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INVESTIGATING DENITRIFICATION FROM TWO MISSOURI CLAYPAN SOILS 

Frank E. Johnson II 

Robert Lerch, Dissertation Co-Advisor 

Peter P. Motavalli, Dissertation Co-Advisor 

ABSTRACT 

Denitrification in agricultural soils is responsible for a majority of anthropogenic 

nitrous oxide (N2O) production, and N2O is a major greenhouse gas with a global 

warming potential ~300 times that of carbon dioxide. The objectives of this research were 

to: 1) compare multiple RNA-based sequencing methods for quantifying denitrification 

genes in soil; 2) relate denitrification gene abundance in soil to actual and potential 

denitrification rates in claypan soils; 3) measure actual and potential soil denitrification 

rates from claypan soils and understand how landscape position influences 

denitrification; and 4) upscale the estimates of denitrification to the field scale to 

understand its importance to the N budget in row crop fields. The research sites consisted 

of two claypan soil fields in Central Missouri. Several sets of soil cores were collected in 

triplicate in two landscape transects across both fields and N2 and N2O production were 

measured using a gas flow soil core incubation system. In addition, soil denitrification 

potential, under non-limiting conditions, was determined on 90 m-grid samples collected 

from the fields. 

Potential and actual denitrification rates were not significantly different between 

fields, but potential denitrification rates were greater by almost two-fold in the toeslope 

position (p < 0.10) compared to the backslope and summit positions across, fields. In one 
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field, actual denitrification rates were greater in the summit landscape position while 

rates were greater in the backslope position in the other field. Actual denitrification in 

these fields predominantly resulted in N2 emissions and N2O accounted for a minor 

portion of the total flux. Although the high smectitic clay content of upland soils provides 

environmental conditions suitable for high N2O flux rates, these results suggested that 

denitrification rates are higher in the toe-slope position due to accumulation of soil C 

from long-term sediment deposition. Therefore, long-term erosion patterns rather than 

current or recent crop management systems controlled observed spatial patterns of 

denitrification on these claypan fields.  

One set of cores was analyzed for extractable soil RNA, and nosZ gene 

abundance using three methods: real-time quantitative polymerase chain reaction (RT-

qPCR); droplet digital polymerase chain reaction (ddPCR); and nanostring sequencing 

techniques at two depths (0-15 cm and 15-30 cm). There were significant differences in 

soil RNA quantities between the two depths, with an average of 54.51 mg RNA kg soil-1 

at 0-15 cm and 14.20 mg kg-1 at 15-30 cm. The low soil RNA concentrations in the 

subsoil prevented quantification of the nosZ gene abundance, and suggested low overall 

microbial activity below 15 cm depth in these claypan soils. Abundance of nosZ in the 

surface soil showed that ddPCR resulted in significantly greater gene copy estimates than 

those of RT-qPCR and nanostring sequencing (p < 0.10). There were no statistical 

differences between nosZ abundance when comparing RT-qPCR and nanostring 

sequencing. Variability of nosZ abundance was very minimal in both RT-qPCR and 

nanostring technologies. Landscape variability of the gene copy estimates in these two 
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fields were not similar to the actual denitrification measurement pattern. These results 

suggest more research should be conducted to establish the molecular sequencing 

technique best suited to measure genes involved in denitrification from soil samples or 

that gene prevalence may not effectively predict denitrification, and on these two 

Missouri claypan soils, most of the biological community and activity are in the top 15 

cm of the soil profile. 

Actual denitrification, along with other parameters for soil volumetric water 

content, and soil temperature were used to model and upscale estimates for denitrification 

at the field scale. Soil O2, temperature, and volumetric water content (VWC) were 

measured at a depth of 10 cm depth at three landscape positions within each field and 

were used to establish a relationship between VWC and soil O2 content. It was assumed 

conditions for denitrification were a soil O2 content ≤5% and a soil temperature ≥15oC, 

and flux estimates were corrected using a Q10 value of 2. For each field, daily and annual 

denitrification estimates were calculated for years grown under corn or wheat, due to N 

fertilizer application. Daily total denitrification (N2O+N2) estimates ranged from 0.39 kg 

N ha-1d-1 to 0.87 kg N ha-1d-1. The highest annual denitrification estimates were for Field 

1 in 2016, in which 9.26 kg N ha-1 were estimated. Denitrification accounted for up to 

7.6% of total applied N.  

There are many facets to denitrification. This study highlights the complex 

relationship between denitrification and other soil characteristics. Denitrification was 

more strongly related to differences in soils across landscape position rather than crop 

management, and served as a major N-loss pathway in both fields. These results will aid 
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in our understanding of denitrification and demonstrates the need for denitrification 

mitigation strategies.           
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

1.1 Literature Review 

1.1.1 Importance of Nitrogen, Food Security 

 Nitrogen (N) is an important nutrient that is required by most plants for production. 

Nitrogen fertilizer is commonly added to crops during the growing season to increase 

economical crop yield. From 2011 to 2015, the global demand for N application was projected to 

increase from approximately 95,000 tons to 103,000 tons (FAO, 2011). This increase could be 

attributed to the fact that global food production needs to be increased by at least 70% to feed an 

additional 2.3 billion people as projected in 2050, increasing the pressure on land and water 

resources (FAO, 2009; Delaney, 2013; Spiertz 2010). Also, the world population has increased 

by 78% and the amount of active N in the environment has increased by 120% since 1970 

(Galloway et al., 2008). Research has shown wheat yields increased 2 to 3 fold with the addition 

of N-fertilizer (Rasmussen et al., 1998). For corn, the most important grain crop globally (Green 

et al., 2018), yields increased from 3 to 14 t ha with N-fertilizer application (Dobermann and 

Cassman, 2002). Other research suggests the use of N-fertilizers have nearly doubled grain crop 

yields (Lassaletta et al., 2014). Over 36%  of the global corn is produced in the United States, 

with roughly 33% grown in the Midwest Corn Belt (Ort and Long, 2014; FAO, 2017).  

1.1.2 Nitrogen Loss Processes 

Unfortunately, 41 – 50% of the applied N-fertilizer since the 1950s has been estimated to 

have been lost to the environment through N loss processes (Ladha et al., 2016). Nitrate leaching 

pose a significant threat to water quality systems (Chiwa et al., 2012), significantly impacting 

environmental and human health (Cameron et al., 2013). Nitrate toxicity has been linked to 
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cancer and other serious health conditions if ingested through drinking water (Grizzetti et al., 

2011). In aquatic systems, increased concentrations of NO3
- can lead to anoxic conditions, 

impacting fish communities (Cameron et al., 2013). Ju and Zhou (2017) found that ammonia 

(NH3) volatilization, nitrate (NO3
-) leaching, and denitrification accounted for roughly 23, 18, 

and 2% of the applied N fertilizer, respectively. Similarly, the findings of Zhou et al. (2016) 

concluded that NH3 volatilization and NO3
- leaching were the main N loss pathways in a 

subtropical wheat-maize system, constituting 78 and 93% of hydrological and gaseous N-losses, 

respectively.  

1.1.3 Problem of Greenhouse Gas Emissions  

Carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) are main greenhouse 

gases (GHGs) that have significantly increased the radiative forcing of the Earth’s atmosphere 

(Prather et al. 1994). This increase is partly attributed to the longevity of these main GHGs in the 

atmosphere, often taking decades break down (IPC, 2007). Human activity is also responsible for 

increasing GHG emissions through the burning of fossil fuels and changes in land usage 

(USEPA, 2018). Between 2000 and 2012, CO2 emissions increased by 2.9% (Olivier et al., 

2013). Since pre-industrial levels, CH4 and N2O concentrations have increased by approximately 

150% and 20%, respectively (IPCC, 2007). Most of the N2O emissions can be attributed to the 

increased usage of N-based fertilizers. In 2005, the global concentration of N2O was 319 ppb 

(IPCC, 2007), and it is anticipated to increase by up to 60% by 2030 (FAO, 2003). In 2016, U.S. 

N2O emissions were 13% higher than in 1990, with agriculture responsible for roughly 77% of 

total N2O emissions. (USEPA, 2018). With a global warming potential (GWP) approximately 

300 times greater than that of CO2, and 12 times greater than that of CH4 (Forster et al., 2007), 
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N2O is involved in ozone destruction within the troposphere (IPCC, 2001). Thus, even small 

amounts of N2O emissions from agricultural systems can have detrimental environmental 

impacts (Venterea et al., 2012). 

As a result of increased GHG emissions through anthropogenic activity, scientists have 

been concerned as the Earth has continued to get warmer (IPCC, 2007). Global temperatures 

have already increased by roughly 0.4°C since 1980 (IPCC, 2001). By 2100, average global 

temperatures are expected to increase as high as 4.8°C (Hayhoe et al., 2017). Temperatures have 

risen in the Midwestern United states by more than 1.0°C between 1900 and 2010, with a 

majority of the warming occurring between 1980 and 2010. Due to some of the impacts GHG’s 

have on the environment, the United States’ Environmental Protection Agency (USEPA) has set 

goals for decreasing national (and global) GHG emissions as part of its strategy to adapt to 

climate change. 

1.1.4 Nitrification, Denitrification, and Influential Factors  

Nitrous oxide has a residence time of 118 years in the atmosphere (Prather and Hsu, 

2010). Nitrous oxide in soil is produced primarily through the processes of autotrophic 

nitrification and heterotrophic denitrification (Braker and Conrad, 2011). Nitrification is the 

microbial facilitated enzymatic process in which ammonium (NH4
+) (or ammonia (NH3)) is 

oxidized to nitrate (NO3
-). Denitrification is the microbial facilitated reduction of nitrate (NO3

-) 

to dinitrogen (N2), with other gases such as N2O, and nitric oxide (NO), being formed as 

intermediates (Robertson and Groffman, 2007). Most enzymes involved in denitrification include 

a metal co-factor such as Mo, Fe, Cu, or Zn (Signor and Cerri, 2013). Nitrifier denitrification and 
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chemo-denitrification are two other process that can result in N2O emissions (Venterea et al., 

2012). Nitrifier denitrification is the pathway in which ammonia is oxidized to nitrite (NO2
-), 

then reduced to NO, N2O, and N2 (Wrage et al., 2001). Chemo-denitrification occurs when NO2
-, 

an intermediate in denitrification, reacts with organic compounds and forms N2O and N2 

(Stevens and Laughlin, 1998).  Further, indirect denitrification may occur when N compounds 

are transported to other environmental reservoirs (Venterea et al., 2012). In all, nitrification and 

denitrification are responsible for approximately 50% of the global human N2O emissions 

(IPCC, 2007).  

Nitrogen fertilizer rate is the best single variable estimator of soil N2O emissions 

(Shcherbak et al., 2014). Bouman et al. (2002) observed a significant increase in N2O emissions 

as N application rate increased. Fertilizer composition is another important factor that can 

influence N2O emissions. The most common forms of N-based fertilizers include anhydrous 

ammonia, urea, and urea-ammonium nitrate solutions. Bouman et al. (2002) observed lower N2O 

emissions for nitrate-based fertilizers compared to ammonium-based fertilizers, animal manure, 

and a combination of the two.  As fertilizer rate increased, Liang and MacKenzie (1994) 

observed denitrification production increased linearly. At fertilization rates of  250 kg ha-1, 

Wang et al. (2018) observed an exponential increase in soil denitrification rates. The application 

of potassium in addition to N fertilizer also increases N2O emissions by 46-175% compared to N 

fertilizer application only (Li, 2020).  

Along with N-fertilization application and rate, other field management practices, such as 

tilling, influence denitrification. Groffman (1985) compared nitrification and denitrification 

fluxes between no-tillage (NT) and conventional tillage (CT) agricultural systems. He reported 
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high nitrification and denitrification rates in the top 5 cm of the NT system, but higher rates at 

the 5 – 13 and 13 – 21cm depths of the CT system. Mkhabela et al. (2008) also observed higher 

N2O rates in fields under NT compared to CT. They also reported lower N2O/(N2O+N2) in fields 

under NT, suggesting complete denitrification to N2 was more prevalent under NT systems. On 

the contrary, Elmi et al. (2003) measured N2O production under three different tillage systems 

(NT, CT, and reduced tillage) and observed similar N2O emissions under each system.  

Soil volumetric water content (VWC) is a significant factor influencing denitrification, as 

it is an indication of oxygen presence (Heinen, 2006). Spatial patterns of N2O emissions have 

been observed to be associated with soil VWC (Poblador et al., 2017).  A water-filled pore space 

(WFPS) between 60 – 70% provides ideal conditions for N2O production to occur through 

nitrification(Bateman and Baggs 2005; Akiyama et al., 2013). There is an exponential 

relationship between denitrification rate and soil moisture between 20 and 40% gravimetric 

water content (Machefert and Dise, 2004). In sandy and loamy soils, Mekala and Nambi (2017) 

reported significant denitrification at > 90% VWC. Tan et al., (2016) also observed an overall 

increase in denitrification as a function of high VWC.  

Temperature is another significant driver of denitrification. Grundmann et al. (1995) 

observed maximum soil nitrification occurred at temperatures between 20 and 25 °C. 

Nitrification rates tend to slow down when the soil temperature is around 10 °C (Sabey et al., 

1956). Saturated, anoxic soils are ideal conditions for denitrification to occur (Linn and Doran, 

1984). As soil temperature increases, denitrifier activity increases in a linear relationship, with 

the maximum activity occurring at 25 °C (Braker et al., 2010). Phillips et al. (2015) observed an 

increase in mean N2O and N2 fluxes between 19 and 35 °C. Other studies have observed 
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maximum denitrification for a system occurring at 40 °C, with N2 production dominating above 

40 °C (Lai et al., 2019). However, denitrification occurring between 0 and 35 °C is The Q10 

value defines the sensitivity of a reaction rate for every 10 °C increase. For denitrification 

resulting in N2O and N2 production, the Q10 are 2.0 and 1.4, respectively (Stanford et al., 1975; 

Phillips et al., 2015). Yu et al. (2020) reports Q10 values ranging from 1.31 to 2.98 for N2O, and 

from 1.69 to 3.83 for N2, suggesting N2 production rates are more sensitive to changes in 

temperature than N2O between 15 and 35 °C.  

Soil pH shapes soil microbial communities over a long period of time (Lauber et al., 

2009; Zhalnina et al., 2015), and is considered a master variable for N2O production in soils (Qu 

et al., 2014), significantly impacting denitrification production (Čuhel et al., 2010; Cheng et al., 

2013). Early research suggest the optimum pH for denitrification is between 7.0 and 8.0 (Van 

Cleemput and Patrick, 1974). Simek et al. (2002) determined the soil pH at which short (30 – 90 

min) and long (6 – 48 hr) term denitrification were likely to occur. They observed the optimum 

pH for short-term denitrification is near natural soil pH, and between 6.6 and 8.3 for long-term 

denitrification. This is supported by Parkin et al. (1985), who suggested prolonged exposure to 

low pH causes denitrifying communities to adapt to the low-pH environment. Simek et al. (2002) 

also observed predominantly N2O at pH < 7 and predominantly N2 at pH > 8. 

