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Globally, agroecosystems contribute approximately 60% of total anthropogenic N2O emissions, a 

potent greenhouse gas (GHG), mainly due to excessive application of nitrogen (N) fertilizer to 

croplands. High spatiotemporal resolution flux measurements are necessary for improving our 

understanding of the episodic and microscale behavior of soil N2O emissions and the complex 

biogeochemical processes that trigger them. This study used two Li-Cor 8100A Automated Soil 

CO2 Flux Systems coupled with laser spectroscopic Los Gatos Research (LGR) N2O analyzers to 

measure continuous soil GHG fluxes from an automated closed static chamber system. A small-

scale study plot in an agricultural field was divided into 16 microplots and a chamber was 

installed on each one, ensuring high-spatial coverage. The system monitored CO2 and N2O 

fluxes from a cover crop (CC) study from 15 May - 23 August 2019, where four treatments with 

four replications were established on the microplots as a randomized block design. The 

treatments were: lynx winter pea (WP), verdant winter barley (WB), a WP+WB 50-50 mix, and 

fertilized WB (WBfert; 112 kg N ha-1 fertilization rate). Combined mean cumulative emissions 
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from the CC study were 78 ± 21 g N2O-N ha-1 d-1. Daily emissions were generally low, however, 

a few N2O pulses were observed following drying/rewetting cycles, which were likely 

nitrification driven. Mean cumulative emissions from the WBfert microplots were higher than 

mean cumulative emissions from all unfertilized microplots by 34%. Following CC termination, 

a fertilized winter wheat (WW; 168 kg N ha-1 fertilization rate) treatment was implemented on 

each microplot and monitored from 16 October 2019 – 29 February 2020. Mean combined 

cumulative N2O emissions were 1217 ± 99 g N2O-N ha-1 d-1, which were predominantly 

attributed to high denitrification rates driven by high moisture soil conditions following rainfall 

and snowmelt. During both studies, soil moisture and N availability were the main drivers of 

N2O emissions. Overall, the automated flux chamber system provided high-quality long-term 

flux data that effectively captured the high spatial and temporal variability of N2O fluxes from 

various cropping treatments, which is important for determining regional N2O budgets and 

mitigating emissions through improved N use efficiency in agroecosystems. 
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CHAPTER ONE:  

INTRODUCTION 

 

1.1 Overview and thesis organization 

 Nitrous oxide (N2O) is a harmful greenhouse gas (GHG) with approximately 298 times 

the global warming potential of carbon dioxide (CO2) over a 100-year time horizon and is the 

main contributor to stratospheric ozone depletion (EPA, 2020). Agroecosystems contribute 

approximately 60% (~ 5 Tg N2O-N) of total global anthropogenic N2O emissions, mainly due to 

excessive applications of nitrogen (N) fertilizers to croplands (IPCC, 2013). A better 

understanding of what influences the soil N2O emissions and the complex biogeochemical 

processes that trigger them is important for determining regional N2O budgets and mitigating 

emissions through improved N management. Manual closed static chambers (CSCs) have been 

widely used for decades to measure soil N2O emissions, however, they do not effectively capture 

their sporadic and microscale nature (Lebegue et al., 2016). With recent technological 

advancements, robust optical spectrometers for N2O measurements have become more accessible 

to researchers and can be used with automated CSCs to provide continuous soil N2O flux 

measurements with a higher temporal resolution than manual CSCs. 

 This chapter will provide an overview of the terrestrial N cycle, the microbial processes 

involved in soil N transformations that produce N2O, and how they are affected by 

environmental and anthropogenic influences. It will also compare the advantages and 

disadvantages of quantifying in-situ soil GHG emissions using manual versus automated CSCs. 

The overview aims to provide valuable background information for the research study presented 

in this thesis. 
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 Following this general introduction and review, Chapters 2 and 3 are prepared in a stand-

alone, manuscript format. Chapter 2 presents the performance of a Los Gatos Research (LGR) 

N2O analyzer plumbed in-line with the Li-Cor Automated Soil CO2 Flux System, which can 

measure continuous CO2 and N2O fluxes from eight automated flux chambers in an agricultural 

field. It also proposes a quality criteria (QC) protocol for obtaining high-quality soil N2O flux 

datasets from automated CSCs. Chapter 3 presents the N2O flux data results collected from two 

independent instrument setups measuring fluxes from 16 microplots located in an agricultural 

field. The data focuses on analyzing the environmental and anthropogenic influences on the 

spatiotemporal variability of N2O fluxes from two different cropping systems: a cover crop (CC) 

system and a winter wheat (WW) system. The thesis concludes with a synthesis chapter (Chapter 

4), which integrates and highlights important findings and limitations from Chapter 2 and 3 and 

outlines future research initiatives. 

 Initial work conducted by previous Washington State University (WSU) researchers to 

measure N2O soil fluxes from agriculture was part of a USDA-funded project called REgional 

Approaches to Climate CHange (REACCH). A compilation of articles have been published 

called Building Resilience to Climate Change in Cereal Production Systems: Agroecosystem 

components and integrative approaches. Specifically, publications from Kostyanovsky et al., 

(2017) and Waldo (2016) provided the initial framework for this work. Based on the foundation 

of REACCH, the research presented here is part of a collaborative and interdisciplinary USDA-

funded project called Landscapes in Transition (LIT). One of the main objectives of the project is 

to study the impact of crop diversification by alternating between business-as-usual and 

alternative cropping systems to help farmers improve their nutrient use efficiencies and reduce 

GHG emissions.  
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1.2. The impact of nitrogen inputs to agricultural soils on the global nitrogen cycle 

Anthropogenic activities have more than doubled global nitrogen N fixation of reactive 

nitrogen (Nr) in the last 50 years, mainly through application of synthetic N fertilizers to crops 

due to ever-increasing global food production demands (Vitousek and Matson, 1993; Galloway, 

1998; Smil, 1999; Mosier et al., 2002; Cameron et al., 2013; Fowler et al., 2013). Applying N 

fertilizer to crops in one large dose at the beginning of a growing season is typical practice due to 

the difficulties and high cost associated with supplying nutrients according to crop demands 

through their stages of development (Glass et al., 2003; Ju et al., 2009).  

Accumulation of Nr in soils has greatly affected the Earth’s natural N cycle, resulting in 

numerous environmental consequences, such as alterations to major biogeochemical cycles, loss 

of biodiversity, eutrophication, and health problems, all driving a positive feedback loop that 

intensifies global climate change (Galloway et al., 1995; Vitousek, et al., 1997; Butterbach-Bahl 

and Dannenmann, 2011; Ollivier et al., 2011). Human impact on the terrestrial N cycle has  

caused a steady increase in global atmospheric concentration of N2O. Current global atmospheric 

N2O concentration is currently about 331 ppb, exceeding pre-industrial levels of 270 ppb by 

about 20%, and is continuing to increase at a rate of about 0.8 ppb (0.25%) per year (Hénault et 

al., 2012; IPCC, 2013). The dominant N transformation mechanisms in the terrestrial N cycle 

that impact soil N2O production include: N fixation, mineralization, nitrification, and 

denitrification. 
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1.3 The main mechanisms of nitrous oxide production in soil  

1.3.1 Nitrogen fixation 

 Earth’s largest pool of biologically available N is the atmosphere, which is made up of 

78% dinitrogen gas (N2). Nitrogen is continuously exchanged between the atmosphere and 

biosphere while undergoing several chemical transformations that are predominantly controlled 

by soil microbial processes. Atmospheric N2 is inaccessible to plants as the N2 molecule is 

relatively unreactive due to its strong triple bond. Nitrogen in its gaseous form needs to be 

“fixed” into Nr before it can react with other elements to form nitrogenous compounds that can 

be taken up by plants, often making N a limiting nutrient in natural systems (Galloway et al., 

2004). Nitrate (NO3-) and ammonium (NH4+) are the two forms of N that can be assimilated by 

plants, however, NO3- is the preferred form for most plants as it is more mobile (Millar et al., 

2014).  

 There are multiple natural and anthropogenic sources of Nr to terrestrial systems (Figure 

1.1). The two natural N fixing pathways in terrestrial systems are biological N fixation by soil 

bacteria (accounting for ~ 40 - 130 Tg N y-1) and lightning (accounting for up to 10 Tg N y-1) 

(Stedman and Shetter, 1983; Galloway et al., 1995; Vitousek et al., 1997; Mosier, 2002). In 

biological fixation, N2 deposited from the atmosphere into soil is converted into ammonia (NH3) 

by free-living bacteria in the soil or by plant-bacteria symbiosis (Galloway et al., 1995; Vitousek 

et al., 1997). In atmospheric fixation through lightning, the energy of lightning enables the 

reaction of N2 with oxygen (O) to form nitrogen oxides (NOx) or with hydrogen (H) to form 

NH3. NOx dissolves in water and forms NO3-, which is transported, along with NH3, to the soil 

via rainfall. NH3 in soil either remains in this form or is transformed into NH4+ in the presence of 

water and slightly acidic soils (Sawyer, 2014).  
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 Anthropogenic activities have nearly doubled the amount of Nr entering the terrestrial 

pool, primarily through N fertilization with ammonium and nitrate fertilizers (Figure 1.1). N 

fertilizer is mainly created via the Haber-Bosch process, which involves fixing atmospheric N2 

and converting it into NH3 (Galloway et al., 1995; Fowler et al., 2013). Currently, agricultural N 

fertilization adds about 109 Tg N y-1 to the global N-cycle, and world demand continues to 

increase at a yearly rate of about 1.5% (FAO, 2019). Cultivated legumes, mainly soybeans, 

alfalfa, and pulses, have contributed an additional 50 – 70 Tg N y-1 through symbiotic bacteria 

called rhizobia that live in the root nodules of legumes (Galloway et al., 1995; Vitousek et al., 

1997; Herridge et al, 2008). Another major Nr source to soil is fossil fuel combustion, which 

adds more than 20 Tg N y-1 through atmospheric nitrogen oxide reactions and/or wet or dry 

deposition (Delmas et al., 1997; Vitousek et al., 1997).  

 Gaseous N loss via denitrification is a major Nr loss pathway from terrestrial systems.  

Davidson and Kanter (2014) have synthesized several studies on N2O emission inventories 

determined from direct field measurements (“bottom-up”) and indirect modeled estimates (“top-

down”) and determined that current (2005 – 2010) global N2O emissions are likely around 10 – 

12 Tg N2O-N y-1. Natural terrestrial sources account for about 6.6 Tg N2O-N y-1 of this range, 

and anthropogenic sources about 5.3 Tg N2O-N y-1, with agriculture contributing to about 56 – 

81% of total anthropogenic emissions. Bouwman et al. (2013) estimated that between 1900 and 

2000, N2O emissions from soil increased from about 10 to 12 Tg N y-1. Despite researchers’ 

continuing efforts to close the global N2O budget, major uncertainties still remain in present-day 

and preindustrial estimates of terrestrial N2O emissions from both natural and anthropogenic 

sources (Stein and Yung, 2003; Bouwman et al., 2013; Davidson and Kanter, 2014; Tian et al., 

2019). 



 6 

 

 
Figure 1.1. The main Nr inputs and loss pathways via N2O emissions in terrestrial systems. The 

green bubbles signify natural Nr inputs to the terrestrial pool and the grey bubbles signify 
anthropogenic Nr inputs. 

 

1.3.2 Mineralization 

 Mineralization is a two-step biological decomposition process where microbes and 

enzymes convert organic N in crop residues, dead animals, and nitrogenous animal waste into 

inorganic N (Robertson and Groffman, 2007; Figure 1.1). First, during aminization, bacteria 

break down the proteins of the organic N compounds into simple organic N compounds such as 

amides, amino sugars, and amino acids (Muruganandam et al., 2009). These organic N 

compounds are then further decomposed by ammonifying bacteria that release NH3 from 

ammonification (Schimel and Bennett, 2004; Muruganandam et al., 2009). As NH3 substrate 

availability for coupled nitrification-denitrification increases, N2O production also increases 

(Figure 1.1). 
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1.3.3 Nitrification 

 Nitrification is an aerobic process carried out by autotrophic bacteria in the soil that 

convert porewater NH4+ or NH3 into nitrite (NO2-) and then into NO3- (Perlman et al., 2013; 

Figure 1.1). The oxidation of NH3 into NO2- is carried out by nitrosobacteria, and the oxidation 

of NO2- to NO3- is carried out by nitrobacteria (Pilegaard, 2013). N2O and nitric oxide (NO) 

gases are released via the nitrification process from the decomposition of hydroxylamine 

(NH2OH), a reactive intermediate following the oxidation of NH3 (Cleemput and Samater, 

1996). The intermediate NO2- can also decompose to produce NO and N2O as by-products. 

Autotrophic nitrifiers also undergo nitrifier denitrification under anoxic conditions where NH3 is 

oxidized to NO2 then reduced to NO, N2O, and finally N2 (Poth and Focht, 1985; Wrage et al., 

2001; Figure 1.1).  

 

1.3.4 Denitrification 

 The reverse process, denitrification, is an anaerobic reduction of NO3- to N2 carried out 

by heterotrophic bacteria (Perlman et al., 2013; Figure 1.1). In natural settings, denitrification is 

coupled to nitrification as denitrifying bacteria depend on it for the production of NO3- substrate. 

The reduction sequence does not always completely reduce to N2, as some denitrifying bacteria 

can only partially denitrify NO3- (incomplete denitrifiers), forming other gaseous intermediates 

such as NO and N2O (Stein and Klotz, 2016). Saturated soils with high organic carbon and NO3- 

and NO2- concentrations stimulate the reduction of NO to N2O and almost completely inhibit the 

final reduction step to N2, resulting in a higher N2O to N2 ratio (Blackmer and Bremner, 1978; 

Firestone et al., 1979; Gaskell et al., 1981; Baumgärtner and Conrad, 1992).  
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1.4 Influences of environmental and anthropogenic factors on nitrous oxide emissions 

1.4.1 Environmental impacts 

Soil-based N2O emissions are correlated to changing environmental conditions and their 

effect on soil such as soil temperature and moisture, soil pH, and N substrate availability for 

nitrifying and denitrifying microbes (Clayton et al., 1994; Mosier et al., 2001; Galloway et al., 

2003; Vitousek et al., 2008; Schlesinger et al., 2009; Jarvis et al., 2011; Henault et al., 2012). 

Optimal soil temperature and moisture conditions are different for both nitrification and 

denitrification. Nitrification is at its optimum at a pH level between 6.6 – 8.5, a water-filled pore 

space (WFPS) below 60%, and soil temperature between ~ 25 – 35°C (Barnard et al., 2005; 

Pilegaard, 2013; Jalota et al., 2018). The oxidation process effectively stops at soil temperatures 

lower than 5°C and greater than 40°C (Jalota et al., 2018). Denitrification has an optimal pH 

between 7.0 – 7.5, a WFPS above 60%, and a similar optimal soil temperature to that of 

nitrification but is able to withstand higher temperatures (Barnard et al., 2005; Saleh-Lakha et al., 

2009; Pilegaard, 2013). Low soil temperatures around 0°C have been observed to decrease 

denitrification rates but increase the denitrification gaseous N2O/(N2O + N2) end-product ratio 

(Holtan-Hartwig et al., 2002; Saleh-Lakha et al., 2009). 

Slow-draining textured soils are more prone to saturation, resulting in high WFPS and 

thus higher denitrification rates (Cameron et al., 2013; Burger et al., 2016). Coarse-textured, fast-

draining soils are not as prone to denitrification since rapidly draining soil pores allow for 

oxygen to re-enter the soil, creating a more favorable environment for nitrification. However, 

infiltration rates are generally higher in coarser soils, resulting in faster NO3- leaching through 

the soil profile, and thus a decrease in substrate availability for denitrification. 
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The dominant pathway of Nr loss from soil as gaseous N compounds is denitrification, 

which has been estimated to remove about 124 Tg N y-1 (35 – 40 %) of total N from terrestrial Nr 

(Seitzinger et al., 2006). Saturated soil conditions create anoxic environments driving 

denitrification in the presence of N substrate, catalyzing peak N2O fluxes (Changsheng et al., 

1992; Borken and Matzner, 2009). Event-based environmental drivers such as soil freeze-thaw 

and drying-rewetting events have shown to stimulate large increase in microbial reaction rates, 

causing hot moments and pulses (Birch, 1964; Kavdir et al., 2008; Wagner Riddle et al., 2017). 

