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Abstract 

Riparian soils are thought to be potential hotspots for nitrous oxide (N2O) fluxes from incomplete 

denitrification, with soil moisture cited as a primary controller, however, because there are multiple 

potential pathways for N2O production in soils, each with their own environmental regulators, the 

timing and magnitude of N2O fluxes in difficult to predict. Often empirical observations have failed 

to yield consistent relationships between environmental factors in lab and field scenarios.  

This thesis characterizes the hydrological controls (soil moisture, water table depth, and 

precipitation) on N2O fluxes from different positions on the riparian landscape (dry, loamy upland, 

and wet, organic lowland) in the field during the growing season. Nitrous oxide and carbon dioxide 

(CO2) fluxes in the field, as well as environmental and climatic variables, were measured in the field. 

Over the three year study period N2O fluxes were consistently correlated with soil temperature during 

the growing season, but not with any hydrological factors. However, direct relationship between soil 

hydrology and N2O fluxes was more evident on an ñepisodicò time scales.  

Lab experiments were used to assess the influence of AHC on N2O production under 

controlled conditions. Experiment 1 employed intact soil cores collected from the upland and lowland 

positions of the riparian landscape and the cores were subjected to one of two contrasting moisture 

regimes (wet-dry-wet or dry-wet-dry). Experiment 2 used homogenized soils from the upland and 

lowland positions on the landscape to create a multi-factorial experiment that simultaneously altered 

soil moisture and soil substrate concentrations (nitrate, ammonium, organic carbon). The lab results 

showed that different AHC resulted in differences to the timing and magnitude of N2O fluxes, and 

that these patterns differed with soil type. Nitrous oxide production was often correlated with soil 

moisture in the lowland soils regardless of AHC. The results from Experiment 2 suggested that the 

upland soils were C limited, which resulted in an unpredictable relationship between soil moisture 

and N2O production during different AHC. The lowland soils were less affected by AHC as they were 

not N or C limited like the upland soils.  

It can be concluded from this research that the relationship between soil moisture and N2O 

fluxes is influenced by AHC through the influence of AHC on soil N and C dynamics. Given the 

differences in C and N dynamics between soils types, and the influence of AHC on soil C and N, it 

can be concluded that a derived relationship between soil moisture and N2O fluxes may not be 

directly transferable between soil types unless C and N are considered.    
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Chapter 1 Introduction and Objectives 

1.1 Introduction and Rationale for Research 

Understanding greenhouse gas (GHG) dynamics is important because of their role in global climate 

change. Carbon dioxide (CO2) has experienced the greatest increase in atmospheric concentrations by 

volume of emissions, however, other GHGôs such as nitrous oxide (N2O) and methane (CH4) also 

make significant contributions to climate change (IPCC, 2001). Atmospheric concentrations of N2O 

have increased since the industrial revolution from around280 ppbv to current concentrations of about 

350 ppbv, and this increase is attributed mainly to anthropogenic activities (Pathak, 1999).  

With a Global Warming Potential (GWP) that is 290 times the amount of radiative forcing 

power of CO2 over 100 years, N2O is a potent GHG (Shine et al., 2005). Concentrations of 

atmospheric N2O are increasing at a rate of 0.25% year (Pihlate et al., 2004), and this is a concern 

because N2O is responsible for an estimated 6% of all global warming (Machefert et al., 2004).  

It is thought that soils are the source of 65% of the total global N2O emissions (Pathek, 1999).  

Soil N2O fluxes are known to be highly episodic in nature which makes predicting and modeling 

terrestrial N2O dynamics difficult (Li, 1992; Fierer and Schimel, 2002). Soil moisture is often cited as 

one of the primary controls of N2O fluxes (Machefert et al., 2004; Du, 2006). However, research has 

failed to yield consistent empirical relationships between soil moisture and N2O fluxes (i.e. Dobbie et 

al., 1999), likely because of the confounding influence of other factors. For example, the ñHole-in-

the-Pipe (HIP) modelò conceptualized by Firestone and Davidson (1989) suggests that the amount of 

N2O production from soils via nitrification and denitrification is regulated by soil moisture, soil N and 

C dynamics, and soil properties. Thus, the combined influences of these factors on N2O fluxes would 

benefit from further evaluation.  

Agricultural riparian wetlands, which interface between agricultural fields and aquatic 

ecosystems or wetlands, can help to reduce the amount of nitrate (NO3
-
) in agricultural runoff (Cey et 

al., 1999). These landscapes are dynamic over small spatial scales and are credited for their positive 

influence on water quality (Bradley et al., 2011). Denitrification is often cited as the primary 

mechanism responsible for removing NO3
-
 in riparian zones, but it is also a process that can produce 

N2O emissions from soils under some environmental conditions (Bernal et al., 2007).  The highly 

dynamics natural of N2O fluxes also makes it difficult to characterize the relationships between N2O 

fluxes and environmental variables (Davidson et al., 2000). To better understand N2O dynamics in 

riparian soils, this research explores some of the uncertainty with regard to the environmental 
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mechanisms that drive N2O fluxes, with a focus on the control of soil moisture on the timing and 

magnitude of N2O fluxes. 

The following section reviews N cycling in riparian soils, discusses biological production of 

N2O, describes environmental factors governing biological N2O, how carbon (C) and nitrogen (N) are 

linked in soils and to N2O fluxes, and reviews what is known about the influence of antecedent 

hydrological conditions (AHC) on the timing and magnitudes of N2O fluxes. 

1.2 Literature Review 

1.2.1 Nitrogen Cycling in Riparian Soils 

Riparian zones function in agricultural areas as nutrient buffers for runoff between water sources and 

agricultural developments (Morris, 1991; Entry and Emmingham, 1996). Nitrate is a water soluble 

form of N (Galloway, 1998) which it contributes to eutrophication (McCarty and Bremner, 1993). If 

ingested, NO3
-
 can cause methemoglobinemia in humans and animals, a condition that affects the 

ability of the blood to carry oxygen (O2) (Martin et al., 1999). Thus, riparian areas provide a valuable 

ecosystem service by reducing NO3
-
 concentrations from agricultural runoff before it enters 

surrounding aquatic systems. However, incomplete denitrification can lead to emissions of N2O from 

soils. Nitrous oxide not only contributes to the greenhouse effect, but atmospheric N2O reacts with 

molecular O2 to produce nitric oxide (NO). This in turn degrades the stratospheric ozone (O3) which 

is responsible for blocking harmful UV-B (Davidson, 1991). It is thought that the aforementioned 

environmental-soil conditions make riparian areas potential ñhotspotsò for N2O production 

(Machefert et al., 2004), which means that the removal of NO3
-
 from soils may be offset by 

production of N2O and this brings into question the net environmental effects of these landscapes.  

