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Abstract 

Soil nitrogen availability to plants is a fundamental control on the structure and 

functioning of arctic tundra ecosystems.  Despite recent evidence that biogeochemical and 

microbial dynamics during the non-growing season impact nitrogen availability to plants in 

tundra ecosystems, very little is known about soil microbial patterns and mechanisms for nutrient 

mobilization in the winter, spring and fall.  In this dissertation I have examined the environmental 

and microbial controls on seasonal nitrogen mobilization in a widespread Canadian low arctic 

birch hummock tundra ecosystem.  In particular, I have investigated the potential for increased 

winter snow depth and different above-ground vegetation-types to alter soil microbial community 

patterns and nutrient mobilization from organic matter into plant-available pools.  First, I 

demonstrated that experimentally deepened winter snow altered soil microbial physiology during 

winter, defined as increased microbial carbon limitation to growth and activity. Second, I 

established that deepened snow enhanced spring nutrient mobilization during distinct 

environmental phases, producing large peaks in the soil microbial biomass and soil solution 

carbon, nitrogen and phosphorus during snow thaw.  Third, I showed that laboratory predictions 

of early-spring air temperature freeze-thaw cycles promoting tundra soil nitrogen loss are not 

relevant, as the soil environment and soil biogeochemistry were relatively stable after snow melt 

and before plant growth began.  Fourth, I demonstrated that microbial functional groups did not 

differ strongly under different tundra vegetation types, but higher quality shrub litter induced 

positive feedbacks on soil carbon availability and soil nitrogen mineralization in the late summer.  

Finally, I illustrated that annual patterns of tundra soil microbial community structure and 

composition were strongly linked to soil biogeochemistry and that significant shifts in 

fungal/bacterial ratios occur during snowmelt.  This research suggests two broad conclusions: a) 

that soil microbial activity is responsive to changes in above-ground vegetation; and b) that 

seasonal changes in microbial community structure and microbial biochemistry are strongly 

correlated.  Therefore, the synchronicity of microbial seasonal succession and plant species-

specific timing of nitrogen uptake is a critical factor restricting the potential for ecosystem N 

losses at spring thaw and ultimately in supplying growth-limiting nutrients to plants in the 

following summer.  
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 1 

Chapter 1 

General Introduction and Literature Review 

1.1 Global climate change and arctic tundra ecosystems 

 Earth’s climate is changing, and warming is particularly rapid in the Arctic (ACIA 2005, 

IPCC 2007).  Increases in annual mean temperatures over recent decades have promoted changes 

in seasonality, declines in sea ice and changes in vegetation, all of which have large impacts on 

peoples and economies of the north, and all of which also impact global climate through 

complicated feedback mechanisms.  For instance, large reservoirs of carbon in arctic tundra soils 

may be released to the atmosphere as warming increases soil respiration, a positive feedback 

(promoting change).  This C loss may be balanced by increases in primary productivity with 

warming, which increases C sequestration into enhanced aboveground woody growth, a negative 

feedback (resisting change).  However, increases in woody growth will also darken the surface, 

reducing albedo, or reflectivity, thus promoting regional warming (Chapin et al. 2005). This may 

in turn promote further C loss or sequestration.  Climate change projections consistently predict 

that warming trends will continue, however, the uncertainty around many feedback mechanisms 

is high (ACIA 2005).  The balance of these feedback mechanisms is dependant on plant access to 

growth-limiting nutrients in tundra soils and the processes that control the availability of these 

nutrients. Several methods can and have been used to better understand ecological processes that 

regulate the relative importance of positive or negative feedbacks within arctic ecosystems; this 

thesis utilizes a combination of experimental manipulation as well as observations and monitoring 

to increase our understanding of processes and feedbacks controlling nutrient availability within 

arctic tundra ecosystems. 

 Arctic winter has the greatest present and projected warming on Earth, as a result of polar 

amplification and albedo changes with declines in winter sea ice (ACIA 2005).  In addition, the 
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amount of winter precipitation as snow is predicted to increase (up to 30%) in the Arctic over the 

next century, as a result of increasing atmospheric water vapour convergence (ACIA 2005).  

Deeper snow and warmer autumn, fall and spring air temperatures may have profound effects on 

tundra ecosystems in the non-growing season, by delaying winter freeze, warming winter soil 

temperatures and changing the timing and pace of spring thaw.  Long arctic winters are 

biologically slow but cumulatively important for annual C budgets.  When winter CO2 production 

is considered, especially with enhanced CO2 production under deeper snow,  our assignment of 

the tundra as a weak C sink may change to a to C source (Oechel et al. 1997, Nobrega and 

Grogan 2007).  Certainly, snow depth and the timing of snowfall in alpine tundra controls the 

amount of winter soil heterotrophic activity, which in turn influences the amount of N mobilized 

over winter and the amount of nitrogen (N) lost as leachate to aquatic systems in the spring thaw 

(Brooks and Williams 1999).  In addition to predicted changes in snow depth with climate 

change, snow depth varies across the low arctic tundra landscape (up to ~ 200%) and in the same 

location on an interannual basis (up to ~ 60%).  Where snow is deepest in tundra landscapes, 

vegetation tends to be more productive.  Is this phenomenon a direct result of snow depth or is the 

location that traps snow also a better habitat because it traps more resources or is more protected 

from harsh winter winds?  Many of the research questions in this thesis investigate the impact of 

deepened snow on nutrient cycling in winter and in the growing season, by experimentally 

manipulating snowdepth using several snowfences across a tundra valley.   

 

1.2 Nutrient cycling, stoichiometry and ecosystem processes  

All organisms are composed of several elements. Biological processes rely on a balance 

of elements (stoichiometry); the element that is the most difficult to obtain in the required amount 

controls the rate of a process and the allocation of other, more available elements to metabolic 
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input (growth) relative to output (waste).  This is true at the level of cell growth and at the level of 

ecosystem processes (Sterner and Elser 2002).  Temperature is a strong control on element 

availability in low arctic tundra ecosystems, as annual mean low temperatures (~ -10 
o
C) and 

short growing seasons (~3 months) slow the microbial decomposition of soil organic matter to 

inorganic molecules or organic monomers that are available for assimilation across cell 

membranes (Nadelhoffer et al. 1991). Most biological activity in low arctic tundra soils occurs in 

the organic layer and may not penetrate the underlying mineral soils; a very large proportion of 

the elements in these organic soils are tied up in complex polysaccharides and humic material.  In 

the regulation of organic matter decomposition, microbial chemoheterotrophs in tundra soil (fungi 

and the majority of bacteria) appear to rely on C for dissimilatory metabolic activities such as 

respiration or cell maintenance, but are limited by N for assimilatory metabolic activities such as 

exoenzyme production (Weintraub and Schimel 2003).  Recent shifts in our understanding of the 

soil N cycle indicate that the initial depolymerization of soil organic matter by microbial 

exoenzymes is the rate-limiting step controlling N availability to plants and microorganisms in 

these tundra soils (Weintraub and Schimel 2003, Schimel and Bennett 2004) (Fig. 1.1). In 

addition, the production of available N is constrained by high tundra soil C and the resulting high 

soil C/N ratios, which minimizes microbial mobilization of N to soil solution pools where plants 

can access this N (Weintraub and Schimel 2003) (DON, NH4
+
-N or NO3

-
-N; Fig. 1.1). Instead, 

stoichiometric constraints on microbial growth result in net microbial immobilization of most of 

this ‘plant-available’ N into the collective soil microbial biomass for substantial periods (seasons 

to years), despite short individual microbial N turnover times (hours to days).  As a result, 

nutrient availability, especially N is the main factor limiting plant productivity in low arctic 

tundra ecosystems (Shaver and Chapin 1980). Long-term fertilizer studies in Alaskan tundra 

indicate that N and P availability are more important than increases in growing season 

temperature for stimulating shrub growth (Chapin et al. 1995). Therefore, tundra nutrient 
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availability indirectly affects global atmospheric CO2 concentrations, by controlling the relative 

amount of C sequestrated into new woody plant growth, as opposed to C being released from 

warming tundra soil (Shaver et al. 1992, Shaver et al. 2000).     

Nitrogen is common in our atmosphere (78%) but inaccessible to most organisms, as a 

result of the biologically expensive process of breaking the triple bond in atmospheric N2.  This 

may explain why N is the most limiting nutrient in terrestrial ecosystems (Vitousek and Howarth 

1991).  However, a recent metanalysis has demonstrated that N and P often co-limit primary 

production in terrestrial ecosystems globally, including in tundra systems (Elser et al. 2007).  

Both N and P are critical to biological processes, such as the building of cell structure and genetic 

polymers such as DNA and RNA.  Whereas the soil N cycle is controlled by microbial processes, 

the P cycle begins with soil weathering.  However, research in Alaskan tundra indicates that P 

availability to plants and microbes in organic tundra soils is low, dependant on microbial 

mobilization of soil organic matter, and is often immobilized by soil microrganisms (Chapin et al. 

1978, Giblin et al. 1991).  Therefore, controls on N and P cycling in arctic tundra ecosystems may 

be similar.  One of the primary goals of this thesis is to improve the seasonal characterization of 

C, N and P availability, and their stoichiometry, in a low arctic tundra ecosystem. 

 

1.3 Seasonal nutrient availability in arctic tundra  

Despite strong evidence that soil microbes win the short-term competition for N (Grogan 

and Jonasson 2003, Buckeridge and Jefferies 2007) and possibly P, tundra plants do access 

enough N to produce new growth each year (~2 g m
-2

 y
-1

; Fig 1.1).  There is growing evidence 

that microbial N and P immobilization varies seasonally and across ecosystem vegetation types 

(Giblin et al. 1991, Grogan and Jonasson 2003, Schimel et al. 2004). In particular, substantial 

microbial C, N and P may be released as plant-available pulses into the soil solution in response 
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to strong environmental gradients, such as during a freeze-thaw or dry-wet event (Skogland et al. 

1988, Schimel and Clein 1996, Herrmann and Witter 2002, Larsen et al. 2002, Miller et al. 2005, 

Edwards et al. 2006). Microbial stress response to environmental gradients may have large 

implications for ecosystem-scale nutrient cycles (Schimel et al. 2007), in particular, if 

environmental disturbance results in microbial cell lysis and release of stored nutrients into the 

soil solution. Unfortunately, most studies investigating the effect of disturbance on microbial 

cytoplasmic release have been performed in the laboratory. The soil matrix is very complex, with 

high temporal and spatial heterogeneity in soil water, resource availability and probably microbial 

diversity, so that microbial response to disturbance in field conditions may be very difficult to 

predict from laboratory experiments.  This thesis aims to significantly improve the present state 

of knowledge about microbial biomass and soil biogeochemistry dynamics of C, N and P in 

response to seasonal environmental controls. 

 Microbial decomposition occurs during tundra winter despite low soil temperatures, and 

may contribute substantially to the annual N supply for plants (Lipson and Monson 1998, Grogan 

and Jonasson 2003). Specifically, N and P that are mobilized during winter may be released from 

the soil microbial biomass or the frozen soil solution at thaw (Brooks et al. 1998, Edwards et al. 

2006). Microbial activity during winter is sensitive to small variations in soil temperature 

(Monson et al. 2006, Nobrega and Grogan 2007, Lipson et al. 2009), suggesting that the 

wintertime environment may regulate the size of this winter mobilized N pool. Much of the 

research in this thesis is based on the schematic illustrated in Fig 1.2, which suggests that winter 

soil temperatures increase with snow depth, such that deeper snow increases winter N 

mobilization and thus summer plant-available N pools. The larger implication of this concept is 

the potential for enhanced primary productivity and increased overall tundra C sequestration in 

the following growing season, as a result of winter conditions. Specifically, my research has 

focused on the uncertainties in this schematic (Fig. 1.2): how much, if any, N and P are mobilized 
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in winter and are pool sizes larger under deepened snow? Are the pool sizes ecologically relevant 

(i.e. could they contribute to annual plant N and P requirements)? What is the fate on these winter 

mobilized pools at thaw? What processes controls this fate?  For instance, a number of different 

mechanisms have been proposed that may promote N pulses from the soil microbial biomass to 

the soil solution at thaw (Fig. 1.2), including increasing over-winter C limitation and thaw decline 

of the soil microbes (Lipson et al. 2000), macrofaunal hatching and microbial grazing at thaw 

(Sulkava and Huhta 2003, Sjursen et al. 2005), freeze-thaw cell lysis and cytoplasmic release 

(Schimel and Clein 1996), and rapid changes to the osmotic potential resulting in cell lysis 

(Schimel et al. 2007). Many of these processes and mechanisms have been demonstrated in the 

laboratory, a very important part of determining the potential importance of a mechanism.  This 

thesis has investigated several of these mechanisms in arctic tundra in field conditions, a critical 

step in ecosystem ecological research.  Finally, nutrients released to the soil solution during 

spring thaw may not be retained within the ecosystem from which they were produced, but may 

be rapidly lost via runoff to lower elevation ecosystems or to the atmosphere as trace gas release 

(Whalen and Cornwell 1985, Everett et al. 1996, Schimel and Chapin 1996, Michaelson et al. 

1998).   This thesis provides insight into this issue, providing suggestions for the spatial scale at 

which future investigations of seasonal biogeochemistry in tundra ecosystems should be focused. 

1.4 The soil microbial community as a control on ecosystem processes 

Soil microorganisms are incredibly diverse and abundant (Torsvik and Ovreas 2002). 

Therefore the default approach has been to assume that soil microbial communities are 

functionally interchangeable for most ecosystem processes, because several species produce 

similar enzymes, maintain similar rates of growth, and utilize similar resources for their 

metabolism (Nannipieri et al. 2003). This may be particularly true for physiologically ‘broad’ 

(common) processes such as rates of respiration, decomposition or N mineralization (Schimel and 



 7 

Gulledge 1998). However, certain process rates, such as denitrification, can vary between 

different microbial communities (Cavigelli and Robertson 2000) or with microbial succession 

over the time course of a soil perturbation (Sharma et al. 2006). In addition, it has been proposed 

that microbial communities from different ecosystems, comprised of different functional groups, 

may theoretically differ in process rates as a whole community, because they are the sum of 

functional groups with different abilities (Balser et al. 2001). I suggest that the same concept 

should apply to microbial communities within the same ecosystem, but between different seasons, 

as soil microbial community composition varies seasonally (Bossio et al. 1998, Bardgett et al. 

1999, Schadt et al. 2003, Lipson and Schmidt 2004, Bardgett et al. 2005, Waldrop and Firestone 

2006, Schmidt et al. 2007, Meier et al. 2008, Cruz-Martinez et al. 2009, Lipson et al. 2009, 

McMahon et al. 2009). This concept has been supported recently in subalpine forests; rates of 

CO2 production were six times higher in winter because winter microbial communities had faster 

growth rates but were less efficient than summer microbial communities (Lipson et al. 2009).  In 

this thesis I explore the pattern of microbial community composition between seasons and the 

association between seasonal community and seasonal nutrient availability. 

Microbial communities can also vary between seasons (or ecosystems) in their 

physiological response to environmental perturbations, either as species adaptations or 

constitutive physiological changes that alter resistance to disturbance, or as different functional 

groups with varying inherent physiologies. For instance, microbial species can deal with cold 

temperatures or resist desiccation in winter by altering membrane structure or acquiring 

osmolytes (Kraft 1992, Yancey 2005), either of which may negatively impact microbial survival 

during a rapid spring thaw. The biogeochemical consequences of a decline in a functional group 

with stored osmolytes could be a significant input of microbial C, N and P into the soil solution 

(Schimel et al. 2007). In all chapters of this thesis the soil microbial biomass is considered an 
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important nutrient pool in ecosystem biogeochemistry, subject to environmental constraints on 

microbial physiology.  

 

1.5 Research questions and hypotheses 

At a global scale, climate is the strongest and most accurate predictor of ecosystem 

processes (Chapin et al. 2002).  Within an ecosystem, climate, parent material (rocks and soils), 

biota (present and potential), topography and time are state factors that independently control 

ecosystem processes (Jenny 1941).  This thesis investigates how certain of these controls 

(climate, soils, time and potential biota) interact to modulate resource (C, N and P) availability 

and cycling within Canadian low arctic tundra.   

Chapters 2, 3, 4 and 6 are testing hypotheses generated by the winter-spring schematic 

(Fig. 1.2) and chapter 5 investigates the importance of aboveground vegetation as a control on 

rates of ecosystem N cycling during the growing season.   

Research Question 1:  Does snow depth impact soil and microbial processes in winter? 

Hypothesis 1:     Deeper snow warms winter soil, alters the winter microbial community and 

microbial carbon limitation and increases soil nutrient pools (Ch. 2) 

Research Question 2:  Does snow depth impact soil and microbial processes at thaw and in early 

spring? 

Hypothesis 2:     Deeper snow produces a spring flush of soil N and N2O at thaw and in 

early spring (Ch. 3 and 4) 

Research Question 3:  Does enhanced shrub-growth stimulate N cycling in the summer? 

Hypothesis 3:     Shrubs produce higher quality litter which increases plant-available N-

pools and N cycling rates (Ch. 5) 

Research Question 4:  Does the soil microbial community composition vary across the year? 
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Hypothesis 4:     The soil microbial community changes at thaw in association with a C, N 

and P flush (Ch. 6). 

These research questions are all novel, and the hypotheses that are tested in this thesis 

substantially increase our understanding of seasonal nutrient availability and the processes that 

control these nutrient pools in tundra ecosystems. 

 

1.6 Thesis chapter arrangement  

The chapters in this thesis are organized chronologically by season, as opposed to the 

year in which the studies were performed. Chapter 2 investigates microbial nutrient limitations in 

winter; Chapter 3 defines the environmental and biogeochemical phases of thaw; Chapter 4 

illustrates soil biogeochemical dynamics and trace gas production during spring freeze-thaw 

cycles; Chapter 5 investigates N-cycling under two vegetation types in late summer; and finally, 

Chapter 6 explores patterns of soil microbial community and structure from winter to fall. 
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Figure 1.1 The plant-soil nitrogen cycle in a low arctic tundra ecosystem (birch hummock tundra, 

Daring Lake, NWT). Boxes are pools, with approximate growing season pool sizes in parentheses 

(g m
-2

). NO3
-
-N pools are often not detectable in this system. Arrows in red indicate the rate 

limiting step of exoenzyme production, and the three plant-available N pools. 
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Figure 1.2  Snow depth effects on winter N and P mobilization and processes that impact this 

mobilized N and P during thaw. Boxes indicate processes, the rest are controls. N and P 

mobilization is microbial processing of soil organic matter to dissolved organic and inorganic 

nitrogen and phosphorus. 
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Chapter 2 

Deepened snow alters soil microbial nutrient limitations in arctic birch 

hummock tundra 

2.1 Abstract 

 Microbial activity in the long arctic cold season is low but cumulatively important. In 

particular, the size of the microbial biomass and soil solution nutrient pool at the end of winter 

may control the quantity of nutrients available to plants in the following spring. Microbial 

starvation and lysis as a result of increasingly severe soluble carbon (C) shortages over winter has 

been hypothesized as a potential mechanism for microbial nutrient release at thaw. These C 

shortages may be exacerbated by the warmer temperatures and increased winter precipitation that 

are consistently predicted for a large part of the low Arctic. In particular, warmer soil 

temperatures due to deeper snow may increase wintertime microbial activity and organic matter 

decomposition over the winter, potentially resulting in enhanced nutrient availability to plants in 

the following growing season.  

 In this study, we investigated nutrient limitations to soil microbial growth and activity in 

late winter under ambient and experimentally deepened snow (~0.3 m and 1 m respectively) in 

birch hummock tundra within the Canadian low Arctic. We hypothesized that the build-up of 

moderately deeper snow over winter would exacerbate soluble C limitation to microbial growth 

and activity and increase soluble N accumulation, and thus stimulate the growth of bacteria 

relative to fungi. We measured the in situ response of the soil microbial biomass and soil soluble 

pools in control and snow-fenced plots at the end of winter, and then incubated soils from these 

plots with added C, nitrogen (N) and phosphorus (P) (at 0
o
C – 15

o
C) to characterize nutrient 

limitations to microbial growth and activity.  
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 In late winter, deepened snow increased the microbial pool of N, yet decreased soil pools 

of dissolved organic N and C, and decreased bacterial counts. Fungal mass and hyphal lengths did 

not change, but remained dominant under both ambient and deepened snow. Deepened snow 

exacerbated the soluble C limitation to microbial growth and reduced the P-limitation for 

microbial respiration. Fungal mass and hyphal length responses to nutrient addition were larger 

than the bacterial mass or abundance responses and fungi from under deepened snow responded 

more than those from under ambient snow, indicating a different potential structural and 

physiological response to substrate availability for these two soil microbial communities. Our 

results indicate that deeper snow may increase microbial nutrient pools and can alter the 

physiological functioning of the soil microbial community in late winter, suggesting that 

microbial N release and its availability to plants during spring thaw may be enhanced. 

 

Keywords:  tundra; fungal mass; bacterial mass; winter biochemistry; nitrogen; carbon; 

phosphorus; Arctic; soil; microbe; nutrient; limitation. 

 

2.2 Introduction 

 The influence of temporal variation in soil microbial activity and growth on annual N 

cycling is not well understood in seasonally snow-covered ecosystems (Lipson et al. 2000, 

Grogan and Jonasson 2003, Weintraub and Schimel 2005, Edwards et al. 2006, Buckeridge and 

Jefferies 2007). Ongoing low levels of microbial decomposition of organic matter during the 

long, cold winters that typify tundra ecosystems may be an important contributor to the annual 

nitrogen (N) supply for plants (Lipson and Monson 1998, Grogan and Jonasson 2003). Several 

studies have documented a decline in the winter-adapted microbial biomass carbon (Brooks et al. 

1998, Lipson et al. 2000, Grogan and Jonasson 2003, Edwards et al. 2006) and microbial biomass 
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nitrogen (Brooks et al. 1998, Edwards et al. 2006) across the spring thaw phase, suggesting that 

the nutrients released from the microbial cytoplasm may be released into the soil solution as a 

characteristic spring pulse. If release from the microbial pool is a principal mechanism providing 

the soluble nutrient flush in spring (Herrmann and Witter 2002), then the composition, size and 

nutrient content (Schimel et al. 2007) of that winter microbial pool is clearly a critical control on 

the supply and fate of that flush. This nutrient flush, in turn, may be an important resource for 

plants and the surviving microbial community at thaw, as well as over the subsequent growing 

season (Schimel and Clein 1996). 

Several hypothetical mechanisms for microbial lysis and cytoplasmic release at the end of 

winter have been proposed. Freeze-thaw cycles in laboratory experiments lead to bacterial death 

and the release of cytoplasmic nutrients (Skogland et al. 1988). However, field and mesocosm 

studies suggest that soil freeze-thaw cycle regimes that are typical of many tundra environments 

may adversely affect only a relatively small proportion of the microbial biomass (Lipson and 

Monson 1998, Lipson et al. 2000, Herrmann and Witter 2002, Grogan et al. 2004). Nutrient 

pulses may also be the result of faunal predation of fungi and bacteria (Ingham et al. 1986), as 

soil macrofauna often proliferate during thaw (Sjursen et al. 2005). Alternatively, or additionally, 

the microbial community may be responding osmotically to sudden and enormous increases in 

soil water at spring thaw (Schimel et al. 2007). Finally, lab incubations with alpine tundra soils 

(Lipson et al. 2000, Brooks et al. 2004) have suggested that cytoplasmic release at thaw is 

primarily the result of microbial mortality due to increasingly extreme C limitation over winter 

(Schmidt and Lipson 2004). Microorganisms may remain active throughout most of the cold 

season in alpine dry meadow systems that have deep snow accumulation (~2 m) and/or moderate 

winter soil temperatures. Under these circumstances, microbial C limitation increases as inputs 

from plant litter are depleted, and the winter-adapted microbial community ultimately succumbs 

to warmer temperatures and C starvation during spring thaw (Lipson et al. 2000). Wintertime 
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conditions in the Arctic may differ significantly from many alpine sites in that soil temperatures 

are often substantially lower in the Arctic (Brooks et al. 1998, Schimel et al. 2004), and spring 

thaw drainage is relatively restricted. Here, we focused on investigating the potential for the C 

limitation hypothesis to explain microbial turnover and a spring nutrient flush in an arctic 

ecosystem. In particular, we were looking for evidence that late winter microbial growth in the 

Arctic is limited by available labile organic substrate. 

Strong C limitation on microbial growth and activity may have conflicting impacts on 

winter N mineralization and therefore soil N pools.  Microbial immobilization of N for growth 

occurs when microbes are utilizing organic substrates with a relatively high C:N ratio (Weintraub 

and Schimel 2003). Tundra plant communities and plant litter typically have high C:N ratios, 

reflecting the low N availability in these ecosystems (Shaver and Chapin 1980). A seasonal 

change between summer net N immobilization and winter net N mineralization is typically 

recorded in tundra soils (Grogan and Jonasson 2003, Schimel et al. 2004). Recent evidence 

suggests winter substrate use may be largely confined to microbial recycling of dead microbial 

cells and hyphae (Schimel and Mikan 2005) or endogenous metabolism (the breakdown of living 

cell constituents/storage compounds for maintenance). If microbial enzymes are primarily 

decomposing microbial products in the cold season, providing inputs of C and N with a relatively 

low C:N to the soil solution, then even though the soluble N pool size does not change, the result 

should be net N mineralization, and a larger inorganic N pool in the soil by late winter (Schimel 

et al. 2004). Alternatively, intra-seasonal variation in labile substrate availability, as root exudates 

and plant litter with low C:N inputs decline over the winter months, may lead to initial high rates 

of net N mineralization in early winter, but net N immobilization by the late winter. Therefore, 

mobilized winter N may be directly available to plants in spring, or dependent upon controls over 

microbial survival at spring thaw. 
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Large increases in snow depth (to 3 m) increased soil temperature minima from -25
o
C to 

-7
o
C, increased respiration (up to 4 x) and elevated late winter soil N pools (~3 x) (Schimel et al. 

2004), suggesting that wintertime microbial decomposition of organic matter and mineralization 

is highly sensitive to soil temperature. However, the potential increases in winter precipitation 

predicted by climate change scenarios (ACIA 2004), or snow build-up as a result of shrub-snow 

feedbacks (Sturm et al. 2005), suggest that relatively moderate increases in snow depth (~1 m) 

are much more likely in many low arctic tundra ecosystems. Moderate increases in snow depth 

may lead to moderate increases in winter soil temperature. However, recent research suggests that 

there may be a snow depth threshold (~1 m) below which there are strong insulating effects of 

snow on soil temperature and above which the effect of additional snow accumulation on soil 

temperature is relatively small (Grogan and Jonasson 2006). Here, we investigate soil and 

microbial C and N pools under ambient and moderately deepened snow to determine if realistic 

snow depth increases for arctic tundra in future winters will stimulate soil microbial activity and 

further increase late winter C limitation. 

Soil microbial community change between summer and winter may be a key control on 

annual patterns of nutrient cycling and plant N uptake in seasonally snow-covered ecosystems 

(Schmidt et al. 2007). A fungal community phylogenetic study of an alpine tundra soil revealed a 

diverse and novel soil fungal community in winter as compared to spring and summer, and a 

larger fungal: bacterial biomass ratio in winter (Schadt et al. 2003). In contrast, an investigation 

of the soil microbial community in arctic tundra found that vegetation type was the main control 

on microbial community structure, with seasonal shifts in species composition only at fine 

taxonomic scales (Wallenstein et al. 2007). Soil bacterial and fungal groups include species that 

are psychrophiles (specialists with optima <10
o
C, active at subzero temperatures and prevalent in 

stable, very cold environments) and psychrotolerants (generalists with optima <20
o
C, active at 

subzero temperatures and prevalent in unstable, very cold environments (Morita 1975)). Little is 
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known about the specific functions of either the specialists or the generalists. In an arctic winter, 

thin films of liquid water within frozen soils allow for microbial activity at subzero temperatures, 

at least until -12
o
C (Rivkina et al. 2000, Robinson 2001). Fungi may be favoured over bacteria in 

the decomposition of organic matter in cold, dry soil, since their mycelial growth habit may allow 

exploitation beyond individual microsites of liquid water, or across thin films of liquid water in 

frozen soils. Such differences may have profound effects on soil biochemical cycling during 

winter and the subsequent growing season, not least because fungi and bacteria often differ 

strongly in N concentrations, and probably in N storage capabilities (Klionsky et al. 1990, 

Pokarzhevskii et al. 2003, Schimel et al. 2007). However, to date we are not aware of any 

substantial studies documenting relative fungal and bacterial abundances in winter soils in the 

Arctic. For instance, if bacterial growth and activity are disproportionately constrained by winter 

conditions in the Arctic, warmer soils as a result of deeper snow may significantly increase the 

bacterial component of the active microbial community. Since cold-adapted bacteria may have 

different nutrient limitations than cold-adapted fungi, they may respond differently to changes in 

nutrient availability in late winter, and may differ in their susceptibility to the mechanisms that 

cause microbial turnover and nutrient release at thaw. Thus, changes in wintertime fungal to 

bacterial ratios could substantially alter annual patterns of tundra ecosystem nitrogen cycling.  

 In this study, we measured in situ late winter soil and microbial nutrient pools, and 

bacterial and fungal mass and abundances, in soils from ambient and experimentally-deepened 

snow plots. Our objective was to investigate if moderate increases in snow depth, which might 

realistically be expected as part of interannual variation or climate change, would increase soil 

biochemical activity over winter, enhancing microbial growth and N accumulation. Secondly, we 

incubated these soils with factorial combinations of C, N and P additions to determine the effect 

of deepened winter snow cover on microbial nutrient limitations to activity and growth (net 

biomass production) during the early spring thaw phase. Finally, we quantified the bacteria and 
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fungi in these soils and investigated the impact of deepened snow on their relative abundances. 

Specifically, we tested the following hypotheses for a birch hummock tundra system in the 

Canadian low Arctic:  

1) Labile C availability limits the growth and activity of soil microorganisms at the end of 

winter, and deeper snow exacerbates this limitation; 

2) Moderate increases in snow depth enhance soil extractable N pools in late winter;  

3) Fungi dominate the soil microbial community mass in late winter; and 

4) Bacterial abundances increase under deeper snow. 

 

2.3 Methods 

2.3.1 Site description  

 This study was conducted in the late winter (mid-May) of 2005 in a mesic birch 

hummock ecosystem at the Tundra Ecological Research Station (TERS) at Daring Lake, 

Northwest Territories, Canada (64
o
 52’N, 111

o
 34’W). Daring Lake is located 300 km northeast 

of Yellowknife, in the Coppermine River watershed.  The area is an important habitat for the 

Bathurst Caribou herd (Rangifer tarandus), which migrates through the local area in large 

numbers (~1000s) in the late winter (May-June) and fall (August-September) of some years, 

including the late winter of 2005.   

 The region is underlain by continuous permafrost and is characterized by frequent eskers, 

boulder fields and Canadian Shield outcrops across the landscape (Rampton 2000), and a mosaic 

of vegetation types, whose distribution are determined primarily by topographic effects on 

hydrology (Walker 2000). This experiment was located within birch hummock tundra vegetation, 

common to circumpolar “Low Arctic” regions (sensu (Bliss and Matveyeva 1992)), where dwarf 

birch (Betula glandulosa (Michx.)) is frequent in both hummocks dominated by Eriophorum 
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vaginatum L. and in hollows alongside Ledum decumbens (Ait.), Vaccinium vitis-idaea L., 

Vaccinium uliginosum L., Andromeda polifolia L., and Carex spp. A well-developed moss 

(largely Sphagnum spp. and Aulacomnium turgidum (Wahlenb.)) and lichen layer occurs in both 

the hummocks and hollows (Nobrega and Grogan 2007). The soils in this ecosystem are 

Histosolic Turbic Cryosols (Soil Classification Working Group 1998), and roots in this ecosystem 

are generally confined to the surface Ah horizon (2-20 cm) but may penetrate the mineral (sandy 

silt) C-horizon. The total carbon, nitrogen and sulfur contents of the organic horizon are 

approximately 40, 1.5 and 0.2% of total soil dry weight, respectively (Nobrega and Grogan 

2007).   

 Climate records from the Daring Lake weather station (1996-2006; Bob Reid, Indian and 

Northern Affairs Canada, unpublished data) indicate mean daily air temperatures as low as -40
o
C 

in winter and up to 22
o
C in summer, with a mean period without snow on the ground of 147 days 

(June to mid-October). The timing of snow accumulation, soil freeze, and thaw varies 

interannually. Snow often does not accumulate above 10 cm until the beginning of November, by 

which time soil temperatures have dropped below 0
o
C. The mean monthly snow depth increases 

from November to April/May, reaching a mean peak of 37 cm, with large intra- and interannual 

variability in snow depth (10 year mean, maximum peak = 59 cm; minimum peak = 20 cm). 