Soil organic matter (including soil organic C) is an important factor for many microbial 

processes such as denitrification (Ullah and Faulkner, 2006), as it is necessary for microbial 

growth and development. Studies have substantiated the significant positive relationship between 

denitrification potential and soil organic matter (Groffman and Crawford, 2003; Gift et al., 

2010). Results of Weier et al. (1993) and Rozas et al. (2001) indicate that C availability was the 
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most significant limiting factor, even at low NO3
- concentrations. Denitrification rarely occurs 

deep within the soil profile, likely due to the low abundance of denitrifiers as a result of low 

organic C concentration (Chen et al., 2018). Barrett et al. (2016) found that either partial or 

complete denitrification is dependent on the carbon source. When their samples were treated 

with glucose-C, partial denitrification was dominant indicated by higher N2O fluxes. Dissolved 

organic C resulted in complete denitrification to N2.  

1.1.5 Denitrification Mitigation Strategies 

 Polymer-coated fertilizers are enhanced efficiency fertilizers that release nutrients by 

diffusion through a semi-permeable polymer membrane. The release rate of the PCF’s is 

dependent on the composition and thickness of the polymer (Akiyama et al., 2009). A significant 

advantage of PCF’s includes the opportunity to synchronize N release with plant demand, 

leading to a decrease in environmental N loss (Shaviv, 2001). In a study conducted by Tian et al. 

(2015), they observed a 52% decrease in N2O emissions with the use of polymer-coated urea 

(PCU). Other reported reduction were as low as 14%, and as high as 58% (Akiyama et al., 2009). 

On a Minnesota loamy sand, Hyatt et al. (2010) observed a significant reduction in N2O 

emissions with the use of PCU compared to conventional fertilizers in fields grown under 

potatoes. In contrast, Akiyama et al. (2013) did not observe a decrease in N2O emissions with 

PCU application.  

 Using urease and nitrification inhibitors (UIs and NIs) in combination with PCF’s have 

the potential to substantially reduce environmental N loss (Lam et al., 2018). Urease inhibitors 

disrupt the enzyme urea amidohydrolase, which catalyzes the hydrolysis of urea into ammonia 
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and carbon dioxide. The activity of urease is responsible for a majority of N lost through NH3 

volatilization (Upadhyay, 2012) since urea accounts for >60% fertilizer sold worldwide 

(Prud’homme, 2016).  The most common UI is Agrotain ( N-(n-butyl) thiophosphoric triamide), 

also known as NBPT (Cantarella et al., 2018), and has been proven to reduce NH3 volatilization 

after N application under temperate soils by 22 to 47% (Sing et al., 2013; Suter et al., 2013).  The 

use of NBPT also decreased N2O production by up to 62% (Sing et al., 2013; Lam et al., 2018). 

Nitrification inhibitors slow the microbial facilitated transformation of NH4
+ to NO3

-1, which 

decreases available substrate for denitrification (Zerulla et al., 2001). Commonly studied NIs 

include DMPP (3,4-dimethylpyrazol-phosphate), DCD (dicyandiamide), and nitrapyin (2-chloro-

6-(trichloromethyl) pyridine) (Zerulla et al., 2001; Liu et al., 2013; Elmi et al., 2017; Calderon et 

al., 2005; Niu et al., 2018). Recent studies have shown N2O emissions can potentially be reduced 

by 15 to 87% with the use of NIs compared to conventional fertilizers (Lam et al., 2018; Liu et 

al., 2013; Steusloff et al., 2019; Khalil et al., 2009). Utilizing a combination of both UIs and NIs 

may provide further significant reduction in denitrification emissions. In a study conducted by 

Pereira et al. (2013), they observed a 92% decrease in NO emissions and a 75% decrease in N2O 

emissions relative to the UI alone. 

1.1.6 Measuring Denitrifier Enzyme Activity in Soils Using Next Generation Sequencing 

Techniques. 

A main goal of soil microbial research includes understanding what microorganisms are 

present and assessing their abundance and activity. (Zimmerman et al., 2014). Cultural 

laboratory methods have traditionally been used to determine the presence of specific 

microorganisms or groups of related microbes. However, it has been estimated that roughly 99% 
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of the soil microorganisms are unculturable (Davis et al., 2005; Epstein, 2013). Utilizing DNA 

sequencing methods allows for the study of those unculturable microorganisms. Currently, there 

are roughly 652 microorganisms that contain the genes for enzymes involved in denitrification 

(Graf et al., 2014). Figure 1.1 is an illustration of the denitrification pathways and genes 

associated with each step. Some genes have been observed in both denitrifying and non-

denitrifying microorganisms, making the estimates for denitrification that much more difficult 

(Hendriks et al., 2000). 

There are several sequencing methods for DNA that enable the quantification of specific 

genes present in a sample. In some cases, based on the sequence of the DNA primer, a specific 

organism or species can be identified. Reverse-transcriptase quantitative polymerase chain 

reaction (RT-qPCR) is considered the gold standard for gene expression analysis and 

quantification due to its accuracy, sensitivity, and rapid results (Derveaux et al., 2010). The RT-

qPCR occurs in three steps. First, RNA is converted to cDNA. Next, the cDNA is amplified 

using the PCR. The last step is the quantification of amplification products in real time (Gibson 

et al., 1996). The only difference between real-time qPCR and RT-qPCR is the starting molecule. 

Real-time qPCR is DNA-based while RT-qPCR is RNA based. Other sequencing technology 

includes DNA microarray analysis, Roche/454 FLX pyrosequencing, Illumina sequencing, 

Sanger sequencing, and SOLiD sequencing (Mardis, 2008).  The use of a microarray involves a 

microchip that contains arrays of DNA elements that can be related to a particular gene 

expression. Pyrosequencing utilizes DNA polymerase to add nucleotides and involves the release 

of pyrophosphate in the end, activating a luciferase enzyme that produces light. The production 

of light is related to the number of nucleotides that are added, and serves as the basis for 
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quantification (Mardis, 2008). Sanger sequencing has been widely utilized to analyze 

environmental and clinical  samples (Iaconelli et al., 2017; Mancini et al., 2018; Trabaud et al., 

2017; Tsiatis et al., 2010). This method also allows for the identification of specific sequences 

and can provide sequences up to 1000 base pairs long (Sanger et al., 1977; Zimmerman et al., 

2014). Similar to pyrosequencing, SOLiD DNA library is created on beads, however, sequences 

are read twice, making it highly accurate (Hurd and Nelson, 2009). Nanostring sequencing is a 

relatively new technology that has been critical in clinical research (Norton et al., 2013; Saba et 

al., 2015; Scott et al., 2013) and to understand microbial N dynamics in agricultural soils 

(Cloutier et al., 2019). The nCounter system, developed by Nanostring Technologies, performs 

gene detection by assigning unique bar codes containing capture probes, and then fluorescence is 

quantified with a digital analyzer (Geiss et al., 2008; Cloutier et al., 2019). There are many 

advantages to utilizing the nCounter. First, it can analyze multiple DNA or mRNA targets 

without PCR. Second, the DNA and mRNA probes are highly specific, meaning only the target 

sequence will be detected. Lastly, it can detect molecules present in low abundance. Since the 

nCounter has a high specificity, major drawbacks with this method include its inability to detect 

unidentified genes (Cloutier et al., 2019). 

Droplet digital polymerase chain reaction (ddPCR) uses Taq polymerase chemistry for 

genetic amplification (Taylor et al., 2017) and is conducted in four steps. After RNA isolation 

and the necessary primer, probe, and supermix are prepared, the samples are placed into a droplet 

generator that partitions the samples into roughly 20,000 droplets at the nL size. Next, the 

droplets are amplified through PCR using a thermocycler. Once amplification is complete, the 

sample is placed in a droplet reader that uses a two-color detection system to determine whether 



11 

 

the targeted sequence is present. Lastly, the ddPCR software determines the concentration in the 

sample by comparing the number of positive and negative reads (Bio-Rad Laboratories, Inc.). 

Droplet digital PCR follows Poisson statistics, with the equation, 

λ = -ln(1-p), being used for endpoint calculations. Here, λ represents the average number of 

target sequences per replicate reaction and p is the fraction of positive end-point reactions 

(Hindson et al., 2011) 

Droplet digital polymerase chain reaction provides researchers with a quick, robust, 

cheaper and accurate way of understanding and quantifying functional genes. It has been highly 

utilized in the medical field, including HIV quantification (Trypsteen et al., 2016) and 

quantification of donor DNA for transplant recipients (Beck et al., 2013). In addition, this 

method has also been used in environmental samples to quantify DNA and estimate the 

distribution of aquatic animals from a fish farm (Doi et al., 2015) and estimate the number of 

rotavirus present in water samples (Rački et al., 2014). The ddPCR mechanism has also been 

used to study soil microbiology. For instance, ddPCR was used to measure the relative 

abundance of various Aspergillus species in a vineyard soil (Palumbo et al., 2016). Dong et al. 

(2014) evaluated ddPCR to characterize plasmid reference material that was used for quantifying 

ammonia oxidizers and denitrifiers from a coarse loamy soil under cotton – spring maize rotation 

in China. Currently, there are not any studies that have applied ddPCR technology to study 

denitrification in soils, which makes this proposed study unique (see below). However, other 

quantification techniques, such as qPCR, have been used to quantify functional genes responsible 

for a range of processes in soils. These studies have included quantification of genes capable of 

degrading contaminants in soils, such as polycyclic aromatic hydrocarbons (Shahsavari et al., 
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2016) and the herbicide atrazine (Thompson et al., 2010). In addition, qPCR has been applied to 

quantification of genes associated with nitrate-reducing bacteria (López-Gutiérrez et al., 2004) 

and the nosZ gene which codes for nitrous oxide reductase (Henry et al., 2006). Tomasek et al. 

(2017) analyzed sediment samples from an agricultural watershed for norB, narG, nirS, nirK, 

and nosZ and Smith et al. (2007) measured the abundance of nitrate and nitrite reductase genes 

in estuarine sediments using qPCR analysis. 

Having been developed in 2011 (Hindson et al., 2011), there are many advantages to 

ddPCR. One advantage is during analysis, a standard curve does not need to be developed to 

determine sample concentration (Taylor et al., 2017). Avoiding the development of a curve will 

make results more comparable amongst researchers (Koepfli et al., 2016). In other types of real 

time qPCR, a standard curve is necessary to determine absolute quantification of gene copies. A 

second advantage is ddPCR is more accurate and precise than qPCR. Hindson et al. (2013) 

conducted a study in which they compared microRNA quantification by both ddPCR and qPCR. 

Their results showed ddPCR decreased variability amongst samples between 37 and 86%. 

Accuracy can also be attributed to the probe that is utilized in ddPCR. Thompson et al. (2010) 

conducted a study in which they estimated the abundance of atrazine chlorohydrolase gene, atzA, 

in soils using both a TaqMan probe chemistry and SYBR Green real-time qPCR chemistry. They 

observed that the TaqMan probe had the sensitivity to detect lower copy numbers in samples and 

provided more consistent, repeatable, and accurate results compared to the SYBR analysis. 

Furthermore, Hindson et al. (2013) also observed that ddPCR provided greater reproducibility of 

results across days compared to qPCR by a factor of roughly seven. Koepfli et al. (2016) also 

observed greater reproducibility in the results from ddPCR compared to qPCR when measuring 
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the abundance of P. falciparum and P. vivax in clinical patients. A third advantage is ddPCR is 

sensitive enough to obtain measurements from samples with low quantities of target sequence 

and low contamination. In a study conducted by Taylor et al. (2017), they directly compared 

results from ddPCR and qPCR analysis using purified synthetic DNA. It was observed that when 

samples contained low quantities of target sequence, both ddPCR and qPCR showed similar 

numbers of detection. However, when the samples contained certain contaminants that hindered 

the activity of Taq polymerase, the efficiency of qPCR decreased. Rački et al. (2014) also 

observed improved success when using ddPCR on environmental samples containing 

contaminants compared to qPCR. During this study, the acceptable number of droplets were 

obtained with every contaminant in their study except for the samples with humic acid, which 

was slightly below the acceptable criterion.  

Even though ddPCR has many benefits, its major limitation is that it requires prior 

knowledge about the targeted gene or species must be known for primer development. It is also 

possible, but very unlikely, the wrong base pairs are integrated during the polymerization process 

(Garibyan and Avashia, 2013). In a study comparing two genes that code for nosZ, Orellana et 

al. (2014) observed that the two genes share 60.9% ± 8.2% nucleotide identity. Results from 

ddPCR analysis provides the opportunity to quantify gene expression for the denitrifying 

community and relate it to actual denitrification measurements that occur in the field. This is 

similar to that of N𝑒́meth (2012), in which they quantified specific genes involved in the N-cycle 

and compared them to the spring-thaw microbial N2O flux in corn fields. Thus, denitrifying 

enzyme abundance can be related to soil conditions in the field, such as landscape position, soil 

moisture, soil temperature, and soil oxygen levels. Currently, there is a gap in the literature that 
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pertains to relating denitrifying gene quantity to the denitrifying community in soils in general, 

but more specifically, on poorly drained claypan soils. 

1.2  Need for the Research 

Claypan soils occupy roughly 4 million ha across the Midwest, including Missouri, 

Illinois, and Kansas (Anderson et al., 1990). Argillic horizons are the major contributor to the 

poor drainage of claypan soils, resulting in very low saturated hydraulic conductivity (Ksat) when 

they are wet. During significant rainfall events that saturate the claypan, a perched water table 

can develop above the claypan, causing lateral sub-surface flow known as interflow (Minshall 

and Jamison, 1965; Blanco-Canqui et al., 2002). The physical characteristics of claypan soils 

combined with a humid, temperate rainfall pattern creates optimal conditions for denitrification 

to occur as prolonged saturated conditions may persist throughout the landscape, not just in 

lower topographic areas.  

 Furthermore, previous research suggests that gaseous emissions of applied N fertilizer 

may be the major loss pathway for N in agricultural production systems, especially in poorly 

drained soils. On a silty clay loam in Venice, Italy, Gumiero et al. (2011) observed high 

denitrification rates from soil horizons saturated by a perched water table. Similarly, Burt et al. 

(2002) concluded denitrification rates increase as the water table becomes elevated in the profile, 

especially for longer periods of time. In a study conducted by Blevins et al. (1996), they applied 

15N-nitrate fertilizer in a northern Missouri field over two growing seasons. Using a mass 

balance approach, the study directly measured the 15N in soil, water, and plants (corn). After the 

two growing seasons, roughly 38% of the N was unaccounted for and was no longer present in 
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the soil-water-plant system. Approximately 30% of the N was present in the saturated zone of the 

soil, 27.3% in the grain, and roughly 5% was present in the unsaturated zone of the soil. It is 

speculated that the unaccounted N was lost from the soil through denitrification. Furthermore, 

there are hotspots and hot moments that occur, in which soil N2O emissions may be high in a 

particular area in the field for a short amount of time (Groffman et al., 2009). Obtaining a greater 

understanding about the denitrifying community could provide a better understanding of both the 

spatial and temporal variability of soil N2O emissions. This research also aims to provide 

information on the relationship between denitrifier gene abundance and emissions of the 

different gas products of denitrification since this has not been definitively established 

(Butterbach-Bahl et al., 2013). To help establish this relationship, it important to recognize gene 

presence, gene abundance, and gene distribution within the environment as important factors 

(Smith and Osborn, 2009). The studies presented below represent an integrated approach to 

studying denitrification in claypan soils. The overarching goal of these studies will be to quantify 

the spatial and temporal variation in denitrification in two claypan fields with contrasting crop 

management.   