Riparian areas are characterized by sharp environmental gradients. Variability in 

environmental factors can foster numerous processes over a relatively small area (Gregory et al., 

1999). Biogeochemical processes are known to be highly variable in both space and time, and soil C 

and N dynamics in soils are prone to ñhot momentsò, which are instances of disproportionately high 

reaction rates relative to the surrounding soil (McClain et al., 2003). Nitrous oxide emissions are 

known to be especially episodic in nature (Machefert et al., 2004) and McClain et al. (2003) report 

that terrestrial-aquatic interfaces, such as those found in riparian areas, are known to enhance 

instances of hot moments in soils. It may be that while denitrification in riparian areas serves to 

remediate NO3
-
 from soil water, these landscapes may also be contributing to climate change. There is 
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also considerable evidence to support that nitrification,  and potentially nitrifier denitrification can 

also be implicated in N2O production from riparian soils (Mosier, 1998), suggesting that more studies 

would benefit our understanding of the environmental conditions under which N2O emissions occur 

from these riparian landscapes. 

1.2.2 Biological Production of Nitrous Oxide from Soils 

The contribution of soils to climate change is significant and they are thought to be responsible for 

65% of anthropogenic N2O emission (Pathek, 1999). The nitrogen cycle is complex; as the element 

has seven oxidation states, a variety of conversion mechanisms between N species  and can 

experience various methods of transport and storage (Galloway et al., 2004) (Figure 1). Some 

portions of the N budget cannot be accounted for, which can make closing the N cycle difficult 

(Mosier et al., 1998).  

 

Figure 1 A simplified representation of the Nitrogen Cycle by Deacon, 2007 

The number of biological pathways from which N2O production is possible contributes to 

high levels of spatial and temporal variability of N2O fluxes (Figure 2). Nitrous oxide production can 

be a byproduct of a number of microbial pathways (denitrification, nitrification, and nitrifier-

denitrification), each with differing environmental conditions required to facilitate N2O production 

(Table 1).  
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Figure 2 Potential pathways of biological production of N2O, adapted from Baggs, 2008 

Denitrification is the reduction of nitrogen oxides (NO3
-
 and NO2

-
) to gaseous oxides (NO or 

N2O) which are subsequently reduced to N2 upon completion of the process (Baggs, 2008). This 

represents a closing of the N cycle, as N2 is a natural and abundant constituent of the atmosphere 

(Mosier et al., 1998; Martin et al., 1999; Hefting et al., 2006). The ability to denitrify has been found 

in a range of microbes. Many denitrifiers have been identified as heterotrophic, facultative anaerobes 

(Knowles, 1982; Hill, 1996). It was once thought that O2 was preferred over NO3
-
 as a terminal 

electron acceptor for denitrifiers, but more recent research has found the occurrence of aerobic 

denitrification under alternating oxic-anoxic conditions and under fully aerated conditions, which 

suggest that there may be simultaneous respiration of O2 and NO3
-
 by different genre of denitrifying 

bacteria (Morley et al., 2008). 
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Table 1 Environmental regulators of biological denitrification, nitrification, and nitrifier -denitrification, processes that are capable of producing N2O, 

and the regulators of N2O production fr om these processes 

Denitrification favored when: Source N2O production from denitrification 

favored when: 

Source 

- High availability of labile C 

(energy source) 
[1]

 

- High availability of NO3
-
 (as 

electron acceptor) 
[1]

  

- Poorly aerated soils (low O2) 

- High temperature (between 20 ºC 

and 35 ºC) 
[1]

 

- Slightly alkaline soils (pH 7.0-8.0) 
[2]

 

- High soil moisture (+60% WFPS) 
[3]

 

[1]
 Barnard et al., 2005 

[2]
 Simek and Cooper, 2002 

[3]
 Davidson, 1991 

 

- High availability of NO3
-
 as 

electron acceptor (inhibits 

reduction of N2O to N2) 
[1]

 

- Temperature below 4 ºC 
[1]

 

- Slightly acidic soils (pH 4.5-6.0) 
[1,2]

 

- Reducing conditions (redox 

potential of 0) 
[2]

 

- Between 60-80% WFPS 
[3]

 

[1]
 Hefting et al., 2006

 

[2]
 Simek and Cooper, 

2002 
[3]

 Davidson, 1991 

Nitrification favored when:  Source N2O production from nitrification 

favored when: 

Source: 

- High NH4
+
 
[1]

 

- Moderate pH 
[1]

 

- Well aerated soils (30%-70% 

WFPS), declining as soils dry 
[1,2]

 

- High temperature (between 20 ºC 

and 35 ºC) 
[1]

 

[1]
 Barnard et al., 2005 

[2]
 Davidson, 1991 

- Acidic conditions (N2O from 

autotrophic and heterotrophic 

nitrifiers) 
[2]

 

[2]
 Simek and Cooper, 

2002 

Nitrifier -denitrification favored:  Source N2O production from Nitrifier -

dentirifiction favored:  

Source 

- O2 depleted environments 
[1]

 
[1]

 Bouwman, 1996 - High NO2
-
 
[1]

 

- between 50 and 70% WFPS 
[2]

 

[1]
 Wrage et al., 2001 

[2]
 Kool et al., 2011 
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Nitrification converts ammonium (NH4
+
) or ammonia (NH3) to NO3

-
 (Sahrawat, 2008). This 

process also encompasses ammonia oxidation, which is the oxidation of NH3 into NO2
-
 (Baggs, 

2008), as well nitrifier denitrification, which is the reduction of NO2
-
 by nitrifiers with N2O-reductase 

(Wrage et al., 2001).  Together with denitrification, nitrification from soils is thought to be the 

primary process responsible for anthropogenic N2O emissions (Baggs, 2008). A group of obligate 

autotrophic soil bacteria collectively known as nitrobacteria are responsible for most of the biological 

oxidation that occurs during nitrification (Sahrawat, 2008). Nitosomonas, a subgroup of nitrobacteria, 

oxidizes NH3 or NH4
+
 to NO2

-
, and a second subgroup of nitrobacteria called nitrobacter are 

responsible for the conversion of NO2
-
 to NO3

-
 (Sahrawat, 2008). There is evidence to suggest that 

strains of nitrobacter can produce N2O via anaerobic reduction of NO3
-
 but there is very little known 

about this pathway (Freitag et al., 1987; Wrage et al., 2001).  

