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Abstract 

High-latitude cold regions are warming more than twice as fast as the rest of the planet, 

with the greatest warming occurring during the winter. Warmer winters are associated with shorter 

periods of snow cover, resulting in more frequent and extensive soil freezing and thawing. Freeze-

thaw cycles (FTC) influence soil chemical, biological, and physical properties and any changes to 

winter soil processes may impact carbon and nutrients export from affected soils, possibly altering 

soil health and nearby water quality. Changes to non-growing season climate affect soil 

biogeochemical processes and fluxes and understanding these changes is critical for predicting 

nutrient availability in cold region ecosystems and their impacts on downstream water quality. 

These impacts are relevant for agricultural soils and practices in cold regions as they are 

important in governing water flows and quality within agroecosystems. Agricultural systems are 

source areas for nutrient pollutants due to fertilizer use and have been the target of numerous 

management strategies. Sustainable agricultural practices have been increasingly employed to 

mitigate nutrient loss due to erosion, but nutrient export via surface runoff, subsurface leaching, 

and volatilization allows for continued high nutrient losses (Beach et al., 2018; King et al., 2017).  

Chapter 1 of thesis discusses the non-growing season climate changes altering winter soil 

processes and reviews the major nitrogen transformation processes leading to nitrogen losses in 

agricultural soils. In Chapter 2, I present a soil column experiment to assess the leaching of 

nutrients from fertilized agricultural soil during the non-growing season. Four soil columns were 

exposed to a non-growing season temperature and precipitation model and fertilizer amendments 

were made to two of the columns to determine the efficacy of fall-applied fertilizers and compared 

to other two unfertilized control columns. Leachates from the soil columns were collected and 
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analyzed for cations and anions. The experiment results showed that a transition from a freeze 

period to a thaw period resulted in significant loss of chloride (Cl-), sulfate (SO4
2-) and nitrate 

(NO3
-). Even with low NO3

- concentrations in the applied artificial rainwater and fertilizer, high 

NO3
- concentrations (~150 mg L-1) were observed in fertilized column leachates. Simple plug flow 

reactor model results indicate the high NO3
- leachates are found to be due to active nitrification 

occurring in the upper oxidized portion of the soil columns mimicking overwinter NO3
- losses via 

nitrification in agricultural fields. The low NO3
- leachates in unfertilized columns suggest that FTC 

had little effect on N mineralization in soil.  

In Chapter 3, I provide a brief review of nitrification inhibitors and how soil properties 

impact nitrification inhibitor efficacy. There are only a few studies on the relationship between 

nitrification inhibitor efficacy and climatic factors, especially in regard to FTC. I conducted a 

sacrificial soil batch experiment to determine if and how nitrification inhibitors were impacted by 

FTC to further explore the results of Chapter 2. The batch experiment revealed the nitrification 

inhibitors were effective at mitigating NO3
- production under freeze-thaw conditions but more 

effective at mitigating these losses under thaw conditions. The soils exposed to the FTC condition 

experienced significant N mineralization flushes in contrast to the lack of mineralization induced 

by FTCs in the experiment detailed in Chapter 2. 

In Chapter 4, I summarize the key findings of this thesis. The results showed fertilizer loss 

and nitrification inhibitor effectiveness are affected by freeze-thaw cycling in arable soil. The 

experimental and modeling results reported in this thesis could be used to bolster winter soil 

biogeochemical models by elucidating nutrient fluxes over changing winter conditions to refine 

best management practices for fertilizer application. Ultimately, these results and the conclusions 
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drawn from them highlight several research pathways that could be undertaken to progress our 

understanding of the complex interactions between FTC and fertilizer dynamics. 
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1 Introduction 

 
1.1 Impact of Climate Change on Winter Soil Processes 

 

Soils are multi-phase systems in which a variety of crucial chemical, biological, and 

physical processes occur that allow this natural resource to perform ecological, economic, and 

social functions (Blum, 2005). These processes are dependent on a variety of factors including 

temperature, moisture, land use, available nutrients, pH, aeration, organic matter content, and 

microbial community composition (Buyer et al., 2010; Karlen et al., 1997). Global annual mean 

temperatures have risen substantially over the past century with much of this warming occurring 

in the Northern Hemisphere (Hansen et al., 2006) (Figure 1-1). Annual mean Canadian 

temperatures have increased over this period, with the greatest warming occurring during the 

winter (Zhang et al., 2000). Most of this warming has occurred in northern regions of Canada, but 

moderate temperature changes in more temperate regions can drastically alter snow cover 

dynamics.  

 

Figure 1-1: Projected change in seasonal surface temperature between 2070-2090 relative to 1960-

1990 in the upper northern hemisphere. Figure adapted from AMAP (2012). 
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As winter air temperatures increase, observed and modeled snow cover extent and depth 

data regionally show consistent decreases and suggest these snow trends will continue in the future 

(Brown, 2000; Lawrence and Slater, 2010). While winter precipitation rates have been modeled to 

increase as a result of climate change, a decreasing portion of this precipitation is expected to fall 

as snow due to rising air temperatures (Krasting et al., 2013). It has been shown that snow cover 

insulates the underlying soil (Ge and Gong, 2010; Lawrence and Slater, 2010). As snow cover 

thickness decreases, this insulating effect diminishes. The loss of this insulation will result in soil 

temperatures decreasing overall, especially in the near surface, resulting in more frequent 

occurrences of soil freezing and subsequent thawing (Figure 1-2).  

 

Figure 1-2: Conceptual graph showing the expected soil temperature changes with increasing 

average seasonal temperatures. The solid line represents current soil temperatures while the dashed 

line represents expected future soil temperatures. 
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1.2 Freeze-thaw Cycling in Soils and Agroecosystems 

 
Freeze-thaw cycles (FTCs) influence chemical, biological, and physical processes in soils 

that control carbon and nutrient cycling as well as microbial activity (Hayashi, 2013; Matzner and 

Borken, 2008) (Figure 1-3). Expected climate changes will affect the physical structure, chemical 

composition, and biotic processes in seasonally snow-covered soils, which impact the turnover, 

retention and export of carbon and nutrients. Our mechanistic understanding of the effects of 

changing winter conditions on soil biogeochemical processes and fluxes is limited. 

 

Figure 1-3: Diagram of the effects of freeze-thaw cycling on soil chemical, biological, and 

physical processes that control carbon and nutrient cycling as well as microbial activity (Figure 

adapted from Hayashi, 2013). 

 

Soil freezing reduces soil hydraulic conductivity and alters water infiltration properties 

(Hayashi, 2013). Soil hydraulic conductivity decreases with increasing ice content as ice forms in 

larger pores first, restricting water flow to smaller pores (McCauley et al., 2002). This process is 

akin to the decrease in hydraulic conductivity that occurs with decreasing water content except 
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larger pores are filled with ice rather than air (Watanabe and Flury, 2008). Snowmelt infiltration 

in frozen soil is dependent on multiple factors including the continuity of a near surface ice layer, 

pre-existing macropore networks, and pre-thaw water moisture regime (Gray et al., 2001; Stadler 

et al., 2000). Infiltration is further altered in agricultural soils as tillage disrupts soil macropore 

networks, reducing infiltration rates in both unfrozen and frozen soils (Singh et al., 2009). Soil 

pore water will migrate upwards towards the freezing zone due to the potential gradient formed 

from the temperature difference between near surface and soil at depth (Hohmann, 1997). This 

freezing process pushes out soil grains and solutes to the remaining unfrozen water that forms thin, 

nutrient-rich films (i.e., unfrozen water) around soil aggregates and inside small pores (Risk et al., 

2013).  

Cold-resistant microbes continue to respire at sub-zero temperatures in the unfrozen water 

(Nikrad et al., 2016). These microbes in unfrozen waters can produce greenhouse gases (GHGs) 

such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), which accumulate 

throughout the non-growing season, trapped by the overlying ice layer that limits diffusion (Van 

Bochove et al., 2001). Thaw events allow for release of these GHGs and renewed microbial 

activity (Wagner-Riddle et al., 2008a). These processes also affect groundwater quality and 

nutrient abundance (Nikrad et al., 2016; Risk et al., 2013) and lead to climate feedback, 

exacerbating future GHG emissions (Figure 1-3).  

N2O emissions from soils represents the largest flux of N2O globally (Butterbach-Bahl et 

al., 2013; Menon et al., 2007). Over half of these emissions are derived from agricultural soils and 

a large portion of these emissions occur during the thaw events over the winter (Matzner and 

Borken, 2008; Reay et al., 2012). Many studies have identified that freeze-thaw derived N2O 

emissions are predominantly sourced from denitrified NO3
- (Müller et al., 2002; Risk et al., 2013; 
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Wagner-Riddle et al., 2008b) and it has been shown that denitrification is promoted due to anerobic 

conditions created by gas diffusion limitations (Wagner-Riddle et al., 2017). While FTCs have 

largely been demonstrated to drive denitrification, Müller et al. (2002) reported that nitrification 

rates increase during the post-thaw period and Yanai et al. (2004) observed FTCs may increase 

soil nitrification depending on soil type and pH. FTCs thereby have the potential to generate 

conditions favoring both nitrification and denitrification, causing large shifts in the direction 

nitrogen (N) transformations with significant implications for N loss and the way it is lost. 

1.3 Nitrogen Transformation in Soils 

 

1.3.1 Fluxes and Forms of Nitrogen in the Terrestrial Nitrogen Cycle 

 

Soil N is composed of many organic and inorganic forms (Keeney and Nelson, 1983; 

Stevenson, 1982). Organic N is a component of soil organic matter (SOM) that comprises almost 

of soil N and a majority of this soil organic N exists as amino acids and proteins (Hatten and Liles, 

2019). Microorganisms can release N from these organic compounds via mineralization, making 

it bioavailable for other soil organisms (Ollivier et al., 2011). This decomposition process is one 

of several means by which N is input into soil systems. Molecular N (in the form of N2) in the 

atmosphere is primarily fixed biologically by prokaryotes to form ammonia (NH3) (Fields, 2004; 

Noxon, 1976). Anthropogenic N inputs are the largest source of N to soil systems, having more 

than doubled terrestrial N loading since the onset of the industrial revolution (Green et al., 2004). 

Atmospheric N deposition, fertilizer use, and food and feed transport dominate soil N input fluxes 

(Boyer et al., 2002; Lassaletta et al., 2014). Inorganic N in fertilizer is commonly found in the 

forms of NH4 and NO3
- (Finch et al., 2014). Plant preference for these two inorganic species varies, 

but unassimilated NH4 and NO3
- is susceptible to oxidization and reduction via nitrification and 

denitrification, respectively (Singh et al., 2008). These processes may result in N converted to 
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labile gaseous and solute compounds (N2O, N2, NH3, and NO3
-) that can easily escape the soil 

system (Burney et al., 2010; Quemada et al., 2013; Rochette et al., 2013).  