Uncertainties still exist concerning the mechanisms that trigger N2O emissions during these 

events.  

Seasonal freeze-thaw events in cold winter regions can trigger enhanced soil N2O 

emission rates over the non-growing season and can account for 30 – 90% of net annual N2O 

emissions (Wagner-Riddle et al., 1997; 2007; Ludwig et al., 2004; Chen et al., 2018). Freeze-

thaw induced N2O pulses have often been attributed to the release of trapped N2O produced 

under frozen surface soil layers (Bremner et al., 1980; Teepe et al., 2001) or from frozen soil 

layers or snowpack meltwater saturating the soil and driving denitrification (Wagner-Riddle et 

al., 1997; Risk et al., 2013). 

Rewetting of dry soil can rapidly increase substrate availability for nitrifying bacteria as 

N and carbon (C) organic substrates in soil organic matter (SOM) are rapidly mineralized, 

resulting in increased soil respiration that returns to background levels after a few days and 

diminishes overall with each successive drying-rewetting cycle as the available SOM pool 

decreases (Birch, 1964; Borken and Matzner, 2009). This phenomenon is commonly referred to 

as the “Birch effect”. Several physicochemical and biological processes are at play during this 

process (Jarvis et al, 2007), including the release of organic N and C substrates through the 
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break-up of soil aggregates (Denef et al. 2001; Borken and Matzner, 2009) and from 

microorganisms killed during soil drying (Bottner, 1985), and the reactivation of soil microbes 

and increases in microbial populations in response to substrate and water availability (Griffiths 

and Birch 1961, Ludwig et al., 2001). Drying-rewetting cycles are responsible for a large portion 

of N2O emissions during dry summer periods, however, they typically account for a much lower 

portion of annual N2O emissions, sometimes less than 2% (Garcia-Montiel et al., 2003; 

Groffman et al., 2009; Congreves et al., 2018). 

 

1.4.2 Anthropogenic impacts 

Agricultural management practices such as N fertilization (timing, type, and placement), 

tillage, crop varieties, and irrigation influence the production, consumption, and transport of N2O 

emissions (Halvorson et al., 2008; Perlman et al., 2013; Savage et al., 2014). Fertilization adds a 

surplus of Nr to the soil, increasing substrate availability for nitrification and denitrification 

processes and thereby N2O production (Stein and Yung, 2003; Butterbach-Bahl and Dannenman, 

2011). N2O emissions typically increase in the first several days to weeks following fertilizer 

application with emissions scaling with the amount of fertilizer used (Clayton et al., 1994; Skiba 

et al., 2002; Drury et al., 2006; Liu et al., 2006; Halvorson et al., 2008; Kavdir et al., 2008; 

Millar et al., 2018). Timing, type, and placement of N fertilizers have significant effects on N2O 

emissions, among other N losses, making fertilizer management a long-term and prominent area 

of research in agriculture. Examples of research topics include fertilizer placement location and 

depth (Schnier et al., 1990; Van Noordwijk and Scholten, 1994; Drury et al., 2006), improved 

application timing (Cole et al., 1997; Cassman et al., 1998; Kavdir et al., 2008), controlled-

release fertilizers (Cole et al., 1997; Butterbach-Bahl and Dannenmann, 2011), and nitrification 
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inhibitors to improve fertilizer use efficiency and decrease N trace gas soil emissions (Cole et al., 

1997; Akiyama et al., 2010). 

Tillage effects on N2O emissions are inconclusive (West and Post, 2002; Halvorson et al., 

2008). Many studies found that N2O emissions were greater from no-tillage (NT) systems 

compared to conventional tillage (CT) systems, explained by higher SOM in the top surface soil 

layers, resulting in increased substrate levels, soil density, and water content, creating optimal 

conditions for microbial activity and increasing microbial populations and diversity (Doran, 

1980; Palma et al., 1997; Ball et al., 1999; Skiba et al., 2002; West and Post, 2002; Baggs et al. 

2003; Gregorich et al., 2007; Rochette et al., 2008; Lognoul et al., 2017; Schmidt et al., 2018; 

Waldo et al, 2019). Alternatively, CT has been found to create less favorable surface soil 

temperatures for microbes due to breakup of surface soil layers, decreased microbial populations 

and diversity due to soil disturbance, increased soil aeration (decreased soil saturation favorable 

for denitrifiers), and increased nutrient export via runoff and erosion (Chatskikh and Olsen, 

2007; Schmidt et al., 2018). Some studies found that emissions from CT soils were higher, 

explained by the incorporation of surface SOM deeper into the soil profile through turnover, 

increasing substrate availability for soil microbes at varying depths (Drury et al., 2006; 

Chatskikh and Olsen, 2007; Kavdir et al., 2008; Lehman et al., 2017). Kostyanovsky et al. (2019) 

studied N2O emissions in four winter wheat cropping systems located in the inland Pacific 

Northwest that have both CT and NT treatments and found that CT treatments exhibited higher 

N2O fluxes compared to NT following both soil rewetting and N fertilization events from three 

of the four sites. The site that exhibited higher N2O emissions from NT versus CT was likely due 

to high levels of SOM in the NT plots. 
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Some studies also found no significant differences in N2O emissions between NT and CT 

systems (Robertson et al. 2000; Jantalia et al., 2008; Hao et al., 2016; Behnke et al., 2018). 

Several researchers concluded that the impact of CT versus NT on N2O emissions are site- and 

crop-specific and are often affected by the texture and physical properties of soil and their 

indirect influence on aeration and gas diffusion (Gregorich et al., 2005; Stöckle et al., 2012; 

Rochette, 2018; Petitjean et al., 2019). 

Although there are still few studies examining the effect of crop rotations on GHG soil 

emissions, diversified crop rotations have been found to generally increase N2O production 

(Halvorson et al., 2008; Lehman et al., 2017). The incorporation of grass species mixtures or 

cover crops into rotations improves soil health through increased residue, nutrient, and water 

retention (Huggins et al. 1998; Wilhelm et al., 2004; Hofstra and Bouwman, 2005). Legume-

based cover crop mixtures also increase total soil N by fixing N symbiotically, enhancing soil 

nutrient availability for succeeding crops (Vitousek et al., 1997; Gage, 2006). Enhanced 

microbial abundance and diversity have also been correlated to cover cropping (Schmidt et al., 

2018). High SOM levels typically result in increased mineralization rates and thus N2O-

producing microbial processes, however, sites with high SOM can also potentially offset global 

warming potential through the increased ability to sequester C in soil (Cole et al., 1997; West 

and Post, 2002). 

 

1.5. Spatial and temporal variability of nitrous oxide soil emissions 

Compared to GHGs that are usually emitted from soils in high concentrations, such as 

CO2, N2O soil emissions are difficult quantify due to their small magnitude and high 

spatiotemporal variability (Duxbury and Bouldin, 1982; Parkin, 1987, van Kessel et al., 1993). 
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The coefficient of variation for N2O measurements is highly site-specific, however, authors have 

found the values to range between 80 to 425 % (Parkin et all., 1987; van Kessel et al., 1993; 

Palma et al., 1997; Gasche and Papen, 1999, Jones et al., 2011; Waldo et al., 2019). This 

variability is mainly due to denitrification processes, which exhibit highly irregular reaction rates 

as they are strongly influenced by environmental drivers and agricultural management practices 

(Jarvis et al., 1991; McClain et al., 2003; Groffman et al., 2009; Butterbach-Bahl and 

Dannenmann, 2011; Henault et al., 2012). High rates of soil N2O emissions occur from discrete 

areas of enhanced N2O emissions (hot spots) and over short periods of time (hot moments) that 

disproportionately increase cumulative field-scale N2O emissions (McClain et al., 2003; 

Groffman et al., 2009; Bernhardt et al., 2017). 

  

1.6. Measuring soil greenhouse gas emissions with flux chambers 

For several decades, manual closed static chambers (CSCs) have been the most widely 

used method to measure soil GHG fluxes, including trace gas emissions such as N2O and 

methane (CH4) (Lundegårdh, 1927; Reiners, 1968; Pumpanen et al., 2004; Levy et al., 2011; de 

Klein and Harvey, 2015). About 95% of studies analyzing N2O flux data have been obtained 

using manual CSCs, making them the main method used to define the global and national N2O 

emission inventories from agricultural soils (de Klein and Harvey, 2015). Manual CSCs are 

labor-intensive as they need to be moved between soil sample locations and require repeated 

collection of syringe samples from the chamber headspace to be analyzed via gas 

chromatography (Smith and Dobbie, 2001; Levy et al., 2011). Although this method has the 

potential of capturing the spatial variability of soil N2O emissions, it does not effectively capture 

the temporal variability.  
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Recently, automated CSCs have gained increased popularity for measuring GHG fluxes, 

which involves multiplexing an array of chambers to in-situ GHG analyzers that automatically 

and continuously sample soil GHG emissions. Automated CSCs are less laborious, can be left in 

the field relatively unattended for long-term periods of time, and they allow for accurate and 

repeatable GHG measurements from the same soil locations, capturing the dynamic nature of 

N2O fluxes as well as diurnal and seasonal changes (Barton et al., 2008). The disadvantages of 

this method are that it is expensive, initial upfront set-up is time-intensive, spatial coverage is 

usually compromised, and access to line-power or generator power is typically required in rural 

settings. 

With more automated CSCs appearing on the market, the need for a standardized 

chamber system and soil GHG sampling method is recognized by scientists (Rochette and 

Eriksen-Hamel, 2008; Pumpanen et al., 2004; Hall et al., 2014; Pavelka et al., 2018; Zhao et al., 

2018). Due to the general lack of data interpretation, quality control, and reporting guidelines, 

biases are likely to occur, which inhibit inter-study comparisons (Rochette and Eriksen-Hamel, 

2008; de Klein et al., 2015). By standardizing and optimizing the chamber system and sampling 

procedures, measurements would be more representative and repeatable (Hall et al., 2014). 
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CHAPTER TWO:  

MEASURING SOIL GREENHOUSE GAS FLUXES IN AN AGRICULTURAL FIELD 

USING A LONG-TERM AUTOMATED FLUX CHAMBER SYSTEM 

2.1 Introduction 

 Manual closed static chambers (CSCs) are a widely used method to quantify greenhouse 

gas (GHG) emissions between the soil surface and the atmosphere, especially trace gases like 

nitrous oxide (N2O) and methane (CH4) (Lundegårdh, 1927; Livingston and Hutchinson, 1995; 

Kutzbach et al., 2007; Pumpanen et al., 2010). This method involves sealing a closed chamber 

over a known area of soil for a period of time and allowing the soil gases to accumulate in the 

chamber’s headspace. Traditionally, the gas has been sampled at regular intervals with a syringe 

and subsequently analyzed in the lab via gas chromatography (Davidson et al., 2008; Peterson et 

al., 2012). The flux is calculated as the rate of change of gas concentration per unit time, per 

surface area of soil (Davidson et al., 2008; Levy et al., 2011).   

 Manual CSCs are inexpensive and easy to transport, making it possible to achieve a high 

spatial resolution, however, this method is labor-intensive and time-consuming, resulting in 

reduced sampling intervals and low temporal resolution (Smith and Dobbie, 2001; Forbrich et 

al., 2010, Görres et al., 2016). Automated CSCs are a well-suited option for achieving high 

temporal resolution for soil trace gas measurements because they provide continuous high-

frequency measurements, making them more effective in capturing the variability and episodic 

dynamics associated with soil biogeochemical cycling (Savage and Davidson, 2003; Görres et 

al., 2016; Petrakis et al., 2017). 

 There are currently many solutions available for conducting long-term automated soil 

carbon dioxide (CO2) flux measurements (Livingston and Hutchinson, 1995; Pumpanen et al., 
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2004; Kutzbach et al., 2007; Görres et al., 2016), with the most popular being the standardized 

eddy covariance method (Pavelka et al., 2018). Technological advancements in spectroscopic 

analyzers have only recently enabled the development of high-frequency and high-precision N2O 

analyzers that are portable and rugged enough for field deployment (Fassbinder et al., 2013; 

Savage et al., 2014; Görres et al., 2016; Lebegue et al., 2016). Although chambers are the most 

popular method for measuring N2O soil fluxes, there are few studies using N2O analyzers in the 

field as they are expensive and require housing in a controlled environment due to their limited 

operating ranges (Denmead, 2008; Görres et al., 2016; Kostyanovsky et al., 2017; Pavelka et al., 

2018; Waldo et al., 2019). 

 Manual CSC sampling methods are standardized by the GRACENet protocol (Parkin and 

Venterea, 2010), however, there is currently no standardization of sampling protocols for soil-

based trace gas flux measurements using automated CSC. Simple first-order polynomial linear 

regression has been widely used among researchers to calculate GHG emissions from soils using 

manual CSCs due to its simplicity (Livingston et al., 2006; Hendriks et al., 2007, 2010). Many 

studies have demonstrated that using linear models with inherently nonlinear data can lead to 

inaccuracy and underestimation of fluxes because it assumes that the rate of concentration 

change is constant (Hutchinson and Mosier, 1981; Healy et al., 1996; Livingston et al., 2006; 

Kutzbach et al., 2007; Kroon et al., 2008; Forbrich et al., 2010; Levy et al., 2011; Silva et al., 

2015; Kandel et al., 2016). Following Fick’s law, a decrease in the concentration gradient 

between the soil-to-chamber air over time will result in a nonlinear increase in chamber gas 

concentration, making a nonlinear (exponential) regression model analysis more appropriate 

(Davidson et al., 2002; Livingston et al., 2006; Kutzbach et al., 2007; Hüppi et al., 2018). 

Recently, the development of nonlinear models for calculating flux from change in chamber 
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concentration data are becoming more popular (Livingston et al., 2006; Kroon et al., 2008, Levy 

et al., 2011).  

 A lack of standardization for automated CSC sampling methods and data analysis has 

also resulted in inconsistencies in the literature regarding quality assurance (QA) and quality 

control (QC) considerations for system performance and flux data validation (Rochette and 

Ericksen-Hamel, 2008; Pavelka et al., 2018; Zhao et al., 2018). In particular, there are 

inconsistencies in determining goodness-of-fit of nonlinear, or exponential, models to soil GHG 

concentration curves measured by automated CSCs. Several authors use the coefficient of 

determination (R2) as a QC indicator to determine how well their nonlinear model fits the 

measured concentration curves (Forbrich et al., 2010, Petrakis et al., 2017, 2018; Courtois et al, 

2019), however, this is an invalid goodness-of-fit statistic for nonlinear curves since R2 is based 

on the assumption of fitting data with a linear model. R2 is calculated as the explained sum of 

squares of the regression model (SSE) divided by the total sum of squares (SST), where SST is 

the SSE plus the residual sum of squares (SSR). R2 will always be between 0 – 100 % for linear 

models, but for nonlinear models, the SST is not equal to the SSE plus the SSR, invalidating R2 

as it will no longer be between 0 – 100 %. This can result in a high R2 values for both well and 

poorly fitted models, and thereby leading to false conclusions on model fit evaluation (Spiess 

and Neumeyer, 2010). Spiess and Neumeyer (2010) believe that authors and reviewers continue 

to use this statistical evaluation method incorrectly because almost all statistical software 

calculates R2 for nonlinear models. 

 For this study, a robust automated soil respiration system was constructed to continuously 

and simultaneously monitor high-frequency CO2 and N2O soil emissions from an agricultural 

field over multiple growing seasons. To achieve this, two independent Li-Cor Automated Soil 
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CO2 Flux Systems (LI-8100A, Li-Cor Biosciences, Lincoln, NE, USA) were integrated in-line 

with laser spectroscopic Los Gatos Research (LGR) N₂O analyzers (Los Gatos Research Inc, 

Mountain View, CA) and housed in on-site trailers with line-power. The plumbing of the 

analytical instrumentation was done per Li-Cor guidelines (Li-Cor Biosciences, 2019) and the 

configuration of the instrument housing trailers was adapted from previous work of 

Kostyanovsky et al. (2018) and Waldo et al. (2019). 