Nitrifier -denitrification is carried out by a group of autotrophic NH3-oxidizers (Wrage et al., 

2001), and this process contributes to gaseous losses of N from soils by converting NH4
+
 to NO or 

N2O (Poth and Focht, 1985). Laboratory results from Kool et al. (2011) found that N2O production 

from both denitrification and nitrifier-denitrification decreased with decreasing soil moisture, 

however, denitrification decreased more so relative to nitrifier-denitrification suggesting rates of 

nitrifier-denitrification are less influenced by soil moisture. The same study found that the relative 

contribution of nitrifier-denitrification as a percent of NH4
+
 derived N2O did not strongly differ with 

soil moisture, and that the relative contribution of N2O from nitrifier-denitrification under 

experimental conditions contributed more N2O than denitrification of NO3
-
 at intermediate to high 

soil moistures (50 and 70% WFPS) suggesting that at some soil moistures and under certain soil 

conditions, nitrifier-denitrification may be just as important as pathways as nitrification and 

denitrification for N2O production.  

Some nitrifiers denitrify during anaerobiosis, but in the presence of relatively higher O2 will 

denitrify aerobically, and to further complicate things, the behavior of such microbes may be partially 

controlled by substrate availability, with different behaviors observed in the presence of NH4
+
, both 

NH4
+
 and NO3

-
, and NO2

-
 (Kuenen and Robertson, 1994). Both autotrophic and heterotrophic 

nitrifiers have been found to carry out denitrification, though this process is complex and not well 

understood (Kuenen and Robertson, 1994). Many heterotrophic nitrifiers are also denitrifiers, and are 

able to reduce nitrification products like NO2
-
 and NO3

-
 via denitrification, as experiments have 

confirmed that N2O can be produced from NH4
+
 (Kuenen and Robertson, 1994). Short-term O2 stress 

can result in aerobic, autotrophic microbes switching from nitrification to denitrification, which 

results in an output of N2O instead of NO3
-
 (Kuenen and Robertson, 1994).  



 

 7 

Coupled nitrification-denitrification has also been implicated in N2O emissions from soils. 

Rather than being a process carried out by one group of microbes like nitrifier-denitrification, coupled 

nitrification-denitrification describes instances where both processes happen simultaneously (Wrage 

et al., 2001; Pihlate et al., 2004). The coupling of these processes tends to occur in microsites or 

aerobic-anaerobic interfaces (Baldwin and Mitchell, 2000) and N2O production from coupled 

nitrification-denitrification is highest when conditions are sub-optimal for either process (Wrage et 

al., 2001). The congruency of nitrification and denitrification has been attributed to part of the 

difficultly in consistently modeling and predicting N2O fluxes from soil because their simultaneous 

occurrence is dependent upon having conditions in soils that can support both processes, and these 

conditions are associated with a high degree of spatial and temporal variability in N2O emissions 

(Kuenen and Robertson, 1994; Hergoualcôh et al. 2007).  Usually, evolution of N2O is thought to be 

the result of nitrification in aerobic soils and denitrification under more anaerobic conditions (Barnard 

at al., 2005). Pihlate et al. (2004) suggest that 60% WFPS is the threshold that determines whether 

nitrification or denitrification will occur; with nitrification predominating below the threshold and 

denitrification predominating above the threshold. Simultaneous nitrification-denitrification is 

expected to be most prevalent between 30% and 70% WFPS (Pihlate et al., 2004) (Figure 3). 

 

Figure 3 Theoretical soil moisture conditions for simultaneous nitrification-denitrification, adapted from 

Pihlate et al., 2004 

Since there are many possible pathways for biological N2O production, and the possibility of 

coupling of the processes, as well as the fact that each of these processes have their own 

environmental controls for N2O production, it is difficult to predict the timing and magnitude of N2O 

fluxes from soils in the natural environment.  

1.2.2.1 Controls on Dynamics of Gaseous End Products of Nitrogen 

The existence of multiple pathways for N2O production contributes to the complexity of N2O soil 

fluxes, as does the possibility of gaseous-end products other than N2O from these pathways. Current 

and past environmental soil conditions may be influential to the fraction of N2O produced. Though 
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soil moisture is often cited as one of the primary variables controlling denitrification and nitrification 

(Davidson, 1992), these biological processes can have numerous gaseous end-products, which are 

partially regulated by O2 availability (Dendooven et al., 1996) and soil moisture (%WFPS) is thought 

to be a suitable proxy for soil O2 content (Linn and Doran, 1984) (Figure 4).  

 

Figure 4 Showing the fractional end products from nitrification and denitrification as a function of 

%WFPS, as suggested by Davidson (1991) 

 Dinitrogen production from denitrification is commonly associated with saturated soils, 

whereas N2O production is more typical in soils that are highly moist but unsaturated (Linn and 

Doran, 1984). Studies have found that N2O fluxes are higher when soil moisture was greater than 

field capacity, while soil moistures below field capacity seems to favor NO production (Davidson, 

1992; Hutchinson et al., 1993; Paul et al., 1993; Skiba et al., 1993). In support of this, the ratio of 

N2O/NO has been found to increase with increasing soil water content (Ballmann and Conrad 1998; 

Skiba et al., 1993). 

