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Abstract and Keywords

Winter climate plays a critical role in the cycling of nitrogen (N). Soils in 

temperate regions may be particularly vulnerable to freeze-thaw cycles since they remain 

close to freezing over much of winter. These systems are also experiencing high rates of 

atmospheric N deposition and the extent to which these added inputs can be retained has 

important implications for productivity and plant species composition. Warming 

treatments were applied year-round or exclusively during winter and were crossed with a 

N addition treatment. I examined the interactive effects of warming and N deposition on 

i) net N mineralization and leaching losses using in situ resin cores and lysimeters, and ii) 

the retention of N after the growing season and over winter using 15N added as a pulse 

during spring melt 2007. Warming treatments did not affect net N mineralization or 

leaching over winter 2007 or 2008, however warming over winter 2007 increased mineral 

N availability the following growing season. Changes in soil temperatures in early spring 

may have important carry over effects on growing season N dynamics. Likewise, 

warming over winter did not alter 15N retention. Year-round warming increased the 

recovery of excess 15N in plants to the extent that it equaled the reductions in plant excess 

15N recovery caused by nitrogen fertilization. Nitrogen fertilization caused substantial 

soil 15N losses, which overwhelmed any warming effects on 15N plant recovery. Climate 

warming may only moderate the effects of N deposition on ecosystem N losses to a 

limited extent in this system, although more extreme responses to more intense warming 

cannot be ruled out.

Keywords: Winter, climate, nitrogen, soil, temperate, freeze-thaw, atmospheric 

deposition, warming, net mineralization, leaching, growing season, 15N.
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Chapter 1

General Introduction

1.1 Scientific Rationale

Global Climate Change

Warming of the earth's climate is now indisputable, as is apparent from increases 

in global average air and ocean temperatures, widespread melting of snow and ice and 

rising global average sea level (IPCC, 2007a). Research on global climate change has 

intensified over the past decade because of concerns that changes to climate will have 

complex and varied effects on terrestrial ecosystem processes (Rustad et al., 2001). 

Current climate models predict a mean global temperature increase of 1.1 - 6.4 °C over 

the next century, with the greatest warming occurring on land and at high latitudes (IPCC, 

2007a). Projected warming is significant since temperature regulates many important 

terrestrial biogeochemical processes, such as soil respiration (Raich and Schlesinger, 

1992), litter decomposition (Jansson and Berg, 1985; Hobbie, 1996), nitrogen 

mineralization and nitrification (MacDonald et al., 1995), denitrification (Malhi et al., 

1990), fine root dynamics (Pregitzer et al., 2000; Gill and Jackson, 2000; Fitzhugh et al., 

2001), and plant nutrient uptake (BassiriRad et al., 2000). The need to understand 

ecosystem responses to changing temperature has been addressed by a growing number 

of temperature manipulation experiments. Such experiments have shown that rates of soil 

respiration increase with warmer temperatures (Peterjohn et al., 1993, 1994; McHale et 

al., 1998; Rustad and Fernandez, 1998), however the response to warming of other 
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critical ecosystem processes, such as nitrogen mineralization and plant productivity has 

been much more variable (Ineson et al., 1998; Jamieson et al., 1998; Verburg et al., 1999; 

Thompson et al., 2000).

Effects of warming on temperate systems

Warming in temperate regions over the next century is projected to be greatest 

during the winter, with minimum winter temperatures increasing more than average 

temperatures. Snow season length will decrease and snow cover is projected to contract 

(IPCC, 2007b). For example, current climate models predict that southern Ontario will 

experience both warming by 3.0 - 4.0 °C and a decrease in precipitation (1-10 %) during 

winter by 2050 (Canadian Centre for Climate Modeling and Analysis, 2006). In 

temperate systems, warmer temperatures may also contribute to an earlier spring, an 

overall longer growing season, and in shifts in plant species (IPCC, 2007a). However, 

most studies examining ecosystem dynamics over winter have been conducted in the 

Arctic or in Alpine systems (e.g. Clein and Schimel, 1995; Schimel and Chapin, 1996; 

Schimel et al., 2004; Schimel and Mikan, 2005; Grogan and Jonasson, 2003, Grogan et 

al., 2004; Larsen et al., 2002, 2007; Edwards et al., 2006; Buckeridge and Grogan, 2008), 

both due to the proportionately long winters in these systems and because high latitude 

regions are predicted to experience the greatest increases in warming, particularly over 

winter (Plummer et al., 2006; IPCC, 2007a). These studies have confirmed the 

importance of winter for annual carbon and nutrient cycling, indicated by ongoing 

microbial respiration and nitrogen mineralization beneath the snowpack (Lipson et al., 

2002; Mikan et al., 2002; Grogan and Jonasson, 2003; Schimel et al., 2004; Monson et 
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al., 2006; Miller et al., 2007). The over-winter ecosystem dynamics of temperate 

systems have received much less attention (Campbell et al., 2005). Although temperate 

regions are projected to experience less warming by comparison, these systems 

experience prolonged periods of cold temperatures and snow cover, and may be 

particularly vulnerable to winter warming since soils remain close to freezing over much 

of winter (Campbell et al., 2005; Henry, 2008). Over the long-term, responses and 

tolerances to soil freezing stress may be key regulators of nutrient cycling in temperate 

ecosystems experiencing a warmer climate. However, the future importance of these 

over winter processes may be difficult to predict given the potentially complex 

interactions and feedbacks among climate, productivity and nutrient availability. These 

over winter processes are important to understand because the dynamics of nitrogen may 

be particularly important in driving interactions among global change factors (Hungate et 

al., 2003).

Nitrogen as a limiting element

The lack of access to nitrogen in forms that can be used for growth and 

reproduction of organisms is one of the major restrictions limiting the abundance of 

plants and animals (White, 1993). Nitrogen is a key element in many of the compounds 

found in cells, such as nucleic acids and proteins, and is the mineral nutrient required in 

the greatest quantities by plants (Epstein, 1965). In contrast to the high nitrogen demand 

of living organisms, the supply of bioavailable nitrogen is relatively limited. The 

nitrogen cycle is unique in that it consists of an abundant, yet unavailable pool of N2 in 

the atmosphere (Vitousek et al., 1997). While 78% of the atmosphere’s volume is 

nitrogen (Chapin et al., 2002), 99.95% of this volume exists as inert N2 gas, which is 
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unavailable to most organisms because of the exceptional strength of the covalent triple 

bond that holds the two nitrogen atoms together (Galloway et al., 1994). The conversion 

of this molecular nitrogen into biologically available forms is known as nitrogen fixation 

and is carried out by free living bacteria and by bacteria in symbiotic associations with 

plants (Taiz and Zeiger, 1991). Even when biologically fixed, the substantial mobility of 

nitrogen across ecosystem boundaries through leaching and denitrification often prevents 

additional nitrogen inputs from resulting in enrichment (Vitousek and Howarth, 1991).

In the absence of nitrogen fixation, most nitrogen comes from deposition (Vitousek et al., 

2002). Approximately half of the nitrogen entering terrestrial systems is in a plant 

available inorganic form, while the other half exists in organic form, bound in litter or as 

particulate matter in soil. Most organic nitrogen is covalently bonded to carbon, meaning 

that it is chemically stable and requires higher amounts of energy to be released 

(Vitousek et al., 2002). Once established, nitrogen limitation can set in motion a positive 

feedback that accentuates this limitation (Vitousek et al., 1982; Pastor and Post, 1986), 

whereby nitrogen-deficient plants produce litter that decomposes more slowly, resulting 

in higher levels of microbial immobilization (Melillo et al., 1989). These processes 

collectively slow the cycling of nitrogen relative to other elements. High nitrogen 

requirements by organisms combined with its relative biological scarcity has resulted in 

nitrogen limitation in most terrestrial systems (Vitousek and Howarth, 1991).
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Nitrogen cycling in terrestrial systems

Inputs and outputs of nitrogen are a small fraction of the quantity of nutrients that 

cycle internally, producing relatively closed ecosystems (Chapin et al., 2002). However, 

human activities have increased these inputs and outputs dramatically (Galloway et al., 

2004). Internal cycling processes include the conversion of nutrients from organic to 

inorganic forms, chemical reactions that alter elements from one ionic form to another, 

uptake by plants and microorganisms, and the exchange of nutrients on surfaces within 

the soil matrix (Chapin et al., 2002). The form of nitrogen entering systems determines 

its ecosystem consequences. Inorganic nitrogen is available for immediate plant and 

microbial uptake, whereas most organic nitrogen must first be mineralized. 

Mineralization is the enzymatic process of conversion of organic forms of nitrogen (e.g 

proteins, peptides, and amino acids) to inorganic forms (NH3 or NH4+ and NO3) by 

microorganisms that use carbon as energy and both carbon and nitrogen to build biomass 

(Benbi and Richter, 2002). As such, mineralization is always coupled with microbial 

immobilization. The first step in the process, called ammonification, involves the 

conversion of organic nitrogen to NH3 and is carried out by a range of decomposer 

microorganisms. The subsequent conversion of NH3 to NO3, termed nitrification, is 

carried out exclusively by two groups of autotrophic bacteria, Nitrosomonas and 

Nitrobacter (Benbi and Richter, 2002: Chapin et al., 2002). As such, net mineralization 

of nitrogen depends on the balance between microbial immobilization of nitrogen to 

support microbial growth and the secretion of nitrogen that exceeds microbial growth 

requirements (Chapin et al., 2002). While recent research has shown that plant uptake of 

organic nitrogen in the form of amino acids also represents a substantial proportion of 
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uptake in high latitude nitrogen limited systems, such as the arctic and alpine tundra 

(Chapin, 1995; Schimel and Chapin, 1996; Henry and Jefferies, 2003), it is still unclear 

how important this pathway of acquisition is in temperate systems, especially when 

compared to nitrogen uptake from mineralization (Schimel and Bennett, 2004).

Increasing atmospheric nitrogen deposition

Agricultural and industrial intensification in recent decades has led to dramatic 

increases in the production of airborne reactive nitrogen (Vitousek et al., 1997; Galloway 

et al., 2004). As a result, the transfer from the unreactive atmospheric pool to 

biologically available forms on land has been doubled (Vitousek et al., 1997). Due to an 

increasing population and enhanced per-capita energy and food consumption, the human 

contribution to global biological nitrogen fixation will reach 270 Tg (270 × 10 grams) 

N yr1 by 2050, compared to 156 Tg N yr1 in the 1990s (Galloway et al., 2004). Yet our 

knowledge on how ecosystems will respond to increasing atmospheric nitrogen 

deposition remains poor (Asner et al., 2001). These inputs into the global nitrogen cycle 

are important because added nitrogen can alter the composition and productivity of 

natural ecosystems substantially (Vitousek et al., 2002).