 

1.3.2 Urea Hydrolysis and Nitrification 

 

Urea is one of the most commonly applied forms of N fertilizer in agricultural practices 

(Ramirez et al., 2010). Following application, urea is hydrolyzed to an unstable carbamic acid and 

the acid quickly breaks down into NH3 and CO2 as follows (Sigurdarson et al., 2018):  

 (𝑁𝐻2)2𝐶𝑂 +  𝐻2𝑂 → 𝑁𝐻3 + 𝐻2𝑁𝐶𝑂𝑂𝐻 → 2𝑁𝐻3(𝑔𝑎𝑠) + 𝐶𝑂2(𝑔𝑎𝑠) (1.1) 

 

This NH3 gas will be lost unless it reacts with water to form ammonium (NH4
+) via the following 

reaction: 

 𝑁𝐻3(𝑔𝑎𝑠) +  𝐻2𝑂 → 𝑁𝐻4
+ + 𝑂𝐻− (1.2) 

 

NH4
+ is initially oxidized to nitrite (NO2

-). This action is performed by ammonia oxidizing bacteria 

(AOB) such as Nitrosomonas and Nitrosospira that first convert NH4
+ to the intermediate 

hydroxylamine (Norton and Ouyang, 2019). This net reaction goes as follows (Schleper and Nicol, 

2010): 

 2𝑁𝐻4
+  +  3𝑂2 →  2𝑁𝑂2

−  +  2𝐻2𝑂 +  4𝐻+  +  𝑒𝑛𝑒𝑟𝑔𝑦 (1.3) 

 

where the NO2
- is then oxidized to NO3

-. This action is performed by Nitrobacter and the reaction 

goes as follows (Sahrawat, 2008): 

 2𝑁𝑂2
− +  𝑂2  → 2𝑁𝑂3

−  +  𝑒𝑛𝑒𝑟𝑔𝑦 (1.4) 

 

These steps comprise the traditional nitrification pathway. Nitrifier community abundance 

and composition may allow for different nitrification pathways to be used but also alter rates of 

the aforementioned nitrification process (Daims et al., 2015; Ouyang et al., 2018). Nitrification 
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rates have been found to be correlated to AOB and ammonia oxidizing archaea (AOA) abundance 

(Rocca et al., 2015). Understanding soil nitrifier community dynamics is thereby critical for 

improving our predicative capacity of the nitrification potential of a given soil. 

Nitrification rates are also controlled by other environmental factors such as substrate 

supply, temperature, soil moisture content, and substrate diffusion (Norton and Ouyang, 2019). 

NH3 oxidizers depend upon ample NH3 supply to perform their function. Higher NH3 

concentrations will allow for AOBs and AOAs to operate at their maximum capacity but excessive 

NH3 concentrations will begin to inhibit NH3 and NO2
- oxidizers due to toxicity of the compound 

(Kim et al., 2006). Urea inputs will result in a spike of NH3 concentrations that quickly decline. 

Inhibition of NO2
- oxidizers via high NH3 allows for the conversion accumulated NO2

- to N2O and 

creates a pathway for N2O emissions via nitrification (Soares et al., 2016). Overall, the increased 

availability of NH3, NH4
+, and NO2

- largely enhance nitrification rates but may suppress rates if 

substrate supply surpasses the capacity of the nitrifying community. 

Nitrification rates are directly related to temperature, increasing with temperature until 

reaching temperature optimums (Shammas, 1986). Soil nitrifying microbes generally have 

temperature optimums ranging between 25-35°C and wide temperature tolerance ranges, with 

nitrification recorded from soil sites with temperatures as low as 2°C and as high as 35-40°C 

(Taylor et al., 2017).  Several studies have noted that AOB and AOA have overlapping but distinct 

nitrification potentials relative to temperature (Hu et al., 2015; Tourna et al., 2008). At lower 

temperatures, nitrification is almost entirely sustained by AOB with nitrification at higher 

temperatures sustained by AOA (Ouyang et al., 2017). 

Moisture content has also a wide range of impacts on soil nitrification. If water-filled pore 

space (WFPS) is low, reduced substrate diffusion and dehydration of nitrifying organisms will 
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limit nitrification rates while high enough WFPS can significantly reduce aeration, which will 

similarly limit nitrification rates (Bateman and Baggs, 2005; Bollmann and Conrad, 1998). WFPS 

between 40-55% are shown to be optimal for nitrification depending on soil texture, with finer 

soils having a higher optimum than coarser soils (Parton et al., 2001).  

1.3.3 Denitrification 

Denitrification is a process that involves the reduction of the solid, ionic N species (NO2
- 

and NO3
-) to the gaseous N species (NO, N2O, and N2) under oxygen-limiting conditions 

(Knowles, 1982; Schlüter et al., 2018). The denitrification pathway can be characterized by the 

following sequence of reductions (Zumft, 1997): 

 𝑁𝑂3
−  →  𝑁𝑂2

−  →  𝑁𝑂 →  𝑁2𝑂 →  𝑁2 (1.5) 

This form of NO3 reduction is a dissimilatory phenomenon that results in the formation of N gas 

(Shapleigh, 2009). A series of enzyme groups named after the enzyme substrate mediate these 

conversions and are thereby called nitrate, nitrite, nitric, and nitrous oxide reductase, respectively 

(Zumft, 1997).  

Soil denitrification is spatially variable and dependent on environmental factors with small 

microsites responsible for most denitrification (Parkin, 1987). The formation of denitrification “hot 

spots” is largely dependent upon the presence of N and organic carbon substrates, pH, temperature, 

and the physical properties of the soil environment (Schlüter et al., 2018). While substrate 

concentration may enhance certain enzyme activity, it can also have an inhibitory effect on other 

N-reducing enzymes. Several studies have noticed the preferential reduction of NO3
- over N2O 
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when NO3
- is easily accessible as the solute species is a more energetically favorable terminal 

electron acceptor (Ruser et al., 2006; Swerts et al., 1996).  

Ample carbon substrate availability has been shown to facilitate the reduction of NO3
- to 

NO2
-, expediting this denitrification flux and potentially causing an accumulation of NO2

- (Kelso 

et al., 1999). Carbon substrates also stimulate respiration, reinforcing anoxic conditions and further 

promoting denitrifying conditions (Schlüter et al., 2018). For agricultural soils, optimal pH values 

for higher denitrification rates tend to lie around soil native pH values (Smith and Tiedje, 1979). 

Lower pH conditions have been demonstrated to inhibit nitrous oxide reductase, thereby shifting 

the denitrification end product under these conditions from dinitrogen (N2) to N2O (Čuhel and 

Šimek, 2011; Liu et al., 2010). However, under high pH conditions nitrous oxide reductase is not 

inhibited resulting in the complete reduction of more N2O to N2. 

Similar to nitrification, soil denitrification rates are largely tied to temperature with 

denitrification rates rising with rising temperatures (Braker et al., 2010; Elefsiniotis and Li, 2006; 

Saad and Conrad, 1993). Increases in denitrification rates are more significant at lower 

temperatures, especially close to 0°C where small shifts in temperature can cause dramatic 

increases in denitrification activity  (Wertz et al., 2013). Denitrifier community composition and 

function may also shift with temperature, altering the denitrification pathway and which 

denitrification reaction is the flux limiting step, thereby affecting concentration ratios between 

denitrification substrates  (Bremer et al., 2009; Saad and Conrad, 1993; Walker et al., 2008).  

Soil moisture strongly affects diffusion and aeration, controlling whether denitrification is 

an important N transformation process and to the extent denitrification is carried out in a given 
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soil matrix. As WFPS increases and aeration decreases, denitrification is favored over nitrification, 

becoming the dominant process and source of N2O at a threshold between 60-70% WFPS 

(Davidson, 1992). At higher WFPS, a greater fraction of gaseous N denitrification end products is 

emitted as N2 (Del Grosso et al., 2000). High rates of denitrification may even occur in soils with 

lower water contents if soil gas diffusivity is low and pore space is largely comprised by 

micropores. In these soils, O2 diffusion is limited and will not be able to meet microbial demand, 

causing denitrifying microbes to shift to utilizing N oxides as terminal electron acceptors (Skiba, 

2008). For example, compaction due to tire traffic or tilling may engender these conditions in 

agricultural soils, which are already prone to N loss via denitrification (Torbert and Wood, 1992).  

1.3.4 Agricultural Soil Nitrogen Mineralization 

While fertilizer is considered the primary N source in agricultural systems leading to N 

loss, N mineralization may mobilize a significant amount of N present in soil (Jarvis et al., 1996). 

Soil properties, management, and climate are determining factors that control N mineralization 

(Benbi and Richter, 2002). Total N has been demonstrated to be both a poor and decent indicator 

of N mineralization depending on the soil type (Dessureault-Rompré et al., 2014; Miller et al., 

2019; Vigil et al., 2002). Many studies have found SOM is the best predictor of N mineralization 

in soils with large SOM pools, but this method is not consistently accurate (Haynes, 2005; Ros, 

2012). In low SOM content soils, mineralization rates are difficult to estimate based off SOM. 

Miller et al. (2019) found crop management histories could play an important role in 

mineralization rates as crops residues comprise a significant fraction of organic matter in low SOM 

soils. In general, mineralization rates increase with increasing temperature up until the enzymes 

necessary to carry out decomposition begin to denature (Dessureault-Rompré et al., 2010). 

Optimum soil N mineralization temperature occurs around 25-30°C and optimum moisture content 
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occurs around 60-80% WFPS (Guntiñas et al., 2012; Knoepp and Swank, 2002). Temperature is 

observed to be the primary control in most N mineralization rate studies with moisture content 

acting as a secondary control. However, in soil conditions where temperature is not limiting, 

moisture content acts as the primary controlling variable (Wong and Nortcliff, 1995).  

Many factors influence agricultural soil N mineralization rates with certain soil and climate 

properties (e.g., SOM, temperature, agricultural management, etc.) heavily impacting net N 

mineralization rates. As FTCs inherently affect a number of these factors, they have been noted to 

alter N mineralization rates at least in the short-term (Matzner and Borken, 2008). Many studies 

have noted dramatic increases in N mineralization following soil thaw (DeLuca et al., 1992; 

Herrmann and Witter, 2002) while others have observed no significant changes in N mineralization 

(Groffman et al., 2001). Some studies have noted an increase in N mineralization following freeze-

thaw but mineralization rates return to rates equal to or lower than  those recorded from unfrozen 

soil following additional FTCs (Schimel and Clein, 1996). Improving our understanding of how 

FTC affects net N mineralization and interacts with other chemical and physical properties will 

contribute to site-specific N mineralization models and enhance N fertilizer management plans. 

1.4 Nutrient Management in Agroecosystems 

Nitrogen is a key limiting nutrient for crop growth in agricultural systems (Guignard et al., 

2017). Anthropogenic N surface inputs have doubled the available N in terrestrial systems due to 

increasing agricultural activity (Galloway et al., 2008; Schlesinger, 2009; Vitousek et al., 1997). 

N is a limiting nutrient for plant growth and fertilizers have been utilized to alleviate this demand 

(Ågren et al., 2012). However, these agroecosystem N loads are unsustainable and have been 

demonstrated to contribute to global, regional, and local environmental problems including N2O 
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emissions, eutrophication-driven hypoxia, and drinking water nitrate (NO3
-) contamination (Power 

and Schepers, 1989; Reay et al., 2012; Smolders et al., 2010). These issues require that nutrient 

management strategies be developed to allow for efficient and balanced N application. 

Controlled-release and nitrification-inhibited fertilizers are promising means of reducing 

fertilizer N pollution while improving N use efficiency, thereby providing an environmental and 

economic benefit over traditional fertilizers (Shaviv and Mikkelsen, 1993; Yang et al., 2016). 