1.3  Objectives and Hypothesis 

Primary Research Objective 

To estimate denitrification and investigate the spatial distribution of denitrification and 

denitrification gene abundance, on poorly drained claypan soils. 

Specific Research Objectives 
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1. Relate abundance of nosZ to measured denitrification flux from soil cores collected 

across landscape transects. 

2. Use the denitrification enzyme activity (DEA) for measuring spatial dependence and 

variation from grid samples collected from two fields and relate DEA N2O flux to 

nosZ gene abundance and total denitrification flux of the soil cores. 

3. Use the data from soil cores, DEA assays, and high resolution field sensor data (soil 

moisture, temperature, and oxygen), to develop field-scale denitrification estimates 

and determine its importance to the N budget. 

Specific Research Hypotheses 

1. Denitrification is a major loss pathway of N fertilizer in claypan soils compared. 

2. Denitrification is influenced by soil properties that vary with landscape position, rather 

than management strategies. 

1.4  Potential Significance of Research 

Denitrification is a difficult process to study as it encompasses a wide array of 

environmental variables. This research will aid in the scientific understanding of the process of 

denitrification and the inter-relationships between soil properties, environmental variables, 

denitrifying genes and expression, and the denitrifying microbial community. With the wealth of 

data collected in association with this study and the statistical analyses, the development of field-

scale maps for denitrification potential of the surface soils, and computation of seasonal and 

annual denitrification rates at the field-scale based on the sensor data will aid in our 

understanding of how important denitrification is to the N budget of agricultural systems. This 
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work supports algorithms for predicting denitrification at the field-scale, and thus, improve the 

ability of existing computer models to simulate N dynamics. Furthermore, this work will 

contribute to a better understanding of the contribution of agricultural production systems to soil 

N2O emissions from soils and their impact on global climate change. From a management 

perspective, understanding the magnitude of denitrification and its potential relationship to 

landscape position, management, and season will lead to recommendations for crop and soil 

management practices that improve N fertilizer use efficiency and decrease greenhouse gas 

emissions.  

1.5  Dissertation Organization 

 This dissertation is organized in a series of five chapters. Chapter 1 was the literature 

review that discussed the need to better understand denitrification, past and present problems 

with N2O emissions, how environmental factors influence denitrification, how management 

strategies impact denitrification, and the molecular methods that are utilized to understand the 

soil microbial denitrifying community. Spatial variability of actual and potential N2O emissions 

on Missouri claypan soils is discussed in chapter 2. Chapter 3 is a comparative analysis of three 

next-generation sequencing techniques measuring nosZ abundance in Missouri claypan soils. 

Chapter 4 models and estimates denitrification rates at the field scale on Missouri claypan soils. 

The close of the dissertation is chapter 5, which discusses the overall conclusions of this 

research. 
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CHAPTER 2 

SPATIAL VARIABILITY OF ACTUAL AND POTENTIAL DENITRIFICATION 

EMISSIONS ON MISSOURI CLAYPAN SOILS 

 

2.1   Abstract 

Denitrification in agricultural soils is responsible for a majority of anthropogenic nitrous 

oxide (N2O) production and N2O has a global warming potential approximately 300 times that of 

carbon dioxide. The objective of this research was to assess the spatial dependence of soil N2O 

flux from claypan soils. Surface soil samples (0-10 cm) were collected on a 90-m grid from two 

central Missouri claypan fields that were representing different typical agricultural management 

systems. Potential denitrification rates were measured using the denitrification enzyme activity 

(DEA) protocol and actual denitrification rates of N2O and N2 were measured with the N-free 

atmospheric recirculation method (N-FARM). Potential denitrification rates were not 

significantly different between fields, but they were greater in the toeslope position (p < 0.05) 

compared to the back-slope and summit positions. Actual denitrification was dominated by N2 

rather than N2O emissions in both fields, and fluxes of both gases were not significantly affected 

by landscape position. Actual N2, N2O, and total denitrification (N2 + N2O) fluxes were not 

different between fields. Actual denitrification fluxes showed a similar landscape pattern to that 

of denitrification potential, with the backslope having lower emissions than the summit and 

toeslope. Although the high smectitic clay content of upland soils provides environmental 

conditions suitable for denitrification, these results indicated that potential denitrification rates 

were higher in the toeslope position due to accumulation of soil C from long-term sediment 

deposition. Thus, the increased rates of complete denitrification (NO3
- to N2) in the backslope 

potentially resulted from greater soil loss at this landscape position, leading to shallow claypan 
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depth and extended saturated conditions near the surface. Therefore, long-term erosion patterns 

rather than current or recent crop management systems controlled observed spatial patterns of 

denitrification on these claypan fields.   

2.2  Introduction 

Denitrification is the soil microbial facilitated reduction of nitrate to a series of gases 

including nitrous oxide (N2O), a potent greenhouse gas (GHG), and di-nitrogen (N2) (Knowles, 

1982), and is the least well quantified process in the soil nitrogen (N) cycle (Parkin et al., 1984). 

Nitrous oxide is a potent greenhouse gas with a global warming potential (GWP) greater than 

that of methane (CH4) and carbon dioxide (CO2) (Forster et al., 2007), and is predominantly 

produced from agricultural systems (Oenema et al., 2001). Staying in the atmosphere for ~118 

years before decomposition, N2O is also a tropospheric ozone depleting gas (Prather and Hsu, 

2010; IPCC, 2001). Globally, there has been an interest in significantly reducing GHG 

emissions. In 2015, the Paris Agreement was drafted by the United Nations to bring international 

attention to the significance of global warming and climate change. This agreement aims to limit 

the rate at which the global average temperature increase compared to pre-industrial levels 

(UNFCCC, 2015). Since N2O has such a higher GWP than CH4 and CO2, there is great interest 

in developing and implementing agricultural practices that reduce cumulative N2O emissions 

(Millar et al., 2010). Denitrification is also a major factor contributing to lower nitrogen use 

efficiency (NUE) (Cassman et al., 1998). Thus, decreasing N2O production from agricultural 

systems may potentially increase NUE, improving crop production and sustainability, while 

decreasing GHG emissions associated with crop production.  

 The Central Claypan Areas (Major Land Resource Area 113) cover roughly four million 

hectares in the Midwest United States, mainly in northeastern Missouri and south-central Illinois 
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(Anderson et al., 1990; Lerch et al., 2008). Claypan soils are characterized by a smectitic argillic 

horizon (Bt) in which the clay content increases 100% compared to the horizon directly above it 

(Myers et al., 2007). The claypan is the key hydrologic feature of the soils, resulting in both high 

runoff under wet conditions and development of preferential flow paths due to extensive vertical 

soil cracking when dry. Saturated hydraulic conductivity of these soils is very low (<10 mm/h) 

(Nash et al., 2012; Blanco-Canqui et al., 2002; Mudgal et al., 2010), and under saturated 

conditions, a perched water table forms at the top of the claypan. As a result, they are considered 

poorly drained and crop management is especially difficult on these soils as prolonged wet 

conditions make field operations challenging in spring (Hsiao et al., 2018). Further, the drainage 

characteristics of claypan soils combined with their widespread occurrence in upland landscape 

positions creates potentially ideal conditions for denitrification to occur throughout claypan 

watersheds, not just in lower landscape positions.  

 Denitrification production is impacted by several factors including tillage practices and 

nitrogen (N)-based fertilizer type, placement, and rate (Millar et al., 2010), soil pH (Čuhel and 

Šimek, 2011), soil water content and water-filled pore space (WFPS) (Dobbie and Smith, 2001), 

the presence of denitrifying microbial communities, nitrate concentration, and the amount and 

quality of organic carbon (Sirivedhin and Gray, 2006; Florinsky et al., 2004). Landscape 

topography patterns are drivers of these soil properties that influence denitrification patterns 

(Pennock et al., 1992). On a Canadian soil, Corre et al. (1996) observed significantly higher 

denitrification rates in the footslope compared to the backslope. Similary, Chintala et al. (2015) 

observed greater denitrification potential in the footslope compared to the summit; however, 

actual N2O and total denitrification rates were lower in the footslope. Florinksy et al. (2004) 

reported no relationship between N2O flux and landscape position.  
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 The nitrogen-free atmospheric recirculation method (N-FARM) has been utilized to 

better understand denitrification (Burgin et al., 2010; Burgin and Groffman, 2012; Morse et al., 

2015; Morse et al., 2015). Described first by Parkin et al. (1984), this method involves 

continuously circulating a gas to fill the soil micropores. It has been adapted by others (Swerts et 

al., 1995; Butterbach-Bahl et al., 2002; Burgin et al., 2010). Burgin et al. (2010) used the N-

FARM to better understand how soil O2 levels regulate denitrification. They observed greater 

denitrification rates at 0% O2 compared to 20% O2 levels in both the control and within the 

treatment in which nitrate NO3
- was added. Denitrification potential was also measured and 

provided similar results in regards to O2 concentration. However, average denitrification 

potential rates were greater than actual denitrification rates by at least 10-fold. Morse et al. 

(2015) used a similar setup to measure soil-atmosphere N2O and CO2 fluxes during snowmelt in 

a northern hardwood forest. They observed that denitrification was significantly influenced by 

elevation and season, with more denitrification occurring during snowmelt. In another study 

conducted by Morse et al. (2015), the used the N-FARM to measure soil denitrification flux  in 

forest soils.  

 The DEA assay was developed to determine denitrification potential of a soil under non-

limiting conditions (Groffman et al., 1999). Use of the DEA with grid soil sampling allows for 

interpretation of spatial patterns in denitrification across fields to better understand landscape 

scale factors controlling denitrification. When coupled with actual denitrification rates, there is a 

major opportunity to better understand the factors that regulate denitrification. Further, the 

impact landscape position has on soil properties that influence denitrification has not been 

extensively studied, in particularly on claypan soils. Stanley (1998) identified and isolated 

facultative anaerobes on these soils that suggest these soils have a high denitrification potential. 
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Thus, the objectives of this study were to: 1) use the DEA assay for measuring spatial variation 

in denitrification in two claypan fields under different management practices; 2) measure actual 

N2O and N2 flux of intact soil cores from the same two fields using N-FARM; 3) establish a 

relationship between potential and actual denitrification rates for the fields; and 4) assess the 

effect of landscape position on potential and actual denitrification rates.  

2.3 Materials and Methods 

2.3.1 Site Location 

 This study was conducted in two fields within the Goodwater Creek Experimental 

Watershed (GCEW) which is a core part of the Central Mississippi River Basin long-term 

agroecosystem research (LTAR) network located in northeastern Missouri (Figure 2.1 A). One 

field, Field 1 (39°13’46.92” N , -92°7’0.84” W), is an ‘aspirational’ system implemented in 2016 

and is under no-till (NT), corn-soybean-wheat (C-S-W) rotation management system with a 

variable N rate application designed to be more sustainable than typical production systems of 

the region. A cover crop is planted following wheat and the field effectively has 100% residue 

cover following corn and soybean. The other field, Field 3 (39°13’55.56” N, -92°9’0.36” W), is 

designated as ‘business as usual’ and is representative of typical row crop production systems in 

the region with disc tillage and corn-soybean-soybean (C-S-S) rotation management system. 

Management information during the years of this study are listed in Table 2.1. The common soils 

series include Putnam or Adco silt loam in the summit position, Mexico silt loam in the shoulder 

position, and Leonard silt loam in the side-slope position, all classified as fine, smectitic, mesic 

Vertic Albaqualfs. The common soil series in the toeslope position is Moniteau silt loam (fine-

silty, mixed, superactive, mesic Typic Endoaqualfs) (Soil Survey, 2019). 
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2.3.2 Soil Sampling and Characterization 

 Six sets of intact soil cores were obtained within each field along two landscape transects, 

covering a catena sequence from summit to toeslope positions (Figure 2.2 A and B). Soil cores 

were collected in May and November 2016 and March and November 2017. In addition, a set of 

cores were collected in Field 3 in April 2018 and in Field 1 in September 2018. Six cores were 

collected per transect in duplicate for a total of 24 cores per field. Cores were collected to depths 

of 60-80 cm such that at least one claypan horizon was included. Each core was collected in a 5 

cm diameter plastic liner, which was capped at each end, and immediately placed in coolers, with 

or without ice depending on the sample date. The soil cores were then refrigerated until analyses 

were performed. At each sample time, one set of intact cores was used for actual denitrification 

measurements by the N-FARM (see below) and the other for basic characterization of soil 

chemical and physical properties. 

 Grid sampling was conducted in each field to obtain soils for the DEA assay. Surface 

soils were collected to a 10 cm depth on a 90 m grid within each field, for a total of ~45 samples 

per field (Figure 2.2 A and B). In Field 1, additional soil samples were obtained near the edge of 

the field next to the drainage way to represent riparian conditions. In Field 3, additional samples 

were acquired from the riparian area to the west of the field and along the northern boundary of 

the field. At each sample location, 5-10 sub-samples were collected using a hand-held soil probe 

(1.27 cm diameter) within ~0.3 m circumference of the grid location and composited. All 

samples were passed through a sieve with 2 mm openings. The samples were analyzed by the 

University of Missouri Soil and Plant Testing Laboratory using standard soil testing procedures 

(Nathan et al., 2006) for concentrations of nitrate-N, ammonium-N, organic matter, and other 

characteristics (Table 2.2). Total organic carbon (TOC) was calculated by dividing organic 
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matter content by 1.72. Grid samples were obtained from Field 3 on April 12, 2018 and from 

Field 1 on July 23, 2018. In addition, soil samples were obtained in the fall of 2015 from the two 

fields using the same 90 m grid to a depth of 60 cm in 15 cm intervals. These samples were 

analyzed for soil biomass C (BC) and biomass N (BN) concentrations using potassium sulfate 

(K2SO4) extraction and chloroform fumigation (Brookes et al., 1985), and the data for the 0-15 

cm depth were used in this study.  

2.3.3 Landscape Delineation 

 Soil samples were designated in the summit, backslope, and toeslope landscape positions 

(Figure 2.2 A&B). In order to objectively separate soil samples by landscape position, the light 

detection and ranging (LiDAR) data for Boone County was used (https://data-

msdis.opendata.arcgis.com/). For Field 1, a combination of soil mapping units, aerial imagery 

showing the drainage channel in the center of the field, observed depth to claypan in soil cores, 

and the 1.5 m LiDAR data was used to determine the boundaries for each landscape position. For 

Field 3, the boundaries were determined based solely on the 1.5 m LiDAR data.  

2.3.4 Denitrification Potential 

 The DEA assay was used to measure potential denitrification of the grid soil samples 

from both fields (Groffman et al. 1999). The DEA media consisted of 0.72 g KNO3, 0.5 g 

glucose, 0.125 g chloramphenicol, and DI water brought to 1L, and was added to two reps of 5 g 

of sieved soil samples in a 125 Erlenmeyer flask. The gas from the flask was evacuated for three 

minutes and flushed for one minute with N2, with this cycle occurring three times. The 

incubation process followed the evacuation with addition of 5 mL of acetylene to each flask to 

prevent N2O from being reduced to N2 during the incubation or analysis. Lastly, the flask were 

placed on a shaker table at 125 rpm and two 10 mL gas samples were extracted from each flask 

https://data-msdis.opendata.arcgis.com/
https://data-msdis.opendata.arcgis.com/
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at t1=30 minutes and t2=90 minutes. The gas samples were analyzed for N2O concentration with 

a gas chromatograph (GC) (Shimadzu, Kyoto, Japan) equipped with a headspace autosampler 

and an electron capture detector (ECD). 