Temperate ecosystems have experienced the greatest increases in nitrogen inputs 

from the atmosphere (Asner et al., 2001), with some temperate regions experiencing 

chronically elevated inputs for decades (Wright and Van Breemen, 1995; Fenn et al., 

1998). Such inputs are projected to continue to increase in the future (Galloway et al., 

2004). For example, nitrogen deposition rates in parts of southern Canada are projected 

to increase from 0. 5 g N m2 yr1 during the 1990’s to 2-5 g N m2 yf1 by 2050 (Galloway 

et al., 2004). While elevated nitrogen will likely stimulate primary productivity in the 
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short term (Vitousek and Howarth, 1991), continual inputs may eventually lead to 

nitrogen saturation, characterized by enhanced nitrogen losses and decreased plant 

growth (Matson et al., 2002; Asner et al., 2001). Excess nitrogen inputs that lead to 

higher rates of nitrate leaching may also drive the loss of other elements, further limiting 

plant growth (Matson et al., 2002). Chronic rates of nitrogen deposition may also lead to 

decreases in plant productivity through indirect processes such as soil acidification and 

base cation impoverishment (Aber et al., 1989). The extent to which ecosystems can 

retain this added nitrogen under future climate scenarios has important implications for 

net primary productivity and plant species composition (Heunneke et al., 1990; Tilman 

and Downing, 1994; Vitousek et al., 1997). Furthermore, elevated nitrogen deposition 

and other global change factors, such as warming, may interact over the coming century 

to alter ecosystem productivity (Dukes and Mooney, 1999; Matson et al., 2002).

Seasonal variation in interactions between soil nitrogen and warming

Increasing temperatures caused by global climate change have important 

implications for terrestrial nutrient cycling (Rustad et al., 2001). While warming can 

have several direct effects on ecosystem productivity (Chapin et al., 2002; Walther, 

2003), warming may also alter productivity indirectly by influencing soil nitrogen 

dynamics (Vitousek et al., 1997; Rustad et al., 2001; Shaw and Harte, 2001; Henry, 

2008). Most studies examining the effects of warming on nitrogen mineralization have 

been done in the context of the plant growing season. If soil moisture is not limiting, 

warming during this time can increase plant productivity through enhancing 

photosynthetic rates, and by extending the growing season (Vitousek et al., 1997; Rustad 
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et al., 2001). Warming may also indirectly increase plant productivity by enhancing 

nutrient availability due to higher levels of litter decomposition (Rustad et al., 2001) and 

nitrogen mineralization (Sierra, 1997; De Valpine and Harte, 2001; Rustad et al., 2001). 

Therefore, a warming induced increase in the internal production of inorganic nitrogen 

over the growing season could stimulate plant growth and net ecosystem productivity. 

However, in systems that are already impacted by elevated nitrogen deposition, a 

warming-induced increase in mineralization could lead to nitrogen saturation and 

increased leaching losses (Vitousek et al., 1997).

While growing season dynamics are important, seasonal variation in the 

interactions between soil nitrogen dynamics and warming may change the overall effects 

of warming on nitrogen availability (Jamieson et al., 1999; Sturm et al., 2005; Aerts et al., 

2006; Koch et al., 2007; Henry, 2008). Climate warming during the winter, at a time 

when plants are largely inactive may alter nitrogen cycling by changing soil freezing 

dynamics (Groffman et al., 2001; Henry, 2008). Microbial biomass and activity remains 

high during the winter (Brooks et al., 1998; Schmidt and Lipson, 2004), because of soil 

particles that continue to have liquid water films around them down to temperatures of 

-10 °C (Mikan et al., 2002; Schimel et al., 2004). Microbial substrate usage tends to 

shift above zero from processing nitrogen-poor detritus to nitrogen-rich recycled 

microbial biomass, causing nitrogen availability for either plant uptake or leaching to be 

greatest when soils are near zero (Schimel and Mikan, 2005). Since soil freezing is 

influenced strongly by both air temperature and insulation by the snowpack, winter 

climate warming may lead to increased soil freezing as a result of reduced snowpack 

thickness (Groffman et al., 2001; Henry, 2008). Snow removal projects have shown that 
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reductions in snow cover may lead to increases in soil freezing (Groffman et al., 2001; 

Decker et al., 2003), resulting in fine root injury (Weih and Karlsson, 2002), stress on 

soil microbial populations (Groffman et al., 2001; Sulkava and Huhta 2003), and 

increases in nitrogen leaching (Fitzhugh et al., 2001; Groffman et al., 2001). Similarly, 

soil under shallow or inconsistent snow cover tends to export higher levels of nitrate 

(Brooks et al., 1998).

Studies examining cold season nutrient cycling have found nitrogen 

mineralization to be strongly sensitive to snow timing and depth. Areas with earlier and 

deeper snow accumulation have higher levels of soil nitrogen and greater mineralization 

rates due to warmer soil temperatures (Brooks et al., 1996, 1998; Brooks and Williams, 

1999; Schimel et al., 2004). While it is recognized that soil freeze-thaw events may have 

important effects on nitrogen cycling, these events have not been well characterized due 

to the complexity of the soil ecosystem and to the multiple effects that freezing has on 

different biological, physical, and chemical variables (Groffman et al., 2001). Many 

studies have suggested that freeze-thaw cycles result in microbial lysis (DeLuca et al., 

1992; Clein and Schimel, 1995; Schimel and Clein, 1996) and in subsequent bursts of 

nitrogen mineralization, as the growth and activity of the surviving microbes are 

stimulated by the input of substrate (Schimel and Clein, 1996; Groffman et al., 2001). 

However, this mineralization flush upon freeze-thaw may be short-lived and tends to 

decrease with each successive cycle (Schimel and Clein, 1996; Skogland et al., 1988; 

Herrmann and Witter, 2002). For example, while root mortality caused by colder soils 

represented a significant input of labile nitrogen to the soil microbial community, no 

significant increase in rates of nitrogen mineralization and nitrification were detected in 
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response (Groffman et al., 2001). In other studies, nitrogen mineralization showed no 

consistent patterns below zero (Clein and Schimel, 1995; Miller et al., 2007). It is likely 

that the response of mineralization to warming and to freeze-thaw events associated with 

colder soils will vary with soil temperature, the size of the microbial biomass, and other 

soil conditions (Edwards and Cresser, 1992).

The potential for warming to increase winter mineralization, however, has 

important implications for plant nutrition. Some plant roots maintain a ready uptake 

potential under the snowpack (Bilbrough et al., 2000), enabling increased winter nitrogen 

retention. Nitrogen released at snowmelt is further available for plant uptake, although 

this pool of available nitrogen present at the end of winter is also vulnerable to leaching. 

Thus, increased cold-season mineralization could lead to either more or less plant- 

available nitrogen depending on the sensitive balance among soil flushing, plant activity, 

and soil microbial processes (Schimel and Mikan, 2005).

Climate warming field experiments over winter

A variety of methods have been used to study soil warming, including buried 

heated wires (Peterjohn et al., 1994), heated soil surface tubes (Hillier et al., 1994) and 

overhead heaters (Nijs et al., 1996). Of these techniques, overhead heaters are the most 

appropriate because they mimic natural warming by heating soil from above (Shen and 

Harte, 2000). However, studies using overhead heaters have typically only applied 

warming year round (Harte et al., 1995), without further isolating the effects of winter 

warming. Further to this, snow removal experiments exploring the effects of winter 

climate change have only isolated the effects of snow depth on soil dynamics (Groffman 
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et al., 2001; Fitzhugh et al., 2001) without further incorporating natural warming or the 

interactive effects of nitrogen deposition.

In situ field measurements of net N mineralization

The net accumulation of inorganic N in the absence of plant roots provides a good 

index of N availability to plants. Numerous methods are available for measuring net 

nitrogen mineralization under field conditions. However, obtaining quantitative 

estimates of net N mineralization in the field has been complicated by soil disturbance 

caused by sieving soils prior to incubation (Binkley and Hart, 1989) and experimental 

artifacts associated with intact soil cores, such as root severing and subsequent 

decomposition (Hart et al., 1989). The buried bag method involves incubating soil in 

buried polyethylene bags, which remain permeable to gases, but impermeable to liquids 

(Gordon et al., 1987). However, this method only integrates onsite soil water dynamics if 

soil water content at the beginning of the incubation is representative of conditions 

throughout the entire incubation. The covered-cylinder method was developed as a more 

durable alternative to the buried bag method (Adams et al., 1989). While the open­

bottom cylinder increased aeration, it created problems in terms of mineral N loss and 

allowed root growth into the cylinders (Subler et al., 1995). Another method, involving 

intact soil cores coupled with ion exchange resins (Distefano and Gholz, 1986), allows 

water content to fluctuate while preventing the loss of NH4+ and NO3 from the confined 

soil. This in situ mineralization resin core method has long been considered the best 

technique for measuring net nitrogen mineralization. Ion exchange resins absorb ions 

from soil solution similarly to diffusive ion uptake by plant roots while field soil 
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conditions, such as temperature and moisture, are closely simulated within the core (Hart 

and Binkley, 1985; Distefano and Gholz, 1986; Lajtha, 1988; Lundell, 1989; Binkley et 

al., 1992; Giblin et al., 1994; Kolberg et al., 1997; Hanselman et al., 2004). This lessens 

inaccuracies associated with soil disturbance (Raison et al., 1997; Cabrera and Kissel, 

1988; Sierra, 1992, 1996). Furthermore, this method also provides the advantage of 

integrating leaching losses over time.