Controlled release fertilizers are hydrophobic-coated granular fertilizers that slowly release 

encapsulated nutrients at rates controlled by the diffusion coefficient of the coating (Lubkowski 

and Grzmil, 2007). This slow release of nutrients prevents the supply from exceeding the intake 

capacity of the target crop. Nitrification inhibitors limit the conversion of NH4
+ to NO2

- by 

inhibiting the ammonia monooxygenase enzyme (AMO) in Nitrosomonas bacteria (Hoeft, 1984; 

McCarty, 1999; Norton and Ouyang, 2019). Preserving N in the form of NH4
+ prevents the N from 

being converted to a more mobile species such as NO3
- and N2O and increases the potential for the 

applied N to be assimilated by the plant root system. 

While controlled-release fertilizers and nitrification inhibitors appear to be the most 

appropriate solution to meet modern agricultural demands while minimizing the detrimental 

effects of N fertilization, the resilience of these fertilizers technologies to expected changes in 

temperate climates has not received enough attention. Nitrification inhibitor effectiveness has been 

demonstrated to be affected by temperature, moisture, and organic matter conditions (Hatch et al., 

2005; Irigoyen et al., 2003; Menéndez et al., 2012; Puttanna et al., 1999). Freeze-thaw cycling 

inherently causes stressful shifts in all of the environmental factors. The projected increase in FTC 

frequency necessitates that the performance of nitrification inhibitors be examined under freeze-
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thaw conditions. Experiment results would enhance agriculture soil N loss models and may 

indicate nutrient management strategies that recommend nitrification inhibitors should put forward 

alternative solutions to reduce N loss. 

Research interest in the dramatic effects of FTCs on soil properties and soil nutrient pools 

has increased in recent years but several knowledge gaps still exist. Matzner and Borken (2008) 

noted that there is very little information on the interplay between freeze-thaw events and fertilizer 

nutrient dynamics in agricultural soils. Therefore, the question of how non-growing season nutrient 

leaching will be altered by FTCs in the context of climate change is necessary to study to accurately 

represent this flux in agricultural catchment models and refine fertilizer application best 

management practices in cold climate regions.  

1.5 Thesis Objectives 

The main objective of this thesis is to advance the mechanistic understanding of the effects of 

winter processes on nutrient dynamics in fertilized agricultural soils with specific focus on N 

cycling.  

The specific objectives of Chapter 2 include: 

1. Assess the effect of freezing and thawing cycles on N transformations in agricultural 

soils by comparing N leaching under the fertilized and unfertilized conditions.  

2. Evaluate the transport dynamics of Cl- and SO4
2- through a soil column system under 

non-growing season climate conditions. 

3. Create a model that defines the processes controlling soil N cycling under variable soil 

temperature, aeration, and moisture conditions. 
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In Chapter 3 of this thesis, the specific objectives are to:  

1. Investigate how freeze-thaw cycles affect nitrification inhibitor efficacy in fertilized 

agricultural soils. 

2. Assess the influence of freeze-thaw cycling on net N mineralization rates of agricultural 

soils. 

1.6 Thesis Outline 

This thesis comprises four chapters that explore the interaction between freeze-thaw 

cycling and N fertilizer applied to agricultural soils. Chapter 1 introduces key concepts relating to 

climate change, winter soil processes, nutrient dynamics in soils, and agriculture fertilization 

practices, contextualizing the following chapters. Chapter 2 includes a co-authored manuscript which 

has been prepared for submission to Canadian Journal of Soil Science.  The manuscript in Chapter 2 

details a soil column experiment investigating the effects of freeze-thaw cycling on nutrient 

leaching from fertilized agricultural soil. I am first author on this co-authored manuscript. The 

formatting of manuscript figures, tables, equations, and sections have been updated for consistency 

with the overall thesis. Chapter 3 provides background on the mechanisms and benefits of 

nitrification inhibitors and describes a sacrificial soil batch experiment examining the effects of 

freeze-thaw cycling on nitrification inhibitor efficacy. Chapter 4 concludes by summarizing the 

experiment results, discussing the findings, and recommending future research based off 

knowledge gaps highlighted by the findings of Chapters 2 and 3. This conclusion is followed by a 

list of references and an Appendix for experimental data not included in Chapters 2 and 3.  
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2 Impact of Winter Soil Processes on Nutrient Leaching in Cold 

Region Agroecosystems 

2.1 Abstract 

High-latitude cold regions are warming more than twice as fast as the rest of the planet, with the 

greatest warming occurring during the winter. Warmer winters are associated with shorter periods 

of snow cover, resulting in more frequent and extensive soil freezing and thawing. Freeze-thaw 

cycles influence soil chemical, biological, and physical properties and any changes to winter soil 

processes may impact carbon and nutrients export from affected soils, possibly altering soil health 

and nearby water quality. These impacts are relevant for agricultural soils and practices in cold 

regions as they are critical in governing water flows and quality within agroecosystems. In this 

study, a soil column experiment was conducted to assess the leaching of nutrients from fertilized 

agricultural soil during the non-growing season. Four soil columns were exposed to a non-growing 

season temperature and precipitation model and fertilizer amendments were made to two of the 

columns to determine the efficacy of fall-applied fertilizers and compared to other two unfertilized 

control columns. Leachates from the soil columns were collected and analyzed for cations and 

anions. The experiment results showed that a transition from a freeze period to a thaw period 

resulted in significant loss of chloride (Cl-), sulfate (SO4
2-) and nitrate (NO3

-). Even with low NO3
- 

concentrations in the applied artificial rainwater and fertilizer, high NO3
- concentrations (~150 mg 

L-1) were observed in fertilized column leachates. Simple plug flow reactor model results indicate 

the high NO3
- leachates are found to be due to active nitrification occurring in the upper oxidized 

portion of the soil columns mimicking overwinter NO3
- losses via nitrification in agricultural 

fields. The low NO3
- leachates in unfertilized columns suggest that freeze-thaw cycling had little 
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effect on N mineralization in soil. Findings from this study will ultimately be used to bolster winter 

soil biogeochemical models by elucidating nutrient fluxes over changing winter conditions to 

refine best management practices for fertilizer application. 

Keywords: Winter soil processes, freeze-thaw cycles, agricultural soils, fertilizer application, 

nutrient leaching  

2.2 Introduction 

 

Soils are a key component of global carbon and nutrient cycles, constituting the largest 

terrestrial carbon reservoir and serving as an interface between the atmosphere, biosphere, 

hydrosphere, and lithosphere (Y. Zhou et al., 2019). Soil hydro-biogeochemical properties and 

processes control water filtration, flow regulation, erosion resistance, contaminant immobilization, 

and crop cultivation, as well as soil greenhouse gas (GHG) emissions and primary production 

(Keesstra et al., 2012; Knapen et al., 2007; Smith et al., 2015). However, these soil functions are 

dependent on climate and land use. In agroecosystems, climate warming is expected to alter global 

soil biogeochemical cycling, affecting carbon and nutrient transformation and retention capacity, 

and intense agricultural land use has caused declines in soil organic carbon while associated 

fertilizer application has resulted in increased soil GHG emissions, nutrient runoff and loss 

(Halvorson et al., 2014; Post and Kwon, 2000). Agricultural systems are also critical source areas 

for nutrient pollutants (e.g., nitrogen (N) and phosphorus (P)) due to fertilizer use and have been 

the target of numerous management strategies (Sharpley et al., 2003). For instance, the no-till 

conservation techniques have been increasingly employed to mitigate nutrient loss due to erosion, 

but nutrient export via surface runoff, subsurface leaching, and volatilization allow for continued 

high nutrient export (Beach et al., 2018; King et al., 2017). 
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In cold climate regions, as seasonal snow cover periods are shortened due to winter climate 

warming, soils are becoming more susceptible to freezing during the non-growing season (i.e., 

NGS: fall, winter, and spring) (Zhang, 2005; Hayashi et al., 2013; Zhang and Ma, 2018; Natali et 

al., 2019). During the shoulder NGS, diurnal temperature fluctuations will likely increase the 

occurrence of freeze-thaw cycles (FTCs) in soils lacking an insulating snowpack (Campbell et al., 

2014; T. Watanabe et al., 2019). FTCs impact soil physical, hydrological and chemical properties 

and microbial populations (Henry, 2007). These changes in soil characteristics have been observed 

in many laboratory and field studies and been linked to changes in carbon and nutrient dynamics 

in FTC-affected soils (Campbell et al., 2010; Matzner and Borken, 2008; Song et al., 2017). Winter 

soil carbon and nutrient dynamics in colder regions have a significant impact on annual carbon 

and nutrient budgets (Matzner and Borken, 2008; Mikan et al., 2002; Monson et al., 2006). A 

number of studies have found that microbial processes may persist at subzero temperatures, which 

has implications for biogeochemical activities and nutrient stocks and species available for export 

during thaw periods  (Elberling and Brandt, 2003; Groffman et al., 2009; Panikov et al., 2006; 

Wipf et al., 2015). In particular, N fertilizers have been demonstrated to be susceptible to  

nitrification at soil temperatures below freezing (Chantigny et al., 2019; Clark et al., 2009). This 

is of concern as tile drainage systems are prone to nitrate (NO3
-) loss during the non-growing 

season (NGS) due to excessive fertilizer application, nitrification, and lack of crop NO3
- uptake, 

while controlled drainage systems can mitigate NO3
- losses but may increase N2O emissions via 

denitrification (Kliewer and Gilliam, 1995; Lalonde et al., 1996; Saadat et al., 2018). As a 

consequence, agricultural N pools pose a water and atmospheric contamination threat (Almasri 

and Kaluarachchi, 2004; Mahvi et al., 2005). 
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In agroecosystems, NGS studies examining nutrient loss have typically focused on how 

FTCs affect natural nutrient pools, but few have centered on how they impact fertilizer loss from 

agricultural soils. Our growing understanding of the NGS physical and biological processes require 

that fertilizer application practices (fertilizer source, rate, time, and place) in cold climate regions 

be reexamined to minimize nutrient loss during this dynamic period. For example, fall fertilizer 

application is a common agricultural practice performed out of convenience and under the 

assumption that the applied fertilizer will remain and be available to crops come the spring (Gentry 

et al., 2014; Romero et al., 2017). However, these nutrients are susceptible to overwinter losses, 

especially in cold climate regions (Chantigny et al., 2019; Ryan et al., 2000). Current nutrient 

management strategies like the 4R fertilization guidelines seek to provide a holistic approach to 

nutrient management, accounting for economic, environmental, and social outcomes of fertilizer 

use (Johnston and Bruulsema, 2014). The 4R nutrient stewardship guidelines (right source at the 

right rate, right time, and right place) acknowledge these overwinter losses, but climate change-

driven changes to the severity and incidence rates of winter soil processes such as freeze-thaw 

cycling remain a prominent knowledge gap. Therefore, studies on winter processes targeting 

fertilizer retention in agricultural soil can inform nutrient management strategies, like the 4R 

fertilizer guidelines, to account for changing conditions in cold region agroecosystems. 

In this study, a freeze-thaw soil column experiment was conducted using agricultural soil 

to explore the effects of winter soil processes on fertilizer loss under variable winter conditions. 

This was achieved by exposing soil columns to a winter and shoulder season air temperature and 

precipitation models to assess the leaching of nutrients from fertilized agricultural soil during the 

NGS. A pair of unfertilized control columns were also packed with the same soil and exposed to 

the same temperature conditions to determine the background nutrient leaching for comparison. 



