes on +CL+CC maintained a high increasing rate and ultimately 

resulted in the highest cumulative emission of the NGS.  

Sums of daily mean N2O emissions were compared to evaluate the overall effect of 

treatments on total NGS N2O emissions. An uncertainty test using a Monte-Carlo method 

was performed to evaluate the potential errors introduced by linear interpolation of daily 

N2O flux series. Groups of total NGS N2O emissions were derived from the 250 filled 

data series generated from the uncertainty test. Along with the sum derived from the 

linearly filled measured flux data, 251 data series were obtained and compared (Table 

2.6). Standard deviations between each of 250 generated sums and the sums from the 

original filled data were calculated as errors resulting from linear interpolation: 2.3% for -

CL-CC, 2.5% for +CL-CC, 2.6% for -CL+CC, and 2.0% for +CL+CC (Table 2.6). 

Slightly varied numbers of gaps exist in the four sets of data, with -CL-CC having 17, 
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+CL-CC having 19, -CL+CC having 22, and +CL+CC having 19 total missing data 

points (out of 182 data points). The slightly higher uncertainty for linearly filling data 

from -CL+CC was because there was a higher number of total gaps existing in the data 

than the other treatments.  

Overall NGS emissions among the fields varied almost 2.5-fold from 395 g N ha-1 (-CL-

CC) to 978 g N ha-1(+CL+CC). The uncertainty tests showed similar trends confirming 

the differences between treatments as determined with the Welch’s t-test. In both +CC 

and -CC pairs, +CL significantly increased total NGS emissions (p < 0.001). In both -CL 

and +CL pairs, +CC significantly increased total NGS emissions (p < 0.001). These 

results met our expectations that +CL would increase NGS emissions in both +CC and -

CC treatments. However, although reasonable, the timing and amplitude of increase in 

N2O emissions associated with winter-killed legume cover crops (crimson clover) for -

CL+CC was beyond our original expectations and counteracted the possible effects that 

+CC might have had on reducing N2O emissions. Between the +CC fields, +CL 

significantly increased total NGS N2O emissions (p < 0.001). The overall effects of cover 

crops were not fully shown in such a short study period, as cover crops on -CL+CC that 

were terminated in the May 2019 were expected to have increase soil C and N substrate 

levels and increase N2O emissions during the following months as the biomass 

decomposes as presented in Chapter 3. 
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Table 2.6. Total non-growing season N2O emissions derived from linearly filled daily flux 

measurements, and a statistical summary of total non-growing season (NGS) N2O emissions 

derived from the uncertainty test, showing the mean, standard deviation, relative standard 

deviation (RSD), and first and third quartile of the sums generated for each field, from October 

31, 2018 to April 30, 2019. Measured NGS emission is derived from the linearly filled measured 

daily mean flux. Mean is the average of total emissions calculated from the 250 generated data 

sets with artificial gaps that were linearly filled.  

 
Total NGS N2O-N emissions 

 
Measured Mean Std. dev. RSD 

1st 

Quartile 

3rd 

Quartile 

  g N ha-1  g N ha-1 g N ha-1 % g N ha-1 g N ha-1 

-CL-CC 395.1 394.6 9.1 2.3 389.9 399.6 

+CL-CC 683.0 682.5 17.1 2.5 674.4 689.0 

-CL+CC 729.0 730.6 19.0 2.6 718.2 742.2 

+CL+CC 978.1 976.2 19.5 2.0 966.5 987.9 
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2.4 Conclusions 

Over the studied period, cultivation (+CL) lowered soil temperature and water content 

during most of the first 70% days of the NGS, increased soil temperature during the last 

30% of the NGS, and increased soil water content because of the earlier and accelerated 

melting in that period. Fall cultivation alone increased N2O emissions, with or without 

the presence of cover crops. Cover crop biomass incorporated (+CL+CC) to soil 

contributed to elevated N2O fluxes mainly in the first thaw, during which nitrogen 

substrate from the most easily decomposable clover biomass was likely depleted. High 

N2O flux peaks were observed during the final freeze and thaw periods on -CL+CC, 

which may be explained by the nitrogen substrate released from winter killed clover 

biomass. Cover crops (+CC) effectively reduced soil water content throughout most of 

the NGS, which could have reduced denitrification and N2O emissions if the fields were 

not cultivated (-CL) and the cover crop species could survive through the winter. This 

implies that the management and selection of cover crops are critical for achieving the 

purpose of reducing N2O emissions. In the short term, fall cultivation and cover crops 

increased N2O emissions during the 6-month NGS. Furthermore, effect of cover crops on 

other main GHG emissions (CO2, CH4) also needs be considered to evaluate the full 

GHG mitigation potential of cover crops. 
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Chapter 3 - Assessment of effects of crop diversification, cover crops 

and termination timing on N2O fluxes over two years 

3.1 Introduction 

As global climate change intensifies, more interests on greenhouse gas (GHG) emission 

mitigation are shown in recent years. Mitigation of nitrous oxide (N2O), the third largest 

contributor to atmospheric GHGs, has also gained increasing interests. Agricultural soil is 

estimated to be the largest source of N2O productions worldwide, contributing to over 

70% of global anthropogenic N2O emissions (IPCC, 2014). Global cropland area and N 

fertilizer use continue to increase with population and food demand, resulting in N2O 

emissions that are projected to be continuously increasing (FAO, 2003). Cropland soils 

can emit N2O year-round and large fluxes are usually seen following N application, dry-

wetting, or freeze-thawing events (Mosier and Hutchinson, 1981; Prieme and 

Christensen, 2001). Amending soil with N-rich substances such as manure and urea, 

supplies N substrates to groups of soil microbes that produce N2O as a secondary product 

in the process of nitrification and denitrification (Ussiri and Lal, 2013). Wetting of soils 

stimulates microbial N2O production because anaerobiosis promoted by increased soil 

water content favors the denitrification process, which is identified as the main pathway 

for soil N2O production (Prieme and Christensen, 2001). Freeze-thaw cycles have similar 

effects on soil water, and additional effects of increasing carbon and nitrogen substrates 

availability during thawing events, thus enhancing denitrification (Risk et al., 2013). In 

cold climates, up to 65% of annual N2O emissions may be attributed to freeze-thaw 

induced emissions (Wagner-Riddle et al., 2017).  
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One of the main approaches to mitigate cropland soil emissions is through improving 

agricultural management practices such as crop rotation diversification and cover 

cropping. In the early 1960s, continuous monoculture with short and simple (2- to 3-year) 

rotations became widely adopted in the U.S. since synthetic fertilizers and pesticides 

were introduced, as it was felt that crop yield could be maintained with these new 

products alone (Bullock, 1992). This economically successful system was not without 

consequences, generally in terms of soil degradation and depletion, which increased 

external input requirements and did not allow for sustainable food production (Bullock, 