The use of 15N as a tracer in ecosystems

Isotopes are atoms of the same element that differ in atomic mass due to 

differences in the number of neutrons contained in the atoms' nuclei. The use of stable N 

isotopes of masses 14 and 15 as tracers is based on the fact that 14N and 15N occur 

naturally in an almost constant ratio of ~ 272:1 (14N∕15N). This means that approximately 

0.336% of naturally occurring N is 15N. Stable isotope tracer techniques rely on adding 

compounds that are artificially enriched in the rare (heavy) isotope of the element of 

interest. By adding substrates that are ~100% N enriched, the fate of N in a system 

can be traced through the subsequent change in N-isotope ratios, relative to control 

samples (Hauck, 1982). Tracking the fate of added 15N can provide insights as to how 

warming and increased nitrogen deposition may affect soil nitrogen dynamics over the 

growing season and over winter. Although we have an understanding of the increasing 

amounts of reactive nitrogen being deposited, along with knowledge of its regional 

dispersion, we have a poor understanding of its ultimate fate. This question is critical to 

answer for it currently limits our ability to determine the rate of nitrogen accumulation in 

our systems (Galloway et al., 2004).
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1.2 Objectives and Hypotheses

The overall objective of my thesis was to investigate the interactive effects of 

climate Wtirming and increased atmospheric nitrogen deposition on temperate ecosystem 

soil nitrogen dynamics. Emphasis was placed on nitrogen dynamics over winter since the 

effects of climate warming are projected to be the most pronounced during the winter for 

temperate systems and changes in soil nitrogen dynamics in response to warming remain 

unclear. My overall objective was divided into the following sections.

Objective 1: To determine the interactive effects of climate warming and nitrogen 

deposition on net nitrogen mineralization and leaching losses.

I used mineralization resin cores to estimate net nitrogen mineralization and 

leaching in response to warming and nitrogen treatments in the fall, winter, and over the 

growing season. I also used soil lysimeters to measure nitrogen being leached from the 

system. My hypothesis was that warming would increase net nitrogen mineralization 

over all seasons, potentially leading to increased nitrogen leaching losses over winter. 

Furthermore, I predicted that winter warming would increase nitrogen leaching in 

nitrogen-addition plots, partially offsetting nitrogen enrichment.

Objective 2: To determine the interactive effects of climate warming and nitrogen 

deposition on the recovery of 15N added at spring melt, both at the end of the growing 

season and over the following winter.

I added 15N-labeled ammonium and nitrate to the soil surface during spring melt 

to examine the interactive effects of warming and nitrogen deposition on the partitioning 

of the added nitrogen among aboveground biomass, roots, and soil. The 15N enrichment 
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in each ecosystem pool was estimated at the end of the growing season and again after 

winter at the beginning of the following spring. I hypothesized that increased freeze­

thaw cycling in the warmed plots in early spring would reduce their retention of the 15N 

pulse, although increased total plant nitrogen uptake in plots also warmed over summer 

might increase uptake of the remaining 15N tracer. I also hypothesized that the recovery 

of 15N from added ammonium would exceed that of nitrate. In terms of nitrogen 

retention over winter, I hypothesized that an increased frequency of freeze-thaw cycles 

would enhance 15N losses from warmed plots, particularly if they became nitrogen 

saturated as a result of nitrogen fertilization.

1.3 Thesis Organization

This thesis has been written in the integrated article format and consists of two 

manuscripts. This first chapter included relevant background information and an 

overview of the research experiment in the context of my research hypotheses. The first 

manuscript (Chapter 2) addresses my first research objective by presenting the findings of 

the in-situ nitrogen mineralization resin core experiment that examined net nitrogen 

mineralization and nitrogen leaching. The second manuscript (Chapter 3) addresses my 

second research objective by presenting the results of an experiment where a 15N isotope 

was used as a tracer to examine the fate of added nitrogen at the end of the growing 

season and after winter. Both experiments investigated the interactive effects of warming 

and increased atmospheric nitrogen deposition, with an emphasis placed on winter 

ecology. The general discussion and conclusion section (Chapter 4) connects the results 

of the two experiments together and provides insights into future research directions.
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Chapter 2

Interactive effects of warming and increased nitrogen deposition 

on net nitrogen mineralization and leaching losses

2.1 Introduction

In addition to the direct effects of climate warming on ecosystem productivity 

(Chapin et al., 2002; Walther, 2003), climate warming may alter productivity indirectly 

by influencing soil nitrogen (N) dynamics (Vitousek et al., 1997; Rustad et al., 2001; 

Shaw and Harte, 2001; Henry, 2008). Increased rates of N mineralization driven by 

climate warming may increase plant N availability (Sierra, 1997; De Valpine and Harte, 

2001; Rustad et al., 2001). Coupled with an extended growing season, a warming- 

induced increase in N mineralization could stimulate plant growth in N limited systems, 

provided water is not limiting (Vitousek et al., 1997). Most studies of N mineralization 

in the context of warming have taken place over the plant growing season, whereas 

seasonal variation in interactions between soil N dynamics and warming may change the 

overall effects of warming on N availability (Jamieson et al., 1999; Sturm et al., 2005; 

Aerts et al., 2006; Koch et al., 2007; Henry, 2008). Over winter, microbial activity and 

N cycling continue at temperatures below freezing (Brooks et al., 1998; Herrmann et al., 

2002; Lipson et al., 2002; Mikan et al., 2002; Schmidt and Lipson, 2004; Monson et al., 

2006; Miller et al., 2007), therefore winter climate can play a critical role in the retention 

or loss of biologically important nutrients (Schimel et al., 1996, 2004; Kielland et al., 

2006). Warming over winter, combined with microbial carbon limitation at this time, can 

increase N mineralization rates (Rustad et al., 2001; Mikan et al., 2002; Aerts et al., 
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2006) . In addition, an increased frequency of soil freeze-thaw cycles (FTC) over winter 

(Groffman et al., 2001; IPCC, 2007; Henry, 2008) can promote the physical disruption of 

soil aggregates, and the lysis of microbial cells and fine roots, leading to increased 

soluble N concentrations in soil (Schimel and Clein 1996; Groffman et al., 2001; Tierney 

et al., 2001; Matzner and Borken, 2008), although the effects of FTC on soil N release 

are minimal in some systems (Lipson and Monson, 1998; Lipson et al., 2000; Nielsen et 

al., 2001; Herrmann et al., 2002; Grogan et al., 2004). Plant N uptake largely diminishes 

over winter due to root dormancy and cold temperatures (Cumbus and Nye, 1982; 

Macduff et al., 1987; Clarkson et al., 1992; Laine et al., 1994). Therefore, in the absence 

of substantial N immobilization by soil microorganisms over winter, soluble N that 

accumulates in soil over this period may be lost as leachate or as trace gases during 

spring melt (Hobbie and Chapin, 1996; Vitousek et al., 2002).

Many studies of soil N dynamics over winter have been conducted in the arctic or 

in alpine regions (e.g. Clein et al., 1995; Schimel et al., 1996, 2003, 2004, 2005; Grogan 

et al., 2003, 2004; Larsen et al., 2002, 2007; Edwards et al., 2006; Buckeridge and 

Grogan, 2008), which are projected to experience a large degree of climate warming over 

the next century (Plummer et al., 2006; IPCC, 2007). The over-winter N dynamics of 

northern temperate systems have received less attention (Campbell et al., 2005). 

Although temperate systems are expected to experience less severe warming over winter, 

many northern temperate ecosystems experience several months of freezing temperatures 

over winter, and the soils in these systems may be particularly vulnerable to increases in 

the frequency of FTC with warming since they remain close to the freezing point over 

much of winter (Henry, 2008). These systems are also experiencing increasingly high 
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rates of N deposition (Asner et al., 2001; Galloway et al., 2004), and the extent to which 

these systems can retain this added nitrogen under future climate scenarios has important 

implications for primary productivity and plant species composition (Heunneke et al., 

1990; Tilman and Downing, 1994; Vitousek et al., 1997).

In this study, I examined the interactive effects of climate warming and N 

deposition on N mineralization and N leaching losses in a temperate old field. Warming 

treatments were applied either year-round or exclusively during the winter using 

overhead infrared heaters, and these treatments were crossed with a N addition treatment 

in a factorial design. While the all-year warming treatment was applied to simulate 

projected warming scenarios for this region, the winter-only warming treatment was 

designed to isolate the effects of winter warming from the year-round effect on soil N 

dynamics. I hypothesized that warming would increase net N mineralization over all 

seasons, potentially leading to increased N leaching losses over winter. I also predicted 

that winter warming would increase N leaching in N-addition plots, partially offsetting N

enrichment.
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2.2 Methods

2.2.1 Site description

My field research was conducted in a former agricultural field at the Agriculture Canada 

Southern Crop Protection and Food Research Centre, in London Ontario (43° 01’ 46” N, 

81° 12’ 52” W). The site has not been ploughed, fertilized, or mowed for over 20 years. 

The soil is classified as “well to imperfect drained silt loam glacial till” (Hagerty and 

Kingston, 1992), and pH is approximately 7.5 (Terry Bell, unpublished data). Mean 

annual temperature in this region was 6.3 °C and mean annual precipitation was 818.3 

mm for the period of experimentation (Environment Canada, National Climate Data and 

Information Archive). Ambient air temperature and snow cover over the duration of the 

collection periods are displayed in Figure 2.1 A, B. The vegetation at the site is 

dominated by the perennial grasses Poa pratensis (L.) and Bromus inermis (L.), while the 

forb Cirsium arvense (L.) and the legume Lotus corniculatus (L.) are also common, but 

patchy. The forbs Asclepias syriaca (L.), Aster ericoides (L.), Solidago altissima (L.) 

and the mosses Fissidens taxifolius Hedw. and Brachythecium salebrosum (Web and 

Mohr) BSG are also present at lower density.

2.2.2 Design of main warming and nitrogen addition experiment

The field manipulations consist of three warming treatments (warming all year, 

warming only in winter {from late fall after plant senescence until spring melt}, and 

control) factorially crossed with two N treatments (added N and control), in a block 

design (n=10) (Figure 2.2). Plots are heated by single 150 W ceramic infrared heaters 

(Zoo-Med Laboratories, San Luis Obispo, CA, USA), suspended 50 cm above the plot
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centers. These heaters simulate solar heating without giving off photosynthetically active 

radiation (Harte et al., 1995). The temperature in warmed plots is raised (or lowered, 

depending on season) by between 1 to 4 oC 1 cm below the soil surface (Figure 2.1 Ci, ii). 