Furthermore, there is large interannual variability in the date of complete snow thaw, ranging 

from early May to early June. Soils undergo freeze-thaw cycles in response to air temperature 

fluctuations during and after the final stages of snow thaw. Soil thaw to the C horizon typically 

follows 1 to 2 weeks after snow thaw.   

2.3.2 Experimental treatment 

 A snow experimental treatment was established in the previous summer to increase the 

depth and duration of snow cover within birch hummock tundra vegetation. The snow fence (1.2 
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m tall and 15 m long) was constructed on a gentle slope perpendicular to the prevailing winter 

wind direction (from the north east) using a double layer of diamond mesh construction barrier 

fence (Quest Plastics DM 1004 X, Mississauga, Ontario) secured by steel T-posts spaced every 3 

m. Fence porosity was approximately 50%. A control site (unfenced, 15 m long) was established 

parallel to the fence in similar vegetation and offset by more than 30 m to ensure clear separation 

from the snow fence drift area.  

 Soil temperature over the winter of 2004-5 was measured every 6 hours in hummocks at 

~2 cm depth (n = 2 each) at an ambient snow depth site using copper-constantan construction 

thermocouples (T type, OMEGA, Stamford, CT ) and CR 10 data loggers (Campbell Scientific, 

Logan, UT). Unfortunately, the data logger failed at the snow fence site over the winter of 2004-

5, but we collected soil temperature data in late winter and early spring 2005 at ~2 cm depth (n = 

1) using a CR10X logger (Campbell Scientific, Logan, UT). In 2005-2006 and 2006-2007 we 

increased the number of thermocouples and data loggers to better record the effects of deepened 

snow on soil temperature across the tundra (Fig. 1).  

2.3.3 Sampling protocol and sample processing 

 Samples were collected in late winter, before snow thaw on the birch hummock tundra, 

during the last week of the “late cold” stage of the cold season (sensu Olsson et al. 2003) (Fig 1). 

On May 15
th
 2005, frozen, intact blocks (~450 cm

3
, approximately 8 cm x 8 cm) of organic soil to 

the mineral horizon (5 - 8.5 cm in depth) were randomly sampled with an axe at locations at least 

3 m apart from within snow fence plots (n = 6) and control plots (n = 6). Two separate 

experiments were carried out with these soils. In the first experiment, we investigated immediate 

differences in soil and microbial biochemistry in late winter as a result of the snow fence 

treatment. For this experiment, subsamples of the frozen soil blocks were processed within 48 h 

of sampling. In the second experiment, we investigated the effects of factorial nutrient additions 
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(C, N and P) and snow depth on the physiological responses of the soil microbial community and 

the implications of these microbial responses for soil biochemistry. For this experiment, the 

remainder of the frozen blocks of soil were stored outside (-10 to -15 
o
C), sheltered from wind 

and sun, and processed over a period of 7 days after initial sampling. 

EXPERIMENT 1: EFFECTS OF DEEPENED SNOW ON SOIL BIOCHEMISTRY IN LATE 

WINTER 

Subsamples were removed from the frozen blocks of soil, approximately 4 cm x 4 cm x 

the depth of the sample (5 - 8.5 cm; Table 2.1), and these 6 control and 6 snow fence subsamples 

were thawed overnight in the field lab at ~ 10
o
C (the field lab temperature was difficult to control 

and varied between 5 and 15
o
C). Aboveground plant material was removed, and live roots were 

carefully separated from the organic soils into coarse (≥ 2 mm) and fine (< 2 mm) fractions, in 

order to reduce root contribution to microbial biomass estimates, and to quantify root mass and 

volume. Soil microbial biomass C and N contents were determined by the chloroform-fumigation 

direct-extraction (CFE) technique (Brookes et al. 1985) using 10 g fresh mass of soil and 50 ml 

0.5M K2SO4 for each extraction (n = 12 plus blanks). Fumigation lasted 24 h in a darkened 

vacuum desiccator jar at ~10
o
C. Non-fumigated samples (n = 12 plus blanks) were extracted 

immediately after sorting. All extract samples (n = 24 plus blanks) were shaken manually several 

times for a minimum of 1 hour in extractant, left to settle for 30 minutes, then filtered through a 

1.2 µm pore-size glass fiber filter and frozen at -20
o
C until analysis. Samples for bacterial and 

fungal total counts were prepared according to Bloem et al. (1995). Briefly, soil subsamples (n = 

12, 10 g fresh mass, with roots) and blanks were blended with filter-sterile (0.2 µm pore-size) 

water (90 ml), and the soil solution was then fixed with filter-sterile formalin (3.7%). Fixed 

samples were stored at ~4
o
C until slide preparation (within 2 weeks, described below) and 

microscopy.  
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EXPERIMENT 2: PHYSIOLOGICAL RESPONSES OF SOIL MICROORGANISMS FROM 

CONTROL AND DEEP SNOW PLOTS TO C x N x P ADDITIONS 

For logistical reasons we processed the samples in four blocks of three replicates from 

either the ambient or snow fence plots (on May 16
th
, 17

th
, 21

st
 and 22

nd
, respectively). Because 

there may be a confounding effect of storage time on the blocks, we maintained non-incubated 

controls for these soils, to check that response variables did not differ significantly from those in 

experiment 1 soils (the in situ study). For each block, soils were thawed overnight at ~10
o
C and 

live roots were removed as above. Each replicate was separated into 2 subgroups (destined for 

fumigation or not), containing 8 sub-samples (each 10 g fresh mass). We added 2 ml of solution 

to each subsample, containing either water or factorial combinations of C (0.25 mM C as 

glucose), N (0.07 mM N as NH4NO3) or P (0.03 mM P as P2O5) (as C, N, P, CN, CP, NP, or 

CNP). These additions were approximately equal to 100 g C, 10 g N and 5 g P m
-2

, or 7.1 mg C, 

0.71 mg N and 0.36 mg P g
-1

 dry mass of soil (mean soil dry mass: fresh mass ratio = 0.23); they 

were intended to remove short-term microbial limitations to growth or activity, and were in 

proportion to the typical microbial C:N:P ratios. All sub-samples (12 soil samples x 8 factorial 

combinations x 2 subgroups = 192) were then incubated in sample cups covered with 

polyethylene film for a total of 45 hours: 9 hours at ~1
o
C (-1 to +2 

o
C) (initial overnight storage 

temperature) then 36 hours at ~ 10
o
C (5 to 15

o
C). We intended to keep incubation temperatures 

low enough that psychrophilic microbes would be active, but not so low that temperature would 

constrain microbial activity in this short incubation period. Although incubation temperature was 

not easy to control in the field lab cooler and tent, it followed the same temperature pattern for 

each incubation block (warmer in the day and cooler at night) ranging from 5 to 15
o
C. Soil CO2 

production was measured at the end of the incubation by attaching each sample cup to an infrared 

gas analyser system (Licor 6400, Lincoln, Nebraska, USA) within a modified chamber in a closed 

circulation loop. After respiration measurements, half of the incubated soils were extracted 
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immediately, and half were fumigated, as with the samples from experiment 1, to measure 

microbial accumulation of nutrients. In addition, an equal mass (fresh weight) from each of the 6 

soil replicates was pooled to create a composite snow fence soil sample and similarly to create a 

composite control plot soil sample. Sub-samples from these two composited samples were 

fertilized (C x N x P) and incubated as above, then fixed and stored for microscopy analysis as 

with the samples from experiment 1. By removing soil heterogeneity between plots, these 

composites allowed us to focus more directly on the different responses of fungi and bacteria 

within the snow depth treatment to factorial C, N and P additions.  

2.3.4 Biological and chemical analyses 

 NH4
+
-N and NO3

-
-N in the non-fumigated samples and PO4

3-
-P in both fumigated and 

non-fumigated samples, were determined colourimetrically, using automated flow analysis (Bran-

Leubbe Autoanalyzer III, Norderstadt, Germany). NH4
+
-N, NO3

-
-N and PO4

3-
-P were analyzed 

with the indophenol (Mulvaney 1996), sulphanilamide (Mulvaney 1996) and molybdate – 

ascorbic acid (Kuo 1996) methods, respectively. C and N contents in the fumigated and non-

fumigated samples were determined by oxidative combustion and infrared (TOC)  (Nelson and 

Sommers 1996) or chemiluminesence (TN) analysis (TOC-TN autoanalyzer, Shimadzu, Kyoto, 

Japan). Microbial biomass C and N contents (MBC and MBN) were calculated as the difference 

between fumigated and non-fumigated extractable C and N samples. Differences were divided by 

a correction factor to account for microbial C or N that is not susceptible to chloroform 

fumigation (kC = 0.35; kN = 0.4) (Jonasson et al. 1996). All C, N and P concentrations in the 

extracts were corrected for the dilution associated with the moisture content of each soil sample. 

2.3.5 Total bacterial and fungal counts 

 Slide preparation was according to Bloem et al. (1995) with some modifications. Fixed 

soil solutions were diluted 10x with filter-sterile water (final concentration approximately 0.2 g 



 29 

soil l
-1

), then 20 µl was pipetted into duplicate 6 mm wells cut into double-sided tape on a 

microscope slide, with a slide each for fungi and bacteria, and dried overnight in the dark. The 

polysaccharide stain fluorescent brightener 28 (FB 28) (C40H44N12O10S2; 2.18 mM with 2 drops 1 

M NaOH in water), was used to stain total fungi (i.e. live plus dead fungal mass), and the nucleic 

acid stain DTAF (5-([4,6-Dichlorotriazin-2-yl] amino) fluorescein hydro-chloride, 0.038 M in a 

phosphate buffer solution (PBS; 0.05 M Na2HPO4 and 0.15 M NaCl, pH 9)), was used to stain 

total bacteria (i.e. live plus dead bacterial mass). The dried soil in the wells was flooded with 20 

µl of stain for 30 min (DTAF) or 2 hours (FB 28), rinsed in PBS then water (for DTAF) or water 

alone (for FB 28), then dried overnight in the dark. The double-sided tape was then removed and 

the dried soil covered with a drop of immersion oil (Type B, Cargill) and a cover slip. All 

samples were viewed with an epifluorescent microscope (Nikon E600W), and photographed with 

a cooled 16-bit digital colour camera (QICAM 1394, QImaging, Burnaby, B.C.). Fungal slides 

were viewed at 400x magnification with a UV filter set (360 nm peak /40 nm wide excitation 

filter, 400 nm dichroic filter, 460 nm peak /50 nm wide emission filter) and bacterial slides were 

viewed at 1000x magnification with a blue-light filter set (480 nm peak/40 nm wide excitation 

filter, 505 nm dichroic filter, 535 nm peak/50 nm wide emission filter). Bacterial cell counts and 

volume were based upon the average of 10 fields-of-view per slide and fungal hyphal analyses 

were the average of 30 fields-of-view per slide. Fungal spores or fungi in yeast form were not 

counted. Enumeration of bacteria and fungi was done semi-automatically using the software 

program SimplePCI (version 5.3.1, Compix, Cranberry Township, PA), which quantifies the 

length (L) and breadth (B) of each user-selected organism in a field-of-view, calculated from the 

object perimeter and pixel area. Length collected in this manner was used to calculate fungal 

hyphal length. Bacterial and fungal volume per cell (V) were calculated as V = π/4 x B
2
 x (L – 

B/3) (Bloem et al. 1995). Volumes were converted to mass of C assuming a mean fungal C 
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content of 3.1 x 10
-13

 g C µm
-3

 and a mean bacterial C content of 1.3 x 10
-13

 g C µm
-3

 (Bloem et 

al. 1995). 

2.3.6 Statistical analyses 

 We tested for significant effects of the snow fence treatment on explanatory variables 

(Experiment 1 – the in situ study) using one-way ANOVAs. We used split-plot factorial 

ANOVAs to investigate the effect of snow fence treatment on incubated responses to C, N and P 

additions (Experiment 2 – the incubation study with C x N x P addition). Snow depth was the 

fixed between-treatment factor, with two levels, sample number (6) was the random effect nested 

within this, and C, N and P additions were the three fixed within-treatment factors, with two 

levels each (Winer et al. 1991). Samples were collected in such a way that within-treatment 

replicates were closer (~3 m) than between-treatment replicates (~30 m), which increases the 

chances of spatial autocorrelation. Thus, our approach to the statistical analyses of this 

experiment (Experiment 2) assumes that the responses of each soil sample within either the snow 

fence or the control plot was independent of adjacent samples (each of which was ~3 m away). 

Spatial heterogeneity in major soil characteristics (bulk density, water content and root volume) 

was just as large within the ambient and snow fence plot as between those plots (Table 2.1), 

suggesting that spatial autocorrelation is unlikely to have substantially influenced our results. 

Data were tested for normality (Shapiro-Wilks), and log transformed when necessary before 

running the ANOVAs. Traditional (EMS) mixed model ANOVAs were used (Experiment 2) 

whereby the main effects of between-treatment random factors are tested with mean squares (MS) 

of the model error but the main effects of between-treatment fixed factors are tested with a MS 

that involves interaction with a random variable (JMP 7.0, 2007, SAS). In Experiment 2, paired t-

tests between the deepened snow soils and ambient snow soils were performed on bacterial and 

fungal mass, since these treatment data were based upon composited samples (no replication). 



 31 

This allowed us to examine if the microbial communities at the snow fence and control plots 

responded differently to nutrient additions but did not allow us to investigate the factorial 

response to C, N and P. To provide an indicator of the inherent variability, standard errors 

expected in these data were derived for the control samples of the second experiment, based upon 

the variability per unit C mass in the Experiment 1 fungal:bacterial mass. In all data analyses, all 

significant interactions (α = 0.05) are reported. 

 

2.4 Results 

2.4.1 Environmental conditions 

 The snow fence successfully deepened snow, promoting snowdrifts of 8 and 15 m on 

either side (south- and north-facing, respectively), with a consistent maximum snow depth of 1 m 

along the peak of the drift by late winter (Nobrega and Grogan 2007). Ambient snow depth in the 

control site was 30 cm on May 15
th
 2005. Although our soil temperature data for the winter of 

2004-2005 is for an ambient snow site only, complete snow fence and control site temperature 

data for the following two winters (i.e. 2005-2006 and 2006-2007) indicated consistent strong 

ameliorating effects of the deepened snow at several phases of winter (Fig. 2.1). In particular, 

there was a slower rate of cooling in the snow fence soil after mid-November, a mean 

temperature up to 7
o
C warmer in the snow fence soil during the “deep cold” part of winter (sensu 

(Olsson et al. 2003)), more stable soil temperatures throughout this “deep cold” period, and 

cooler soils in the spring (Fig 2.1). Other studies have consistently shown that deepened snow 

increases soil temperature (Brooks and Williams 1999, Walker et al. 1999, Schimel et al. 2004). 

Furthermore, soil temperature dynamics in the ambient and snow fence sites during the late 

winter period of this study were similar to other years. Therefore, we assume that the deepened 

snow resulted in warmer and more stable soil temperatures over the winter of 2004-2005 and thus 
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that any biochemical or microbial differences between the snow depth treatments reflect winter 

temperature effects on these soils.  

 The high spatial heterogeneity of these tundra soils is reflected in Table 2.1. There was 

no significant difference (P > 0.3) between deepened and ambient snow plots for bulk density, 

volumetric soil water, rooting volume, or sample depth to the mineral layer. 

2.4.2 Experiment 1: Effects of deepened snow on soil biochemistry in late winter 

 Contrary to our expectations of increases in nutrient concentrations in the soil solution 

under deepened snow, extractable inorganic nutrients were not significantly different and 

extractable organic nutrients were significantly reduced in the snow fence soils (Table 2.2). In 

contrast, deeper snow enhanced microbial nitrogen accumulation, without affecting MBC, 

leading to a significant decrease in MBC:MBN (Table 2).  

Deepened snow did not significantly alter fungal mass, fungal hyphal lengths, or 

fungal:bacterial mass ratios (Table 2.3 – Experiment 1). Deepened snow significantly lowered 

bacterial counts, but did not alter bacterial mass (Table 2.3 – Experiment 1). Bacterial mass was 

calculated as cell counts (abundances) multiplied by mean cell volume per field-of-view. 

Although bacterial cell counts were significantly smaller under deepened snow (Table 2.3 – 

Experiment 1), bacterial cell volume was larger under deepened snow (t1,6 = 2.8, P = 0.03) 

resulting in no significant change in bacterial mass. Despite the large proportion of the microbial 

mass represented by fungi, fungal mass was not correlated with chloroform fumigated MBC or 

MBN, and fungal hyphal length was negatively correlated with chloroform-fumigated MBC (r
2
 = 

-0.64, P = 0.03). Similarly, bacterial mass was not correlated with MBC or MBN, and bacterial 

counts were negatively correlated with MBN (r
2
 = -0.80, P = 0.002). MBC:MBN is often used as 

an indicator for the soil fungal to bacterial ratio. In these tundra soils however, the decrease in 
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MBC:MBN under deeper snow was not reflected by changes in fungal and bacterial mass as 

measured by epifluorescent microscopy.  

2.4.3 Experiment 2: Physiological responses of soil microorganisms from control and deep 

snow plots to C x N x P additions 

Our large additions of C, N & P raised the soluble pools of all of these nutrients above 

ambient conditions by a factor of 3 (dissolved organic carbon, DOC), 170 (NH4-N + NO3-N), and 

9 (PO4
3-

-P) indicating that several potential limitations to microbial growth or activity had been 

removed. Soil DOC increased when C was added, and when N was added, and more so when 

both C and N were added in combination (Table 2.4). The significant interaction between the C 

addition and deepened snow treatments indicates that soils from deepened snow plots had higher 

DOC concentrations except where C was added. Thus the large carbon addition suppressed 

inherent differences in DOC between ambient and snow fence soils (Table 2.4). The large N 

addition increased dissolved total nitrogen (DTN) (data not shown) but significantly reduced 

dissolved organic N (DON = DTN - (NH4
+
-N + NO3

-
-N)) (Table 2.4) except when C was added. 

Furthermore, C additions interacted with N additions to lessen the negative effect of inorganic N 

on DON concentrations in the soil solution (Table 2.4). 

 Of the ~0.7 mg N added as equal proportions of NH4-N and NO3-N in each N-addition 

treatment, ~28% of the ammonium remained in the soil solution at the end of the incubation, 

while ~80% of the nitrate remained (Fig 2.2a, b). Thus, our results indicate that under these non-

N-limiting conditions, late winter tundra soil microorganisms preferentially accumulated NH4-N 

over NO3-N. Both NH4-N and NO3-N concentrations in the soil solution were altered by the 

addition of C. Carbon interacted with N additions to reduce NH4-N concentrations in the soil 

solution (Fig 2.2a, Table 2.4), and whenever C was added, NO3-N concentrations were lower 

relative to when C was not added (Fig 2.2b, Table 2.4).  Soil dissolved inorganic phosphorus 
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(PO4
3-

-P) was also affected by the interaction between P and C, with a reduced increase in PO4
3-

-P 

when both were added as opposed to when P was added alone (Table 2.4). 

 Respiration from late winter soils responded positively to increased C availability (Table 

2.4) and tended to be higher from the snow fence soils (F25,67 = 3.0, P = 0.11), consistent with our 

hypothesis that deepened snow exacerbates C limitation of microbial activity in late winter. The 

addition of P significantly interacted with snow depth effects on respiration (Table 2.4), such that 

CO2 emissions from snow fence soils were generally higher than from ambient soils except when 

P was added. As P additions also increased PO4
3-

-P more in the snow fence soils (Table 2.4), soil 

microbial activity in the deepened snow plots may have been less limited by P availability, 

resulting in less depletion of the added P.  

 Although the microbial biomass was not larger in soils from deepened snow plots in late 

winter (Experiment 1; Table 2.2, 2.3), the incubation experiment revealed strong physiological 

differences in the soil microbial community as a result of the snow fence treatment (Experiment 

2; Table 2.4). Deepened snow and C addition resulted in significant increases in MBC that were 

associated with interactions with each other and with nitrogen (Table 2.4). MBC was stimulated 

by C addition more in the deepened snow plots than under the ambient snow, MBC in both soils 

was slightly reduced by N and P additions, and when C and N were added together, the positive 

affect of C on MBC was partially suppressed by the negative effect of N (Table 2.4). As might be 

expected, MBN was significantly increased by N addition (Fig 2.3; Table 2.4). In addition, we 

observed larger MBN under the deepened snow treatment in both the in situ field measures 

(Experiment 1) and in the incubation study (Experiment 2 – control soils; Fig 2.3). Conversely, 

our MBC:MBN results (Table 2.4), which probably closely approximate the inverse of the 

microbial tissue N concentration, demonstrate that microbial N concentrations were particularly 

and consistently low in soils from beneath ambient snow to which N had not been added. 
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Our analysis of all of the samples in the C x N x P data set indicates that fungi dominated 

MBC in the incubated soils, just as in the in situ soils (Table 2.3).  The incubation process and 

water addition alone (Experiment 2, control) resulted in strong overall increases in fungal mass (x 

3), fungal hyphal lengths (x 3), bacterial mass (x 2) and bacterial counts (x 1.5), with no overall 

change in F:B mass of these soils (control bars, Fig. 2.4). Fungi in the ambient and snow fence 

soils responded differently to the factorial nutrient additions. Soil fungal hyphal length and mass 

were both significantly lower (by 31 and 38 %, respectively) in soil from under deepened snow, 

resulting in a marked decline in the overall F:B biomass ratio (Table 2.3: paired t-test across all 

nutrient addition treatments). The effect of individual nutrient additions on fungi and bacteria 

cannot be determined as only one composite sample was measured for each nutrient addition. 

However, assuming that the levels of variability are similar to, or less than, those in experiment 1 

(see derived standard error bars for controls, Fig. 2.4), we conclude that the F:B mass ratios 

indicate consistently and substantially smaller responses to almost all combinations of nutrient 

additions in the snowfence soils as compared to the ambient soils. 

  

2.5 Discussion 

2.5.1 Microbial nutrient limitation to growth and activity in late winter 

Our study demonstrates that both the activity and growth of arctic tundra soil 

microorganisms in late winter is limited by the availability of labile C. Previous studies in an 

alpine tundra ecosystem concluded that microbial biomass is C-limited because C substrate 

additions in late winter lead to an increase in respiration (Brooks et al. 2004). The logic behind 

this conclusion is based upon the historical assumption that soil food webs and microbial activity 

are energy limited (Richards 1987) and that macro- and micronutrient fluxes in soil are tied to the 

availability of C. However, nested food web structures that separate microbial feeding groups to 
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better illustrate nutrient and energy flow (Pokarzhevskii et al. 2003) suggest that proteins and 

scarce minerals are more likely to limit microbial and macrofaunal growth. Furthermore, 

theoretical models have suggested that microbial decomposition of organic matter can be limited 

by exoenzyme production and that although respiration may be C-limited, microbial growth may 

actually be N-limited (Schimel and Weintraub 2003). When C is added and N is limiting growth, 

microorganisms can continue to respire C (“overflow metabolism”); in this case C is not 

incorporated into biomass (Bloem et al. 1994, Schimel and Weintraub 2003). Therefore, soil 

microorganisms may appear C-limited for activity (∆ CO2), but may not be C-limited for growth 

(∆ MBC).  In our study we saw an increase in both respired C and MBC with labile C addition 

(Table 4), indicating that both microbial activity and growth were restricted by available labile C 

in this arctic tundra soil. Since these responses were larger in soils from beneath the snow fence, 

our first hypothesis that inherent late winter C-limitation of both activity and growth is 

exacerbated under deeper snow is supported.   

Late winter C-limitation of the microbial biomass is consistent with alpine tundra 

research (Lipson et al. 2000, Brooks et al. 2004) and has lead to the hypothesis that depleted 

available organic pools in late winter cause mortality and lysis of soil microbes (Lipson et al. 

2000), resulting in a release of cytoplasmic soluble nutrients into the soil solution at spring thaw. 

Our data indicating strong C limitation of activity and growth in arctic tundra support the 

fundamental basis of this idea. Furthermore, our results suggest that in years of deep snow 

(natural interannual variation), or in areas where snow depth is predicted to increase with climate 

change, C limitation will be even more severe, thereby potentially altering the timing or 

magnitude of associated spring thaw flushes.  

 N accumulation in the microbial biomass was more strongly limited by N availability in 

ambient soils than in snow fence soils in late winter. This was evident in the lower MBN and 

higher MBC:MBN in  soils under ambient snow in experiment 1 (Table 2.2), as well as the larger 
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relative increase in MBN in those soils when N was added in experiment 2 (Fig 2.3). Colder, less 

stable soil temperatures throughout the fall and winter may have reduced either or both early 

winter N mineralization or late winter N immobilization, resulting in a stronger N limitation for 

soil microorganisms by late winter under ambient snow. In addition, the activity of the soil 

microorganisms under ambient snow was more limited by P (Table 2.4). Increased microbial N 

immobilization and decreased P limitation to activity under deeper snow, combined with 

increased C limitation by late winter, may imply that this microbial biomass had access to greater 

pools of high C:N substrate earlier in the winter, which then steadily declined as organic matter 

decomposition was less restricted by cold soil temperatures over winter. This increased transfer of 

N to the microbial pool may in turn increase the spring release of N into the soil solution and may 

alter spring N availability to plants (Grogan and Jonasson 2003).  

 In both ambient and deepened snow soils we found that the availability of DOC and 

DON in the extractable soil solution depended upon the positive interaction between C and N 

additions. The addition of both C and N increased DOC or DON in the soil more than when C or 

N were added alone (Table 2.4), suggesting that despite the relatively greater importance of C to 

microbes under deepened snow, C and N co-limit organic matter decomposition in these tundra 

soils. 

2.5.2 The effect of deepened snow on late winter soil nutrient pools 

Dissolved inorganic N concentrations in the soil did not change with deeper snow (Table 

2.2). Previous results in arctic soils have found increased N mineralization in winter under much 

deeper snow (Schimel et al. 2004), and soil solution N pools were high when soil microorganisms 

were C-limited under very deep snow in an alpine system (Brooks and Williams 1999). Instead, 

we saw a strong trend towards decreased dissolved organic C and N in snow fence soils, and a 

significant increase in the microbial storage of N. The decrease in total N pools in the soil 
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solution of the snow fence was tenfold lower than the increase in microbial net N immobilization 

(increase in MBN) for in situ soils (Experiment 1; Table 2.2), again indicating that deeper snow 

enhanced the release of nutrients as a result of soil organic matter decomposition and promoted 

strong microbial immobilization prior to late winter. Although our data demonstrated that 

microbial growth was limited by shortages in labile C over winter, especially under deeper snow, 

this limitation was not strong enough to stimulate net N mineralization in either snow treatment at 

that time. Unlike subarctic and other arctic systems (Grogan and Jonasson 2003, Schimel et al. 

2004), net N immobilization is occurring in late winter in these tundra soils. 

 Inherent soil biochemical differences due to the deepened snow treatment influenced the 

expected increases in soluble nutrients with corresponding nutrient additions. For example, snow 

fence soils had higher inherent DOC levels (i.e. where C was not added). Snow fence soils also 

had higher NH4-N and NO3-N levels, and a greater concentration of PO4
3-

-P in the P addition 

treatment (Table 2.4), suggesting that microbial PO4
3-

-P, NH4-N and NO3-N uptake was not as P- 

or N-limited in these soils relative to the ambient soils. 

2.5.3 The effect of deepened snow on the late winter microbial community 

Deepened snow over winter resulted in a change to the soil microbial community, by 

increasing the overall concentration of N in the microbial biomass, by reducing the number of 

bacteria, and by altering the physiological response of fungi to available nutrients. Supporting our 

third hypothesis, the microbial biomass under both snow depths and in both experiments was 

consistently dominated by fungi. Fungal rather than bacterial metabolism may be more likely to 

become C-limited in late winter, as a result of the threefold larger C investment per unit volume 

in fungal cell structure (see Methods). However, this is assuming equal C-use efficiencies and 

constant growth, both of which are unlikely, especially in winter. Although bacterial lysis from 

freeze-thaw events has been recorded (Skogland et al. 1988) and it has been suggested that fungi 
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may be more stable under temperature fluctuations (Sharma et al. 2006), it is unclear to what 

degree cold-tolerant bacteria and fungi are susceptible to freeze-thaw cycles, or if fungi or 

bacteria are preferentially selected during macrofaunal feeding in spring. Both bacterial and 

fungal-feeding macrofaunal species appear to respond positively to spring freeze-thaw cycles 

(Sulkava and Huhta 2003, Sjursen et al. 2005). There is a growing amount of information on the 

physiological adaptations of pyschrophilic microorganisms that enable them to be active and 

proliferate in cold conditions (Robinson 2001, D'Amico et al. 2006, Walker et al. 2006). 

However, there is still little information on the ecological implications of these adaptations, their 

relative distributions amongst fungi and bacteria, and therefore the biological significance of 

changes in F:B mass ratios. 

We expected warmer soils under deeper snow to result in an increase in bacterial 

abundance, assuming higher relative susceptibility to a dry, frozen environment by bacteria than 

fungi. Instead, our microscopy results indicate that deeper snow reduced bacterial abundance in 

situ, but had no significant effect on our estimates of bacterial mass (Experiment 1; Table 2.3). 

Insignificant differences in bacterial mass were a result of the contrasting effects of reduced cell 

counts and increased cell volume under deepened snow, suggesting that the dominant bacterial 

populations differed between soils from beneath ambient and deepened snow.  Changes in 

bacterial abundances and potentially in bacterial physiologies may alter spring biochemical 

cycling if release from the bacterial cytoplasm is an important component of the spring nutrient 

pulse (Schimel et al. 2007, Schmidt et al. 2007). 

In our second experiment we incubated soils from the two snow treatments at 0 – 15 
o
C 

to investigate the potential physiological differences between the microbial communities during 

the early stages of spring thaw. In comparison to the in situ measurements of ambient and snow 

fence soils (Experiment 1, Table 2.3) the incubation process and water addition alone 

(Experiment 2, control) resulted in strong overall increases in fungal mass, fungal hyphal lengths, 
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bacterial mass and bacterial counts, with no overall change in F:B mass of these soils (control 

bars, Fig. 2.4). These results indicate that both bacterial and fungal components of the microbial 

mass responded in similar positive ways to the incubation conditions. Furthermore, they suggest 

that if any thaw-related mortality occurred during the establishment of the incubations, this was 

more than compensated for by the enhanced growth over the 45h incubation period. Both fungal 

and bacterial mass responded to the C, N and P additions, but in general a greater response was 

displayed by fungi from the ambient soils (Table 2.3), leading to consistently larger 

fungal:bacterial mass ratios in these soils (Fig 2.4, Table 2.3). This dataset therefore suggests that 

fungal nutrient limitations to growth were largest in soils that were colder over the winter. In 

addition, the fungi and bacteria in these two soils responded differently to the C, N and P 

additions, strongly suggesting that deepened snow altered the soil microbial community in ways 

that affected its physiological functioning. 

Despite increases in bacterial and fungal mass with incubation, we saw a decrease in the 

MBC with incubation and water addition, and a small decrease or no change in MBN. There was 

no correlation between MBC and bacterial or fungal mass in our data, and although the microbial 

mass was primarily fungal, there was a negative correlation between MBC and fungal hyphal 

lengths. In general, the MBC as estimated with chloroform-fumigation was greater than the 

microbial C mass estimated with epifluoresence (Experiment 1 – 9x; Experiment 2 – 2x). Similar 

or greater mismatches between epifluoresence and chloroform-fumigation methods have been 

recorded (Bloem et al. 1994, Frey et al. 1999), and may be in part due to problems with masking 

while performing microscopic counts, organic matter susceptibility to chloroform during 

fumigation, preferential susceptibility by some microbial groups to chloroform-fumigation or 

overestimation in kN and kC factors. Both methods are probably including dead cells with intact 

membranes and therefore will differ from methods that target active or live organisms only. 



 41 

Although these dead cells are not contributing directly to soil activity, they are an important 

reservoir of plant-available nutrients. 

Our results suggest that arctic tundra soils have a different microbial community structure 

than alpine tundra soils. The mean total fungal hyphal length in the in situ measures (Experiment 

1) of our study were approximately five times longer (~1 km g
-1

 soil; Table 2.3) than total hyphal 

lengths recorded in alpine winter soils (192.8 m g
-1

 soil; (Lipson et al. 2002)), and much longer 

than average summer total hyphal lengths in central Siberian tundra (21 m g
-1

 soil; (Schmidt and 

Bolter 2002)). Bacterial counts were similar although slightly less than found in winter alpine 

tundra soils (Lipson et al. 2002). Winter total fungal to bacterial C mass ratios in alpine soils 

under snow were 1.6 (Lipson et al. 2002) as compared to 4.3 in our study (Experiment 1; Table 

2.3). In comparative terms, our study clearly demonstrates the larger wintertime dominance of 

fungi over bacteria in this common Canadian arctic ecosystem compared to the alpine tundra in 

Colorado, despite the shared limitation by available C.  