 

20 
 

The goal of the experiment was to better delineate the effect FTCs have on nutrient exports in 

agricultural soils by comparing nutrient leaching under the fertilized and unfertilized conditions. 

While our experiment did not include a non-FTC condition, several leachate samples were 

collected during the early portion of the experiment prior to the onset of freeze-thaw cycling that 

that are representative of leaching under non-FTC conditions. Our hypothesis was that the 

simulated FTCs would greatly enhance and alter nutrient leaching from fertilized agricultural soils 

and slightly enhance and alter nutrient leaching from unfertilized agricultural soils. 

2.3 Materials and Methods 

2.3.1 Soil Collection and Properties 

The soil sample used for the experiments was collected from an agricultural field at the 

rare Charitable Reserve in Cambridge, Canada (latitude 43°22'39.80"N; longitude 

80°22'07.28"W) in mid-October. This field had been cultivated in previous years but had not been 

cultivated for two years prior to soil sample collection. The soil was collected from the surface 

horizons (0-18 cm). The particle size distributions of the soil sample were determined using the 

pipette method (Gee and Bauder, 1986) and the analysis showed 32%, 52% and 16% of sand, silt 

and clay contents, respectively, with textures ranging from silt loam to loam and a pH of 7.2. Total 

porosity and bulk density of soil sample were determined gravimetrically from the saturated mass, 

the oven-dried (at 105°C for 24 hours) mass and the original volume of the sample, following the 

method of Boelter (1972) and the bulk density and porosity were calculated to be 1.22 g cm-3 and 

0.54, respectively.  
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2.3.2 Experimental Freeze-thaw Soil Column System 

The entire experimental freeze-thaw soil column system consists of four columns (a 

schematic diagram of the column set-up is shown in Figure 2-1). The collected soil sample was 

sieved to 2 mm, homogenized, and then four hard acrylic columns (inner diameter: 7.5 cm, length: 

60 cm; Soil Measurement Systems, LLC, USA) were packed with 50 cm of soil. Each column was 

packed with a similar mass of soil (~2.5 kg) and the columns were placed in an environmental 

chamber incubator (Percival I-41NL XC9) whose air temperature was controlled. The soil columns 

were initially saturated from the bottom with Milli-Q water and stored at 10°C for 5 days prior to 

experiment initiation. The soil column system was designed to simulate freeze-thaw cycles with 

realistic soil subsurface temperature gradients. A 150-watt band-heater (120V, 2 W/inch2, custom-

made by Gordo Sales Inc.) was placed surrounding the lower 40 cm of each column that 

maintained the temperature at 8°C in the lower portion of the soil, representative of southern 

Ontario's subsurface soil and groundwater temperatures (Conant, 2004; Funk et al., 1980), to 

simulate a realistic vertical soil subsurface temperature gradient. This allowed for the top 10 cm 

of soil above the band-heater to be exposed to fluctuating chamber air temperatures. As the air 

temperature drops below 0°C, freezing occurs downwards from the surface of the soil. As the air 

temperature returns above 0°C, the upper soil layer thaws. By pre-programming the air temperature 

cycle in the chamber, freeze-thaw cycles were induced in the soil columns (see 2.5). The top and 

bottom of the columns were closed with the acrylic end-caps sealed tightly by the O-rings inside 

of the end-caps. A filter membrane (Soil Measurement Systems, LLC, USA, bubbling pressure: 

600 mbar) closed off the bottom of each column with a nylon mesh (Soil Measurement Systems, 

LLC, USA, bubbling pressure: 32 mbar) the top of filter membrane. For each column, three steel 

rods connected the acrylic top and bottom end-caps and were secured with bolts. The headspace 
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of the soil columns was flushed with water-saturated air to minimize evaporative losses through 

the upper part of the columns. Time-series temperature data was recorded every 15 minutes during 

the experiment by six temperature sensors (DaqLink Fourier Systems Ltd., #DBSA720) installed 

in one of the soil columns at depths of +2.5, -3.5, -7, -15.5, and -33 cm relative to the soil surface, 

with one sensor in the chamber to monitor air temperature. Gravimetric soil water content was 

measured weekly using soil samples collected along the depth of the columns. Samples were dried 

at 105°C for 24 hours to determine dry soil weight. Gravimetric soil water content was determined 

by dividing the difference between wet and dry soil weights by the dry soil weight (see Table A-

1). 

 

Figure 2-1: Schematic showing the two control columns (unfertilized) and two experimental 

columns (fertilized). Temperature sensors were installed at +2.5, -3.5, -7, -15.5, and -33 cm relative 

to the soil surface in one of the control columns. The column on the right is showing the concept 

used for the simple plug flow reactor model with three zones (see 2.2.6). 
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2.3.3 Environmental Chamber Temperature and Precipitation Regimes 

The soil columns were exposed to a 55-day NGS air temperature and precipitation weather 

sequences (Figure 2-2), representative of winter and shoulder seasonal climate in southern Ontario 

(data retrieved from Environment and Climate Change Canada database). Daily air temperatures  

(incubator temperature) fluctuated by about 8 to 10°C with daily low temperatures occurring 

between 0:00 and 12:00 and daily high temperatures occurring between 12:00 and 24:00. The 

incubator took approximately 2 hours to warm or cool following a temperature transition. During 

the coldest period of the NGS temperature model, a one-day and three-day thaw (occurring around 

day 30 and 32 of the experiment, respectively) were included to examine the effects of a simulated 

mid-winter thaw (see Figure 2-2). A precipitation model was simulated by adding 55 to 90 ml of 

artificial rainwater (2-3 times per week, see Figure 2-2) to the top of each soil column via a 

sprinkler. 
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Figure 2-2: The top graph shows total applied volume of artificial rainwater over the course of the 

experiment. The bottom graph shows air temperature and soil temperature at various depths over 

the course of the experiment. Soil temperatures were measured at different depths below the soil 

surface in one of the columns and treated as representative for all columns.  
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2.3.4 Fertilizer Amendments and Artificial Rainwater 

The 15-30-15 NPK Miracle-Gro was used as fertilizer amendments for the experiment. 

This fertilizer was selected for its solubility to leach through the experimental columns. 1g of the 

fertilizer was ground up for each column and evenly distributed on top of the duplicate fertilized 

experimental soil columns while the duplicate control columns were left unfertilized (Figure 2-3). 

According to the NPK label, an estimated 150 mg of elemental nitrogen was then applied to each 

fertilized column. Artificial rainwater was prepared with a chemical compositions containing Cl- 

(0.25 mg L-1), SO4
2- (2.2 mg L-1), NO3

- (2.6 mg L-1), Na+ (0.10 mg L-1), Ca2+ (0.48 mg L-1), Mg2+ 

(0.08 mg L-1), and K+ (0.05 mg L-1), representative of southern Ontario’s rainwater compositions 

(“Major Ions”, 2018). A solution consisting of the mass of fertilizer applied to each column and a 

volume of Milli-Q water equivalent to the volume of total applied rainwater to each column (1.435 

L) was prepared and the concentrations of selected anions were analyzed using ion 

chromatography (see 2.6) with concentrations of 10.7, 0.2, and 35 mg L-1 for chloride (Cl-), sulfate 

(SO4
2-), and phosphate (PO4

3-), respectively, while concentrations of NO2
- and NO3

- were below 

the detection limits.  

2.3.5 Leachate Sampling and Analytical Methods 

Leachate pore water samples were collected from the bottoms of the four columns when 

there was sufficient volume for chemical analysis, usually 1 day following rainwater applications. 

Leachate samples were collected into 100 ml plastic vial and 1 ml of the samples were immediately 

used for pH and electrical conductivity (EC) analysis using handheld meters (LAQUAtwin meters, 

model Horiba B-213; see Figure A-2). One ml of leachate samples was filtered through a 0.2 μm 

membrane filter (Thermo Scientific Polysulfone filter) and was analyzed for major anions 
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including Cl-, NO3
-, PO4

3-, and SO4
2- using ion chromatography (IC, Dionex ICS-5000 with a 

capillary IonPac® AS18 column; ±  3.0% error and ± 1.6% precision). 

 

Figure 2-3: Photos of the soil column setup (A) and fertilizer applied on soil surface in fertilized 

columns (B).  

 

2.3.6 Model Description 

For the modeling of the N transformation in the fertilized soil columns, we used a simple 

plug flow reactor model describing chemical reactions in a continuous, connected, and flowing 

system of cylindrical geometries (shown as 3 separate zones in Figure 2-1). In this model 

simulation, urea is considered to be placed on the top few centimeters of the column (Zone 0) 

where it is hydrolysed to an unstable carbamic acid that quickly breaks down to carbon dioxide 

(CO2) and ammonia gas (NH3) and the latter reacts with water to form ammonium (NH4
+). This 

chain of reactions occurs only at Zone 0 and is described by the following reaction: 
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 (𝑁𝐻4
+)2𝐶𝑂

𝑘1
→ 𝑁𝐻4

+ (2.1) 

 

where 𝑘1[𝑇−1] is the rate constant for urea hydrolysis and dissolution of NH3 in water. At Zone 1, 

where the oxygen can penetrate to this zone, the NH4
+ is oxidized to nitrite (NO2

-): 

 𝑁𝐻4
+

𝑘2
→ 𝑁𝑂2

− (2.2) 

where 𝑘2[𝑇−1] is the rate constant for oxidation of ammonia. In presence of oxygen (O2), NO2
- 

further oxidized to NO3
- as follows: 

 𝑁𝑂2
−

𝑘3
→ 𝑁𝑂3

− (2.3) 

where 𝑘3[𝑇−1]  is the rate constant for nitrification. Zone 2 is assumed to be in anoxic condition 

and none of the above reactions can occur in Zone 2. In this zone, denitrification is considered as 

the main catabolic reaction: 

 𝑁𝑂3
−

𝑘4
→ 0.5 𝑁2 (2.4) 

where 𝑘4[𝑇−1]  is the rate constant for denitrification. For a simple mass balance for the zones in 

the manner that the outlet from previous zone is the inlet of the next, combining with the above 

mentioned reactions, the following system of ordinary differential equations are considered 

(similar to Ehrl et al. (2018), Gharasoo et al. (2019), Marozava et al., (2019)): 

 𝑑[𝑁𝐻4
+]0

𝑑𝑡
=  +𝑘1[(𝑁𝐻2)2𝐶𝑂]0 − 𝑟𝐷0[𝑁𝐻4

+]0 (2.5a) 
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 𝑑[(𝑁𝐻2)2𝐶𝑂]0

𝑑𝑡
=  −𝑘1[(𝑁𝐻2)2𝐶𝑂]0 (2.5b) 

 

 𝑑[𝑁𝐻4
+]1

𝑑𝑡
=  −𝑘2[𝑁𝐻4

+]1 + 𝑟𝐷1([𝑁𝐻4
+]0 −  [𝑁𝐻4

+]1) (2.5c) 

 

 𝑑[𝑁𝑂2
−]1

𝑑𝑡
=  +𝑘2[𝑁𝐻4

+]1 − 𝑘3[𝑁𝑂2
−]1 − 𝑟𝐷1[𝑁𝑂2

−]1 (2.5d) 

 

 𝑑[𝑁𝑂3
−]1

𝑑𝑡
= +𝑘3[𝑁𝑂2

−]1 − 𝑟𝐷1[𝑁𝑂3
−]1 (2.5e) 