In fertilized plots, a pulse of aqueous ammonium nitrate is added in the early spring at a 

rate of 2 g m y and ammonium nitrate is also added at a rate of 4 g m^ y in late 

spring in the form of slow release pellets (Florikan ESA, Sarasota, FL, USA; see Figure 

2.1 for addition dates). These addition rates are designed to simulate projected increases 

in atmospheric deposition over the next century (Galloway et al., 2004). Warming, 

which began in November 2006, is monitored by underground temperature probes (107- 

BAM, Campbell Scientific Canada Corp., Edmonton, AB, Canada) at 1 and 5 cm depth 

(only data for 1 cm depth is presented). These data are used to quantify the frequency of 

freeze-thaw cycles and the temperature difference between warmed and ambient plots is 

shown in Figure 2.1 Ci, ii. Soil moisture probes (CS616-L TDR probes, Campbell 

Scientific Canada Corp., Edmonton, AB, Canada) also record integrated measurements 

from depths of 0-15 cm and 0-30 cm. All soil temperature and moisture data are 

recorded year-round, on an hourly basis.
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Figure 2.1 Measurements of A) daily air temperatures, B) daily snow cover at the 

London airport, Ci) ambient soil temperatures at 1 cm depth and Cii) the effect of yr- 

round and winter warming treatments on soil temperature at 1 cm depth for the duration 

of the experiment (when warming treatment lines are above or below the line crossing at 

zero, this represents the degrees C by which they are warmer or colder than the ambient 

plots). Black arrows on A) indicate placement (down arrow) and removal (up arrow) of 

mineralization resin cores and white arrows on B) indicate N additions. Ammonium 

nitrate was added in liquid form during spring melt periods and as slow-release pellets 

before the summer for a total of 6 g N m2y^1. The * symbols on A) represent lysimeter 

sample collections. Lysimeter samples were not collected during freezing temperatures 

in the winter and during dry conditions in the summer. Samples were not collected 

during fall 2007 because soil conditions were too dry.
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Figure 2.2 Experimental design showing 1 of 10 blocks. Plots consist of those receiving 

N additions (N), control plots (C), and reserve plots (R) which were not used. These 

treatments are crossed with year-round warming, winter warming, and ambient 

temperatures.
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2.2.3 Net N mineralization

I used in situ soil cores, encased in 4.3 cm diameter × 15 cm deep PVC tubes, to 

quantify net N mineralization and N leaching through surface soils in response to the 

warming and N treatments. I placed one resin bag on top of each core to deionize 

deposition from above and placed two resin bags on the bottom, with the upper one 

capturing ions leaching from the soil core and the lower one deionizing water entering the 

tube from below (Figure 2.3). In each bag, I combined approximately 2.5 g of a sulfonic 

acid-based cation resin (HCR-W2, H+ form) with 2.5 g of a trimethylbenzyl ammonium­

based anion resin (21 K, Cf form) (Dow Chemical Company, Calgary, Alberta). I based 

these combinations on wet exchange capacities (1.3eq∕l anion tol.8eq∕l for cation) and 

activated the resins by soaking them in 5 M NaCl overnight to remove the H+ by loading 

them with Na+ (Hanselman, et al., 2004; Szillery et al., 2006). Reference soil samples 

were collected before each core incubation to quantify “time zero” extractable 

ammonium and nitrate.

I placed one soil core in each of the 60 plots on 27 November 2006 to quantify net 

N mineralization over winter. I removed these cores on 18 April 2007, following spring 

melt. After removal, I analyzed the cores, rebuilt them using fresh soil from within the 

treated plot area, then returned them to the plots within 48 hours to measure net N 

mineralization during the growing season. I collected and replaced the cores again on 15 

November 2007 and collected them for the final time on 24 March 2008 to assess N 

mineralization over the following winter (Figure 2.1 A).

I extracted a 15 g subsample of soil from each core using 75 ml of 2 M KCl for 

one hour, then filtered the extracts through pre-leached Whatman No. 1 filter paper and
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froze them. I later analyzed the extracts colorimetrically for nitrate and ammonium using 

a Westco SmartChem 140 discrete auto-analyzer (EPA Methods 1213N-0405C and 

1376N-0405C, Westco Scientific Instruments Inc). I discarded both outer resin bags and 

extracted the inner-bottom resin bag using 2 M KC1 for 30 min followed by the same 

method of analysis as stated above for soil. The post-incubation extractable ammonium 

and nitrate from the soil and inner bottom resin bag minus the pre-incubation extractable 

ammonium and nitrate from the soil was used to estimate net N mineralized (Weaver et 

al., 1994; Hanselman, et al., 2004).



35

Figure 2.3 Design of mineralization cores. Outer resin bags deionize throughput;

extractable NH4* and NO3 from the soil and inner-bottom resin bag, along pre-incubation 

soil N quantities, are used to estimate net N mineralization.
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2.2.4 Soil N leaching - lysimeter sampling

PTFE-quartz suction lysimeters (Prenart Equipment ApS, Frederiksberg, 

Denmark) were also installed in each plot, at a depth of 50 cm, to measure N leaching 

losses below the rooting zone in response to the treatments (sample collection dates 

indicated in Fig. 2.1 A). I analyzed the lysimeter samples colorimetrically for nitrate and 

ammonium using the methods described above. I estimated total soluble N by persulfate 

oxidation (Cabrera and Beare, 1993). I used a persulfate reagent to convert all N in my 

samples to nitrate, followed by analysis for nitrate. I determined total soluble organic N 

by subtracting ammonium and nitrate from the total soluble N.

2.2.5 Statistical Analyses

Two-way factorial ANOVAs were conducted to examine the main effects of 

warming treatments and N addition, and their interactive effects, on changes in soil 

extractable inorganic N and resin extractable inorganic N, and the sum of the two (net N 

mineralization) for each sampling interval Block number was included in the ANOVA 

model as a random factor to take into account variation among blocks. For winter 2007, 

both warming treatments were pooled since warming started in late fall 2006 and the 

nitrogen terms were removed since N addition did not commence until spring 2007. 

Values were log-transformed to improve normality and homogeneity of variance. 

Tukey's HSD tests were used to resolve differences among treatment combinations 

following a significant ANOVA result (P<0.05).

For the lysimeter data, three-way factorial ANOVAs were conducted to examine 

the effects of warming, N addition and sampling date on concentrations of nitrate,
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ammonium, soluble organic N and total organic N within each of the three main sampling 

periods. Block and plot number were also included as random factors. Values were log- 

transformed to improve normality and homogeneity of variance. Tukey's HSD tests were 

used to resolve differences among treatment combinations following a significant 

ANOVA result (P<0.05). All statistical analyses were conducted using JMP 4.0 (SAS 

Institute Inc.).
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2.3 Results

2.3.1 Soil N mineralization cores and resin bags

Overall, treatment effects on both changes in soil extractable inorganic N (Fig. 2.4 

A) and resin extractable inorganic N (Fig. 2.4 B) from the soil mineralization cores varied 

both seasonally and among years. While warming significantly reduced increases in soil 

extractable inorganic N over winter in 2007 (Pwarm=0.049; Fig 2.4 A-i), only winter 

warming significantly decreased (under ambient N) or increased (under added N) soil 

extractable inorganic N in 2008 (Pwarm*N=0.033; Fig. 2.4 A-iii). Soil extractable 

inorganic N also increased significantly over summer in response to the winter warming 

treatment in 2007 (Pwarm<0-001 ; Fig 2.4 A-ii). The relative contributions of nitrate and 

ammonium to changes in soil extractable inorganic N also varied seasonally (Table 2.1). 

The accumulation of ammonium was responsible for the overall increase in soil inorganic 

N over winter in 2007, yet elevated inorganic N in the warmed plots prior to the 

incubations was responsible for the significant treatment effect on changes in soil 

extractable inorganic N displayed in Fig 2.4 A-i (Table 2.1). While ammonium also 

accumulated in the soil in general over winter in 2008, decreases in nitrate and large 

increases in ammonium over the incubation period were responsible, respectively, for the 

significant decrease (under ambient N) and increase (under N addition) in soil extractable 

inorganic N displayed in response to winter warming in Fig. 2.4 A-iii (Table 2.1). The 

increases in soil extractable inorganic N over summer in winter warmed plots, displayed 

in Fig. 2.4 A-ii, were explained primarily by increased nitrate (Table 2.1).

Inorganic N extracted from resin bags positioned at the bottoms of the soil 

mineralization cores was substantially higher over summer than in the two winters (Fig. 
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2.4 B). Winter warming approximately doubled the inorganic N captured by the resin 

bags over summer (Pwarm<0.018; Fig 2.4 B-ii). While there were no significant warming 

effects over winter 2007 (Fig. 2.4 B-i), warming over winter 2008 increased resin 

extractable inorganic N significantly (Pwarm=0.004; Fig 2.4 B-iii). Nitrate accounted for 

94%, 99% and 86% of the total inorganic extracted from the resins incubated over winter 

2007, summer 2007 and winter 2008, respectively (data not shown).

When changes in soil extractable inorganic N and resin extractable inorganic N 

were combined to obtain estimates of net N mineralization (e.g. the sum of a given bar in 

Fig. 2.4 A with the bar directly below it in Fig. 2.4 B), there were no significant treatment 

effects over winter 2007 (Pwarm=0.17) or winter 2008 (Pwarm=0.11, PN=0.32 and 

Pwarm*N=0.17). However, net N mineralization in the winter warmed plots was 

significantly higher than in the other treatments over summer 2007 (Pwarm=0.007).
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Figure 2.4 A) changes in soil extractable inorganic N and B) resin-captured inorganic N 

from soil N mineralization cores incubated over i) winter 2007 (27 Nov. - 18 Apr.), ii) 

summer 2007 (28 Apr. - 15 Nov.) and iii) winter 2008 (22 Nov. - 24 Mar.). Means and 

standard errors are presented, with different lower case letters indicating significant 

differences among treatments within a date (P<0.05, Tukey's HSD test). N = 60, with 

data pooled across treatments only when significant differences were not present.
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Table 2.1 Extractable nitrate and ammonium from soil mineralization cores both pre-incubation (initial) and post-incubation (final), 
expressed per unit of soil dry weight. Cores were incubated over winter 2007 (22 Nov. -18 Apr), summer 2007 (28 Apr. -16 Nov.) and 
winter 2008 (22 Nov. - 31 Mar.). Standard errors for each mean are provided in parentheses. Different lower case letters indicate 
significant differences among treatments within a date (Tukey's HSD test, P<0.05). Data were only pooled across treatments 
(indicated by 'all') if differences among groups were not significant.____________________________________________________

Treatment
n

Initial NO3

_ _ (ug dw)_ _

Final NO3 

(μg g1 dw)