This study illustrates the potential for arctic tundra soil microbial communities to 

succumb to low levels of labile C in late winter. This is important if microbial C-limitation is a 

mechanism for microbial death and nutrient release in spring (Schmidt and Lipson 2004, Schmidt 

et al. 2007). Furthermore, this limitation increased in soil from under deepened snow. In addition 

to this different microbial response to C addition, we found in situ higher amounts of N stored in 

the microbial biomass under deepened snow. Regardless of mechanisms controlling microbial 

cytoplasmic release at thaw, this increased pool may represent a larger potential pulse of N for 

tundra plants at spring, and may therefore be instrumental for plant community shifts under future 

climate change predictions. 
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Table 2.1 Summary of soil characteristics by individual replicate to illustrate plot heterogeneity in birch-hummock tundra soils from under 

ambient (~30 cm snow depth) and deepened snow plots (~1 m snow depth) in late winter at Daring Lake, NWT, 15 May 2005.  

Treatment
1
 Replicate Bulk Density 

Volumetric 

Soil Water 

Rooting 

Volume 

Sample depth 

within organic 

layer 

    g dw soil cm
-3

 

cm
3
 water cm

-3
 

soil 

mg dw fine and 

coarse roots cm
-3

 cm 

      

1 0.15 0.62 5.40 8.0 

2 0.14 0.68 14.26 6.0 

3 0.24 0.76 5.55 6.5 

4 0.20 0.80 10.89 6.5 

5 0.11 0.32 4.42 8.4 

6 0.14 0.69 11.50 5.5 

Ambient 

snow 

mean (se) 0.16 (0.02) 0.65 (0.07) 8.67 (1.66) 6.8 (0.5) 

      

1 0.19 0.67 27.11 7.4 

2 0.13 0.46 5.27 6.7 

3 0.24 0.81 2.63 6.5 

4 0.17 0.61 13.40 5.0 

5 0.15 0.61 8.28 8.5 

6 0.14 0.69 22.10 5.7 

Deepened 

snow  

mean (se) 0.17 (0.02) 0.64 (0.05) 13.13 (3.97) 6.6 (0.5) 

1. There were no significant differences between treatments for any of these variables (P > 0.3) 



 48 

 

Table 2.2 Summary of effects of deepened snow on in situ soil biochemical properties in late winter (Experiment 1).  

Category
1
 

Variable 
Ambient 

mean 

Snow 

fence 

mean 

d.f.
6
 

F 

ratio 

P 

value 
  Response to deepened 

snow 

         

NH4
+
-N 3.2 (1.6) 1.3 (0.2) 1,10 2.6 0.14  ns

7
 

        

PO4
3+
-P 2.1 (0.5) 1.7 (0.4) 1,10 0.5 0.48  ns 

        

DON
2
 55.8 (8.2) 36.4 (2.7) 1,10 5.0 0.05  decreased by 35% 

        

Soil 

solution 

DOC
3
 682 (60) 520 (59) 1,10 3.8 0.08  decreased by 25% 

         

MBC
4
 13.4 (0.7) 15.3 (1.3) 1,10 1.6 0.24  ns 

        

MBN
5
 0.8 (0.05) 1.1 (0.17) 1,10 7.9 0.02  increased by 53% 

        

Microbial 

pool 

MBC:MBN 18.3 (1.1) 14.0 (0.9) 1,10 9.4 0.01  decreased by 24% 
                  

1. Soil solution mean values (and standard error) are in µg g
-1

 dw soil and MBC and MBN are in mg g
-1

 dw soil. 2. DON = dissolved 

organic nitrogen (Total dissolved organic N – NH4
+
-N; NO3

-
-N was below our detection limit)). 3. DOC = dissolved organic carbon. 

4. MBC = microbial biomass carbon. 5. MBN = microbial biomass nitrogen. 6. d.f. = degrees of freedom. 7. ns: not significant. 
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Table 2.3 Effects of deepened snow on soil fungal and bacterial quantities (g
-1

 dw soil) immediately upon thawing (Experiment 1, n = 6), and after 

incubation with water and factorial combinations of C, N & P (Experiment 2, n = 8).  

    Fungi Bacteria 

  Hyphal length Biomass C Counts Biomass C 

    x10
3 

m mg C x10 
9
 mg C 

Fungal: 

bacterial 

biomass C 

ratio 

       

ambient 1.4 (0.3) 1.4 (0.4) 4.43 (0.21) 0.32 (0.02) 4.3 (1.0) 

snow fence 0.9 (0.2) 1.0 (0.2) 3.30 (0.33) 0.40 (0.08) 3.3 (1.1) 

t-Ratio 1.4 1.2 2.9 1.1 0.7 

df
2
 1,10 1,10 1,10 1,10 1,10 

EXP 1 

P 0.2 0.3 0.02 0.3 0.5 
       

ambient 5.5 (1.1) 5.8 (0.7) 5.83 (0.32) 0.73 (0.08) 8.8 (1.4) 

snow fence 3.8 (0.6) 3.6 (0.4) 5.26 (0.27) 0.91 (0.14) 4.4 (0.6) 

t-Ratio 14.7 8.9 1.9 1.2 9.9 

df 1,14 1,14 1,14 1,14 1,14 

EXP 2
1
 

P 0.002 0.01 0.2 0.3 0.007 

1. Experiment 2 results are the mean responses (and s.e.) across all control and nutrient-added soils. 2. d.f. = degrees of freedom. 
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Table 2.4 Summary of statistically significant effects of factorial combinations of C, N and P 

additions and snow depth treatment on soil biochemical properties (Experiment 2).  

Category Variable Factor d.f.
1
 F ratio P value Response 

       

DOC C 25,67 1807.2 <0.0001 increase 

 N 25,67 18.3 <0.0001 increase 

 C x N 25,67 16.6 0.0001 increase with C increased with N 

 

C x 

snow 25,67 12.7 0.0007 increase with C suppressed with snow 

      

DON C 25,67 4.8 0.03 increase 

 N 25,67 184.7 <0.0001 decrease 

 C x N 25,67 4.1 0.05 decrease with N supressed with C 

 

N x 

snow 25,67 6.2 0.02 decrease with N increased with snow 

      

NH4
+
-N N 25,67 605.8 <0.0001 increase 

 P 25,67 4.2 0.04 decrease 

 snow 25,67 6.4 0.03 increase 

 C x N 25,67 8.7 0.004 increase with N suppressed with C 

      

NO3
-
-N C 25,67 4.9 0.03 decrease 

 N 25,67 4228.1 <0.0001 increase 

 snow 25,67 5.8 0.04 increase 

      

PO4
3+
-P P 25,66 181.9 <0.0001 increase 

 C x P 25,66 4.6 0.04 increase with P supressed with C 

Soil solution 

 

P x 

snow 25,66 11.7 0.001 increase with P increased with snow 

       

CO2 C 25,67 134.4 <0.0001 increase Microbial 

activity 

 

P x 

snow 25,67 8.5 0.005 increase with snow suppressed with P 

       

MBC C 25,67 138.6 <0.0001 increase 

 N 25,67 6.6 0.01 decrease 

 P 25,67 6.8 0.01 decrease 

 snow 25,67 4.7 0.05 increase 

 C x N 25,67 4.5 0.04 increase with C suppressed with N 

 

C x 

snow 25,67 17.7 <0.0001 increase with C increased with snow 

      

MBN N 25,67 208.6 <0.0001 increase 

      

MBC:MBN C 25,67 90.3 <0.0001 increase 

 N 25,67 240.5 <0.0001 decrease 

 P 25,67 4.3 0.04 decrease 

Microbial 

pool 

 

N x 

snow 25,67 20.1 <0.0001 decrease with N suppressed with snow 

              

1. d.f. = degrees of freedom 
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Figure 2.1  Daily mean soil temperature under ambient and deepened snow in: 2004-2005 at 2 

cm depth (n = 2 and 1 thermocouples, respectively) (a); 2005-2006 at 5 cm depth (n = 12 and 8, 

respectively) (b); and 2006-2007 at 5 cm depth (n = 4 and 7, respectively) (c). The arrow in 2004-

2005 indicates the sample date (May 15
th
) for this experiment. 
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Figure 2.2  Dissolved NH4
+
-N (a)  and NO3

-
-N (b) contents in birch hummock soils from ambient 

and deepened snow plots in late winter that were incubated with factorial combinations of C, N 

and P additions (n = 6; bars = +/- 1 SE). 
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Figure 2.3. Microbial biomass nitrogen (MBN) contents in birch-hummock soils from ambient 

and deepened snow plots in late winter that were incubated with factorial combinations of C, N 

and P additions (n = 6; bars = +/- 1 SE)
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Figure 2.4. Fungal to bacterial mass ratios in composited late winter birch hummock soils from 

ambient and deepened snow plots that were incubated with factorial combinations of C, N and P 

additions. Standard error bars derived from the replicate plot data in experiment 1 have been 

added to the control columns to indicate probable levels of variability. 



 55 

Chapter 3 

Deepened snow increases late thaw soil biogeochemical pulses in mesic 

low arctic tundra 

3.1 Abstract 

We studied soil biogeochemistry and microbial biomass C, N and P dynamics during the 

winter-spring transition in low arctic tundra soil. Our aims were to characterize and integrate the 

environmental and biogeochemical dynamics of the period, to increase our understanding of the 

biogeochemical instability during this time, and to improve our knowledge of the decline in 

winter microbial biomass that has been associated with this period. We tested the hypotheses that 

snow depth and not snow nutrient content would be an important control on winter and spring 

biogeochemistry, and that environmental controls such as snow depth, air and soil temperature 

and soil water are associated with soil biogeochemistry, by sampling soil from under ambient and 

deepened snow at a high temporal frequency (every 3 days) from late winter to spring, and by 

sampling the snowpack at the start of thaw. Soil and microbial biogeochemical dynamics were 

divided into 4 distinct phases that correlated with steps in air and soil temperature and moisture. 

All biogeochemical variables fluctuated through the thaw, with strong peaks in inorganic and 

organic nutrients in the soil solution and in the microbial biomass, especially under deepened 

snow during thaw. Snowpack nutrient accumulation was insubstantial and could not explain these 

biogeochemical peaks. Microbial biomass and soil solution nutrient peaks all occurred at subzero 

temperatures, suggesting that microsite variation in soil water film thickness and local soil water 

phase changes were the principal control on spring thaw biogeochemistry. All nutrient and 

microbial peaks declined at the end of snowmelt, regardless of snow depth or soil water status 

and so this decline was delayed by 20 days under the deepened snow. A number of mechanisms 
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may promote this microbial decline, but our results suggest that macrofaunal predation, facilitated 

by soil temperatures above zero, is a strong candidate. These results provide a useful template for 

future biogeochemical process-based studies of thaw, and indicate that spring thaw and possibly 

growing season biogeochemical dynamics are sensitive to present and future variability in winter 

snow depth. 

 

Keywords:  Nitrogen, phosphorus, carbon, low arctic birch hummock tundra, spring thaw, snow 

depth 

 

3.2 Introduction 

Spring is a dynamic period in arctic tundra. The melting snow pack, poor drainage, and 

thawing active layer create a temporary period of water saturation in surface soils. The sudden 

change from cold, dry to warmer, moister conditions in the soil environment may be stressful to 

soil microbial organisms and the physical structure of soil, promoting nutrient release into the 

soil solution (Chapin et al. 1978, Brooks et al. 1998, Schimel et al. 2007). Relatively high rates 

of hydraulic conductivity at this time could promote nutrient transfers to lower elevation 

ecosystems. In addition, this spring nutrient pulse may be an important control on spatial 

patterning of tundra vegetation communities, by favouring those plant species that can 

preferentially acquire nutrients during this period (Chapin and Bloom 1976, Mullen et al. 1998, 

Jaeger et al. 1999, Sturm et al. 2001, Grogan and Jonasson 2003, Forsum et al. 2008). Finally, if 

a spring nutrient flush occurs in arctic tundra soils, a portion or all of it may be lost to the aquatic 

system, maintaining ecosystem-wide nutrient limitations on production in vegetation 

communities (Vitousek et al. 1998). Early spring nitrogen losses in some form have been 
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characterized in several cold-season ecosystems (Zak 1990, Brooks et al. 1998, Teepe et al. 

2001, Groffman et al. 2006), including nutrient export from tundra land surfaces or increases in 

aquatic nutrients during melt in arctic watersheds (Whalen and Cornwell 1985, Everett et al. 

1996, Michaelson et al. 1998). Spring soil biogeochemical studies in arctic wet sedge meadow 

and dry heath tundra ecosystems suggest that soil nutrient pools and soil microbial biomass are 

relatively high during winter, and crash rapidly to lower, growing season levels shortly before 

(Edwards et al. 2006) or after (Larsen et al. 2007) the soil microbial biomass declines at the end 

of snow pack thaw. These findings are also consistent with alpine spring biogeochemical studies 

reporting a flush of plant-available nutrients at thaw that correlates with a decline in microbial 

biomass nitrogen (Brooks et al. 1998). In the Arctic, a substantial time gap between snowmelt 

and aboveground plant production suggests that the potential for net release and export depends 

on internal dynamics of nutrient exchange between microbes and the soil solution. However, the 

very rapid response time inherent in microbial physiology (seconds to days) makes it difficult to 

capture the biogeochemical effects of microbial response to environmental or substrate 

fluctuations (hours to days) with typical temporal investigation sampling intervals (weeks to 

months). As a result, there are very few records of soil processes in the winter-spring period at 

the temporal frequency required to capture microbial-biogeochemical dynamics, and none in 

mesic tundra soil. 

The depth and nutrient content of the winter snow pack is an important driver of spring 

hydrology and biogeochemistry in boreal and alpine soils (Bowman 1992, Brooks et al. 1998, 

Petrone et al. 2007). Winter snowpack depth may also be an important control on heterogeneity 

in soil biogeochemistry across arctic tundra ecosystems, because snow depth is variable spatially 

and temporally (Olsson et al. 2003). In addition, winter precipitation is predicted to change, with 

increases in snowfall of 5 to 35% across the Arctic (ACIA 2005). This snow depth heterogeneity 
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should result in spatial variability in both snow melt water inputs and in snow nutrient inputs. 

For instance, during the wet thaw period when drainage is constrained by patches of snow and a 

shallow active layer, soil saturation may be longer or more intense under deeper snow, which 

may increase opportunities for microbial nutrient immobilization (Brooks and Williams 1999, 

Petrone et al. 2007), or may promote enhanced flushing of soil N (Hobbie and Chapin 1996). In 

addition, the N from the snowpack appears to be retained during spring thaw in arctic tundra 

(Cooper et al. 1991, Tye et al. 2005) and therefore may have a large effect on ecosystem 

biogeochemical dynamics. To the best of our knowledge, the potential influences of the snow 

pack nutrient content or thaw melt-water incubation period as drivers of these spring soil 

microbial and bigeochemical dynamics have not yet been characterised for arctic tundra soils. 

Deeper snow may also change the response of soil organic matter to spring hydrology by 

increasing the winter mobilization of nutrients from litter and organic matter to more labile pools 

in the microbial biomass and soil solution. Snow insulates against air temperature effects, at least 

from a minimum depth of 30-40 cm (Cline 1995) up to 100 cm in depth (Grogan and Jonasson 

2006) stabilizing soil temperatures and increasing winter soil temperature minima (Walker et al. 

1999, Schimel et al. 2004, Nobrega and Grogan 2007, Buckeridge and Grogan 2008). As a 

result, soil temperatures appear to be sufficient to promote slow winter soil microbial activity 

that is cumulatively important due to the length of arctic winters. Experimentally deepened snow 

exacerbates this effect, significantly increasing C loss and N mobilization in arctic tundra soils 

(Schimel et al. 2004, Larsen et al. 2007, Nobrega and Grogan 2007, Buckeridge and Grogan 

2008). In addition, increasing microbial C limitation to growth and activity under deeper snow is 

expected as winter progresses, as available substrate from the growing season litter and root 

exudates are consumed by this enhanced microbial activity (Lipson et al. 2000, Brooks et al. 

2004, Buckeridge and Grogan 2008). This substrate limitation to growth and activity, together 
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with rapid changes in soil temperature and osmotic potential at thaw, are theorized to be 

detrimental to a large proportion of the soil microbial community, leading to death, lyses of the 

microbial cells, and release of the nutrients stored in the microbial cytoplasm (Morley et al. 

1983, Skogland et al. 1988, Schimel et al. 2007). However, although these mechanisms for 

microbial decline have been documented in the laboratory, field investigations of the 

environmental and substrate conditions that trigger this microbial decline and nutrient pulses in 

arctic tundra are necessary to evaluate their overall significance. 

In this study, our aim was to characterize the pattern of spring biogeochemistry in mesic 

arctic tundra and to quantify the impact of deepened snow on soil solution and microbial C, N 

and P dynamics. In particular, our goal was to understand the factors controlling microbial 

turnover and biogeochemical instability at the winter-spring boundary. Specifically, we wanted 

to test the following hypotheses:  

1.  Biogeochemical peaks are elevated and last longer under deeper snow as a result of larger 

winter soil microbial and soluble C, N and P pools and a longer thaw period, and not as a result 

of nutrients that have accumulated in the snow pack. 

2. Discrete biogeochemical phases such as peaks in microbial and soil solution pools can be 

matched to environmental conditions under the thawing control and deepened snowpack.   

 

3.3 Methods 

3.3.1 Site description and experimental design 

This study was conducted in the winter and spring of 2007 in a mesic birch hummock 

ecosystem at the Tundra Ecological Research Station (TERS) at Daring Lake, Northwest 

Territories, Canada (64
o
 50’N, 111

o
 38’W). Daring Lake is located 300 km northeast of 
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Yellowknife, in the Coppermine River watershed. The hummock ecosystem at this site is located 

in a valley, midway along a catena. The soils and vegetation along this moisture gradient have a 

circumpolar distribution and this particular site has been previously described (Nobrega and 

Grogan 2007, Nobrega and Grogan 2008, Buckeridge and Grogan 2008, Lafleur and Humphreys 

2008). Briefly, the soils consist of an organic layer ~3-20 cm deep above a silt-sand mineral 

layer. The ecosystem is characterized by hummocks 10-30 cm high and deciduous dwarf birch 

(Betula glandulosa) shrubs that are 10-40 cm tall and attain ~10-30% of the areal coverage of the 

hummocks, interhummocks (mid-elevation), and hollows.  The remaining cover is a mixture of 

mostly ericaceous shrubs, such as bog rosemary (Andromeda polifolia L.), mountain cranberry 

(Vaccinium vitis-idaea L.), bog blueberry (V. uliginosum L.), and labrador tea (Ledum decumbens 

(Ait.)), in addition to sedges, mosses, lichens, and cloudberry (Rubus chamaemorus L.).   

Climate records from the Daring Lake weather station (1996-2008; Bob Reid, Indian and 

Northern Affairs Canada, unpublished data) indicate a mean minimum diel air temperature of -38 

o
C in winter and a mean maximum diel air temperature of 15 

o
C in summer; a mean minimum 

daily soil temperature at 5 cm depth of -26 
o
C in winter and a mean maximum daily soil 

temperature of 12 
o
C in summer. Maximum snow depth in exposed areas averages 37 cm (range: 

15 to 59 cm) by late winter, followed by a snow melt period averaging 15 days (range: 5 to 28 

days). The snow-free season lasts ~150 days (typically early June to late September) with an 

average summer rainfall of 141 mm. 

 A snow experimental treatment was established in 2004 to increase the depth and 

duration of snow cover within birch hummock tundra vegetation. Snow fences (1.2 m tall and 15 

m long; n = 5) created snowdrifts of at least 11 m on either side of each fence with a mean 

maximum depth of 1.1 m at the peak of the drift by late winter in 2006-7, stabilizing and 

increasing the lowest winter soil diel mean  from -16 
o
C to -8 

o
C at 5 cm depth (Buckeridge and 
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Grogan 2008). In addition, the snow fences extended snow cover in the spring by 1 to 2 weeks. 

Control sites (unfenced, 15 m long; n = 5) were established parallel to the fences in similar 

vegetation and offset by more than 30 m to ensure clear separation from the snow fence drift 

areas. 

3.3.2 Soil temperature and soil water 

 Daily mean soil temperature was monitored at 2, 5 and 10 cm depth over the winter and 

spring in one control plot (n = 2, 4 and 2 probes, at the respective depths) and two deepened snow 

plots (n = 2, 7 and 1 probes, at the respective depths), using thermocouple probes (in situ 

precision coefficient of variation 1.7-7.4%) connected to CR 10X dataloggers (Campbell 

Scientific, Logan, UT).  Soil water content was measured gravimetrically on all collected soil 

sample (total water) from each plot, and as volumetric water (liquid water) to ~5 cm depth in two 

control (n = 2 total) and one deepened snow plot (n = 2 total) with 30 cm long dielectric 

permittivity probes (Water Content Reflectometer, Campell Scientific) inserted at an angle to 

measure moisture within the top 10 cm of soil, and connected to the same dataloggers that 

recorded soil temperature. 

3.3.3 Soil sampling protocol 

Soil samples were collected in winter, on Julian day 99 from all plots, returned to the lab 

at Queen’s University by the following day and kept cold without deep-freezing (between -10 and 

0 
o
C) until soil processing on day 101. This was followed by high-frequency field sampling every 

3 days over 17 sample dates, beginning day 130 and lasting until day 175, the start of bud break 

for Betula glandulosa. 

Sequential sampling in all plots progressed from one side of the plot to the other along a 

line ~1 m then ~2 m north (maximum drift) and parallel to each fence. Control plot sampling 
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location was arbitrary and without preconceived bias. Care was taken to not to displace more of 

the snow pack than was necessary, and to empty the snowpit contents onto the previous day’s pit, 

to preserve any snow depth effect in the undisturbed snow pack for future sampling. Sample 

characteristics such as above-ground vegetation were not pre-selected, but determined by the 

location of the base of the snowpit. As thaw approached and vegetation became exposed, this 

arbitrary sampling protocol was maintained. Therefore our results represent the range of possible 

ecosystem heterogeneity, including hummocks, interhummocks and hollows. Soils were collected 

in the early afternoon by hammering an axe blade down to the bottom of the soil organic layer 

(average depth 5.3 cm, range 2.9 to 9 cm) around the edges of each sample. All samples were 

stored overnight in plastic bags in a cooler in the field lab, then processed the following morning 

(i.e. soils were maintained frozen if collected frozen). 

Soil handling, in the lab at Queen’s University and in the field, was minimized to restrict 

disturbance of the soil microbial community and soil biogeochemistry while homogenizing each 

sample. We were particularly concerned about thawing the frozen soils during handling instead of 

during extraction, and tried to minimize this with consistent, efficient soil processing. Above 

ground vegetation and litter was cut off at the moss green-brown layer, soil was chopped (if 

frozen) or crumbled (if thawed) into small pieces (maximum diameter ~10 mm), large roots (> 2 

mm) were removed, and soils were immediately subsampled for biogeochemical or microbial 

extraction. Each soil sample was: a) extracted in filter-sterile (0.2 µm pore-size cellulose 

membrane, Fisher) water to estimate water-extractable organic and inorganic soil solution pools 

of C, N, and P; b) extracted in filter-sterile 0.5 M K2SO4 before and after fumigation with 

chloroform to estimate microbial biomass C, N and P; and c) oven-dried to estimate gravimetric 

soil water content (65
o
C). Chloroform-fumigation direct-extraction (CFE) was for 24 h in a 

darkened vacuum desiccator jar at ~15
o
C directly followed by extraction (Brookes et al. 1985). 
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All extract samples were shaken manually several times for a minimum of 1 h in extractant, 

filtered through a 1.2 µm pore-size glass fiber filter (Fisher G4), then frozen at -20
o
C until 

biogeochemical analyses. 

3.3.4 Snow sampling  

At the end of ‘deep cold’ (Olsson 2005), on day 129, a snow pit was dug in each plot, and 

snow layer thickness, temperature, location from the base of the snow pack, snow crystal 

description and estimated relative density were recorded. Aluminium sampling tubes (125 cm
3
 or 

250 cm
3
) were used to remove a snow sample from any layer > 2.5 cm in thickness. These 

samples were placed in pre-weighed sterile sampling bags and stored in a cooler and returned to 

the field lab. Sample weight and volume were recorded and samples were frozen and returned to 

Queen's University for biogeochemical analysis of dissolved organic carbon (DOC), dissolved 

organic nitrogen (DON), ammonium-nitrogen (NH4
+
-N) and nitrate-nitrogen (NO3

-
-N). Snow 

pack nutrient content on an aerial basis was estimated from the nutrient concentrations, snow 

density and the depth of each layer. Nutrient contents in unsampled snow layers (average = 11% 

of the total snow pack depth, range 2.1-23.1%) were estimated based on field observations of 

relative density and similarity in crystal structure to that of measured layers. Ice layers were 

unsampled and averaged 3% of the total snowpack depth; ice layer density was assumed to be 

0.91 g cm
-3

. In addition to these initial snow pit measures, snowdepth above each soil sample was 

measured on every soil sampling occasion. 

3.3.5 Biogeochemical analyses of soil extracts and snow 

 NH4
+
-N, NO3

-
-N in water extracts and snow water, total phosphorus (P) in water extracts, 

and phosphate-P (PO4
3-

-P) in salt and water extracts were determined colourimetrically, using 

automated flow analysis (Bran-Leubbe Autoanalyzer III, Norderstadt, Germany) and the 
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salicylate (NH4
+
-N; (Mulvaney 1996), sulphanilamide (NO3

-
-N; (Mulvaney 1996), alkaline 

persulfate (total P; (Lathja et al. 1999) and absorbic acid (PO4
3-

-P;(Kuo 1996) methods. Total 

dissolved C and N contents in the fumigated and non-fumigated salt extracts and C and N in the 

water extracts and snow were determined by oxidative combustion and infrared (TOC)  (Nelson 

and Sommers 1996) or chemiluminesence (TN) analysis (TOC-TN autoanalyzer, Shimadzu, 

Kyoto, Japan). Dissolved organic P (DOP) was calculated as the difference between TP and PO4
3-

-P, and dissolved organic N (DON) was calculated as the difference between TN and inorganic N 

(NH4
+
-N + NO3

-
-N) in water extracts. Microbial biomass C, N and P contents (MBC, MBN and 

MBP) were calculated as the difference between TOC, TN or PO4
3-

-P in fumigated and non-

fumigated salt-extracts, and no correction factors for fumigation efficiency or for incomplete 

PO4
3-

-P extraction were applied. All C, N and P concentrations in the soil extracts were corrected 

for the dilution associated with the moisture content of each soil sample.  

3.3.6 Statistical analyses 

Effects of the deepened snow treatment on environmental and biogeochemical variables 

over the 17 dates were tested with separate repeated measures analyses of variance (RM 

ANOVA), with plot (n = 5) nested in treatment as a random effect and with treatment and time 

(sample date) and their interaction as fixed effects. The statistical significance of individual days, 

and interactions, were assessed with Tukey’s HSD post-hoc analyses. We separated all the data 

into 4 time phases on the basis of past climate summaries for this research area (Bob Reid, 

unpublished data), and after an initial overview of the environmental data from this study. These 

phase distinctions were refined and supported by discriminant analysis (DA), a linear model 

which tests the ability of environmental and biogeochemical variables to work as predictors for 

group (i.e. time phase) membership. The DA matrix included four environmental variables (soil 

and air temperature, soil gravimetric water and snow depth) and 8 biogeochemical variables (soil 
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DIN, dissolved PO4
3-

-P, DOC, DON, DOP and microbial biomass C, N and P). We used pairwise 

correlations to test for significant associations between variables and the axes scores. All analyses 

were performed with JMP 7.0 (SAS 2007, Cary, NC). Data were transformed where necessary to 

meet requirements of normality and homogeneity of variance. Figures show untransformed means 

and all significant results are reported. 

 

3.4 Results 

3.4.1 Winter-spring temperature and soil water dynamics 

Daily mean air temperature ranged from a low of -15.9 
o
C on Julian day 107 in the winter 

period to a maximum of +14.9 
o
C on day 175 in the spring period (Fig. 3.1a). This increase was 

not steady, and included rapid fluctuations as large as 6 
o
C d

-1
 (Fig. 3.1a). Snow depth began to 

decline shortly after the start of spring sampling, decreasing from a peak of 31 cm on day 130 to 

12 cm on day 136, rising again to 26 cm on day 145 due to further snowfall and wind blowing, 

before complete thaw by day 151 (Fig. 3.1b). The snowpack in the snowfence plots was 

significantly deeper than in the ambient plots (F1,169 = 240, P <0.0001), and although both 

snowpacks declined over the study period (Time, F16,169 = 106, P <0.0001) the pattern of decline 

differed, leading to a significant treatment by time effect (F16,169 = 40, P <0.0001). Snowpack 

depths in the snowfence plots did not start to decline until day 136, decreasing steadily from 101 

cm until complete thaw by day 166, 15 days later than in the ambient plots (Fig. 3.1b).  

Soil temperatures from 2 to 10 cm depth in both control and snowfence plots all 

increased in almost identical step-wise fashion, hovering around -10 
o
C from day 99 to day 124, 

then increasing and staying near -5 
o
C until day 145 (Fig. 3.1c).  The mean soil temperature 

pattern appeared steady in the deepened snow plots, and much more dynamic in the ambient snow 
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plots, with peaks and drops tracking air temperature patterns (Fig. 3.1c). Soil temperatures in 

control plots (5 cm depth) reached 0 
o
C on day 145 after a step-like climb over 5 days, whereas 

soil temperatures in deepened snow plots reached just below zero (-0.65 
o
C) on day 146 after a 

rapid climb from -5 
o
C over two days (Fig. 3.1c). Daily minimum soil temperatures at 10 cm 

depth in the control plots rose above zero by day 151, whereas snowfence soils remained just 

below zero at 10 cm depth until the end of the study period on day 175 (Fig. 3.1c). Hourly 

temperature data were not recorded at our sites, but hourly data from a nearby site (500 m) in a 

similar vegetation type indicated no soil freeze-thaw cycles during this spring thaw (Bob Reid, 

unpublished data).  

Soil volumetric water was measured using dielectric probes that sense liquid water and 

do not accurately record total moisture in frozen soils. Volumetric (liquid) water content 

increased slightly on day 125 in control plots, and increased substantially in both the treatment 

and control soils after day 145, with a slower increase under deepened snow (Fig. 3.1d). 

Gravimetric soil moisture (frozen plus liquid) remained static in both ambient and deepened snow 

plots before day 145 when mean diel air temperatures rose substantially above zero (Fig. 3.1a,e). 

Gravimetric soil moisture contents in the control plots were unaltered during the subsequent 

snowmelt and since volumetric water content had not yet peaked when thaw was complete in 

controls, this suggests there was still some frozen water in these soils. Melting of the control 

snow pack thaw did not noticeably increase overall (gravimetric) soil moisture, suggesting that 

either surface runoff or soil water transport up the snow pack followed by sublimation and 

evaporation at the surface was high, and that increases in volumetric water were primarily a result 

of temperature change effects on frozen soil water. By contrast, snow melt from the deepened 

snow pack raised the gravimetric soil water content considerably during snow thaw, and 

significantly on days 160 and 163 (Fig. 3.1d), due to an input of melt water. This resulted in 
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significant treatment, time, and treatment by time interaction effects for soil gravimetric water 

(Treatment, F1,169 = 5.8, P = 0.042; Time, F16,169 = 4.9, P <0.0001; Treatment x Time, F16,169 = 4.0, 

P <0.0001). This large soil water content buffered soil temperature against rising and falling 

temperatures, holding snowfence soil temperature near or below zero (Fig. 3.1c) and delaying the 

increase in peak volumetric (liquid) water by almost 2 weeks as compared to control plots (Fig. 

3.1d). The control and deepened snow pack contained 117 and 370 L snow water m
-2

, 

respectively, at the start of spring snowmelt (day 129).  Correspondingly, control and deepened 

snow plot soil water (computed to the base of the organic layer) increased from 43 and 32 L soil 

water m
-2

 at the start of the spring study period to their wettest points during spring thaw at 46 

(day 145) and 94 (day 160) L soil water m
-2

, respectively. Soils at the base of the deepened snow 

pack were noticeably saturated, and occasionally submerged under several centimetres of water 

from the end of May until early June (day 147-163).  