 This chapter describes the effectiveness of the chamber system and analytical instruments 

to capture the spatial and temporal variability of soil respiration throughout various seasons and 

environmental conditions. The first part of this analysis consisted of evaluating the flux dataset 

derived from automated CSC system by developing and processing the data through an 

optimized QC protocol. And secondly, the importance of choosing the right regression type for 

modeling gas flux estimates from CSCs is presented. 

 

2.2 Materials and Methods 

2.2.1 Field site 

This study was conducted in an agricultural field at the Palouse Conservation Field 

Station (PCFS, 46°44′ N, 117°8′ W, 762 m above mean sea level), in Pullman, Washington. Two 

on-site line-powered trailers (Trailer 1 and Trailer 2) house analytical instrumentation that 

operate an array of chambers measuring the soil-based GHG emissions from the microplots. 

Continuous chamber measurements occurred between 15 May 2019 and 23 August 2019 during 

a cover crop (CC) system, and between 16 October 2019 and 29 February 2020 during a winter 

wheat (WW) system. A schematic and photographs of the experimental setup are shown in 



 33 

Figure 2.1. The technical specifications of the analytical instruments and chamber system are 

displayed in Table 2.1. 

 

2.2.2    Experimental design 

2.2.2.1 Continuous gas analyzers and housing trailers 

Two independent instrument setups each include eight long-term automated flux 

chambers (LI8100-104, LI-COR Biosciences, Lincoln, NE) connected to a multiplexer (LI-8150, 

LI-COR Biosciences, Lincoln, NE). The multiplexer cycles through each chamber and sampled 

air from the chamber headspace is analyzed (1 Hz frequency) for CO2 and H2O (LI-8100A, LI-

COR Biosciences, Lincoln, NE), and for N2O using a laser spectroscopic Los Gatos Research 

(LGR) N2O analyzer (Los Gatos Research Inc.) connected in parallel (Figure 2.1). Average flow 

rate through the LI-8100A was approximately 2 L min-1, and 0.25 L min-1 through the LGR. The 

air sample was then directed back to the chamber for a continuous flow-through chamber system 

set-up. Chambers 1 – 8 are connected to Trailer 1 and were installed on 8 full microplots. 

Chambers 9 – 16 were connected to Trailer 2 during the CC study and were installed on four full 

microplots and four half-microplots (Figure 2.1b). Four additional chambers were added during 

the WW study to the remaining four half-microplots, chambers 17 – 20. The data from these four 

additional chambers are not included in this work. The LGR in Trailer 1 (LGR1) used during the 

CC study failed on 23 August 2019 and was replaced with an enhanced precision LGR (LGREP) 

prior to commencing the WW study. Trailer 2 has an isotopic LGR (LGRISO), measuring N2O as 

well as δ15N and δ17O. The trailers are connected to AC power for near-continuous year-round 

operation. A heating and cooling system inside the trailers ensures that the ambient air remains 

within the instruments’ required operating ranges. Since the LGRs are sensitive to abrupt power 
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shut-off, an uninterruptible power source (UPS) was installed in case of power surges or 

blackouts. 

The set-up in Trailer 2 was different than Trailer 1 in that a multiport unit (MIU) was 

connected between the LI-8100A and LGRISO with Tygon® tubing. The MIU allows for the 

addition of reference gas to be sampled and analyzed by the LGRISO for calibration purposes, 

necessary for isotopic analysis. This level of calibration precision was necessary for isotopic 

analysis of N2O emissions from microplots that had 15N-labelled fertilizer applied to them. 

 

2.2.2.2 Automated chamber flux system 

Sixteen 1.14 x 0.61 m microplots were arranged on a 4.6 x 2.7 m study plot (Figure 2.1b). 

Four of the microplots were divided into half-microplots (0.57 x 0.61 m), for a total of 12 “full 

microplots” and 8 “half-microplots”. Soil emissions were measured using automated CSCs at 

each of the 16 microplots. Four different crop and fertilizer treatments were applied to the 

microplots during the CC study, and all microplots had the same seeding and fertilizer treatment 

applied during the WW study. More details about the microplots treatments can be found in 

Chapter 3. 

A PVC soil collar was inserted into the soil to provide a stable supporting foundation for 

the chamber baseplates and an interface between the soil surface and baseplates. Collars were 

inserted between the crop rows during the CC system several months prior to commencing flux 

measurements and remained in-place during seeding and fertilization of the WW system. During 

a flux measurement, the chamber lid closes down onto the baseplate surrounding the collar 

forming an airtight seal, leaving the collar undisturbed. The collars also minimize lateral 
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diffusion of GHGs in the soil column below the chamber (Healy et al., 1996; Hutchinson and 

Livingston, 2001). 

Chambers were connected to the multiplexer with 15 m long Bev-a-line® tubing and 

powered via an electronic cable. The multiplexer is programmed to cycle through each chamber 

one-by-one for a pre-programmed measurement period, and a pre- and post- purge period where 

ambient air is sampled to flush the tubing and restore the system to ambient N2O levels. It takes 

three hours to cycle through each of the eight chambers once, including reference gas sampling 

(Trailer 2 only). For Trailer 1 during both the CC and WW studies, and Trailer 2 during just the 

CC study, the chamber measurement period was 12 minutes and the pre- and post- purge periods 

were 5 minutes each. 

In Trailer 2 during the CC study, two 10 L Restek polypropylene multi-layer bags 

containing a 1 ppm and a 2 ppm N2O gas standard were sampled by the LGRISO for two minutes 

each during the five-minute post-purge period of the last chamber of the cycle (chamber 12). 

During the WW system, four extra chambers were added to Trailer 2, and 1 ppm, 500 ppb, and 

N2O-free reference gases in Restek bags, and ambient air from inside the trailer, were analyzed 

for two minutes each after the post-purge period of the last chamber of the cycle (chamber 20). 

The purpose of introducing the ambient air sampling was to restore the system to ambient N2O 

levels after sampling N2O concentrations at elevated levels. In order for the chamber and 

reference gas sampling sequence to fit into the 3-hour cycle, the measurement period was 

adjusted to 11 minutes and the pre- and post-purge timing was adjusted to 1.6 minutes each.  

With the complete chamber sampling sequence for each trailer during both systems 

repeating every 3 hours, approximately 128 chamber measurements were completed each day 

from both trailers during the CC system (16 total chambers) and 160 during the WW system (20 
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total chambers), of which only 128 chamber measurements per day were used study since data 

from chamber 17 – 20 were not used in this study. 

 

2.2.2.3 Additional instrumentation 

Soil temperature and volumetric water content were monitored at each microplot in the 

top 0 – 10 cm using 5-TM (METER Group, Inc., Pullman, WA) sensors that were installed 

vertically into the soil surface. All probes were connected to EM50 dataloggers (METER Group, 

Inc.) and data were averaged and recorded in 5-minute intervals. Precipitation measurements 

were recorded using a TRP-525I tipping bucket rain gauge with a 15 cm wide collector (Texas 

Electronics Inc., Dallas, TX) located approximately 1 km east of the study site and the data were 

recorded in 30-minute intervals. All data were converted to Pacific Standard Time (PST) prior to 

analysis. Data were collected from the analyzers and 5-TM sensors weekly. 

 A WiFi router was installed inside Trailer 1 to provide internet access to the LI-8100A 

and LGR computers and to help diminish time-drift with automatic synchronization of 

instrument clocks. Remote access allowed us to monitor the system health and data quality in 

real-time and address any potential issues expediently. 
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Figure 2.1.  (a) Schematic of the microplots, flux chambers, trailers and analytical 

instrumentation setup at the study site (diagram is not to scale). (b) Layout of microplots, soil 
collars, chamber baseplates, and EM50 dataloggers on the study site. (c) Picture of 
instrumentation inside Trailer 1. (d) Picture of the chamber setup at the study site.  
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Table 2.1. Technical Specifications of the instrumentation at the study site. 

 

Instrumentation Specifications
Model Name / Manufacturer LI8100-104 / LI-COR Biosciences, Lincoln, NE
Dimensions 48.3 cm L x 38.1 cm W x 33.0 cm H (20 cm collar opening)
Headspace Volume 4076 cm3

Material White coated stainless steel, black rubber soil collar gasket (seal)
Operating Range (thermistor) -20 – 45°C
Accuracy (thermistor) ± 0.5°C over 0 – 70°C

Power Requirement Powered by LI-8150

Dimensions 21.34 cm (O.D.), 20 cm (I.D.), 12 cm H
Enclosed Soil Area 317.8 cm3

Insertion Depth / Offset ~ 9 cm / ~ 3 cm

Material Thick-walled 8” SDR 35 PVC Sewer Pipe

Model Name / Manufacturer Bev-a-Line® Tubing / LI-COR Biosciences, Lincoln, NE
Dimensions 3.2 mm (I.D.), 15 mL
Material Bev-a-Line®
Model Name / Manufacturer LI-8100A / LI-COR Biosciences, Lincoln, NE
Trace Gases Analyzed CO2, H2O
Dimensions 29 cm L x 38.1 cm W x 16.5 H cm
Internal Cavity Volume 19 cm3

Operating Range -20 – 45 °C, non-condensing (0 – 95% RH)
Power Requirement 10.5 – 28 VDC (LI-8150 powers LI-8100A)
Measurement Range (Pressure Sensor) 15 – 115 kPa
Accuracy (Pressure Sensor) 1.5% over 0 – 85°C
Measurement Range (CO2 / H2O reading) 0 – 20,000 ppm (CO2) / 0 – 60 mmol/mol (H2O)

Accuracy (CO2 & H2O) 1.5% of reading

Multiplexer (16-port) Model Name / Manufacturer LI-8150 / LI-COR Biosciences, Lincoln, NE
Dimensions 40.6 cm L x 57.2 cm W x 21.1 H cm
Internal Cavity Volume 55 cm3

Operating Range -20 – 45°C, 0 – 95% RH, non-condensing
Power Requirement 10.5-14.5 VDC, 2.1 Amps (@ 12.5 VDC), 27 Watts (for 8 chambers & LI-8100A)

Pump Type Diaphragm

Manufacturer Los Gatos Research Inc, Mountain View, CA

Model Name / Model Number N2O/CO-23d / 907-0014-0000 (S/N 12-0044)
Trace Gases Analyzed N2O, CO, H2O
Dimensions 80 cm L x 48.3 cm W x 22.2 cm H
Internal Cavity Volume 434 cm3 (Effective volume: 50 cm3)
Operating Range 85 torr, 10 – 35°C, 0 – 98% RH, non-condensing
Power Requirement 150 Watts

Precision (1sec / 3min) 0.1 ppb / 0.050 pbb (N2O, CO), 50ppm / 10ppm (H2O)

Manufacturer Los Gatos Research Inc, Mountain View, CA
Model Name / Model Number N2O/CO-23-EP / 913-0014-0001 (S/N 13-0199)
Trace Gases Analyzed N2O, CO, H2O
Dimensions 80 cm L x 48.3 cm W x 48.9 cm H
Internal Cavity Volume 401 cm3 (Effective volume: 50 cm3)
Operating Range 85 torr, 0 – 45°C, 0 – 98% RH, non-condensing
Power Requirement 300 Watts

Precision (1σ, 0.1 sec / 1 sec) 0.3 ppb / 0.08 ppb (N2O), 0.3 ppb / 0.1 ppb (CO), 150 ppm / 50 ppm (H2O)

Manufacturer Los Gatos Research Inc, Mountain View, CA
Model Name / Model Number N2OIA-23e-EP / 914-00027
Dimensions 114 cm L x 43 cm W x  36 cm H
Internal Cavity Volume 915 cm3 (Effective volume: 50 cm3)
Operating Range 40 torr, 0 – 45°C, 0 – 100% RH, non-condensing
Power Requirement 115/230 VAC, 50/60 Hz, 400 watts (steady state)

Precision (1σ, 300 sec) 0.2 ppb (N2O: 0.2), better than 1 ‰ ( δ15N, δ15Na, δ
15Nb),  better than 2 ‰ (δ18O)

Model Name / Manufacturer 5-TM / METER Group, Inc., Pullman, WA
Dimensions 10.1 cm L x 3.4 cm W x 1.0 cm H (5.0cm prong length)
Operating temperature -40 – 60°C
Resolution, Accuracy (Temperature) 0.1°C ± 1°C

Resolution, Accuracy (VWC) 0.0008 m3/m3 from 0% – 50% VWC,  ± 0.03 m3/ m3

Model Name / Manufacturer TRP-525I / Texas Electronics Inc., Dallas, TX
Dimensions 26.0 cm H x 16.3 W (I.D.)
Operating Range 0 – 70°C, 0 – 100% RH
Resolution / Accuracy 0.2 mm / 50mm per hour (± 1%)

* LGR used during cover crop (CC) system only in Trailer 1.
† LGR used during winter wheat (WW) system only in Trailer 1.
‡ LGR used during CC and WW system in Trailer 2.

Analyzer Control Unit 
& Infrared Gas 
Analyzer (IRGA)

Isotopic N2O Analyzer 

(LGRISO)‡

Soil Temperature & 
Moisture Sensors

Tipping Bucket Rain 
Gauge

Long-Term Automated 
Flux Chambers

PVC Soil Collars

Tubing

N2O/CO Analyzer 

(LGR1)*

Enhanced Precision 
N2O/CO Analyzer 

(LGREP)†
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2.2.3    Site Maintenance 

 Throughout the growing seasons, the areas in and around the chambers were weeded and 

the canopy growing inside the soil collars was trimmed to the top of the collar to prevent 

interference with chamber closure (Figure 2.2a; Kostanovsky et al., 2017). The weeds growing in 

the unplanted area surrounding the study site were regularly mowed throughout the duration of 

the experiment. 

 During the winter, the system was only shut down once prior to a snowstorm on 12 

January 2020 to avoid damage to the chambers from snow interference. The system remained in 

operation during light snow events and snow removal was done the following day. Typically, 

most of the snow was removed from the study plot, but if there was a significant amount of 

snow, berms were formed along the borders of the microplots in order to create enough clearance 

for the chamber head swivel-path (Figure 2.2b). Snow was removed from inside the soil collar to 

the top lip of the collar. Ice that had formed on the soil collar gaskets was carefully cleared to 

ensure that the gasket seal was not compromised.  

 

 
Figure 2.2. Pictures of the microplots showing (a) cover crop canopy maintenance and (b) snow 

removal. 
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2.2.4    Flux Calculations 

 N2O and CO2 fluxes were calculated using Li-Cor’s SoilFluxPro Software (version 4.0.1; 

LI-COR Biosciences), which allows for the integration of data files from third party analyzers. 

Weekly LI-8100A data files and daily LGR data files were uploaded or imported into 

SoilFluxPro and the program matched the timestamps from the LGR datafiles to each record of 

the of the LI-8100A datafiles. Instrument clock synchronization between the two instruments is 

important for file integration, and if there was not an exact match between time stamp, 

SoilFluxPro interpolated between the two closest timestamps.  

 System volume (chamber, collar offset, tubing, and effective instrument volume) and the 

soil collar area are constants that were manually input within the software for flux calculation. 

SoilFluxPro automatically adjusts the ambient pressure and temperature variables via recorded 

LI-8100A readings from each chamber measurement. Figure 2.3 illustrates a typical N2O 

chamber flux measurement from SoilFluxPro. The program allows for visual inspection of each 

measurement so that the “start” and “stop” times for computing the flux can be adjusted to omit 

any data irregularities in the curve. It takes approximately 15 s for the chamber dome to swing 

closed, which is accounted for in the LI-8100A and excluded from the flux measurement data. 

The first 30 s of each chamber measurement was omitted from the flux calculation to account for 

the time needed to establish well-mixed conditions within the chamber headspace. This is 

referred to as the dead band. SoilFluxPro applies both linear and non-linear (exponential) 

equations to maximize the fit between the change in gas concentration over time.  
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Figure 2.3. Detailed view of single N2O flux observation concentration curve in SoilFluxPro 

showing a linear and exponential curve fit, shown by the thin green and red lines, respectively. 
The thick green and red vertical lines at 30 s and 600 s, respectively, indicate “start” and “stop” 
times for the flux emission duration used in determining the average flux for this measurement 

cycle.  