1992). Compared to conventional cropping with simple rotations or monoculture, 

increasing rotational diversity can provide many beneficial effects such as improvements 

in soil nutrients, soil organic matter, water use and retention, reduced weed and pest 

pressures, and increase crop yield stability (Bullock, 1992; McDaniel et al., 2014; Gaudin 

et al., 2015). These effects may not only reduce farming input costs and improve yield 

stability, but also benefits in term of GHG mitigation. However, the effects of rotational 

diversity on GHG emissions are poorly understood. Lehman et al. (2017) concluded in a 

literature review more diverse rotations may increase, decrease, or not affect N2O 

emissions significantly. The review also found a lack of measurements made on 

diversified crop rotations over whole cycles.  

With a similar purpose of minimizing fallowing and keeping the soil surface covered, 

cover cropping, an increasingly popular practice that is often integrated into rotations as a 

mean of diversification, provides benefits to soil health (Kaye and Quemada, 2017). In 

addition to the benefits in soil health, cover cropping shows potential in N2O emission 

mitigation because well established cover crops can alter a few controlling factors of the 
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N2O-producing denitrification process, such as soil substrate concentration and soil water 

content as reviewed below.  

A meta-analysis found that only 40% of observations from 26 cover crop studies 

suggested that CC reduced N2O emissions and concluded that environmental and 

management factors, such as N fertilization, soil cultivation, crop residue incorporation, 

timing and amount of precipitation, and timing and duration of measurements can greatly 

modify the impacts of CC on N2O emissions (Basche et al. 2014). The study also found a 

lack of year-round studies that measured N2O throughout non-growing seasons – only 4 

out of the 26 studies reviewed by Basche et al. (2014) included year-round measurements 

of N2O emissions. Non-growing season, especially winter measurements that include 

freeze-thaw cycles in cold regions are particularly lacking, due to the episodic nature of 

N2O emissions and challenges of field measurements in winter. Therefore, more year-

round studies are needed to increase understanding of cover crop effects on N2O 

emissions and to improve and adapt management strategies.  

The majority of past N2O studies used discontinuous measurement methods such as 

manual chamber techniques with non-flow-through non-steady-state (NFT-NSS) 

chambers because of the simplicity and versatility of this method (Bouwman et al., 2002). 

However, it is often difficult to obtain measurement data with high temporal resolution 

throughout whole years due to the limitation of low measuring frequency (once per 1 – 2 

days to once per week) and winter field accessibility (Rochette and Eriksen-Hamel, 

2008). Continuous measurement techniques, such as plot-scale automatic chamber 

techniques and field-scale micrometeorological techniques (flux-gradient method and 

eddy-covariance method) can allow much higher measuring frequency (several times per 
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day) and easier winter field measurements (de Klein and Harvey, 2015; Wagner-Riddle et 

al., 2007; Cowan et al., 2020). To address the lack of year-round studies with high 

measuring intensity that focus on cover crop effects on N2O emissions in cold regions, a 

flux-gradient method was used in this research.  

This chapter presents findings from a two-year study, as part of an ongoing long-term 

experiment that studies crop diversification effects on N2O emissions, using a flux-

gradient method. We expected CC would reduce NGS N2O emissions and increase N2O 

emissions in the following GS after CC termination. However, the overall effects of 

cover crops and diversification was unclear, as the magnitude of cover crop effects in 

both GS and NGS was less predictable. The objectives of this study were: (i) to evaluate 

cover crop effects on non-growing season N2O emissions; (ii) to evaluate the effect of 

spring termination of cover crops on N2O emissions during the following growing 

season; and (iii) to assess the overall effect of crop diversification with cover crops on 

emissions over the two study years.  

3.2 Material and Methods 

3.2.1 Site description, experimental design, and management 

This study took place as part of an experiment to investigate effects of crop 

diversification and cover crops on N2O emissions by comparing a field managed under a 

diversified crop rotation (corn-soybean-winter wheat) that integrated cover crops, with a 

field managed under a simple rotation (corn-soybean-soybean) starting on May 1, 2018. 

This study reports on data from May 1, 2018 to April 30, 2020. The two fields are 

referred as “simple” or “diverse” according to the differences in rotation diversity and use 

of cover crops. The simple field refers to treatment -CL-CC and the diverse field to -
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CL+CC studied over the NGS from October 31, 2018 to April 30, 2019 and reported in 

Chapter 2. Each study year was divided into two periods: a growing season (GS) from 

May 1 to October 30, and a non-growing season (NGS) from Oct 31 to Apr 30 of the next 

calendar year. This experiment is part of an ongoing long-term N2O flux measurement 

study expanded from an experiment established in 2000 at the University of Guelph Elora 

Research Station, Ontario, Canada (43°39’N, 80°25W, 376m), as described in previous 

studies (Jayasundara et al., 2007; Wagner-Riddle et al., 2007; Congreves et al., 2017; 

Machado et al., 2020). The site has an imperfectly drained Guelph silt loam (29% sand, 

52% silt, 19% clay) and experiences a humid continental climate with cold winters 

(Köppen–Geiger Dfb). More details on the soils and site history can be found in 

Sulaiman et al. (2017) and Machado et al. (2020). 