Together these dynamics in air and soil temperatures, snow melt and soil water suggest 

four discrete phases in soil environmental conditions under ambient snow: Winter (soils cold, 

with very little liquid water); Early thaw (soils warmer but still frozen and with very little liquid 

water); Late thaw (soils at temperatures close to 0 
o
C with substantial liquid water); and Spring 

(soils at temperatures above 0 
o
C with substantial liquid water) (Fig 3.1a-e). The transitions 

between phases were simultaneous in soils under deepened snow although the magnitudes of soil 

liquid water increase in late thaw were much greater. 

3.4.2 Snowpack structure and nutrients  

Temperatures throughout the deepened snow pack were relatively cool (-3 to -4 
o
C) on 

the afternoon of May 9
th 

(May 129) when the snowpits were studied. By contrast, the profile of 

the ambient snowpack indicated relatively warm temperatures (just below 0 
o
C) from the base up 

to close to the surface, and then markedly cooler temperatures right at the surface that match 
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simultaneous air temperatures (~-4 
o
C). Therefore, the ambient snowpack would be isothermal 

when air temperatures approach zero, promoting an earlier melt relative to deeper snow, which 

stayed colder for longer. The deepened snow pack was about 3 times higher (t1,9 = 13, P <0.0001) 

and had a correspondingly larger snow water equivalent (SWE), 3.5 times that of the control plot 

snowpacks (t1,9 = 13, P <0.0001). 

NO3
-
-N pools in the snowpack were relatively large (mean (standard error): 4.4 (1.2) mg 

m
-2

 (control) and 33 (3.6) mg m
-2

 (snowfences)), as compared to soil solution nitrate content (0 to 

10 mg m
-2

), and there were small but detectable DOC, DON and NH4
+
-N pools in both snow 

packs. The snow packs did not differ significantly in snow density or nutrient concentrations, but 

the deepened snow held larger water and nutrient pools; in particular, significantly more NO3
-
-N 

(t1,9 = 7.4, P <0.0001). NO3
-
-N and NH4

+
-N were distributed evenly throughout the snow pack, 

whereas DOC and DON concentrations were largest near the base of the snow pack, but 

detectable throughout (data not shown). 

3.4.3  Soil solution inorganic and organic nutrients 

 Soil solution inorganic nutrients tended to be low in winter, variable in thaw and return to 

low values in the spring, whereas organic nutrients were higher in the winter, variable during 

thaw, and then also dropped to very low values in the spring. The soil DIN content was 

dominated by NH4
+
-N on all sampling dates, with very low NO3

-
-N content (ranging from 0 – 1.5 

µg/g dw soil), with the exception of a NO3
-
-N spike (12.7 µg/g) in one deepened snow plot on 

June 3
rd

 (day 154). DIN content in deepened snow plots was 10-15 x higher than controls during 

the late thaw phase and was significantly higher on day 157 (Fig. 3.2a), resulting in significant 

overall effects of treatment, sampling date and their interaction (Treatment, F1,169 = 7.0, P = 0.030; 

Time, F16,169 = 11, P <0.0001; Treatment x Time, F16,169 = 2.7, P = 0.0013 ). Soil dissolved PO4
3-

-P 
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contents fluctuated dynamically and differently in the control and deepened snow plots in the 

early thaw period (Fig. 3.2b) resulting in a significant sampling date effect (F16,169 = 7.2, P 

<0.0001) and treatment by sampling date interaction (F16,169 = 2.3, P = 0.005), although PO4
3-

-P 

was not significantly elevated overall under deepened snow.  

DOC contents were elevated under the late winter snow pack (day 139) relative to deep 

winter (day 99) and the thaw and spring phases, in both control and deepened snow plots (Time, 

F16,169 = 44, P < 0.0001; Fig. 3.3a). DOC contents fluctuated in the early thaw phase and then 

declined as the soil liquid water levels increased in both the ambient and deepened snow plots. 

However, DOC content increased significantly under deepened snow relative to controls on days 

157 to 163, when soil water also peaked (Treatment x Time, F16,169 = 6.1, P < 0.0001; Figs. 3.3a, 

3.1d, 3.1e).  

DON contents were high in both deep winter and under the late winter snowpack, 

regardless of snow depth, and like DOC dropped to low levels when soil liquid water increased 

(Fig. 3.3b). As with DOC, DON increased under the melting deepened snow pack so that there 

were significant sampling time and treatment by time interaction effects (F16,169 = 29, P < 0.0001 

and F16,169 = 1.8, P = 0.041, respectively), although high spatial variability in DON pools resulted 

in the treatment difference being insignificant overall (Fig. 3.3b).  

DOP contents were dynamic and spatially variable in late winter relative to deep winter 

or spring (Fig. 3.3c). As with DOC and DON, DOP contents increased in the deepened snow 

plots under the melting snow pack (i.e. late thaw phase), leading to a significant sampling time 

and treatment by sampling time interaction effects (F16,169 = 8.1, P < 0.0001 and F16,169 = 2.2, P = 

0.0075, respectively; Fig. 3.3c).  
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3.4.4 Soil microbial biomass C, N and P 

 Soil microbial C content was elevated in the deep winter and had generally dropped by 

the start of the spring study period when soils climbed to -5 
o
C, regardless of snow depth (Fig. 

3.4a). MBC content in control and deepened snow plots tended to increase during the early thaw 

phase and then dropped sharply and remained low in control plots (Fig. 3.4a). By contrast, MBC 

content was significantly higher in the deepened snow plots overall (F1,169 = 21, P = 0.0017), and 

increased in the second half of the late thaw to a significantly higher peak on day 160 as 

compared to other sampling dates (Treatment x Time, F16,169 = 3.0, P = 0.0003), corresponding 

with peak gravimetric water. MBC under the rapidly melting deep snow plots decreased sharply 

over the next 6 days as snow melt completed and snowfence soil temperatures rose above zero, 

returning to control plot levels and the lowest microbial biomass of the study period on the last 

three sample dates (Time, F16,169 = 10, P < 0.0001; Fig. 3.4a).  

MBN and P contents in the snowfence and control generally matched each other and the 

pattern for MBC in the early thaw phase (Fig. 3.4a,b,c). Likewise, MBN and P contents in control 

plots generally matched those of MBC in the late thaw phase. By contrast, MBN and P contents 

in the deepened snow plots increased very rapidly as soon as liquid water increased at the onset of 

late thaw. This treatment by time effect was significant for MBP, with significantly higher P 

accumulation in the microbial biomass under deepened snow on days 157 and 160 (F16,169 = 3.0, P 

= 0.0003). In addition, enhanced MBN and P occurred at least 9 days before peak MBC in the 

same plots, suggesting accumulation of nutrients in the microbial biomass occurred prior to 

microbial growth enhancement. The declines in MBC, N and P were all synchronous and 

corresponded exactly with decreasing soil moisture contents and a return to ambient unsaturated 

soil conditions at the end of snowmelt. Both MBN and MBP were significantly higher in 

deepened snow plots overall (MBN, F1,169 = 29, P = 0.0007; MBP, F1,169 = 14 P =0.0056) and both 
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control and deepened snow plots MBN and MBP varied significantly with sampling date (MBN, 

F16,169 = 2.9, P = 0.0004; MBP, F16,169 = 14, P < 0.0001). 

Microbial N and P accumulation were similar between treatments but fluctuated between 

N and P accumulation (i.e. low C/N or C/P) and MB growth (i.e. high C/N or C/P; Fig. 3.5a,b), 

leading to a significant time of sampling effect for all the measured microbial biomass ratios 

(MBC/N, F16,169 = 8.8, P < 0.0001; MBC/P, F16,169 = 2.6, P =0.0014; MBN/P, F16,169 = 14, P < 

0.0001). The late thaw phase was marked by excess microbial P in the deepened snow plots (i.e. 

low C/P and N/P; Fig. 3.5b,c) and increasing microbial P shortages (i.e. high C/P) in control 

plots, as well as increasing microbial N shortages (i.e. high C/N) in both control and deepened 

snow plots (Fig. 3.5a,b,c). Microbial C/N dropped sharply in both control and deepened snow 

plots in spring, suggesting N availability was high relative to C. Very high spatial variation in 

microbial C/P and N/P suggests that P availability was very low and rapidly immobilized in 

spring, and is supported by low inorganic and organic P soil solution contents at this time (Figs. 

3.2b, 3.3c, 3.5b,c).  

3.4.5 Winter-spring phases 

We used discriminant analysis and pairwise correlations between the variables and axes 

scores across all sample dates and within each time phase to test whether the dynamics in 

biogeochemical variables reported above corresponded with the four phases of soil environmental 

conditions outlined initially. The three discriminant functions (canonical axes) explained 82.0%, 

12.7% and 5.3% of the variance (total 100%), and the extent to which the time phases differed in 

the position of their centroids was high (Wilks λ = 0.035, F = 26.92, P < 0.0001; 6% of the data 

were misclassified; Fig. 3.6). Only the first two axes are described in these results. Across all 

sample dates, the first axis was strongly and negatively correlated (only significant correlations 
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are described throughout) with soil temperature (r
2
 = 0.94) and air temperature (r

2
 = 0.72), and 

was positively correlated with snow depth (r
2
 = 0.65), DOC (r

2
 = 0.75), DON (r

2
 = 0.74), PO4

3-
-P 

(r
2
 = 0.53), MBP (r

2
 = 0.53), MBC (r

2
 = 0.52), DOP (r

2
 = 0.49), DIN (r

2
 = 0.30) and MBN (r

2
 = 

0.23). The second axis was most strongly and positively associated with soil water (r
2
 = 0.43), 

MBP (r
2
 = 0.51) and DON (r

2
 = 0.46), but was also correlated with DOC (r

2
 = 0.39), PO4

3-
-P (r

2
 = 

0.38), DOP (r
2
 = 0.32), soil temperature (r

2
 = 0.21), snow depth (r

2
 = 0.17) and negatively with air 

temperature (r
2
 = 0.16). The four phases are (Fig. 3.6):  

1. ‘Winter’ (day 99, n = 10), ordinated in space through positive correlations between the 

first axis scores and high MBC (r
2
 = 0.77), and low DIN (r

2
 = 0.77). The second axis scores were 

not significantly correlated with any variable in this time phase, because soil water and soil 

temperatures did not vary much on this day in winter;  

2. ‘Early thaw’ (days 130 to 145; n = 60), ordinated in space through negative 

correlations between the first axis and soil temperature (i.e. warmer soils to the negative; r
2
 = 

0.68), and a positive correlation with snow depth (r
2
 = 0.63). The second axis was positively 

correlated with wetter soils (r
2
 = 0.35), increased DOP (r

2
 = 0.46), enhanced DOC (r

2
 = 0.28), 

PO4
3-

-P (r
2
 = 0.33) and MBP (r

2
 = 0.31). The first axis correlations imply that most of the 

variation within this early thaw phase is due to soil temperature and snow depth, and the second 

axis implies that some increases in soil biogeochemical pools occurred as a result of small rises in 

soil water and soil temperature;  

3. ‘Late thaw’ (days 147 to 163; n = 60) was ordinated in space through positive 

correlations between the first axis, enhanced DON (r
2
 = 0.80), DOC (r

2
 = 0.54) and DOP (r

2
 = 

0.41), warmer soil temperatures (r
2
 = 0.45), a larger MBC (r

2
 = 0.52), MBP (r

2
 = 0.44) and soil 

solution PO4
3-

-P (r
2
 = 0.38). The second axis was positively correlated with enhanced DON (r

2
 = 

0.59), DOC (r
2
 = 0.51), DOP (r

2
 = 0.34), MBP (r

2
 = 0.62), MBC (r

2
 = 0.32), soil solution PO4

3-
-P 
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(r
2
 = 0.41), wetter soils (r

2
 = 0.49) and deeper snow (r

2
 = 0.46), and was negatively correlated 

with soil temperatures (r
2
 = 0.56) and air temperatures (r

2
 = 0.56). Both of these axis results 

suggest that the late thaw higher biogeochemical pools are associated with the cooler, wetter 

deepened snow plot soils and warmer air temperatures in the latter half of this phase;  

4. ‘Spring’ (days 166-175; n = 40) was ordinated in space through negative correlations 

between the first axis scores and soil temperatures (r
2
 = 0.89), air temperatures (r

2
 = 0.62) and 

positive correlations with DOC availability (r
2
 = 0.49). The second axis was positively associated 

with warmer soils (r
2
 = 0.71) and greater DON availability (r

2
 = 0.63).  

 

3.5 Discussion 

3.5.1 Environmental controls on soil biogeochemistry and the phases of thaw 

Our integration of biogeochemical and environmental patterns into distinct phases to 

characterize the winter-spring transition in low arctic tundra builds on previous environmental 

characterisations (Olsson et al. 2003), and may provide a useful template for future process-based 

studies of soil thaw processes in the low arctic. The early and late thaw phases reported here are 

analogous to the ‘thaw’ phase characterized in Alaskan winter (Olsson et al. 2003), with further 

refinement by including landscape variation in snow thaw. The environmental description of the 

phases that we have outlined in this study (late winter, early thaw, late thaw and spring) appear to 

be consistent with other studies that have measured environmental data and biogeochemistry at 

high temporal frequencies during this time of year (Edwards et al. 2006, Larsen et al. 2007), 

suggesting that this pattern may be circumpolar for low arctic tundra sites. 

This study indicates that soil biogeochemical pools and microbial immobilization of C, N 

and P is very dynamic between -5 
o
C and just below zero, but that these biogeochemical 
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dynamics stop and microbial biomass declines simultaneously, as soon as the daily mean soil 

temperature rises above 0 
o
C. This pattern is consistent under both ambient and deepened snow 

because the soil temperature threshold occurs as soon as snow melt is complete and regardless of 

soil gravimetric and volumetric water contents. For instance, during the 15 days of thaw in the 

control plots, soil water was relatively low and still mostly frozen; during the 20 days of 

deepened snow thaw, soil water was relatively high and the thawed proportion of soil water 

accumulated steadily.  Nevertheless, complete snow thaw and soil temperatures crossing zero 

ended the peaks in soil solution nutrients and microbial biomass C, N and P in both cases. These 

results suggest that the period of sub-zero soil temperatures is the principal phase of soil 

microbial and biogeochemical dynamics during winter-spring transitions in this ecosystem. We 

suggest that, on a microbial scale, microsite variation in liquid soil film thickness and local soil 

water phase changes are critical drivers of thaw biogeochemistry. For instance, snow melt water 

could infiltrate soil pore spaces (~25% by volume in these mesic soils), releasing conducted heat 

and latent heat if it subsequently freezes, which may expose previously frozen bacteria to thaw 

and fresh substrate. Soil water phase changes may also facilitate microbial decline at the end of 

thaw. For example, warming soil temperatures may have widened soil water film thickness, 

connected pore spaces between soil aggregates, allowing for movement of substrate, microbes 

and eventually hatching macrofauna, which would increase opportunities for ecological 

interactions between functional groups and specialized substrate availability. Very little evidence 

has been provided for this mechanism of increased predation at thaw, although trophic level 

interactions are an important control over biogeochemistry in soil systems (Wardle 2002) and 

some macrofaunal groups increase during thaw (Sulkava and Huhta 2003). Macrofaunal grazing 

of fungi and bacteria would also account for the disappearance of C, N and P from the soil 

solution after the decline, assuming that the enhanced but relatively smaller soil solution pools are 
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present as a result of activity from the enhanced microbial pool. The potential for this type of 

microsite variation in soil water film freezing and thawing may be an important control on 

microbial ecology and ecosystem biogeochemical cycling, especially during the early thaw 

period, but our present methods of assessing environmental conditions at the ecosystem scale do 

not allow us to test this hypothesis directly in the field.  

Our data bring into question a number of mechanisms for microbial decline that have 

been previously proposed. For instance, soil freeze-thaw cycles have been proposed as the driver 

for microbial decline of some microbial species and biogeochemical flushes at spring-thaw, 

supported with several laboratory studies (Schimel and Clein 1996, Herrmann and Witter 2002, 

Larsen et al. 2002, Six et al. 2004, Walker et al. 2006). However, mesocosm studies using 

moderate freeze-thaw amplitudes that are more characteristic of arctic tundra field conditions 

(Grogan et al. 2004), and a field study just after snow melt in Daring Lake (Buckeridge et al. in 

review), both suggest that freeze-thaw cycles have a minor or no effect on spring soil 

biogeochemistry. In addition, there were no diel or weather-front soil freeze-thaw cycles 

occurring between -5 
o
C and 0 

o
C in these soils, especially under snow, and only a very mild 

freeze-thaw cycle occurred in the control plots between day 147 and 151 after the control decline 

(Fig. 1c).  

Osmotic stress has been proposed as a driver of microbial decline (Schimel et al. 2007), 

and is supported by the production of osmolytes in laboratory studies as a mechanism for bacteria 

and fungi to deal with various types of stress (Yancey 2005). This stress may occur during 

extracellular freezing in early winter when water is gradually removed from cells by osmosis 

during thinning of soil water films, and as water vapour transfer into the overlying snow increases 

concentrations of soil water ions. In addition, osmotic stress may occur especially during thaw, 

when those microbes that have adapted to winter dryness through osmolyte production are 
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suddenly introduced to a burst of fresh water, leading to cell rupture and cytoplasmic release 

(Schimel et al. 2007). This osmotic release from the microbial biomass has been estimated as 10 - 

30% of the microbial C and N (Schimel et al. 2007) and may play a large role in explaining the 

biogeochemical peaks during snow thaw. However, if this were the principal mechanism of 

microbial biomass decline, we would expect that soil solution peaks would lag and/or precede 

microbial peaks of C, N and P, from cytoplasmic loss to the soil solution and/or new microbial 

growth on this nutrient input; however, decline in all peaks was simultaneous.  

Labile carbon limitation of the winter microbial biomass has been observed in Daring 

Lake (Buckeridge and Grogan 2008), and has been associated with microbial decline under deep 

snowpacks in alpine tundra soils (Brooks and Williams 1999, Lipson et al. 2000). Nevertheless, 

soil solution DOC was relatively high during late winter and especially during thaw, and 

collapsed simultaneously with microbial declines, but not before. Therefore, the C patterns we 

observed over the winter-spring transition suggest two possible conclusions: 1) that this late 

winter DOC pool may not be entirely bioavailable, such that although the DOC pools are large at 

this time, MBC which is also large at this time is limited in terms of growth and activity by a 

scarcity of labile C; and 2) although soil microbes may be limited by labile C availability in late 

winter (Buckeridge and Grogan 2008), this C limitation ends with enhanced DOC pulses in both 

early and late thaw, and therefore C limitation does not contribute to the microbial and nutrient 

decline in low arctic tundra at thaw.  

In any event, all of the above possible mechanisms for late thaw microbial decline may 

result in direct or indirect loss of soil C, N and P that is produced in the spring soil ‘flush’, either 

as respiration, denitrification, or as leachate to lower elevation systems. Soil respiration and 

denitrification in birch hummock tundra are negligible in the spring phase, just after snowmelt 

(Buckeridge et al. in review), but have not yet been measured during the thaw phases. Even if 
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predation is the primary mechanism for microbial decline, a substantial portion of the grazed 

microbial pool is typically respired, and not retained for more than a week in the system 

(Clarholm 2002). In both our control and snowfence plots, microbial biomass C, N and P pools 

were on average 5, 20 and 5 times bigger than soil solution DOC, DON and DOP pools, 

respectively, and all declined simultaneously, suggesting microbes and their nutrient overflow 

were rapidly removed from the system by either predation or another of the above methods and 

then lost as gases or leachates. 

3.5.2 The impact of deeper snow  

Our study found dynamic fluctuations in inorganic, organic and microbial C, N and P 

pools under the thawing snow pack that were enhanced in magnitude and duration under deeper 

snow. We found indications of enhanced microbial growth (increased MBC) and microbial 

nutrient accumulation (decreases in MBC/N and MBC/P associated with high MBN and MBP) at 

sub-zero temperatures. In general, the larger microbial biomass and enhanced soil solution 

nutrients in tundra winter soils that we found in this mesic low arctic site are consistent with other 

studies in arctic and alpine tundra (Lipson et al. 1999, Schimel et al. 2004, Edwards et al. 2006, 

Larsen et al. 2007). In addition, the strong treatment effect in this investigation indicates that this 

biogeochemical pattern at thaw is sensitive to winter environmental conditions, as with alpine 

tundra (Brooks et al. 1998). In particular, the nutrient and microbial peaks under the melting deep 

snow pack were responsible for creating the ‘late thaw’ phase of spring biogeochemistry that was 

associated with substantial nutrient mobilization through the soil solution and the microbial 

biomass. 

The early and late thaw phases may be the most sensitive of all winter stages to global 

change, because of thaw timing (Olsson et al. 2003) and soil biogeochemical sensitivity to 

snowdepth. Climate change predictions consistently indicate that the arctic winter will experience 
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warmer winter air temperatures and increased winter precipitation, apparently as a result of 

warmer air transferring larger amounts of moisture towards the poles (ACIA 2005). In addition, 

landscape and interannual variability in snowdepth may have large impacts on the timing of thaw 

(Olsson et al. 2003). At Daring Lake for instance, snow accumulates over the 9 months of winter, 

peaking in late winter, with interannual variability in maximum snow depth ranging from 15-54 

cm at one location within this low arctic tundra valley (1996-2008, B. Reid, personal comm.). 

Strong winds maintain a fairly flat snowscape with snow depth controlled by ground topography 

and upwind protrusions of vegetation or rock; however these factors may produce snow depth 

variability of 0 to 100 cm snow depth within the same valley (B. Reid, personal comm.). 

Therefore, the phases that we have characterized in this study include the natural and future 

variation in snow depth controls on ecosystem biogeochemistry at thaw.  

Despite the larger flush of nutrients in the soil solution under the deepened snowpack, we 

found little evidence that these nutrients are from the snowpack itself. Only nitrate-N was 

significantly larger than in the ambient snowpack, and large relative to soil solution contents of 

nitrate. This N species may have been rapidly immobilized by microbes, but could also be lost via 

denitrification or as leachate upon thaw (Brooks et al. 1999).  

Microbial biomass estimates with chloroform fumigation may be affected by soil 

moisture levels, although this response is variable in organic forest soils and appears to increase 

with mineral forest soils  (Haubensak et al. 2002). We have tested the response of chloroform-

fumigation MBC and MBN to variation in soil moisture (3 mL water/g dw soil and 18 mL 

water/g dw soil) and fumigation time (1 and 5 days) with late summer Daring Lake soils and 

found no significant effect of soil moisture on MBC or MBN, although MBC was elevated with 

longer fumigation time (Zufelt 2007). Accordingly, the large increases in MBC, N and P during 

thaw of the deepened snowpack are unlikely to be a methodological artefact, but rather a field 
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effect of the extended cold-water incubation of thawing soils that have larger, more labile pools 

of nutrients as a result of warmer winter temperatures The relative importance of warmer winter 

temperatures (i.e. nutrients mobilized during winter) and cold-water incubation at thaw (i.e. 

nutrients mobilized at thaw) needs to be separated to clarify the importance of winter processes 

on growing season soil biogeochemistry.   

The delay in the snow thaw date between control and deepened snow was 20 days, 

reducing the one month period between thaw biogeochemical flushes and bud break of the 

dominant deciduous shrub Betula glandulosa by 2/3rds. Alpine tundra studies have found that the 

microbial decline at spring thaw produces a flush of nutrients that is taken up by plants in early 

spring (Brooks et al. 1998, Bardgett et al. 2005), and that certain plant species preferentially 

acquire this early N flush (Mullen et al. 1998, Jaeger et al. 1999). Nutrient availability, especially 

N and P, limits plant growth in low arctic tundra (Shaver and Chapin 1980), and early P uptake 

has been found in some species, along with an increased N demand (Chapin 1983). The one 

month separation between arctic tundra nutrient flush and plant nutrient acquisition, and the 

strong drawdown in nutrients during the spring makes it more likely that most arctic tundra plant 

species depend on summer and fall nutrient acquisition through mycorrhizal associations, as well 

as rhizome storage of nutrients over winter and translocation to roots and shoots to begin growth 

in spring. However, future variation in snow depth may improve synchronicity between spring 

nutrient flushes and plant uptake of nutrients in the early growing season, and may favour those 

plant species that can acquire N and P early in spring. 
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Figure 3.1. Daily mean (black line), maximum and minimum air temperatures (a); mean snow 

depth (cm, n = 5 each) (b); soil temperature at 2 (grey line), 5 (black line with closed or open 

circles ) and 10 (grey dashed line) cm depth (
o
C; n = 2, 4, and 2 for respective control plot soil 

depths and n = 2, 7, and 1 for respective snow fence soil depths) (c); soil volumetric water (% 

liquid water; n = 2) (d); and soil gravimetric water (i.e. liquid and frozen g H2O/ g dw soil; n = 5) 

(e) in control and deepened snow (snow fence) plots in birch hummock vegetation at Daring 

Lake, NWT during the winter-spring of 2007. Error bars indicate +/- one standard error. Vertical 

lines represent environmental and biogeochemical phase breaks, see section 3.4.5 of the text for 

details. 
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Figure 3.2. Dissolved inorganic nitrogen (NH4
+
-N plus NO3

-
-N) (a), and phosphorus (PO4

3-
-P) 

(b), contents in the water-extracted soil solution of birch hummock tundra during the winter-

spring of 2007 under ambient (control) and deepened snow. Error bars indicate +/- one standard 

error. Vertical lines represent environmental and biogeochemical phase breaks, see section 3.4.5 

of the text for details. 
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Figure 3.3. Dissolved organic carbon (a), nitrogen (b), and phosphorus (c) contents in the water-

extracted soil solution of birch hummock tundra during the winter-spring of 2007 under ambient 

(control) and deepened snow. Error bars indicate +/- one standard error. Vertical lines represent 

environmental and biogeochemical phase breaks, see section 3.4.5 of the text for details. 
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Figure 3.4. Soil microbial biomass carbon (a), nitrogen (b), and phosphorus (c) contents in birch 

hummock tundra during the winter-spring of 2007 under ambient (control) and deepened snow. 

Error bars indicate +/- one standard error. Vertical lines represent environmental and 

biogeochemical phase breaks, see section 3.4.5 of the text for details. 
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Figure 3.5. Soil microbial biomass carbon/nitrogen (a), carbon/phosphorus (b), and 

nitrogen/phosphorus (c) ratios in birch hummock tundra during the winter-spring of 2007 under 

ambient (control) and deepened snow. Error bars indicate +/- one standard error. Vertical lines 

represent environmental and biogeochemical phase breaks, see section 3.4.5 of the text for 

details. 
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Figure 3.6. Canonical plot of the discriminant analysis of the 4 environmental and 8 

biogeochemical variables measured in the control and deepened snow plots on the 17 sampling 

dates during the winter-spring transition (170 samples in total). The relative importance of each 

of the environmental and biogeochemical variables to the discrimination among plots is indicated 

by the orientation and magnitude of each biplot ray. The crosses and circles indicate the means 

and their 95% confidence regions for each time phase as follows: 1. ‘Winter’ (Julian day 99; n = 

10); 2. ‘Early thaw’ (Julian days 130-145; n = 60); 3. ‘Late thaw’ (Julian days 147-163; n = 60); 

and 4. ‘Spring’ (Julian days 166-175; n = 40). 
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Chapter 4 

Soil biogeochemistry during the early spring in low arctic mesic tundra 

and the impacts of deepened snow and enhanced nitrogen availability  

4.1 Abstract 

 Air temperature freeze-thaw cycles often occur during the early spring period directly 

after snowmelt and before budbreak in low arctic tundra. This early spring period may be 

associated with nitrogen (N) and carbon (C) loss from soils as leachate or as trace gases, due to 

the detrimental impact of soil freeze-thaw cycles and a developing active layer on soil 

microorganisms. We measured soil and microbial pools of C and N in early spring during a 

period of fluctuating air temperature (ranging from -4 to +10 
o
C) and in midsummer, in low arctic 

birch hummock tundra. In addition we measured N2O, CH4 and CO2 production in the early 

spring. All of these biogeochemical variables were also measured in long-term snowfence 

(deepened snow) and N-addition plots to characterize climate-change related controls on these 

variables. Microbial and soil solution pools of C and N, and trace gas production varied among 

the five early spring sample dates, but only marginally and no more than among sample dates in 

mid-summer. N-addition greatly elevated N2O fluxes, indicating that although denitrifiers were 

present their activity during early spring was strongly limited by N-availability, but otherwise 

trace gas production was very low in early spring. The later thaw, warmer winter and colder 

spring soil temperatures resulting from deepened snow did not significantly alter N pools or rates 

in early spring. Together, our results indicate strong stability in microbial and soil solution C and 

N pool sizes in the early spring period just after snowmelt when soil temperatures are close to 0 

o
C (-1.5 to +5 

o
C). A review of annual temperature records from this and other sites suggests that 

soil freeze-thaw cycles are probably infrequent in mesic tundra in early spring. We suggest that 
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future studies concerned with temperature controls on soil and microbial biogeochemistry should 

focus not on soil freeze-thaw cycles per se, but on the rapid and often stepped increases in soil 

temperature that occur under the thawing snowpack. 

 

Keywords  

freeze-thaw cycles; arctic birch hummock tundra; denitrification; microbial biomass; spring thaw; 

nitrogen 

 

4.2 Introduction 

Early spring is assumed to be a dynamic season for soil biogeochemistry in arctic tundra 

because of rapid snow melt and high-amplitude fluctuations in air temperature. Soil that was 

frozen and therefore relatively dry during winter is subjected to rapid large influxes of snowmelt 

water as well as repeated freezing air temperatures associated with diurnal cycles and weather 

fronts at this time. Soil temperatures that had been decoupled from fluctuating air temperatures 

under the fall and winter snowpack and in saturated spring soils (Olsson et al. 2003) become 

more responsive during the hours to days after snowmelt and as the surface soils drain. Numerous 

laboratory incubation studies have tested the effects of soil freeze-thaw cycles on microbial 

biomass and soil physical structure, to understand the mechanistic effects of this soil disturbance 

and to generate ecological and environmental predictions as to how this type of disturbance 

influences ecosystem functioning. These studies demonstrate that soil freeze-thaw cycles can 

clearly be detrimental to both the soil microbial biomass and the soil physical structure (Schimel 

& Clein 1996; Herrmann & Witter 2002; Larsen et al. 2002; Six et al. 2004). Those microbes that 

survive such soil freeze-thaw cycles are believed to increase in activity and biomass in response 

to the thaw-related flush of nutrients released from lysed microbes and physically disrupted soil 



 

 94 

organic matter (Schimel & Clein 1996; Sharma et al. 2006). Broadly, several studies have 

suggested that this annual stress to the soil and the soil microbial biomass may produce an 

annually significant flush of nutrients (Lipson et al. 1999) that could be taken roots of certain 

plant species, thus determining plant community structure and composition (Chapin 1980; 

Kreyling et al. 2008) or be lost from the system as leachate or gas, thus maintaining ecosystem-

wide nutrient limitations (Vitousek et al. 1998).  

Arctic tundra soil microbial biomass and organic soil structure may be less sensitive to air 

temperature freeze-thaw cycles than in temperate agricultural and forest soils (Lipson & Monson 

1998; Lipson et al. 2000; Grogan et al. 2004; Walker et al. 2006; Henry 2007; Matzner & Borken 

2008). For example, when the amplitude and/or duration of manipulated freeze-thaw cycles in 

laboratory studies were modified (i.e. reduced in severity) to better reflect realistic in situ tundra 

field conditions, the ecosystem effects of these spring temperature fluctuations were generally 

small (Lipson & Monson 1998; Sulkava & Huhta 2003; Grogan et al. 2004). Accordingly, there is 

now some doubt as to the significance of springtime air temperature freeze-thaw cycles on tundra 

ecosystems. Therefore, in situ field studies of soil microbial biomass and soil biogeochemistry 

during early spring are required. 

N2O is an important greenhouse gas (IPCC 2007), and cold season N2O fluxes - 

particularly N2O production during spring thaw – can be a large component of annual trace gas 

budgets in alpine tundra, grasslands, agricultural fields, deciduous forest and steppe (Brooks et al. 

1997; Kammann et al. 1998; Teepe et al. 2000; Groffman et al. 2006; Holst et al. 2008). In 

addition, snow melt and rapid thaw of soil water result in low O2 availability and the facultative 

use of NO3 as the terminal electron acceptor in electron transport phosphorylation for many 

microbial species (Zumft 1997). Together, these conditions are predicted to promote 

denitrification (Firestone & Davidson 1989) and likely explain the relatively high rates of N2O 
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production reported from temperate soils in spring (Teepe et al. 2000). To the best of our 

knowledge, N2O production has not been investigated in mesic low arctic tundra soils during 

spring, when environmental conditions might be most favourable for denitrification. Although 

bursts of N2O have been reported at thaw in alpine tundra in Colorado (Brooks et al. 1997), 

spring soil biogeochemistry is not comparable between this site and arctic tundra because high 

rates of N deposition in the snowpack over the Rockies result in large NO3 inputs into these soils 

at thaw (Brooks et al. 1998). Instead, arctic tundra soils have very low growing season pools of 

nitrate and low rates of net nitrification (Giblin et al. 1991; Nadelhoffer et al. 1992) suggesting 

that although environmental conditions may be favourable for N2O production at thaw, low NO3 

availability may restrict denitrification.  