 

Linear and exponential fluxes computed by SoilFluxPro used Equation 2.1, which 

accounts for water vapor dilution effects (LI-COR Biosciences, 2015): 
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where F is the CO2 or N2O efflux rate (μmol m-2 s-1), V is the combined volume of the chamber 

headspace, the Bev-a-Line® tubing, the internal cavity effective volumes of the analytical 

instruments, multiplexer (4076.1 cm3), and the volume within the soil collar offset, P0 is the 

initial pressure (kPa), W0 is the initial water vapor mole fraction (mmol mol-1), S is soil surface 
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area (317.8 cm2), T0 is initial air temperature (°C), and 𝜕𝐶?/𝜕𝑡 is the initial rate of change in 

water-corrected CO2 or N2O mole fraction (μmol mol-1 s-1). For linear flux computation, 𝜕𝐶?/𝜕𝑡 

is computed as the difference between the specified “start” and “stop” time gas concentrations. 

 

SoilFluxPro calculates exponential flux by fitting the time-series concentration data to the 

empirical equation shown in Equation 2.2 (LI-COR Biosciences, 2015):      

   𝐶′(𝑡) = 	𝐶C′ + (𝐶%′ −	𝐶C′)𝑒*G(<*<()   (2.2) 

where C’(t) is the water-corrected chamber CO2 or N2O concentration at any time along the 

concentration curve (μmol mol-1), C0’ is the initial water-corrected value of C’(t) computed from 

the intercept of a linear regression of the first 10 points following the deadband after chamber 

closure (μmol mol-1), Cx’ is a fitted parameter that defines the asymptote (μmol mol-1), and a (s-1) 

is a parameter that defines the curvature of the fit. The regression of C0’ against time yields 

values for the parameters Cx’, a, and t0. 

 

 When t = t0 in Equation 2.2, this yields Equation 2.3 (LI-COR Biosciences, 2015). 

Equation 2.3 is used to calculate the soil-to-chamber exponential flux that is most representative 

of a soil-to-atmosphere flux. 
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 This initial rate of CO2 or N2O concentration change (𝜕𝐶?/𝜕𝑡) calculated by Equation 2.3 

following chamber closure once well-mixed conditions are achieved is then plugged into 
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Equation 2.1 to calculate the corrected exponential flux. If Equation 2.3 reaches the maximum 

number of 10 iterations without convergence, then SoilFluxPro reports the calculated linear flux 

value as the best fit. 

 

2.2.5    Minimum detectable fluxes of N2O 

 The minimum detectable flux (MDF) of N2O for each LGR were calculated using 

methodology developed by Christiansen et al. (2015) and modified by Nickerson (2016) for high 

frequency gas concentration measurements: 

𝑀𝐷𝐹 = 	N OP
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where Aa is the analytical accuracy of the instrument, which was measured in the field by 

passing a 0.5 ppm N2O calibration gas through each LGR and determining the effective noise, tC 

is the closure time of the chamber (720 s), V is the chamber volume (0.0053905 m3), ps is the 

sampling periodicity of the instrument (Table 2.2), P is average ambient pressure for Pullman, 

WA (92 000 Pa), S is the chamber surface area (0.03178 m2), R is the ideal gas constant (8.314 

m3 Pa K-1 mol-1) and T is ambient air temperature (298.15°K). The computed MDFs for each 

LGR are listed in Table 2.2.  
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Table 2.2. Unit values for MDF equation for each LGR analyzer. LGR1 was the LGR used in 
Trailer 1 during the CC system, LGREP was the LGR used in Trailer 1 during the WW system, 

and LGRISO was the LGR used in Trailer 2 during both the CC and WW systems.   

 

 

2.2.6    Data quality control  

 A quality control (QC) protocol was established for the GHG flux datasets (CO2 and 

N2O) to ensure that only high-quality data were used in the data analyses. Each step of the QC 

protocol is summarized in Table 2.3. The first three steps of the QC process (QC1-3) were 

applied consistently to both CO2 and N2O fluxes within SoilFluxPro, at which point data were 

imported into Python and we used a script to complete the final QC steps. QC1-3 are performed 

as raw datafiles are imported into SoilFluxPro and fluxes are calculated. Overall, they filter out 

unreliable fluxes. QC4 uses CO2 fluxes to help evaluate corresponding N2O fluxes and QC5 

compares calculated fluxes to the MDF, and QC6 identifies the final flux value for each chamber 

measurement based on the quality of fit (i.e., linear or exponential). Flux datasets were analyzed 

every 2-3 weeks to ensure high quality data was being collected throughout the experiment. 

 QC1 was focused on the input parameters used to calculate fluxes, such as temperatures 

(instrument and ambient), instrument voltage, pressure, flow rates, etc. Outliers were identified 

in each case using set bounds based on realistic or physically possible values. For CO2 and N2O 

concentrations, SoilFluxPro provides a column showing the mean gas concentration (water-

corrected) observed during each individual chamber measurement as “Cdry_IV” and 

Analyzer Analytical Accuracy, Aa (ppb) Sampling periodicity, ps (s) MDF (μmol m-2 s-1)

LGR1 1.620 1 5.28 x 10-7

LGRISO 1.050 2 4.84 x 10-7

LGREP 0.396 1 1.29 x 10-7
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“N2Odry_IV”, respectively. An outlier was defined as a Cdry_IV and N2Odry_IV value that 

exceeded the mean Cdry_IV and N2Odry_IV of the entire dataset by two standard deviations. 

For instance, a Cdry_IV of 1273 ppm was removed from the dataset as an unreasonable value 

since the remaining dataset ranged from 366 – 617 ppm (mean of 492 ppm).  QC2 evaluated the 

normalized residual sum of squares (SSN) of linear and exponential models to determine the 

goodness-of-fit to the concentration curve, depending on which SoilFluxPro selected to be the 

appropriate model (CrvFitStatus). As previously mentioned, although the linear and exponential 

R2 values were provided for each flux measurement, R2 is invalid for nonlinear regression so it 

was not used as a statistical measure of how well the nonlinear model fit the measured 

concentration curve data. High values of SSN could indicate laser failure of the analyzer, poor 

chamber closure, incorrect data file integration, or reference gas interference, for example. If 

SSN values were considerably higher than the remainder of the dataset, a visual inspection of the 

flux measurement was done, and if appropriate, start and stop times were manually adjusted 

otherwise the flux measurement was deleted. There is no fixed CO2 and/or N2O SSN value that 

can be used as a threshold to separate good flux measurements from bad ones, per se. Li-Cor 

recommends sorting the data on SSN and looking for clear outliers (Hall, C., personal 

communication, August 11, 2020), as each dataset is unique. While the LGR1 was used to 

measure the CC system fluxes, visual inspection of each concentration curve was required for all 

of the flux observations due to gradual laser card driver failure which resulted in frequent data 

dropouts. As shown in Figure 2.4, data dropouts caused poor linear and/or exponential regression 

fits to the concentration curve data resulting in high SSN values. Grouped data dropouts lasting 

up to 200 s could be deleted from the raw 1 Hz concentration data within SoilFluxPro while still 

preserving the integrity of the concentration curve (Figure 2.4b), however, curves with longer 
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periods of faulty data (greater than 200 s) were deemed unreliable and deleted from the dataset. 

If the dropouts occurred immediately following chamber closure, the flux measurement would be 

deleted from the dataset, as the initial change in gas concentration over time at time “zero” is 

required for Equation 2.3. Faulty flux curves could only be used if the dropouts occurred within 

one 0 – 200 s grouping, as shown in Figure 2.4b, whereas flux curves with several dropouts 

occurring throughout the entirety of the curve or as several groups were unusable. 

 Once QC2 was completed to identify faulty fluxes as a result of instrumentation failures, 

a second pass to flag high or low fluxes (outliers) was conducted as part of QC3. If fluxes 

seemed unreasonably large compared to the rest of the dataset, a visual inspection of the 

concentration curve was conducted to verify whether SoilFluxPro used appropriate start and stop 

times. Outliers were removed if an error in the curve fit procedure was identified, otherwise the 

flux measurement remained in the dataset. Once QC1-3 were completed, the data were imported 

into Python for the remainder of the QC.  

 QC4 is based on Li-Cor guidelines (Li-Cor Biosciences, 2020) and previous studies 

(Savage et al., 2014; Petrakis et al., 2018; Courtois et al., 2019; Capooci et al., 2019; Barba et al., 

2019) that show flux measurements are not reliable unless the chamber volume is well-mixed. 

The linear regression coefficient (R2) for CO2 fluxes has been shown to indicate a well-mixed 

chamber. Based on this, both CO2 and N2O fluxes for a corresponding chamber measurement 

were discarded from the dataset if the linear R2 value for CO2 was less than 0.9. QC5 compared 

calculated N2O fluxes against the MDF of the LGR used to measure them (Table 2.2), removing 

N2O fluxes below the possible detection limit. And finally, QC6 evaluated which final flux value 

to use for each chamber observation based on whichever regression model (linear or exponential) 

had a lower SSN, specifying the best fitting model. SoilFluxPro reports this in the “CrvFitStatus” 
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column as either “Linear” or “Exponential”. The “Exponential” fit status also had a number 

associated with it depending on the number of iterations that were required for the model to 

converge (i.e., Exp 1 through 10). 

  

 
Figure 2.4. (a) Example of an N2O flux curve with data dropouts. (b) The same N2O flux curve 
corrected within SoilFluxPro. The green and red vertical lines indicate “start” and “stop” times 
for the flux emission duration used in determining the average flux for this measurement cycle.  
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2.3 Results and Discussion 

2.3.1    Instrument performance and response 

 During the CC system (15 May 2019 to 23 August 2019), Trailer 1 (which contained 

LGR1) was in operation for the entirety of the study period for a total of 101 days (~ 3 months), 

and Trailer 2 (LGRISO) was in operation for 95 days as it was out of service from 5 – 10 July 

2019 for LGR maintenance. In total, 6385 and 5993 chamber measurements were recorded in 

Trailer 1 and Trailer 2, respectively. The LGR1 experienced laser failure, which resulted in the 

trailer being out of operation until it was replaced with the LGREP for the WW system. The 

LGRISO in Trailer 2 continued to operate through to the WW study, however, the data were not 

used in order to keep the CC study flux results from both trailers within the same timeframe. 

 The WW system study period was 137 days (~ 4.5 months; 16 October 2019 to 29 

February 2020), with Trailer 1 (LGREP) in operation for 127 days and Trailer 2 for 121 days 

(LGRISO). Trailer 2 was down from 14 – 25 November 2019 for maintenance and both trailers 

were shut down before and during a major snowstorm event from 11 – 20 January 2020. In total, 

8052 and 7537 chamber measurements were recorded from Trailer 1 and Trailer 2 during the 

WW study, respectively.  

 Figure 2.5 illustrates a 3-day time series of raw unfiltered data from the WW system. For 

every chamber measurement during the WW system, the CO2 and N2O concentrations were 

observed to increase simultaneously during a chamber closure from the LI-8100A and LGR 

instruments, respectively. Both large and small amounts of rainfall consistently triggered a soil 

moisture response 9 hours later to varying degrees, as shown by the double-ended red arrows in 

Figure 2.5. This lag in response time was likely due to the sensors being installed vertically into 

the soil. A large enough increase in soil moisture across the depth of the soil sensor prongs 
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would be required to elevate VWC since it is averaged over the entire 10 cm length of the soil 

sensor. Therefore, VWC is likely underestimated at the study site and installing the sensors 

parallel to the soil surface might have been a better option. A 10 – 20% variability between the 

5-TM VWC readings was observed during both studies, which is reasonable and likely attributed 

to the spatial heterogeneity of soil. 

 

 

 
Figure 2.5. Example of the raw unfiltered soil gas concentration data, precipitation and 

volumetric water content (VWC) from 18 - 21 Oct 2019 during the WW study. (a) Unfiltered 
water-corrected CO2 data (ppm) measured using LI-8100A. (b) Unfiltered water-corrected N2O 
data (ppm) from the LGREP. (c) Half-hourly precipitation data (left axis, blue vertical bars, mm) 
and VWC (right axis, solid black lines, %) from 14 of the 16 soil sensors (5-TM) installed in the 

top 0 – 10 cm of surface soil. The red arrows indicate the 5-TM response to precipitation. 
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2.3.2    Flux results  

 The final flux datasets for the CC system calculated using the QC protocol consisted of 

91% (5833 observations) and 92% (5487 observations) flux measurements from the original 

dataset for Trailer 1 (LGR1) and Trailer 2 (LGRISO), respectively. The WW system retained 97% 

(7809 fluxes) and 95% (7126 fluxes) from the original data set for Trailer 1 (LGREP) and Trailer 

2 (LGRISO), respectively. Table 2.4 summarizes the number of observations per chamber and 

numbers of fluxes filtered during each QC step. The majority (n= 68; 0.5% of entire dataset) of 

the fluxes that were filtered (or removed) during QC1 for both trailers were due to instrument 

audits, with a smaller number filtered due to relative humidity exceeding 100%, unreasonable 

water dilution corrected CO2 concentrations and unreasonable chamber temperature readings. 

QC2 resulted in the highest number of filtered fluxes during the CC system from both Trailer 1 

(n = 393; 6%) and Trailer 2 (n = 299; 5%). The majority of filtered fluxes were due to 

unsalvageable concentration curves with considerable data dropouts from LGR1 in the Trailer 1 

dataset, and issues with reference gas readings interfering with chamber 9 measurements caused 

by instrument clock drift and sync issues between the LI-8100A and LGRISO in the Trailer 2 

dataset. Otherwise, the remaining fluxes filtered out during QC2 (from both trailers) were a 

result of extremely low N2O fluxes during the CC system. Oftentimes, no discernible trend was 

detected in the measured N2O concentration readings during a chamber closure due to low soil 

N2O emissions. SoilFluxPro was unable to fit the regression models to this data, resulting in 

incorrectly reported fluxes and high SSN values. During the WW system, only 21 faulty fluxes 

were filtered out during QC2 from both trailers as soil N2O emissions were generally high and 

produced well-behaved concentration curves. No flux data were filtered during QC3 as there 
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were no unjustifiably high or low CO2 or N2O fluxes identified following QC1 and QC2 

filtering. 

  Overall, CO2 soil emissions from the microplots were consistently high, producing 

concentration curves with well-behaved data and low residuals, resulting in consistently high 

linear regression R2 values. After filtering the flux data from both trailers through QC3, 2% (n = 

272) of the chamber measurements had CO2 fluxes with linear R2 < 0.90 for the CC system, and 

4% (n = 559) for the WW system. CO2 concentration curves with low linear R2 values typically 

exhibited “jumpy” concentration data (example data shown in Figure 2.6), which was likely 

caused by incomplete chamber closure. During the CC measurements, flux measurements were 

removed from the dataset from chambers with persistent mechanical issues. On occasion, the 

canopy interfered with chamber closure, resulting in low linear R2 values. The LI-8100A 

typically recognized if a chamber was unable to close properly due to an obstruction and would 

issue a warning flag in the datafile. Sometimes, however, the LI-8100A would still continue 

collecting data for a chamber measurement even if the chamber had closed improperly. The 

chamber closing mechanism does not stop at the first sign of resistance, but rather pushed 

through the obstruction. This was particularly problematic when heavy wet snow or frozen snow 

covered the study plot during the WW system (mid-January). The chambers are programmed to 

swing open a specific number of degrees from the closed position (typically 180°), however 

pushing through an obstruction resulted in the swing trajectory to become skewed. The swivel 

arm would overshoot the trajectory in subsequent measurements, resulting in the chamber lid 

closing on the side of the baseplate rather than directly over the soil collar. There were a few 

instances where the chamber lid forced itself closed onto a thick snow layer, resulting in the 
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pressure vent plate that connects the chamber lid to the swivel arm to bend out of alignment 

resulting in the chamber closing down onto the soil collar lid crookedly. 

 A particularly problematic period was the snowstorm on 12 January 2020. The chamber 

systems were shut down prior to snow and turned back on following snow removal on 15 

January. Data collected during 15 – 21 January 2020 was not used from either trailer because it 

continued to snow throughout the week and nearly every chamber measurement had an error 

message associated with it within the datafile. This resulted in the removal of 350 chamber 

observations from Trailer 1 and 513 observations from Trailer 2 (257 of which were from 

chambers 9 – 12).  