Nitrous oxide was measured over two fields (4 ha each), within a 30-ha area of 

aerodynamically homogeneous land using a flux-gradient method (Wagner-Riddle et al., 

1996 and 2007). The two fields were managed under two different crop rotations, simple 

and diverse. The simple rotation field had corn, without cover crops, planted in 2018, 

soybean planted in 2019 and 2020. The diverse rotation field had corn with cover crops 

planted in 2018, soybean planted in 2019, followed by winter wheat from fall 2019 to 

summer 2020.  

Corn was planted on both fields at 80,000 seeds ha-1 with urea (46-0-0) banded mid-row 

at 70 kg N ha-1 on May 18, 2018. Diverse field had a mixture of crimson clover 

(Trifolium incarnatum) seeded at 6.7 kg ha-1 and cereal rye (Secale cereal) seeded at 33.6 

kg ha-1 under-seeded by broadcasting to corn at the 6th leaf stage on June 20 and 21, 

2018. Both fields were cultivated and rolled on May 24, 2019, in preparation for soybean 
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seeding (at 105 kg ha-1) on May 31, 2019. Surviving cover crops on the diverse field were 

terminated in this cultivation event. MAP (11-52-0) was applied by surface broadcasting 

during soybean seeding at 18.5 kg N ha-1. Following soybean harvesting on September 

30, 2019, the simple field was left fallow until soybean planting in May 2020, the diverse 

field received winter wheat seeding at 131 kg ha-1 on the same day of harvest. Sulfur-

blended urea (39.2-0-0-6.5) was applied by surface broadcasting between winter wheat 

rows at 88 kg N ha-1 on the diverse field on April 7, 2020.  

3.2.2 Nitrous oxide flux 

Over the study period, nitrous oxide was measured with a flux-gradient method, and flux 

values were determined from Arya (1988): 

𝐹𝑁2𝑂 =
𝑢∗𝑘∆𝐶

[𝑙𝑛 (
𝑧2 − 𝑑
𝑧1 − 𝑑

) −  𝛹2 +𝛹1]
 

where  𝑢∗ is the friction velocity, 𝑘 is the von Karman constant (= 0.41), ∆𝐶 is the 

difference in measured N2O concentration between two sampling heights, 𝑧1 and 𝑧2, 𝑑 is 

the displacement height, 𝛹1 and 𝛹2 are the integrated Monin-Obukhov similarity 

functions for heat for the two sampling heights.  

To measure N2O concentration difference (∆𝐶), one tower with two intakes drawing air 

at two heights (50 cm apart) was installed in the center of each field. Heights of the intake 

arms were adjusted over the two years, with the lower intake heights at approximately 1.9 

times crop canopy height or snow depths. When the soil surface was bare, intake arms 

were at 0.4 m and 0.9 m. The intakes were programmed to sample air switching between 

the two heights every 15 second with solenoid valves. Air samples were drawn into a 
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manifold with a central vacuum pump controlled by a datalogger (CR1000, Campbell 

Scientific). The manifold allows air to be sampled from one field over 30 min while 

returning other air samples to the atmosphere. A second vacuum pump sub-sampled air 

from the manifold and directed it through a tunable diode laser trace gas analyzer 

(TGA100A, Campbell Scientific), which continuously measured N2O concentrations in 

the passing gas stream at 10 Hz. N2O concentrations were measured from each field for 

30 minutes every 2 hours, 12 times a day.  

One 3-D sonic anemometer (CSAT3) was installed in each field, which provided near-

continuous measurements of 𝑢∗ and sensible heat flux (used for calculations in the 

integrated Monin-Obukhov similarity functions). Under circumstances when the sonic 

anemometers could not yield data (heavy rain or snow, or equipment maintenance), 

estimates of 𝑢∗ were derived from the wind profile measured by a five-cup anemometer 

tower installed near the midpoint between the two fields, and estimates of sensible heat 

flux were derived as a function of net radiation measured by two net radiometers (CNR1, 

Kipp and Zonen, Delft, the Netherlands) installed next to the sonic anemometers. Heights 

these instruments  were adjusted through the years according to plant canopy or snow 

height, especially frequently during rapid corn growth in 2018, to ensure that the sensors 

were well above the canopy. A detailed description of the system can be found in 

Wagner-Riddle et al. (2007).  

Prior to further calculations, raw N2O concentration data were filtered according to a list 

of criteria, including low friction velocity (< 0.1 m/s), poor analyzer performance, fetch 

conditions, and stability parameter outside of an acceptable range of -5 to 2 (Wagner-

Riddle et al., 2007). N2O concentration values measured during the transition between the 
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intake sampling heights were also eliminated, leaving approximately 5400 data points per 

height per 30 min measuring period.  

3.2.3 Soil dissolvable inorganic N analysis 

Soil samples were taken at 0 – 15 cm depth and concentrations of mineral N (NO3
- and 

NH4
+) were determined. Surface soils were sampled, approximately monthly, eleven 

times through the study period when soils were not frozen or covered by snow. Each of 

the fields were divided into 9 subplots by a 3x3 grid. In 2018, soils were sampled in a 

consistent pattern within each subplot: five soil cores were taken (two near root zone, one 

on fertilizer band, and two between seed row and fertilizer band) between two adjacent 

rows of corn or stubble, and a subsample was taken from the composite of the five cores. 

In 2019 and 2020, soil samples were taken in the same grid subplots, five soil cores were 

taken at random locations within each subplot, and a subsample was taken from the 

composite of the five cores.  