Environmental and biogeochemical conditions during spring are expected to alter in the 

low Arctic as a consequence of climate change (Serreze et al. 2000; ACIA 2005; IPCC 2007). 

Several lines of evidence suggest that nutrient availability will be enhanced (Shaver et al. 1992; 

Shaver et al. 2000), that snow will be deeper (ACIA 2005) and that snowmelt will be earlier 

(Chapin et al. 2005). Snow depth in alpine tundra and temperate forests affects the timing of soil 

thaw and the patterns and magnitude of soil biogeochemistry and trace gas release (Brooks & 

Williams 1999; Groffman et al. 2006), at a scale that is relevant to annual ecosystem C and N 

budgets (Brooks et al. 1997). Here, in addition to characterizing in situ nutrient and trace gas 

flush in the field in early spring, we used snowfence and N fertilization manipulations to 

investigate the influences of deepened snow and increased nutrient availability on these 

biogeochemical processes in early spring. We used our data to test the following hypotheses in a 

mesic birch hummock tundra ecosystem that extends across the Canadian Low Arctic and the 

Eurasian Southern Tundra (Bliss & Matveyeva 1992): 
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1. Soil biogeochemistry during the early spring period following snowmelt is characterized 

by nutrient peaks in the soil solution or as gaseous losses; 

2. Soil biogeochemical pools are larger and more variable in early spring just after thaw 

than in the growing season; 

3. N2O production in mesic soils during the cold wet conditions of early spring is limited by 

inorganic N availability – when N is not limiting (i.e. in a N-fertilized system), we predict 

a large pulse of N2O from thawing tundra soils; 

4. Deeper snow in early spring enhances spring nutrient peaks in the soil solution. 

 

4.3 Methods 

4.3.1  Site description and experimental treatment 

 This study was conducted in the early spring (early June) of 2006 in a mesic birch 

hummock ecosystem at the Tundra Ecological Research Station (TERS) at Daring Lake, 

Northwest Territories, Canada (64
o
 50’N, 111

o
 38’W). Daring Lake is located 300 km northeast 

of Yellowknife, in the Coppermine River watershed. The hummock ecosystem at this site is 

located in a valley, midway along a catena. The soils and vegetation along this moisture gradient 

have a circumpolar distribution and this particular site has been previously described (Nobrega 

and Grogan 2007, Nobrega and Grogan 2008, Buckeridge and Grogan 2008, Lafleur and 

Humphreys 2008). The soils are classified as Orthic Dystric Turbic Cryosols (Soil Classification 

Working Group 1998) and consist of an organic layer ~3-20 cm deep above a silt-sand mineral 

layer. The ecosystem is characterized by hummocks 10-30 cm high and deciduous dwarf birch 

(Betula glandulosa) shrubs that are 10-40 cm tall and attain ~10-30% of the areal coverage of the 

hummocks, interhummocks (mid-elevation), and hollows.  The remaining cover is a mixture of 
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mostly ericaceous shrubs (bog rosemary (Andromeda polifolia L.), mountain cranberry 

(Vaccinium vitis-idaea L.), bog blueberry (V. uliginosum L.), and labrador tea (Ledum decumbens 

(Ait.))), sedges, mosses, lichens, and cloudberry (Rubus chamaemorus L.).   

 Climate records from the Daring Lake weather station (1996-2008; Bob Reid, Indian and 

Northern Affairs Canada, unpublished data) indicate mean daily air temperatures as low as -38 
o
C 

in winter and as high as 15 
o
C in summer, and mean daily soil temperatures at 5 cm depth as low 

as -26 
o
C in winter and as high as 12 

o
C in summer. Maximum snow depth in exposed areas 

averages 37 cm (range: 15 to 59 cm) by late winter, followed by a snow melt period averaging 15 

days (range: 5 to 28 days) the length of which is partially explained by late winter snow depth (R
2
 

= 0.5). The period following snowmelt -the focus of this experiment - is characterized by air 

temperature freeze-thaw cycles for approximately 3 weeks, after which air temperatures rise well 

above zero and plant leaf-out begins. Therefore, our study duration is equivalent to the second 

half of the ‘Thaw’ period as defined by Olsson (2003). The snow-free season then lasts ~150 days 

(typically early June to late September) with an average summer rainfall of 141 mm. 

 A snow experimental treatment was established in 2004 to increase the depth and 

duration of snow cover within birch hummock tundra vegetation. Snowfences (1.2 m tall and 15 

m long; n = 5) created snowdrifts of 8 and 15 m on either side (south- and north-facing, 

respectively) with a consistent maximum depth of 1 m at the peak of the drift by late winter, 

stabilizing and increasing 2005-6 winter soil minima from -16 
o
C to -8 

o
C at 5 cm depth 

(Buckeridge and Grogan 2008). In addition, the snowfences extended snow cover on the ground 

in the spring by 1 to 2 weeks. Control sites (unfenced, 15 m long; n = 5) were established parallel 

to the fences in similar vegetation and offset by more than 30 m to ensure clear separation from 

the snowfence drift areas. Nitrogen (N) addition plots (10 g NH4NO3-N m
-2

 y
-1

 each summer; 35 
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m
2
; n = 5) were established in 2004 within birch hummock vegetation in the same valley (~ 200 

m away), such that these plots had a total of 20 g of N fertilizer added before this study occurred. 

 Soil temperatures over the spring of 2006 were measured every hour in inter-hummock 

spaces at 5 cm depth (n = 12 each) at control and snowfence sites using CR 10X data loggers 

(Campbell Scientific, Logan, UT) and thermocouple probes. On each soil sampling day (details 

below), we measured soil temperatures at 2 and 5 cm depth with hand-held temperature probe, 

active layer depths and volumetric soil moisture (liquid water) to ~5 cm depth with a hand-held 

dielectric probe (n = 5) (Hydrosense, Campell Scientific). Soil water content was also measured 

gravimetrically on each collected soil sample (i.e. total water content as liquid and ice) at five 

random locations next to each gas sampling collar (n = 5). 

 

 

4.3.2 Sampling protocol and sample processing 

  Soil samples were collected 5 times in the early spring (Julian days 151, 153, 155, 158 

and 160) in control, snowfence and N-addition plots, and on three additional days during the 

growing season (Julian days 177, 191 and 207) in control plots to compare variability of soil and 

microbial pools between seasons. We cut out samples (~5 x 4 x 10 cm) of thawed and underlying 

frozen organic soil from interhummock areas down to the contact with the mineral layer (or 

thawed soil was sampled to the frozen layer on May 31
st
) and averaged ~10 cm in depth. Soil 

sample volume was recorded to calculate bulk density and the aboveground plant material and 

roots were removed prior to homogenizing the soil. A sub-sample was weighed to calculate 

gravimetric moisture content and then oven-dried (65 
o
C until a constant mass), and 3 further sub-

samples (10 g fresh mass of soil each) were removed for: 1) extraction with water (50 ml) to 

measure soil solution C and N contents; 2) extraction with a concentrated salt solution (50 ml of 
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0.5 M K2SO4) for salt-extractable C and N contents; and 3) chloroform-fumigation direct-

extraction (CFE) (Brookes et al. 1985) for chloroform-susceptible C and N contents for 

calculating microbial biomass C and N contents. Fumigation lasted 24 h in a darkened vacuum 

desiccator jar at ~15 
o
C. All extract samples were shaken manually several times for a minimum 

of 1 hour in extractant, left to settle for 30 minutes, then filtered through a 1.2 µm pore-size glass 

fiber filter and frozen at -20 
o
C until analysis. 

 Gas samples were collected 3-4 times over a ~two-hour period from static chambers in 

the mid-afternoon (close to the daily soil temperature peak) on 4 days in the early spring (Julian 

days 153, 155, 157 and 160) from each of the control, snowfence and N-addition plots. We 

sampled the plots in random order on each date to avoid confounding effects of time of day. PVC 

collars (29.8 cm internal diameter, 12 cm high) that were beveled at one end had been inserted 

(~2 cm) into the organic soil on May 30
th
 to enclose patches of interhummock vegetation. The 

upper rim of each collar contained a groove into which a machined PVC lid with a downward-

pointing tongue at the outer circumference fitted snugly. Water was poured into the groove prior 

to fitting each lid to ensure a gas-tight seal. Height above the vegetation was recorded for each 

chamber (~3.5 L) to correct the flux rates for differences in headspace volume among plots. A 

hole in the centre of each lid was attached by gas-tight fittings to a 3-way stopcock to facilitate 

headspace gas sampling using a syringe and needle (50 mL, Benton Dickson). The headspace gas 

was mixed prior to sampling by slowly withdrawing (40 seconds) and then reinjecting the full 

syringe volume four times prior to removing a sample (20 mL) and transferring it to a glass vial 

(12 mL, Wheaton). Vials had been sealed with a thick butyl rubber septum and pre-evacuated in 

Kingston prior to transport into the field (to 0.1 mbar), and pre-evacuated blanks were maintained 

throughout transport, sampling and storage to test for sample contamination through loss of 

vacuum (no loss of vacuum occurred). We also tested for linearity in flux rates by collecting 
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successive gas samples from the same plot over longer times (up to 35 total h) and tested 

repeatability by sampling some plots several times in rapid succession. All gas samples were 

analyzed for N2O, CO2 and CH4 concentration within 3 months with a gas chromatograph (Model 

8610C, SRI Instruments, CA USA) equipped with an electron capture detector (ECD) and a flame 

ionization detector (FID). N2O was detected by ECD, whereas the CH4 and the CO2 (after being 

converted to CH4 in a methanizer) were detected by FID. Helium gas was used as the carrier gas, 

while 5% methane in argon was used with the ECD as the make-up gas.  Calibration gases were 

prepared by gas mixing pumps (Wosthoff GmbH, Bochum, Germany) that combined either 

helium with a pre-calibrated gas containing 1025 ppm N2O and 963 ppm CH4 or N2 with pure 

CO2. Rates of soil N2O, CO2 and CH4 emissions from each plot were calculated as the slopes (r
2
 > 

0.88; P < 0.05) of the N2O, CO2 and CH4 concentrations in the headspace samples during the ~2 

hour sampling period.  

 

4.3.3  Biological and chemical analyses 

 NH4
+
-N and NO3

-
-N were determined colourimetrically using automated flow analysis 

(Bran-Leubbe Autoanalyzer III, Norderstadt, Germany) and the salicylate and the cadmium-

reduction sulphanilamide methods, respectively (Mulvaney 1996). C and N contents in the 

fumigated and non-fumigated extracts were determined by oxidative combustion and infrared 

(TOC)  (Nelson & Sommers 1996) or chemiluminesence (TN) analysis (TOC-TN autoanalyzer, 

Shimadzu, Kyoto, Japan). Dissolved organic nitrogen (DON) was calculated as the difference 

between TNwater and (NH4
+
-N + NO3

-
-N)water. Microbial biomass C and N contents (MBC and 

MBN) were calculated as the difference between fumigated and non-fumigated salt-extractable C 

and N samples, and no correction factors for fumigation efficiencies were applied to the microbial 

C or N. All C and N concentrations in the extracts were corrected for the dilution associated with 
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the moisture content of each soil sample. Results are presented as mass of C or N m
-2

 of organic 

material to 10 cm depth, assuming that organic material is ≥ 10 cm deep for all plots and that the 

bulk density does not change over that depth interval. 

 

4.3.4  Statistical analyses 

 The effects of N-addition and deepened snow relative to control were analyzed 

separately, each with a repeated measures multivariate analysis of variance (RM MANOVA) 

after transforming data to approach normality. The RM MANOVA determines the effect of 

sampling date within each treatment with univariate tests. When conditions of sphericity were not 

met (which falsely inflates the F statistic), the Greenhouse-Geisser estimate was used to reduce 

the degrees of freedom (von Ende, 1993), and thus the degrees of freedom contain decimals in 

some cases. Spring and summer data for control plots were compared with a one-way ANOVA. 

The assumption that spring is more variable than summer was tested with O’Brien’s ANOVA, 

which compares sample variances between seasons (O'Brien 1979). Stepwise regression was used 

to isolate variables that explained a significant amount of variation in patterns of gas flux. All 

analyses were performed with JMP 7.0 (SAS 2007, Cary, NC) at the α = 0.05 level of 

significance, and all significant results including interactions are reported.  

 

4.4 Results 

4.4.1 Soil environment 

 Our study was conducted in the middle of that particular phase of early spring in tundra 

when snowmelt has recently been completed, leaves of many of the evergreen plant species had 
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not re-greened, and deciduous plants had not yet leafed out. Mean diel soil temperatures rose 

above 0 
o
C on Julian day 141 in control plots and on day 150 in snowfence plots (where 

occasional small patches of snow were still present). However, the temperature loggers in control 

and snowfence plots indicate dips in soil temperature to 0 
o
C or below (min. -1 

o
C) at 5 cm depth 

early each morning, with the temperature cycle amplitude at this depth ranging from 1 
o
C to 6.5 

o
C just prior to and at the first sampling on day 151 (Fig. 4.2a).  A cold weather front passed over 

the region on day 155, dropping air temperatures below zero (min -4 
o
C) and resulting in more 

severe soil temperature minima (~ -1 
o
C) in all plots on that day as measured with the data logger 

(Fig 4.1) and with the handheld thermometers at 2 and 5 cm depth (F3,36 = 448.0; P = <0.0001 and 

F3,36 = 185.4; P = <0.0001, respectively). Soil temperature was not measured with thermocouple 

probes in the N-addition plots, but results from the hand-held thermometers indicate a similar soil 

temperature during sample times as in the control plots. 

 The active layer (i.e. soil thaw depth) at the first sampling date was less than half as deep 

in the snowfence plots compared to controls (t = 2.4 ; P = 0.006; Table 4.1). Soil thaw increased 

in all plots (Time: Snowfence, F1.5, 11.7 = 86.3; P < 0.0001; N-addition, F1.6, 12.8 = 39.1; P < 

0.0001), although more rapidly in the snowfence plots (Time x Treatment: F1.5,11.7 = 5.1; P = 0.04; 

Table 4.1), resulting in similar active layer depths by the end of the study. Soil gravimetric water 

(i.e. liquid water and ice) was variable among all plots (range: 1.8 to 7.6 g H2O/g soil), but fairly 

constant across the study, typically dropping on day 153 and day 158 by ~20% (Time: 

Snowfence, F4,32 = 2.9, P = 0.04; N-addition, F4,32 = 2.8; P = 0.04; Table 4.1). However, soil 

volumetric liquid water contents determined using the hand-held probes did not differ between 

dates for the control plots during the study period. The mean volumetric water content across all 

samples measured with probes was similar to, and not lower than, volumetric water calculated 

from gravimetric soil water and soil bulk density (soil water was 61.2% and 54.6% of the soil 
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matrix, respectively), suggesting that all soil water to 5 cm depth was liquid on all sampling days 

including on day 155, immediately after the cold weather front. Soil moisture did not differ 

significantly between treatments, although there was a trend for the control plots to be drier 

(Treatment: Snowfence, F1,8 = 3.6; P = 0.09; N-addition, F1,8 = 3.7; P = 0.09; Table 4.1). Soil bulk 

density (range: 0.054 to 0.266 g soil/cm
3
) did not differ between treatments or across the sample 

period. 

 

4.4.2 Soil biogeochemistry and microbial dynamics 

 The purpose of our study was to investigate the potential impacts of in situ air 

temperature freeze-thaw cycles on soil biogeochemical dynamics in early spring. Most soil 

solution and microbial biomass pools and trace gas production rates generally varied significantly 

but not strongly over the early spring period. For example, although NH4
+
-N did not vary 

significantly over time in any plot, NO3
-
-N fluctuated in control and snowfence plots and was 

relatively low on day 155 (0.006 g/m
2 
as opposed to 0.010

 
-0.014 g/m

2
) when soil gravimetric 

water was high and soil temperatures cool (Time: F4,32 = 9.6, P < 0.0001; Figs. 4.2a & b). Soil 

DON dropped in the control plots to a low on day 158, without changing significantly in the N-

addition plots or snowfence plots, resulting in significant Time effects (Snowfence: F4,32 = 14.5, P 

< 0.0001; N-addition: F2,16 = 8.6, P = 0.003) and Time x Treatment effects (Snowfence: F4,32 = 

3.8, P = 0.01; N-addition: F2,16 = 10.4, P = 0.001; Fig. 4.2c). Soil DOC varied significantly over 

time in the snowfence and control plots and was lower on days 155 and 158 (Time: F4,32 = 3.1, P 

= 0.03; Fig. 4.2d).  

 N2O-N and CH4-C fluxes did not vary significantly over the sample period (Fig. 4.3a & 

b). By contrast, microbial respiration (CO2) was low in all treatments during the cold weather 
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front on day 155 (Time: Snowfence, F3,24 = 6.7; P = 0.002; N-addition, F3,24 = 9.1; P = 0.0003; 

Fig. 4.3c). Spatial and temporal variation in CO2 patterns were best explained by a combination 

of soil temperature at 2 cm depth, active layer depth and MBC:N (logCO2 = (-0.4) + (0.25 (square 

root[soil temperature])) + (0.05 (active layer)) + (0.12 (square root [MBC:N])); R
2
 = 0.36; P < 

0.0001). 

 MBC in the snowfence plots was high on day 151 and low on day 160; Time x 

Treatment: F4,32 = 4.3; P = 0.006) and was also lower in the N-addition plots on day 160 (Time x 

Treatment: F4,32 = 4.2; P = 0.007; Fig. 4.4a). MBN in the snowfence plots was low on days 153 

and 160, producing a significant Time (F4,32 = 5.6; P = 0.002) and Time x Treatment effect (F4,32 

= 2.8; P = 0.04; Fig. 4.4b). MBN in the N-addition plots did not vary significantly over the study 

(Fig. 4.4b). The MBC:N ratio increased in all plots from day 151 to 153, and then dropped (Time: 

Snowfence, F4,32 = 18.2; P < 0.0001; N-addition, F4,32 = 4.8; P = 0.004), with a more pronounced 

rise and fall in the snowfence plots (Time x Treatment: F4,32 = 3.5; P = 0.02; Fig. 4.4c). 

 Soil microbial and biogeochemical variables measured on the first, middle and last spring 

dates and three summer dates were quite similar in both means and variances (Table 4.2). The 

exception was soil NH4
+
-N, which differed between seasons, almost doubling in the summer 

(Table 4.2). Spring microbial and nutrient pools were generally not significantly more variable 

than summer pools although there was a strong trend for MBN to be more variable in spring, and 

soil NH4
+
-N to be more variable in summer (Table 4.2).  

As expected, fertilization with inorganic N in the previous two growing seasons 

dramatically increased NH4
+
-N, NO3

-
-N and DON pools (NH4

+
-N: F1,8 = 39.4; P = 0.0002; NO3

-
-

N: F1,8 = 10.7; P = 0.01; DON: F1,8 = 23.6; P = 0.001; Fig. 4.2a-c), but had no significant effect on 

DOC, microbial respiration or methane fluxes (Figs. 4.2d, 4.3b & c). N fertilization greatly 

elevated N2O emissions from negligible levels in control plots (F1,8 = 27.6; P = 0.0008; Figs. 
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4.3a). Furthermore, a significant amount of the large spatial and temporal variation in N2O 

production in the control and N-addition plots (n = 30) was explained by NH4
+
-N and NO3

-
-N (r

2
 

= 0.43; P < 0.0001 and r
2
 = 0.34; P = 0.0003, respectively), suggesting that substrate availability 

was a critical control on N2O production. Although MBC was not significantly affected by N 

addition, MBN approached significance (F1,8 = 3.9; P = 0.08) and was significantly higher than in 

control plots when all dates were pooled (F1,48 = 12.7; P = 0.0009; Figs. 4.4a & b). As a result, 

there was a significant decrease in the MBC:N ratio (F1,8 = 26.6; P = 0.0006; Fig. 4.4c).  

 Although the deepened snow resulted in later and therefore more rapidly thawing soils 

during the study period, there were no significant treatment effects on soil biogeochemistry or 

microbial biomass, or CO2 or N2O production rates. However, there was a significant switch from 

net methane production in control soils to net methane consumption in soils that had been under 

deepened snow (F1,8 = 5.5; P = 0.05; Fig. 4.3b). 

 

4.5 Discussion 

4.5.1 The impacts of fluctuating environmental conditions in early spring on soil 

biogeochemistry 

 Air temperature freeze-thaw cycles did not result in significant soil temperature freeze-

thaw cycles in this mesic low arctic tundra site in this year. Soil temperatures declined as low as -

1.5 
o
C during the study period, potentially initiating ice nucleation in larger soil pores, especially 

closer to the surface where temperature minima are likely to be lower. However, high solute 

concentrations and water advection generally restrict ice formation to much lower soil 

temperatures (Outcalt et al. 1990; Torrance & Schellekens 2006; Kozlowski 2009). Once these 

mesic organic soils thawed, there was a strong resistance to refreezing, presumably as a result of 
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the very large latent heat capacity associated with soil water phase changes. Annual temperature 

records from a nearby weather station (800 m) indicate that the last week of snowmelt is 

consistently characterized by a “zero-curtain” period (Outcalt et al. 1990) where soil temperatures 

remained static at 0 
o
C (Fig. 4.5). After the snow melted and the ground was exposed, there was a 

19 d period in 2006 - the focus of this experiment - where the mean daily soil temperature at the 

top of the active layer and just below the soil surface fluctuated near and slightly above 0 
o
C, but 

did not go below 0 
o
C. This phenomenon is similar in other years at our site and appears to be 

common throughout mesic arctic tundra soils (Outcalt et al. 1990; Hinzman et al. 1991; Olsson et 

al. 2003). Together these results strongly suggest soil freezing in early spring is infrequent in 

mesic tundra ecosystems. 

The small, naturally occurring temperature fluctuations recorded in the organic soil layer 

did not result in a detectable spring nutrient pulses in the soil solution at our low arctic tundra 

site, refuting Hypothesis 1. We observed minor but statistically significant temporal variations in 

CO2, DON, MBC and MBC:N in all plots, and in NO3, DOC and MBN in the deepened snow 

plots. Furthermore, microbial biomass nitrogen tended to be more variable in spring than summer, 

however, the variability in all microbial factors was small (Table 4.2), suggesting that the 

microbial biomass is fairly constant throughout the spring and summer phases of the snow-free 

season, refuting Hypothesis 2. Our findings contrast with several laboratory studies indicating 

that freeze-thaw cycles may disrupt the soil and/or microbial community and produce a flush of 

CO2, N2O and nutrients to the soil solution (Skogland et al. 1988; Schimel & Clein 1996; 

Herrmann & Witter 2002; Larsen et al. 2002; Sharma et al. 2006). Many of these studies used 

lower temperature minima and higher frequency cycles than occur naturally in hummock tundra 

soils on diurnal or weekly time frames (Henry 2007). Several other laboratory investigations have 

reported moderate or non-existent pulses in some biogeochemical variables in tundra soils that 
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have been cycled through realistic temperature regimes (Lipson & Monson 1998; Sulkava & 

Huhta 2003; Grogan et al. 2004). In addition, a field study indicated that soil microbial and 

soluble pools were low and similar on two close dates in early spring in an inundated arctic wet 

sedge meadow (Edwards et al. 2006) where soil freezing is very unlikely due to the high moisture 

content. Here, we provide strong in situ field evidence at a relatively high temporal resolution that 

early spring (i.e. the days immediately after snow melt and soil thaw) is not a period of dynamic 

C or N pulsing in mesic tundra soils.  

 Our results suggest that realistic, mild fluctuations around zero degrees in tundra soil are 

not a source of spring nutrient pulsing as they are not detrimental to tundra soil microbes, perhaps 

due to the large microbial arsenal of osmolytes, antifreeze and ice nucleating proteins (D'Amico 

et al. 2006; Walker et al. 2006) that act as protectants against environmental fluctuations at spring 

thaw. The larger fluctuations in air and soil temperatures that occurred after the freezing weather 

front passed through the region on day 155 may have caused the significant drop in CO2, soil 

NO3
-
-N and soil NH4

+
-N on that day. However, if temperature changes are an important 

determinant of nutrient pulses, we suggest that such pulses may occur earlier than in the period 

measured in this experiment when arctic soils typically, and rapidly, increase in temperature from 

-20 
o
C to -5 

o
C, within a few hours of the onset of sustained mean diel air temperatures above 0 

o
C (Hinzman et al. 1991; Olsson et al. 2003; Buckeridge & Grogan 2008). As a result of the 

strong chemical potential gradients between frozen and thawed water, rapid water movement, 

changes in soil water film thickness and fluctuating solute concentrations may exist in soils at 

these lower temperatures (Rivkina et al. 2000; Torrance & Schellekens 2006), at a scale that is 

critical and stressful to microbial cells (Schimel et al. 2007). If moisture changes are important in 

determining nutrient pulses (Schimel et al. 2007), then they may occur just after this rapid step up 

in temperature, when mean diel air temperatures are above zero, and the snow pack begins to 
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thaw (Olsson et al. 2003; Edwards et al. 2006). This step-up occurs ~2 weeks before snow melt 

and freeze-thaw cycling in hummock tundra soil, and therefore 2 or 4 weeks (snowfence and 

control plots, respectively) before our first sample date in this study. In summary, although 

nutrient pulses may well occur in response to temperature and/or moisture changes beneath the 

snow, our in situ field data strongly suggest that the principal soil biogeochemical pools in this 

mesic ecosystem are stable once snowmelt is complete in early spring. 

 

4.5.2 The impact of added N on trace gas production, microbial biomass and soil 

biogeochemistry in early spring 

 N2O production and consumption rates were very low at our site, except in plots where 

substantial inorganic N had been added. These results demonstrate that N2O production was very 

strongly limited by the availability of inorganic N substrate in early spring (supporting 

Hypothesis 3), and that fluctuations in soil temperature and moisture were relatively unimportant 

controls on this process at this time. Low denitrification or N2O consumption is consistent with 

other field studies in subarctic or arctic organic soils, at least in the summertime, as is the 

stimulation of denitrification following inorganic N addition (Chapin 1996; Christensen et al. 

1999; Sorensen et al. 2006). Although we cannot say for sure that soil temperature fluctuations 

did not exacerbate these high rates (because we could not control for this), we saw no significant 

temporal variation over the study, despite our fairly long sampling periods (several hours in the 

warmest part of each day and the passage of at least one freezing weather front). Therefore, our 

results differ from recent measurements that found soil freeze-thaw cycles promoted high rates of 

denitrification in the Mongolian Steppe (up to 70 µg N2O-N m
-2

 h
-1

); although these rates were 

under snow and dropped substantially after snowmelt, even as soil temperatures continued to 
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fluctuate (~-2 to +7 
o
C) (Holst et al. 2008). Instead, our results indicate large spatial variation in 

N2O production that was positively and fairly closely correlated (r
2
 = 0.40) with the large pools of 

inorganic N in the soil solution that were the result of N-additions in the previous two summers. 

Strong positive associations with soil ammonium and nitrate pools suggest that N2O production 

may be due to both nitrification and denitrification in the organic soils we investigated. Although 

N2O production via denitrification has been documented in peat soils (Aerts 1997), a recent study 

in tundra soils has identified nitrifiers as the main source of N2O (Siciliano et al. 2009). The 

relative importance of these two processes in low arctic tundra soils has not been identified and 

cannot be tested directly without stable isotopes or acetylene reduction techniques. 

 N-additions substantially increased soil solution inorganic N, and appeared to stimulate 

soil decomposition, as indicated by increased pools of dissolved organic N. The increased N 

availability and N cycling in N-addition plots resulted in a larger incorporation of N into the 

microbial biomass and a substantially lower microbial C:N ratio, relative to the control plots (Fig. 

4.4). In temperate, alpine and sub-arctic systems soil microbes may act as intermediate retainers 

of the spring flush of N before plant N uptake begins (Zak 1990; Jaeger et al. 1999; Grogan & 

Jonasson 2003), theoretically promoting tight internal soil cycling of N. Our results suggest that 

this microbial mechanism of springtime ecosystem nutrient retention may be important, at least in 

fertilized tundra. 

Nutrient addition beyond the upper limit to microbial N immobilization in early spring 

may be removed from the system, by facultative denitrifiers, or via physical means as leachate 

flows to the mineral soil or overland surface flows during spring thaw. For instance, our soil 

solution results were based on water-extracted values, and thus should indicate the pool of 

nutrients that could readily flow to aquatic systems during snowmelt run-off when soils are 

saturated (Hinzman et al. 1991). We added 20 g N m
-2

 over the two years before this study and 
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documented enhanced N2O fluxes in the range of 100 µg N2O-N m
-2

 h
-1

; however, this is still < 

1g N2O-N m
-2

 season
-1

, assuming comparable N2O flux rates for all snow-free days. Long-term 

studies of repeated N-additions in tundra soils have found a lower overall amount of N in 

fertilized soils after 20 years of fertilization, due to depleted soil N at depth, that is attributed to 

fertilizer-promoted increases in soil decomposition down the soil profile (Mack et al. 2004) and 

an unexplained mechanism of N loss. Our early spring results suggest that this N loss in fertilized 

tundra is unlikely to be explained by N2O production, and that the missing N may be more likely 

attributed to N2 or leachate loss. 

 

4.5.3 The impact of deepened snow on soil biogeochemistry in early spring 

 Deepened snow resulted in colder soils and rapid active layer development in the soils we 

sampled, but did not lead to strong differences in measured soil microbial or biogeochemical 

properties, refuting hypothesis 4. Nevertheless we observed net methane consumption in the 

snowfence soils, as compared to net methane production in control plots. In general, methane 

fluxes were very low from the birch hummock tundra plots (-0.07 to +0.1 mg CH4-C m
-2

 h
-1

), 

compared to measures at the same time of year in wet sedge at this research site (mean 1.3 mg 

CH4-C m
-2

 h
-1

 on day 161, 2006; P. Grogan, unpublished data) or CH4 pulses during fall freeze in 

other wetland tundra soils (10-15 mg CH4-C m
-2

 h
-1

; Mastepanov et al. 2008)). Together these 

results suggest that methane fluxes from mesic arctic ecosystems are unlikely to be significant 

even immediately after snowmelt in early spring when these soils had recently been inundated 

with snowmelt water.  

 Deepened snow can significantly increase microbial biomass N at our site (Buckeridge & 

Grogan 2008), and net N mineralization in Alaskan tundra over winter (Schimel et al. 2004), 
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presumably as a result of warmer soil temperatures (Walker et al. 1999; Schimel et al. 2004; 

Buckeridge & Grogan 2008). This enhanced winter N mobilization may contribute to plant N 

requirements in the next growing season or ecosystem losses of N with spring thaw. Yet here we 

have found no differences in N pools in the soil and microbial biomass between control and 

snowfence plots, suggesting that any excess N mineralized or immobilized over winter as a result 

of deepened snow had been acquired by roots or lost as gas or leachate at or prior to snowmelt.  

 

 In conclusion, our results suggest that air temperature freeze-thaw cycles in the spring 

immediately after snowmelt are not detrimental to the soil microbial biomass and are not 

associated with increased soil solution nutrient pulses. The snowfence manipulation results imply 

that the warmer winter soil temperatures and later thaw associated with the deepened snow pack 

did not promote differences in spring soil biogeochemistry. N2O production did not appear to be a 

major pathway for N loss from the ecosystem at this time in early spring, as denitrification in 

these mesic hummock tundra soils was primarily limited by the lack of available inorganic N. 

Overall, we conclude that biogeochemical cycling in this particular phase of spring, just after 

snow has melted and the soils have thawed, appears to be much less dynamic than previously 

believed, at least for birch hummock ecosystems. We suggest that future research on the potential 

biogeochemical importance of the winter-spring transition in tundra ecosystems should focus not 

on soil freeze-thaw cycling, but on the initial thaw period when soil temperatures very rapidly rise 

from winter minima up toward zero and remain stable beneath the melting snowpack. 
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Table 4.1. Active layer depth and soil gravimetric water content in control, deepened snow and 

N-addition plots in early spring 2006. 

  Julian Day 

  151 153 155 158 160 

   mean s.e.1 mean s.e. mean s.e. mean s.e. mean s.e. 