 

 
Figure 2.6. Chamber concentration curve data from chamber 7 (Trailer 1) on 20 January 2020 

during a snowstorm for (a) CO2, with an R2 of 0.19 for the linear fit and 0.32 for the exponential 
fit, and (b) N2O, with an R2 of 0.49 for the linear fit and 0.91 for the exponential fit. The flux 

observations for both gases were filtered out during QC4 for this chamber measurement due to 
chamber lid not properly closing. 
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 The final QC step for filtering unreliable fluxes, QC5, compared the N2O fluxes to the 

MDF of the LGRs. Only 26 flux observations were below the MDF for the entire dataset from 

both studies. QC5 was not necessary for CO2 fluxes as they were all well above the LI-8100A 

effective noise level. Following QC1 – 5 filtering, the total CO2 and N2O flux data retention from 

the CC study was 92% for both gases, and 96 % for both gases during the WW study. From the 

filtered dataset, QC6 was applied to determine whether the linear or exponential model quality of 

fit was better for a given flux observation. This step selects the model that gives the best 

description of the gas concentration change inside the chamber headspace (Kutzbach et al., 2007; 

Forbrich et al., 2010). During the CC study, 99% of CO2 fluxes and 88% of N2O fluxes were 

best-fitted with the exponential model, and during the WW study, 91% of CO2 fluxes and 94% of 

N2O fluxes were best-fitted with the exponential model. The remaining flux curves were fit with 

the linear model. This outcome aligns with several similar studies that have demonstrated that 

exponential curve-fit models better describe the behavior of soil gas efflux (Healy et al., 1996; 

Livingston et al., 2006; Kutzbach et al., 2007; Kroon et al., 2008; Forbrich et al., 2010; Levy et 

al., 2011; Silva et al., 2015; Kandel et al., 2016).  
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2.3.3    Behavior of CO2 and N2O flux data 

2.3.3.1    CO2 and N2O flux distribution 

 The distribution of CO2 fluxes were right skewed for both the CC and WW systems 

(Figure 2.7), indicating a larger number of low fluxes compared to high fluxes. CO2 fluxes 

calculated using exponential regression were on average 28 ± 29 % higher for the CC system and 

33 ± 41 % higher for the WW system compared to a linear regression. The CC system CO2 flux 

distribution is bimodal, and the fluxes estimated using linear and exponential models had 

medians of 1.3 and 1.7 μmol CO2 m-2 s-1, respectively. The distribution of the WW system CO2 

flux data are unimodal with medians of 0.3 and 0.4 μmol CO2 m-2 s-1 for the linear and 

exponential models, respectively. The spread of the CO2 flux data from the CC system is broader 

than the WW system, indicating that a larger range of fluxes were measured during the CC 

system with larger fluxes overall. 

 The distribution of N2O fluxes for both the CC and WW studies were reverse J-shaped 

towards a flux value of 0 nmol N2O m-2 s-1 (Figure 2.7b), indicating that the large majority of 

chamber measurements exhibited low flux rates and few high flux rates. N2O flux data have been 

reported for other field studies to follow highly skewed probability distributions, typically 

reverse J-shaped or right-skewed, with high coefficients of variability (Parkin, 1987, 2007; van 

Kessel et al., 1993; Corre et al., 1996; Yates et al., 2006; Wagner-Riddle et al., 2007; Savage et 

al., 2014; Courtois et al., 2019), which is attributed to the inherent highly variable and dynamic 

nature of N2O-producing soil microbial processes and the environmental and anthropogenic 

drivers that influence them. Overall, fluxes were higher during the WW system than during the 

CC system (Figure 2.7b). N2O fluxes calculated using exponential regression are on average 45 ± 

120% higher for the CC system and 36 ± 61% higher for the WW system than when using linear 
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regression.  The CC system N2O median fluxes using the linear and exponential models are 1.8 x 

10-2 and 2.4 x 10-2 nmol N2O m-2 s-1, respectively. The WW system N2O median fluxes using the 

linear and exponential models are 0.1 and 0.2 nmol N2O m-2 s-1, respectively.  

 

 

 
Figure 2.7. (a-b) Frequency distribution of CO2 fluxes during the CC and WW system and (c-d) 

N2O fluxes during the CC and WW system from all chambers. Fluxes estimated using linear 
regression are shown as a red dotted line and exponential regression are shown as a black solid 

line. The horizontal axes show the full range of flux values measured from each system for each 
gas. 
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2.3.3.2    CO2 and N2O flux variability 

 A key feature of the automated multi-chamber system is the ability to capture spatial and 

temporal variability in fluxes.  In this section, we briefly present results which demonstrate this 

capability. Further analyses of the variability is presented in Chapter 3 in terms of the 

environmental and soil condition drivers for the observed spatial and temporal variability.  An 

important aspect of assessing the variability is to show that the difference among chamber fluxes 

are real reflections of the dynamics of soil biogeochemical gas emissions and not due to 

methodological variability. 

 By analyzing continuous GHG data from 16 soil locations on our small study site, we 

were able to capture the spatial and temporal variability in soil gas respiration of CO2 and N2O 

(Figure 2.8 and 2.9). Our results demonstrated that even on a seemingly uniform site, small-scale 

spatial variability was high, which was expected and “forced” to a certain degree through the 

implementation of various microplot treatments. Spatial variability over short distance intervals 

has frequently been observed in comparable agricultural field studies for N2O flux (Bellingrath-

Kimura et al., 2014; McDaniel et al., 2017), and similarly for CO2, although CO2 soil emissions 

are generally more evenly distributed (Stoyan et al., 2000; Heilmann and Beese, 1992; Maestre 

and Cortina, 2003; Wright et al., 2013; Bellingrath-Kimura et al., 2014). 

 Frequent and repetitive measurements of the same soil locations allowed us to capture the 

changes in soil respiration responses to various environmental and anthropogenic drivers 

(Chapter 3). Pulse emissions of CO2 and N2O were observed throughout both studies, which 

were triggered by increase in soil moisture caused by manual soil-wetting, rain events, and 

snowmelt. This observation is consistent with the literature (Mulvaney et al., 1997; Chatskikh 

and Olesen, 2007; Halvorson et al., 2008; Alvarez et al., 2012; Carmo et al., 2015; Kostyanovsky 
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et al., 2019; Waldo et al., 2019). Pulses decreased with time as the surface soil moisture 

decreased by evaporation and drainage (Xu et al., 2004; Savage et al., 2014). The largest pulse 

responses of CO2 and lowest pulse responses of N2O were during the CC study, and the opposite 

trend was observed during the WW study (Figure 2.8 and 2.9). It was generally warm and dry 

during the CC study period. Vegetation began emerging mid-April, had developed a full canopy 

by the beginning of June, and was cut down and left on the microplots mid-July. The WW study 

period was generally cold and wet, and emergence of WW was minimal. 

 

 
Figure 2.8. Individual CO2 fluxes from each chamber split up by treatment type during the cover 

crop system (15 May to 23 August 2019) represented in green solid markers, and during the 
winter wheat system (16 October 2019 to 29 February 2020) represented in purple circular 

markers. 
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Figure 2.9. Individual N2O fluxes from each chamber split up by treatment type during the cover 

crop system (15 May to 23 August 2019) represented in green solid markers, and during the 
winter wheat system (16 October 2019 to 29 February 2020) represented in purple circular 

markers. 
 

2.4 Conclusions  

 Overall, a multiplexed LI-8100A system plumbed in parallel with an LGR analyzer 

showed high robustness while being continuously operated in the field over multiple seasons and 

various weather conditions. Connecting the LGR in parallel with the LI-8100A and multiplexer 

with short pieces of tubing worked well in controlling the different flow specifications between 

the LI-8100A, multiplexer, and LGR instruments. The parallel configuration also allowed for a 

fast and synchronized response between instruments during sampling.  

 It was important to maintain a temperature-controlled environment for the instruments to 

ensure that they were within their optimal operating ranges. This would not have been possible 

had line-power not been a possibility at the site. This is a major limitation of this system as more 

agricultural fields are remote, cover large areas, and do not have line-power connection. Line 
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power also ensured continuous operation of the chamber systems and analytical instrumentation. 

Overall, on-site line power was a key requirement for this study to be successful. 

 Installing remote access capabilities on the analytical instrument computers allowed for 

site operations to be remotely monitored. This was particularly important in the winter due to 

snowfall events that led to chamber closure issues. The chamber concentration data could be 

monitored in real-time and observed for irregularities, such as “jumpy” data, which usually 

indicates improper chamber closure. A program on the computers also notified the user if any of 

the monitored parameters were ever out of range or if/when the power shut down at the site. 

With these systems in place, issues on-site could be resolved expediently. 

 The QC protocol was developed and altered throughout the process of the study in order 

to automate it as much as possible and also to ensure that that low-quality data was filtered out of 

the flux dataset. Half of the QC process still had to be performed manually within SoilFluxPro, 

which requires a large amount of time input from the user. The CC study produced lower quality 

data than the WW study due to the failing LGR in Trailer 1 (LGR1) which caused several data 

dropouts during chamber measurements. The majority of the data lost during the WW study was 

a result of snow interfering with chamber closure. Overall, CO2 and N2O flux data retention was 

high throughout both studies, at 92% during the CC study and 96% during the WW study for 

both gases. 

 Spatial and temporal variability of CO2 and N2O fluxes were well captured by the 

chamber system. There was greater variability in CO2 fluxes from the CC study compared to 

CO2 from WW. The opposite was true for N2O fluxes, where greater variability was observed 

during the WW study compared to the CC study. Overall, the system was able to measure GHG 

fluxes with a time scale of hours to days after environmental drivers such as rain or snowmelt. 
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This type of detailed analysis and insight can only be accomplished with an automated chamber 

system, as a manual static chamber system is not able to capture fluxes at a high temporal 

frequency and would have missed important flux events.  
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CHAPTER THREE:  

SOIL NITROUS OXIDE FLUXES FROM A COVER CROP AND WINTER WHEAT 

SYSTEM 

3.1 Introduction 

 Agricultural soils contribute about 60% (~ 5 Tg N2O-N) of total global anthropogenic 

nitrous oxide (N2O) emissions, a harmful ozone-depleting greenhouse gas, primarily due to the 

application of synthetic nitrogen (N) fertilizer to cropping systems (Vitousek et al., 1997; 

Mosier, 2001, 2002; IPCC, 2013; EPA, 2020). N2O soil emissions remain poorly understood 

among researchers due to their extremely high spatiotemporal variability, resulting in high 

uncertainties in predicting fluxes at the ecosystem and landscape scales, particularly from 

agroecosystems (Pattey et al., 2007; Hénault et al., 2012). Improving our understanding of the 

physical and biological mechanisms that cause increased pulses of soil N2O efflux is imperative 

in order to derive appropriate N2O mitigation strategies through improved nitrogen-use 

efficiency, which is generally considered quite poor in most conventional agricultural cropping 

systems worldwide (Hénault et al., 2012). 

 Humans have more than doubled global N fixation of reactive N (Nr) in the last 50 years 

through frequent fertilizer applications due to high food production demands (Galloway et al. 

2003; Fowler et al., 2013; Smith et al., 2016). Ammonium hydroxide (NH4OH) solution or 

ammonium sulfate ((NH4)2SO4) are commonly used fertilizers that supply the soil with 

ammonium (NH4+). Potassium nitrate (KNO3) is a water-soluble fertilizer that supplies the soil-

plant system with nitrate ions (NO3-). Plants are able to assimilate N in both forms, however, 

NO3- more available for uptake because it is more mobile (Boczulak et al., 2014). 
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 Crop diversification and integrating alternative crops into crop rotations can help farmers 

improve their nutrient use efficiencies and reduce N2O emissions (Camargo et al., 2013; Liu et 

al., 2016; Behnke et al., 2018). Symbiotic bacteria called rhizobia that live in the root nodules of 

legumes, such as peas or beans, are able to fix atmospheric N2 directly for plant assimilation 

(Gage, 2006). Adoption of cover cropping with legumes can build and retain soil organic matter 

(SOM) and replenish nutrients back into the soil for subsequent crops through natural 

mineralization processes, allowing for reduced N fertilizer use (Jeuffroy et al., 2013; Li et al., 

2017).   

 Microbial bacteria involved in nitrification and denitrification processes are the main 

source of N2O production from soils (Firestone and Davidson, 1989; Nelson, 1992). Nitrification 

is an aerobic process carried out by autotrophic nitrifying prokaryotes in the soil that convert 

NH4+ or ammonia (NH3) into nitrite (NO2-) then NO3- (Perlman et al., 2013; Pilegaard, 2013). 

Intermediates of the nitrification process release N2O as a by-product (Cleemput and Samater, 

1996). Autotrophic nitrifiers can also undergo a process termed nitrifier denitrification under 

anoxic conditions, where NO2- produced during nitrification is reduced to NO, N2O, and N2 

(Poth and Focht, 1985; Wrage et al., 2001). This is the main N2O production pathway from 

ammonia-based fertilizers under anoxic conditions (Zhu et al., 2013). 

 Denitrification is a sequential anaerobic heterotrophic reduction of NO3-- to N2 that 

occurs in water-logged soil conditions (Perlman et al., 2013). Denitrification is typically an 

incomplete pathway as denitrifying bacteria are typically only able to partially denitrify NO3-, 

forming gaseous intermediates in the process such as nitric oxide (NO) and N2O (Stein and 

Klotz, 2016). Denitrification is the dominant pathway of N2O loss from soils, however, it is 

intrinsically linked to nitrification rates which provide the NO3- substrate for denitrifying 
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bacteria. Alternatively, NO3- can be applied to soil directly through fertilization, evoking a 

greater potential for N losses by denitrification under saturated soil conditions.  

 Nitrification and denitrification rates depend on and are driven by different variables such 

as climate, seasonality, soil temperature and moisture, soil pH, and fertilizer types and 

application rate (Clayton et al., 1994; Mulvaney et al., 1997; Jarvis et al., 2011; Henault et al., 

2012; Perlman et al., 2013). Soil moisture has been found to be a dominant driver as it controls 

the level of soil aeration and availability of oxygen (Zhu et al., 2013; Linn and Doran, 1984). 

Optimum soil moisture conditions for denitrification have been found to exist at water-filled pore 

space (WFPS) above 60%, whereas nitrification has been attributed to lower WFPS (Grundmann 

and Rolston, 1987; Davidson et al., 1991; Clayton et al., 1994; Scmidt et al., 2000; Bateman and 

Braggs, 2005; Rafique et al., 2011; Laville et al., 2010; Petitjean et al., 2019).  

 Prolonged periods of precipitation, soil rewetting, and freeze-thaw cycles have been 

shown to trigger high rates of soil N2O emissions to occur from discrete areas of enhanced N2O 

emissions (hot spots) and over short periods of time (hot moments) that disproportionately 

increase cumulative field-scale N2O emissions (McClain et al., 2003; Wagner-Riddle et al., 

2008; Borken and Matzner, 2009; Groffman et al., 2009; Bernhardt et al., 2017). Hot moments 

can be prolonged when microbial degradation rate of substrates are mobilized and intensified, 

creating pulses of N2O (Borken and Matzner, 2009; Leitner et al., 2017).  

 Soil rewetting is an extended dry period followed by rapid wetting, accelerating 

mineralization of SOM in the soil creating substrate for nitrifying and denitrifying bacteria 

(Grierson et al., 1998; Fierer and Schimel, 2002; Miller et al., 2005; McIntyre et al., 2009; 

Kuzyakov and Blagodatskaya, 2015; Petitjean et al., 2019). It can create temporarily saturated 

anoxic areas within the soil. Freeze-thaw events occur during the non-growing season when 
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either trapped N2O produced under frozen surface soil layers is released, or when frozen soil 

layers or snow thaw and saturates the soil, driving denitrification (Risk et al., 2013; Wagner-

Riddle et al., 1997). N2O loss from agricultural soils during the winter and spring has been 

observed to account for about 60 – 80 % of the annual N2O emissions (Wagner-Riddle et al. 

1997; Papen and Butterbach-Bahl, 1999; Ludwig et al., 2004; Chen et al., 2018).  