Soil samples collected in field were placed into a chest cooler until transportation to a -

20 °C freezer for storage until extraction on a later day. Before dissolvable inorganic 

nitrogen extractions, soil samples were taken to a 4 °C refrigerator for 24 hours. Soil 

NO3
- and NH4

+ were then extracted with 2.0 M KCl solutions as described in Maynard et 

al. (2007). Extracts were analyzed for NO3
- and NH4

+ concentrations using a continuous 

flow analyzer (Seal AutoAnalyzer 3-AA3, Seal Analytical). A mean and a standard error 

were calculated for each 9 concentrations from the 9 samples collected from the same 

field on each sampling event.  
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3.2.4 Surface soil water content and soil temperature 

Soil volumetric water content (SWC) and temperature were measured at 5 cm and 25cm 

continuously through the study period, with minor interruptions during maintenance or 

agricultural activities, in the fields using time domain reflectometry probes (TDR, Model 

CS616, Campbell Scientific) and lab-built copper-constantan thermocouples, 

respectively. The SWC sensors only measure liquid-state soil water, close to zero 

measurements in winter months usually imply that soil water was frozen. The sensors 

were installed in pairs, each consisting of one SWC and one temperature sensor, and all 

sensors from the same field were connected to a data logger (CR23X, Campbell 

Scientific) located at the edge of each field. Two pairs of sensors (2 SWC and 2 

temperature) were installed at each depth in each field, with each sensor collecting one 

measurement value per 10 minutes. All sensors were placed in a radial fashion within 30 

m from the connected data logger due to the limited cable lengths. Data were manually 

downloaded from the data loggers on a regular basis (once per one to two months) 

throughout the two years. During cultivation, seeding, and harvesting of both years, all 

sensors were removed briefly and reinstalled in the same pattern after the practice was 

completed. 

SWC calculations were done using equations derived by Kulasekera et al. (2011). SWC 

and soil temperature measurements were filtered for any malfunctions, connection issues, 

damages, or removal from field, which were represented by extreme values (outside of 0 

to 1 for SWC, outside of -50 to 50 °C for soil temperatures). Filtered SWC or 

temperature data measured at the same depth from the same field were averaged and re-

inspected for extreme or erroneous values, before being finalized for further analyses. 
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Finalized data consisted of one SWC and one temperature values for each depth, per 10-

min interval. For each GS or NGS over the two years, daily SWC and soil temperature 

measured from the two fields were compared with unpaired, two-sided, Welch’s t-tests 

assuming equal variance (with “t.test” in R, v3.6.3) for statistical significance.  

During the 2018 GS, we expected that SWC and temperature measurements on the 

diverse field would be lower than the simple field because cover crops could consume 

additional soil water through transpiration and lower surface SWC, and also provide 

shading to soil surface, thus lowering surface temperature. In the following NGS, we 

expected that the diverse field would have a higher surface temperature and a lower SWC 

than the simple-field, due to the snow-trapping insolation effect and plant transpiration 

needs associated with cover crops. In the GS of 2019, we expected slightly higher SWC 

on the diverse field due to the additional biomass (cover crops) added to surface soil, and 

similar soil temperature because both fields were planted with soybeans and managed 

similarly during this period. Winter wheat planted on the diverse field after soybean 

harvesting could be considered as an over-winter cover crop, which was expected to 

result in higher surface soil temperature and lower SWC on the diverse field than the 

simple field, for similar reasons as in NGS of 2018.  

3.2.5 Other supporting data 

To calculate N2O flux, other required weather data such as air temperature and 

precipitation data were obtained from a nearby Environment and Climate Change Canada 

weather station, located within 50 m from the research area. Snow depth were measured 

manually during winter months on a weekly basis. At each snow measurement, a total of 

ten measurements were taken across the fields and a small area surrounding the fields, 
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and an average snow depth was recorded for adjusting intake arm heights. Changes in 

snow depth were also seen as an indication of thaws and snow melts. 

3.2.6 Data processing and statistical analysis 

Gaps existed in N2O flux measurements due to various reasons such as influences from 

field activities, harsh weather (heavy rain, freezing rain, or snow), and equipment 

maintenance. Raw N2O flux measurements may have gaps that vary in lengths between a 

few minutes to a maximum of six days. Daily means of N2O flux measurements were 

calculated and used for analyses. Depending on the type of interruptions, gaps in daily 

N2O means ranged between one day to a maximum of six days over the two years. 

Cumulative N2O emissions were calculated from linearly filled daily N2O flux data. 

Linear interpolation was done with “na.approx” function from package “zoo” in R 

(v3.6.3). 

An uncertainty test was performed for each study year to evaluate the potential errors 

resulting from linearly filling gaps in daily N2O means. For each study year, five artificial 

gap scenarios were developed based on the number and length of gaps existed in daily 

N2O flux means measured in each field. The scenarios were developed so that the total 

length of artificial gaps in each scenario was slightly larger than the total length of gaps 

that existed in the measured data. Artificial gaps with number and length of gaps 

described in the scenarios were inserted by removing daily N2O flux data at near-random 

positions with one restriction that the inserted gaps were kept at least one location away 

from other gaps so that individual gaps would not combine. The data sets with artificial 

gaps were then linearly interpolated to generate a new set of gap-free daily flux data. This 

process was repeated 50 times for each scenario, resulting in a total of 251 sets of linearly 
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filled daily flux data (including one set from linearly filling the original, measured data). 

For each field and each study year, cumulative N2O emissions for each of the 251 data 

sets were calculated, and a standard deviation among the 251 values was derived to 

represent the potential error that may result from linearly filling the data.  

Distribution of N2O fluxes has been shown to be non-normal (Yates et al., 2006). This 

was the case for daily N2O fluxes measured in this study as well, according to normality 

tests performed on measured daily N2O fluxes. Therefore, paired-sample Wilcoxon 

signed-rank test with medians was used to investigate statistical significance in medians 

of daily N2O fluxes between the two fields. The statistical test was performed with the 

“wilcox.test” (R, v3.6.3) function using measured daily N2O fluxes values only. Gap-

filled values were not considered for the tests to avoid bias.  

3.3 Results and Discussion 

3.3.1 Study year 1 (May 1, 2018 to Apr 30, 2019) 

3.3.1.1 Environmental conditions and agronomy 

The growing season (May 1 to Oct 30) of 2018 was characterized by hot and dry weather 

with a mean daily air temperature of 16.5 °C and a total precipitation of 327 mm over the 

six months. Mean daily soil water content (SWC) measured at the soil surface (5 cm 

depth) in the diverse-rotation field was significantly higher than that from simple-rotation 

field at 0.17 and 0.12 m3 m-3, respectively (Table 3.2, p < 0.001). This was contradictory 

to the expectations that SWC on the diverse field soil would be lower than the simple 

field due to cover crop water consumption. One potential cause of this may be that the 

small area within which the sensors were installed could have been a particularly wet spot 

of the field, and the lack of spatial resolution could have biased the SWC data. The same 
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trend was observed in SWC measured at 25 cm depths of the same locations (data not 

shown).  