Initial NH4+

_ _ _ (ug dw)

Final

(μg g

NH4+

1 dw)Warming Nitrogen

Winter 2007 ambient all 20 0.56 (0.05)a 0.78 (0.09) 0.78 (0.09)a 6.87 (2.01)
warmed (all) all 40 0.87 (0.11)b 1.27 (0.33) 1.13 (0.09)b 3.59 (0.78)

Summer 2007 ambient all 20 0.75 (0.05) 2.14 (0.69)a 1.63 (0.28)a 0.49 (0.07)
winter warmed all 20 0.66 (0.04) 4.58 (0.90)b 1.67 (0.16)ab 0.71 (0.22)
warmed all 20 0.80 (0.08) 1.55 (0.23)ab 2.20 (0.29)b 0.52 (0.10)

Winter 2008 ambient ambient 10 2.11 (0.61) 0.89 (0.09)a 0.59 (0.18) 1.65 (0.59)ab
NH4NO3 10 3.26 (0.91) 0.93 (0.09)a 0.61 (0.25) 0.88 (0.15)a

winter warmed ambient 10 6.10 (2.52) 1.75 (0.63)b 0.55 (0.08) 1.09 (0.21)ab
NH4NO3 10 3.78 (1.07) 3.01 (1.22)b 0.52 (0.12) 3.89 (1.07)b

warmed ambient 10 1.83 (0.57) 1.13 (0.25)ab 0.67 (0.16) 1.40 (0.47)ab
NH4NO3 10 2.84 (0.68) 1.13 (0.18)80 1.10 (0.24) 1.73 (0.38)80
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2.3.2 Soil lysimeter N

There were no significant treatment effects on nitrate, ammonium, soluble organic 

N or total soluble N collected from soil lysimeters in fall 2006, spring 2007 or spring 

2008. However, there were significant differences in total soluble N among seasons and 

among sampling dates within seasons (Fig. 2.5). Total soluble N increased across the 

first three sampling dates in fall 2007, explained primarily by increased soluble organic N 

and ammonium (Fig. 2.5 i). It decreased across sampling dates in spring 2007, explained 

primarily by decreased nitrate (Fig. 2.5 ii). Total soluble N concentrations were also 

lower in spring 2008 than in spring 2007 (Fig. 2.5 ii,iii).
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Figure 2.5 Concentrations of nitrate (black bars), ammonium (light gray bars) and 

organic N (dark gray bars) in solution collected from 50 cm deep soil lysimeters in i) fall 

2006, ii) spring 2007 and iii) spring 2008, pooled across all treatments (n=60). Error bars 

denote standard error for the mean total soluble N (the sum of nitrate, ammonium and 

organic N), and different lower case letters indicate differences among dates in total 

soluble N within a season (P<0.05, Tukey's HSD).
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2.4 Discussion

2.4.1 Net N mineralization

Contrary to my initial hypothesis, experimental warming did not increase net N 

mineralization over winter in either 2007 or 2008. However, winter warming did 

significantly alter both changes in soil extractable inorganic N and resin extractable 

inorganic N collected from the N mineralization cores, the two components of the N 

mineralization estimate. Over winter 2007, decreased temperatures in warmed plots, 

which occurred as a consequence of increased snow melt, coincided with diminished 

increases in soil extractable inorganic N relative to ambient temperature plots. This result 

is consistent with overall decreases in net N mineralization in response to colder soil 

temperatures observed elsewhere (Emmer and Tietema, 1990; Goncalves and Caryle, 

1994; Reich et al., 1997; Groffman et al., 2001; Decker et al., 2003; Schimel et al., 2004). 

Furthermore, changes in soil extractable inorganic N were higher over winter 2007 than 

in 2008, which reflects the unusually warm and late winter experienced in 2007. Over 

winter 2008, there was no overall effect of warming on changes in soil extractable 

inorganic N, and unlike winter 2007, there was a significant effect of warming on resin 

extractable inorganic N. The latter may be explained by the high frequency of FTC 

experienced over winter 2008 relative to 2007 (~5 FTC in warmed plots in comparison to 

~2 mild FTC in ambient plots during winter and early spring 2007; >10 FTC in warmed 

plots in comparison to ~3 mild FTC in ambient plots during winter and early spring 

2008), as FTC may increase N leaching losses due to microbial lysis (Yanai et al., 2004; 

Larsen et al., 2002), root damage (Fitzhugh et al., 2001) or the disruption of soil 

aggregates (Six et al., 2004).
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When reference samples were collected at time zero for the net N mineralization 

cores, it was unexpected that there was no increase in extractable inorganic N in samples 

collected from N addition plots. This lack of N enrichment in the soluble N pool could 

be attributed either to rapid uptake by plants or to losses from the system following 

application of the ammonium nitrate. By multiplying the increase in plant tissue % N in 

-2 
N addition plots (0.5% - see Chapter 3) by mean plant biomass in these plots (682 gm - 

Jennifer Hutchison, unpublished data), I estimate that approximately 3 g m (half of the 

added N) was taken up by plants. Concentrations of N in leachate collected in the soil 

lysimeters were not significantly higher in N addition plots than in ambient N plots. N 

trace gas losses may contribute substantially to ecosystem N losses and can be 

particularly high over winter or in early spring (Groffman et al., 2001; Grogan et al., 

2004; Matzner and Borken, 2008). However, N trace gas losses were not accounted for 

in my estimates of net N mineralization.

Overall, net N mineralization over summer was much higher than over winter. 

The most striking result of the net N mineralization experiment was the large effect of 

winter warming relative to ambient and year-round warming on resin extractable 

inorganic N over summer. This result was unexpected, and could not be explained 

directly by warming since the heating in the winter warmed plots corresponded with that 

of the year round warming plots over winter and the ambient plots over summer. 

Likewise, there were no significant differences among winter warmed plots and the other 

plots with respect to plant biomass or species composition in 2007 (Jennifer Hutchison, 

unpublished data). Instead, net N mineralization in the winter warmed plots may have 

increased as a result of the extended cool period that occurred in these plots following 
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spring melt when their heaters were turned off (e.g. winter warmed plots thawed early but 

then, unlike the year round heated plots, ceased to be warmed). A possible artifact of the 

winter warming treatment was that soil mineralization may have increased after thaw at a 

time when soils were still too cool for substantial plant N uptake (Henry and Jefferies 

2003; Castle et al., 2006). However, I collected soil for the summer net N mineralization 

cores on 20 April, nine days after the heaters were turned off in the winter warmed plots, 

and extractable inorganic N was not elevated in the winter warmed plots at this time. 

Likewise, while soil protease activity may increase in response to soil warming in early 

spring (Rejsek et al., 2008), soluble organic N was not elevated in winter warmed plots in 

early spring (Terry Bell, unpublished data). Given that the restructuring of microbial 

communities can introduce or accelerate biogeochemical processes (Schimel and 

Gulledge, 1998; Scherer-Lorenzen et al., 2003; Schmidt and Lipson, 2004), carryover 

effects of this prolonged cool period on the soil microbial community in winter warmed 

plots might explain increased inorganic N captured by the resin over summer. 

Alternatively, mosses present at the soil surface may have been damaged by freeze-thaw 

activity during the early spring in winter warmed plots. This moss-derived N may have 

leached through the mineralization cores at a later date, although the tolerance of mosses 

to freezing is often high (Sakai, 1961; Rutten and Santarius, 1992; Nagao et al., 2006). 

In addition, mosses Fissidens taxifolius and Brachythecium salebrosum were not 

dominant species and were unevenly distributed throughout the site.

Ultimately, although the mechanism behind the winter warming effect remain 

unclear, this response demonstrates how changes in soil temperatures in early spring can 

have important carry over effects on N dynamics over the plant growing season. 
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However, the implications of the observed increase in resin N over summer for soil N 

losses in winter warmed plots are unclear, particularly since this increased mineral N may 

have been either leached through the soil column or captured over summer by live plant 

roots, which were absent from the net N mineralization cores.

2.4.2 Soil N leaching - lysimeter sampling

As discussed above, the result that low concentrations of soluble N were present 

in lysimeter samples collected at 50 cm depth, even in N addition plots, indicates that the 

bulk of N deposition in these plots is either intercepted by plant roots, microbes and soil 

at more shallow depths, or lost to the atmosphere in the form of N trace gases. In 

addition, contrary to my initial hypothesis, it did not appear that winter warming 

enhanced N leaching losses in this system. While it is possible that large but transient 

pulses of N may have been missed in the intervals between lysimeter sampling events, 

such pulses are often expected to occur at spring thaw (Lipson et al., 2000, 2002; Grogan 

and Jonasson, 2003; Schmidt and Lipson, 2004), and we did not detect an N pulse at this 

time in either year. Furthermore, soil water penetration to 50 cm depth over both summer 

and fall of 2007 was insufficient for the collection of lysimeter samples.

The seasonal trends in lysimeter sample soluble N concentrations across all 

treatments appeared to correspond with plant root activity. For example, decreasing root 

N uptake in late fall is consistent with higher N leaching losses (MacDuff et al., 1987; 

Chapin et al., 2002; Laine et al., 2004), and the proportional increase in soluble organic 

N over the fall may be driven by plant senescence and the loss of soluble compounds 

from plant litter (Aber and Melillo, 1980; Melillo et al., 1989). Similarly, increased root 
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activity upon soil warming in spring (Henry and Jefferies 2003; Castle et al., 2006) 

explains the decrease in soluble N concentration by late spring 2007. Decreased nitrate 

leaching as spring progressed was further consistent with increased plant uptake 

(Scherer-Lorenzen et al., 2003). Following a winter with high snow fall, soluble nitrate 

concentrations in lysimeter samples were very low throughout spring 2008. Therefore, 

the low lysimeter N concentrations in spring 2008 likely represent a dilution effect.

2.5 Conclusions

Overall, my results reveal that warming does not increase net N mineralization 

over winter because of colder soil temperatures and an increased frequency of FTC. In 

addition, the moderate FTC caused by warming over winter were not severe enough to 

increase N leaching losses from the system. Conversely, warming during the onset of 

spring may increase mineral N availability for plants during the growing season. 