 In this study, sixteen automated static soil flux chambers measured continuous N2O 

fluxes from sixteen microplots (one chamber per microplot) at a high temporal frequency from a 

cover crop (CC) study (15 May to 23 August 2019) followed by a winter wheat (WW) study (16 

October 2019 to 29 February 2020). The microplots were situated in a grid on a small study plot, 

ensuring high spatial coverage over a small and seemingly homogeneous area of soil. 

 The purpose of this experiment is to gain insight into the episodic nature and 

spatiotemporal variability of agricultural soil N2O emissions associated with drying/wetting 

cycles, freeze-thaw events, prolonged water-logged soil, seasonality, weather patterns, N 

fertilizer type and timing of application. The impact of crop diversification through four legume 

cover crop treatments on N2O emissions was investigated during both the CC study and the 

succeeding WW study. Cumulative N2O nitrogen (N2O-N) loss from the soil relative to fertilizer 

N inputs are also presented for the study periods from both systems. 

 

3.2 Materials and methods 

3.2.1.    Description of the Palouse Conservation Field Station (PCFS) 

This study was conducted at the Palouse Conservation Field Station (PCFS, 46.76°N, 

117.19°W, 762 m above mean sea level), a United States Department of Agriculture (USDA) 

Agricultural Research Service (ARS) study farm located near Pullman, Washington (Figure 3.1). 
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The climate in this region is classified as Dsb (warm, dry summer Mediterranean). In 2019, 

PCFS recorded an annual total precipitation of 447 mm and an average annual temperature of 

9°C, typical of this region. The majority of precipitation occurs in the fall, winter and spring as 

rain or snowfall, while the summers are predominantly dry and temperate. The soil is classified 

as a Palouse silt loam (a fine-silty, mixed, superactive, mesic Pachic Ultic Haploxeroll) 

(Prabhakar et al., 2009). The PCFS comprises about 200 acres of rolling cropland and has been 

used to conduct various soil, water, and crop experiments since 1931. The land is divided into 

ten individual study fields that are used for individual studies.  

 

 

Figure 3.1 (a) Map showing the location of the study site in Washington State (black dot, not to 
scale) (b) Satellite images (Google Earth) of PCFS (blue line), Field 10 (green line), the 

unplanted area surrounding the study site (yellow box), the study site inside the unplanted area 
(red box), and the rain gauge (turquoise star).  

 
 

For this experiment, a strip of land at the southern border of Field 10 was left unplanted, 

inside which the microplot study site was implemented (Figure 3.1b). The field is sloped; 

however, the study was conducted on a section of the field that was flat. Throughout the 

experiment, no overland runoff was observed at the site. From 2015 to present, Field 10 had the 
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following crop sequence: winter wheat (2015), garbanzo beans (2016), winter wheat (2017), and 

spring canola (2018). Aside from the unplanted area surrounding the study area, the remainder of 

Field 10 was planted in winter wheat in 2019 and garbanzo beans in 2020 during the experiment. 

The tillage regime for Field 10 has been continuous no-tillage since 2001. 

 

3.2.2.    Experimental design 

 The 4.6 by 2.7 m study plot was divided into sixteen 1.14 by 0.61 m experimental 

microplots (Figure 3.2 and 3.3). Two consecutive studies were carried out on the microplots: a 

cover crop (CC) study between 15 May 2019 and 23 August 2019, and a winter wheat (WW) 

study between 16 October 2019 and 29 February 2020. The cutoff for the WW study was 

selected for the purposes of data analysis, however, data will continue to be collected until 

harvest in the fall. An automated flux chamber was installed on each microplot and each 

microplot/chamber was assigned a number (Figure 3.2).  

 

 
Figure 3.2. Picture of the study site and chamber setup. 
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3.2.2.1.    Instrumentation 

 Continuous soil CO2 and N2O fluxes were measured at each of the 16 microplots using 

two nearly identical automated static chamber systems that were in operation during both the CC 

and WW studies. Each trailer system consists of eight (plus four more added during the WW 

study) automated flux chambers (LI8100-104 LI-COR Biosciences), a multiplexer connecting 

the chambers to the gas analyzers (LI-8150, LI-COR Biosciences), and a closed-path infrared gas 

analyzer measuring CO2 and H2O concentrations (LI-8100A, LI-COR Biosciences). A 

subsampling loop was inserted at the outlet of the LI-8100A and the inlet of the multiplexer (LI-

8150) to pull the air sample through a laser spectroscopic Los Gatos Research (LGR) N2O 

analyzer (Los Gatos Research Inc.) for N2O concentration measurements. The instruments are 

housed inside two on-site trailers with connections to line-power. The LGR1 used during the CC 

study failed on 23 August 2019 and was later exchanged for an enhanced precision LGR 

(LGREP) prior to commencing the WW study. Trailer 2 has an isotopic LGR (LGRISO) which 

measures N2O as well as δ15N, δ17O, δ18O. 

 Each individual flux measurement lasted 22 minutes, which includes a 5 min pre-purge, a 

12 min flux observation period, and a 5 min post-purge. During the purge periods, the 

multiplexer samples ambient air to restore the system to ambient concentrations. Chamber 

measurement and purge timing were slightly shorter for Trailer 2 (LGRISO) because it includes 

an automated reference bag sampling sequence that repeats every eight-chamber cycle for 

isotopic analysis purposes. This sampling schedule results in each chamber from each of the two 

trailer systems being sampled once every 3 hours, resulting in a total of approximately 128 

chamber measurements per day from the 16 microplots. 
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 Soil temperature and volumetric water content (VWC) sensors were installed vertically 

into the soil surface at each microplot to measure the top 0 – 10 cm (5-TM, METER Group, 

Inc.). The sensors take a measurement each minute of the soil VWC and temperature integrated 

over the 10 cm length of the sensor prongs. On-site dataloggers (EM50, METER Group, Inc.) 

were set to record 5-TM data at five-minute intervals, which averages the minute-average data 

every five minutes. The 5-TM’s at microplots 9 and 15 were not functioning throughout the 

entirety of the experiment. Half-hourly precipitation measurements were recorded using a tipping 

bucket rain gauge located at PCFS approximately 1 km east of the study site (TRP-525I, Texas 

Electronics Inc; Figure 3.1b).  

 Prior to commencing the CC chamber measurements, several soil samples from the top 

10 cm were collected at random locations around the perimeter of the study plot. The samples 

were oven-dried to remove moisture. An average bulk density value of 1.23 g cm-3 was 

calculated from the samples and was used to convert the VWC data from the 5-TM sensors to 

water-filled pore space (WFPS) using Equation 3.1 (Robertson and Groffman 2007). Soil bulk 

density changes over time and with depth, however, the same value was used throughout the 

experiment. 

   %	𝑊𝐹𝑃𝑆 = 	 [\]^	_G<`a	b\c<`c<	×	ef^g	H`c[]<h	×	$%%
$*(ef^g	H`c[]<h	/	3.i7)

   (3.1)  

3.2.2.2    Cover crop study 

 For the CC study, four treatments with four replications were established on the 

microplots as a randomized block design, all of which are color-coded in Figure 3.3. The 

treatments were: lynx winter pea (WP), verdant winter barley (WB), a 50-50 mix of lynx winter 

pea and verdant winter barley (WP + WB), and fertilized verdant winter barley (WBfert). For 
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WBfert treatments, one half of the microplot (0.57 x 0.61 m) was used (grey color-coded boxes in 

Figure 3.3). The WBfert half-microplot treatments were fertilized at a rate of 112 kg N ha-1 with 

10 atom-percent 15N-labeled KNO3 fertilizer solution and the other half of the microplots 

remained unfertilized. The data from these four unfertilized half-microplots are not included in 

this work (color-coded white in Figure 3.3). In each microplot, seeding was done in two crop 

rows that were spaced approximately 0.30 m apart. A 1 m tall wooden frame was placed around 

the microplots during fertilizer and water application to contain the fertilizer and water to each 

microplot (Figure 3.4). Details on how the microplots were established, including timing, as well 

as seeding, fertilizer, and water application rates can be found in Table 3.1. 
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Figure 3.3. Schematic of the study plot during the CC study (15 May 2019 to 23 August 2019) 
containing four replicated CC treatments as indicated by the color-coded rectangles. Chambers 

labelled 1 – 8 are connected to analyzers in Trailer 1 and chambers labelled 9 – 20 are connected 
to analyzers in Trailer 2. The horizontal dotted lines traversing the microplots indicate crop rows. 

The circles in the middle of the microplots indicate soil collars and the solid rectangles around 
the circles indicate flux chamber baseplates. The black dots labelled DL1 - 4 indicate the 

locations of the dataloggers which are each connected to four 5-TM soil sensors installed beside 
the four chambers listed in parentheses. 
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Figure 3.4. Picture showing 15N-labelled fertilizer being applied on 22 May 2019 with a low-

pressure sprayer to a WBfert half-microplot. (b) Picture showing water being applied on 22 May 
2019 with a low-pressure sprayer to a WB microplot. 

 
3.2.2.3.    Winter wheat study 

 The same plot setup was used for the WW study (Figure 3.5). The chamber frames were 

removed from the soil collars on 14 October 2019. On 15 October 2019, each microplot received 

three fertilized and seeded rows spaced approximately 20.3 cm apart (Figure 3.6). Row spacing 

was based off the middle row that transects the center of each collar for a given microplot. 

Collars were left in place and the fertilizing and seeding trenches were created inside the collars. 

 A fertilizer solution of ammonium hydroxide (NH4OH) and ammonium sulfate 

((NH4)2SO4) was applied to each microplot along the bottom the three hand-dug 7.6 cm deep 

trenches using a syringe and then backfilled. This was repeated for all microplots one replicate at 

a time. Microplots that contained the WB treatment during the CC study were fertilized with a 20 

atom-percent 15N-labeled fertilizer solution; all other microplots were fertilized with an 

unlabeled fertilizer solution (Figure 3.4). This equated to a fertilization rate of 168 kg N ha-1 for 

all microplots. Upon completing fertilization, Northwest Tandem soft white winter wheat was 

seeded in each microplot in the three hand-dug 2.5 cm deep trenches approximately 1.3 cm 
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downslope of the fertilized rows, then the trenches were backfilled and lightly tamped down with 

soil (Figure 3.6). Details on fertilization and seeding rates can be found in Table 3.1. 

On 16 October 2019, the chamber frames were returned to their soil collars and chamber 

measurements were restarted. Four additional chambers were added to the study plot during the 

WW study (chambers 17 – 20), however the chamber data from these microplots were not 

included in this work. 

 

 

 

 



 81 

 
Figure 3.5. Schematic of the study plot during the WW study (16 October 2019 to 29 February 

2020) containing winter wheat fertilized with either normal fertilizer or 15N-labelled fertilizer, as 
indicated by the color-coded rectangles. The chambers labelled 1 – 8 are connected to analyzers 
in Trailer 1 and chambers labelled 9 – 20 are connected to analyzers in Trailer 2. Data from the 

chambers 17 – 20 were not included in this study. The horizontal dotted lines traversing the 
microplots indicate crop rows. The open circles in the middle of the microplots indicate soil 

collars and the solid rectangles around the circles indicate flux chamber baseplates. The black 
dots labelled DL1 - 4 indicate the locations of the dataloggers which are each connected to four 

5-TM soil sensors installed beside the four chambers listed in parentheses. 
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Figure 3.6. (a) Picture showing winter wheat being hand-seeded following fertilization at the 

study site on 15 October 2019. (b) Top-down schematic of the seeding and fertilization layout at 
each full microplot during the WW study. 
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Table 3.1. Timeline of crop management activities and fieldwork at the study site 

 

 

3.2.2.4.    Site and instrumentation maintenance 

 During the growing seasons, the area in an around the chambers was weeded, and the 

canopy growing inside the soil collars was trimmed to the top of the collar so that there was no 

interference with chamber closure. The crop located within the trajectory of the swivel arm of the 

chamber was lightly pushed to the side to allow the arm to swing freely. The unplanted area 

surrounding the study site was regularly mowed throughout the duration of the experiment. 

 During the WW study, the instruments were shut down before snowstorms to avoid 

damage to the chambers from incomplete chamber closures. The system remained in operation 

Date Crop management activities & fieldwork
Cover crop study

3 October 2018 Seeded a 50/50 mix of lynx winter pea (WP) + verdant winter barley (WB) on all microplots
Seeding rate:  6 WP seed ft⁻¹ + 12 WB seed ft⁻¹

2 November 2018 Weeded WB from WP treatments and weeded WP from WB & WBfert treatments
Additional WP seed added to WP treatments for a total seeding rate of 11 WP seed ft⁻¹
Additional WB seed added to WB & WBfert treatments for a total seeding rate of 24 WB seed ft⁻¹

5 November 2018 Soil collars installed

15 May 2019 Commenced chamber measurements

23 May 2019 Water applied (5.3 L) using low-pressure sprayer to WB treatments
Fertilizer applied using low-pressure sprayer to WBfert treatments

Fertilization rate: 112 kg N ha⁻¹ of 10 atom% ¹⁵N fertilizer (KNO₃)

10 July 2019 Harvest (cover crops cut down and left on microplots)

23 August 2019 LGR₁ in Trailer 1 broken, chamber data acquisition halted from Trailer 1 and 2

Winter wheat study

14 October 2019 Chambers removed from soil collars, collars left in place

15 October 2019 Seeded tandem soft white winter wheat (WW) on all microplots
Seeding rate:  15 WW seed ft⁻¹

¹⁵N-labelled fertilizer applied using banding method to previous WB and WBfert microplots
Fertilization rate: 168 kg N ha⁻¹ of 20 atom% ¹⁵N fertilizer (NH₄OH + (NH₄)₂SO₄)

Unlabeled fertilizer applied using banding method to microplots previously seeded with WP and WB
Fertilization rate: 168 kg N ha⁻¹ (NH₄OH + (NH₄)₂SO₄)

16 October 2019 LGREP installed in Trailer 1
Chambers replaced onto soil collars and commenced chamber measurements



 84 

during lighter snow events and snow removal was done the following day. Typically, most of the 

snow was removed from the study plot, but if there was a significant amount of snow, berms 

were formed along the borders of the microplots in order to create enough clearance area for the 

chamber head swivel-path. Snow was removed up to the top of the soil collars, leaving about 3 – 

4 cm of snow inside, depending on collar offset height. 

 

3.2.4.    Flux Calculations 

 Soil CO2 and N2O fluxes were calculated from the chamber measurement data using Soil 

Flux Pro software (v4.0.1; LI-COR Biosciences). Fluxes were calculated using both a linear and 

non-linear (exponential) regression fitted to the change in chamber headspace gas concentrations 

over time and were adjusted for the soil collar area (317.8 cm3), system volume (chamber, 

tubing, and instruments), and ambient pressure and temperature. The first 60 s of each 

concentration curve were omitted from the flux calculation to account for the time needed to 

establish well-mixed conditions within the chamber headspace. The software selected the best-

fitting model based on the sum of the SSN of the linear and exponential fit for each observation. 

Poor quality fluxes were discarded from the dataset by applying the quality control criteria 

described in Chapter 2. In order to effectively analyze nitrogen loss from the soil relative to 

nitrogen inputs from fertilizer, the flux units were converted to g N2O-N ha-1 d-1. 
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3.3 Results and discussion 

3.3.1.    Precipitation and Temperature 

 Daily total precipitation data collected during both studies at PCFS are reported in Figure 

3.7. During the CC study (15 May 2019 to 23 August 2019), the mean daily temperatures ranged 

from 8.5 to 27.1 °C, the maximum recorded temperature was 35.5 °C on 7 August 2019, and the 

minimum was 2.6 °C on 19 July 2019, which occurred at night (Figure 3.7). The total rainfall 

during this period was 50 mm, where May and June were relatively wet (22 and 24 mm, 

respectively), and July and August were dry (2 and 4 mm, respectively; Figure 3.7).  