Mean surface soil temperature measured at 5 cm on the simple and the diverse field were 

indifferent at 18.2 °C and 17.8 °C, respectively (Table 3.2, p = 0.36). The lack of 

difference in surface temperature indicates that the shading effect provided by the cover 

crops establishment on the diverse field was minor, which could be explained by the 

short growing season of cover crops (July to end of October) and the low cover crop 

biomass yields (Table 3.1).  

The non-growing season (October 31, 2018 to April 30, 2019) was characterized by cold 

weather and heavy precipitation (rain, freezing rain, and snow), with a mean air 

temperature of -2.6 °C and a total precipitation of 635 mm. Mean SWC measured at 5 cm 

depth from the simple-rotation field was significantly higher than the diverse-rotation 

field at 0.18 and 0.15 m3 m-3, respectively (p < 0.01, Table 3.2). The large drops in SWC 

values between December 2018 to January 2019, and the low SWC values observed 

between mid-January to late-March were an indication of soil freezing and decrease in 

detectable liquid soil water. The lower SWC values in the diverse field observed in 

November was likely associated with cover crop transpiration that consumed soil water. 

As most precipitation from December 2018 to mid-March 2019 was in the form of snow 

and soil temperatures were mostly below zero, the relatively lower SWC measured on the 

diverse field from November to mid-March was mainly determined by the cover crop 

water consumption before December.  

During this non-growing season, mean surface soil temperatures at 5 cm depths were 

indifferent between the simple- and diverse-rotation fields at 0.35 and 0.16 °C, 
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respectively (Table 3.2, p = 0.54). We expected the cover crops would have enhanced the 

snow trapping and insulation effects from surface crop residues, and therefore to observe 

slightly higher surface soil temperature from the field. However, established cover crop 

biomass might have been too low to make a significant difference. The issues with 

temperature sensors discussed in Chapter 2 might have also contributed to the lack of 

difference. Freezing degree days (FDD) derived from daily means of soil temperatures at 

5 cm depths suggest that the diverse-field soil experienced more freezing over the NGS, 

which could have been associated with the above-mentioned temperature sensor issues on 

the diverse field (Table 3.1).  

In this study year, the use of cover crops on the diverse field did not compromise crop 

yields, as corn grain yield and residue biomass were indifferent between the two fields 

(Table 3.1). From field observation in April 2019, only cereal rye survived over the cold 

winter. Crimson clover plants, with above-ground biomass yielding at 117.6 kg ha-1 by 

the time of corn harvesting, were terminated by winter freezing. Above-ground cereal rye 

yielded at 174.1 kg ha-1 at termination in May 2019. Both rye and clover biomass were 

low, which implies limited effects provided by the cover crops during the study year.  
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Table 3.1: Freezing-degree days (FDD) of surface soil temperatures measured at 5 cm depth 

between May 12st 2018 to April 30th 2020; Corn or soybean grain (adjusted to 15.5% grain moisture) 

and residue yield (dry matter) measured at harvest on October 30, 2018 (Corn) or September 30, 

2019; cover crop biomass yield (above ground dry matter) in kg ha-1, clover biomass measured at 

corn harvest on October 30, 2018, cereal rye biomass measured on May 21, 2019. Crimson clover 

plants were winterkilled and unmeasurable in spring of 2019. Values shown are means ± standard 

error. 

  FDD Crop yield CC Yield 

 
 5cm Grain Residue Cereal Rye Clover 

Rotation Field °C Mg ha-1 Mg ha-1 kg ha-1 kg ha-1 

2018 Corn 
Simple 131.8 12.2±0.3 9.7±0.6 NA NA 

Diverse 190.8 12.8±0.5 9.7±0.2 174.1±38.0 117.6±25.3 

2019 Soybean 
Simple 23.6 4.5±0.2 5.4±0.2 NA NA 

Diverse 8.6 4.2±0.2 5.1±0.2 NA NA 
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Figure 3.1: For the first study year: (top) Mean daily air temperature (dashed line) and mean daily 

soil temperature (°C) measured at 5 cm (colored solid lines); (middle) Mean daily soil water 

content (m3 m-3) at 5 cm (colored solid lines), average NO3
- concentration (mg kg-1 soil) measured 

from surface (0 – 15 cm) soils with vertical error bars representing standard errors at each 

measurement; (bottom) Measured daily mean N2O-N flux in ng-N m-2 s-1. Data measured between 

May 1st, 2018 and Apr 30, 2019. Line color legends are common for all three parts of the figure. 

Vertical grey lines (solid or dashed) representing growing season (“GS-18”) or non-growing 

season (“NGS-18”) periods. 
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3.3.1.2 Daily N2O fluxes 

Daily N2O fluxes through the growing season measured on the two fields were indifferent 

with medians of 8.09 and 9.12 g N ha-1 day-1 (Table 3.2, p = 0.23). This result meets our 

expectation because the cover crops on the diverse field, as the only difference between 

the two fields, were only seeded in June and were not well established to effectively 

impact N2O emissions. However, cover crops might have reduced surface soil nitrate 

concentration in surface soils (0 – 15 cm depth) of the diverse field, as the difference in 

NO3
- concentration between the two fields became smaller over the season (Figure 3.1). 

The rapid growing corn canopy was challenging to properly measure N2O fluxes over, 

even with frequent field equipment adjustments. The larger surface roughness length also 

had impacts on N2O flux calculations, resulting in highly fluctuating flux measurements 

until corn harvesting (Figure 3.1). This was reflected by the increased noise in flux data, 

which could have also contributed to the lack of difference in fluxes between the two 

fields.  