Control 11 1.3 12 1.3 14 1.5 14 1.7 15 2.2 

Snowfence   5.3 1.1   7.6 0.67   9.7 0.71 11 0.76 13 0.52 
Active layer 
depth (cm) 

N-added 10 0.55 12 0.83 12 0.91 12 0.86 14 1.1 

Control   4.2 0.26   3.4 0.43   4.2 0.38   3.7 0.35   3.7 0.20 

Snowfence   5.7 1.0   4.4 0.95   5.5 0.46   4.6 0.48   5.0 0.29 

Gravimetric 
water 
content 
(g/g) N-added   4.6 0.40   4.7 0.67   5.3 0.43   4.7 0.51   4.2 0.16 

1. s.e. is standard error (n = 5)          
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Table 4.2. Test of spring vs. summer variability over three sample dates in each season (n = 15). 

  Spring Summer O'Brien's1 ANOVA2 

Biogeochemical pool3 mean CV4 mean CV df5 F P df F P 

NH4
+-Nsalt (mg m-2) 14.0 0.91 29.7 0.44 1, 28 3.0 0.09 1, 28 17.8 0.0002 

DOCsalt (g m-2) 7.7 0.43 11.5 0.64 1, 28 2.1 0.2 1, 28 2.8 0.1 

DTNsalt (g m-2) 0.67 0.48 1.03 0.75 1, 28 0.7 0.4 1, 28 2.8 0.1 

MBC (g m-2) 76.7 0.44 59.4 0.37 1, 28 1.8 0.2 1, 28 1.9 0.2 

MBN (g m-2) 5.8 0.57 4.4 0.33 1, 28 4.1 0.053 1, 28 0.7 0.4 

MBC:N   14.8 0.30 13.8 0.26 1, 28 0.2 0.7 1, 28 0.4 0.5 

1. O’Brien’s test is a measure of unequal sample variances; significant results imply that one sample is more 
variable than another. 2. The ANOVA was used to test for differences between seasonal sample means. 3. DOCsalt 
and DTNsalt is 0.5 M K2SO4-extracted soil dissolved organic carbon and total nitrogen, respectively; MBC, MBN and 
MBC:N are microbial biomass carbon, nitrogen and their ratio, respectively. 4. CV is coefficient of variation 
(standard deviation/mean) where CV < 1 indicates low variance.  5. df is degrees of freedom. 
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Figure 4.1. Hourly soil temperature (
o
C) at 5 cm depth in control and deepened snow plots and 

air temperature during late winter and early spring 2006 (n = 12 probes (control) or 8 probes 

(snowfence)). The arrows represent approximate sampling times during this study. Snow melt 

was complete on day 141 in control plots and day 150 in snowfence plots (see Fig. 4.5) 
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Figure 4.2. Water-extractable soil solution ammonium-N (a), nitrate-N (b), dissolved organic N 

(c), and dissolved organic C (d) pools in the top 10 cm of organic soil in control, deepened snow 

and inorganic N-addition plots in early spring 2006. Bars indicate +/- one standard error; n = 5. 

Nitrate (and therefore dissolved organic nitrogen) was not determined in the N-addition plots on 

days 151 and 153.  
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Figure 4.3. Nitrous oxide-N (a), methane-C (b), and carbon dioxide-C (c) fluxes in the early 

spring from control, deepened snow and inorganic N-addition plots in early spring 2006. Error 

bars indicate +/- one standard error; n = 5. In contrast to the other biogeochemical variables, 

gases were not sampled on day 151. 
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Figure 4.4. Microbial biomass carbon (a); microbial biomass nitrogen (b) and microbial biomass 

carbon/nitrogen ratio (c) in the top 10 cm of organic soil, in control, deepened snow and inorganic 

N-addition plots in early spring 2006. Error bars indicate +/- one standard error; n = 5. 
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Figure 4.5. Hourly soil and air temperatures and snowdepth from the beginning of snowmelt to 

the start of the frost-free period, from 2004-2007 at a weather station in the same valley as our 

study site. The timing of snowmelt completion in the control (and N-addition) and deepened 

snow plots in the year of our study (2006) is indicated. Data courtesy of Bob Reid (INAC Water 

Resources Division). 
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Chapter 5 

Soil nitrogen cycling rates in low arctic shrub tundra are enhanced by 

litter feedbacks 

5.1 Abstract 

 Shrub growth has increased across the Arctic in recent decades and is strongly limited by 

soil nitrogen (N) availability. In order to understand the role of N in controlling shrub growth, we 

compared N-cycling in tall birch (Betula glandulosa) and surrounding dwarf birch hummock 

vegetation on similar soils in a Canadian low arctic site. Stable isotope tracer analysis revealed N 

pools and cycling rates were ~3 times larger and faster in the tall birch ecosystem in the late 

growing season, just prior to leaf senescence. Gross NH4
+
-N production rates in these ecosystems 

correlated positively with larger pools and production rates of dissolved soil C and N, higher 

quality litter inputs and lower soil C. Analyses of the soil microbial community in both 

ecosystems indicated similar fungal dominance (epifluorescence microscopy) and similar 

compositions of the principal fungal or bacterial phylotypes (denaturing gradient gel 

electrophoresis). Together, these results strongly suggest that vegetation feedbacks associated 

with larger inputs of higher quality litter promote rapid soil N-cycling and enhanced shrub growth 

in tall birch tundra. We conclude that these litter-related feedbacks during summer may be as 

important as snow-shrub feedbacks in maintaining and promoting differences in shrub growth 

across the arctic landscape. 

 

Keywords: 
15

Nitrogen; gross N mineralization; arctic tundra; litter; soil microbial community; 

Betula 
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5.2 Introduction 

 Climate warming impacts have been detected in the Arctic over the past 20-30 years and 

recent evidence indicates substantial vegetation change is occurring across the tundra (IPCC 

2007). For example, an increase in peak-season biomass across the Arctic over the past three 

decades has been characterized by remote sensing (Myneni et al. 1997, Goetz et al. 2005). This 

biomass change has been linked to an increase in abundance and density of shrubs across the 

circumpolar tundra through time-series aerial photography and plot-level investigations (Sturm et 

al. 2001a, Tape et al. 2006, Devi et al. 2008), and this association between warming and shrub 

expansion is supported by several experimental warming studies of tundra shrub apical growth 

(Chapin et al. 1995, Jonasson et al. 1999, Walker et al. 2006). Increased shrub cover results in 

enhanced absorption of solar radiation and therefore localized atmospheric heating, providing a 

potentially very significant positive feedback to climate warming (Chapin et al. 2005). By 

contrast, increased woody growth by shrubs stores carbon (C), which may promote a negative 

feedback by mitigating some of the CO2 released as a result of enhanced organic matter 

decomposition from warmer soils (Shaver et al. 1992, 2000). 

Primary productivity in both tall shrub and tussock tundra ecosystems is limited by N 

availability (Shaver and Chapin 1980). N cycling rates are faster in riparian tall shrub soils than in 

tussock tundra (Giblin et al. 1991). Riparian sites are however often seasonally flooded 

suggesting that water flow and occasional flooding disturbance enhance N availability adjacent to 

streams and rivers (Chapin and Shaver 1981). Although shrub expansion is most prevalent in 

floodplain habitats, moderate increases in shrub growth and cover have been documented on 

plateaus and slopes (Tape et al. 2006) where preferential pathways for surface water flow are not 

apparent. In laboratory incubations at a constant temperature non-riparian shrub soils can have 

either slower (Kielland 1995, Hobbie 1996) or faster (Weintraub and Schimel 2003) rates of net 

N mineralization, and reduced amino acid immobilization (Kielland 1995), relative to tussock 
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soils. Soil N cycling is controlled by soil microbes and soil microbial communities differ between 

shrub and tussock tundra soils in Alaska (Wallenstein et al. 2007), suggesting the microbial 

community structure may be an important control on soil N availability to plants.  In particular, 

fungal:bacterial ratios may differ under enhanced shrub growth if litter and root exudate quality 

and quantity differs, as soil fungi and bacteria utilize different soil C substrates (Rinnan and 

Baath 2009). This may in turn alter N cycling rates if soil organic matter decomposition, N 

mineralization rates and trophic interactions in fungal-dominated communities are slow relative 

to bacterial-dominated communities (Wardle et al. 2004, Moore et al. 2005).  Investigation of in 

situ N cycling field rates and potential microbial controls on N cycling in tall shrub and low shrub 

tundra areas where surface water is not a confounding control is essential to understanding 

current differences in shrub growth across the landscape and predicting patterns of shrub 

expansion. 

 Current theories about tundra ecosystem succession have suggested that a positive 

feedback exists between shrubs and snow, whereby deeper snow around shrubs promotes warmer 

soil temperatures and increased N availability at spring thaw (Sturm et al. 2005). The positive 

contribution of winter shrub dynamics for annual ecosystem N budgets may be countered by 

summer constraints on N cycling, such as cooling of soils via increased canopy shading and an 

associated shallower active layer (McFadden et al. 1998, Sturm et al. 2001a, Chapin et al. 2005). 

In addition, rates of litter decomposition may be reduced by a greater proportion of more 

recalcitrant woody litter in Betula-dominated tundra (Hobbie 1996, Weintraub and Schimel 

2005a). At present, it is believed that positive winter effects of tall shrubs on N availability 

exceed negative summer effects, promoting shrub expansion, although these potential negative 

summer feedbacks involving soil temperature and litter quality effects on N-cycling have not yet 

been investigated (Sturm et al. 2005).  

In this study we present a field investigation of gross and net N cycling rates under tall 

birch tundra and birch hummock tundra in the Canadian Low Arctic in late summer. In particular, 
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our aim was to address the following research questions that could contribute to our overall 

understanding of shrub expansion: (1) Are N pool sizes in the soil organic matter and microbial 

biomass larger, and N-cycling rates faster, in tall birch tundra relative to birch hummock tundra?; 

(2) Does the quality (C:N) of soil and litter differ between tall shrub and birch hummock tundra?;  

(3) Are the soil fungal:bacterial ratios or the dominant soil microbial phylotypes different 

between tall shrub and birch hummock tundra?; (4) Are N-cycling rates correlated with the 

quality of soil organic matter and litter, and the soil microbial community in these tundra 

ecosystems? 

 

5.3 Methods 

5.3.1 General Site Description 

 This study was conducted on mesic birch hummock and tall birch ecosystems at the 

Tundra Ecosystem Research Station (TERS) at Daring Lake (64º52’ N, 111º33’W), 

approximately 300 km north of Yellowknife in the Northwest Territories, Canada, at the end of 

the 2006 growing season (August 20-September 1).  Both ecosystem types are circumpolar in 

distribution (Bliss and Matveyeva 1992). The valley in which we carried out this study (~4 km
2
) 

is bordered by an esker and outcroppings of Canadian Shield bedrock. Patches of the vegetation 

systems under study occur at intermediate elevations along a toposequence that extends from the 

top of the esker where dry heath is common down to wet sedge vegetation at the base of the 

valley. The soil in the valley consists of an organic layer ~3-20 cm deep above a silt-sand mineral 

layer. 

The birch hummock ecosystem (Fig. 1a) used in this study and others (Nobrega and 

Grogan 2007, Buckeridge and Grogan 2008, Lafleur and Humphreys 2008, Nobrega and Grogan 

2008) occurred as frequent patches in the valley and is characterized by hummocks 10-30 cm 

high and deciduous dwarf birch shrubs (Betula glandulosa) that are 10-40 cm tall and attain ~10-
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30% of the areal coverage.  The remaining cover is a mixture of mostly ericaceous shrubs such as 

bog rosemary (Andromeda polifolia L.), mountain cranberry (Vaccinium vitis-idaea L.), bog 

blueberry (V. uliginosum L.), and labrador tea (Ledum decumbens (Ait.)), in addition to sedges, 

mosses, lichens, and cloudberry (Rubus chamaemorus L.).   

 The tall birch ecosystem (Fig. 1b) used in this study occurred as a large patch (~40 x 130 

m) of dense (~90% areal coverage), tall (~50-100 cm high) B. glandulosa shrubs, on a gentle 

slope in the valley. Preferential flow patterns of surface stream water were not evident at this site; 

similar tall birch patches occurred at several other locations across the valley but these other 

patches were either closely associated with definite stream or river flows, or in wind-protected, 

deep snow accumulation areas, such as the lee of eskers. We focused on this mesic large tall birch 

patch because we were interested in interpreting our results in the context of the potential for 

increases in shrub density in landscape areas without obvious hydrological or topographical 

influences. The understory, found directly beneath shrubs as well as lining and within the caribou 

trails between shrubs, consists of the same vegetation composition as described for the mesic 

birch hummock ecosystem above.  

5.3.2 Soil nutrient pools and net cycling rates  

 Plots (n = 5) centered on a representative birch shrub within each ecosystem-type were 

selected arbitrarily and without preconceived bias (McCune and Grace 2002).  Net nitrogen (N) 

and dissolved organic C (DOC) cycling rates were determined using a modification of the buried 

bag technique (Eno 1960).  Four cores were taken within each plot to the full depth of the organic 

layer (range: 6 to 11 cm in the birch hummock plots; 8 to 10 cm in the tall birch plots) and no 

mineral soil was included.  Live plant and lichen material was removed from the core surfaces, 

but any surface litter was retained.  Two cores were designated as ‘final’ cores and placed intact 

into separate plastic bags which were sealed and then inserted back into the ground before 

replacing the live plant material that had been removed on top.  The two ‘initial’ cores were 
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returned to the field lab and were processed within a few hours of sampling. The two initial cores 

from under each shrub were composited and immediately sub-sampled (~10 g fresh weight soil) 

for soil solution extraction, microbial biomass estimation and soil moisture calculations.  

Extraction was achieved by adding 50 mL of 0.5 M K2SO4, shaking the sample cups 

intermittently over one hour (Horwath and Paul, 1994) and then filtering through glass fiber 

filters (Fisher G4, 1.2 µm pore space) using a vacuum. Soil microbial biomass C and N contents 

were determined by the chloroform-fumigation direct-extraction (CFE) technique (Brookes et al. 

1985). Fumigation lasted 24 h in a darkened vacuum desiccator jar at field lab temperature (~10-

15 
o
C). Extraction of fumigated soil was as described above, and all extracts were frozen until 

analysis at Queen’s University in Kingston, Ontario.  After 10 days of in situ incubation, the final 

cores were retrieved and extracted as described above.  Net cycling rates were calculated from the 

change in extractable soil solution NH4
+
-N, dissolved organic nitrogen (DON) or dissolved 

organic carbon (DOC) concentrations, during the field incubations. NH4
+
-N and NO3

-
-N in the 

extracts were determined colourimetrically, using automated flow analysis (Bran-Leubbe 

Autoanalyzer III, Norderstadt, Germany) and the indophenol and sulphanilamide methods 

(Mulvaney 1996). NO3
-
-N was below our detection level and was assumed to be negligible in 

these ecosystems. Dissolved organic carbon (DOC) and dissolved total nitrogen (DTN) contents 

in the extracts from fumigated and non-fumigated soils were determined by oxidative combustion 

and infrared (Nelson and Sommers 1996) or chemiluminesence analyses, respectively (TOC-TN 

autoanalyzer, Shimadzu, Kyoto, Japan). DON was calculated as the difference between DTN and 

NH4
+
-N. Microbial biomass C and N contents (MBC and MBN) were calculated as the difference 

between initial fumigated and non-fumigated C and N samples, and no correction factor (kC or 

kN) was applied. All C and N concentrations in the extracts were corrected for the dilution 

associated with the moisture content of each soil sample. Soil moisture content was calculated 

after complete oven drying at 65 
o
C. 
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5.3.3  15N injections (‘Isotope pool dilution’) and sample processing 

 To estimate gross cycling rates, two additional soil cores from each of the five plots at the 

two ecosystem types were sampled as described above. The cores were injected with 99% 

15
NH4Cl (0.9 mg 

15
N/L or ~ 0.0029 µg 

15
N cm

-3
 or ~ 0.16 µg 

15
N g dw soil

-1
;
 
Cambridge Isotope 

Laboratories, Andover, MA), which increased the extractable NH4
+
 pool by ~0.1-3%  and the soil 

moisture by ~ 8-30%.  Initial 
15

N cores were then mixed and sub-sampled as described above.  

The remaining final 
15

N cores were placed intact in PVC tubes sealed on both ends by 

polyethylene and incubated in the same holes from which they came.  After 24-hour incubation, 

these cores were mixed and sub-sampled as described above.   

5.3.4 Surface litter and total soil C and N pools 

 To assess surface litter quantity and quality differences between the two ecosystems, soil 

turves (mean area = 80 cm
2
) were cut from each plot.  The cores were first upturned and gently 

shaken to remove most of the surface leaf and any small twig litter, then the live plant shoots 

were removed and not included, so that the remaining surface litter could be collected by hand 

picking.  Leaf senescence had not yet begun or was just beginning, implying that our litter 

measures did not include the current year’s production. Our purpose was to sample the surface 

leaf litter pool that had senesced in recent years and had not yet been consolidated or incorporated 

into humified organic matter. Dried initial soil and litter were oven-dried (65 
o
C) and ground 

(Retsch ZM 200 Ultra Centrifugal Mill (litter) or Retsch PM 200 Planetary Ball Mill (soil), Haan, 

Germany) and then analyzed for total carbon and nitrogen (LECO CNS 2000, St. Joseph, USA).  

All C:N ratios are atomic. 

5.3.5 Gross mineralization (diffusion procedure) and gross immobilization (salt dry-down 

procedure) 

 A modified version of the diffusion technique described by Stark and Hart (1996) was 
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used to prepare soil solution extracts from the gross mineralization cores for 
15

N analysis.  

Aliquots of 0.5 M K2SO4 extract from each birch hummock and tall birch initial and final core 

were spiked with a 
14

NH4Cl solution in 125 mL mason jars.  
14+15

NH4
+
 in the extract + spike 

solution was volatilized to NH3 by the addition of 0.2 g of MgO to the extract solution.  
14+15

NH3 

was subsequently captured over six days on acid traps made by sealing two acidified (10 µL 0.5 

M KHSO4) quartz filter discs (CAT No. 1851-047, QMA grade Whatman filters) in Teflon tape.  

After the six day diffusion, the traps were removed from the jars and dried discs were sent to the 

EIL (University of Waterloo) for 
15

N analysis using an IsoChrom mass spectrometer (EA-IRMS).   

 To determine 
15

N in soil microbes, a modified salt dry-down procedure was used on the 

fumigated extracts of the initial and final 
15

N injected cores (Dijkstra et al. 2006).  The salt 

extracts were dried in an oven at 65 
o
C, ground to a fine powder and analyzed for their δ

 15
N 

ratios and total N content at the CPSIL (North Arizona State University) using a Delta Plus 

Advantage Elemental Analyzer coupled to an IRMS. 

5.3.6 Isotope dilution calculations 

Rates of gross mineralization (dilution of the 
14+15

NH4
+
-N pool with 

14
NH4

+
-N over time; 

an estimate of new mineralization of organic material to NH4
+
-N), gross consumption (gross 

mineralization minus the change in the 
14+15

NH4
+
-N pool over time; an estimate of the total 

removal of 
15

N from the soil solution, due to uptake of 
15

N by plants, microbes and/or abiotic 

fixation) and gross immobilization (
15

N enrichment in the MBN over time; an indicator of the 

microbial N uptake portion of gross consumption) were calculated using the isotope dilution 

equations, and following the assumptions of the Kirkham and Bartholomew model (1954) as cited 

in Hart et al. (1994): a) no isotopic fractionation occurs during microbial transformations of soil 

N; b) added 
15

N may be immobilized by microbes, but is not re-mineralized during the in situ 

incubation; and c) rates of microbial transformations of N are constant during the incubation 

period. The relatively short incubation time (24 hour) used in the present study makes violations 
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of these assumptions unlikely (Hart et al. 1994).  All results were calculated using 
15

N excess in 

soil and microbial pools adjusted relative to (in situ) background levels of 
15

N excess in soil and 

microbial pools.   

5.3.7 Microbial community analysis 

 To test for differences in the soil microbial community between the two ecosystem types, 

we used epifluorescent microscopy to count fungal hyphae and bacterial cells and to estimate 

fungal and bacterial volumes, and we used denaturing gradient gel electrophoresis (DGGE) of 

amplified DNA extracts to compare community fingerprints of dominant bacteria and fungi. 

Organic soil profiles were collected from the same plots as net and gross cycling cores. One 

sample was collected for total counts, and two composites were collected for molecular analysis. 

Surface plants and large roots were removed and soils designated for nucleic acid analysis were 

well-mixed and frozen for return to the lab at Queen’s University. Soil samples for total counts 

(10 g) were suspended in 90 mL of water and blended at 13,000 rpm for 5 min, and then 9 mL of 

the suspension was fixed with 1 mL of formalin prior to transport to Queen’s University for slide 

preparation.  

 Microscopy slide preparation was according to Bloem et al. (1995) with some 

modifications, as described in Buckeridge and Grogan (2008) using the polysaccharide stain 

fluorescent brightener 28 (FB 28) to stain total fungi (i.e. live plus dead fungal mass), and the 

nucleic acid stain DTAF to stain total bacteria (i.e. live plus dead bacterial mass). All samples 

were viewed with an epifluorescent microscope (Nikon E600W), and photographed with a cooled 

16-bit digital colour camera (QICAM 1394, QImaging, Burnaby, B.C.). Bacterial cell counts and 

volume were based upon the average of 10 fields-of-view per slide and fungal hyphal analyses 

were the average of 20 fields-of-view per slide. Enumeration of bacteria and fungi was done 

semi-automatically using the software program SimplePCI (version 5.3.1, Compix, Cranberry 

Township, PA), which quantifies the length (L) and breadth (B) of each user-selected organism in 
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a field-of-view. Length collected in this manner was used to calculate fungal hyphal length. 

Bacterial and fungal volume per cell (V) were calculated as V = π/4 x B
2
 x (L – B/3) (Bloem et 

al. 1995). Volumes were converted to mass of C assuming a mean fungal C content of 3.1 x 10
-13

 

g C mm
-3

 and a mean bacterial C content of 1.3 x 10
-13

 g C mm
-3

 (Bloem et al. 1995).  

 Soil DNA was extracted from 0.25 g of soil using the Power Soil extraction kit (MOBIO, 

Carlsbad, CA), which uses a combination of bead-beating and proprietary solvents to remove 

excess humic acids and extract DNA.  DNA was frozen before analysis (-20 
o
C) and then diluted 

10 times for use as PCR template. The primer pair GC-338f (forward) and 907r (reverse) was 

used for the amplification of eubacterial 16S rRNA gene (Chu et al. 2007) and the primer pair 

FF390 (forward) and FR1 or FR1-GC (reverse) was used for the amplification of the fungal 18S 

rRNA gene (Vainio and Hantula 2000) with a nested PCR (FF390 and FR1 for the 1
st
 PCR, 

FF390 and FR1-GC for the 2
nd

 PCR). PCR amplification was performed with a Techne TC-3000 

thermocycler (Barloworld, USA). PCR mixtures were prepared with a 0.2 mM concentration of 

each deoxynucleoside triphosphate, 5 µl of 10x PCR buffer, 2.0 mM MgCl2, 0.4 µM of each 

primer, 1.25 U (1.0 U for fungal PCR) of Taq polymerase (Fermentas), and 1 µl of soil DNA 

template, in a final volume of 50 µl. Amplification was always started by placing the PCR tubes 

into the preheated (95°C) thermal block of the thermocycler. The thermal profile for 

amplification was as follows: 10 min at 95°C; 35 cycles of 1 min at 95°C, 1 min at 50°C, and 1 

min at 72°C (or 1.5 min for fungal PCR); and 5 min at 72°C (or 10 min for fungal PCR). The 

PCR products were electrophoresed on 1 % agarose to ascertain their size and quality, and were 

then separated using DGGE with a D-Code universal mutation detection system (Bio-Rad 

Laboratories) according to the instruction manual. The bacterial PCR products were loaded on 

6% (wt/vol) polyacrylamide gels with a denaturing gradient of 40% to 60% (100% denaturant 

contains 7 M urea and 40% formamide). The fungal PCR products were loaded on 8% (wt/vol) 

polyacrylamide gels with a denaturing gradient of 25% to 55%.  The gels were run in 1x Tris-



 

 134 

acetate-EDTA buffer at 60°C and 65 V for 20 h (16 h for the fungal gel), with the first 12 min at 

200 V. After DGGE, the gels were stained with 1:10,000 SYBR green I (Invitrogen, Molecular 

Probes, Eugene, OR) and scanned with a ChemiGenius scanner (Syngene, Cambridge, UK).  

5.3.8 Statistical analyses 

 Differences between the birch hummock and tall birch ecosystems were determined by 

one-way analyses of variance (ANOVAs) (JMP 7.0.2, 2008, SAS Institute, Cary, NC, USA).  

Data were log transformed to meet the requirements of normality when necessary. Variation in 

gross mineralization rates among all birch hummock and tall birch plots was related to all factors 

not directly involved in the calculation of the nitrogen cycling rate, using bivariate fits (n = 9, one 

soil diffusion value was not recovered). All significant results are reported (P < 0.05).  

  

5.4 Results 

5.4.1  Ecosystem N and C pools and stoichiometry 

The surface litter N pool just prior to leaf senescence late in the growing season was ~2.5 

times larger in the tall birch ecosystem than in the birch hummock ecosystem due to more litter 

mass as well as significantly higher litter N concentrations (Table 5.1).  By contrast, litter C 

concentrations did not differ significantly resulting in significantly lower C:N in litter at the tall 

birch site (Table 5.1). Total N in the soil organic layer beneath the surface litter did not differ 

significantly between the ecosystem-types (Table 5.1).  Soil C concentrations, however, were 

~50% lower in the tall birch ecosystem (Table 5.1), resulting in significantly lower soil C:N ratios 

(Table 5.1). The marked decline in C concentration between the litter and underlying organic 

layer in the tall birch ecosystem strongly suggests more rapid surface decomposition rates 

through the growing season.  

 NH4
+
-N, dissolved organic N (DON) and dissolved organic C (DOC) pools were 2.8, 3.3 
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and 2.7 times larger, respectively, in the soil solution of the tall birch ecosystem (Fig. 5.2, Table 

5.2). In addition, there were 1.5 times more C and N stored in the microbial biomass pool in the 

tall birch soil (Fig. 5.2, Table 5.2). Most (> 90%) of this microbial C was stored in the fungal 

rather than the bacterial biomass in both of these ecosystems, and the fungal:bacterial ratio tended 

to be larger in the tall birch system (Table 5.2). The mean soil C: microbial C: soil solution C 

ratio in birch hummock tundra was 403:4:1, and 109:2:1 in tall birch tundra. Similarly, the soil N: 

microbial N: soil solution N ratio was 193:6:1 in birch hummock tundra, and 58:3:1 in the tall 

birch ecosystem. Since larger relative amounts of C and N in the microbial and soil solution pools 

are probably a good indicator of enhanced availability of these elements to microbes and plants, 

our stoichiometric results support the conclusion of higher rates of biogeochemical activity in the 

tall birch ecosystem.  

5.4.2 Soil N cycling 

 N cycling was much faster in the tall birch than in the birch hummock ecosystem in late 

summer. Gross N mineralization rates (i.e. ammonification) and gross N consumption rates were 

3 and 6 times faster in the tall birch ecosystem, respectively (Fig. 5.3) and daily rates in both 

ecosystems were substantially larger than pool sizes or net mineralization rates. The mean 

residency time for 
15

NH4
+
-N in the soil solution (pool size/gross mineralization rate) was 5.5 h in 

tall birch tundra and 14 h in birch hummock tundra (F1,7 = 5.6, P = 0.0006). Gross mineralization 

rates across both ecosystems were significantly and positively correlated with DON pools and net 

cycling rates (Table 5.3), and were particularly strongly and positively correlated with DOC pools 

(Fig. 5.4a). By contrast, gross mineralization rates were negatively correlated with litter C:N, soil 

water (Fig. 5.4b and c), and soil C concentration (R
2
 = 0.52, P = 0.03), and were not significantly 

correlated with any of the measured microbial properties (Table 5.3).  

 Negative net production rates, calculated with the buried bag method, for NH4
+
-N, DON 

and DOC imply that consumption of these C and N pools from the soil solution exceeded 
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microbial mobilization (organic C and N production) and mineralization (ammonium production) 

and were 2.8, 2.8 and 3.4 times faster (more negative), respectively, in the tall birch ecosystem 

(Table 5.2). However, net mineralization rates calculated with the isotope dilution method 

(differences between gross mineralization rates and gross consumption rates (Fig. 5.3)) were 

slightly positive in both ecosystems and not significantly different between ecosystems, averaging 

187 (± 79) mg NH4
+
-N m

-2
 d

-1
 in the birch hummock tundra and 91(± 209) NH4

+
-N mg m

-2
 d

-1
 in 

the tall birch ecosystem. Gross rates of 
15

NH4
+
-N immobilization by microbes did not 

significantly differ between the two ecosystems (Fig. 5.3), however the difference between gross 

consumption and gross microbial immobilization was negative in the birch hummock and positive 

in the tall birch ecosystem (F1,7 = 6.05, P = 0.04). These data generated with the isotope dilution 

method imply that NH4
+
-N is produced and consumed at a faster rate in the tall birch system, and 

this faster consumption in the tall birch ecosystem is not the result of faster microbial 

immobilization, but due to some other form of consumption (such as more rapid acquisition by 

plant roots or as abiotic fixation to soil surfaces). Estimates of the mean residency time for the 

15
N in the microbial biomass (MBN/immobilization rate) ranged between 22 and 231 days, and 

did not differ between ecosystem-types (F1,7 = 0.5, P = 0.5). 

5.4.3  Microbial community structure and fingerprinting 

 The proportions of fungal and bacterial biomass determined with epifluorescent 

microscopy were quite similar between the two ecosystem types (Table 5.2). Fungi were more 

strongly dominant and tended to be of shorter hyphal length in the tall birch ecosystem (Table 

5.2). The resulting larger hyphal C:length ratio (0.49 mg C km
-1

 (tall birch) vs 0.22 mg C km
-1

 

(birch hummock), F1,8 = 14.9, P = 0.005) suggests fungal community differences between the two 

ecosystems, or fungal morphological plasticity to C availability. Indeed, hyphal C:length ratio 

was significantly correlated with DOC pools (R
2
 = 0.43, P = 0.04). By contrast, neither bacterial 



 

 137 

cells counts nor bacterial cell volume (bacterial C/bacterial counts) differed significantly between 

ecosystems (Table 5.2).  

 Community fingerprinting revealed several obvious matches in the dominant fungal and 

bacterial bands between these two ecosystem types, indicating substantial community similarity, 

despite strong differences in soil biogeochemical pools and cycling rates and plant species 

relative abundances. More than half the bands in the fungal (9/11) and bacterial (12/17) DGGE 

gels were shared by both ecosystems, either consistently or with variation in intensity between or 

within ecosystems (labeled a, b and c, Figs 5.5 and 5.6). One fungal band was unique to each of 

the ecosystems (d and e, Fig 5.5) and there was one bacterial band unique to the birch hummock 

ecosystem (d, Fig 5.6) and four to the tall birch (e, Fig 5.6) bacterial communities.  

5.4.4 Ecosystem microclimate and edaphic properties 

Soil organic layer moisture content was 3.5 times higher in the birch hummock 

ecosystem than in the tall birch ecosystem (Table 5.1), yet soils from both ecosystems were dry 

relative to earlier stages in the growing season.  For example, typical mid-summer soil moistures 

are ~2.5 and 4 g water [g soil dry weight]
-1

 for the tall shrub and birch hummock ecosystems, 

respectively (K. Buckeridge, personal observation). Neither bulk density nor depth of the organic 

layer differed significantly between ecosystem types (Table 5.1).  Soil temperatures at 2.5, 5.0, 

and 10.0 cm depth were not different between the ecosystems on the last day of the buried bag 

incubations (Table 5.1). 

 

5.5 Discussion 

 Our study demonstrates that N cycling rates were ~3 times faster in a tall birch tundra site 

as compared to nearby birch hummock tundra in late summer. Correlative factors strongly 

suggest that the faster N cycling was directly driven by higher levels of dissolved organic C 
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available to soil microorganisms, and indirectly by lower litter C:N.  The high daily inorganic N 

turnover rates in this study are equivalent to 67% and 26% of the annual new N uptake required 

to support aboveground net primary productivity for shrub (2.33 g N yr
-1

) and tussock (1.72 g N 

yr
-1

) ecosystems respectively (Shaver and Chapin 1991).  Our results suggest that N cycling in the 

late growing season may be very important for understanding shrub expansion across the arctic 

tundra.   