2.3.5 Actual Denitrification Measurements 

Total denitrification flux of intact soil cores (N2 plus N2O), hereafter referred to as actual 

denitrification, was measured using N-FARM, in which He and O2 are continuously circulated to 

fill the soil macropores and exclude atmospheric N2 (Parkin et al., 1984). The soil cores were 

encased in stainless steel tubes connected to a gas-tight flow injection system built from 

Swagelok connections (Swagelok Co., Solon, OH), which is connected to a GC (Shimadzu, 

Kyoto, Japan) containing a He chamber that uses a thermal conductivity detector (TCD) to 

measure N2, and an electron capture detector (ECD) to measure N2O.  The different gas 

treatments included a mixture of He and O2, with O2 concentrations of 0 and 20%. The soil cores 

were injected with incubation gasses, with gas removal by a vacuum every 90 seconds for 

roughly 14 hours. During this timeframe, N2 was being evacuate from the cores, allowing N2 

production to be measured from the soil cores, instead of atmospheric N2. Next, the system was 

set to an incubation state, allowing gaseous products to produce and accumulate in the stainless 

steel tubes. After flushing was complete and denitrification products produced in the tubes, gas 

samples were taken over a 4-6 hour period, at three time intervals, t0 (0 min), t1 (2-3 hours after 

t0), and t2 (2-3 hours after t1) (Burgin et al., 2010).  

2.3.6 Statistical Analysis 

 The Mann Whitney U test was performed to determine whether there were differences in 

potential and actual flux rates between fields. One-way analysis of variance with Tukey’s 

multiple comparison test were used to determine landscape effects on denitrification potential, 
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actual N2O and N2 flux, and soil concentrations of BC, BN,  TOC, NO3-N, and NH4-N. Pearson 

correlation tests were performed to determine possible relationships between potential and actual 

flux and soil concentrations of BC, BN, TOC, NO3-N, and NH4-N. Multiple linear regression 

models were developed to predict potential and actual denitrification based on landscape position 

and soil concentrations of BC, BN, TOC, NO3-N, and NH4-N. Significance level for all analyses 

was α = 0.10, unless noted otherwise. All analyses were conducted using SAS 9.4 (SAS Institute 

Inc., Cary, NC, USA). 

2.4  Results  

2.4.1 Management, Landscape Position, and Denitrification Potential  

 Average denitrification potential for Fields 1 and 3 were both 1.11 kg N ha-1day-1 (Figure 

2.3). While mean denitrification potential was not significantly different between fields, N2O 

flux variability was approximately 39% higher in Field 3 compared to Field 1. Since potential 

denitrification rates were not significantly different between fields, N2O fluxes were pooled to 

assess landscape effects. Denitrification potential fluxes were very similar at the summit (0.92 kg 

N ha-1day-1) and backslope (0.95 kg N ha-1day-1) and significantly greater in the toeslope (1.63 

kg N ha-1day-1) than the upper landscape positions (Figure 2.4).  

 Using the 90-m grid samples, estimated spatial distribution of potential N2O flux for 

Fields 1 and 3 were generated, along with hot spot and cold spot analysis (Figures 2.5). Soil 

samples from the edge of Field 1 were omitted from these analysis due to the large distance from 

the main field samples. Estimates of potential N2O flux for Field 1 ranged from approximately 

0.082 to 2.611 kg N ha-1 day-1 and from 0.003 to 4.692 kg N ha-1 day-1 for Field 3. Denitrification 

potential was higher in the toeslope landscape position for both fields. However, in Field 1, hot 

and cold spots were more spatially varied than Field 3 with significant hotspots identified in the 
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summit (p < 0.10), backslope (p < 0.05), and toeslope (p < 0.01), and significant cold spots 

identified in the summit (p < 0.10) and backslope (p < 0.05) positions. In Field 3, there were no 

significant cold spots identified, and the two hotspots identified in the toeslope position were 

both located in the southeast corner of the field (Fig. 2.5B). 

2.4.2 Soil Characteristics and Landscape Position 

Microbial biomass C measurements for the summit, backslope, and toeslope positions 

were 66.0, 47.2, and 94.0 mg L-1, respectively (Table 2.3). Average BC concentration in the 

toeslope was significantly greater than average BC concentration in the backslope (p < 0.10), but 

it was not significantly different from the summit, despite the toeslope having~35% greater BC. 

Biomass N measurements were similar across all landscape positions, and there were no 

significantly differences in BN across landscape (p > 0.10). Nitrate-N concentrations for the 

summit, backslope, and toeslope landscape positions were 21.7, 17.4, and 30.3 g ha-1, 

respectively. Average NO3-N concentration in the toeslope was significantly higher than the 

other two landscape positions. Similarly, NH4-N concentrations were highest in the toeslope 

(3.07 g ha-1) and were significantly greater than the backslope, but not the summit position (p < 

0.10). Total organic carbon was also highest in the topeslope, and it was significantly greater 

than TOC concentrations of the summit and backslope which were similarly low and not 

significantly different (Table 2.3).  

2.4.3 Relationship of Soil Properties to Denitrification Potential 

 Figure 2.6 A and B illustrate co-kriged estimates of denitrification potential in relation 

with NO3
-, NH4

+, and TOC as co-variables. In Field 1, estimates ranged from 0.0026 to 0.0824 

kg N ha-1 day-1, with the higher denitrification potential estimates in the toeslope. Estimates for 

Field 3 ranged from approximately 0.0034 to 4.6921 kg N ha-1 day-1 (Figure 2.6A). Similarly, 
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estimates in Field 3 were higher in the toeslope. However, there were also high estimates of 

denitrification potential present in other landscape positions. While the kriged and co-kriged 

denitrification potential estimates were very similar in Field 3, co-kriged estimates for Field 1 

appear to mute the landscape effects compared to the kriged estimates. As a result, the range of 

co-kriged estimates for Field 1 were much lower than the kriged data (Figure 2.5A; Figure 2.6A). 

The co-kriged maps for both fields more closely align with landscape position and the spatial 

distribution of soil series than the kriged maps (Figure 2.1 B&C; Figure 2.5 A&B). The co-

kriged parameters were strongly landscape dependent and as a result, influenced the DEA 

estimates to reflect landscape and soil series differences to a greater extent than the kriged data. 

Thus, the co-kriged estimates appear to be more useful than the kriged estimates. This is 

supported by the significant correlation that existed between BN, NO3-N, TOC, and 

denitrification potential.   

2.4.4 Actual Denitrification  

  Figure 2.7 illustrates actual denitrification rates for Fields 1 and 3 partitioned by N2O 

and N2 fluxes, showing that N2 flux accounted for >85% of the total denitrification (N2/(N2O + 

N2)). Total denitrification (N2O+N2) rates were not significantly different between fields nor 

were the individual N2 and N2O rates, despite the fact that Field 3 had nearly twice the rates of 

Field 1. As a result, total denitrification rates were pooled across fields to assess the effects of 

landscape position (Figure 2.8). Actual N2 flux rates for the summit, backslope, and toeslope 

landscape positions were 0.178, 0.120, and 0.367 kg N ha-1day-1, respectively. Figure 2.8 also 

illustrates that total denitrification emissions measured by N-FARM for Fields 1 and 3 were 

significantly lower than denitrification potential overall and at every landscape position (p = 

0.05).  
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2.4.5 Variables for Predicting Potential and Actual Denitrification  

 Regression analyses showed the models containing the variables landscape, BC, BN, 

NO3-N , NH4-N , and TOC were useful for predicting denitrification potential (p = 0.0003), but 

not for actual N2O, N2, or N2O + N2 rates (p > 0.10) (Table 2.3). Landscape, NO3-N , and TOC 

were significant variables in the model for denitrification potential. In addition, denitrification 

potential was significantly correlated to BN, NO3-N, and TOC, but not to actual N2O or N2 rates 

(Table 2.4). Actual N2 and N2O rates were only significantly correlated to each other (p < 0.10) 

and not to any of the soil parameters.  

2.5  Discussion 

2.5.1 Management Impact on Actual and Potential Denitrification 

 Results from this study suggest management was not a significant factor in regards to 

denitrification potential in the two fields (Figure 2.3). These results were opposite to those of 

Pareja-Sánchez et al. (2020), who found that denitrification potential was impacted by tillage, N 

application timing, and type of N fertilizer applied. Management impacts on denitrification 

potential were also reported by Groffman et al. (1993), in which they observed higher 

denitrification potential in unburned sites compared to disturbed sites that were burned, grazed, 

or cultivated. A major difference between those studies and this one was the soils and climate. 

Pareja-Sánchez et al. (2020) conducted their study in Spain under semiarid conditions, and 

Groffman et al. (1993) conducted their research on Mollisols in Central Kansas, while this study 

was performed on Alfisols in the southern Corn Belt. 

Although actual denitrification was not significantly different between the two fields, 

total denitrification was approximately two times greater in Field 3 than Field 1 and much more 

variable (Figure 2.7). Thus, management may have impacted the magnitude and variability of 
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actual denitrification. These results are similar to that of Fiorini et al. (2020), in which they 

observed a 40-55% decrease when combining an NT and cover crop management practice 

compared to a conventional tillage management practice. Conversely, in the comparison of NT 

and conventional tillage, Liu et al. (2006) and MacKenzie et al. (1997) observed an increase in 

soil N2O production under NT management systems. These studies suggested that greater WFPS 

was maintained under NT management, resulting in increased N2O production (Bateman and 

Baggs, 2005; Dobbie and Smith, 2001; Linn and Doran, 1984; Ruser et al., 2006). Our results are 

also opposite of Wang and Zou (2020), who observed an increase in N2O emissions under no-till 

compared to total denitrification. Even in our ‘aspirational’ system under no-till, a significant 

majority of total denitrification emissions were N2. Nash et al. (2012) also observed an increase 

in N2O emissions in fields under no-till/surface broadcasted N treatment compared to strip-

till/deep banded N placement on a Missouri claypan soil. However, the magnitude at which 

tillage practices impact soil N2O emissions remains highly variable (Gregorich et al., 2008). 

 A possible explanation for the increase in total denitrification for Field 3 would be due to 

a higher NO3
- concentration compared to Field 1 (Table 2.2). Nitrate concentrations in Field 3 

were approximately 2.3 % lower in the summit, but 31.5, and 51.8% greater than Field 1 in the 

backslope and toeslope landscape positions, respectively. Senbayram et al. (2011) observed 

much higher N2O/(N2O+N2) when NO3
- concentrations were high. The lower concentration of 

free NO3
- in Field 1 could be due to the lower rates of N fertilizer applied, the type of fertilizer 

applied (Table 2.1), and/or crops in Field 1 may have a higher NUE than those in Field 3. 

MacKenzie et al. (1997) suggested the increase in N2O emissions they observed from corn plots 

compared with soybean and alfalfa was likely due to the increase in NO3
- fertilization of those 

plots. Pareja-Sánchez et al. (2020) observed a significant increase in N2O emissions at 400 kg N 
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ha-1, a high fertilizer rate application when combined with NT under Mediterranean climate 

conditions.   

2.5.2 Actual and Estimated Denitrification, Denitrification Potential, and Landscape Position 

 Since denitrification potential was not statistically significantly different between fields, 

N2O flux data were combined across fields to assess landscape position effects. The greater 

denitrification potential in the toeslope position (Figure 2.4) was related to the soil characteristics 

as the toeslope soils had the highest concentrations of BC, BN, NO3-N, NH4-N, and TOC 

compared to the summit and backslope landscape positions (Table 2.3). Further, denitrification 

potential was significantly correlated to BN, NO3-N, and TOC levels in soils (Table 2.4); thus, 

the greater concentrations of these parameters in the toeslope position were key factors driving 

denitrification potential. This also supported our hypothesis that landscape position drives soil 

characteristics and qualities that promote denitrification. Furthermore, Baffaut et al. (2013) 

assessed sediment transportation and soil erosion from these fields. They calculated in their 

model for Fields 1 and 3, the average suspended sediment deposits are 4,361 and 1,465 kg ha-1 

year-1, respectively. As a result, sediment deposition in the toeslope position has led to a more 

favorable soil environment for denitrification to occur compared to the higher slope position 

(Geyer et al., 1992). Our results were also similar to those of Shrewsbury et al. (2016), who also 

observed higher DEA in the lower foot/toeslope compared to higher landscape positions. As in 

our study, Li et al. (2018) reported topography explained the greatest amount of variation for 

denitrification potential. 

 Actual denitrification rates were not significantly different across landscape position, but 

they showed a similar landscape pattern to that of denitrification potential (Figure 2.8). This 

result was opposite to that of Groffman et al. (1993) in which they observed greater 
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denitrification in the summit on a prairie soil likely due to loess deposition (Jantz et al. 1975). 

Similarly, soils in this study have a clay loess parent material. However, hotspot and hot 

moments can be difficult to capture because they can occur at small, medium, and large field 

scales (Groffman et al., 2009). Our results were similar to those observed in Ambus (1998) who 

reported denitrification rates in the lower landscape position that were 10 to 100 times higher 

than those in higher landscape positions. The greater actual N2 and N2O fluxes observed in the 

toeslope were likely related to greater long-term topsoil addition at this position from upper 

landscape positions. Overall, N2 flux dominated denitrification in both Fields, with N2O emission 

accounting for only 6.5% of the total denitrification. These results were similar to that of Burgin 

and Groffman (2012), in which N2 production was generally 5-10 times greater than N2O 

production from soil samples analyzed with the N-FARM, and demonstrate that complete 

denitrification of NO3
- to N2 commonly occurs in these poorly drained claypan soils (Bergsma et 

al., 2002).   

2.6 Conclusion 

 Potential and actual denitrification flux were found to be strongly landscape position 

dependent while crop management had no significant effect on potential or actual denitrification 

rates between study fields. Denitrification was significantly greater at the toeslope compared to 

upper landscape positions due to greater soil concentrations of organic C and organic and 

inorganic N. Long-term sediment deposition, that has buried the claypan to depths of >60cm, has 

created a soil environment that promotes growth and activity of denitrifying bacteria. In both 

fields, potential denitrification was spatially dependent and a majority of both fields had fluxes 

<1.5 kg N ha-1 day-1. The spatial pattern of potential denitrification also indicated that long-term 

erosion rather than current management controlled denitrification in these fields. Actual 
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denitrification was not significantly affected by landscape position, indicating that upper 

landscape positions can be important to gaseous N loss from these claypan fields. In addition, 

actual denitrification was dominated by loss as N2 (>85% of total flux) rather than N2O. Thus, 

denitrification in claypan soils, regardless of crop management, resulted in low GHG emissions..  
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2.9 Tables and Figures 

Table 2.1: Crop management information for Fields 1 and 3. 