 During the WW study (16 October 2019 to 29 February 2020), the mean daily 

temperatures ranged from -8.5 to 13.2 °C, the maximum recorded temperature was 20.8 °C on 16 

October, and the minimum was -12.0 °C on 14 January (Fig 2). October was wet (50 mm), 

November was comparatively dry (10 mm), and December (41 mm), January (92 mm), and 

February (75 mm) were wet, predominantly due to snowfall (Figure 3.7 and 3.12). The total 

precipitation accumulated during the WW study period was 265 mm, where about 186 mm was 

measured during snowfall/snowmelt events. 
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Figure 3.7. Daily mean, maximum, and minimum temperature data and daily cumulative 

precipitation data between March 2019 to March 2020 observed at the Palouse Conservation 
Field Station (PCFS) National Weather Service (NWS) Cooperative Observer Program (Co-op) 

weather station. The data gaps are due to the meteorological station being down. 

 

3.3.2. Spatial and temporal patterns of N2O flux in response to environmental parameters 

3.3.2.1. Cover crop study 

 N2O fluxes and environmental parameters measured during the CC study are presented as 

a time-series in Figure 3.8.  Means and ranges of N2O fluxes are shown in Table 3.2. Three rain 

events, plus a manual wetting and fertilization event on 22 May (WB and WBfert microplots, 

respectively) caused sharp increases in WFPS from the baseline, which were correlated to hot 

spots and hot moments of N2O fluxes. Arrows in Figure 3.8 show these as numbered events that 

are referenced throughout this section. Details about these events can be found in Table 3.3. 

Events 1, 2, and 4 caused the mean combined WFPS from all microplots to reach optimal ranges 

for denitrification (WFPS > 60%) while event 3 remained in the optimal WFPS range for 

nitrification (WFPS < 60%). WFPS decreased rapidly following each WFPS spike, suggesting 

rapidly draining soils and/or rapid surface soil moisture evaporation due to warm temperatures 

(Figure 3.8). Denitrification is more likely to occur in soils that are saturated for extended 
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periods of time, although the spikes in WFPS may have caused saturated pockets as soil is not 

homogenous. Figure 3.9 shows a slight positive linear correlation between soil WFPS and N2O 

flux with respect to time. During the study, WFPS mostly remains below 60% WFPS; the 

favorable range for nitrification (Davidson et al., 1991). 

 

 

 

 



 88 

 
Figure 3.8. (a – d) Individual N2O-N fluxes from each chamber during the CC study split up by 
treatment type, (e) daily mean chamber and soil temperature (0 – 10 cm) during, (f) soil water 

filled pore space (0 – 10 cm) from 14 of the 16 5-TM soil sensors, color-coded by treatment type, 
(g) half-hourly cumulative precipitation. Management activities are indicated by “W” = water 

application, “F” = fertilizer application, and “H” = harvest. There was a gap in GHG 
measurements from 5 – 10 July 2019 because Trailer 2 was under maintenance. The arrows 
number 1 – 4 depict specific rain events and flux responses that are referenced throughout 

Section 3.3.2.1. 
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Table 3.2. The mean, minimum (Min), and maximum (Max) N2O-N fluxes, and the standard 
deviation (Std), measured for each chamber during the CC study (15 May to 23 August 2019) 

and WW study (16 October 2019 to 29 February 2020), split up by treatment group. The number 
of flux measurements (N) that were used for each chamber is also indicated. The last line of the 

table shows the mean, min, max, and mean of the std of all the measured fluxes from each study. 

 
 

 

 

 

Mean Min Max Std N Mean Min Max Std N

Chamber 2 0.66 0.02 5.78 0.66 688 9.76 0.20 109.15 11.99 988
Chamber 3 0.53 0.01 11.95 0.55 716 10.99 0.26 71.49 12.47 952
Chamber 5 0.48 0.02 2.85 0.31 742 3.94 0.13 50.07 4.88 988
Chamber 8 0.70 0.02 6.80 0.66 736 4.08 0.13 18.09 3.89 982

0.59 0.01 11.95 0.55 2882 7.19 0.13 109.15 8.31 3910

Chamber 1 0.62 0.02 6.49 0.54 737 18.56 0.20 174.42 22.97 993
Chamber 4 1.14 0.03 27.36 2.70 739 7.42 0.41 36.86 6.63 990
Chamber 6 0.60 0.03 3.13 0.42 732 14.49 0.49 81.33 12.91 962
Chamber 7 0.60 0.02 3.09 0.47 743 15.42 0.27 106.29 22.25 954

0.74 0.02 27.36 1.03 2951 13.97 0.20 174.42 16.19 3899

Chamber 10 0.87 0.02 4.54 0.58 730 6.86 0.08 60.05 8.02 923
Chamber 11 0.89 0.07 8.88 0.72 739 5.34 0.22 42.51 5.21 897
Chamber 13 0.84 0.04 6.01 0.61 736 13.39 0.03 59.77 13.71 921
Chamber 16 0.87 0.02 4.62 0.62 735 22.17 0.14 140.62 27.94 915

0.87 0.02 8.88 0.63 2940 11.94 0.03 140.62 13.72 3656

Chamber 9 1.02 0.02 4.44 0.81 526* 6.40 0.04 71.24 6.96 826
Chamber 12 1.21 0.04 9.77 1.28 726 4.85 0.05 22.52 4.31 928
Chamber 14 1.12 0.02 6.13 0.96 711 6.86 0.17 67.89 9.05 793
Chamber 15 1.10 0.03 11.61 1.04 585 3.70 0.21 16.35 2.72 923

1.11 0.02 11.61 1.02 2022 5.45 0.04 71.24 5.76 3470

0.83 0.02 27.36 0.81 10795 9.64 0.03 174.42 11.00 14935

N2O - N Fluxes   (g ha⁻¹ day⁻¹) 

W
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t

W
P 

+ 
W

B
W

P
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Cover Crops Winter Wheat
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Table 3.3. Soil wetting events during the CC study resulting in WFPS spikes correlated to N2O 
hot spots and hot moments. 

 

 

 
Figure 3.9. Relationship between N2O fluxes and soil WFPS during the CC system for each 

chamber split up by treatment. Each panel has different y-axis limits.  
 

Event No. Dates Total Measured Precipitation Maximum Peak WFPS 
(Combined Mean)

1 15 - 17 May 2019 14 mm 53 ± 17 %

2* 22 May 2019
WBfert: 2.6 L fertilizer / half-microplot

WB: 5.0 L water / microplot
WBfert: 59 ± 10 %
WB:     66 ± 11 %

3 24 - 25 May 2019 8 mm 40 ± 11 %

4 5 June 2019 12 mm 54 ± 10 %

* Combined mean maximum peak WFPS shown for WBfert and WB treatments only
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 During the entire study period, microplots had a combined average flux of 0.83 ± 0.81 g 

N2O-N ha-1 d-1 (Figure 3.8, Table 3.2). Overall, the WBfert microplots were consistently the 

highest N2O emitting treatment group, followed by WB, WP, and finally WP+WB (Figure 3.8, 

Table 3.2). Most of the observed N2O activity occurred during May and June as hot moments 

and pulses (Figure 3.8), which were likely caused by re-wetting of dry soils following 

precipitation events (McIntyre et al., 2009; Kuzyakov and Blagodatskaya, 2015; Leitner et al., 

2017; Petitjean et al., 2019). Fluxes were reduced to near-zero following harvest as it became 

warmer and drier. Microbial activity has been consistently observed to be reduced in soils with 

low water content, resulting in N2O emissions that generally remain low (Paul and Clark, 1996; 

Petitjean et al., 2019).  

 N2O hot moments of varying magnitude were observed at nearly every microplot 

following rain events (Figure 3.8), indicating the presence of Nr and microbial activity in all 

treatments and not only the WBfert microplots. Event 1 was the first rain event following a 

prolonged dry period of more than two weeks, with a mean combined baseline WFPS of 27 ± 8% 

prior to event. This was also the largest observed rain event during the CC study (Figure 3.7 and 

8). Rewetting of the soil likely increased Nr availability from mineralization of SOM, and 

subsequently nitrification and denitrification potential, triggering N2O hotspots and hot moments 

observed shortly after at the majority of the microplots (Figure 3.8). A closeup of the N2O 

hotspots and hot moments are shown in Figure 3.10. The largest N2O pulse observed during the 

study occurred at chamber 4 from the WP treatment group from 23 May to 1 June with a peak 

flux of 27.4 g N2O-N ha-1 d-1, approximately 75 times higher than pre- and post-background 

mean levels of 0.39 and 0.34 g N2O-N ha-1 d-1, respectively (Figure 3.10). This pulse commenced 

six days after event 1 ended, during which SOM mineralization was likely taking place. During 
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the N2O pulse, soil conditions were still moist from event 1 and the daily mean temperature was 

also steadily increasing, creating favorable conditions for the microbial community to utilize the 

newly released Nr, producing a hot spot and prolonged pulse of N2O emissions. Event 3 

commenced about 10 h after the N2O pulse began, adding about 8 mm of rain to the system, 

potentially prolonging the pulse.  

 

 
Figure 3.10. Closeup of N2O fluxes and the WFPS corresponding to each chamber in response 

to events 1 and 3 from each treatment during the CC system. The first arrow in each panel 
depicts event 1 (15 – 17 May 2019; ~14 mm rain) and the second arrow depicts event 3 (24 – 25 
May 2019; ~8 mm rain), and “W” and “F” indicates when the wetting and fertilizing events took 
place, respectively (event 2). An N2O pulse is observed at chamber 4 in the second “WP” panel. 
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 The second largest pulse was observed at chamber 12 from the WBfert treatment group 

that is coincident to event 4 (Figure 3.8, Table 3.2). A closeup of the N2O pulse is shown in 

Figure 3.11. The pulse lasted four and a half days and a peak flux of 9.76 g N2O-N ha-1 d-1 was 

observed, approximately 7 times higher than pre- and post- background mean levels of 1.1 and 

1.7 g N2O-N ha-1 d-1, respectively. The previous rain event was 10 days prior and high 

temperatures had caused the soil to dry out since then, where the mean combined baseline WFPS 

was 25 ± 8 %, (Figure 3.8). This was the second soil rewetting event observed during the CC 

study. 

 Following harvest on 10 July, combined mean WFPS remained at 16 ± 2 % until the 

conclusion of the CC study (Figure 3.8). Despite the fact that cover crop residue was left on the 

microplots, the dry soil conditions were unfavorable for mineralization, as well as for both 

nitrification and denitrification. This explains the low N2O emissions that were observed during 

this dry period. 
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Figure 3.11. Closeup of N2O fluxes and the WFPS corresponding to each chamber in response 

to event 4 from each treatment during the CC system. The arrow in each panel depicts event 4 (5 
June; ~ 12 mm rain). An N2O pulse is observed at chamber 12 in the fourth “WBfert” panel. 

 

3.3.2.2. Winter wheat study 

 N2O fluxes and environmental parameters measured during the WW study are presented 

as a time-series in Figure 3.8.  Means and ranges of N2O fluxes are shown in Table 3.2. 

Snowmelt and freeze-thaw events were likely the main triggers of increased N2O emissions via 

pulses during the WW system.  Enhanced microbial activity and the release of N2O trapped at 

depth during freezing have been observed during periods of increased fluxes (Wagner-Riddle et 

al.; 2008), although the latter was unlikely during the study as surface soil temperatures rarely 
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reached freezing temperatures. Due to the frequency and overlap of freeze-thaw cycles and 

snowmelt events, it was difficult to distinguish the effect of specific events on N2O fluxes. 

Arrows in Figure 3.12 show several numbered precipitation events that are referenced in this 

section. Details about these events can be found in Table 3.4. Figure 3.13 shows that the WFPS 

and N2O flux relationship during the WW study was found to have a bell-shaped optimum 

function, with N2O peaking at around 60% WFPS. A similar relationship was observed by 

several authors during field experiments in agricultural soils, with maximum emissions being 

observed at 65% WFPS (Clayton et al., 1992); 72% WFPS (Scmidt et al., 2000), 70% WFPS 

(Bateman and Braggs, 2005); 60 – 80% WFPS (Rafique et al., 2011), 68% WFPS (Laville et al., 

2011), and 60% WFPS (Petitjean et al., 2019), for example. WFPS levels of 60% and above is 

the range where soil moisture conditions have been observed to become more favorable for 

denitrification, as nitrification is minimal at these water content levels (Grundmann and Rolston, 

1987; Davidson et al., 1991; Schmidt et al., 2000).  
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Figure 3.12. (a – d) Individual N2O-N fluxes from each chamber during the WW study, split up 
by treatment type, (e) daily mean chamber and soil temperature (0 – 10 cm), (f) soil water filled 
pore space (0 – 10 cm) from 14 of the 16 5-TM soil sensors, color-coded by treatment type, (g) 
half-hourly cumulative precipitation. Management activities are indicated by “S” = seeding and 

“F” = fertilizer application. There was a gap in GHG measurements from 14 – 25 November 
2019 because Trailer 2 was under maintenance, and between 11 – 20 January 2020 due to a 

snowstorm. Gaps in WFPS readings are due to sub-zero temperatures, which are outside of the 5-
TM’s operating range. The arrows depict rain events (black), snow events (blue), and snow 

following by rain (black and blue) that are referenced throughout Section 3.3.2.2. 
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Table 3.4. Soil wetting events during the WW study resulting in WFPS spikes correlated to N2O 
hot spots and hot moments. 

 

 
Figure 3.13. Relationship between N2O fluxes and soil WFPS during the WW system for each 

chamber split up by treatment. Each panel has different y-axis limits. 

Event No. Dates Precipitation Type Total Measured Precipitation Maximum Peak WFPS 
(Combined Mean)

5 16 - 21 October 2019 Rain 47 mm rain (19 Oct: 30 mm) 63 ± 10 %

6 11 - 12 December 2019 Snow followed by rain 17 mm 66 ± 7 %

7 11 - 14, 16 January 2020 Heavy snow 30 cm + 10 cm
(snow cover)*

61 ± 8 %

8 22 - 29 January 2020 Daily light rain events 92 mm† 76 ± 8 %

9 4 - 7 February 2020 Snow followed by rain
58 mm

(10 cm snow cover)‡ 72 ± 10 %

* On 15 Jan, ~ 30 cm of snow that had accumulated on the study site between 11 - 14 Jan was cleared/bermed.
   On 16 Jan, ~ 10 cm more snow fell.
† Total amount of precipitation measured in the tipping bucket is from melting snow and event 8 rain events.
‡ Total amount of precipitation measured in the tipping bucket is from melting snow and rain.
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 During the WW study, the mean N2O-N flux for all the microplots for the study was 9.64 

± 11.00 g ha-1 d-1 (Table 3.2). Based on the previous CC study treatment naming convention, 

during the WW study, the WP microplots had the highest mean flux, followed by WB, WP+WB, 

and finally WBfert (Figure 3.12, Table 3.2). The WB microplots emissions were not particularly 

high overall, except for one chamber (16), one of two highest emitters throughout the WW study 

(Figure 3.12, Table 3.2).  

 Soil was dry on the day of seeding and fertilization (October 15), with a mean combined 

WFPS of 32 ± 7% across all microplots (Figure 3.12). Over the next six days following seeding 

and fertilization (event 5), 47 mm of rain fell, with 30 mm falling in a single day on 19 October, 

increasing WFPS to optimal denitrification levels (Figure 3.7 and 3.12, Table 3.4). N2O pulses 

were triggered at every microplot about five days after fertilization (20 October), each lasting 

about 8 days. A closeup of the N2O pulses are shown in Figure 3.14. Maximum N2O emission 

values measured across all microplots were 9.06 ± 5.07 g N2O-N ha-1 d-1, a 375% increase from 

baseline levels of 0.70 ± 0.28 g N2O-N ha-1 d-1. This was the only rewetting event observed 

during the CC study as WFPS levels.  
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Figure 3.14. Closeup of N2O fluxes and the WFPS corresponding to each chamber in response 
to event 5 from each treatment during the WW system. The parentheses depict event 5 (16 – 21 

October 2019; ~ 47 mm rain), and “S,F” indicates seeding and fertilization. 
 
 

 The next series of rain events occurred over the course of 8 consecutive days (11 – 19 

November; ~ 10 mm cumulative rain) and did not trigger any pulses (Figure 3.12). Following the 

event 5 pulses, fluxes remained low with a mean baseline of 1.7 ± 1 g ha-1 d-1 until event 6. 

Following event 6, fluxes began to steadily increase with the onset of several light snow events.  