Studies that compare amounts of the relative fluxes of N2O and N2 are commonly studied in 

laboratory experiments since it is difficult to measure N2 in the field due to the high ambient 

atmospheric N2 concentrations (Skiba et al., 1993). On a cellular level, the enzymes responsible for 

denitrification (denitrifying enzymes) and their response to changes in soil moisture may influence 

the N2O mole faction [N2O:(N2O+N2)] (Bergsma et al., 2002). Denitrification enzymes are quick to 

trigger, activating within a few hours of when soil conditions become favorable for denitrification 
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(i.e. anaerobiosis), and denitrification reductases are inactivated within a few minutes or hours when 

conditions become unfavorable (Knowles, 1982; Simek and Cooper, 2002) suggesting small lags 

between changes in soil conditions and dynamics of gas production should be expected. Research 

suggests that though actual rates of denitrification are fastest in slightly alkaline (higher pH) soils, 

denitrification from acidic soils actually favors N2O over N2 production (Simek and Cooper, 2002). 

Similarly, higher NO3
-
 concentrations support higher N2O production relative to N2 during 

denitrification because NO3
-
 inhibits N2O reduction (Morris, 1991; Hefting et al., 2006). The ratio of 

[N2O:(N2O+N2)] has been found to be higher in soils where the supply of O2 and NO3
-
 is sufficient to 

meet the demands for terminal electron acceptors (Allsion et al., 1960; Vor et al., 2003). In support of 

this, a dramatic increase of denitrifying activity and the N2O release by denitrification has been 

observed at O2 partial pressure lower than 0.5% O2 (Parkin and Tiedje, 1984).   

Biological production of N2O is complex, and that not only are there multiple biological 

pathways capable of production, each of these pathways has its own environmental constraints, and 

we do not necessarily have a solid understanding of when and where to expect N2O production from 

soils. Methodological constraints as well as the high cost of advanced monitoring techniques make it 

difficult to accumulate large, high resolution datasets that match biological parameters and 

environmental conditions with N2O production in the field. Despite the complexity of N2O production 

from soils, some success has been noted in understanding N2O flux dynamics using just 

environmental parameters. This topic is reviewed below. 

1.2.3 Regulation of N2O Fluxes  

Soil moisture, presence of O2, availability of C and N, soil pH, and temperature have been cited as 

regulators of N2O production from soils (Patten et al. 1980; Groffman and Tiejde, 1988; Rudaz et al. 

1991; Martin et al. 1999; Pathak, 1999). However, N2O fluxes from soils are known to be highly 

episodic in nature, and there appears to be some inconsistency in the literature with regards to how 

these environmental variables interact to govern N2O emissions, and when these factors are 

significant (Firestone and Davidson, 1989; Baldwin and Mitchell, 2000; Machefert et al., 2004). As a 

result, empirical observations of N2O fluxes from soils do not always fit with theoretical expectations 

(Hefting et al., 2006).  

The Hole-in-the-Pipe model (the ñHIPò model, also referred to as the leaky pipe model) is a 

simple yet comprehensive, conceptual model linking together the influence of multiple environmental 

factors and their influence on N2O emissions from soils (Firestone and Davidson, 1989). It describes 



 

 10 

two levels of regulation; the first is regulation of the rates biological production of gases, which are 

controlled by the rate at which N is moved through the pipes; and the second is the environmental 

factors that influence the amounts of type of gaseous end-products, which conceptually refers to size 

of the hole in the pipes through which the gases ñleakò. This schema describes controls on N2O and 

NO fluxes using two pipes that represent nitrification and denitrification. Nitrogen cycling is 

represented by the flow of N through the pipe, and soil water content and other soil properties, such 

as soil pH, affect the ratio of N2O:NO emissions, symbolized by the relative sizes of the holes through 

which NO and N2O escapes (Firestone and Davidson, 1989) (Figure 5). Researchers have used this 

model to help interpret observations of N2O (and NO) soil emissions from various environments 

(Davidson et al., 2000). It demonstrates that though soil moisture is acknowledged as an important 

physical control on N2O emissions from soils through its control on O2, other factors such as soil type 

and inorganic N are also significant. Soil field capacity (often assumed to be about 60% WFPS 

(Davidson et al., 2000)) is of significance because it is thought that this is the boundary where both 

oxidative and reductive processes are both active in soils (Davidson et al., 2000).  

 

Figure 5 The Hole-in-the-Pipe model, created by Firestone and Davidson (1989), adapted from Davidson 

et al., 2000 

1.2.4 Linking Carbon and Nitrogen Dynamics  

Substrates are important microbial nitrification and denitrification. Inorganic forms of N are 

particularly important to the aforementioned processes because NH4
+
 and NO3

-
 are the starting 
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ingredients of the processes (Austin et al., 2004; Pihlate et al., 2004). It is mineralization that converts 

organic forms of N to these inorganic forms which can be used by N2O producing microbes (Sleutel 

et al., 2008). 

Carbon and N dynamics are tightly linked in soils (Mosier et al., 1998; Fontaine et al., 2003) 

and microbial activity is a dominant factor controlling CO2 or C respiration. Nitrogen mineralization 

and immobilization are strongly related to the decomposition of organic C in soils since N in organic 

matter (OM) and plant debris is often bound to C. Decomposers derive their energy from C 

compounds found in soil OM (Reddy and DeLaune, 2008). Nitrogen mineralization is limited by the 

chemical (i.e. lability) and physical (location of OM) bio-availability of organic substrates (Ahn et al., 

2009). Carbon respiration (CO2 production) can use O2 supplies in soils, and if this occurs at rates that 

exceed O2 replenishment into the soils, it can result in anaerobic conditions in the absence of 

saturated moisture conditions (Luxmoore et al., 1970). However, surface soils are often the focus of 

attention with regards to mineralization because rates have been found to be highest in the upper soil 

horizons (Rovira and Vallejo, 1997), and N receives more attention than C with regards to this 

process because N is often found to be limiting for primary production in agricultural and forest 

ecosystems (Fontaine et al., 2003).  

The microbial activity associated with mineralization is positively related to soil temperature. 

With respect to soil moisture, mineralization is low in dry soils due to biological limitations that 

accompany limited water resources, highest at intermediate soil moistures, and relatively lower at 

saturation because of the limited availability of O2 (Reddy and Delaune, 2008).  