 

Field Year Crop Management Activity N Fertilizer Form and Rate Date 

1 2016 Corn Planting  15-May 

   N fertilizer application Urea, 122 kg N ha-1 03-June 

 2017 Soybean/Wheat Planting  17-May 

   N fertilizer application Urea, 33.6 kg N ha-1 18-Oct 

   Wheat planting  20-Oct 

 2018 Wheat N fertilizer application Urea, 67.2 kg N ha-1 21-Mar 

   N fertilizer application 
32% Liquid N, 60.0 kg N 

ha-1 
30-Apr 

 
 

 
 

Cover crop mixture 

planted 
 09-Aug 

 2019 Corn Planting  16-May 

   N Fertilizer Application Urea, 112 kg N ha-1 03-June 

3 2016 Soybean Pre-plant tillage  21-Mar 

   Planting  22-May 

   N fertilizer application 
Anhydrous NH3, 202 kg N 

ha-1 
21-Nov 

 2017 Corn 
N and P fertilizer 

application 

NH4H2PO4 (MAP), 21.3 kg 

N and 100 kg P ha-1  
14-Feb 

   Pre-plant tillage  19-Apr 

   Planting  19-Apr 

   Post-harvest tillage  02-Nov 

 2018 Soybean Pre-plant tillage  27-Apr 

   Planting  12-May 

      

https://doi.org/10.1016/j.soilbio.2020.107706
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Table 2.2: Selected mean (± standard deviation) initial soil properties for Fields 1 and Field 3 by 

landscape position. 
 Landscape Position 

Soil property Summit Backslope Toeslope 

Field 1    

pH (0.01 M CaCl2) 6.3 ± 0.4 6.1 ± 0.3 5.7 ± 0.8 

Neut. acidity (cmolc kg-1) 0.9 ± 0.8 1.3 ± 0.7 2.9 ± 2.5 

Organic matter (g kg-1) 26.9 ± 2.9 28.3 ± 3.0 35.6 ± 8.1 

Total Organic Carbon (g kg-1) 15.7 ± 1.7 16.5 ± 1.8 20.7 ± 4.7 

Bray I P (kg ha-1) 59.1 ± 43.4 35.2 ± 17.1 45.2 ± 17.7 

Exc. Ca (kg ha-1) 3697 ± 642 3760 ± 421 3990 ± 1611 

Exch. Mg (kg ha-1) 298 ± 78 345 ± 109 406 ± 105 

Exch. K (kg ha-1) 154 ± 62 144 ± 21 228 ± 144 

CEC (cmolc kg-1) 10.5 ± 1.5 11.1 ± 1.4 13.6 ± 3.4 

NO3
--N (g ha-1) 21.8 ± 8.8 14.2 ± 7.9 22.9 ± 11.3 

NH4
+- N (g ha-1) 2.5 ± 0.4 2.3 ± 0.2 3.7 ± 2.5 

Field 3    

pH (0.01 M CaCl2) 5.7 ± 0.5 5.7 ± 0.4 5.7 ± 0.4 

Neut. acidity (cmolc kg-1) 2.8 ± 2.2 2.8 ± 1.1 2.6 ± 1.0 

Organic matter (g kg-1) 27.9 ± 3.3 28.5 ± 3.4 31.8 ± 4.2 

Total Organic Carbon (g kg-1) 16.2 ± 1.9 16.6 ± 2.0 18.5 ± 2.5 

P Bray I (kg ha-1) 80.4 ± 39.1 65.0 ± 18.0 95.0 ± 38.5 

Exch. Ca (kg ha-1) 4321 ± 800 4531 ± 846 4404 ± 806 

Exch. Mg (kg ha-1) 521 ± 214 550 ± 128 469 ± 80 

Exch. K (kg ha-1) 320 ± 142 260 ± 89.7 257 ± 62 

CEC (cmolc kg-1) 14.8 ± 4.1 15.2 ± 2.6 14.5 ± 2.2 

NO3
--N (g ha-1) 21.3 ± 12.6 19.5 ± 7.6 38.9 ± 16.7 

NH4
+- N (g ha-1) 2.0 ± 0.9 1.9 ± 0.5 1.8 ± 0.7 
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Table 2.3. Additional soil properties across fields by landscape position. 

 Landscape Position 

Soil Property Summit Backslope Toeslope 

    

BC† (mg L-1) 66.0ab‡ 47.2a 94.0b 

BN (mg L-1) 5.02a 4.78a 6.69a 

NO3-N (g ha-1) 21.7a 17.4a 30.3b 

NH4-N (g ha-1) 2.38ab 2.05a 2.81b 

TOC (g kg-1) 1.58a 1.65a 1.97b 

†
BC = Biomass C; BN = Biomass N; NO3

- = Nitrate; NH4
+ = Ammonia; TOC = Total Organic Carbon. 

‡
For each soil property (within rows), means followed by a different letter were significantly different based one-way 

ANOVA (α = 0.10) and Tukey(0.10) multiple comparison test.  
 

 

Table 2.4. Pearson correlation coefficient matrix for DEA, and actual N2O and N2 emissions.  

Variable DEA N2O N2 

DEA -- 0.170 0.159 

N2O 0.170 -- 0.669* 

N2 0.159 0.669* -- 

BC -0.034 0.015 0.178 

BN 0.655* 0.132 0.133 

NO3-N 0.639* 0.234 0.172 

NH4-N -0.044 0.046 0.001 

TOC 0.648* 0.135 0.072 

* Indicates statistical significance at the P ≤ 0.10 significance level. 
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Figure 2.1:  Location of study (Lerch et al., 2005; Sadler et al., 2015) in the Goodwater Creek 

watershed near Centralia, MO.  

 

 

Figure 2.2: Core transect and 90 m grid sampling locations in identified landscape positions for 

Field 1(A) and Field 3 (B). 

 

 

A 
B 

B 



55 

 

 
Figure 2.3: Potential N2O flux rates between two fields under different management practices. 

Vertical bars represent standard deviation. Same letters denote no significant differences 

observed at α=0.05.   

 
Figure 2.4: Denitrification potential by landscape position. Vertical bars represent standard 

deviation. Different letters denote significant differences observed at α=0.05 .   
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Figure 2.5: Kriged estimates of denitrification potential for Field 1 (A) and Field 3 (B). 
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Figure 2.6: Co-kriged estimates of denitrification potential for Field 1 (A) and Field 3 (B) with 

NO3
-, NH4

+, and TOC as co-variables.  
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Figure 2.7: Actual denitrification for Fields 1 and 3 partitioned by N2O and N2 fluxes. Vertical 

bars represent standard deviation. 
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Figure 2.8: Denitrification Potential, Actual N2O and Actual N2 by landscape position. Vertical 

bars represent standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 

 

 

CHAPTER 3 

COMPARATIVE ANALYSIS OF THREE NEXT-GENERATION SEQUENCING 

TECHNIQUES TO MEASURE NOSZ ABUNDANCE ON MISSOURI CLAYPAN SOILS 

 

3.1   Abstract 

 Quantitative next-generation sequencing techniques have been critical in gaining a better 

understanding of microbial ecosystems. The objectives of this research were to: 1) understand 

how depth influences RNA concentration and nosZ abundance; and 2) compare and evaluate 

multiple RNA-based sequencing methods for quantifying nosZ abundance in Missouri claypan 

soils. Research sites consisted of two claypan soil fields in Central Missouri. Triplicate soil cores 

were collected from two landscape transects across both fields. One set of cores was analyzed for 

extractable soil RNA, and nosZ gene abundance using real-time quantitative polymerase chain 

reaction (RT-qPCR), droplet digital polymerase chain reaction (ddPCR), and nanostring 

sequencing (NS) at two depths (0-15 cm and 15-30 cm). Another set of cores were analyzed for 

N2 using a gas flow soil core incubation system. There were significant differences in soil RNA 

quantities between the two depths, with an average of 54.5 mg kg-1 at 0-15 cm and 14.2 mg kg-1 

at 15-30 cm. The low soil RNA concentrations in the subsoil prevented quantification of the 

nosZ gene, and suggested low overall microbial activity below 15 cm depth. Total nosZ 

estimates for RT-qPCR, ddPCR, and NS for these two fields were 180, 386, and 17.3 copies g-1, 

respectively. The ddPCR method resulted in significantly greater gene copy estimates than those 

of RT-qPCR and NS (p < 0.10). There were no statistical differences in nosZ abundance between 

RT-qPCR and NS, and both methods showed minimal variability of nosZ abundance compared 

to ddPCR. Abundance of nosZ by landscape position showed different patterns for each method, 
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and none of the methods successfully captured the spatial variation of N2 emissions or other soil 

properties.  

3.2  Introduction 

3.2.1 Next-Generation Gene Sequencing Technologies 

 Understanding the soil microbial community is necessary to understand soil function. 

Prior to DNA sequencing technology, researchers had to rely on culture-based methods, such as 

plating, to understand soil microbiology (Elsas and Boersma, 2011). This practice began in the 

late 1800s as Louis Pasteur discovered with yeast cells that bacteria can be isolated and grown. 

However, to successfully isolate bacteria, information about the microorganism’s reproduction 

and growth conditions must be known (Monod, 1949). This can serve as a limitation because 

medium are selective and only certain microbiota are culturable (Elsas and Boersma, 2011). 

 Real-time quantitative polymerase chain reaction (RT-qPCR) has become the most 

popular next-generation sequencing due to its sensitivity and capability to provide rapid and 

robust results (Meyer, 2010). This diagnostic tool is powerful and has been used in studies to 

quantify sequences in DNA and RNA in soils and other environmental samples (Schriewer et al., 

2011). A major limitation, however, has been the sensitivity of the method for soils (Fortunato et 

al., 2018), as phenolic compounds and humic substances decrease the efficiency of PCR due to 

the inhibition of fluorescence (Wilson, 1997; Audemard et al., 2004; Sidstedt et al., 2020). 

Droplet digital polymerase chain reaction (ddPCR) became commercially available in 2011 and 

provided a new way to perform sequencing with the added benefit of avoiding the development 

of a standard curve during analysis. By protocol, after droplets are developed containing the 

target sequence, the reader determines whether the sample is positive for the target. This allows 

for a more precise analysis and reproducible results compared to RT-qPCR, especially for 
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samples that are prone to inhibition through contamination (Hindson et al., 2011; Racki et al., 

2014; Taylor et al., 2017). This also allows for the quantification of extremely low-concentration 

targets (Racki et al., 2014; Verhaegan et al., 2016).  

 Nanostring technology was developed in the early 2000s and became commercially 

available in 2008. Since then, it has been utilized in multiple clinical applications (Xu et al., 

2016; Curini et al., 2019; Hay et al., 2020) and on RNA from plant materials (Othman et al., 

2018). At the time of this publication, and prior to data presented here, NS has not been applied 

to soils. Similar to RT-qPCR and ddPCR, NS uses fluorescent technology to quantify specific 

target sequences from isolated RNA. In contrast, NS uses fluorescent barcodes to bind to the 

nucleic acids instead of fluorescent probes (Reis et al., 2011). Strengths of this technology 

include its ability to read target sequences up to 800 base pairs long, which allows for high 

specificity, and up to twelve samples can be analyzed for multiple genes concurrently (Reis et 

al., 2011), which can be an effective and economical way to quantify multiple genes associated 

with a known biological pathway, such as denitrification. 

3.2.2 Genetic Material, Denitrification, Depth, and Landscape Position 

 Studies of the microbiome in surface soils and subsoils have provided a better 

understanding of soil functionality (Bandick and Dick, 1999; Taylor et al., 2001; Kramer et al., 

2013). While it was observed that most microbial biomass C is found near the soil surface (Fang 

and Moncrieff, 2005), over 50% of global soil organic carbon (SOC) is below a depth of 30 cm 

(Jobbagy and Jackson, 2000). Soil nutrients that support microbial biomass and enzymes 

decrease with depth (Eilers et al., 2012; Stone et al., 2014). Landscape position is also major 

factor influencing genetic material. On claypan soils (from Field 3; see below), Stanley (1998) 

observed denitrification in 57% of isolates from summit samples compared to 100% of isolates 



63 

 

from the toeslope. Furthermore, facultative anaerobes were evenly distributed in surface and sub-

surface horizons in the toeslope while they were only present below 160 cm in the summit. 

3.2.3 Research Needs and Objective 

 Previous research has compared multiple next-generation sequencing techniques, 

including RT-qPCR and ddPCR; however, this is the first study comparing RT-qPCR, ddPCR, 

and NS for soils. Each of these three next-generation technologies mentioned have the potential 

to provide much needed information on the denitrifying microbial community. Denitrification is 

the microbial facilitated conversion of nitrate (NO3
-) to dinitrogen (N2) under anoxic conditions, 

producing other gases as intermediates in the process. The enzyme nitrous oxide reductase is 

responsible for facilitating the final transformation of N2O to N2, and the gene which codes for it 

is designated, nosZ (Zumft, 1997). In the Midwest, poorly drained claypan soils provide suitable 

conditions over the entire landscape for denitrification to occur due to the potential of water 

ponding for a significant period of time combined with a warm and humid climate (Nash et al., 

2015). The objectives of this research were to understand how depth influences RNA 

concentration, and compare and evaluate multiple RNA-based sequencing methods for 

quantifying the nosZ gene abundance in Missouri claypan soils.  

3.3 Materials and Methods 

3.3.1 Site Location 

This study was conducted in two fields at the Goodwater Creek Experimental Watershed 

(GCEW) in the Central Mississippi River Basin member of the long-term agroecosystem 

research (LTAR) network located in northeastern Missouri (Field 1 - 39°13’46.92” N , -

92°7’0.84” W, Field 3 - 39°13’55.56” N, -92°9’0.36” W) (Fig. 3.1). These are claypan soils 

formed from a clay loess parent material with smectitic minerology, and the characteristics of 
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these soils has been described in detail by Lerch et al. (2008) and Sadler et al., (2015). 

Management information for these fields is given in Chapter 2 (Table 2.1). Studies in these fields 

have been on-going since 1991, and the crop management history is well documented. In 

addition, Kitchen et al. (1997) further described the land management history of these fields from 

1930 to 1990, reporting significant application or disposal of manure on Field 3.  

3.3.2 Soil Sampling 

 Two sets of intact soil cores were obtained within each field along two landscape 

transects (Figure 3.2 A and B) for Field 1 in September 2018, and for Field 3 in April 2018, 

using a hydrologic soil probe in 5 cm plastic liner. Six cores were collected per transect in Field 

1 and 7 cores were collected from Field 3. Cores were collected to depths of 60-80 cm such that 

at least one claypan horizon was included. Out of the cores collected, one was analyzed using the 

N-free atmospheric recirculation method (N-FARM) as described in Chapter 2, section 2.3.4. 

3.3.3. Soil RNA Extraction and cDNA generation 

 Soil RNA extraction was conducted using the RNeasy PowerSoil Total RNA kit (Qiagen, 

Germantown, MD) and protocol on up to 2 g of field moist soil. For RNA extraction, soils were 

separated in to two depths, 0-15 cm, and 15-30 cm. Total RNA was converted to cDNA using the 

SuperScip IV VILO Master Mix (Thermo Fisher Scientific, Waltham, MA) protocol and was 

stored at -80 °C until RT-qPCR, ddPCR, and NS. Soil RNA extraction and all gene sequencing 

analyses described below were performed by MOgene (St. Louis, MO; 

https://www.mogene.com/). 