However, this increase in mineral N is also susceptible to loss if it occurs before increases 

in plant N uptake levels.
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Chapter 3

Interactive effects of warming and increased nitrogen deposition 

on the recovery of 15N tracers added at spring melt

3.1 Introduction

During the last century, fossil fuel emissions and agricultural activity have 

increased atmospheric reactive nitrogen deposition dramatically in temperate regions, and 

in North America, many temperate ecosystems are predicted to experience rates of 

atmospheric N deposition as high as 2 to 5 g m2 above pre-industrial rates over the 

coming century (Galloway et al., 2004). Since most temperate systems are N limited, N 

deposition can increase productivity and biomass accumulation in the short term 

(Vitousek and Howarth, 1991); however, in addition to increasing N availability, N 

deposition has increased the mobility of N (Vitousek et al., 1997) and it can alter the rates 

and pathways of N cycling and loss (Aber et al., 1995).

The extent to which increased nitrogen inputs will drive changes in plant 

productivity and species composition over the next century will depend on how N 

deposition interacts with other influential global change factors, such as climate warming, 

to affect the N retention of ecosystems (Zavaleta et al., 2003; Majdi and Ohrvik, 2004). 

By increasing annual production and extending the time over which roots remain highly 

active, warming may decrease soil N losses (Kasper and Bland, 1992; Chapin and Shaver, 

1996; BassiriRad, 2000; Pregitzer et al., 2000; Walker et al., 2006). However, changes 

to winter climate may also strongly influence ecosystem N retention (Schimel and Clein, 

1996, Schimel et al., 2004; Kielland et al., 2006). Warming over winter may increase 
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soil N mineralization (Miller et al., 2007) although soils may still remain cold enough to 

restrict plant root activity (Henry and Jefferies 2003; Castle et al., 2006). Reduced snow 

cover may also increase the frequency and intensity of soil freeze thaw cycles (Mellander 

et al. 2007; Henry, 2008), which can disrupt soil aggregates, lyse microbial cells and 

damage fine roots (Schimel and Clein 1996; Groffman et al., 2001; Tierney et al., 2001; 

Matzner and Borken, 2008). Both of these mechanisms contribute to an accumulation of 

soluble N in soil over winter, which could increase soil N leaching and trace gas losses 

during mid-winter melts or at spring thaw (Hobbie and Chapin, 1996; Schimel and Clein, 

1996; Ludwig et al., 2004). Although a large proportion of soil N dynamics research 

over winter has been restricted to arctic and alpine systems (Campbell et al., 2005), there 

is evidence for over winter processes affecting annual N budgets in temperate forest 

systems (Fitzhugh et al., 2001) and agricultural systems (Cookson et al., 2001; Miltner et 

al., 2004). The N dynamics of temperate systems may be highly sensitive to climate 

change over winter because their soils often remain close to freezing throughout this 

season (Henry, 2008).

While some plant species accomplish substantial N uptake over winter (Andresen 

and Michelsen, 2005), the N sink capacity for plants and roots during the winter is 

relatively unknown (Grogan and Jonasson, 2003), and uptake of nutrient pulses by plants 

may be more important than uptake under steady state conditions over winter (Jonasson 

and Chapin, 1991). Spring thaw, in particular, may be a critical time for N retention, 

with the release of atmospheric nitrogen deposition that accumulates over winter in the 

snow pack and soil (Williams et al., 1996). Although cold-adapted plants can exploit N 

pulses following snow melt in early spring (Bilbrough and Caldwell, 1997; Tye et al., 
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2005), the ability of plants to exploit N pulses during spring melt can vary widely among 

systems (Bilbrough et al., 2000), and in some systems there may be an asynchrony 

between spring melt and the production of active root biomass (Sickman et al., 2001; 

Lafreniere and Sharp, 2005). When the latter occurs, the profile of N forms present in 

early spring pulses may be critical for determining its persistence. For example, nitrate is 

the dominant component in atmospheric N deposition in many temperate systems such as 

those in eastern North America, particularly over winter when agricultural activities 

decrease (Sickles and Shadwick, 2007), yet nitrate is particularly susceptible to losses 

through leaching and volatilization to the atmosphere (Benbi and Richter, 2002).

In this study, I examined the interactive effects of simulated climate warming and 

N deposition on the recoveries of 15N-Iabeled ammonium and 15N-labeled nitrate tracers 

added as pulses to temperate old field plots following spring thaw. In addition to the year 

round warming treatment, a winter only warming treatment was applied to a subset of 

plots to explore the contribution of this component of climate warming to the overall 

warming effect. I quantified the recovery of the added label in plant shoots, roots and 

soil at both the end of the growing season following 15N addition and again after snow 

melt the next spring. The first sampling was performed to estimate treatment differences 

in the retention of early spring N pulses in the context of the following plant growing 

season. I hypothesized that increased freeze-thaw cycling in the warmed plots would 

reduce their retention of the 15N pulse, although increased total plant N uptake in plots 

also warmed over summer might increase uptake of the remaining 15N tracer. I also 

hypothesized that the recovery of 15N from added ammonium would exceed that of 

nitrate because of the mobility of the NO3 ion within the soil exchange complex. I then
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used the end of season 15N enrichment values in combination with those measured the 

following spring to explore treatment differences in the retention of plant and soil N over 

winter. I hypothesized that an increased frequency of freeze-thaw cycles over the winter 

would enhance 15N losses from warmed plots, particularly if they became N saturated as 

a result of N fertilization.
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3. 2 Methods

3.2.1 Site description

My field research was conducted in a former agricultural field at the Agriculture Canada 

Southern Crop Protection and Food Research Centre, in London Ontario (43° 01’ 46” N, 

81° 12’ 52” W). The site has not been ploughed, fertilized, or mowed for over 20 years. 

The soil is classified as “well to imperfect drained silt loam glacial till” (Hagerty and 

Kingston, 1992), and pH is approximately 7.5 (Terry Bell, unpublished data). Mean 

annual temperature in this region was 6.3 °C and mean annual precipitation was 818.3 

mm for the period of experimentation (Environment Canada, National Climate Data and 

Information Archive). Ambient air temperature and snow cover over the duration of the 

collection periods are displayed in Figure 3.1 A, B. The vegetation at the site is 

dominated by the perennial grasses Poa pratensis (L.) and Bromus inermis (L.), while the 

forb Cirsium arvense (L.) and the legume Lotus corniculatus (L.) are also common, but 

patchy. The forbs Asclepias syriaca (L.), Aster ericoides (L.),Solidago altissima (L.) and 

the mosses Fissidens taxifolius Hedw. and Brachythecium salebrosum (Web and Mohr) 

BSG are also present at lower density.

3.2.2 Design of main warming and nitrogen addition experiment

The field manipulations consist of three warming treatments (warming all year, 

warming only in winter {from late fall after plant senescence until spring melt}, and 

control) factorially crossed with two N treatments (added N and control), in a block 

design (n=10) (Figure 2.2). Plots are heated by single 150 W ceramic infrared heaters 

(Zoo-Med Laboratories, San Luis Obispo, CA, USA), suspended 50 cm above the plot 

centers. These heaters simulate solar heating without giving off photosynthetically active
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radiation (Harte et al., 1995). The temperature in warmed plots is raised (or lowered, 

depending on season) by between 1 to 4 oC 1 cm below the soil surface (Figure 3.1 Ci, ii). 

In fertilized plots, a pulse of aqueous ammonium nitrate is added in the early spring at a 

rate of 2 g m' y and ammonium nitrate is also added at a rate of 4 g m^ y in late 

spring in the form of slow release pellets (Florikan ESA, Sarasota, FL, USA; see Figure 

2.1 for addition dates). These addition rates are designed to simulate projected increases 

in atmospheric deposition over the next century (Galloway et al., 2004). Warming, 

which began in November 2006, is monitored by underground temperature probes (107- 

BAM, Campbell Scientific Canada Corp., Edmonton, AB, Canada) at 1 cm depth and 5 

cm depth (only data for 1 cm depth is presented). These data are used to quantify the 

frequency of freeze-thaw cycles and the temperature difference between warmed and 

ambient plots is shown in Figure 3.1 Ci, ii. Soil moisture probes (CS616-L TDR probes, 

Campbell Scientific Canada Corp., Edmonton, AB, Canada) also record integrated 

measurements from depths of 0-15 cm and 0-30 cm. All temperature and moisture data 

are recorded year-round, on an hourly basis.
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Figure 3.1 Measurements of A) daily air temperatures and B) daily snow cover at the 

London airport, Ci) ambient soil temperatures at 1 cm depth and Cii) the effect of yr- 

round and winter warming treatments on soil temperature at 1 cm depth for the duration 

of the experiment (when warming treatment lines are above or below the line crossing at 

zero, this represents the degrees C by which they are warmer or colder than the ambient 

plots). The white arrow indicates when the 15N tracer was added and black arrows 

indicate when sampling occurred. The center of all 15NH4Cl and K"NO3 subplots were 

marked with pegs and during collections in each enriched subplot, one soil sample was 

taken at 10 cm depth and approximately two shoots of Poa pratensis (L.) were collected 

at random from the shoot base. Two controls were taken from each block to control for 

the N treatment.
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3.2.3 15N tracer addition

I applied 0.1 g m 2 of N as 15NH4Cl to a 30 cm diameter subplot in each of the 

main experimental plots, and the same quantity of K"NO3 to a second subplot within 

each plot (30 cm from the 15NH4Cl subplots) on 21 March, 2007 (Fig. 3.2). I applied 

these 15N tracers to the soil surface of each subplot using a watering can and no barrier 

was used at the edge of each subplots to partition it from the rest of the main plot. Each 

tracer was dissolved in 250 ml of deionized water for each subplot. I collected a 2 cm 

diameter, 10 cm deep soil sample and 2 Poa pratensis tillers from the center of each 

subplot in fall 2007 (3 Nov., 2007) and spring 2008 (24 March, 2008) (Fig. 3.1). Ialso 

collected two control samples of soils and P. pratensis tillers from each block. P. 

pratensis was used as an indicator species for 15N recovery in shoots because it was 

abundant across all plots and subplots and it provided very even ground coverage. Also, 

using only P. pratensis allowed me to look at treatment responses within a species 

without needing to take species composition changes into account.
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Figure 3.2 Approximately 0.1 g of N per m 2 of 15NH4CI and Ki5NOj was added by using 

a watering can to distribute 250 ml 15N-enriched solution per respective 30 cm diameter 

circular subplots of the main experimental plots during spring thaw on 21 March 2007.
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3.2.4 15N analyses

Within 48 h of collection I separated roots (from all plant species) from each soil 

sample, rinsed with them with 0.5 mM CaCl2 and dried them at 60 oC for 24 h. P. 

pratensis tillers were dried for 72 h at 60 °C and ground to a fine powder using a ball mill 

(Spex Certiprep Geno/grinder 2000, Metuchen, NJ, U.S.A). Approximately 4 mg of 

dried, ground root and shoot material were placed into 4 × 6 mm tin capsules, while 

approximately 12 mg of dried soil was placed into 9 × 10 mm tin capsules. Samples were 

analyzed for 15N content using mass spectrometry, performed by the Colorado Plateau 

Stable Isotope Laboratory at Northern Arizona University using a NC 2100 Elemental 

Analyzer interfaced with a Finnigan Delta Plus XL isotope ratio mass spectrometer. The 

15N isotope composition was expressed in standard notation (δ15N) in parts per thousand 

relative to atmospheric N2, where:

δisNsample = [(15NZ14N)sample / (15NZ14N)standard - 1] × 1000.