Over the non-growing season, cover crops increased N2O fluxes. Daily N2O fluxes 

measured on the diverse field were significantly higher than that on the simple field, with 

medians at 3.39 and 1.57 g N ha-1 day-1, respectively (Table 3.2, p < 0.01). This was 

contradictory to our expectation that cover crop biomass would enhance snow trapping 

and insolation effect, reduce soil freezing and thus N2O fluxes during thawing. Winter-

killed crimson clover might have contributed to the increased N2O fluxes on the diverse 

field during major thawing events, especially the final thawing period from mid-March to 

mid-April (Figure 3.1). Decomposing crimson clover biomass might have temporarily 

boosted N mineralization during the warm thawing periods and provided additional 
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substrates for denitrification. A more detailed discussion of N2O fluxes during this non-

growing season is presented in Chapter 2.  

Table 3.2: Measured mean air temperature (°C), and comparison of mean soil temperature at 5 cm 

depth (°C), mean soil water content (SWC) at 5 cm depth (m3 m-3) and median N2O fluxes (g ha-1 

day-1) over the four growing- or non-growing seasons, and the total N2O emissions (kg N ha-1) 

from May 1st, 2018 to April 30th, 2020. Statistical significance (p < 0.05) in soil temperature (at 5 

cm) and SWC (at 5 cm) between the two fields was determined by unpaired two-sided Welch’s t-

test assuming equal variances. Statistical significance (p < 0.05) in N2O flux values between the 

two fields was determined by a paired-sample Wilcoxon signed rank test with median, shown by 

different letters between rows (a or b indicating the higher or lower value). 

 

 Period  

 GS18 NGS18 GS19 NGS19  
Day of year 121-303 304-120 121-303 304-121  

 Temperature (°C)  
Air +16.52 -2.60 +14.55 -1.21  
Simple +18.18 0.35 +15.54 +1.39  
Diverse +17.83 0.16 +15.86 +1.69  
 

SWC  
Simple 0.12b 0.18a 0.22b 0.21b  
Diverse 0.17a 0.15b 0.26a 0.22a  

 N2O Flux Total Loss 

 g N ha-1 day-1 kg N ha-1 

Simple 8.09 1.57b 5.98b 0.78 3.95 

Diverse 9.12 3.39a 6.11a 0.97 5.58 

 

 

3.3.2 Study year 2 (May 1, 2019 to Apr 30, 2020) 

3.3.2.1 Environmental conditions and agronomy 

The growing season of 2019 was characterized by cool and rainy weather with a mean air 

temperature of 14.5 °C and total precipitation of 635 mm over the six months (May 1 to 

Oct 30, 2019). Main surface SWC measured at 5 cm depth was higher on the diverse field 
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at 0.26 m3 m-3 than the simple field at 0.22 m3 m-3 (Table 3.2, p < 0.001). It was possible 

that the diverse field was intrinsically wetter than the simple field, which may help 

explain the high SWC observed in 2018 GS. The lack of spatial resolution discussed in 

3.3.1.1 that could have caused the unexpectedly high SWC in 2018 might also be a 

potential reason for the high observed SWC in this growing season.  

Mean soil surface temperatures over this GS were indifferent on the simple and the 

diverse field at 15.5 and 15.9 °C, respectively (Table 3.2, p = 0.54). This meets our 

expectation because following the surface cultivation on both plots on May 21, 2019, the 

two fields had minimal differences in terms of management practices until winter wheat 

was seeded on the diverse field following soybean harvesting on both fields on 

September 30, 2019.  

The following NGS was characterized by warm and drier weather than the 2018 NGS, 

with a mean air temperature of -1.2 °C and total precipitation of 398 mm over the six 

months (October 31, 2019 to Apr 30, 2020). Daily SWC measured at 5 cm depth on the 

diverse field was indifferent from that of the simple field, averaging at 0.22 and 0.21 m3 

m-3, respectively (Table 3.2, p = 0.14). This was, once again, contradictory to our 

expectations that the winter wheat transpiration would consume soil water and lead to a 

lower surface SWC on the diverse field. The winter wheat planted on the diverse field 

grew to an average of 11 cm by the end of the NGS, which implies that the plants should 

have consumed some soil water by the end of the growing season. However, the start-of-

season SWC observed on the diverse field was already higher than the simple field, 

which could be likely attributed to the additional water reserved by the cover crop 

biomass. The difference in daily mean SWC measured between the two fields became 
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smaller towards the end of the NGS (Figure 3.2). From field observations, large packs of 

snow accumulated near the nest of SWC and temperature sensors on the diverse plot, 

which could have biased SWC measurements during the NGS. The first large peak in 

SWC at DOY 18 to 19 was mainly attributed to the large rainfall event on DOY 18 (16 

mm). A few major rainfall events from DOY 70 to 90 with total precipitation of over 65 

mm, along with the snow melt from DOY 68 to 70 with over 20 cm of snow melted over 

3 days, contributed to the largest peak in SWC over this NGS. 

Daily soil temperature measured at 5 cm depths were somewhat different between the 

two fields, averaging at 1.4 °C for the simple plot and 1.7 °C from the diverse plot (Table 

3.2, p = 0.052). This indicates that the winter wheat coverage over the winter months 

might have slightly increased surface soil temperature by enhancing the snow trapping 

and insolation effect discussed earlier. The lower FDD value also suggests that the 

diverse fields experienced less soil winter freezing (Table 3.1).  

Over this study year, soybean grain yields were indifferent between the two fields, with 

the simple field yielding at 4.5 Mg ha-1 and the diverse field yielding at 4.2 Mg ha-1 

(Table 3.1, p = 0.16). The simple field had a slightly higher mean soybean residue 

biomass yield than the diverse field, dry matter yielding at 5.4 and 5.1 Mg ha-1, 

respectively (Table 3.1, p = 0.02). Before cover crop termination and soybean planting in 

late-May of 2019, cover crop biomass (cereal rye only) on the diverse field was measured 

to be 174.1 kg ha-1.  
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Figure 3.2: Same as Figure 3.1 for the second study year: (top) Mean daily air temperature 

(dashed line) and mean daily soil temperature (°C) measured at 5 cm (colored solid lines); 

(middle) Mean daily soil water content (m3 m-3)at 5 cm (colored solid lines), average NO3
- 

concentration (mg kg-1 soil) measured from surface (0 – 15 cm) soils with vertical error bars 

representing standard errors at each measurement; (bottom) Measured daily mean N2O-N flux in 

ng-N m-2 s-1. Data measured between May 1st, 2019 and Apr 30, 2020. Line color legends are 

common for all three parts of the figure. Vertical grey lines (solid or dashed) representing 

growing season (“GS-19”) or non-growing season (“NGS-19”) periods. 
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3.3.2.2 Daily N2O fluxes 