 

 𝑑[𝑁𝑂3
−]2

𝑑𝑡
=  −𝑘4[𝑁𝑂3

−]2 + 𝑟𝐷2([𝑁𝑂3
−]1 − [𝑁𝑂3

−]2) (2.5f) 

 

 𝑑[𝑁𝑂2
−]2

𝑑𝑡
=  +𝑟𝐷2([𝑁𝑂2

−]1 − [𝑁𝑂2
−]2) (2.5g) 

 

 𝑑[𝑁𝐻4
+]2

𝑑𝑡
=  +𝑟𝐷2([𝑁𝐻4

+]1 −  [𝑁𝐻4
+]2) (2.5h) 

 

 𝑑[𝑁2]2

𝑑𝑡
= +𝑘4[𝑁𝑂3

−]2 (2.5h) 

where 𝑟𝐷[𝑇−1] is the dilution rate to the zones 0, 1, and 2, respectively and calculated as the ratio 

of input rainwater solution to the volume of each zone. The superscripts of the chemical 

concentrations and dilution rates refer to the entity value at each specific zone. Temperature 

sensitivities are simulated by allowing the first-order rate constants (𝑘1, … , 𝑘4) to vary according 
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to the Arrhenius function 𝑘1 = 𝑘01 exp(−𝐸𝑎𝑖/𝑅𝑇), where 𝑘01 is the pre-exponential factor for 

reactions i=1 to 4, R is the universal gas constant, 𝐸𝑎𝑖 is the reaction activation energy, and T is 

temperature in Kelvin. Parameter values were determined from the soil column measurements or 

obtained from the literature as listed in Table A-2. The model run lasted 60 days and the fitting 

procedure was performed by ReKinSim (Gharasoo et al., 2017). 

Table 2-1: List of parameters values used for model simulation and estimated parameters from 

the optimization of Equations 5 to the measured data. Reaction energies for the reactions 2, 3, 

and 4 were obtained from McKenney et al., 1984; Ambus, 1993; Saad and Conrad, 1993; and 

Maag et al., 1997. 

Parameter values derived from measurements, calculations or literature values 

soil effective porosity (ɸ) 0.30 

length of column 60 cm 

inner radius of column 3.75 cm 

total rain volume 1435 ml 

rate of rain at inlet 23.9 ml day-1 

volume of Zone 0 221 ml 

volumes of Zones 1 and 2 1215 ml 

dilution rate of Zone 0 (rD0) 0.108 day-1 

dilution rate of Zones 1 and 2 (rD1 and rD2) 0.019 day-1 

activation energy of reaction 2 (Ea2) 55±10 kJ mol-1 

activation energy of reaction 3 (Ea3) 58±21 kJ mol-1 

activation energy of reaction 4 (Ea4) 60±11 kJ mol-1 

universal gas constant (R) 8.314 J mol-1 K-1 

  

Parameter values estimated by the model fit in this study 

rate constant of reaction 1 (k1) 0.15 day-1 

pre-exponential factor of reaction 2 (k02) 6.4×1010 day-1 

pre-exponential factor of reaction 3 (k03) 4.7×1011 day-1 

pre-exponential factor of reaction 4 (k04) 9.3×108 day-1 

  

 

2.4 Results 

2.4.1 Temperature and Moisture Regimes in the Soil Columns 

The environmental chamber air temperature regularly fluctuated above and below zero during 

the beginning and end of the experiment (Figure 2-2). Air temperatures remained largely below 

0°C during the middle of the experiment, except during the simulated midwinter thaws. The near 
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surface temperature sensor (-3.6 cm below soil surface) recorded temperatures regularly 

fluctuating above and below 0°C between Days 16 to 29, but otherwise all recorded temperatures 

were above 0°C. The near surface soil temperatures during the simulated midwinter thaws, 

following the coldest portion of the experiment, were comparable to temperatures recorded at the 

beginning and end of the experiment. Soil temperatures at depth below -7 cm remained relatively 

stable throughout the experiment as deeper sections of the soil columns were buffered by the band-

heater warming. Column moisture contents did not vary much by depth over the course of the 

experiment (see Table A-1). The average water filled pore space was 50.1% with a SD of ± 7.2%. 

2.4.2 Soil Column Leachates 

The pH values varied from 6.5 to 8.5 in unfertilized column leachates and from 7 to 8.5 in 

fertilized column leachates. The EC varied from 0.1 to 170 and 200 µS/cm in unfertilized and 

fertilized columns, respectively. The concentrations of PO4
3- in both unfertilized and fertilized 

column leachates were not detected. Cl- concentrations in the unfertilized column leachates 

remained low (<5 mg L-1) throughout the duration of the experiment (Figure 2-4). For the fertilized 

columns, leachate Cl- concentrations were initially low but increased around Day 15. This increase 

continued until the simulated midwinter thaw at Day 30, where the leachate Cl- concentration 

peaked at 266 and 194 mg L-1 in duplicate fertilized soil columns (Figure 2-4). Following the first 

mid-winter thaw (Day ~30), leachate Cl- concentrations declined until the end of the experiment, 

reaching concentrations comparable to the concentrations in unfertilized columns. 
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Figure 2-4: Temperature and leachate Cl- concentrations versus time for fertilized and unfertilized 

columns. 

 

Leachate SO4
2- concentrations for the unfertilized and fertilized columns were low at the 

beginning of the experiment (~2 mg L-1) and were comparable to the SO4
2- concentration in the 

artificial rainwater (2.2 mg L-1) (Figure 2-5). Around Day 20 of the experiment, leachate SO4
2- 

concentrations for the fertilized columns began to increase but decreased once daily high and low 

soil temperatures remained below 0°C. Following the one-day thaw (Day ~30), leachate SO4
2- 

concentrations for the fertilized columns drastically increased, peaking around 10 to 12 mg L-1 but 

declined after Day 40 until the end of the experiment. NO3
- concentrations in the unfertilized soil 

column leachates remained low throughout the duration of the experiment (<40 mg L-1) (Figure 2-

6). However, NO3
- concentrations in the fertilized column leachates gradually increased from the 

onset of the experiment until Day ~25, at which point these concentrations decreased to 22.7 and 

9.5 mg L-1 in duplicate columns. Following this decrease, NO3
- concentrations in the fertilized 

column leachates increased for the remainder of the experiment, reaching peaks of 150 to 160 mg 

L-1 for the last collected leachate samples.  
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Figure 2-5: Temperature and leachate SO4
2- concentrations versus time for fertilized and 

unfertilized columns. 

 

 

 
Figure 2-6: Temperature and leachate NO3

- concentrations versus time for fertilized and 

unfertilized columns. 
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2.4.3 Modeling Results 

The calculated rate constants of k1, k2, k3, and k4 for the reactions 1 to 4 were as 𝑘1 = 0.15; 

1.22 < 𝑘2 < 6.77; 2.33 < 𝑘3< 14.2; and 0.002 < 𝑘4< 0.012 day-1 (Table 1). These rate constants 

were calculated according to the Arrhenius equation and using the approximate range of 

temperatures in the column experiment (-5 to 15°C). Calculation of the Damköhler ratio, to 

compare the rate of reactions against the dilution rates (𝑟𝐷𝑖) in their respective zone, showed that 

the reaction rates are up to 3 orders of magnitude greater than the dilution rates, meaning that the 

flow resident times are slow enough to allow more than 90% conversion of the substrates. Only 

denitrification rates in Zone 2 are slightly lower than dilution rates, which seems to play a minor 

role in the final observations of leachate NO3
-.  

The model fit of the reactions to the measured NO3
- in the fertilized soil columns and 

simulation of other N species concentrations in the three zones 0, 1 and 2 show a strong fit to the 

data (Figure 2-7). The modeled NH4
+ concentrations in Zone 0 showed an increase up to 1,000 mg 

L-1 around Day 10 and then declined, as the urea is hydrolyzed in the first 20 days after applying 

the fertilizer. NH4
+ and NO2

- concentrations in Zone 1 mirrored the NH4
+ concentration curve in 

Zone 0 but attained much lower peak concentrations (~10 mg L-1). NO3
- concentrations were 

highest in Zone 1 reaching a maximum of ~250 mg L-1, as the model assumes nitrification is 

dominant in this zone but declined around Day 35 as NH4
+ input into Zone 1 begins to diminish. 

In Zone 2, NO3
- concentrations were tempered by reducing conditions that favor denitrification, 

peaking at ~130 mg L-1 by the end of the model simulation. The N2 concentrations in Zone 2 

increased for the entirety of the model and leveled off to a maximum concentration of 10 mg L-1 

at the end of model simulation (see Figure 2-7). 
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Figure 2-7: Model fit of reactions to the averaged NO3
- concentrations measured in the fertilized 

soil columns and simulation of other N transformation processes in three zones 0, 1 and 2 used for 

the simple plug flow reactor model. A list of parameters and their estimated values are presented 

in Table 1. 

 

2.5 Discussion 

2.5.1 Impact of Winter Processes on Chloride and Sulfate Leachates  

Of the analytes examined in the leachate samples, the patterns of Cl-, SO4
2-, and NO3

-

concentrations differed greatly between the fertilized and unfertilized columns. As Cl- is a 

relatively non-reactive ion that does not easily adsorb or react to the soil matrix, it serves as a tracer 

for the fertilizer front progressing through the fertilized soil columns (White and Broadley, 2001). 

If all applied fertilizer were incorporated into the applied rainwater solution, the effective average 

Cl- concentration would be ~90 mg L-1. However, most of the applied fertilizer was likely 

dissolved in the first several rainwater applications, forming a concentrated Cl- front, and the 
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observed peak at Day ~30 represents the breakthrough of this front and is an indicator of the 

dissolved fertilizer passing through the fertilized soil columns.  

Similarly, if all applied fertilizer were incorporated into the applied rainwater solution, the 

effective average SO4
2- concentration would be ~4.3 mg L-1. Thus, the observed SO4

2- peaks in the 

fertilized column leachates (Figure 2-5) likely represents the breakthrough of a solution front 

concentrated in SO4
2- relative to the background SO4

2- concentration in the artificial rainwater that 

can be attributed to the applied fertilizer. The decrease in SO4
2- concentrations during the frozen 

period (Days 24 to 28) may be due to the formation of an ice barrier at the soil surface, creating 

anaerobic conditions in the soil subsurface and facilitating SO4
2- reduction. However, Sawicka et 

al. (2010) noted that the freezing process is detrimental to sulfate-reducing bacteria and their 

activity remains limited until they are reactivated during the thaw.  This would imply that the lower 

SO4
2- concentrations observed during the freezing period of the experiment are likely a result of 

transport dynamics and not microbial processes. 

2.5.2 Impact of Winter Processes on Nitrate Leachates 

Low measured NO3
- concentration in the artificial rainwater and applied fertilizer suggest 

that the increase of NO3
- in the fertilized column leachates over the entirety of the experiment 

(Figure 2-6) is due to nitrification processes, especially following the simulated mid-winter thaw. 