5.5.1  Litter and soil quality effects on N cycling 

 Meta-analyses indicate that high soil C concentrations generally promote faster gross 

mineralization rates across all ecosystems, including tundra soils (Booth et al. 2005). The results 

from our tundra organic soils with globally high soil C concentrations support this model because 

we found correspondingly high rates of gross N mineralization (350 to 2600 mg NH4
+
-N m

-2
 d

-1
, 

or 12-90 mg NH4
+
-N kg

-1
 dry soil d

-1
, n = 9). Nevertheless, the tall birch soils in our study had 

lower soil C concentrations relative to birch hummock soils and yet faster gross N mineralization 

rates. Our results suggest that it is not just the quantity of soil C that drives mineralization of 

dissolved organic N to NH4
+
-N, but also the quality. In particular, there were larger amounts of 

dissolved organic and presumably labile C in the tall birch soil solution, larger proportions of 

total belowground C in the microbial biomass and the soil solution pools of the tall birch soils, 

and there was a very strong correlation between gross N mineralization rates and soil DOC pools 

in both ecosystems (R
2
 = 0.95, Fig 5.4a). Furthermore, these data suggest that lower C 

concentrations in the tall birch soils may be the result of faster surface decomposition rates due to 

larger inputs of relatively high N concentrations in the litter from the tall birch shrubs (Fig. 5.4b). 

Together, these results imply that tall birch shrubs may promote their own growth through 

positive vegetation feedbacks that enhance N cycling during the late growing season. 

 Our results suggest that litter decomposition is faster when mesic tundra is dominated by 

tall birch shrubs. By contrast, other studies indicate litter decomposition of Betula is slow relative 
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to most other species in tussock tundra (Hobbie 1996, Weintraub and Schimel 2005a). In support 

of our findings, circumpolar decomposition studies have found that litter C:N content is a good 

inverse predictor of decomposition rates, and deciduous shrub litter loses mass faster than 

graminoid or evergreen shrub litter (Taylor et al. 1989, Aerts and Chapin 2000, Quested et al. 

2003, Aerts et al. 2006, Cornwell et al. 2008). Higher litter C:N ratios in our birch hummock 

tundra may be explained by the larger proportions of mosses, graminoids and low evergreen 

shrubs relative to birch shrubs. In addition, the effectiveness of litter C:N as a predictor of 

decomposition rates is tempered by the quality of litter C; in particular, higher concentrations of 

plant phenolics and lignin can slow decomposition (Taylor et al. 1989, Hobbie 1996). 

Concentrations of secondary plant compounds can vary among genera and species geographically 

(Bryant et al. 1994, Graglia et al. 2001, Pennings et al. 2001), as can rates of litter decomposition 

(Cornwell et al. 2008). Our study site is dominated by B. glandulosa, which may produce less 

recalcitrant litter than the common Alaskan tussock tundra shrub B. nana, thereby resulting in 

faster decomposition and DOC production. 

 Net N mineralization rates correlated positively with water content in organic soils of 

similar moisture level to the ecosystems in this study (Tietema et al. 1992, Leiros et al. 1999). 

Although we would expect that wetter, aerated tundra soils may have enhanced nutrient 

availability (Kielland and Chapin 1992), we found an overall negative correlation between gross 

N mineralization and soil water (Fig. 5.4c). However, this correlation was not conserved within 

each ecosystem, suggesting that the association between gross N mineralization and soil water is 

actually a strong ecosystem effect on gross N mineralization, regardless of soil water content. 

5.5.2 N-cycling rates and N supply to plants 

 Plant growth in mesic tundra is generally N-limited (Shaver and Chapin 1980) and plants 

compete poorly for N with soil microbes, at least over an annual time scale (Marion et al. 1982, 

Schimel and Chapin 1996, Grogan and Jonasson 2003, Buckeridge and Jefferies 2007, Sorensen 
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et al. 2008). The present N paradigm hypothesizes that tundra plant N uptake is primarily limited 

to recently depolymerized organic N, because microbial N mineralization rates are believed to be 

low in N-limited tundra soils, resulting in little opportunity for mineralized N diffusion to plant 

roots (Schimel and Bennett 2004). The rapid rates of gross N mineralization found in these soils 

suggest that tundra plant access to microsite pools of inorganic N may be greater than previously 

believed. However, the isotope pool dilution procedure for determining gross N cycling rates may 

be recording microbial recycling of small pools of labile N, and thus may not be a good indication 

of soil organic matter decomposition processes (Fierer et al. 2001). Although microbial recycling 

of inorganic N may contribute to the absolute quantity of mineralized N measured, the large 

inputs of 
14

N diluting the small soil solution 
14+15

NH4
+
-N pool, and the significant positive 

correlations between gross N mineralization rates and DON pools as well as DON production 

rates (Table 5.3), indicate that new mineralization of DON was occurring. Furthermore, it is the 

rate of this N mineralization, not just the pool size, which determines the potential for inorganic N 

mobilization between microsites and possible N uptake by plants (Schimel and Bennett 2004). If 

plant access to inorganic (or organic) N is as occasional fortunate bystanders of microbial N 

mobilization, faster N mineralization rates under tall birch shrubs may provide a positive 

feedback mechanism promoting further plant growth and consequent litter production. Indeed, 

experimental NP-additions to tundra enhance total above-ground biomass (Jonasson et al. 1999) 

and increase shrub dominance (Chapin et al. 1995), strongly suggesting that positive shrub apical 

growth responses to experimental warming are due to faster soil N cycling (Chapin et al. 1995, 

Walker et al. 2006).  

 Plant and microbial demands for inorganic and organic N appear to be similar in tundra 

soils. For instance, the rapid rates of inorganic N pool turnover found in these birch hummock 

and tall birch ecosystems (5.5 to 14 h) are of the same magnitude as the rapid rates of amino acid 

turnover in early and late-successional Alaskan taiga (3 to 6 h; (Kielland et al. 2007)). Since 

tundra shrubs appear to take up organic N and inorganic N in roughly equal proportions (Nordin 
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et al. 2004, Kielland et al. 2006) and organic N pools are 6.5 to 8 times larger than inorganic N 

pools in birch hummock and tall birch tundra (Fig. 5.2), a substantial portion of the organic N 

pool must be in forms that are not readily accessible to plants. Total free amino acids (TFAA) are 

possibly a better indicator of plant-available organic N, and TFAA and NH4
+
-N concentrations 

are similar in tundra soils (Weintraub and Schimel 2005b). So, although tundra plants can ‘short-

circuit’ the N-cycle by taking up organic N (Kielland 1994, Kaye and Hart 1997, Schimel and 

Bennett 2004), it is evident that tundra plant uptake of inorganic N is also critical to meeting 

annual plant N demands. Therefore, the very high N mineralization rates relative to N pools in 

these soils, and 3 times higher N mineralization rates in tall birch compared to birch hummock 

soils may be an important component of tundra plant N availability in general, and shrub 

dominance in particular. 

 Net N mineralization rates calculated as the difference between gross N mineralization 

and gross N consumption are slightly larger than that calculated by the buried bag technique and 

probably reflect differences inherent in the techniques and incubation times. Our measures of 

negative net mineralization and mobilization rates for NH4
+
-N, DON and DOC using the buried 

bag technique were poor indicators of the fast cycling of inorganic (and possibly organic) N 

through the tundra soil microbes (i.e. gross rates). Furthermore, larger negative rates of net 

mineralization of NH4
+
-N under tall birch shrubs as measured with the buried bag technique (2.5 

times) contrast with similar rates of gross immobilization in the two ecosystems, as well as equal, 

long, turnover times in the microbial biomass. These results suggest that buried bag rates were a 

function of the different microbial N pool sizes between ecosystems, whereas larger NH4
+
-N 

pools under tall birch shrubs, and possibly enhanced plant access to N, were a function of faster 

microbial gross N mineralization relative to N immobilization. Overall, microbial N 

immobilization may be overestimated with the isotope dilution method as microbial 

immobilization is slightly larger than total consumption in the birch hummock ecosystem (Fig. 

5.3). However, the equal rates of gross immobilization in these two ecosystems together with 
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faster mineralization and consumption in the tall birch ecosystem suggest that much more 
15

N (~1 

g 
15

NH4
+
-N m

-2
 d

-1
) is not accounted for by microbial uptake in the tall birch ecosystem (Fig. 5.3). 

The 
15

N consumed from the soil solution pool but not accounted for in the microbial biomass may 

reflect stronger isotopic N fractionation by soil microbes in the tall birch ecosystem, as a result of 

a larger N flux. Alternatively, it may represent enhanced N adsorption to soil surfaces or very 

rapid NO3
-
-N cycling and denitrification, that could be available for plant uptake under normal 

conditions (i.e. in the absence of an isolating soil core). In summary, the 
15

N dynamics within the 

soil solution indicate that rapid soil N supply exceeds microbial demand for N in tall birch tundra 

in the late growing season, and may provide a mechanism explaining enhanced shrub growth in 

this ecosystem. 

5.5.3 Tundra microorganisms 

 Despite differences in nitrogen cycling rates, soil and litter quality, and plant species 

relative abundances between these two ecosystems, there was relatively little difference between 

the two soil microbial communities at the scale we analyzed. The chloroform-fumigation 

technique indicated that more C and N were stored in the microbial community under tall birch 

shrubs. Since there were few differences in the dominant bacterial and fungal DGGE bands in 

these two ecosystems, and total fungal and bacterial counts and volume estimates were similar, 

our analyses suggest a broadly similar soil microbial community composition and structure, with 

the exception of changes in the physiological form of the fungal hyphae. These results are 

consistent with a finer-scale analysis of tall shrub and tussock soils in Alaska, which only found 

large differences between microbial communities at the sub-phyla level (Wallenstein et al. 2007). 

Preliminary investigations by our lab using DGGE analyses in this and other low arctic sites 

indicate substantial differences between soil microbial community compositions among 

vegetation sites that differ in soil moisture regime (i.e. wet sedge meadow, mesic tundra and dry 

heath; H. Chu, unpublished data). The lack of major differences between tall birch and birch 
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hummock microbial communities may reflect a similar mesic soil, and perhaps a common 

history, whereby our tall birch site was once a birch hummock ecosystem. In any event, we can 

conclude that the tall birch vegetation feedbacks that accelerated N cycling were not caused by 

major differences in the dominant components of the soil microbial community. 

5.5.4 The summer side of the snow-shrub hypothesis 

 The snow-shrub hypothesis (Sturm et al. 2001a, Sturm et al. 2001b, Sturm et al. 2005) is 

a climate-driven biotic feedback that has been proposed to explain the maintenance and increased 

density of shrubs across the tundra. This hypothesis is focused on the winter season, proposing 

that deep snow accumulation around shrubs restricts winter soil temperature declines, thereby 

facilitating winter microbial breakdown of soil organic matter and  nutrient release, thus 

increasing the winter production of N (Sturm et al. 2001a). This N becomes available to plants in 

spring and may be preferentially accessed by deciduous shrubs, resulting in increased growth and 

greater snow accumulation in subsequent years. This preferential spring uptake of N by shrubs 

has been inferred from fertilization studies which show eventual domination by deciduous shrubs 

after several years of chronic fertilizer addition (Chapin et al. 1995, Bret-Harte et al. 2002). 

However, since the fertilizer was added after spring thaw each year, the shrub growth responses 

are most likely due to enhanced N uptake during the growing season, consistent with our late 

summer results that found larger pools of available N and faster rates of N cycling under tall 

shrubs. Furthermore, these fertilization studies demonstrate stronger photosynthetic responses to 

excess N addition, rather than greater shrub competitive abilities leading to preferential uptake of 

N when it is present only as a limiting resource. Since N availability is generally limiting both 

plant and soil microbial N uptake in mesic tundra (Shaver and Chapin 1980, Schimel and 

Weintraub 2003), the capacity of shrubs to promote and preferentially-acquire this growth-

limiting nutrient under normal (i.e. low fertility) conditions is critical to understanding potential 

shrub expansion. Our results suggest that at ambient soil fertility levels during the growing 
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season, tall birch ecosystems supply more N into plant-available pools, and therefore shrubs 

should benefit if they are able to outcompete the rest of the assembled vegetation to acquire this 

N. 

 This study was conducted at the end of the plant growing season, at the beginning of N 

resorption from leaves to stems and fine roots to rhizomes (Chapin 1980), and prior to fresh 

inputs of leaf litter. Tundra soil solution nutrient pools are larger in late summer as compared to 

peak growing season in some tundra ecosystems, including tall shrub (Giblin et al. 1991, 

Weintraub and Schimel 2005b). This seasonal variation in soil nutrient pools presumably reflects 

seasonal differences in plant nutrient uptake, but may not reflect seasonal differences in gross soil 

N cycling rates, which can be lower in some tundra soils in autumn (Buckeridge and Jefferies 

2007). Tundra soil microbes are believed to switch from net immobilization of N to net 

mineralization of N at the end of the growing season (Schimel et al. 2004), although this switch 

had not yet occurred in the two ecosystems that we investigated. In addition, although there were 

no differences in temperature during our sample period, tall birch soils tended to be slightly 

cooler than birch hummock soils in mid-summer (<4
o
C, P. Grogan, personal observation), 

presumably due to shading. However, lab incubation studies suggest that decomposition and 

microbial N cycling rates are much more sensitive to litter quality differences than to such small 

differences in temperature (Nadelhoffer et al. 1991). Therefore, our results do not support the idea 

that shrub litter quality and canopy shading in the growing season period restrict N cycling and 

plant growth thereby countering positive winter feedback-processes (Sturm et al. 2001a, Chapin 

et al. 2005). In fact, our study demonstrates that the potential exists for positive vegetation 

feedback-processes during the growing season to be a strong factor maintaining differences in 

shrub growth across the landscape and potentially promoting climate-change induced increases in 

shrub density, if shrubs can access the large and rapid cycling of inorganic and organic N in 

tundra soils at this time. 
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Table 5.1 Litter and soil properties in the organic layer of birch hummock and tall birch tundra ecosystems in late summer (n = 5).  

       Birch hummock       Tall birch F1,8   P 

      mean (s.e.)   mean (s.e.)       

           

Litter1 Mass g m-2 473 (58)  900 (205) 4  0.08 

 C concentration % 52 (0.3)  49.4 (1.9) 1.8 †
 0.2 

 N concentration % 1.04 (0.03)  1.35 (0.06) 22.2  0.002 

 C/N  50.4 (1.3)  36.7 (1.9) 34.9  0.0004 

 Total C g m-2 246 (30)  456 (112) 3.3  0.1 

  Total N  g m-2 4.9 (0.7)   12.6 (3.3) 6.6 †
 0.03 

           

C concentration % 45.4 (1.9)  30.7 (4.4) 9.5  0.02 Soil organic 

layer1 N concentration % 1.27 (0.07)  1.13 (0.2) 0.4  0.5 

 C/N  35.9 (1.1)  27.7 (1.1) 27.9  0.0007 

 Total C kg m-2 5.3 (0.8)  4.0 (0.8) 1.3  0.3 

 Total N kg m-2 0.15 (0.02)  0.15 (0.04) 0.001  0.9 

 Soil water content g g dw soil-1 2.28 (0.23)  0.64 (0.04) 50.3  0.0001 

 Bulk density g cm-3 0.14 (0.01)  0.14 (0.01) 0.02  0.9 

 Organic layer depth cm 8.9 (0.4)  9.2 (0.3) 0.5  0.5 

 Soil T, 2 cm oC 11.0 (0.4)  12.0 (0.8) 1.2  0.3 

 Soil T, 5 cm oC 8.9 (0.5)  8.8 (0.8) 0.03  0.9 

 Soil T, 10 cm oC 6.3 (0.3)   6.1 (0.3) 0.1   0.8 

† Log transformed to meet expectations of normality for statistical analysis 

1. Properties that are significantly different (P < 0.05) between vegetation types are in bold font (s.e. = standard error) 
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Table 5.2 Soil solution and soil microbial properties in the organic layer of birch hummock and tall birch tundra ecosystems in late summer (n = 

5).  

    Birch hummock      Tall birch F1,8  P 

      mean (s.e.)   mean (s.e.)       

           

Soil solution1 Net NH4
+-N mineralization2 mg m-2 d-1 -7.1 (0.8)  -19.9 (2.8) 19.7  0.002 

 Net DON production g m-2 d-1 -0.04 (0.01)  -0.11 (0.02) 5.9  0.04 

 Dissolved organic carbon (DOC) g m-2 13.0 (1.4)  35.5 (4.4) 23.9  0.001 

  Net DOC production g m-2 d-1 -0.7 (0.3)   -2.4 (0.7) 5.7   0.04 

           

Soil microbes1 Microbial biomass carbon (MBC) g m-2 54 (10)  84 (6) 7.0  0.03 

 MBC/N  11.2 (0.4)  10.2 (0.4) 3.2  0.1 

 Fungal carbon  g m-2 15.7 (2.8)  24.3 (4.7) 3.4 †
 0.1 

 Bacterial carbon g m-2 1.7 (0.2)  1.4 (0.3) 0.4  0.5 

 Fungal hyphal length 103 km m-2 63.3 (8.7)  44.0 (3.8) 4.1  0.08 

 Bacterial cell count 1013 cells m-2 10.4 (1.7)  7.7 (1.3) 1.5  0.3 

  Fungal/bacterial carbon   9.7 (2.1)   20.5 (6.5) 3.2 †
 0.1 

†  Log transformed to meet expectations of normality for statistical analysis 

1. Properties that are significantly different (P < 0.05) between vegetation types are in bold font (s.e. = standard error). 

2. Net rates were determined with the buried bag technique.  
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Table 5.3 Bivariate relationships between gross mineralization rates and soil solution organic N 

(DON), net cycling rates and microbial properties for all birch hummock and tall birch plots (n = 

9).   

Gross mineralization rate1,2 

  R2 P 

   

Net NH4
+-N mineralization 0.85 0.0004 

DON 0.76 0.002 

Net DON production 0.66 0.008 

Net DOC production 0.57 0.02 

Fungal length 0.41 0.06 

Bacterial C 0.34 0.1 

Microbial biomass carbon 0.33 0.1 

Microbial biomass nitrogen 0.29 0.1 

Fungal C 0.08 0.5 

MBC/N 0.03 0.7 

Fungal/Bacterial C 0.01 0.8 

 

1. Units are as in Table 1 and 2.  

2. Significant correlations (P < 0.05) are in bold font. 
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Figure 5.1  Birch hummock (a) and tall birch (b) ecosystems at Daring Lake, NWT, Canada, in 

August. Photo credit: Ian McCormick. 
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Figure 5.2 Nitrogen contents in the soil microbial biomass and in the dissolved organic and 

inorganic (NH4
+
-N) pools of the soil solution in the birch hummock (n = 5) and tall birch (n = 5) 

ecosystems in late summer. Error bars are +/- one standard error. 
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Figure 5.3 Soil N-cycling rates, as gross mineralization, gross consumption, and gross microbial 

immobilization, in the birch hummock (n = 4) and tall birch (n = 5) ecosystems in late summer. 

Error bars are +/- one standard error. 
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Figure 5.4 Bivariate fits of gross N mineralization rate and soil dissolved organic carbon (g C m
-

2
) (a); litter C:N (b); and soil water (kg water m

-2
) (c), for all birch hummock (Bh; n = 4) and tall 

birch plots (Tb; n = 5).
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Figure 5.5 Soil fungal community composition as determined by denaturing gel gradient 

electrophoresis (DGGE) for birch hummock (Bh) and tall birch (Tb) ecosystems in late summer 

(n = 5). Bands (i.e. fungal phylotypes ) common to both Bh and Tb are indicated by ‘a’ if of 

similar intensity, by ‘b’ if different intensity between ecotypes, by ‘c’ if different intensity within 

ecotypes. Bands that are specific to the ecosystem types are indicated by ‘d’ (Bh) and ‘e’ (Tb).
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Figure 5.6 Soil bacterial community composition as determined by denaturing gel gradient 

electrophoresis (DGGE) for birch hummock (Bh) and tall birch (Tb) ecosystems in late summer 

(n = 5). Bands (i.e. bacterial phylotypes) common to both Bh and Tb are indicated by ‘a’ if of 

similar intensity, by ‘b’ if different intensity between ecotypes, by ‘c’ if different intensity within 

ecotypes. Bands that are specific to the ecosystem types are indicated by ‘d’ (Bh) and ‘e’ (Tb).
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Chapter 6 

Seasonal patterns in soil microbial community and biogeochemistry in 

mesic low arctic tundra: The impacts of deepened snow 

 

6.1 Abstract 

The seasonal pattern in soil nutrient cycling is an important control on ecosystem 

functioning and may be driven by seasonal variation in soil microbial community composition 

and structure. We hypothesized that soil microbial community change may occur in response to a 

rapid environmental change such as thaw in low arctic tundra. We investigated the structure and 

composition of the soil microbial community using four methods (PLFA, qPCR, epifluorescent 

microscopy and chloroform-fumigation extraction (CFE)) along with measures of soil 

biogeochemistry and environmental characteristics, on several sample dates from winter to fall in 

plots that were under ambient (~30 cm) and experimentally deepened (~100 cm) snow. All of our 

methods agree that fungal/bacterial ratios are high in winter and decline during thaw. Fatty acid 

profile ordination indicates that the winter microbial community was fungal-dominated, cold-

adapted and associated with high C, N and P in the soil solution and the microbial biomass, 

regardless of snow depth. Our microscopy results indicate that fungi and bacteria are growing in 

soils between -5 
o
C and 0 

o
C. The post-thaw community was significantly different from the 

winter community, but did not differ significantly across the spring, summer and fall, despite 

large changes in plant productivity that occur over this period. This post-thaw period of low 

substrate availability was associated with Gram-positive bacteria and fatty acid biomarkers that 

were indicative of nutritional stress. The microbial community under deepened snow had a 

delayed pattern of succession at thaw; specifically, the growth of new fungal hyphae under the 

thawing snowpack was delayed, as was snowpack thaw. In addition, the strong peak and sudden 
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decline in microbial biomass under the thawing snowpack as determined by CFE was delayed and 

larger under deepened snow, as was the shift from winter to post-thaw community as indicated by 

fatty acid profiles. However, the thaw peak and drop in bacterial cells occurred simultaneously in 

control plots after thaw and in deepened snow plots still under snow cover, when soil 

temperatures stayed near zero. Indicator species analysis of the fatty acid profiles suggest that the 

deep snow thaw bacterial community was dominated by a diverse set of β-hydroxy fatty acids 

(Gram-negative bacteria), which may be more likely to succumb to CFE and may therefore 

partially explain the large increase in CFE-measured microbial biomass at thaw. Declines in the 

microbial biomass after late winter and after thaw in both plots are associated with protozoan 

indicator fatty acids or as protozoan ordination overlays, suggesting that macrofaunal predation 

may contribute to microbial successional patterns and soil biogeochemistry during this thaw 

period. Overall, our results indicate that strong variation in soil biogeochemistry between winter 

and post-thaw play a larger role than vegetation dynamics in regulating tundra microbial 

communities, and that microbial and biogeochemical patterns are surprisingly dynamic in frozen 

tundra soils. 

 

Keywords: nitrogen, phosphorus, carbon, snow depth, microbial biomass, PLFA, qPCR, 

epifluorescent microscopy, arctic birch hummock tundra, seasonal 

 

6.2 Introduction 

Plant community structure and ecosystem biogeochemical cycling in arctic tundra is 

driven by microbially-mediated processes in the soil environment.  There is growing evidence to 

suggest that microbially-driven biogeochemical process rates can vary between ecosystems as a 

result of differences in the functional composition of the soil microbial community (Schimel and 

Gulledge 1998, Cavigelli and Robertson 2000, Balser et al. 2001, Sharma et al. 2006, Lipson et 
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al. 2009). Similarly, interannual variation in soil biogeochemical processes may be associated 

with seasonal variation in the soil microbial community. However, the soil microbial community 

response to seasonality is not always consistent across or within ecosystems (Bossio et al. 1998, 

Bardgett et al. 1999, Schadt et al. 2003, Lipson and Schmidt 2004, Hamel et al. 2006, Waldrop 

and Firestone 2006, Meier et al. 2008, Cruz-Martinez et al. 2009, McMahon et al. 2009), making 

it difficult to predict microbial community structure based on environmental or biogeochemical 

seasonal patterns. Perhaps microbial community succession over a season could be portrayed as a 

cascade of dominant groups that are driven by a combination of controlling variables, in much the 

same way that researchers discuss above-ground succession (Van Cleve et al. 1991). In above-

ground ecology, plant community changes over succession have been well described and 

understanding how and why these changes occur is one of the core ecosystem ecological research 

goals. For instance, various controls such as community facilitation and inhibition, neutral theory, 

intermediate disturbance and abiotic controls may play stronger or weaker roles at different times 

along the succession pathway. If below-ground researchers are going to tie their results to the 

larger ecosystem scale, a similar ‘how and why’ approach is required for understanding microbial 

community succession, and for predicting patterns of change in response to environmental 

perturbations. However, soil microbial ecological research first needs to determine whether there 

are regular temporal patterns to microbial community structure at any scale and if they 

correspond to soil biogeochemistry and aboveground production (Bardgett et al. 2005). For 

example, alpine tundra studies have revealed a seasonal switch between fungi in winter and 

bacteria in summer that is linked to recalcitrant and labile substrate use, respectively (Lipson and 

Schmidt 2004). Our study is the first to investigate soil microbial community composition and 

soil biogeochemistry on an annual scale in low arctic tundra, sampling several times over a period 

of strong environmental change. 

In addition to patterns in microbial community composition, the seasonality of the total 

microbial biomass and the nutrients stored within the microbial biomass can have a significant 
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impact on seasonal patterns of nutrient cycling (Wardle 1998, Jonasson et al. 1999, Schimel et al. 

2007, Schmidt et al. 2007). In addition, the synchronicity between microbial biomass patterns and 

above-ground production may have consequences for ecosystem-wide nutrient retention (Zak 

1990, Brooks et al. 1998, Jaeger et al. 1999, Grogan and Jonasson 2003). Globally, the seasonal 

variation in microbial biomass is larger when seasonal environmental variability is larger (Wardle 

1998). This is evident as substantial declines in the microbial biomass C, N and P in alpine and 

arctic tundra that occur at the end of snowmelt (Brooks et al. 1998, Edwards et al. 2006, Larsen et 

al. 2007), and that may be critical to ecosystem functioning during the following growing season. 

Typically, microbial turnover and microbial nutrient cycling are attributed to substrate 

stoichiometry (Elser et al. 2000, Weintraub and Schimel 2003) although trophic-level interactions 

belowground, such as predation, may alternate with substrate quality or competition for available 

substrate as a control on microbial species or functional group turnover (Wardle 2002). It is 

possible that widespread nutrient limitation promotes the large seasonal decline in tundra 

microbial biomass (Lipson et al. 2000), although environmental controls on microbial physiology, 

such as freeze-thaw cycles and osmotic pressure changes in the soil environment at thaw, have 

also been proposed as important controlling factors (Skogland et al. 1988, Schimel and Clein 

1996, Schimel et al. 2007). In low arctic tundra soils with artificially deepened snow, we have 

previously identified an increase in winter microbial C limitation to growth and activity 

(Buckeridge and Grogan 2008). This was followed by an enhanced soil solution C, N and P 

content, delayed snowmelt, larger soil water saturation and a rapid decline in the microbial 

biomass C, N and P at the end of snowmelt (Ch. 3 this thesis). We have theorized that this decline 

is a result of soil temperature increases above zero and possibly predation (Ch. 3 this thesis). In 

this study, we used an experimentally deepened snow treatment to investigate the influence of 

snow depth on the seasonal pattern of the soil microbial biomass, structure and community. 

Although this study investigates patterns from winter to fall in non-treatment plots, it has focused 
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on the thaw period under ambient and deepened snow, with a higher temporal resolution of the 

microbial community than has previously been recorded at this time of year in any ecosystem. 

Soil microbial biomass investigations can be accomplished in many ways, with varying 

agreement between methods (Balkwill et al. 1988, Zelles et al. 1992, Zak et al. 1996, Zogg et al. 

1997, Bardgett et al. 1999, Fritze et al. 2000, Grayston et al. 2001, Rogers and Tate 2001, Fierer 

et al. 2003). Discrepancies between methods often result because each one is measuring a 

different aspect of the soil microbial community.  Accordingly, a combination of methods can 

therefore provide a more complete description of the microbial biomass than any single method. 

In this study, we have measured soil environmental properties and biogeochemistry over 9 dates 

from winter to fall, and used 4 different methods (chloroform-fumigation, epifluorescent 

microscopy, phospholipids fatty acid analysis (PLFA) and qPCR of 16S rRNA) to characterize 

the soil microbial biomass and microbial community structure over the same time period. In 

addition, one of these methods (PLFA) allowed us to compare soil microbial community 

fingerprints between sample dates and snow depth treatments on 6 dates from winter to fall, based 

on fatty acid profiles. With this study we investigated the following hypotheses in low arctic birch 

hummock tundra: 

1. The soil microbial community biomass declines at the end of snowmelt as a result of 

daily mean soil temperature increases above zero and increased macrofaunal presence; 

2. The decline in the soil microbial biomass at thaw is associated with a change from a 

fungal-dominated community in the winter to a bacterial-dominated community in the 

summer; 

3. Deepened snow delays the seasonal pattern of microbial community change but does not 

alter the trajectory of that change. 
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6.3 Methods 

6.3.1  Site description and experimental design  

This study was conducted in the winter, spring, summer and fall of 2007 in a mesic birch 

hummock ecosystem at the Tundra Ecological Research Station (TERS) at Daring Lake, 

Northwest Territories, Canada (64
o
 50’N, 111

o
 38’W). Daring Lake is located 300 km northeast 

of Yellowknife, in the Coppermine River watershed. The hummock ecosystem at this site is 

located in a valley, midway along a catena. The soils and vegetation along this moisture gradient 

have a circumpolar distribution and this particular site has been previously described (Nobrega 

and Grogan 2007, Nobrega and Grogan 2008, Buckeridge and Grogan 2008, Lafleur and 

Humphreys 2008). Refer to Chapter 3 under the same sub-section heading for a description of 

vegetation at this site, and for a description of historical climate conditions. A snow experimental 

treatment (snowfences, 1.2 m tall and 15 m long; n = 5) was established in 2004 (Nobrega and 

Grogan 2007) to increase the depth and duration of snow cover within birch hummock tundra 

vegetation. Control sites (unfenced, 15 m long; n = 5) were established parallel to the fences in 

similar vegetation and offset by more than 30 m to ensure clear separation from the snowfence 

drift areas. 

 

6.3.2 Soil temperature and soil water 

 Daily mean soil temperature was monitored at 5 cm depth over the winter and spring, 

summer and fall in control (n = 4) and winter, spring and fall in deepened snow plots (n = 7), 

using CR 10X dataloggers (Campbell Scientific, Logan, UT).  Soil water content was measured 

gravimetrically on each collected soil sample (total water) to ~5 cm depth. 
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6.3.3 Soil sampling protocol 

Soil samples were collected over 9 sample dates, beginning on April 9
th
 (‘winter’, day 

99), when samples were returned to the lab at Queen’s University on the following evening and 

kept just below 0 
o
C until processing on the following day. Sampling and field lab processing 

occurred: in ‘late winter’ (May 10
th
, day 130); in ‘early thaw’, at the start (May 19

th
, day 139) and 

end of ambient snowpack thaw (May 27
th
, day 147); in ‘late thaw’, near the end of the deep 

snowpack thaw when control soils were just above 0 
o
C (June 6

th
, day 157); in ‘spring’ just after 

the deep snow pack thaw (June 18
th
, day 169); in ‘late spring’, just after the start of Betula 

glandulosa bud break (June 28
th
, day 179); in ‘mid-summer’ (July 11

th
, day 192); and in early 

‘fall’, just after the start of B. glandulosa leaf senescence (September 1
st
, day 244). Samples were 

collected from control plots (n = 5) on all sampling dates, and from deepened snow plots (n = 5) 

on the first 6 sample dates. 