Cover crops terminated before soybean harvesting on the diverse field slightly increased 

N2O fluxes in the growing season. Daily N2O fluxes measured on the diverse field was 

significantly higher than the simple field, with median of 6.11 and 5.98 g N ha-1 day-1, 

respectively (Table 3.2, p < 0.05). Decomposing cover crops, mainly the newly 

terminated cereal rye biomass, likely increased substrate availability following the 

termination and consequently increased N2O fluxes through the growing season. The 

higher NO3
- concentration measured from the diverse-field soils in late-June also 

suggests the same. The large N2O flux event in early July likely depleted the extra NO3
- 

and resulted in very similar NO3
- concentrations in the following measurements. In 

addition, the consistently higher SWC observed on the diverse field could have 

contributed to the higher N2O fluxes (Figure 3.2).  

During the following NGS, winter wheat effects on N2O fluxes was insignificant. Daily 

N2O fluxes during the NGS were indifferent between the simple and the diverse field, 

with median flux values of 0.78 and 0.97 g ha-1 day-1, respectively (Table 3.2, p = 0.16). 

N2O fluxes measured on both fields hovered around zero for the majority of the NGS. 

The warm surface temperatures might have contributed to this, as soils from both fields 

were only frozen very briefly during the coldest months (December and January). Both 

fields were not cultivated in fall, which suggests that the soybean residues were left on 

soil surface and decomposing at a natural, slow rate. Significant fluxes were only 

observed in the last 30 – 45 days of the NGS, when air temperature rose and maintained 

above zero for days. The large fluxes during this final 30 days could also be associated 

with the heavy rainfall events mentioned earlier (section 3.3.2.1).  



 
 

58 

 

3.3.3 Cumulative N2O emissions  

Cumulative N2O emissions through the two years were calculated using linearly 

interpolated daily fluxes (Figure 3.3). Over the two years, increased N2O emissions were 

measured from the diverse field, likely due to the additional substrate released from 

decomposition of cover crop biomass during the NGS of 2018 and the GS of 2019. A 

total N2O emission of 3.95 kg N ha-1 over two years was measured from the simple field 

and a total of 5.58 kg N ha-1 was measured from the diverse field (Table 3.2). Cumulative 

N2O emissions from the two fields were indifferent from May to August 2018 when corn 

was grown. The cumulative diverse field emissions became higher than the simple field 

since September 2018 with marginal difference until February 2019. During thaw periods 

between February to the end of April 2019, high fluxes measured on the diverse field 

expanded the difference in cumulative emissions between the two fields, resulting in an 

approximately 0.5 kg N ha-1 difference in cumulative emission by the end of the first 

study year (2.76 vs. 2.28 kg N ha-1 as of April 30, 2019). The difference grew slightly 

over the spring and summer, when soybean was grown in both fields, to 0.6 kg N ha-1 as 

of August 1, 2019 (3.73 vs. 3.12 kg N ha-1), until a series of hot periods and heavy 

precipitation events occurred between early-August to mid-September which 

consequently stimulated N2O fluxes on the diverse field. Between August 7th and August 

28th of 2019, an average flux of 48.7 g N ha-1 day-1 was measured on the diverse field, 

versus an average flux of 13.0 g N ha-1 day-1 on the simple field. This was followed by 

another escalation in N2O fluxes between September 4th and 14th, when an average flux of 

39.3 g N ha-1 day-1 was measured on the diverse field, versus an average of 10.2 g N ha-1 

day-1 was measured on the simple field. The large difference in daily N2O fluxes between 
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the two fields could have been mainly attributed to potential difference in soil substrate 

availability during decomposition of cover crop biomass. The timing of high rate of 

biomass decomposition and temporarily boosted N mineralization could have happened 

during this hot and wet period, and ultimately caused the elevated fluxes on the diverse 

field. An overall higher SWC measured on the diverse field during the GS of 2019 could 

have also contributed to the elevated flux events that resulted in the large difference 

between cumulative fluxes between the two fields. The additional substrates from 

decomposing cover crop biomass appeared to be depleted by these flux events and daily 

fluxes leveled off after September 15. The difference in cumulative emissions between 

the two fields expanded to 1.7 kg N ha-1 as of September 15, 2019 (5.29 kg N ha-1 on 

diverse vs. 3.59 kg N ha-1 on simple field), which remained consistent for the rest of the 

study year.  

An uncertainty test was performed to evaluate potential errors introduced by linear 

interpolating measured daily N2O fluxes. The process produced 251 total N2O emissions 

(over two years) values for each field and each study year, which were then examined for 

standard deviation as an indicator of uncertainty associated with the interpolation method. 

Over the first study year, 32 data gaps existed in daily N2O fluxes for each field, mainly 

due to instrument calibration, field activities, and poor data quality during the rapid-

growing stage of corn plants. The gaps are short with lengths of one to three days, with 

exception for an 8-day gap between June 20 and 27 of 2018 due to major equipment 

maintenances and herbicide spraying. Linear interpolation of daily flux value in this 

study year resulted in potentially 7% of errors (relative standard deviation) for the simple 

field data and 7.4% of errors for the diverse field data (Table 3.3). Comparing the 251 
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total N2O-N emission values between the two fields, the diverse field had significantly 

higher total emissions in this year with 2.77 kg N ha-1 than the simple field, with 2.28 kg 

N ha-1 total emissions (p < 0.001). Fewer flux data gaps were seen in the second year, 

with the simple field having 14 gap days and the diverse field having 18 gap days through 

the whole year. Interpolation of these gaps resulted in 2.3% of potential errors for the 

simple field flux data and 2.6% of errors for the diverse field data (Table 3.3). By 

comparing the 251 total N2O-N emission values between the two fields, the diverse field 

had significantly higher total emissions of 2.81 kg N ha-1 than the simple field which had 

only 1.67 kg N ha-1 over the study year (p < 0.001). Over both years, average annual total 

emission derived from the 250 generated values was indifferent with the total emission 

derived from linearly filling measured daily mean flux values. Differences between the 

two treatments followed the same trend as the statistical tests showed. 