Matzner and Borken (2008) reported that soil freezing can induce NO3
- leaching in their field 

nutrient leaching freeze-thaw experiments. However, Henry et al. (2007) stated that while soil 

mesocosm experiments have generally shown increased potential for nutrient leaching following 

freeze-thaw events, the temperature fluctuation ranges utilized in these experiments are typically 

much larger (6 to 10°C) than those experienced in in situ soils (1 to 2°C). The soil columns in this 

study were subjected to ~10°C air temperature fluctuations, which only induced moderate soil 
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temperature fluctuations (2.5 to 7°C). As unfertilized NO3
- leachate concentrations did not increase 

following the onset of moderate FTCs during the mid-period of the experiment, our results appear 

to agree with previous studies that found FTCs had a negligible effect on overall N mineralization 

(Hentschel et al., 2008; Larsen et al., 2002), assuming inorganic N generated through 

mineralization would subsequently be nitrified to NO3
-. However, low NO3

- leachate 

concentrations in the unfertilized columns could be a result of the relatively low total N content in 

the soil from the sampling site (1.6 g kg-1) and the moderate intensity of the freezing temperatures 

applied in this experiment, as several previous studies have found that an increase in N 

mineralization can occur at colder freezing temperatures  (Jiang et al., 2018; W. Zhou et al., 2011). 

In a multi-site field freeze-thaw N loss study, Chantigny et al. (2019) found that artificial 

N fertilizers are susceptible to overwinter NO3
- losses via nitrification, especially compared to 

organic N fertilizers, as organic fertilizers naturally included a carbon source to facilitate N 

immobilization. Similarly, in a soil jar batch experiment, Clark et al., (2009) determined that low 

temperature (-2 to 2°C) nitrification can lead to NO3
- accumulation or loss that is not mitigated by 

N immobilization. While substantial NO3
- leaching was observed from the fertilized columns 

following a one-day thaw (Day ~30), leachate NO3
- concentrations continued to increase for the 

remainder of the experiment despite warmer temperatures, suggesting that NO3
- immobilization 

mechanisms did not resume or were not potent enough to stymie NO3
- leaching. 

2.5.3 Modeling Nitrogen Transformations and Losses 

The increase of modeled NH4
+ in Zone 0 (Figure 2-7) is the result of rapid urea hydrolysis 

from the applied fertilizer. The transient NH4
+ and NO2

- concentrations in Zone 1 were generated 

and subsequently consumed by the active nitrification occurring in this zone. The oscillating nature 

of the NH4
+ and NO2

- concentrations shows the sensitivity of these nitrification substrates to the 
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temperature changes during the freezing and thawing cycles. The NO3
- concentrations in Zone 1 

were high in the simulation because of high nitrification in this oxidized portion of the soil column. 

The increase and decrease of nitrification products are largely dictated by the supply of NH4
+ 

entering this zone. The increasing N2 concentration in Zone 2 can be attributed to N2 serving as 

the denitrification end-product in this anoxic portion of the soil column. 

Both measured and modeled leachate NO3
- concentrations trend upwards following an 

initial delay required for the rainwater to pass through the columns. While the model does not 

capture the stark freeze to thaw transitions of the one-day and three-day thaws occurring around 

Day ~30 of the experiment, this appears to only affect the shapes of the trends. The modeled 

leachate NO3
- concentration increase is more gradual than the measured leachate concentration. 

As Zone 2 was assumed to be entirely anoxic and dominated by denitrification, this sustained 

increase of leachate NO3
- is likely bolstered by the continued contribution of recently produced 

NO3
- in Zone 1. Although the measured leachate NO3

- continued to increase until the end of the 

55 days, the modeled NO3
- concentration increase begins to level off by the end of the 60-day fit, 

suggesting that measured leachate NO3
- concentrations would have begun to decline due to 

denitrification if the experiment been allowed to continue.  

The observed trends in measured and modeled NO3
- leachate concentrations have 

implications for future FTC nutrient leaching studies. Traditional fall NPK fertilizer applications 

appear susceptible to NO3
- loss via nitrification following regular FTC and even more susceptible 

following intense FTC. Nitrification-inhibited or controlled-release fertilizers are commonly put 

forward as means of reducing overwinter NO3
- losses from fall-applied fertilizers (Di and 

Cameron, 2004; Randall and Vetsch, 2005; Thapa et al., 2016), however the impacts that evolving 

cold climate conditions have on these commonly used preventative measures remain understudied 
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(Grant et al., 2020). Nitrification inhibitor efficiency has been demonstrated to be temperature and 

soil type dependent (Di and Cameron, 2004; Guardia et al., 2018; McGeough et al., 2016). Thus, 

examining how the changes in soil temperature and structure by FTC affect the nitrification 

inhibitor efficacy will be important for managing agricultural pollutants in colder climates. 

2.6 Summary and Conclusions 

This study examined the effect of FTCs on nutrients leaching from unfertilized and 

fertilized soil columns packed with agricultural soil. There was a significant difference in Cl-, SO4
2, 

and NO3
- leachate concentrations between the fertilized and unfertilized soil columns. In the 

fertilized column leachates, the elevated Cl- and SO4
2- concentrations can be attributed to the initial 

fertilizer composition while the increase in NO3
- concentrations are a result of the active 

nitrification occurring in the oxidized upper portion of the soil columns. The model simulation 

results from a simple plug flow reactor model were consistent with the measured NO3
- 

concentrations and indicated that intense nitrification of the urea occurred in the shallow, oxidized 

portion of the fertilized columns. Denitrification rates in the deeper anoxic portion of the column 

and immobilization mechanisms were not able to dampen leachate NO3
- concentrations, but the 

end of the 60-day fit results suggested that the nitrification reactants are near exhausted by this 

time and leachate NO3
- concentrations would decrease if the experiment had been allowed to 

continue. These findings indicate that fall-applied NPK fertilizers are prone to loss under soil FTCs 

during NGS and future studies should investigate the effects of winter soil processes on methods 

commonly used to mitigate NO3
- losses, such as nitrification inhibitors. 
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3 Investigating the Effect of Freeze-thaw Cycling on Nitrification 

Inhibitor Efficacy  

 

 

3.1 Introduction 

 
In Chapter 2, the effects of FTCs on nutrient exports in agricultural soils were investigated 

by comparing nutrient leaching under fertilized and unfertilized conditions. The findings from this 

experiment indicated that fall-applied NPK fertilizers are prone to loss under freeze-thaw 

conditions during the non-growing season (NGS) and spurred the need to investigate the impacts 

of winter soil processes on measures commonly used to mitigate nitrate (NO3
-) losses, such as 

nitrification inhibitors. 

Nitrogen (N) recovery rates for applied N fertilizers are soil and climate dependent but 

usually vary between 40-70% (Kaleem Abbasi et al., 2003; Norton and Ouyang, 2019). N is lost 

via nitrification, denitrification, ammonia (NH3) volatilization, leaching, erosion, and runoff (Chen 

et al., 2008; Velthof et al., 2009). This loss primarily occurs after N has been transformed to NO3
- 

as NO3
- is highly mobile due its negative charge limiting adsorption to the soil matrix while 

denitrification products such as nitric oxide (NO), nitrous oxide (N2O), and dinitrogen (N2) are 

easily lost as gaseous emissions (Allred et al., 2007; Velthof et al., 2009). Nitrification inhibitors 

mitigate this loss by obstructing the conversion of NH4
+ to NO2

- (Zacherl and Amberger, 1990). 

Most inhibitors, including nitrapyrin and dicyandiamide (DCD), accomplish this via mechanism-

based inhibition, serving as a substitute substrate for the ammonia monooxygenase enzyme (AMO) 

(McCarty, 1999; Norton and Ouyang, 2019). In this case, inhibitors inactivate AMO, preventing 

the turnover of NH3 to hydroxylamine (Waley, 1985). 

 𝑁𝐻3 +  𝑂2 +  2𝐻+ → 𝑁𝐻2𝑂𝐻 + 𝐻2𝑂 (3.1) 
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As NH4
+ is positively charged, it is more likely to remain bound to the soil matrix and taken 

up by plants. Retaining N in the form of NH4
+ reduces plant energy demand, as plants must reduce 

NO3
- to NH4

+ prior to incorporating the N compound to form amino acids (Pankievicz et al., 2015). 

This N retention and decreased plant energy demand have been found to increase crop production 

by 7.5-13% (Abalos et al., 2014). While there are concerns that nitrification inhibitors may 

detrimentally impact enzyme activities unrelated to nitrification or microbial community 

abundance, Guo et al. (2013) found that DCD had a negligible long-term effect on non-target 

enzymes and microbial community abundance. The potential for nitrification inhibitors to improve 

N fertilizer efficiency and crop production makes it a promising means for both reducing N losses 

and reducing crop fertilization costs. 

There are concerns of nitrification inhibitors promoting NH3 volatilization with several 

studies noting 10-100% increases of NH3 emissions from soils following the application of 

nitrification inhibitors (Davies and Williams, 1995; Zaman et al., 2009). The proposed mechanism 

for this increase is the prolonged retention of NH4
+ due to nitrification inhibitor application 

preventing soil acidification via nitrification and maintaining an alkaline soil environment, thereby 

promoting conditions that are favorable for NH3 volatilization (Fox and Bandel, 1989; Recio et 

al., 2018). However, this increased volatilization has not been observed in all nitrification inhibitor 

studies measuring NH3 emission; Clay et al. (1990) and Di and Cameron (2004) observed that NH3 

emissions quickly returned to background levels shortly after fertilizer and nitrification inhibitors 

were applied. While there are conflicting reports of the effect nitrification inhibitors have on NH3 

volatilization, the possible enhancement of one N loss pathway may offset or negate the advantages 

nitrification inhibitors provide for lessening other forms of N loss. 
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While the overall benefits of nitrification inhibitors have been demonstrated, inhibitor 

effectiveness is impacted by soil conditions. Temperature, soil moisture content, aeration, pH, and 

microbial community composition may all impact inhibitor effectiveness. Puttanna et al. (1999) 

noted that DCD effectiveness decreased as soil temperatures increased from 10-30°C and Keeney 

(1980) found that nitrapyrin was more effective at lower temperatures. In a meta-analysis 

performed by Kelliher et al. (2008), DCD degradation was found to have a consistent temperature 

dependence below 10°C. At lower temperatures, DCD degradation rates were highly sensitive to 

temperature changes. An increase of 1°C at 5°C resulted in a ~10% decrease in DCD half-life. 

There is then strong evidence that nitrapyrin and DCD effectiveness generally increases with 

decreasing temperature. Soil moisture content also controls nitrification inhibitor efficacy. DCD 

has been observed to perform better at lower soil moisture conditions (Puttanna et al., 1999). At 

higher moisture contents, the inhibitor has been noted to be relatively mobile, dissolving into 

solution, leaching, and separating from the target fertilizer and nitrifying community (Marsden et 

al., 2016). 

Aeration is closely tied to saturation and it would be expected that nitrification inhibitor 

studies examining soil moisture and aeration conditions would determine similar best-case 

scenarios. However, an experiment by Balaine et al. (2015) tested the impact of increasing aeration 

on DCD degradation in two agricultural soils by adjusting moisture content. They found that DCD 

degraded slower in soils with higher moisture contents regardless of the agricultural soil type. 

These contradictory results are likely the product of the dearth of studies that have examined 

nitrification inhibitor efficacy with respect to soil properties. Nitrification inhibitor effectiveness 

has been demonstrated to be affected by pH, but the sparse amount of studies focusing on this 
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matter and the wide range of inhibitors used limits any generalizations that can be made between 

nitrification inhibitor effectiveness and pH (Keeney, 1980; R. Liu et al., 2015). 