Nitrate is utilized by decomposing microbes, and concentrations of NO3
-
 can be temporarily 

decreased in the soil during decomposition as NO3
-
 is immobilized and assimilated by microbes 

(Reddy and Delaune, 2008). This is likely to occur in soils with greater C:N ratios because microbes 

need the additional N to meet their biological N requirements in order to use the available C in the 

OM. Organic soils that are high in N tend to favor ammonification whereas those that are N limited 

tend to favor immobilization, which results in a temporary decrease in available N (i.e. extractable 

soil NO3
-
 concentrations) (Reddy and Delaune, 2008). 

Not only is the soil C:N ratio important to mineralization and ammonification rates, but the 

quality of the detritus is also significant. Different organic substrates decompose at different rates. In 

increasing order of lability: proteins, carbohydrates, cellulose and hemicelluloses, lignin can be found 

in soils (Tan, 2000). Though it is known that not all organic material is equally labile, measuring this 

quality from substrates is highly intensive (Reddy and Delaune, 2008).  
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Soil characteristics also influence rates of mineralization. Greater rates of mineralization have 

been detected in coarse textured, low clay content soils (Reddy and Delaune, 2008). Likewise, finely 

textured soils high in clay content have more micropores which can serve to physically protect much 

of the soil matrix from mineralization (Reddy and Delaune, 2008), suggesting soil structure, change 

in soil structure, and soil composition are all influential to the spatial and temporal variability of N 

dynamics in soils. The biological pathways of N2O production are highly dependent on N and C 

substrates to fuel these processes so linking these processes may be important to our understanding of 

the timing and magnitude of N2O fluxes. 

1.2.5 The Influence of Wet-Dry Cycles on Soil N2O Flux Dynamics 

Antecedent hydrological conditions (AHC), or soil moisture history, and wet-dry-cycles (WDC) 

influence the rate and magnitude mineralization, denitrification, and nitrification in soils (Groffman, 

and Tiedje, 1988; Fierer and Schimel, 2002) but the degree to which moisture variability dictates 

these processes is difficult to quantify. Past research suggests that AHC can influence variables 

aspects of the soil environment, including the population and structure of microbial communities and 

C dynamics, as well as influence the structural integrity of soils (Fierer and Schimel, 2002), 

suggesting the influence of AHC on soil N2O emissions from soils may benefit from additional 

research.. 

The historical soil moisture conditions may also be influential to ñcurrentò N2O producing 

processes from soils. For example, results from previous research has found that N2O evolution is 

minimal from continuously wet or continuously dry soils, while relatively higher N2O emissions have 

been observed from soils subjected to alternating WDC (Smith and Patrick, 1983) with high rates of 

denitrification have been observed from continuously wet soils that were dried and rewet (Groffman 

and Tiedje, 1988). This appears to be a case for different soil types, as results from Duxbury et al. 

(1982) and Goodroad and Keeny (1984) demonstrated that N2O fluxes from both mineral and organic 

soils were lower during an extended dry period compared to measurements following rainfall event. 

These higher magnitudes of N2O fluxes during change soil moisture may be the result of higher rates 

of biological processes. Wet-dry cycles appear to enhance rates of nitrification and denitrification in 

soils (Fierer and Schimel, 2002).  

Dynamic moisture regimes are thought to stimulate microbial activity and mineralization of 

soil OM. This has been attributed to death of microbial biomass upon rewetting of dry soils which can 

result in the lysing of microbial cellular contents into soils. The former contents of the cells can then 
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be used as substrate for surviving microbes (Bottner, 1985; Van Gestel et al., 1992). It is also thought 

that WDC facilitate the break-up of aggregates and expose organic matter that was previously 

protected within the soil matrix (Fierer and Schimel, 2002; Mikha et al., 2005).  

 The complexities of N2O production from various pathways and their associated 

environmental parameters is important to understanding spatial and temporal dynamics, and warrants 

further research. This research aims to better understand how hydrological variability and AHC 

influence N2O dynamics from an agriculturally impacted riparian zone.  

1.3 Objectives and Hypotheses 

The highly dynamic nature of N2O makes quantification of fluxes from landscapes difficult without 

continuous measurements, which are often unrealistic. A more thorough understanding of N2O 

production from riparian landscapes can help improve N2O monitoring protocols and optimize field 

sampling strategies, improve data interpretation and N2O modeling efforts, and enhance riparian 

management strategies.  

This research explores the lack of consistency with regards to the timing and magnitude of 

N2O emissions from soils and the associated environmental conditions.  

Using three years of field data, the primary objectives of this thesis are: 

1.1. Characterize temporal dynamics and controls on the magnitude of N2O fluxes from the field 

at different positions on the riparian landscapes (upland vs. lowland), and  

1.2. Investigate how hydrological variables including soil moisture, water table, and precipitation 

work together to explain N2O flux timing and magnitude from two positions on the riparian 

landscape (upland vs. lowland).  

Secondly, this thesis compares the effects of contrasting AHC on N2O fluxes from two soil 

types from the riparian landscape (upland mineral soils and lowland organic soils) in a controlled 

laboratory setting. The objectives of this are to: 

2.1 Determine if antecedent soil moisture conditions (wet-dry-wet versus dry-wet-dry) influence 

the timing and magnitude of N2O fluxes, and determine if this influence differs between 

upland and lowland soil types, and 

2.2 Determine if the combined influence of soil moisture and soil N significantly influences the 

relationship between soil moisture and N2O fluxes, and does this differ between the upland 

and lowland soil types. 
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It is expected that the results from the field will show that there are differences in the 

magnitudes of N2O fluxes from the upland and the lowland field data, since the hydrological regimes 

and soil properties between the landscape positions differ. It is hypothesized that: 

1.1 Temperature and soil moisture will  be the primary drivers of N2O fluxes from both 

landscapes, but the relative relationships between soil moisture and N2O fluxes will differ 

between the upland (dry) and lowland (wet) because of the different hydrological conditions, 

and  

1.2 The combined effect of soil moisture and other hydrological variables (water table and 

precipitation) will impact the relationship between soil moisture and N2O fluxes, but this will 

differ by landscape position. Due to the differences in proximity to Spencer Creek, it is 

expected that the wetter lowland will be less influenced by precipitation. Water table 

variability is expected to be important to both landscape positions, given the expected 

coupling between hydrological variables (soil moisture, water table, and precipitation).  