3.3.4. RT-qPCR Analysis 

 Real-time qPCR was conducted by using a 7900HT Fast Real-Time PCR System 

(Applied Biosystem, Foster City, CA) to determine transcript abundances of nosZ. The 
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information for primers and probes used in the analysis are listed in Table 3.2. Primers for 

nosZ1F and nosZ1R were those identified in Henry et al. (2006) as potentially universal primers 

for the nosZ gene and probes were designed by Mo-Gene using a tool on the Integrated DNA 

Technologies website (https://www.idtdna.com). Real-time qPCR for nosZ gene abundance was 

performed using 10 μL TaqMan Fast Advanced Master Mix (2X), 1 μL of TaqMan Assay (20X), 

7 μL of Nuclease-Free Water, and 2 μL of the sample cDNA. Polymerase activation occurred at 

95 °C for 10 minutes. Cycling conditions included 40 cycles in which denaturing occurred at 

95°C for 1 s, and annealing/extending at 60°C for 20 s.  

3.3.5. ddPCR Analysis 

 Droplet digital PCR was also performed on the cDNA from the soil samples using a Bio-

Rad QX200 Droplet Digital PCR system (Hercules, CA). Primers and probes for this analysis are 

the same as those listed for the RT-qPCR analysis. Sample preparation included adding 22 μL 

ddPCR supermix (developed by Bio-Rad) along with 5 μL of cDNA and 6 μL of water were 

added to each well. Each sample was analyzed in triplicate. Next, droplets were generated using 

a manual QX200 droplet generator, followed by PCR amplification using a Bio-Rad C1000 

Cycler (Hercules, California). Cycling conditions are listed on Table 3.3. Next, data acquisition 

occurred using QX One software. Positive and negative droplets were measured using 

QunataSoft Analysis Pro Software (Bio-Rad, v1.0.596).   

3.3.6. Nanostring Sequencing Analysis 

 Nanostring sequencing was performed using the nanostring nCounter SPRINT Profiler 

(Nanostring Technologies, Inc., Seattle, WA) following their nCounter Elements TagSets 

technology protocol. The probes were developed by Nanostring Technologies, Inc. (Seattle, WA, 

USA) and are listed along with the target sequence information for this analysis in Table 3.4. The 

https://www.idtdna.com)./
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nosZ target sequence was from Pseudomonas aeruginosa (Accession PA3392.2) and the acp 

(Acyl Carrier Protein-P) gene was used for quality control to ensure that the correct target gene 

within the target organisms were analyzed. A total of 100 ng of RNA from each sample was used 

for analysis. Starting with 65 μL of reagent that TagSet tube, a master mix was developed by first 

adding 130 μL of hybridization buffer and 13 μL of the 30X Probe A. Next, the tube was mixed 

and briefly spun down at less than 1,000 rpm before adding 13 μL of 30X Probe B and 

performing the same mixing procedure. Next, 17 μL of master mix and 100 ng of sample RNA 

was added to a tube, then nuclease-free water was added to each tube to bring the volume of each 

reaction to 30 μL. The hybridization temperature was 67 °C and took between 16-21 hours. After 

hybridization was complete, the temperature was changed to 4 °C, The tubes were then mix and 

spun down at <1,000 rpm, incubated for approximately 16 hours, then analyzed with the 

nCounter.  

3.3.7 Statistical Analysis 

 Statistical analysis for this study was conducted using the SAS v9.4 statistical program 

(SAS Institute, Inc., Cary, NC, USA). An analysis of variance (ANOVA) was conducted using 

PROC GLM to determine whether there were significant differences in total RNA concentration 

between each field, and a 2-way ANOVA was performed on RNA concentration with depth and 

landscape as factors to determine their significance and to investigate possible significant 

interactions. An ANOVA was also conducted to determine whether nosZ gene abundance, 

expressed on a dry soil basis, was significantly different between fields. The Mann Whitney U 

test was used to compare nosZ gene abundance for each molecular method between fields. 

Tukey’s honest significant difference (HSD) was used to separate mean RNA concentration by 
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field, landscape position, and depth, and to separate mean nosZ gene abundance by field and 

landscape position for each sequencing method. 

3.4  Results  

3.4.1 RNA Concentration in claypan soils 

 Soil RNA concentrations were significantly greater in Field 1 compared to Field 3 at both 

depths and averaged over depth (Table 3.5). At the 0-15 cm depth, average RNA concentrations 

were 71.3 mg kg-1 for Field 1, and 40.1 mg kg-1 for Field 3. Lower in the soil profile at the 15-30 

cm, average RNA concentrations were significantly lower in both fields, measuring 21.3 and 

8.14 mg kg-1, respectively. Results from an ANOVA indicated that depth was a significant 

predictor of RNA concentration (p < 0.10). Soil RNA concentrations by landscape position in 

Field 1 were were 35.3, 56.3, and 47.3 mg kg-1 for summit, backslope, and toeslope positions, 

respectively (Table 3.6). In Field 3, average RNA concentrations were 11.5 mg kg-1 in the 

summit, 29.1 mg kg-1 in the backslope, and 29.7 mg kg-1 in the toeslope. Average RNA 

concentrations in the summit of Field 1 were significantly greater at both depths than in Field 3, 

but RNA concentrations were not significantly different between fields at the backslope and 

toeslope positions. There were no significant landscape-depth interactions detected. However, 

there was a significant landscape effect detected at the 15-30 cm depth (p < 0.10), but not at the 

0-15 cm depth. 

3.4.2 Using RT-qPCR, ddPCR, and nanostring technology to measure nosZ abundance 

 Abundance of nosZ gene in surface soils showed no significant differences between 

fields for any of the methods, and further method comparisons were based on pooled data (Table 

3.7). Results showed significant differences between methods in nosZ gene abundance, with 

average abundance in the order: ddPCR > RT-qPCR > NS (Figure 3.4). Average abundance of 
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nosZ measured with NS was 17.3 copies g-1, with an extremely low variability in gene 

abundance, ranging from 8.77 to 54.9 copies g-1. Analysis by ddPCR produced the highest 

quantity of nosZ gene abundance with an average of 386 copies g-1, but the method also had the 

highest variability (Fig. 3.4). Gene abundance of nosZ by RT-qPCR were intermediate compared 

to the other methods, with an avergae of 180 copies g-1.  

 Abundance of nosZ by landscape position for each method showed that RT-qPCR and 

NS methods varied much less than ddPCR (Figure 3.5). For RT-qPCR analysis, average nosZ 

gene abundances in the summit, backslope, and toeslope landscape positions were 146, 195, and 

198 copies g-1. Abundance of nosZ by RT-qPCR was significantly greater in the toeslope 

position compared to the summit (p < 0.10), while nosZ copies in the backslope and  toeslope 

were similar. For NS, nosZ abundances were not significantly different by landscape position, 

and this method showed minimal variation in gene abundance across landscape position, ranging 

from 14.9 copies g-1 at the toeslope to 19.8 copies g-1 at the summit.  For NS method, higher 

variability was observed in the summit compared to the other two landscape positions. 

Abundances of nosZ for samples analyzed with ddPCR for the summit, backslope, and toeslope 

were 333, 458, and 313 copies g-1. Variability from this analysis was highest in the backslope, at 

least almost two times more than variability in the other two positions. The results from Tukey’s 

HSD conclude there were no significant differences in nosZ abundance by landscape position for 

ddPCR and NS. However, abundance of nosZ measured by RT-qPCR was significantly higher in 

backslope and toeslope positions when compared to the summit. There were no significant 

landscape-method interactions detected. 
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3.5  Discussion 

3.5.1. RNA Concentration by Depth and Landscape Position 

 In this study, there was a significant decrease in RNA concentration at the 15-30 cm 

depth compared to the 0-15 cm depth. In the summit and backslope positions of these fields, the 

15-30 cm soil depth corresponds to the top of the claypan. The argillic horizons in the summit 

and backslope showed much greater decreases in RNA from 0-15 cm to 15-30 cm than in the 

toeslope (Table 3.6).  Our results were similar to Taylor et al. (2002), in which they observed a 

decrease in biological activity decreased with depth. Although we did not measure biological 

activity directly, RNA concentration is an indicator as the relative instability of RNA suggest its 

presence is due to active gene transcription. A major difference in their study is they sampled a 

larger interval, ranging from 0 – 30 cm for the surface soil, to a deep sand layer 3.9 – 4.2 m deep 

on two agricultural fields under clay and sandy soils. Similarly, Griffiths et al. (2003) observed 

differences in bacterial community due to soil depth. They also observed the time sampling 

occurred influenced the bacterial community, with samples near the surface having greater 

genetic variation compared to the deeper samples most likely due to higher moisture content as a 

result of increased mineralizable C (Curtin et al., 2012). Specifically on claypan soils, Hsiao et 

al. (2018) observed a sharp decrease in both SOC and N with depth. Beyond 30 cm, both SOC 

and N fell below 1%, meaning there was no accumulation of biomaterials beyond the claypan 

layer. In our fields, the claypan layer can be present at a depth of 20 cm or less. 

 Despite the absence of significant landscape-depth interactions, the decrease in RNA 

concentration at the 0-15 cm depth to 15-30 cm depth was greatest in the backslope for Field 1 

(~84% decrease), and in the summit for Field 3 (~93% decrease) (Table 3.6). The smallest 

decrease for Field 1 was 64%, observed in the summit, and was 47% for Field 3, observed in the 
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toeslope. Our results are similar to that of Stanley (1998), who observed small decreases in 

colony forming units in isolates from toeslope samples to approximately the 180cm depth, and 

larger decreases from samples in the summit and backslope. Further, RNA concentrations at the 

0-15 and 15-30 cm depths were highest in the backslope and toeslope, respectively. Although no 

significant landscape effect was detected for RNA concentration at the 0-15 cm depth, the higher 

RNA concentration in the backslope position is an indication of RNA accumulation. Soil 

properties listed in Chapter 2 (Table 2.2; Table 2.3) indicate most soil properties are higher in the 

toeslope position. This discrepancy between RNA concentration and other soil properties should 

be further investigated.   

3.5.2 Next-Generation Sequencing, nosZ Abundance, N2 Flux, and other Soil Characteristics 

 Abundances of nosZ copies were extremely different between the three different next-

generation sequencing techniques. An exhaustive literature review suggests prior to this study, 

nosZ has only been measured through PCR, RT-qPCR, and ddPCR analyses (Siciliano et al., 

2007; Zhang et al., 2015; Zhang et al., 2013; Yang et al., 2018; Wang et al., 2012; Dong et al., 

2014). Zmienko et al. (2015) observed extremely low variability when utilizing RT-qPCR to 

profile their reference genes for leaf senescence. In the direct comparison of RT-qPCR and 

ddPCR, Taylor et al. (2017) observed similar results for identical samples with low levels of 

contamination. When investigating the accuracy using RT-qPCR to measure nosZ abundance for 

a variety of denitrifiers, Sicilian et al. (2007) observed that RT-qPCR was accurate in measuring 

nosZ when templates consisted of up to six denitrifiers. Since the true or expected nosZ 

abundances were not known, the accuracy of the methods presented here cannot be assessed. 

However, their utility can be assessed by correlation of gene abundance to measured 

denitrification flux and soil properties in relation to landscape position (Ch. 2).  
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 Results presented here showed that RT-qPCR and NS data were less variable than ddPCR 

(Table 3.7), but they all poorly corresponded to actual N2 flux measured by N-FARM (see Ch. 2) 

and soil properties (Table 3.8). Only concentrations of NH4
+-N significantly correlated with NS 

nosZ gene abundance measurements. Further, nosZ abundances measured by NS were 10- to 20-

fold lower than the other methods and almost invariant across the landscape (Fig. 3.5). 

Compared to the other methods, ddPCR measurements of nosZ were the most variable and had a 

dissimilar pattern to observed differences in N2 flux and denitrification potential across 

landscape position. The sequencing technologies used in this study did not successfully capture 

the landscape dependence of microbial denitrification as illustrated in Chapter 2. Contrarily, 

Dong et al. (2014) compared results from a plasmid containing nosZ to data generated through 

analysis of the same plasmid through liquid chromatography-isotope dilution mass spectrometry, 

which provided independent quantification. They found ddPCR to be a reliable technique for 

measuring nosZ. In our study, there was no apparent relationship between RT-qPCR, ddPCR, 

and NS measurements of nosZ with N2 flux by landscape position. While NS produced 

drastically different results for nosZ gene abundance, it may be a useful tool when sequencing 

multiple nosZ gene targets across the denitrifying community.   

3.6 Conclusion 

  The concentrations of extractable RNA were significantly greater in the top 15 cm of the 

soil profile, indicating the majority of active microorganisms, including denitrifiers, exist in the 

surface soil above the claypan. Extractable RNA at 0-15 cm depth was nearly four times greater 

than that at 15-30 cm, demonstrating the abrupt decrease in apparent microbial activity between 

the silt loam Ap horizon and the claypan Bt horizon. Comparison of three gene sequencing 

methods showed significant differences in nosZ abundance between methods, with ddPCR 
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resulting in the highest average nosZ abundances, but also the greatest variability. While ddPCR, 

RT-qPCR and NS have proven to be useful in clinical and other research applications, these 

methods gave results that poorly reflected denitrification. The lack of variability across 

landscape position for ddPCR, RT-qPCR and NS and absence of significant landscape-method 

interaction, also makes them of limited usefulness for assessing denitrification in soils. The 

sequencing methods in this study were not sufficient in capturing the spatial variation of 

denitrification and other soil properties. It is possible that the use of other nosZ primers with 

these technologies could provide a more promising relationship between nosZ abundance and 

denitrification measurements, and should be investigated. 
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3.9 Tables and Figures 

Table 3.1: Selected mean (± standard deviation) initial soil properties for the Field 1 and Field 3. 

    

Field 1    

pH (0.01 M CaCl2) 6.1 ± 0.6 

Neut. acidity (cmolc kg-1) 1.6 ± 1.7 

Organic matter (g kg-1) 29.9 ± 6.2 

Bray I P (kg ha-1) 47.6 ± 31.6 

Exc. Ca (kg ha-1) 3802 ± 972 

Exch. Mg (kg ha-1) 344 ± 105 

Exch. K (kg ha-1) 172 ± 93 

CEC (cmolc kg-1) 11.6 ± 2.5 

NO3
--N (g ha-1) 0.02 ± .001 

NH4
+- N (g ha-1) 0.003 ± 0.001  

 

Field 3  

pH (0.01 M CaCl2) 5.7 ± 0.4 

Neut. acidity (cmolc kg-1) 2.7 ± 1.3 

Organic matter (g kg-1) 29.3 ± 3.9 

P Bray I (kg ha-1) 76.0 ± 31 

Exch. Ca (kg ha-1) 4458.59 ± 812 

Exch. Mg (kg ha-1) 522.7 ± 138.1 

Exch. K (kg ha-1) 270.1 ± 95.6 

CEC (cmolc kg-1) 14.9 ± 2.8 

NO3
--N (g ha-1) 0.03 ± 0.01  

NH4
+- N (g ha-1) 0.002 ± 0.001 
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Table 3.2. Primer and probe information for RT-qPCR and ddPCR 

 Primer and Probe Information 

Primer Sequence Reference 

nosZ1F WCSYTGTTCMTCGACAGCCAG Henry et al., 

2006 nosZ1R ATGTCGATCARCTGVKCRTTYTC 
 

Probe  

6-

FAM/ZEN/IBFQ 

CTG GAT CCT GTT CTG GGT ATT C 
-- 

AGT TCG TTG CCG GTG AG 

/56-FAM/TG ACC ATC C/Zen/T CGG CTA CCT/3IABkFQ/ 
 

HEX/ZEN/IBFQ 

GCC TAT ACC ACG CTG TTC AT 

-- GAG TTT CTG GCG GAT GTA GTC 

/5HEX/AG CCA GTT G/ZEN/GTGA AGT GGA ACC 

T/3IABkFQ 

 

Table 3.3: Cycling conditions for ddPCR 

 

Cycling Step 

Temperature 

(°C) 
Time 

Number of 

Cycles 

Hold (QX ONE ddPCR System 

only) 25 3 min 1 

Enzyme activation 95 10 min 1 

Denaturation 94 30 sec 40 

Annealing/extension 60 1 min 40 

Enzyme deactivation 98 10 min 1 

Hold 
4 Infinite 1 

25 1 min 1 
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Table 3.4: Primer and probe sequences for nanostring analysis. 