I then solved for 15NZ14NsampIe to calculate percent 15N content in plant tissue and soil 

collected from treatments and control plots. I then subtracted percent 15Ncontroι from 

percent "Ntreatment for shoots, roots and soil in each block and multiplied these differences 

by total N in the respective pools to estimate excess 15N. The end of growing season and 

early spring biomass data from the main experiment, required for the calculation of the N 

pool sizes for roots and P. pratensis shoots, were provided by Jennifer Hutchison 

(unpublished data).
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3.2.5 Statistical analyses

Three-way factorial ANOVAs were conducted to examine the main effects of 

warming treatments, N addition and 15N tracer type, and their interactive effects, on the 

recovery of excess 15N in P. pratensis shoots, roots (all species) and soil at the end of the 

plant growing season and the following spring. The over winter changes in 15N were also 

examined. Block number was also included in the ANOVA models as a random factor, 

and the dependent variables were log-transformed to improve normality and homogeneity 

of variance. Tukey's HSD tests were used to resolve differences among treatment 

combinations following a significant ANOVA result (P<0.05). All statistical analyses 

were conducted using JMP 4.0 (SAS Institute Inc.).
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3.3 Results

3.3.1 Recovery of excess 15N in the fall

In the fall, subsequent to the addition of ~ 100 mg N per square meter of 15NH4+ 

and 15NO3 during the previous spring thaw, approximately 9-15% of the 15N label (in 

excess of naturally occurring 15N) was recovered in the bulk soil, 4% in the shoots of P. 

pratensis and 0.5% in the roots (all species) (Fig. 3.3). There were no significant 

differences among treatments in excess 15N recovered in shoots of P. pratensis (Fig. 3.3 

A). While warming and nitrogen fertilization also had no significant effects on 15N 

recovery in roots or bulk soil, almost 50% more excess 15N was recovered from roots in 

15NH4+ addition plots than in 15NO3 addition plots (P=0.004; Fig. 3.3 B), and excess 15N 

recovery in bulk soil was also double in 15NH4+ addition plots than in NO3 addition 

plots (P=0.003; Fig. 3.3 C).
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Figure 3.3 Mean excess 15N recovered from experimental plots on 3 November, 2007 in 

A) shoots of Poa pratensis, B) roots (all species) and C) bulk soil, with the latter two 

sampled from the soil surface to a depth of 10 cm. The 15N tracers were added on 21 

March, 2007 during spring thaw. Bars were pooled over treatments that were not 

significantly different (P>0.05, 3-factor ANOVA), and different lower case letters above 

bars are used to indicate significant treatments differences within each panel (P<0.05, 

Tukey's HSD test). Error bars represent standard error (n=120), and y-axes are plotted on 

a logιo scale. 15NH4+ and 1NO3 on the x-axis refer to the ammonium and nitrate tracer 

addition treatments, respectively.
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3.3.2 Over winter changes in excess 15N recovered

Over winter, approximately half of the excess 15N present in the fall was lost from 

shoots of P. pratensis, although the amount lost did not differ among treatments (Fig. 3.4 

A). For roots, excess 15N losses from 15NH4+ addition plots were more than double losses 

from 15NO3 addition plots (P=0.033), although the total quantity of 15N lost from roots 

was low (Fig. 3.4 B). Nitrogen fertilization had a dramatic effect on excess 15N retention 

in bulk soil over winter, with a large net gain in excess 15N in control plots and a net 

decrease in nitrogen fertilized plots (P=0.032; Fig. 3.4 C).
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Figure 3.4 Mean over-winter changes (from 3 Nov., 2007 to March 24, 2008) in excess 

15N recovered from A) shoots of Poa pratensis, B) roots (all species) and C) bulk soil, 

with the latter two sampled from the soil surface to a depth of 10 cm. The 15N tracers 

were added on 21 March, 2007 during spring thaw. Bars were pooled over treatments 

that were not significantly different (P>0.05, 3-factor ANOVA), and different lower case 

letters above bars are used to indicate significant treatments differences within each panel 

(P<0.05, Tukey's HSD test). Error bars represent standard error (n=120). 15NH4+ and 

1NO3 on the x-axis refer to the ammonium and nitrate tracer addition treatments, 

respectively, whereas control and +N refer to the levels of the (unlabeled) ammonium 

nitrate fertilization treatment.
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3.3.3 Total excess 15N recovered in spring

In the early spring, a year after the addition of the '5N-labelled substrates, excess 

15N recovery in P. pratensis shoots was decreased by the N fertilization treatment 

(P=0.011) and increased by year round warming (P=0.022) (Fig. 3.5 A). Excess 15N in 

roots was also higher in plots warmed year round than in the ambient or winter-warmed 

plots (P=0.0069, Fig. 3.5 B). The recovery of excess 15N in bulk soil was lower in N 

fertilized plots than in control plots (P=0.041; Fig. 3.5 C). Significant treatment effects 

on both shoot and root 15N reflected differences in 15N-enrichment, as there were no 

significant effects of warming or N addition on P. pratensis shoot litter or roots among 

plots in spring 2008 (Jennifer Hutchison, unpublished data).
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Figure 3.5 Mean excess 15N recovered from experimental plots on 24 March, 2008 in A) 

shoots of Poa pratensis, B) roots (all species) and C) bulk soil, with the latter two 

sampled from the soil surface to a depth of 10 cm. The 15N tracers were added on 21 

March, 2007 during spring thaw. Bars were pooled over treatments that were not 

significantly different (P>0.05, 3-factor ANOVA), and different lower case letters above 

bars are used to indicate significant treatments differences within each panel (P<0.05, 

Tukey's HSD test). Error bars represent standard error (n=120), and y-axes are plotted on 

a logιo scale. Control and +N refer to the levels of the (unlabeled) ammonium nitrate 

fertilization treatment, whereas ambient, winter warmed and warmed all year refer to 

levels of the warming treatment.
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3.4 Discussion

3.4.1 Recovery of excess j5N in the fall

There were no effects of warming on the fall recovery and partitioning of 15N 

added at spring melt. This result is consistent with the soil freezing dynamics observed in 

early spring, in that the plots melted out synchronously, and the rapid soil warming 

following snow melt overwhelmed the soil warming treatment effects. Therefore, 

although my prediction of increased N losses in warmed plots was not realized, the intact 

snow pack present in late winter followed by the rapid onset of warm temperatures in 

spring in 2007 overwhelmed the warming treatments and prevented differences in soil 

freezing dynamics among plots at this time. In addition, although I predicted that 

warming and N had the potential to increase plant uptake of any remaining 15N over 

summer by increasing overall plant biomass and N uptake, it was an unusually dry 

summer, and there were no biomass or plant species responses to the experimental 

treatments. However, N and warming treatments increased plant biomass in the 

following, wetter summer (Jennifer Hutchison, unpublished data).

My results also suggest that there were no carryover effects from warming over 

the previous winter. In some cases root damage caused by FTC over the winter has been 

implicated in reduced N retention over the following growing season (Fitzhugh et al., 

2001; Groffman et al., 2001; Matzner and Borken, 2008), although there was no evidence 

for that in my data since winter warming had no effect on growing season shoot and root 

N retention. However, my experimental design did not address the possible effects of 

warming on the accumulation or losses of N deposition over winter. I added an 

equivalent amount of N to each treatment in the early spring, whereas less N deposition 
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may be available at spring melt in warmer winters as a result of losses through runoff, 

leaching and denitrification (Brooks and William, 1999; Teepe et al., 2001). Although 

warming over winter didn't reduce over winter N retention in my exp. (see 3.4.2), my 

experiment only examined the retention of 15N already incorporated into plants, microbes 

and soil, and did not examine the fate of N deposited on snow surface or soil over winter.

As predicted, more 15N from added ammonium at spring melt was recovered than 

that of nitrate, which is more mobile in the soil and susceptible to denitrification losses 

(Ryden et al., 1984; Scherer-Lorenzen et al., 2003; Allred, 2007). However, the ratio of 

nitrate to ammonium in atmospheric deposition in this region is approximately 2:1 on an 

annual basis, with ammonium deposition declining over winter due to reduced 

agricultural activity (Sickles and Shadwick, 2007). Therefore, differences in retention 

among ammonium and nitrate over the short term of one growing season are likely offset 

to an approximately equivalent amount by differences in their deposition rates. In total, I 

recovered approximately 20% of the 100 mg m2 15N added to the 15NH4 addition plots in 

spring. However, this estimate does not account for the 15N in non- P. pratensis shoots or 

from roots and the soil below 10 cm depth.

3.4.2 Over winter changes in excess 15N recovered

Despite clear effects of warming on the soil freezing dynamics over the winter 

( >10 FTC in warmed plots in comparison with ~3 mild FTC in ambient plots throughout 

winter and early spring) there were no increased i5N losses from warmed plots over 

winter. These results are consistent with evidence that suggests that freeze-thaw cycle 

amplitudes must be relatively extreme to promote soil and litter N losses (Isard and 
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Schaetzl, 1998; Deluca et al., 1992; Nielsen et al., 2001; Grogan et al., 2004; Joseph and 

Henry, 2008). The large 15N losses in N fertilized plots suggest net nitrogen 

mineralization occurred under N saturated conditions (Aber et al., 1998; Fenn et al., 1998; 

Matson et al., 2002), whereas net 15N increases in the soil in ambient N plots likely 

reflect the retention of 15N lost from plant tissue decomposition over winter under 

conditions of N limitation (Berg and Staaf, 1981; Schmidt and Lipson, 2004). Although 

the quantity of 15N lost from P. pratensis shoots and roots from all species was not equal 

to the 15N gained by soil in the ambient N plots, P. pratensis shoot biomass as a 

proportion of the total shoot biomass was relatively low over the summer of 2007 (~20% 

of total shoot biomass, as compared with approx 50% of total shoot biomass in 2008; 

Jennifer Hutchison, unpublished data), and the excess shoot 15N of the other plant species 

was likely the additional source of 15N transferred to the soil over winter. The 

significantly greater root 15N losses from 15NH4 addition plots than from 15NO3 addition 

plots over winter were relatively small in magnitude and resulted from the greater 15N 

enrichment in the 15NH4 addition plots at the start of the winter.