Using the experimental lab results to address Objective 2, it is hypothesized that: 

2.1 AHC will  influence the timing and magnitude of N2O fluxes from both landscape positions, 

and that the timing of N2O fluxes will be largely related to soil moisture, with a positive 

relationship observed between fluxes and soil moisture up to 80% WFPS; and 

2.2 Nitrogen concentrations will positively influence the relationship between soil moisture and 

N2O production, and positively contribute to the magnitude of N2O emissions.  

1.4 Research Approach 

To address the objectives of this thesis, field data from two different positions on a riparian landscape 

were assessed. The field edge (upland) soils are loamy and relatively fine in texture, and the soils at 

the soil-stream interface (lowland) are characterized as a peaty, organic wetland-type soil. Field data 

from three climatically contrasting years was compiled to assess the relationship between hydrology 

and N2O fluxes in the field, and to determine if the relationship differed based on differences in 

precipitation, soil moisture, and water table.  

This research also employed a series laboratory experiments. Experiment 1 explored the 

influence of different AHC on the timing and magnitude N2O production from the upland and 

lowland soils. In the lab, contrasting soil moisture regimes were created and the soil N, CO2 

production, and N2O production were monitored from intact soil cores. Soil moisture regimes created 

during Experiment 1 was cycles of ñwet-dry-wetò (WDW) and ñdry-wet-dryò (DWD). Experiment 2 
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was a multi-factorial experiment that helped isolate the relative degrees of influence of soil moisture, 

and soil C and N, on the magnitude of N2O production from the two different soil types. This 

experiment used batched soil to remove the influence of soil structure and decrease the variability 

associated with soil heterogeneity, to examine under controlled conditions how the N2O production 

differed with respect to different levels of soil N and C and soil moisture in the different soil types. 
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Chapter 2 Site Description and Methods 

2.1 Site Description 

John Mount Research Farm is located in Flamborough, Ontario, Canada (43Á22ô55.80ò N, 

80Á07ô29.97ò W), south-east of the Valens Reservoir. The reservoir is dammed upstream of the site 

and the dam is the dominant hydrologic control through much of the region (Heagy and McHattie, 

1995). The research station is located at the southern end of an agricultural field. The field interfaces 

with Spencer Creek which flows through Beverly Swamp, a large, undisturbed wetland. The elevation 

of the site varies between approximately 264-269 meters above sea level (masl).  

 

 

Figure 6 John Mount Farm is situated north of Beverley Swamp, and south-east of the Valens Reservoir 

The site is equipped with eight transects. This research was situated on transect 5 (T5) 

(Figure 6), which is 24m long and has a topographic gradient of about 7% (Figure 7) (DeSimone et 

al., 2010). The adjacent agricultural fields grow a rotation of corn, barley, and soybeans. 

2.1.1 Transect Properties 

For this research, the riparian zone at T5 is divided into two sections; the upland position, which is 

located approximately 2m from the field edge of the adjacent agricultural field, and the lowland 

position which is located 24m from the agricultural field edge. The upland soils experience longer 

periods of relative dryness with short periods of rewetting during precipitation events due to the 

elevated topographic position. The upland is characterized by the clay-loam soils, and is consistently 

loamy through the first 10 cm of soil depth with no noticeable organic top layer. It receives nutrient 
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inputs via shallow groundwater flow from the adjacent agricultural fields. The lowland position, is at 

the northern edge of Beverly Swamp, is characterized by highly organic, peaty soils. The soils are 

highly reducing in nature since they are susceptible to periods of prolonged inundation due to 

overbank flooding from Spencer Creek and the presence of a marl layer in the swamp that impedes 

drainage (DeSimone et al., 2010). A summary of soil properties is found in Table 2. 

Table 2 Soil properties for the upland and lowland soils for the surface soil 

Characteristic Upland Lowland 

Field capacity (g/cm
-3
) 0.54 0.65 

Field capacity (%WFPS) 80 84 

Porosity (%) 40.27 65.17 

Bulk density (g/cm
-3
) 0.82 0.16 

Organic content (%) 6.9 54.6 

 

The upland and lowland soils have different C:N ratios. Previous research conducted by 

DeSimone et al. (2010) at this site reported the mean the C:N ratio at the T5 position to be 9.6 in the 

upland and 18 in the lowland (Figure 7). 

 

Figure 7 Topographic profile of transect 5, and pictures depicting the vegetation types at the upland and 

lowland landscape positions 
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2.1.2 Vegetation 

Broadleaf deciduous trees are dominant at the site, with a mean canopy basal area of 17 m
2
/ha. The 

canopy is primary composed of large Silver Maple (Acer saccharinum L.), which is 96% of the total, 

but also included Black Ash (Fraxinus nigra Marsh.), White Elm (Ulmus americana L.), Eastern 

White Cedar (Thuja occidentalis L.), and Speckled Alder (Alnus incana). The area is also 

sporadically scattered with Red Ash (Fraxinus pennsylvanica Marsh.), Trembling Aspen (Populus 

tremuloides Michx.), and Ironwood (Ostrya virginiana).  

The subcanopy is composed of small trees and shrubs Choke Cherry (Prunus virginiana L.), 

Elderberry (Sambucus canadensis L.), Sweet Viburnum (Viburnum lentago L.), and Common 

Buckthorn (Rhamnus cathartica L.). 

In the upland position, the understory vegetation is dominated by grasses and herbaceous 

flora including Goldenrod (Solidago spp.) and Aster (Aster spp.), and in places, there is dense cover 

of Ostrich Fern (Matteuccia struthiopteris). 

In the lowland swamp, the understory consists primarily of Jewelweed (Impatiens capensis), 

Tall Meadow Rue (halictrum polygamum), Virginia Creeper (Parthenocissus quinquefolia), Marsh 

Marigold (Caltha palustris), Dewberry (Rubus flagellaris), nettles (e.g. Laportea Canadensis and 

various Urtica spp.), violets (viola spp.), ferns (predominantly Onoclea sensibilis, and Dryopteris 

spp.), sedges (Carex spp., especially Carex comosa) and some Reedcanary Grass (Phalaris 

arundinacea). An array of aquatic grasses (e.g. Scirpus spp.), Smartweeds (Polygonum spp.), and 

native loosestrifes (e.g. Lysimachia ciliate and Lysimachia thyrsiflora) are also found thriving within 

1 m from the stream edge (Cymbaly and Bourbonniere, unpublished data). 