 

Target Sequence 

nosZ 

CACGCTGTTCATCGACAGCCAGTTGGTGAAGTGGAACCTGGCCGACGCGGTGCGCGCCTACAA

GGGCGAGAAGGTCGACTACATCCGCCAGAAACTCGAC 

 

Acp 

TGGCTCTGGAAGAGGAATTCGAGACCGAAATCCCTGACGAGAAAGCTGAAAAGATCACCACC

GTTCAGGAAGCCATCGACTACATCGTTGCTCACCAGCA 

 

Probe A 

CCGCGTCGGCCAGGTTCCACTTCACCAACTGGCTGTCGATGAACAGCGTGCGAACCTAACTCC

TCGCTACATTCCTATTGTTTTC 

 

Probe B 

CGAAAGCCATGACCTCCGATCACTCTCGAGTTTCTGGCGGATGTAGTCGACCTTCTCGCCCTTG

TAGGCGCGCA 

 
 

Table 3.5: RNA concentration for Fields 1 and 3 at the 0-15 cm and 15-30 cm depths.  

 

 RNA Concentration 

Depth Field 1 Field 3 

cm (mg kg-1) 

0-15 71.3 a† A‡ 40.1 a B  

15-30 21.3 b A 8.14 b B 

Average 46.3 A 24.1 B 

†Soil depth means within a landscape position (each column) followed by different lower case letters 

were significantly different at α = 0.05. 

‡Soil depth means between fields (each row) followed by different upper case letters were significantly 

different at α = 0.05. 

Table 3.6: RNA concentration for Fields 1 and 3 by soil depth and landscape position.  

Landscape 

Position 

Depth 
RNA Concentration 

Field 1 Field 3 

(cm) (mg kg-1) 

Summit 0-15 51.9 a A 21.4 a   B 

15-30 18.6 b  A 1.51b  B 

Backslope 0-15 96.9 a  A 49.9 a   A 

15-30 15.8 b  A 8.32 b A 

Toeslope 0-15 65.1 a  A 38.7 a   A 

15-30 29.5 b  A 20.7 a   A 
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Table 3.7: NosZ gene abundance (± standard deviation) measured by qPCR, ddPCR, and NS. 

 

Method 

nosZ Abundance 

Field 1 Field 3 

copies g-1 

RT-qPCR 175 ± 56.5 ab A 185 ± 54.0 ab A 

ddPCR 529 ± 769 a A 264 ± 348 a A 

NS 14.4 ± 4.37 b A 19.8 ± 10.6 b A 

 

 

Table 3.8: Correlations (p < 0.10) between nosZ gene abundance measurements from RT-qPCR, 

ddPCR, and NS, with other variables as described in Ch. 2. Bold numbers indicate significance. 

 
Method/Variable RNA  DP N2 BC BN NO3

--N NH4
+-N TOC 

RT-qPCR 0.284 0.071 0.073 0.198 0.143 0.161 -0.011 0.130 

ddPCR 0.321 0.075 0.031 -0.033 -0.139 0.222 0.108 -0.008 

NS -0.251 -0.123 0.153 -0.145 -0.045 -0.204 0.462 0.036 

 

 
Figure 3.1: Location of study (Lerch et al., 2005; Sadler et al., 2015) in the Goodwater Creek 

watershed near Centralia, MO. 
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Figure 3.2 A&B: Core transect sampling locations for Field 1 (A) and Field 3 (B) with landscape 

position delineations. 

 
Figure 3.3: Total nosZ gene abundance measured with qPCR, ddPCR, and NS for Fields 1 and 3. 

A B 
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Vertical bars represent standard deviation. Same letters denote stati 

 
 

Figure 3.4: Total nosZ abundance by next-generation sequencing method. 
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Figure 3.5: NosZ abundance by landscape position for RT-qPCR, ddPCR, and NS. 
†Lower case letters denote comparison of mean nosZ abundance within a landscape position between 

methods at α = 0.05. 

‡Upper case letters denote comparison of mean nosZ abundance between landscape position for a 

particular method at α = 0.05. 
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CHAPTER 4 

FIELD-SCALE ESTIMATION OF DENITRIFICATION 

 

4.1   Abstract 

 Denitrification is potentially a major loss pathway of fertilizer N used for crop 

production. The objective of this study was to develop a simple model to field-scale estimation 

of N2O and N2 fluxes based on measurements from the Nitrogen-Free Atmospheric Method 

(NFARM) and daily soil moisture and temperature data to estimate yearly denitrification fluxes. 

Intact soil cores were collected from two row crop fields in the Central Claypan Area of 

northeastern Missouri and used to measure N2O and N2 fluxes using NFARM. Soil temperature, 

O2, and volumetric water content (VWC) were measured at 10 cm depth at three landscape 

positions in each field and these data used to establish a relationship between VWC and soil O2 

content. Denitrification was assumed to occur at and above VWC corresponding to soil O2 of 

<5% and at temperatures >15oC, with fluxes adjusted assuming a Q10 value of 2. Denitrification 

estimates were calculated for years in which corn or wheat were produced, due to N fertilizer 

application. Daily fluxes of N2O ranged from 0.020 to 0.034 kg N ha-1d-1 and N2 estimates were 

as high as 0.84 kg N ha-1d-1. Yearly denitrification estimates ranged from 0.54 to 9.26 kg N ha-1. 

Denitrification accounted for at most 7.6% of total applied N. This study provides the first field-

scale estimation of denitrification based on direct flux measurements and field-based soil 

environmental parameters. Results demonstrated the importance of denitrification can serve as a 

major loss pathway for fertilizer N in claypan fields and indicate the need for management 

practices that reduce gaseous N loss. 
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4.2  Introduction 

 Denitrification, the microbial facilitated reduction of nitrate (NO3
-) to nitrous oxide (N2O) 

and dinitrogen (N2), serves as a significant loss to nitrogen (N) fertilizer applied in agricultural 

fields (Friedl et al., 2016). While important to the N-cycle, N2O production detrimentally 

impacts the environment (Bouman et al., 2013). Nitrous oxide has a global warming potential 

265-298 times that of carbon dioxide (CO2), and 10-15 times that of methane (CH4) (USEPA, 

2020), and is responsible for the destruction of ozone (Crutzen, 1974; Portmann et al., 2012; 

Ramanathan et al., 1985, Ravishankara et al., 2009). Agricultural practices are responsible for a 

majority of anthropogenic N2O emissions (USEPA, 2018) and are higher than natural 

ecosystems and non-intensive agroecosystems (Seitzinger et al., 2006). 

 Since the 1950s, there has been an increase in N-fertilizer usage by at least 10 Tg N y-1 

(Ruddy et al., 2006). Higher N application rates has led to an in an increase in soil N2O 

emissions (Nan et al., 2015; Wang et al., 2018). Extensive research has been conducted to 

estimate how denitrification is factored into the overall N-budget of agricultural systems. David 

et al. (2006) suggested that denitrification accounted for at least 80% of the un-accounted N in 

their mass balance. A recent study observed denitrification accounting for 37% of total N inputs 

(Castaldelli et al., 2020). Despite extensive research, there are still challenges to better 

understand overall denitrification contribution to the N-budget of agricultural systems (Almarez 

et al., 2020). 

 As an important component of the overall N-cycle, denitrification remains the most 

poorly assessed N transformation process (Del Grosso et al., 2020). To better understand it’s 

importance, several models have been developed, with many based off denitrification potential 

(Heinen, 2005). Models vary from simple empirical equations to complex simulation models 
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(Gross et al., 2020).  DAYCENT is a popular biogeochemical model used to simulate 

denitrification at the plot and landscape scales (Del Grosso et al., 2005; Parton et al., 1998). It 

incorporates all aspects of the CENTURY model but uses a daily time step instead of monthly 

(Del Grosso et al., 2005). Other process-based denitrification simulation models include the 

DeNitrification-DeComposition (DNDC) model (Li and Aber, 2000) and Agricultural Systems 

Modelling and Simulation (APSIM) (Thorburn et al., 2010). These models are quite complex and 

have a restraint of incorporating nitrification, plant N uptake, soil water, and nutrient movement 

as parameters to simulate N2O emissions at large spatial scales (Del Grosso et al., 2020).  

Despite much success, there are challenges faced by denitrification models. Hot spots and 

hot moments are characterized by small areas and brief periods where denitrification rates are 

high and account for a high percentage of total denitrification (McClain et al., 2003). The 

complex regulation of factors affecting distribution of O2 and NO3
- across the landscape causes 

hot spots and hot moments, which are not predicted by existing denitrification models, especially 

at the larger scale (Groffman et al., 2009). However, when informed by field observations, 

process-based models are powerful tools to investigate denitrification measurements in 

agricultural systems (Necpalova et al., 2015). Del Grosso et al. (2019) compared observed N2O 

rates to modelled rates using DAYCENT. They observed similarities in actual and modelled N2O 

emissions. However, their results also suggest that the model can be improved using soil pH as a 

parameter. The findings of Well et al. (2019) determined denitrification is underestimated if only 

surface flux measurements are used. They suggest using subsurface denitrification flux 

measurements to develop a corrective factor to successfully calculate total denitrification. 

Another way to improve denitrification models is to incorporate more biochemical factors and 

other associated processes in existing models (Del Grosso et al., 2020). 
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The nitrogen-free atmospheric recirculation method (NFARM) has been utilized to make 

measurements of total denitrification (N2O + N2) in the absence of atmospheric N2 (Burgin et al., 

2010; Burgin and Groffman, 2012; Morse et al., 2015; Morse et al., 2015). The objective of this 

study was to use NFARM measurements of total denitrification as the basis for estimating 

denitrification at the field-scale for two different Missouri fields under claypan soils. The model 

combines the NFARM fluxes with soil volumetric water content (VWC) and soil temperature as 

the main drivers for calculating denitrification. Field-scale estimations were made for years in 

which corn or wheat crops were grown and NFARM flux data for cores collected following N 

fertilizer application in both fields were used. This study provides the first field-scale estimation 

of denitrification based on actual denitrification measurements and field-based soil 

environmental parameters. 

4.3 Materials and Methods 

4.3.1 Site Location 

This study included two fields at the Goodwater Creek Experimental Watershed (GCEW) 

in the Central Mississippi River Basin member of the long-term agroecosystem research (LTAR) 

network located in northeastern Missouri (Field 1 - 39°13’46.92” N , -92°7’0.84” W, Field 3 - 

39°13’55.56” N, -92°9’0.36” W) (Fig. 4.1). These soils and management history for the years 

2016, 2017, 2018, and 2019 were described in Chapters 2 and 3. Denitrification estimates were 

made for years in which wheat and corn were grown and N fertilizer applied to the fields. Field 1 

was under corn in 2016 and 2019 and wheat in 2017-18 while Field 3 was under corn in 2017.  

Although total denitrification was not significantly different across landscape position, average 

fluxes were 2-3 times greater in the toeslope compared to upper landscape positions. Thus, the 



88 

 

landscape areas were determined for each field using LiDAR at 1.5-m intervals (Figure 4.2 

A&B; Table 4.1). 

4.3.2 Sensor Calibration 

A network of soil sensors were installed across Fields 1 and 3 to record soil O2, 

temperature, and moisture data at 5-minute intervals and capture the landscape-scale spatial and 

temporal variations in these parameters. Each field network included three nodes with four pairs 

of Apogee diffusion-head O2 sensors (SO-110; Apogee Instruments, Inc., Logan, UT; Burgin et 

al., 2010) and volumetric water content (VWC) and temperature were measured using Decagon 

5TM frequency domain reflectometry (FDR) sensors (Decagon Devices, Pullman, WA; Varble 

& Chavez, 2010). Two pairs of each sensor type were deployed in the A (or Ap) horizon (10 cm 

depth), and placed at various landscape positions, from summit to toeslope. Each node was 

equipped with a CR1000 data logger (Campbell Scientific, Inc., Logan, UT) and data was 

transferred via an existing telemetry system for automated daily downloading. Sensors were 

deployed for varying periods of time from 2016 to 2018, and data from four rainfall events were 

chosen. 

 The FDR sensors showed a low bias in the VWC data due to the high clay content of the 

soils and were corrected using time domain reflectometry (TDR) sensors (Seyfried et al., 2005). 

Both FDR and TDR sensors were deployed side-by-side at 10-cm depth to obtain data needed for 

the correction. The FDR sensors were corrected for multiple rainfall events that resulted in <5% 

soil O2. To do this, the percent difference was calculated using the equation (
(θTDR – θFDR)

θTDR
) * 100. 

Three regions of distinct differences were identified to determine the volumetric water contents 

at which each correction would occur. Two were at 5 and 15 %, and the third consisted of a 

linear relationship between the two (Appendix A and Appendix B).  
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4.3.3. Flux Rates and Environmental Parameters 

Flux rates for N2O and N2 in this model were obtained by the NFARM method as 

described in Chapter 2. Out of the 6 sets of cores that were analyzed for each field, only fluxes 

from those cores collected following recent N application were used: Field 1 – May 2016 and 

Nov 2017; and Field 3 – November 2017. In the absence of N fertilizer, fluxes were shown to be 

very low and did not represent denitrification under corn and wheat production. Flux rates were 

separated by landscape position for each field and are listed in Table 4.2. 

The two critical environmental parameters controlling denitrification are soil O2 and 

temperature. In the model presented, denitrification was assumed to occur at soil 02 <5% based 

on the findings of Burgin and Groffman (2012), and flux rates were adjusted for temperature, 

assuming a Q10 of 2. Soil O2 data are not widely available as are VWC data (e.g., Soil Climate 

Analysis Network (SCAN) (https://www.wcc.nrcs.usda.gov/scan/); therefore, VWC was used to 

estimate soil O2. By graphing soil VWC vs. soil O2, the average VWC at which soil O2 was <5% 

was 0.415 (+/- 0.020). Next, the lower limit of soil VWC was chosen as the criterion at which 

denitrification could occur, and hourly VWC data available at the Field 1 location 

(https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=2195) were used to determine when VWC met 

the criteria.  