 The largest prolonged N2O pulses during the WW study were a combined effect of event 

7 and 8 (Figure 3.12, Table 3.4). Maximum flux readings during these events were recorded 

from two hot spots; chamber 1 on 28 January (174.4 g N2O-N ha-1 d-1) and chamber 16 on 29 
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January (140.6 g N2O-N ha-1 d-1; Figure 3.12 and 3.15, Table 3.2). A closeup of the N2O pulses 

following these events are shown in Figure 3.15. Event 7 was the largest snowstorm during the 

WW study which completely covered the chambers. On 15 January, as much snow was removed 

from the study plot as possible and the remaining snow was formed into berms around the 

microplots, then it snowed again the following day. Despite the freezing air temperatures and 

snowpack, soil temperature readings on all 5-TM sensors remained above 0°C and exhibited 

little diurnal variation due to the insulation provided by the snow (Figure 3.16). During this 

period, WFPS increased 17% above pre-snowstorm levels during the event, putting the soil 

within optimal denitrification range (Table 3.4). Between 22 – 29 January (event 8), several 

consecutive days of light rain events occurred, and temperatures began to steadily increase. By 

24 January, the snowpack had completely melted. The highest recorded WFPS spikes measured 

during the WW study occurred between 20 and 30 January, with the highest maximum recorded 

reading reaching 91% from one of the sensors (Figure 3.12). WFPS decreased rapidly once event 

8 rains ended and air temperatures dropped back down to freezing (Figure 3.12). Event 9 

occurred shortly thereafter, sharply increasing WFPS by about 70% from pre-event 7 levels, 

prompting a second wave of more subdued N2O pulses (Figure 3.15, Table 3.4). Denitrification 

was likely the main driver for N2O fluxes following events 7, 8, and 9, as frequent snowfall and 

snowmelt maintained WFPS levels that were favorable for denitrifier bacteria.  
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Figure 3.15. Closeup of N2O fluxes and the WFPS corresponding to each chamber in response 
to event 7, 8, and 9 from each treatment during the WW system. The parentheses depict event 8 
(22 – 29 January 2020; 92 mm precipitation from melting snowpack from event 7 followed by 

daily rain events), and the arrow indicates event 9 (4 – 7 February 2020; 58 mm). 
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Figure 3.16. Surface soil temperature readings (0 – 10 cm) measured by all functioning 5-TM 

sensors at 5-minute intervals. The parentheses depict the period where the study plot was 
covered with frozen snow (11 – 22 January 2020). 

 

 

3.3.3.    Cumulative N2O emissions 

3.3.3.1. Cover crop study  

 The scaled cumulative emissions were determined using daily mean, minimum, and 

maximum flux values from each chamber, which averaged 78 ± 21, 39, and 137 g N2O-N ha-1 d-

1, respectively, across all chambers for the duration of the CC study (Figure 3.17, Table 3.5). The 

cumulative emission magnitude from the WBfert treatments was the highest, followed by WB, 

then WP, and finally WP+WB. The pulse from chamber 4 contributed to 138 % of the chamber’s 

cumulative emissions. Without the pulse, the emissions from the WP treatment would have been 

similar to those of the WP+WB treatment. The pulse from chamber 12 in the WBfert treatment 

was smaller, contributing to 32 % of the chamber’s cumulative emissions. 

 The mean cumulative emissions from all three unfertilized treatments were 34 % lower 

than from the WBfert treatments. This was likely the result of extra Nr additions to the WBfert 

microplots through fertilization. Since cumulative emissions from unfertilized treatments were 
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comparable WBfert treatments, this suggests that SOM and mineralization rates in unfertilized 

microplots were likely high enough before and throughout the study to produce similar quantities 

of Nr, and subsequently, N2O through denitrification. Since N2O from unfertilized WB 

treatments is mainly the product of soil Nr created through biological fixation and mineralization, 

it could be presumed that the mean net N2O-N emissions from these treatments are “background” 

level for WB crops during this study. Subtracting this value from WBfert net N2O-N emissions, 

the difference in N loss is likely due to fertilizer Nr. The 17 % difference equates to 0.014 kg N 

ha-1, which is only 0.01 % of the original 112 kg N ha-1 fertilizer input. 
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Table 3.5. The total cumulative N2O-N emissions computed using the mean daily flux (Mean), 
the minimum daily flux (Min), and the maximum daily flux (Max) measured for each chamber 
during the cover crop study (15 May to 23 August 2019) and winter wheat study (16 October 

2019 to 29 February 2020), split up by treatment group. The standard deviation of the mean daily 
flux (Std), and the number of days that flux measurements were collected (N) for each chamber 

are also indicated. The last line in the table shows the mean of the mean, min, max, and std 
values from all chambers, as well as the maximum amount of days that flux measurements were 

collected. 

 

 

 

Mean Min Max Std N Mean Min Max Std N

Chamber 2 66 32 112 16 100 1251 665 2145 154 127
Chamber 3 54 25 98 15 101 1402 909 1920 103 126
Chamber 5 48 22 84 12 101 501 304 782 45 127
Chamber 8 69 33 132 16 101 519 348 725 40 127

59 22 132 15 101 918 304 2145 86 127

Chamber 1 62 33 103 14 101 2420 1591 3540 182 127
Chamber 4 109 58 186 34 101 948 579 1404 103 127
Chamber 6 61 33 101 12 101 1912 1290 2684 154 127
Chamber 7 61 32 102 13 101 2150 1481 2845 101 127

73 32 186 18 101 1857 579 3540 135 127

Chamber 10 83 42 149 22 95 831 455 1316 78 121
Chamber 11 84 40 153 25 95 624 371 967 66 119
Chamber 13 80 39 148 22 95 1631 1126 2240 109 121
Chamber 16 83 40 149 22 95 2729 1743 3916 187 121

82 39 153 23 95 1454 371 3916 110 121

Chamber 9 71 30 136 22 73 693 405 1180 83 113
Chamber 12 113 59 197 30 95 587 380 831 53 121
Chamber 14 105 56 174 26 95 831 467 1344 80 120
Chamber 15 94 47 166 29 95 445 281 648 51 121

96 30 197 27 95 639 380 1344 67 121

78 39 137 21 101 1217 775 1780 99 127

W
B f

er
t

W
P 

+ 
W

B
W

P
W

B

Cover crop study Winter wheat study

Cumulative N2O-N Emissions  (g ha-1) 
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3.3.3.2. Winter wheat study 

 The daily mean, minimum, and maximum cumulative emissions from the microplots 

during the WW study (127 days) were 1217 ± 99, 775, and 1780 g N2O-N ha-1, respectively 

(Table 3.5). Cumulative fluxes increased exponentially with the commencement of the wet 

season around mid-December (Figure 3.17). Consecutive freeze-thaw and snow events followed 

by rain sustained consistent saturated soil conditions favorable for denitrification. Contributions 

from chamber 1 and 16 hot spot pulses increased overall cumulative emissions from their 

respective treatments. (Figure 3.17). 

 Although unlikely, if it is assumed that the all N2O emissions from the study site were the 

result of N transformation of solely fertilizer Nr, then 1.2 of the original 168 kg N ha-1 fertilizer 

input were lost to the atmosphere via N2O, or 0.7 %. This value will continue to increase as the 

study continues through to harvest in fall 2020. 

 The cumulative emissions from the microplots that were previously WBfert treatments 

during the CC study were consistently lower that all other microplots and also exhibited less 

variability (Figure 3.17). 
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3.4 Conclusions 

 Soil moisture, measured as WFPS, and available soil N were the main variables 

controlling N2O fluxes in both the CC and WW studies. The mean soil moisture and N2O fluxes 

were higher during the WW study, attributed to frequent precipitation events (rain and snow) and 

N fertilization of all the microplots, compared to the CC study, which was generally dry and 

unfertilized except for the four WBfert microplots. 

  WFPS generally did not surpass 60% during the CC season, indicating that nitrification 

was likely the main microbial activity contributing to N2O emissions. N2O fluxes were near-zero 

during the CC study, however, distinct N2O pulses were still observed in May and June 

following drying/rewetting cycles (“Birch” effect). The total mean cumulative N2O emissions 

from the CC treatments were 78 ± 21 g N2O-N ha-1, with WBfert treatments consistently 

exhibiting the highest overall fluxes. This was likely due to the addition of supplemental Nr via 

N fertilization, increasing substrate availability and thus soil microbial activity. Pulses were also 

observed at unfertilized treatments, indicating that SOM mineralization likely occurred following 

rain events, supplying biologically available soil Nr for soil bacteria across all microplots. The 

largest CC study N2O pulse was observed from a WP microplot. Rhizobia that live in the nodules 

of legumous plants are able to provide the roots with their own supply of NH4+ through N 

fixation of atmospheric N2, potentially resulting in N build-up in the soil from mineralization of 

already present SOM that remains unused by the plant (Gage, 2006). This provides an excess of 

Nr for soil microbes, likely causing the N2O pulse. 

 The WFPS and N2O flux relationship during the WW study was found to have a bell-

shaped optimum function, with N2O peaking at around 60% WFPS. Periods of prolonged water 

saturation also caused the highest N2O pulses during the WW study. The largest N2O pulse 
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occurred following the largest observed snowstorm that took place during the study (~ 40cm 

cumulative snowfall), which slowly melted within a week of forming as temperatures 

progressively increased each day, followed by several days of light rain. The frozen snowpack 

had remained intact for almost two weeks, and despite a period of extended freezing 

temperatures, the near-surface soil temperature did not drop below freezing and WFPS slowly 

increased during this time into the denitrification range, suggesting that snow was melting at the 

soil-snow interface. Chambers were not operational during this time, but denitrifier bacteria still 

may have been active and N2O was likely still being emitted. The total mean cumulative N2O 

emissions from the WW treatments were 1217 ± 99 g N2O-N ha-1. The microplots that were 

previously WBfert treatments during the CC study exhibited the lowest overall fluxes, the 

opposite of what was observed during the CC study.  

 Both the CC and WW study demonstrated that hot spots and hot moments increased the 

mean cumulative N2O emissions. Overall, the mean total net N2O-N lost from the WBfert 

microplots during the CC study was about 17% higher than the “background” unfertilized WB 

treatments, accounting for only 0.01% of the original 112 kg N ha-1 fertilizer input. This value 

likely would have be higher had fertilization been done at the time of seeding, as the fertilizer Nr 

would have had more time to undergo transformations and moist soil conditions over the winter 

would have increased denitrification of fertilizer Nr.  

 All microplots were fertilized during the WW study at the time of seeding mid-October, 

which is common of a WW rotation. Fertilizing in excess is necessary as the wet fall, winter, and 

spring seasons result in Nr losses through multiple pathways. The only loss pathway that was 

measured during this study was denitrification, however, volatilization, leaching, and surface 

runoff are also common loss pathways from agricultural systems. Assuming all N2O emissions 
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were the result of N transformations of fertilizer Nr only, then 0.7 % of the original 168 kg N ha-1 

fertilizer input were lost to the atmosphere over the four and a half months following seeding and 

fertilization.  

 Measurement of other soil variables throughout the CC and WW studies, such as soil pH, 

SOM content, and soil N content (from both natural sources and fertilizer) could have provided 

insight into how they may have potentially impacted microbial abundance and diversity, 

ultimately affecting N2O emissions. This information, combined with the data obtained from this 

study regarding N fertilizer placement, timing, rate, and application method, and how soil 

moisture affects N2O emissions, can help to improve nutrient use efficiency in agroecosystems. 
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CHAPTER FOUR:  

CONCLUSIONS AND FUTURE WORK 

 This thesis analyzed and reported measurements of greenhouse gas (GHG) emissions 

from a small-scale study plot on an agricultural field from a cover crop (CC) system followed by 

a winter wheat (WW) system. Measurements were conducted over a three-month study period 

during spring and summer for the CC system, and over a four-and-a-half-month study period 

during the fall and winter for the WW system. Carbon dioxide (CO2) and nitrous oxide (N2O) 

fluxes were quantified using automated closed static chambers (CSCs) that were closely placed 

together to achieve high spatial coverage over a small and seemingly heterogeneous area of soil. 

 Few field studies based in agricultural sites have documented long-term soil flux datasets 

at the same high temporal resolution as this study due to the lack of on-site electrical power.  The 

flux data obtained from this study showed that hotspots and hot moments had large contributions 

to the overall cumulative emissions from the soil during both systems, which likely would not 

have been captured had manual CSCs been used, particularly nighttime emissions, as this 

method is labor intensive and realistically cannot be operated continuously. Long-term soil GHG 

flux data offer a valuable contribution to the currently limited but expanding information on soil 

N cycling processes and the diurnal, seasonal, and annual variability of soil respiration between 

agroecosystems and the atmosphere. 

 Peak and prolonged pulses of N2O fluxes measured during WW system confirmed that 

fertilization before the wet fall and winter months increases denitrification activity and thereby 

N2O production. Due to time constraints, not all of the flux data from the WW study were 

presented herein, but monitoring is on-going and the flux data from the entire growing season 

will eventually be analyzed and reported, from which an emission factor can be calculated. 
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Additional data will also be released from a concurrent isotope analysis that was on-going 

throughout this study from the half-microplots that were fertilized with 15N-labelled fertilizer. 

This data will provide further evidence into which microbial mechanisms (nitrification or 

denitrification) were responsible for N2O emissions at specific times, as this study was only able 

to speculate what mechanism was dominant based on soil moisture and the likely N substrate 

that was available. 

 

Suggested future work includes: 

• Measurement of other soil variables throughout both the CC and WW study, such as pH, 

soil organic matter content (SOM), and soil N content (from both natural sources and 

fertilizer), to study their impact on soil microbial abundance and diversity, and ultimately 

how this may be affecting N2O emissions. This information may have helped us 

understand why the N2O fluxes from the WBfert microplots during the WW study were 

lower. 

• Analyze the impact of naturally derived reactive nitrogen (Nr) supplied via SOM 

mineralization of a preceding “alternative” CC legume rotation on a subsequent crop 

rotation without the addition of chemical N fertilizers. This could be achieved by leaving 

some microplots unfertilized during a “business-as-usual” crop rotation, such as winter 

wheat, which is typically fertilized, and monitoring the effect on N2O emissions and crop 

yield from both the fertilized and unfertilized microplots. Legumes are able to fix 

substantial quantities of atmospheric N2, which is returned to the soil as SOM following 

crop termination. Mineralization of SOM during the summer has been found in previous 

studies to be a significant source of reactive nitrogen (Nr) to the soil, which could mean a 
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reduction in synthetic N fertilizer inputs, and thereby a reduction in N2O emissions from 

agricultural soils. Additionally, SOM mineralization occurs over extended periods of 

time, supplying crops with a constant source of Nr under the right conditions and with 

high enough amounts of available SOM. Unlike SOM, N fertilizer is more vulnerable to 

losses from soil via nitrification/denitrification, volatilization, leaching, and surface 

runoff. 

• Decrease chamber flux measurement timing and incorporate more automated chambers to 

the flux system. This would decrease temporal frequency of individual chambers but 

would increase spatial coverage. It was observed during this study that while N2O soil 

emissions are high and producing well-behaved flux data, a shorter measurement time is 

possible.  

• Addition of eddy covariance flux measurements with a high-precision N2O analyzer to 

quantify soil N2O emissions. This would allow for a larger flux footprint, increasing the 

potential to capture more hot moments and hot spots that chamber-based measurements 

are prone to missing. Combining measurement techniques would provide insight into the 

viability of scaling up chamber-based measurements to landscape scale emissions. 

• Monitoring the effects of a snowpack on soil N2O emissions could contribute valuable 

information to the still limited data available on wintertime N2O fluxes. Our soil sensor 

data showed that the insulating properties of snow increased soil moisture to within 

optimal denitrification range, likely driving N2O emissions. 

 

 It has been well established within the literature that diminishing uncertainties in global 

emission estimates of N2O may help in constraining the global N budget. The high spatial and 
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temporal variability of soil N2O emissions make this difficult, however, improvements in 

measurement tools, techniques, and strategies are bringing researchers closer to this goal. The 

future work suggested in this chapter could provide added value to this research study and future 

similar studies, which unfortunately were not possible due to time and funding constraints. 