Table 3.3: Annual total N2O emissions derived from linearly filled daily flux measurements, and 

a statistical summary of the total N2O emissions derived from the uncertainty test, showing the 

mean, standard deviation, relative standard deviation (RSD), and first and third quartile of the 

sums generated for each field, from May 1, 2018 to April 30, 2019 (year 2018 – 2019) and from 

May 1, 2019 to April 30, 2020 (year 2019 – 2020). Measured total annual emission is derived 

from the linearly filled measured daily mean flux. Mean is the average of total annual emissions 

calculated from the 250 generated data sets with artificial gaps that were linearly filled.  

  
Total N2O-N emissions 

  Measured Mean Std. dev. RSD 1st Quartile 3rd Quartile 

Year Rotation kg N ha-1  kg N ha-1  kg N ha-1  % kg N ha-1  kg N ha-1  

2018-19 Simple 2.28 2.28 0.16 6.96 2.17 2.38 

2018-19 Diverse 2.76 2.77 0.20 7.39 2.65 2.89 

2019-20 Simple 1.67 1.67 0.04 2.30 1.65 1.69 

2019-20 Diverse 2.81 2.82 0.07 2.59 2.77 2.87 
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Figure 3.3: Cumulative N2O-N emissions (kg-N ha-1) measured from May 1, 2018 to April 30, 2020, 

with colored solid lines representing daily main N2O-N flux measured from each field, and 

segments of periods divided by grey, vertical dashed lines representing growing season (“GS-

18/19”) or non-growing season (“NGS-18/19”) periods. 

 

 

3.4 Conclusions 

Over the first study year, both fields had high annual N2O emissions, likely due to the 

urea fertilizer applied in spring 2018. The simple field had lower N2O emission as 

expected because of the lack of additional N input, which implies that the high emission 

seen in the diverse field could be mainly attributed to the use of cover crops. The cover 

crop mix of cereal rye and crimson clover had some expected impacts on soil water and 

temperature during the non-growing season of 2018. However, its effect on N2O fluxes 

was minimal and counteracted by the high fluxes that were likely associated to the 

winter-killed or mechanically terminated cover crop biomass in the end of 2018 non-

growing season and the second half of 2019 growing season. This could have been a 
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result of: (1) a legume species was included in the cover crop mix, which did not survive 

over winter and released C and N substrate to the soils early; (2) the cover crops were 

only established for a very short period, and thus the biomass may not be high enough to 

lower N2O emissions; and (3) cover crops were terminated mechanically with surface 

cultivation in spring of 2019, which could have accelerated biomass decomposition and 

fueled the large flux events in the summer. Furthermore, cover crop effects on other main 

GHG emissions (CO2, CH4) were not considered in this study, which are critical for 

evaluation the full GHG mitigation potential of cover crops. As a cover crop and a mean 

of crop diversification, the winter wheat did not have a significant impact on N2O 

emissions during the non-growing season of 2019, but the winter was very mild and 

therefore low freeze-thaw emissions were expected from both fields due to the lack of 

freezing. A longer study period of at least one full rotation is required to better evaluate 

the effects of crop diversification. In conclusion, the use of cover crops in 2018 showed 

some potentials in N2O mitigation during the non-growing season of 2019 but increased 

total N2O emissions over the two years, which could provide guidance on improving 

management practices to better integrate cover crops into rotations to not increase 

emissions.  
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Chapter 4 - General Conclusion 

This two-part study highlighted the importance of management when cover crops (CC) 

were used because factors such as termination time and method, and N fertilization 

following termination of cover crops could all modify the effects that cover crops may 

have on N2O emissions. In the first year, fall cultivation without CC resulted in increased 

N2O fluxes due to increased soil freezing; cultivation with CC resulted in even more 

elevated N2O fluxes during the following non-growing season (NGS). On the non-

cultivated fields, the legume cover crops (crimson clover) that made up 60 to 70% of total 

cover crop biomass when entering the NGS did not survive the cold winter and 

presumably resulted in the large N2O fluxes during thawing periods. This showed that in 

the short term, the implementation and management of CC are critical to the effects it 

may have on N2O emissions. A more optimized species selection, management and 

timing of using CC within the crop rotation might have allowed for more benefits of CC 

in term of N2O mitigation. For example, thaw emissions observed in the 2018-19 NGS 

could have been reduced if the crimson clover was replaced by a more freezing-resistant 

species; the high emissions observed in the 2019 GS could also have been reduced if 

reduced amount of N was applied to the main crop following the CC termination. 

We used the flux-gradient method for N2O measurements because of the high temporal 

data resolution it could provide. Although with careful maintenance, data gaps still 

existed, ranging between 4 to 9% of all daily means of N2O flux measurements. Linear 

interpolation of the missing data points was appropriate to obtain full time series and 

allow for total cumulative N2O emissions. Through an uncertainty test using a Monte-

Carlo simulation, we concluded that gap filling daily N2O flux data with linear 
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interpolation resulted in 2.3 to 7.4% of potential errors in estimation of annual total N2O 

emissions.  

Overall, the diversified rotation with cover crops integrated increased total N2O 

emissions over both study years, mainly as a result of the use of cover crops in the first 

year. The intense 2018-19 winter freezing terminated the majority of crimson clover CC 

and thereby resulted in high N2O fluxes during thawing periods. Cereal rye survived the 

winter but the spring termination of this CC prior to soybean planting likely resulted in 

the escalated flux events approximately three months after the termination. Winter wheat 

planted on the diverse field could have acted as a functional CC, but the mild winter with 

minimum soil freezing did not result in any large N2O flux events over the winter and 

therefore the effect of winter wheat on N2O emissions was not significant. Nitrous oxide 

mitigation potentials were seen in crop diversification, but to better investigate 

diversification effects on N2O emissions, a longer period of study is necessary that allows 

for measurement of fluxes and other parameters over at least one full crop rotation.  
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