 Previous research suggests the Q10 value for denitrification, the rate of change that occurs 

when the temperature is increased by 10 °C, is approximately 2 in the 15 – 35°C range (Stanford 

et al., 1975; Phillips et al., 2015). This translates to denitrification rates doubling for every 10 °C 

increase in temperature. Others have calculated Q10 values of 1.6 in the 7 – 20°C range, and 2.8 

in the 20 – 30°C range (Fischer and Whalen, 2005). Yu et al. (2020) observed Q10 values ranging 

from 1.31 to 2.98 for N2O, and from 1.69 to 3.83 for N2. In this study, the NFARM measured 

https://www.wcc.nrcs.usda.gov/scan/
https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=2195
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denitrification at 20°C. As a result, we used the reported Q10 value of 2 as a basis to determine 

and apply rates from 15°C to 30°C. This was justified as the optimal reaction temperatures for 

denitrification is between 15 and 35°C (Liao et al., 2018). Mancino et al. (1988) observed 

significant denitrification at 30°C and above. For each landscape position, the denitrification rate 

applied at 30 °C was two times the measured rate from the NFARM. The rate at 15 °C was the 

measured rate from the NFARM divided by sqrt(2), which was solved for using the Q10 equation. 

Using the rates at the three temperatures, an equation following an exponential relationship was 

determined between rate and temperature (R2=1) at each landscape within each field to calculate 

and apply the necessary rate in the model. Rate equations and conditions used to develop the 

model are listed in Table 4.3 and Table 4.4.  

 As shown in Table 2.1, Field 1 was under corn and wheat in 2016 and 2017, respectively. 

Corn was also planted in 2019, however, after the N was applied and corn planted, the stand was 

poor due to wet field conditions. The field remained wet too long to re-plant corn, so soybean 

was planted instead in June 2019. Since N fertilization had occurred, this year was still included 

in the estimates for denitrification. Field 3 was under corn only in 2017. Calculations for the 

calendar year were dependent on the date and frequency of N-fertilization and crop year. In both 

2016 and 2019, Field 1 was under corn and fertilized once, so the calendar year was from 

January 1 to December 31 for each of those years. Wheat planting and N-fertilization occurred in 

October of 2017 for Field 1. As a result, the annual time frame for denitrification flux was from 

October 18, 2017 to October 17, 2018. Nitrogen fertilizer was also applied in March and April of 

2018, so they were included in the total N inputs for that calendar year. Field 3 was grown under 

corn in 2017. Prior to planting, N fertilizer was applied in November of 2016 and in February 

2017; thus, the calendar year started on Nov 22, 2016 and ended on November 21, 2017.  
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 The daily soil VWC and temperature averages at the 10 cm depth from the SCAN site 

were sorted to identify when soil conditions met our criterion for denitrification. Next, daily flux 

rates were calculated using the following equation:   

AxS*RxS + AxB*RxB + AxT*RxT 

Here, Ax represents the area percentage (%) for Field x at each landscape position, and Rx is the 

applied flux rate (g N ha-1day-1) for Field x at each landscape position calculated using the 

associated rate equations listed in Table 4.3. Cumulative N2O and N2 emissions were then 

estimated by aggregating daily rates within each calendar year. 

4.4  Results and Discussion 

4.4.1 Yearly Estimates of N2O and N2 

For Field 1, total denitrification estimates for the three years were 9.26, 0.54, and 8.01 kg 

N ha-1, respectively (Figure 4.3A). In 2016, denitrification estimates accounted for roughly 7.6% 

of the total applied N. A total of 0.37 kg N ha-1 y-1 was estimated as N2O, and 8.9 kg N ha-1 y-1 

was estimated as N2. When grown under wheat, < 1% of the total N application was accounted 

for through denitrification estimates. Percentage of total N application estimated as N2O and N2 

in 2019 was lower than in 2016, representing 7.2%. Overall, average N2O and N2 emissions were 

0.32 and 7.69 kg N ha-1, respectively. Denitrification estimates for Field 3 grown under corn in 

2017 were 3.96 kg N ha-1 (Figure 4.3B), and were lower than estimates in Field 1 when grown 

under corn. However, denitrification for Field 3 accounted for roughly 1.8% of 223 kg N ha-1 

applied. Flux estimates of N2O and N2
 were 0.15 and 3.8 kg N ha-1 y-1, respectively. 

4.4.2 Daily Estimates of N2O and N2, and Hot Moments/Hot Spots 

Conditions for significant denitrification varied among years, but significant events 

occurred from May to September, with the greatest number of events occurring in 2019. This is 
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supported by the most precipitation occurring in 2019 (Table 4.5). Fluxes of N2O production 

ranged from 0.023 to 0.034 kg N ha-1d-1. Dinitrogen fluxes ranged from 0.56 to 0.82 kg N ha-1d-1. 

The highest total denitrification estimate was on August 4, 2016 and the lowest flux estimates 

occurred both on September 11, and September 12. Despite a total precipitation of 770 mm in 

2017-2018 (Table 4.5), suitable denitrification conditions occurred only once throughout the 

calendar year. On October 10, 2018, estimated N2O and N2 fluxes were 0.021 and 0.52 kg N ha-1 

y-1, respectively (Figure 4.3A). This is an indication that there are precipitation events that occur 

and do not induce conditions suitable for denitrification. In 2017, N2O and N2 estimates for Field 

3 ranged from 0.020 to 0.033 kg N ha-1 d-1 and 0.50 to 0.84 kg N ha-1 d-1, respectively (Figure 

4.5). Despite widely varying conditions between years, when denitrification events occurred the 

total fluxes were generally between 0.40 to 0.80 kg N ha-1 d-1. Thus, differences in annual losses 

mainly reflect the number of denitrification events each year. The irregular nature of the events 

was consistent with the notion of hot moments in which the conditions for denitrification occur 

sporadically. In terms of hot spots, based on the fluxes and temperature rate equations (Table 4.2 

and 4.3), the summit position was the hot spot in Field 1, accounting for 83% of the annual flux 

while Field 3 had a nearly equal distribution of fluxes by landscape position. 

4.4.3 Model Assumptions 

 While the model presented was capable of estimating denitrification fluxes on an event-

basis at the field-scale, several simplifying assumptions exist within it. First, this model assumes 

that N2O and N2 fluxes have the same temperature dependence. Rate equations for both were 

developed based on the Q10 value of 2. A second assumption was that once the VWC threshold 

was reached, temperature drove the denitrification reactions. Denitrification typically increases 

as a both soil VWC and temperature increase (Philippot et al., 2007). However, O2 concentration 
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is the one of the most important factors in denitrification regulation (Firestone et al., 1979; 

Tiedje, 1988; Burgin et al., 2010). Further, some studies have observed an increase in N2 

emissions at higher soil VWC (Wu et al., 2017; Ruser et al., 2006; Butterbach-Bahl et al., 2002), 

and the model does not take this into account. The model also disregards potential denitrification 

occurring at temperatures <15oC, which is justified according to Avalakki et al. (1995), who 

reported low emissions on an Alfisol at 5°C. Lastly, the model used the highest observed 

denitrification rates for each field based on those cores with high residual soil NO3
- 

concentration, and these rates were assumed to be applicable throughout the growing season. 

Given that residual soil NO3
- decreases through the growing season, this assumption may over-

estimate denitrification for events later in the season.  

4.5 Conclusion 

 Denitrification estimates modelled by upscaling NFARM N2O and N2 measurements 

combined with soil environmental parameters was demonstrated to capture event-based 

dynamics and provide annual estimates of gaseous N loss from row crop fields. Denitrification 

from two Missouri fields cropped to corn or wheat accounted for up to 7.6% of total applied N 

fertilizer, showing that gaseous loss of N was a major transport pathway that may impact crop 

yields in some years. This approach used in this model development proposes an alternative to 

simulation models for field-scale estimations of denitrification by up-scaling NFARM data. 

Results showed that denitrification events were highly irregular in terms of the number and 

timing of events. This was consistent with the concept that hot moments control the magnitude of 

annual denitrification. It is possible that the processes used to develop this model can be used to 

upscale other plot measurements to the field-scale, and even to the watershed scale. However, 

the use of the LiDAR data in combination with soil mapping units and soil environmental data 
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are necessary to objectively upscale plot measurements to the watershed-scale. Extensive 

greenhouse gas sampling measurements should be obtained for these fields in the near future to 

determine the efficacy of the results and modelling techniques. 
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4.8 Tables and Figures 

Table 4.1: Areas for each landscape position for Field 1 and Field 3. 

Field Landscape Position Area (ha) 

Area Percentage of Field (%) 

(A)  

1 Summit (S) 23.65 65.6 

Backslope (B) 6.19 17.2 

Toeslope (T) 6.22 17.2 

3 Summit (S) 3.87 19.8 

Backslope (B) 13.11 67.1 

Toeslope (T) 2.56 13.1 

Table 4.2: Actual N2O and N2 flux rates.  

Field 

Core Sampling 

Date/Event Landscape 

N2O Flux Rate  

(g N ha-1 d-1) 

N2 Flux Rate 

(g N ha-1 d-1) 

1  May 13, 2016 Summit 48.7 1017 

Backslope 4.25 95.2 

Toeslope 4.70 495 

March 17, 2017 Summit 14.1 333 

Backslope 0.328 447 

Toeslope 10.0 44.0  

3 November 18, 2016 Summit 49.9 1394 

Backslope 25.0 1105 

Toeslope 141 574 

 April 23, 2018 Summit 1.80 68.7 

Backslope 1.34 0 

Toeslope 2.55 804 
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Table 4.3: N2O and N2 rate equations for Fields 1 and 3 by landscape position. 

Note: N2O and N2 rates are dependent on the temperature (T). 

 

Table 4.4: Parameters and conditions used to develop the denitrification model. 

Parameter Description Value Reference 

θcrit 

Cut-off volumetric water content used for estimating 

denitrification. 0.395 -- 

Tcrit 

Cut-off temperature used for estimating 

denitrification. 15 °C Liao et al., 2018 

Q10 

Factor at which reaction rate changes every 10 °C 

increase in temperature. 2 

Stanford et al., 1975; 

Phillips et al., 2015 

Axy 

Area (%) for Field X (1,3), Landscape Y (Summit 

(S), Backslope (B), Toeslope (T)).  Table 4.1 -- 

Rxy Rate (g N ha-1d-1) for Field X (1,3), Landscape Y  Table 4.2 -- 

Table 4.5: Cumulative precipitation amounts for each year. 

Annual Period Total Precipitation (mm) 

Jan 1, 2016 - Dec 31, 2016 949 

Nov 22, 2016 - Nov 21, 2017 851 

Oct 18, 2017 - October 17, 2018 770 

Jan 1, 2019 - Dec 31, 2019 1002 

 

 

Field Landscape Position 
N2O Rate Equation (R) 

(g N ha-1 d-1) 

N2 Rate Equation (R) 

(g N ha-1 d-1) 

1 
Summit  2.2899e0.0385T 49.192e0.0385T 

Backslope  0.1667e0.0385T 19.781e0.0385T 

Toeslope  0.5363e0.0385T 19.659e0.0385T 

3 
Summit  1.8863e0.0385T 53.309e0.0385T 

Backslope  0.9603e0.0385T 38.788e0.0385T 

Toeslope 5.225e0.0385T 50.232e0.0385T 
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Figure 4.1: Location of study (Lerch et al., 2005; Sadler et al., 2015) in the Goodwater Creek 

watershed near Centralia, MO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 A&B: Core transect locations in identified landscape positions for Field 1(A) and 

Field 3 (B). 
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Figure 4.3 A&B: Annual denitrification estimates in 2016 – 2019 for Field 1 (A) and in 2016-

2017 for Field 3 (B). 
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Figure 4.4 A&B: Percentage of applied N fertilizer lost annually through denitrification for Field 

1 (A) and for Field 3 (B). 



104 

 

 
Figure 4.5: Daily total denitrification (N2O+N2) measurements for Field 1, grown under corn, in 

2016. 
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Figure 4.6: Daily total denitrification (N2O+N2) estimates for Field 3, grown under corn, in 

2016-2017. 
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Figure 4.7: Daily total denitrification (N2O+N2) estimates for Field 1, grown under corn, in 2019. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 

 

CHAPTER 5 

CONCLUSIONS 

 In general, high denitrification potential was expected to result in higher actual 

denitrification rates. This was not observed, but there were similar spatial patterns between the 

two. However, actual denitrification was much lower than denitrification potential across all 

landscape positions. This suggested that using denitrification potential alone may be an effective 

way to estimate actual emissions but may result in an over-estimation. It is also possible that 

some significant denitrification events were missed. 

The measurements of nosZ abundance in combination with the denitrification potential 

and actual N2O and N2 measurements provided insight to the denitrifying community.  

Generally, gene abundance is associated with microbial activity. Regardless of sequencing 

method, there were no significant correlations between nosZ gene abundance and denitrification 

measurements. Reverse transcription qPCR, ddPCR, and nanostring sequencing technologies did 

not successfully capture the landscape dependence as expected and shown in denitrification 

measurements and other studies. Nanostring sequencing had the lowest nosZ abundance 

measurements and variability, suggesting high specificity for this analysis. It is possible with the 

use of other nosZ primers in combination with abundance measurements of other genes along the 

denitrification pathway, a significant relationship can be established between denitrifying gene 

abundance and denitrification flux measurements. Since nanostring sequencing technology 

allows for the detection of multiple genes, it may be a useful tool when measuring multiple 

denitrification genes. However, the gene sequencing technology was not correlated to potential 

or actual denitrification and these methods are of limited utility in their current state. 



108 

 

Many complex denitrification models exist and require several inputs to make estimates. 

This study demonstrated a unique way to develop a simple model estimating field-scale 

denitrification using N2O and N2 measurements from the NFARM in combination with daily soil 

moisture and temperature data to estimate annual denitrification flux. This model has an 

advantage of identifying hot moments, which has proven difficult to incorporate in other models. 

These estimates were used to determine the importance of denitrification to the N-budget of 

agricultural systems. With losses accounting for up to 7.2% of applied N fertilizer, the model 

supported the conclusion the gaseous N loss was a major transport pathway in these claypan 

fields. It is possible that the processes used to develop this model may be useful in upscaling 

plot-scale and field-scale measurements to the watershed scale. Using co-kriged estimates, as 

illustrated in chapter 2, is another way to approach estimating daily and annual denitrification 

flux as the co-kriged estimates were more conservative and similar to actual denitrification than 

kriged estimates from the DEA data. To verify our results, extensive daily in-field soil N2O flux 

sampling should be conducted to allow the accurate determination of denitrification over 

multiple growing seasons. It would also aid in developing an efficient way to incorporate the 

identification and utilization of hot spots and hot moments into this model and many others. 

Overall, this study highlights the complexities of denitrification research. Results here 

illustrate denitrification differences are more likely associated with soil characteristic differences 

across landscape position rather than crop management in agricultural systems. Although nosZ 

abundance measurements did not correlate with other measured variables, RT-qPCR, ddPCR, 

and nanostring sequencing may be useful tools in understanding the genetic component of 

denitrification. Other molecular sequencing techniques should be investigated to determine the 
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best method to measure genes involved in denitrification. This study was performed on poorly 

drained claypan soils, and could yield different results in other soils. Utilizing this information 

can aid in our scientific understanding of denitrification and the inter-relationships between soil 

properties, environmental variables, and denitrifying genes and expression in agricultural system, 

and indicates the need to implement strategies to reduce N2O emissions. 
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APPENDIX A 

Percent difference between TDR and FDR sensors as a function of time. 
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APPENDIX B 

Linear relationship used comparing percent difference between FDR and TDR sensors. 
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