2.1.3 Climate and Hydrology 

Warren et al. (2001) classify the climate at Beverly Swamp as humid continental. Data from two 

nearby Environment Canada meteorological stations were used to show the climatic averages for each 

of the field years compared to a 30 year average (Figure 8). The 30 year average data was from the 

Hamilton RBG station (Latitude: 43°17'00.000" N, Longitude: 79°53'00.000" W) and the 2007, 2008 

and 2009 climatic data are from the Roseland station (Latitude: 43°21'13.026" N, Longitude: 

80°28'25.056" W) (Table 3). 
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Table 3 Comparing the annual average air temperature and the annual total precipitation from the field 

years to a 30 year record  

Year Average Annual Temperature 

(°C) 

Total Annual Precipitation (mm) 

2007 8.4 744.3 

2008 7.8 1137.2 

2009 6.7 865.2 

30 year average  8.5 892.6 

 

 

Figure 8 Average mean monthly air temperature and total monthly precipitation for 2007, 2008, 2009 

and a 30 year average.  

Compared to the 30 year average, 2007 had the lowest annual precipitation, 2008 was wetter 

than average, and total annual precipitation during 2009 was comparable to the 30 year average 

(Table 3). As expected, the general annual trend for air temperature was similar in every year (Figure 

8). The air temperature in 2007 was cooler in the spring and peaked early (mid-May), resulting in 

generally warmer year compared to the other field years and to the 30 year average. During 2008, the 

air temperature was comparable to the long-term average but peaked early resulting in a relatively 

cooler summer. In 2009, the minimum temperature recorded during the period of interest (May to 

November) was higher than the other years, reflecting the relatively warmer spring that occurred 

during that year. Autumn air temperature in 2008 and 2009 were both cooler than the 30 year average 

(Table 3). 
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The distribution of annual precipitation varied among the years. 2007 was relatively dry from 

June onward compared to the other years. 2008 is largely consistent with the 30 year average for most 

of the year but it was wetter during March and July, which contributed to the greater than average 

total annual precipitation. The distribution of precipitation throughout 2009 differed slightly from the 

long term average, with 2009 being wetter in the summer relative to the 30 year average (Figure 8). 

2.2 Field Data Collection 

Field data for this study was collected from T5 between 2007 and 2009 during the growing season for 

each year (May to November, inclusive). 

2.2.1 Greenhouse Gases 

Emissions of greenhouse gases from the soil were determined as non-steady state fluxes using the 

static chamber method (Hutchinson and Moiser, 1981). Square aluminum collars with an inside 

length of 47.5 cm (area = 0.2088 m
2
), and with a channel on top to provide a water seal were inserted 

into the soil to a depth between 5 and 10 cm.  After leveling and settling for a week or more the depth 

from the top of the collar to the soil surface was measured at 16 grid points and a reference corner.  

This collar topography allowed calculation of the air space in the collar, which could be adjusted for 

each sampling event by measuring the reference. Vegetation in the collars was clipped and the 

clippings remained in the collar; moss was left intact because clipping it would disturb the soil. 

Nitrous oxide fluxes were determined on the same collars using smaller square PVC 

chambers (l = 50.6 cm, h = 7.9 cm; V = 12.03 L after correcting for 3.2 cm overlap with the collar 

water channel), painted white on the outside, fitted with a 1-in fan, an expansion vent loop, and a 

quick-connect fitting with a check valve. Samples of chamber air were collected at 20, 40, and 60 

minute intervals using a 30 mL syringe connected to a PVC tube with a quick connect at the end, 

along with samples of ambient air collected at the beginning and end of the sampling interval to serve 

as the time zero point.  Air samples were stored in evacuated 12 mL Exetainers by over-pressuring 

with 20 mL injected.   

To determine soil respiration (Rs, CO2) we used large square acrylic chambers (l = 49.5 cm, h 

= 40 cm; V = 90.2 L after correcting for 3.2 cm overlap with the collar water channel) covered with 

reflective insulation, fitted with a 3-in fan to promote mixing and an expansion vent loop.  An 

infrared gas analyzer (IRGA, Vaisala Model GMP343) and a temperature and relative humidity probe 

(Vaisala Model TRH-75) were installed onto the chamber and connected to a logger/controller 
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(Vaisala Model MI-70).  Static flux runs were 5 minutes in duration with a sampling frequency of 15 

sec; CO2 concentrations were determined in ppmv corrected for chamber temperature and ambient 

barometric pressure. 

Every effort was made to use the same collars and chambers at all samplings.  On a few 

occasions when flooding was extensive and the square collars were underwater so deep that the short 

chambers could not be used for N2O, or so unstable that the heavier large chambers could not be used 

for CO2 by IRGA, cylindrical tethered floating chambers were used to determine all three GHGs at 

the same collar sites.  These PVC chambers (d = 19.9 cm, h = 25 cm; V = 6.843 L after correcting for 

the 3 cm immersion for which they were designed), were covered with reflective insulation and, like 

the short square chambers they were fitted with quick connects, sampling tubes with syringes and 

expansion vent loops, but no fan.  They were sampled in the same manner as the short square 

chambers. Gas flux calculations are detailed in the Field Methods Appendix.  

2.2.2 Environmental Variables 

Measurements of environmental variables accompanied the GHG data. For each sampling event air 

and soil temperature (5 and 10 cm) were taken with a digital thermometer, and soil moisture (average 

of 4 positions around each collar) was determined using a Theta-Probe (Delta-T Systems), which was 

calibrated to Percent Water-Filled Pore Space (%WFPS) using soils from the site. 

A Hobo Weather Station (Onset Computer Inc.) at the site recorded wind speed, wind 

direction, air temperature, relative humidity, rainfall, total solar radiation, photosynthetically active 

radiation (PAR) and station pressure logged at 15 minute intervals. These data were used to 

accompany the field N2O and CO2 fluxes to help characterize local climatic variability for the area. 

Though the site meteorological data was recorded at 15 minute increments, a daily total precipitation 

was used for the purpose of this analysis, and air temperature was averaged on a daily time step. 