This variability in nitrification inhibitor efficacy and the differing responses of nitrification 

inhibitors to similar soil conditions necessitates that inhibitors be examined under future 

anticipated climate conditions. There are few studies investigating the interaction between freeze-

thaw events and N losses from nitrification inhibited and fertilized soil. To address this knowledge 

gap, a sacrificial soil jar batch experiment was conducted with the intent to elucidate the interaction 

between this winter soil process and popular nitrification inhibitors.  

3.2 Materials and Methods 

3.2.1 Soil Collection and Properties 

Soil for this sacrificial batch experiment was collected from an agricultural field at the rare 

Charitable Research Reserve in Cambridge, Ontario (latitude 43°22'39.80"N; longitude 

80°22'07.28"W) (the same location as described in Chapter 2; see 2.2.1 for more details about the 

field site and soil characteristics) in October 2019. At the time, the field was planted in corn and 

in previous years it was rotated in soy, corn and wheat and red clover. Collected soil was sieved 

to 2 mm, homogenized, air dried for 1 week and then stored at 4°C until the experiment 

commenced.    

3.2.2 Sacrificial Soil Jar Batch Experiment 

Allocations of 200 g of the homogenized soils were weighed into 500 mL glass jars (soil 

surface area: approximately 35 cm2). The soil samples were prepared in three treatments 

(unfertilized, fertilized, and inhibited) and under thawed (4˚C), frozen (-10˚C), and freeze-thaw 

cycle (FTC) (between -10°C and 4°C) conditions for a total of 108 samples. Jars selected for the 
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unfertilized condition were saturated to 60% gravimetric soil water content with artificial pore 

water with a chemical composition containing Cl- (195.0 mg L-1), SO4
2- (19.2 mg L-1), NO3

- (18.6 

mg L-1), Na+ (8.0 mg L-1), Ca2+ (78.0 mg L-1), Mg2+ (28.0 mg L-1), and K+ (0.8 mg L-1). Jars 

selected for the fertilized condition were saturated with a similar solution incorporating 0.2 g of 

15-30-15 NPK Miracle-Gro while jars selected for the inhibited condition were saturated with the 

fertilized solution containing 40 mg L-1 of nitrapyrin and 50 mg L-1 of DCD. These nitrification 

inhibitor concentration values were selected from a literature review and were exaggerated 

compared to common inhibitor use concentrations to ensure a strong inhibition effect would be 

observed (Magalhães et al., 1984; McTaggart et al., 1997; Parkin, 1987). Thaw jars were placed 

in a fridge and were kept at 4°C, frozen jars were placed in an environmental chamber incubator 

(Percival I-41NL XC9) and were kept at -10°C, and thaw jars were placed in another 

environmental chamber incubator with the temperature set to oscillate between -10°C and 4°C 

(Figure 3-1). The experiment was run for a total of 37 days due to extraordinary circumstances 

related to the COVID-19 pandemic. 
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Figure 3-1. Photos of freeze-thaw cycle soil jars in Percival environmental chamber following 

saturation and addition of fertilizer and inhibitors to appropriate jars (A) and fridge used for storing 

samples at the thaw condition and environmental chambers used for storing samples at frozen and 

freeze-thaw cycle condition (B). 

  

3.2.3 Pore water Sampling and Analytical Methods 

Duplicate soil jars were extracted once a week with duplicate freeze jars extracted one day 

prior to thaw to allow for pore water extraction. Soil samples were centrifuged in 50 mL Falcon 

centrifuge tubes at 10,000 RPM for 4 minutes. Sampled pore water was then filtered through a 0.2 

μm membrane filter (Thermo Scientific Polysulfone filter). Filtered pore water was analyzed for 

pH and EC using handheld meters (LAQUA Twin meters, model Horiba B-213). DOC and TN 

concentrations of filtered pore water (acidified to pH <3 using 1M HCl) were measured using a 

total organic carbon analyzer (Shimadzu TOC-LCPH/CPN). DIC concentrations were measured 

using the same instrument and non-acidified filtered pore water. Approximately 1 mL of filtered 

pore water was frozen for later analysis of major anions including chloride (Cl-), nitrate (NO3
-), 

and sulfate (SO4
2-) using ion chromatography (IC, Dionex ICS-5000 with a capillary IonPac® 

AS18 column; ± 3.0% error and ± 1.6% precision; see Figures A-4, A-5, and A-6).  
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3.3 Results and Discussion 

The NO3
- concentrations in frozen samples remained relatively stable across all fertilizer 

conditions over the course of the experiment, with fertilized and inhibited jar NO3
- concentrations 

fluctuating between 225 and 350 mg L-1 during the whole experiment (Figure 3-2). Unfertilized 

samples NO3
- concentrations were noticeably lower than the fertilized and inhibited samples. This 

difference can be attributed to the lack of additional N input into the soil samples from the fertilizer. 

As the nitrification and denitrification are not likely to transpire at subzero temperatures (Cookson 

et al., 2002; Taylor et al., 2017), the relatively stable NO3
- concentrations are then expected given 

little to no nitrification or denitrification is likely to occur at -10°C. However, as the pore water of 

frozen samples had to be allowed to thaw prior to sampling, this effective single freeze-thaw 

condition did not appear to stimulate significant nitrification or denitrification using NO3
- 

concentration changes as a proxy for observing either of these processes. 

 
Figure 3-2. NO3

- concentrations versus time for unfertilized, fertilized, and inhibited samples in 

the freeze condition. 
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Unlike the slight decrease of NO3
- concentrations in unfertilized soils in the frozen 

condition, NO3
- concentrations in the unfertilized samples in the thaw condition increased slightly 

over the duration of the experiment, suggesting moderate nitrification occurred in these duplicate 

samples (Figure 3-3). NO3
- concentrations dramatically increased in the thaw condition for both 

fertilized and inhibited samples, similar to the NO3
- leaching results from the fertilized soil 

columns presented in Chapter 2. The NO3
- concentrations in thawed fertilized and inhibited 

samples increased to ~1,000 mg L-1 and ~650 mg L-1, respectively, by the end of the experiment. 

Comparing the NO3
- concentrations in fertilized and inhibited samples, the nitrapyrin and DCD 

reduced the NO3
- production by about 51%. This reduction in NO3

- production was likely 

accomplished by inhibiting NH4
+ oxidation and is comparable to nitrification inhibitor reductions 

to NO3
- production reported in previous studies (Cui et al., 2011; Di and Cameron, 2005; Di and 

Cameron, 2007). Considering the fertilized and inhibited samples had similar NO3
- concentrations 

at the onset of the experiment, this demonstrates that nitrapyrin and DCD effectively mitigated the 

NO3
 production in the fertilized agricultural soil. 
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Figure 3-3. NO3
- concentrations versus time for unfertilized, fertilized, and inhibited samples in 

the thaw condition. 

 
For the FTC condition, fertilizer NO3

- concentrations increased by 50% while inhibited 

NO3
- concentrations increased by 43% under FTC conditions (Figure 3-4). This slight reduction in 

NO3
-  production by DCD was also observed in a freeze-thaw laboratory experiment conducted by 

Hamamoto et al. (2020) who found DCD to reduce NO3
- concentrations significantly. Nitrification 

rates were significantly lower under the FTC condition compared to the thaw condition, where the 

fertilizer sample NO3
- concentrations increased by 223% while inhibited sample NO3

- 

concentrations increased only by 99%. While the nitrification inhibitors clearly stymied NO3
- 

production in the FTC condition, the nitrification inhibitors had a much lower effect than under 

the thaw condition. 
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Figure 3-4. NO3
- concentrations versus time for unfertilized, fertilized, and inhibited samples in 

the FTC condition. 

Unlike in the freeze and thaw conditions, concentration of NO3
- in unfertilized samples 

increased for the entirety of the experiment, with NO3
- production comparable to the fertilized 

samples. This suggests that NO3
- mineralization was enhanced by freezing and thawing cycles 

assuming all released inorganic N would be converted to NO3
- under nitrifying conditions. This is 

in line with the results of other previous studies that have reported N mineralization increases 

following freeze-thaw events (DeLuca et al., 1992; Herrmann and Witter, 2002; Van Bochove et 

al., 2001). This differs from the results presented in Chapter 2 that suggested FTCs had little to no 

impact on N mineralization. This difference in mineralization could be the result of differences in 

N turnover rates between the first soil column experiment (Chapter 2) and the FTC condition of 

the batch experiment (Chapter 3). If the rates of microbial immobilization of inorganic N were 

high enough in the first column experiment, the apparent effect of FTCs on N mineralization could 

be masked by high immobilization rates. Inorganic N released from the soil would then be quickly 

assimilated prior to be nitrified to NO3
- under this circumstance. 
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 The difference in nitrification inhibitor efficacy between the thaw and FTC conditions 

could be attributed to the duration of the soil jar batch experiment. The consistent moisture content, 

aeration, and substrate supply conditions of the thawed samples could have engendered conditions 

more favorable for NO3
- production via nitrification than the periodic thawed conditions of the 

FTC samples. The expected higher half-life of nitrification inhibitors at lower temperatures may 

not have impacted FTC nitrification inhibitor efficacy given the timeline of the experiment. Colder 

soil temperatures have been noted to extend the lifetime of DCD in a long term pasture study (de 

Klein et al., 2014). If the experiment continued for longer it is possible that degradation of the 

nitrification inhibitors may have occurred for the thaw inhibited condition. This would then lead 

to comparable rates of NO3
- production between the thaw inhibited and thaw fertilized conditions. 

Overall nitrification inhibitor efficacy under FTC condition might be greater than inhibitor efficacy 

at low temperatures considering real world nitrification inhibitor use timelines. 

The reduced inhibition of NO3
- production in the FTC samples may also be due to the 

priming effect nitrification inhibitors have on fertilized soils, enhancing N mineralization relative 

to soils that are fertilized without inhibitors (Gioacchini et al., 2002). The priming effect is 

attributed to the stimulation of microbial activity that occurs following N input into the system that 

results in increased SOM mineralization (Kuzyakov et al., 2000). Although both the thawed and 

FTC inhibited condition received the same N and inhibitor input, the priming effect may have been 

more pronounced in the FTC inhibited condition with mineralized inorganic N in the thaw 

inhibited samples being mostly assimilated. Increased N mineralization could then explain the 

elevated NO3
- production observed in this condition. 

There was a clear difference in Cl- and SO4
2- concentration trends between the sacrificial 

soil batch experiment and the soil column experiment. Cl- and SO4
2- concentrations for the soil 
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samples in the sacrificial batch experiment were stable throughout the duration of the experiment 

for all fertilizer treatment and temperature conditions while Cl- and SO4
2- concentrations in the 

fertilized soil column leachates fluctuated (see Figures A-3 and A-4). This difference can be 

attributed to a lack of flow in the soil batch samples and corroborates the assumption that the 

observed increase and decrease of Cl- and SO4
2- concentrations noted in the fertilized soil column 

leachates was a product of transport dynamics (see 2.4.1). 