3.4.3 Total excess 15N recovered in spring

The decreased recovery of soil 15N in N fertilized plots in spring was consistent 

with the high 15N losses from these plots over winter. However, the significant warming 

and nitrogen fertilization effects on excess 15N recovered in plant shoots and roots could 

not be extrapolated from the significant fall and over winter effects. Decreased excess 

15N recovery in plant shoots from N fertilized plots could be explained by the increased 

soil 15N losses from these plots, yet the significant increase in excess 15N recovered in 
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plant shoots and roots from plots warmed year round largely offset this N effect. Given 

that there was no significant effect of winter warming alone on excess 15N recovery in 

plants, the lengthening of the plant growing season (An et al., 2005; Wan et al., 2005) or 

increased soil microbial immobilization in the fall (Jaeger et al., 1999; Bardgett et al., 

2005) likely explains the increased excess 15N recovery from plants in the year round 

warmed plots. The strong effect of 15N addition type noted in the fall for soil was not 

apparent in spring, possibly due to transfer of 15N from the plant pool (where there was 

no effect of 15N addition type) over winter into the soil pool.

3.5 Conclusions

Overall, contrary to my hypothesis, my results indicate that warming-induced 

changes to soil temperature and freezing dynamics over winter do not alter 15N retention 

in this old field system. Instead, one year after 15N addition, year round warming 

increased the recovery of the added 15N in plants to the extent that it equaled the 

reductions in plant excess 15N recovery caused by nitrogen fertilization. Nevertheless, 

even accounting for the excess 15N likely present in the shoots of plants other than P. 

pratensis, the overall effect of nitrogen fertilization on soil 15N losses largely 

overwhelmed any effects on 15N recovery in plant tissue. This result suggests that 

climate warming may only modulate the effects of atmospheric nitrogen deposition on 

ecosystem nitrogen losses to a limited extent in this system, although more extreme 

responses to more intense warming cannot be ruled out.
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Chapter 4

General Discussion & Conclusions

4.1 Research findings

Contrary to my hypothesis, winter warming had no significant effect on winter 

soil N dynamics. This result, however, supports the idea that freeze-thaw cycle 

amplitudes may need to be relatively extreme to promote soil and litter N losses (Isard 

and Schaetzl, 1998; Deluca et al., 1992; Nielsen et al., 2001; Joseph and Henry, 2008). 

Studies imposing more moderate cycles have demonstrated little or no effect of FTC on 

soil N dynamics (Herrmann and Witter 2002; Grogan et al.. 2004). This may be due to 

high freeze-thaw tolerance of the soil microbial community, which has been observed in 

alpine systems (Lipson and Monson 1998; Lipson et al., 2000). While the effects of FTC 

appear to increase with colder soil temperatures, a threshold temperature has not yet been 

defined (Matzner et al., 2008). Another possibility is that since the effects of FTC tend to 

be short lived (e.g. 40 days, Hermann et al., 2002) and dissipate over each successive 

cycle (Skogland et al., 1998; Schimel and Clein, 1996; Hermann et al., 2002) mild to 

moderate FTC effects may not have been distinguished since net N mineralization was 

estimated cumulatively for winter. Overall, the key finding of my in situ soil core 

experiment, as shown through elevated resin N, is that while winter warming may not 

alter soil N dynamics over winter, it might have important carry over effects on soil N 

dynamics during the growing season. Furthermore, the absence of strong warming 

effects in the winter and over the growing season suggests the possibility that the effect 
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of warming is non-linear, in that a threshold temperature may need to be reached before 

significant effects on soil N can occur.

While year-round warming contributed to small increases in N retention in shoots 

and roots in the spring, winter warming also had no effect on N dynamics in my 15N 

experiment. The key finding of my tracer study is that changes in climate may be less 

important than the direct effect of increasing N on soil N dynamics. Nitrogen inputs 

drove substantial soil N leaching losses over winter, which reflects elevated nitrogen 

mineralization under conditions of N saturation (Magill et al., 1996; Fenn et al., 1997; 

Aber et al., 1998; McDowell et al., 1998; Matson et al., 2002). Despite enhanced N 

mineralization, N saturation and leaching can result in large decreases in productivity due 

to cation losses and nutrient imbalances (Emmett et al., 1995; Currie et al., 1996). In 

addition to the direct effects of N deposition on soil N, indirect effects caused by N- 

induced changes in plant species composition are also important, as they influence 

ecosystem function (Jackson et al., 2002; Hooper et al., 2005; Wardle and Zackrisson, 

2005), and can modify the impact of further N deposition (Bardgett et al., 1999; Reich et 

al., 2001; Craine et al., 2003; Dijkstra et al., 2004). For example, compositional changes 

can result in the loss of key functional species or can increase productivity and accelerate 

N mineralization rates (Van Vuuren et al., 1992).

Overall, since climate change research has focused mostly on arctic and alpine 

regions, temperate ecosystems in North America have been largely overlooked 

(Campbell et al., 2005). As such, there is a substantial shortage of experimental data on 

the effects of climate change on soil freezing dynamics and associated changes in soil 

physical and biological processes (Henry, 2008). Alongside these oversights, 
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uncertainties about the effects of climate warming and increasing levels of atmospheric N 

deposition are highlighting the need for a more thorough understanding of temperate 

ecosystem responses. My experimental results contribute to our knowledge on soil 

freezing dynamics and confirm the paradox that warmer winter air temperatures are likely 

to result in colder, more variable soil temperatures and increases in FTC. This highlights 

the need for more research to be done in temperate systems during the winter and also 

raises questions about the effects of warming during seasonal transitions. Aside from 

climate change, my research also has a strong temporal aspect and contributes to general 

knowledge on seasonal N mineralization and retention in temperate systems. My 15N 

tracer study in particular also emphasizes the importance of looking at interactive vs. 

single factor responses.

4.2 Potential limitations

Natural field conditions may have limited treatment effects. For example, there 

were no effects of warming or nitrogen addition on aboveground biomass or relative 

species abundance during the growing season in 2007 (Hutchison, unpublished data). 

Summer 2007 was unusually dry and therefore water likely limited plant responses to 

treatments. However, significant changes in both species composition and biomass 

occurred over summer 2008, which was substantially wetter than the previous summer. 

During this growing season, plots receiving warming and N had twice as much biomass 

in comparison to ambient plots. Warming also resulted in significant changes in plant 

species composition (Hutchison, unpublished data). Such changes in plant biomass and 

species composition can indirectly alter affect N dynamics through altering root and litter 

soil inputs, which may in turn alter the composition and function of soil microbial 
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communities. Had such changes occurred over the growing season in 2007, treatment 

effects on soil N dynamics may have been more pronounced in experimental results.

In many temperate ecosystems, rates of atmospheric nitrogen deposition remain 

high over winter despite decreased agricultural activity over this season. Nitrogen 

released from the snowpack over warmer winters through runoff, leaching, or 

denitrification (Brooks and William, 1999; Teepe et al., 2001) may mean less N is 

released during spring melt. In this experiment, however, 15N was added once to the soil 

surface during the spring as a pulse. While the uptake of nutrient pulses by plants may be 

more important than uptake under steady state conditions over winter (Jonasson and 

Chapin, 1991; Jonasson et al., 1999), the ability of plants to exploit nitrogen pulses 

during spring melt can vary widely among systems (Bilbrough et al., 2000). Studies that 

have shown high plant uptake at spring melt (Andresen and Michelsen, 2005) also used 

less mobile forms of nitrogen than nitrate and injected the labeled substrate directly into 

the soil. Surface additions may be more vulnerable to runoff or denitrification under the 

water-saturated soil conditions in early spring (Muller et al., 2002).

4.3 Directionsforfuture research

Extreme events may be more important to soil N dynamics than mean temperature 

changes. For example, unusually late or early frosts, in the absence of a protective snow 

cover, may have large effects on soil N. Hard frost events have been shown to decrease 

microbial biomass (Herrmann and Witter, 2002; Sulkava and Huhta, 2003; Dorsch et al., 

2004; Hentschel et al., 2008), trigger N leaching (Boutin and Robitaille, 1995; Brooks et 

al., 1998) and increase N2O emissions (Flessa et al., 1995; Sylvasalo et al., 2004). While 

studies have shown that microbes can recover from severe frost (Stenberg et al., 1998; 
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Pesaro et al., 2003), the effects of hard frost on slow growing microbial communities (e.g. 

nitrifiers) need more attention in future work (Matzner and Borken, 2008). While 

substantial changes in the timing and length of the growing season may increase 

productivity, changes to plant phenology caused by warming can also increase the 

vulnerability of plants to early or late season frosts (Norby et al., 2003).

Increasing CO2 will also have substantial direct effects on plant growth and 

important indirect effects on soil N dynamics. These effects, however, remain uncertain 

given that a system’s response to elevated CO2 is a combination of various plant 

component responses and soil feedbacks that operate on multiple time scales (Rastetter et 

al., 1997). For example, in the short term, elevated CO2 may increase photosynthetic 

rates, though in the long term altered litter chemistry may affect soil processes and soil N 

cycling that will feedback on the initial plant growth response (Medlyn and McMurtrie, 

2004). Furthermore, plants grown under elevated CO2 have been shown to have lower 

freeze tolerance, making even the most freeze-tolerant species vulnerable to extreme 

temperature events, such as frost damage at warmer freezing temperatures (Repo et al., 

1996; Lutze et al., 1998; Barker et al., 2005). Therefore, increasing atmospheric CO2 

introduces another important factor that will interact with warming and increasing N 

deposition to further alter soil N dynamics.
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