Daily average water table depth (meters below the surface) was determined from continuously 

monitored wells equipped with a Hobo Water Level Logger at 15 minute intervals (calibrated with 

manual measurements). Water table measurements were averaged at a daily time step. 

2.1 Laboratory Experiments 

2.1.1 Experimental Design: Overview 

A suite of laboratory experiments was designed to observe the influence of AHC on spatial and 

temporal dynamics of N2O production, and to isolate the combined influence of N and C, and soil 
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moisture on N2O production. Experiment 1 used intact soil cores extracted from the upland and 

lowland positions and subjected each soil type to one of two contrasting soil moisture regimes. 

Experiment 2 used homogenized soils from the upland and lowland landscape positions to mitigate 

the influence of soil texture which contributes to variability and to better articulate the influence of 

soil moisture, soil N and C, and soil type on N2O production. 

2.1.2 Experiment 1: The Influence of Wetting and Drying Cycles on N2O Flux Timing 

and Magnitude 

In October, 2008, 87 intact soil cores (42 from the upland position and 45 from the lowland position) 

were collected from T5 at John Mount Farm for Experiment 1 (Figure 9).  

 

Figure 9 The relative positions from which the soil extraction took place on the riparian zone, as well as 

specifications for the intact soil cores 

The cores were acquired from an area 15 m west of the T5 boardwalk to prevent disturbance 

to on-going hydrological and gas measurements. Litter (leaves, branches etc.) was cleared from the 

soil prior to collection of the soil cores. Using a mallet and small wooden board, the cores were 

randomly placed within a 1 x 1 m plot and hammered evenly into the ground until the top of the PVC 

tube was flush to the soil surface (Figure 10). The cores were excavated using a small trowel. A bread 
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knife was used to level the bottom of the soil cores with that of the PVC tube. The cores were 

wrapped in aluminum foil and stored in ziplock bags. 

 

Figure 10 Extraction of the intact soils cores from the upland position 

The cores were kept overnight in the lab in a cooler. Nylon window screen was wrapped 

around the bottom of the samples and secured with electrical tape to prevent loss of loose soil. The 

samples were placed in aluminum trays and their weights (of the trays, PVC tubes, nylon window 

screen, tape and soil cores) were recorded (Denver Instrument, 0.0001 g precision). Any excess water 

that was present in the ziplock bags was added to the samples prior to weighing. 

Results from the preliminary experimental work showed that the N2O fluxes were below 

detection. It was hypothesized that this was due to the time of year (October) as recent conditions had 

been wet and cold. Thus, prior to the experiment, all of the cores were subjected to a two month 

drying period to promote mineralization. The soil cores dried gradually in the lab at 25°C. At the end 
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of the drying period, the upland soil cores were on average 27.5% WFPS, while the lowland cores 

were much drier, reaching an average of 6% WFPS.  

2.1.2.1 Antecedent Soil Moisture Regimes 

All cores were subjected to either a ñwet-dry-wetò (WDW) or a ñdry-wet-dryò (DWD) soil moisture 

regime after the two month drying period. Following the initial saturation event, which lasted three 

days, the first phase of moisture change, also called phase 1, lasted 27 days, and the second phase of 

soil moisture change, also called phase 2, lasted 28 days. The ñmoisture pivotò refers to the change in 

direction of soil moisture at the mid-point of the experiment (Figure 11).  

The WDW moisture regime began by saturating the soils and holding at the highest 

achievable soil moisture during the ñinitial saturation eventò. Soils were then dried for 27 days to 

simulate a dry down period (phase 1 WDW, wet Ą dry), and subsequently rewet to near saturation 

gradually over 28 days (phase 2 WDW, dry Ą wet). The DWD moisture regime began with dry soils 

that were gradually wet up (phase 1 DWD, dry Ą wet). Once at the highest achievable soil moisture, 

the soils were re-dried for 28 days (phase 2 DWD, wet Ą dry). While soil moisture changed from wet 

to dry during phase 1 of the WDW moisture regime, the soils were air dried for the first 18 days and 

then fans were used to assist drying for the remainder of the phase. During phase 2 of the DWD 

moisture regime, when soils changed from wet to dry, the cores were air dried for 23 days, and fans 

were used to assist drying for the final week. Fan assisted drying was employed as a way to boost the 

increasingly slow water loss. 

Half the cores from each landscape position were randomly assigned to each of the respective 

soil moisture treatments. The subsets for the soil moisture regime and landscape position were upland 

wet-dry-wet (UpWDW), upland dry-wet-dry (UpDWD), lowland wet-dry-wet (LowWDW) and lowland 

dry-wet-dry (LowDWD). Three cores from each subset were randomly selected to be incubated for 

GHG measurements. These ñflux coresò were used for gas measurements for the  entire duration of 

Experiment 1, and the experimental design assumed that measurements from the flux cores were 

representative of all of the cores in their associated subset. When not being incubated, treatment and 

storage of the flux cores was identical to all of the other cores in the subset. 

 Cores that were subjected to a ñwet upò or a ñwetting phaseò (increase in water content) were 

stored in a terrarium to minimize evaporation. The terrarium consisted a small elevated rack inside a 

storage cooler. The soil cores were placed on the rack and below a shallow pool of water was 

maintained in an attempt to minimize water loss from the soils. The cooler lid was left ajar so as to 
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not facilitate anoxic conditions while also minimizing evaporation from the soil cores. Cores that 

were being ñdried downò or subjected to a ñdrying phaseò were left out on the counter and placed 

under a screen to prevent contamination of the soil.  

 

Figure 11 Relative times for the moisture treatments and inorganic N extractions 

  Following the extended drying period, soil moisture was modified gravimetrically using 

deionized (DI) water. At a daily time step, masses of the soils cores were measured, and since all 

other variables were constant, changes in core weights represented a change in the water content. The 

amount of water lost from the drying cores was added to the cores being wet up to simultaneously 

reverse the moisture status of the soils from opposing moisture regimes at approximately the same 

rate. The calculations that were used to determine the daily change in soil moisture are located in the 

Appendix. 

 The soil cores were capped at the bottom and remained capped for the entirety of the 

experiment. Capping allowed for the water content of the soil cores to be easily altered. Without a 

way to stop and hold the water that was added to the cores, the water would often drain out the 


















































































