3.4 Conclusions 

 

This chapter provided a brief examination into how FTC affects nitrification inhibitor 

efficacy. A brief review of the literature examining how various environmental factors interact 

with nitrification inhibitor efficacy revealed a dearth of studies evaluating the impact of FTCs on 

nitrification inhibitor efficacy. Although the COVID-19 pandemic limited the duration of the 

experiment, the results of the sacrificial soil batch experiment demonstrate that nitrification 

inhibitor efficacy is impacted by FTCs. Additionally, the differing N mineralization results 

between sacrificial batch experiment and the soil column experiment (Chapter 2) resemble the 

contrasting findings reported in the literature as several studies have reported either an increase or 

decrease in net N mineralization after freezing and thawing. This uncertain relationship requires 

further investigation to develop a mechanistic-based understanding of what freeze-thaw study 

parameter variables and thresholds lead to enhanced or reduced N mineralization following FTCs. 
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4   Conclusions and Future Research 

 
4.1 Summary of Key Findings 

 

In this thesis, I sought to improve understanding of how winter soil processes impact 

nutrient leaching and fertilizer efficacy in cold region agroecosystem. In Chapter 2, I examined 

the potential impact of freeze-thaw cycles (FTCs) on nitrogen (N) losses from fertilized 

agricultural soils. To accomplish this, I conducted a non-growing season (NGS) soil column 

experiment using duplicate fertilized and unfertilized soil columns. N species concentrations in 

column leachates were measured to determine net N transformation and the results demonstrated 

that freeze-thaw cycling can stimulate significant loss of nitrate (NO3
-) in soils fertilized with urea. 

NO3
- concentrations in the fertilized column leachates increased for the duration of the latter half 

of the experiment while unfertilized column leachate NO3
- concentrations were consistently low 

throughout the experiment.  

 While the measured input and output N species would indicate that nitrification was 

responsible for the increasing fertilized column leachate concentrations, denitrification is the 

commonly observed FTC response in the literature. To verify experimental results, an associated 

simple plug flow reactor model was developed accounting for the various nitrification reactions 

and a net denitrification reaction. Model results indicate that urea hydrolyzes within the first 20 

days of the experiment and the ensuing products are nitrified in the shallow, aerated portion of the 

soil column. A portion of this created NO3
- pool is then denitrified to dinitrogen (N2) but a larger 

fraction leaches from the bottom of the soil columns. Both the experimental and model results 

indicate that freeze-thaw processes may induce nitrification and stressed the need to examine how 

the temperature and soil structure changes inherent to FTC affect recommended methods of 

reducing NO3
- losses.  
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In Chapter 3, the sacrificial batch experiment demonstrated that nitrification inhibitor 

efficacy is affected by FTC. This result requires further investigation but may indicate nutrient 

management strategies that put forward nitrification inhibitors as a means of reducing NO3
- loss 

from fall-applied fertilizers need to be revisited and possibly reworked, especially for agricultural 

regions that are expected to be exposed to more NGS FTC in the near future. Additionally, this 

sacrificial batch experiment indicated that FTCs are likely to increase N mineralization while the 

first experiment results suggested FTCs had little to no effect on N mineralization. Some studies 

suggest that freeze intensity is the most important factor as to whether FTC enhances N 

mineralization. As the FTC temperature changes utilized in this sacrificial batch experiment were 

greater than the temperature changes utilized in the soil column experiment, perhaps the 

determining factor for whether FTC will affect N mineralization is the amplitude of freezing and 

thawing.  

4.2 Recommendations for Future Research 

The experiment described in Chapter 2 provided an interesting characterization of 

fertilizer-rich infiltration front passing through a soil profile exposed to freeze-thaw conditions, 

but several adjustments could be made to this study design that would make for another experiment 

worth conducting. The leachate collection method utilized in the first experiment only allowed for 

net pore water concentration changes to be observed. Matzner and Borken (2008) note that in situ 

soil N concentration measurements provide a clear link between FTCs and their effect on N 

leaching. An in-situ Ion Chromatograph integrated into a soil column experiment would allow for  

higher resolution, more frequent analysis of N speciation changes over the soil column depth 

profile (Murray et al., 2020). Leachate and simple plug flow reactor results suggest the applied 

fertilizer migrated through the column as a front, but the concentration distribution of N species 
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was not well captured. In-situ analysis across depth would provide a more accurate picture of this 

fertilizer front progressing through the soil column. Additionally, including a non-FTC control 

column and recording output leachate volumes in this proposed in-situ experiment would reduce 

uncertainty regarding nutrient transformations that can be attributed to FTC and allow for accurate 

mass balancing.  

The differing results of the experiments performed in Chapters 2 and 3 suggest that a study 

examining N mineralization under varying FTC conditions would be useful to conduct. The 

literature survey conducted in Chapter 2 indicate that this difference exists in the literature as well. 

Performing a series of sacrificial soil batch experiments accounting for numerous FTC temperature 

change and duration conditions imposed on different agricultural soil types could elucidate the 

experiment methodological differences in FTC studies that lead to both reports of FTCs reducing, 

increasing, or not affecting N mineralization. Isolating the natural background contribution of 

organic N to inorganic N losses would inform NGS N mineralization models and allow for the 

construction of more accurate annual N budgets. 

For both the soil column and the sacrificial batch experiments, the duration of the 

experiments may not have allowed for the observance of the long-term effects a series of FTCs 

can have on fertilized or inhibited agricultural soils. In the case of the soil column experiment, 

NO3
- losses continued to increase until the end of the experiment but modeling results suggest NO3

- 

leachate concentrations would have begun to decline had the experiment been allowed to run 

longer. For the shorter soil batch experiment, the importance of inhibitor half-life was underplayed 

by the 37 duration of the experiment, especially in the warmer thaw condition. To better understand 

the long-term effects of freeze-thaw cycling on agroecosystems, conducting an extended soil batch 

experiment examining the effect of FTCs on unfertilized, fertilized, and inhibited agricultural soil 
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pore water composition and gaseous emissions would allow for a more complete understanding of 

soil N transformations and fluxes to be developed. While soil batch experiments do not serve as 

perfect analogue for field conditions and may fail to capture the variability inherent to open 

systems, they can help pinpoint NGS N fluxes of concern in climate altered agricultural soils.  
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Appendix: Additional Experimental Information and Results from 

Chapters 2 and 3 
 

 
 

Figure A-1: Temperature and leachate pH versus time for fertilized and unfertilized columns 

presented in Chapter 2. 

 

 

 



 

77 
 

 
Figure A-2: Chloride (Cl-) concentrations versus time for unfertilized, fertilized, and inhibited soil 

samples under freeze (-10˚C), thaw (4˚C), and freeze-thaw cycle (FTC) (between -10°C and 4°C) 

conditions presented in Chapter 3. 
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Figure A-3: Sulfate (SO4

2-) concentrations versus time for unfertilized, fertilized, and inhibited 

soil samples under freeze (-10˚C), thaw (4˚C), and freeze-thaw cycle (FTC) (between -10°C and 

4°C) conditions presented in Chapter 3. 
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Figure A-4: Dissolved organic carbon (DOC) concentrations versus time for unfertilized, 

fertilized, and inhibited soil samples under freeze (-10˚C), thaw (4˚C), and freeze-thaw cycle 

(FTC) (between -10°C and 4°C) conditions presented in Chapter 3. 
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Figure A-5: Dissolved inorganic carbon (DIC) concentrations versus time for unfertilized, 

fertilized, and inhibited soil samples under freeze (-10˚C), thaw (4˚C), and freeze-thaw cycle 

(FTC) (between -10°C and 4°C) conditions presented in Chapter 3. 
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Figure A-6: Total nitrogen (TN) concentrations versus time for unfertilized, fertilized, and 

inhibited soil samples under freeze (-10˚C), thaw (4˚C), and freeze-thaw cycle (FTC) (between -

10°C and 4°C) conditions presented in Chapter 3. 
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Table A-1: Tables showing water-filled pore space values across depth for the soil columns 

presented in the Chapter 2. 

 

 
 Fertilized Column 1 

Day 

 5.7 cm 

Depth 

11.8 cm 

Depth 

17.7 cm 

Depth 

26.5 cm 

Depth 

38.3 cm 

Depth 

1  41.83 48.40 46.35 50.55 53.99 

8  44.74 45.96 50.80 48.47 47.55 

15  41.12 43.88 48.38 44.18 56.84 

22  47.59 47.82 53.99 53.27 50.30 

29  52.65 54.21 58.65 55.14 93.28 

34  50.71 53.85 52.81 54.69 56.70 

36  49.44 49.81 53.90 54.15 69.68 

44  51.57 49.58 50.44 51.57 53.47 

50  50.71 48.43 48.83 50.46 49.65 

57  47.07 50.24 51.98 51.95 50.33 

  Fertilized Column 2 

Day 

 5.7 cm 

Depth 

11.8 cm 

Depth 

17.7 cm 

Depth 

26.5 cm 

Depth 

38.3 cm 

Depth 

1  52.18 52.32 54.67 55.98 58.76 

8  46.44 47.66 53.54 49.33 52.54 

15  45.60 50.37 46.10 49.99 54.73 

22  48.11 45.71 50.05 50.37 50.55 

29  55.71 59.03 64.50 74.29 65.34 

34  48.38 49.01 49.72 54.33 55.28 

36  49.42 46.62 48.92 51.07 52.02 

44  48.47 48.38 48.52 48.47 47.43 

50  49.29 48.07 46.89 47.05 47.39 

57  43.72 46.14 47.25 51.37 50.48 
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Table A-1 (continued) 

 

 Unfertilized Column 3 

Day 
5.7 cm 

Depth 

11.8 cm 

Depth 

17.7 cm 

Depth 

26.5 cm 

Depth 

38.3 cm 

Depth 

1 44.92 51.68 48.65 80.33 37.76 

8 46.19 51.82 54.37 48.86 51.03 

15 44.09 49.11 47.75 51.21 56.97 

22 47.43 49.56 46.21 48.00 56.43 

29 51.84 58.06 61.38 89.96 66.81 

34 47.21 49.53 49.35 53.02 53.27 

36 47.39 47.66 45.47 50.39 47.21 

44 41.15 44.24 45.04 46.48 48.04 

50 44.99 47.03 46.98 47.32 50.35 

57 43.14 50.67 49.20 49.56 52.20 

 Unfertilized Column 4 

Day 

5.7 cm 

Depth 

11.8 cm 

Depth 

17.7 cm 

Depth 

26.5 cm 

Depth 

38.3 cm 

Depth 

1 49.08 47.88 54.64 53.79 52.93 

8 34.30 31.61 41.03 44.54 44.67 

15 33.19 42.55 41.17 51.59 46.71 

22 37.08 39.97 41.28 47.48 49.49 

29 52.02 50.64 53.22 54.76 76.10 

34 47.05 47.88 49.51 51.19 51.95 

36 51.21 42.12 44.29 44.76 48.31 

44 47.84 42.41 43.72 50.51 48.00 

50 43.14 47.12 45.42 49.72 49.74 

57 46.87 44.76 46.75 51.39 49.49 
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Table A-2: Tables showing (A) major cation and anion concentrations in artificial rainwater and 

(B) major anion concentrations in fertilizer utilized in Chapter 2. 

 

A. 

Analyte Concentration (mg L-1) 

Cl- 0.25 

SO4
2- 2.2 

NO3
- 2.6 

Na+ 0.10 

Ca2+ 0.48 

Mg2+ 0.08 

K+ 0.05 

B. 

Analyte Concentration (mg L-1) 

Cl- 10.7 

SO4
2- 0.2 

PO4
3- 35 

 

 

 

 