Sequential sampling over time progressed laterally along the centre of each control plot 

or ~1 m north of each snowfence from one end to the other. We were careful not to displace more 

of the snowpack than was necessary, and to empty the snowpit contents towards the previous 

sampling pit, to avoid disturbing future sampling locations in the snowpack. Sample 

characteristics such as aboveground vegetation were not pre-selected, but determined by the 

location of the base of the snowpit. As thaw approached and vegetation was revealed, this 

arbitrary sampling protocol without preconceived bias was maintained. Therefore our results 

incorporate the heterogeneity associated with hummocks, interhummocks and hollows. Soil 

samples were collected in the early afternoon from frozen soils by hammering an axe to the depth 

of the organic layer (average depth 5.3 cm, range 2.9 to 9 cm), or by cutting out the organic layer 

with a knife in thawed soils. All samples were stored overnight in plastic bags in a cooler in the 

field lab then processed the following morning (soils were maintained frozen if collected frozen). 
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Aboveground vegetation and litter was cut off at the moss green-brown transition, soil 

was chopped (frozen) or crumbled (thawed) into small pieces (maximum approximately 10 mm 

in diameter), large roots were removed, and soils were subsampled for immediate biogeochemical 

or microbial extraction. We minimized soil handling during soil mixing to limit disturbance of the 

soil microbial community in the lab at Queen’s University and in the field. We were particularly 

concerned about thawing the frozen soils before extraction instead of during extraction and tried 

to minimize this with consistent, efficient soil processing. Each mixed soil sample was 

subsampled for determination of: a) water-extractable organic and inorganic soil solution pools of 

C, N, and P; b) chloroform-fumigated microbial biomass C, N and P; c) gravimetric soil water 

content; d) soil pH (air-dried soils); e) bacterial and fungal volume using microscopy; f) soil 

PLFA profiles (on 6 dates); and g) soil genomic DNA (on 6 dates).  

Soil nutrient contents were determined in water and in 0.5 M K2SO4 (for CFE) using 

filter-sterilized (0.2 µm) lake water and blanks were analyzed for each sample date. Chloroform-

fumigation direct-extraction (CFE) (Brookes et al. 1985) of subsamples lasted 24 h in a darkened 

vacuum desiccator jar at ~15
o
C. All water- and salt-extract subsamples were shaken manually 

several times for a minimum of 1 hour in extractant, filtered through a 1.2 µm pore-size glass 

fiber filter and frozen at -20
o
C until biogeochemical analysis. Subsamples for gravimetric 

analysis were dried in an oven for 48 hours at 65 
o
C. Microscopy subsamples were blended in a 

Waring lab blender with 90 mL of filter-sterile water for 5 minutes at 13,000 rpm then 9 mL of 

solution were fixed with 1 mL of formalin and stored at 4 
o
C until slide preparation at Queen’s 

University. PLFA samples were fresh frozen (-20 
o
C) and shipped to the University of 

Saskatchewan for freeze-drying and PLFA analysis. We used 0.25 g of soil and a commercial 

genomic DNA-extraction kit (MOBIO Power Soil DNA) to attain soil genomic DNA in the field; 

we then froze these samples (-20 
o
C) and shipped them to the University of Saskatchewan for 

qPCR analysis. 
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6.3.4 Biogeochemical analysis  

 NH4
+
-N, NO3

-
-N, total P and PO4

3-
-P in water extracts were determined colourimetrically, 

using automated flow analysis (Bran-Leubbe Autoanalyzer III, Norderstadt, Germany) and the 

salicylate (NH4
+
-N; (Mulvaney 1996), sulphanilamide (NO3

-
-N; (Mulvaney 1996),  alkaline 

persulfate (total P; (Lathja et al. 1999) and absorbic acid (PO4
3-

-P;(Kuo 1996) methods.  Total 

dissolved C and N contents in the fumigated and non-fumigated salt extracts and in the water 

extracts were determined by oxidative combustion and infrared analysis (TOC)  (Nelson and 

Sommers 1996) and chemiluminesence analysis (TN) (TOC-TN autoanalyzer, Shimadzu, Kyoto, 

Japan). Organic P (DOP) was calculated as the difference between TP and PO4
3-

-P and dissolved 

organic nitrogen (DON) was calculated as the difference between TN and inorganic N (NH4
+
-N + 

NO3
-
-N). All C, N and P concentrations in the soil extracts were corrected for the dilution 

associated with the moisture content of each soil sample. Total soil C and N were measured on 

oven-dried soils after grinding to a fine powder (Retsch ZM 200 Ultra Centrifugal Mill, Haan, 

Germany) on a CN-analyzer (LECO CNS 2000, St. Joseph, USA), and soil C/N ratios are atomic. 

We returned 1 g air-dried soil to field moisture (5 g wet soil) and measured soil pH in 25 mL of 

reverse-osmosis water with a pH electrode after waiting 10 minutes. 

6.3.5 Microbial biomass and community analysis 

We used four measures to quantify components of the soil microbial biomass: chloroform 

fumigation (CFE), epifluorescent microscopy of bacterial and fungal biomass, phospholipid fatty 

acid analysis (PLFA) and qPCR-analysis of bacterial 16S rRNA. Microbial biomass C, N and P 

contents (MBC, MBN and MBP) were calculated as the difference between TOC, TN or PO4
3-

-P 

in fumigated and non-fumigated salt-extracts (Brookes et al. 1982, Brookes et al. 1985), and no 

correction factors for fumigation efficiency were applied to the microbial biomass C, N or P or 

for incomplete PO4
3-

-P recovery from soil to microbial biomass P. Epifluorescent microscopy 

slide preparation was according to Bloem et al. (1995) with some modifications, as described in 
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Buckeridge and Grogan (2008) using the polysaccharide stain fluorescent brightener 28 (FB 28) 

to stain total fungi (i.e. live plus dead fungal mass), and the nucleic acid stain DTAF to stain total 

bacteria (i.e. live plus dead bacterial mass). All samples were viewed with an epifluorescent 

microscope (Nikon E600W), and photographed with a cooled 16-bit digital colour camera 

(QICAM 1394, QImaging, Burnaby, B.C.). Bacterial cell counts and volume were based upon the 

average of 10 fields-of-view per slide and fungal hyphal analyses were the average of 20 fields-

of-view per slide. Slide images (n = 750 for bacteria, 1500 for fungi) were randomized across 

date, treatment, replicate and field-of-view with a random number table to determine order of 

image analysis, and all analysis was performed by a single individual. Enumeration of bacteria 

and fungi was done semi-automatically using the software program SimplePCI (version 5.3.1, 

Compix, Cranberry Township, PA), which quantifies the length (L) and breadth (B) of each user-

selected organism in a field-of-view. Length collected in this manner was used to calculate fungal 

hyphal length. Bacterial and fungal volumes (V) were calculated as V = π/4 x B
2
 x (L – B/3) 

(Bloem et al. 1995). Volumes were converted to mass of C assuming a mean fungal C content of 

3.1 x 10
-13

 g C mm
-3

 and a mean bacterial C content of 1.3 x 10
-13

 g C mm
-3

 (Bloem et al. 1995). 

We calculated bacterial volume/ cell and fungal C/ hyphal unit length to monitor morphological 

shifts that might be due to changes in physiology or species composition.  

Phospholipid fatty acid analyses were performed using a modified version of the White et 

al. (1979) method, based on the original method of Bligh and Dyer (1959). Briefly, fatty acids 

were extracted from 5 g of freeze-dried organic soil. Fatty acids were separated on a solid phase 

extraction column (0.50 g Si; Varian Inc. Mississauga,ON, Canada). Phospholipids were 

methylated and the resulting fatty acid methyl esters were analyzed using a Hewlett-Packard 5890 

Series II gas chromatograph with a 25 m Ultra 2 column (J&W Scientific). Peaks were identified 

using fatty acid standards and identification software (MIDI Inc., Newark, DE), and quantified 

based on the addition of methyl nonadecanoate (19:0) as an internal standard. A total of 69 

different PLFAs were extracted, and the sum of these total extractable PLFAs was used as an 
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indicator of microbial biomass. From this larger pool, the following 44 fatty acids (>0.5% on any 

date) were selected for use in calculating relative abundances of individual fatty acids and 

biomarkers, and for community ordination analysis: 10:0 2OH, 12:0, i13:0 3OH, 14:0, i14:0, 

i14:0 3OH, 15:0, 15:0 2OH, 15:0 3OH, a15:0, i15:0, i15:0 3OH, i15:1, 15:1 ω6c, 16:0, 16:0 3OH, 

i16:0, 16:1 2OH, i16:1/14:0 3OH, 16:1 ω5c, 16:1 ω7c, 16:1 ω11c, 10 Me 16:0, 17:0, a17:0, 

cy17:0, i17:0, i17:1 ω5c, 17:1 ω8c, 10 Me 17:0, 18:0, 18:0 2OH, 18:0 3OH, 18:1 ω5c, 18:1 ω7c, 

18:1 ω9c, 18:2 ω6,9c, 10 Me 18:0, a19:0, cy19:0 ω8c, 19:1 ω6c, 20:0, 20:1 ω9c, 20:4 

ω6,9,12,15c. Fatty acid nomencalture follows Frostegård et al. (1993). Specific PLFAs were used 

as biomarkers to quantify the relative abundances (mol %) of particular functional groups within 

the group of 44 fatty acids listed above, on the basis that they have been isolated from organisms 

within these functional groups with some specificity (Zelles 1997, 1999). Fungal biomass was 

calculated based on the fatty acid 18:2 ω6,9c, the total bacterial biomass was obtained by 

summing 14:0, 15:0, a15:0, i15:0, i16:0, 16:1 ω7c, 16:1 ω11c, 10 Me 16:0, 17:0, a17:0, cy17:0, 

i17:0, 17:1 ω8c, 10 Me 17:0, 18:0 2OH, 18:1 ω5c, 10 Me 18:0 and cy19:0 ω8c, and the fungal to 

bacterial ratios were calculated as the fungal biomarker divided by an average of all bacterial 

fatty acids (Fraterrigo et al. 2006). Gram-negative bacteria were calculated as the sum of 16:1 

ω5c, 16:1 ω11c, cy17:0, 18:0 2OH, 18:1 ω5c, 18:1 ω7c, 18:1 ω9c and cy19:0 ω8c, Gram-

positive bacteria as the sum of i14:0, a15:0, i15:0, a17:0 and i17:0, actinomycetes as the sum of 

all fatty acids methylated on the tenth C (10 Me 16:0, 10 Me 17:0 and 10 Me 18:0), and protozoa 

were identified by the polyunsaturated fatty acid 20:4 ω6,9,12,15c (Zelles 1997, 1999). We used 

two ratios of PLFA relative abundance as indicators of changes in physiological status of the 

microbial community, the ratio of cyclopropyl fatty acids to their monoenoic precursors ((cy17:0 

+ cy 19:0)/(16:1 ω7c + 18:1 ω7c)) and the ratio of total saturated to total monosaturated fatty 

acids ((12:0 + 13:0 + 14:0 + 15:0 + 16:0 +17:0 + 18:0 + 20:0)/(15:1 ω6c + 16:1 ω5c + 16:1 ω11c 

+ 17:1 ω8c + 18:1 ω5c + 18:1 ω7c + 18:1 ω9c + 20:1 ω9c)) (Bossio et al. 1998, Fierer et al. 
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2003). Increases in these ratios have previously been shown to be indicative of starvation, 

stationary phase growth and nutrient limitation (Guckert et al. 1986, Kieft et al. 1994).  

 Bacterial abundances on the basis of 16S rRNA copy number were estimated by 

amplifying the primer set 338f (5’ACTCCTACGGGAGGCAGCAG) and 518r 

(5’ATTACCGCGGCTGCTGG) with a real time thermal cycler (ABI 7500), producing fragments 

of 180 bp.  PCR amplification followed Øvreås (1997) and used the following program: 92°C for 

2 min; 30 cycles of denaturation at 92°C for 1 min, annealing at 55°C for 30 s, and extension at 

72°C for 1 min; and a single final extension at 72°C for 6 min.  

6.3.6 Statistical analyses 

 To test the effect of deepened snow and sampling date on the environmental, 

biogeochemical and microbial data we used separate repeated measures analyses of variance (RM 

ANOVA) in JMP 7.0 (SAS, Cary ID), with plot nested in treatment as a random effect and 

treatment, sample date and the treatment by date interactions as fixed effects, over the six dates 

that we sampled from treatment and control plots (or over 4 dates that we sampled both control 

and treatment for the PLFA and bacterial 16S datasets). To test the effect of seasonal patterns in 

the control plots across the whole sample period, in particular to investigate seasonal change 

across the summer and fall dates, we used separate RM ANOVAs with plot nested in date as a 

random effect and date as a fixed effect, on the 9 sample dates. If these control plot statistical 

results were similar to those established in the combined snowfence and control RM ANOVAs, 

then we only report the combined treatment and control results, otherwise, all significant results 

are reported. We investigated treatment effects on individual sample dates for all variables using 

Tukey’s HSD post-hoc analyses. We assessed similarity among microbial analytical methods on 

the six dates that all the microbial methods were used by comparing the data using pairwise 

correlations (n = 50; JMP). All data were transformed before these parametric analyses to meet 

the requirements of homogeneity and normality. 
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We investigated effects of deepened snow overall (across 4 dates), and sampling date 

effects in both control (6 dates) and snowfence plots (4 dates), on the fatty acid relative 

abundance (mol %) profiles using separate non-metric multidimensional scaling analyses (NMS; 

(Kruskal 1964) with PC-ORD 5.0 software (McCune and Mefford 2006). NMS is an iterative 

multivariate ordination technique that is suited to non-linear community data that are not 

normally distributed (McCune and Grace 2002). The data were first arcsine-square root 

transformed to improve the effectiveness of the distance measure (McCune and Grace 2002) then 

the ordinations were run (a series of solutions, stepping down in dimensionality from 6 to 1) 

using a Sørensen distance measure and a maximum of 500 iterations in 50 runs with real data to 

find the best positions for all fatty acids along the ideal number of dimensions, beyond which 

additional dimensions provide only small reductions in stress.  Statistical significances of axes 

were assessed by comparing observed final stress with the final stress in 50 runs of randomized 

data using a Monte Carlo test (McCune and Grace 2002). The axes were rotated to align with 

variation in snow depth, and reflected, so that the progression through the seasons goes from left 

to right in the graph of the ordination.  

Environmental variables and fatty acid biomarkers were presented as biplot vectors on 

the NMS ordination plot that represent those factors that most strongly correlate with the NMS 

ordination axes and only variables with an r
2
 > 0.25 are represented, although some slightly less 

important variables are presented in the results text. Statistically significant effects of the 

deepened snow treatment and sampling date on the PLFA profiles was assessed with a non-

parametric multi-response permutation procedure (MRPP; (Mielke 1991) in PC-ORD. MRPP 

yields a P-value to evaluate how likely it is that an observed difference between groups 

(treatment or sampling date) is due to chance, as well as the chance-corrected within-group 

agreement (A), which describes within-group homogeneity compared to random expectation 

(McCune and Grace 2002). A values ranges from 1 (when all items within a group are identical) 

to 0 (when heterogeneity within groups equals expectation by chance). To investigate which fatty 
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acids are more likely to be found in the control or deepened snow plots on different sample dates, 

we used indicator species analysis (ISA; (Dufrene and Legendre 1997) in PC-ORD, which 

provides an indicator value for each fatty acid based on its abundance in particular groups and the 

relative frequency within a group. The significance of the indicator value of a fatty acid is 

calculated with the Monte Carlo method, with fatty acids reassigned randomly to groups 4999 

times, generating a P-value for the proportion of times that the indicator value from the 

randomized dataset equals or exceeds that from the actual dataset (McCune and Grace 2002).  

 

6.4 Results 

6.4.1 Seasonal soil environment and biogeochemistry  

Most of the environmental and biogeochemical variables measured in this study differed 

significantly among sample dates from winter through to fall (Figs. 1, 2, 3). Daily mean air 

temperatures had risen from -26 
o
C to -3 

o
C in the week before our first sampling date (Fig. 1a), 

resulting in a sharp increase in control plot soil temperature (at 5 cm depth), so that both control 

and snowfence soils were near -12 
o
C on day 99 (Fig. 1b). However, air temperatures soon 

dropped and fluctuated around -10 
o
C from days 110 to 140, so that soil temperatures rose only 

gradually to near -7 
o
C by day 125 (Figs. 1a,b). Sustained maximum diel air temperatures above 

zero from day 123 to 127 produced the start of snow pack thaw (Fig. 1c), which resulted in a 

sharp rise in control plot soil temperatures, and a more gradual step-up in snowfence soil 

temperatures (Fig. 1b) by day 130. Soil temperatures in control plots fluctuated in association 

with air temperature before rising up to close to zero on day 147, simultaneously with the 

snowfence soil temperature rise and significantly higher soil moisture levels (Date: F5,59 = 4.8, P 

= 0.0016) and with the first prolonged warm air temperatures (Figs. 1a,b). All snow was melted 

in the control plots by day 150, but remained in deepened snow plots until the sharp rise in diel 

maximum air temperature to 16 
o
C on day 164 (Figs. 1a,c). Daily mean soil temperatures in both 
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control and snowfence soils were steady and very close to zero during this phase (days 150 to 

170), coincident with a gradual decline in soil moisture level from peak saturation to normal 

growing season levels (Figs. 1b,d). After day 170, control and snowfence soil temperatures at 5 

cm depth rose quickly to > 5 
o
C (Fig. 1b) although deepened snow soils at 10 cm depth remained 

near zero until after day 175 (data not shown). Although maximum diel air temperature reached 

25 
o
C several times in mid-summer, soil temperatures peaked at 8.5 

o
C (day 200), and had 

dropped to 6.3 
o
C by early fall on day 244. Soil moisture was significantly lower in fall in control 

plots, relative to the control peak on day 147 (Date: F8,44 = 2.4, P = 0.032). Soil pH was low in 

these organic soils (3.0 - 4.3) and fluctuated slightly, but significantly, over the season (Date: F5,59 

= 6.5, P = 0.0002; Fig. 1e), with occasional inconsistent treatment differences on specific dates in 

winter and spring (Date x Treatment: F5,59 = 5.6, P = 0.0005; Fig. 1e).  

Total soil C decreased over the study period, differing significantly between winter and 

late spring or fall (Date: F5,59 = 2.7, P = 0.032), whereas soil N followed the opposite pattern, 

increasing by half again from 1 to 1.5% over the whole season, and with a significant increase 

between day 130 and 157 in the control plots (Date x Treatment: F5,59 = 3.4, P = 0.012; Fig. 2b). 

The snowfence soils did not follow this general pattern and had significantly lower %N on day 

157 than control soils (Fig. 2b). As a result of both soil C and N dynamics, soil C/N declined in 

control plots from 50 to 30 from winter to early fall (Date: F8,44 = 2.5, P = 0.030), with a 

significant decline in both snowfence and control plots between day 139 and day 169 (Date: F5,59 

= 3.4, P = 0.011). During snowpack thaw, control soil C/N declined then rose whereas snowfence 

soils increased then declined, resulting in a significant interaction between sampling date and 

treatment (F5,59 = 3.5, P = 0.0098; Fig. 2c). 

The snow melt and soil thaw period (days 130 to 170) clearly influenced soil 

biogeochemistry as soil inorganic and organic nutrients all peaked during this period when soil 

temperatures fluctuated between -5 
o
C and 0 

o
C (Fig. 3a-e). In general, soil inorganic nutrients 

peaked in spring from winter values that were similar to growing season values, whereas soil 
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organic nutrients also peaked in spring, but from winter values that were 2-3 times higher than 

growing season values. Concentrations of all of the measured biogeochemical variables were 

particularly spatially variable but generally high in both sets of plots until a sharp decline by day 

145 that coincided with peak soil moisture levels. Soil DIN was significantly higher in all plots 

on days 130 and 157 and lower on 147 and 169 (Date: F5,59 = 5.3, P = 0.0008; Fig. 3a). In 

addition, snowfence DIN contents were significantly higher than controls on day 157, 

corresponding to the end of the deep snowpack thaw (Date x Treatment: F5,59 = 3.2, P = 0.017). 

Inorganic P was significantly higher on days 130 and 139 than day 169 (Date: F5,59 = 3.5, P = 

0.011; Fig. 3b) across all plots.  Similarly, soil DOC was higher on days 130 and 139 than in 

winter (day 101), mid-thaw (day 147) or late-thaw (day 157), and all were higher than in spring 

(day 169; Date: F5,59 = 36, P < 0.0001; Fig. 3c). As with DIN, the snowfence soils had a higher 

DOC content on day 157 (Date x Treatment: F5,59 = 3.7, P = 0.0080). Soil DON and DOP were 

both high in winter, with no significant difference between winter, late winter and early thaw, 

followed by a significant drop in DON by day 147 (Date: F5,59 = 12, P < 0.0001; Fig. 3d), in 

contrast to DOP, which did not drop significantly until after day 157 (Date: F5,59 = 5.1, P = 

0.0010; Fig. 3e). 

6.4.2 Seasonal soil microbial biomass, nutrients and fatty acid biomarkers  

 Microbial biomass C and microbial N and P accumulation (measured with chloroform 

fumigation) varied over the sample period (Fig. 4a-c) and were all significantly enhanced by 

deepened snow (Treatment: MBC: F1,59 = 11, P = 0.0097; MBN: F1,59 = 16, P = 0.0039; MBP: 

F1,59 = 11, P = 0.010; Fig. 4a-c). MBC declined significantly from winter to late winter in both 

snowfence and control plots, then increased during thaw before significantly dropping again by 

day 169 (Date: F5,59 = 10, P < 0.0001). Both MBN and MBP declined significantly from day 157 

to day 169 (Date: MBN: F5,59 = 4.3, P = 0.0033; MBP: F5,59 = 3.8, P = 0.0061). These MBC, 

MBN and MBP peaks declined sharply (by 56%, 43% and 81%, respectively) over the 12 day 
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period from day 157 as the snowpack melted completely (Fig. 4a-c), simultaneously with the 

declines in nutrient contents of snowfence soils. MBP in control plots dropped throughout the 

growing season, resulting in an overall decline of 75% from winter values by day 244 (Fig. 4c). 

By contrast, although MBN declined sharply to a minimum on day 169, microbes in control plots 

had accumulated additional N by day 179 (Date: F8,44 = 2.7, P = 0.020). Both MBC and MBN in 

fall were only slightly lower than in the previous winter (Fig. 4a,b). 

Bacterial cell counts and bacterial biomass C as measured with epifluorescent 

microscopy differed significantly among sample dates, increasing from winter to peak values on 

day 157 (Date: F5,59 = 8.9, P < 0.0001 and F5,59 = 6.4, P = 0.0002, respectively), two weeks after 

complete snowmelt in control plots and near the end of melt at the snowfences. Snow depth did 

not significantly affect bacterial C or cell counts (Fig. 5a,b). Despite increasing bacterial cell 

numbers, bacterial volume/cell declined significantly from day 130 to 139 (data not shown, Date, 

F5,59 = 2.8, P = 0.030) suggesting more, smaller cells were produced at this time, coincident with 

the peak in soil DOC and an increase in MBC on the same date (Figs. 3c, 4a, 5a). Bacterial 

volume/cell in controls was significantly lower in fall than in late winter (Date, F8,36 = 3.4, P = 

0.0053). Bacterial cell counts in control plots declined significantly from a thaw peak to  spring 

low, then a further rise in mid-summer to levels similar to those in the fall (Date: F8,36 = 4.1, P = 

0.0015; Fig. 5a,b). Fungal hyphal length followed a similar pattern except that it declined by late 

winter (day 130) before rising to reach the early spring/thaw peak on day 157. This pattern was 

delayed under deepened snow, rising from day 157 to a peak on day 169 (Date: F5,59 = 7.0, P < 

0.0001; Treatment x Date: F5,59 = 3.0, P = 0.022; Fig. 5c).  Fungal hyphal length in control plots 

increased significantly in fall to match the early spring peak (Date: F8,44 = 4.0, P = 0.0017). 

Occasional very large fungal fragments in a couple of slide fields resulted in very high spatial 

variability in fungal C in winter (day 99 and 130).  Fungal C was significantly lower during early 

thaw as compared to a peak in early spring (day 157; Date: F5,59 = 2.9, P = 0.024; Fig. 5d). The 

temporal pattern in qPCR was similar to that of cell counts estimated with microscopy, noting 
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that qPCR was analyzed on fewer dates (Fig. 5a,e). However, bacterial 16S copy numbers were 

not significantly affected by deepened snow or seasonal sampling.  

Several of the PLFA biomarkers varied with sampling date in both treatment and control 

plots. In particular, fungi were high in winter and late winter (Date: F3,39 = 21, P < 0.0001) as 

were fungal/bacterial ratios (Date: F3,39 = 10, P = 0.0002; Table 1, Fig. 9b). There was a trend for 

fungal/bacterial ratios to be higher in snowfence plots in day 157, corresponding to the lower 

fungal lengths in snowfence plots on the same day (Treatment x Date: F3,39 = 2.4, P = 0.093). In 

addition, Gram-positive bacteria in all plots (and in controls alone) were lower in winter and late 

winter than during early spring/thaw (Date: F3,39 = 3.1, P = 0.046).  Gram-negative bacteria in 

control plots peaked around day 157 and had a significantly higher relative abundances on that 

day than in winter, summer or fall (Date: F5,29 = 3.9, P = 0.010).  Actinomycetes in control plots 

were significantly higher in early spring/thaw (day 157) and late spring/spring (day 169) relative 

to fall (Date: F5,29 = 3.4, P = 0.019), and saturated/monounsaturated ratios (a potential indicator of 

nutritional limitation) in controls were significantly higher in mid-summer relative to early 

spring/thaw (day 157; Date: F5,29 = 3.4, P = 0.019). Protozoan abundance and the cyclo/precursor 

ratio (another potential indicator of nutritional limitation) were not affected by deepened snow or 

sampling date. Microbial biomass as determined by total PLFA tended to be lower under 

deepened snow (data not shown; Treatment: F3,39 = 4.5, P = 0.066) primarily because PLFA-MB 

was significantly lower in snowfence plots in late winter (Treatment x Time: F3,39 = 3.3, P = 

0.038).  However, none of the above relative proportions of PLFA biomarkers and fatty acid 

ratios differed significantly between snowfence and control plots (Table 1). 

6.4.3 Seasonal patterns in the soil PLFA profiles 

Ordination analysis of the PLFA data from the control plots indicated significant changes 

in the whole community profiles of fatty acid relative abundances through the seasons (MRPP, A 

= 0.13, P < 0.0001; Fig. 6). Specifically, while only some sample dates had significantly different 
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PLFA communities (MRPP), there was an overall significant transition between the winter and 

the post-thaw sampling dates. The winter and late winter communities did not significantly differ 

from each other (A = 0.006, P = 0.37) but both differed significantly from the early spring (A = 

0.13, P = 0.0072 and A = 0.087, P = 0.017, respectively), late spring (A = 0.17, P = 0.0014 and A 

= 0.13, 0.0038, respectively), mid-summer (A = 0.91, P = 0.0021 and A = 0.12, P = 0.0089, 

respectively) and the fall (A = 0.09, P = 0.0017 and A = 0.10, P = 0.0016, respectively). 

However, the PLFA communities on the last four dates did not differ significantly from each 

other. After aligning the first axis with snow depth (r
2
 = 0.63) it explained 62.5% of the overall 

variation in the ordination. The winter PLFA communities on this first axis were strongly aligned 

with DOC (r
2
 = 0.57), soil C/N (r

2
 = 0.54), DON (r

2
 = 0.51), PO4

3-
-P (r

2
 = 0.43) and NH4

+
-N (r

2
 = 

0.41). The biomarkers indicate that these winter communities were best characterized by variation 

in fungal PLFAs (r
2
 = 0.56), F/BPLFA (r

2
 = 0.49), MBP (r

2
 = 0.26) and bacterial volume/cell (r

2
 = 

0.25). The spring, summer and fall communities were distinctly different from the winter 

communities because they were best characterized by variation in Gram positive bacteria (r
2
 = 

0.35) and high bacterial numbersscope (r
2
 = 0.28) and total soil N (r

2
 = 0.38). The second NMS axis 

explained 27.4% of the variance in the annual PLFA profiles and was negatively correlated with 

actinomycetes (r
2
 = 0.23) and the cyclo/precursor ratio biomarker (r

2
 = 0.22) and was not strongly 

correlated with any environmental or biogeochemical variable.  

An overall ordination of the whole PLFA dataset indicated no significant effects of the 

deepened snow treatment on microbial community structure over the four winter to late spring 

sampling dates (NMS not shown; MRPP, A = 0.027, P = 0.20). Ordination of the snowfence data 

alone indicated significant seasonal patterns (MRPP, A = 0.11, P = 0.012) that closely matched 

those of the control plots and some similarities in association to environmental and biomarker 

variables (Fig. 7). Under deepened snow, the winter, late winter and thaw communities clustered 

together, and differed significantly from sample day 169, when snowmelt was just completed at 

the snowfence (A = 0.15, P = 0.002; A = 0.17, P = 0.0067; and A = 0.06, P = 0.017, respectively). 
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Alignment of the axes with snow depth (r
2
 = 0.50), resulted in most of the variation in the PLFA 

community being explained by that axis (90%). The winter and thaw microbial communities were 

again strongly aligned with DOC (r
2
 = 0.60) and DON (r

2
 = 0.49), but were not strongly aligned 

with PO4
3-

-P (r
2
 = 0.12), NH4

+
-N (r

2
 = 0.05) or soil C/N (r

2
 = 0.14) and were instead associated 

with total soil C (r
2
 = 0.48) and soil pH (r

2
 = 0.30). This winter microbial community was again 

dominated by fungi (r
2
 = 0.45) and a high F/BPLFA (r

2
 = 0.46), but in contrast with the control plot 

analysis, there was also positive associations to fungal C/km hyphae (r
2
 = 0.28) and MBN (r

2
 = 

0.26). The deepened snow spring community was most strongly and positively associated with 

variation in protozoan abundance (r
2
 = 0.36), suggesting that protozoal grazing was prevalent and 

significantly affected community structure at this time. The second NMDS axis explained only 

3.7% of the variance in the dataset and was positively correlated with microbial biomarkers, such 

as cyclo/precursors (r
2
 = 0.38), fungi (r

2
 = 0.38), F/BPLFA (r

2
 = 0.34), saturated/monounsaturated 

(r
2
 = 0.34) and actinomycetes (r

2
 = 0.29) and was also positively correlated with soil C (r

2
 = 0.31). 

Several fatty acids (FA) had a greater than chance association with the two different 

periods determined above (Fig. 8). Period 1 (winter and late winter in control plots and winter, 

late winter and thaw in snowfence plots) have two similar indicator fatty acids (FAs) - a common 

monounsaturated FA (15:1 ω6c) and the fungal biomarker (18:2 ω6,9c). In addition, another 

monounsaturated FA (18:1 ω9c) and the protozoan biomarker (20:4 ω6,9,12,15c) were associated 

with the control soils, and another monounsaturated FA (16:1 ω11c) and an anteiso-branched 

saturated FA (a17:0) were prevalent in the deepened snow plots. Three iso-branched saturated FA 

(i15:0, i16:0 and i17:0), an aneiso-branched FA (a15:0), an α-hydroxy saturated FA (18:0 2OH), 

two monounsaturated FA (18:1 ω7c and 19:1 ω6c), a cyclo-FA (19:0 w8c) and a saturated FA 

(20:0) were associate with Period 2 (early and late spring, mid-summer and fall) in the control 

plots. The large number of saturated fatty acids in this period is consistent with our RM ANOVA 

results indicating a high saturated/monounsaturated ratio in mid-summer (Table 1). Period 2 in 
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the deep snow plot analysis was limited to just one date, shortly after the deep snow pack thaw 

(spring). This period had a large number of indicator fatty acids, half of which were α- or β-

hydroxy saturated fatty acids, some of which were iso-branched (10:0 2OH, i13:0 3OH, i14:0 

3OH, 15:0 2OH, 15:0 3OH, i15:0 3OH, i16:1/14:0 3OH, 16:0 3OH). In addition, the indicators 

for this period included an actinomycete biomarker (10 Me 18:0), three monounsaturated fatty 

acids (18:1 ω7c, 19:1 ω6c, 20:1 ω9c) and three saturated fatty acids, two of which are iso-

branched (i14:0, i17:0, 17:0). 

6.4.4 Correlations among methods to characterize soil microbial communities 

Our three measures of total soil microbial biomass were weakly associated and differed 

especially in the dynamic spring thaw period (data not shown); however, several aspects of our 

methods were significantly correlated over the six sample dates on which all three methods were 

used. Total bacterial fatty acid content as measured by PLFA explained 42% (P = 0.0033) of the 

variation in bacterial 16S rDNA copy numbers, 45% (P = 0.0014) of the variation in total 

bacterial cell numbers counted by epifluorescent microscopy, and 40% (P = 0.0055) of the 

variation in total bacterial C. Bacterial fatty acid contents also explained 33% (P = 0.025) of the 

variation in seasonal patterns of cell size, measured as changes in total cell volume/number, but 

this association was negative suggesting that the relative abundance of  bacterial fatty acids 

increased as bacterial size decreased. Bacterial 16S rDNA copy numbers were weakly correlated 

with the microscopy-based determination of bacterial C (r
2 
= 0.26, P = 0.075), but not with counts 

or estimates of bacterial cell sizes. PLFA-determined fungi, estimated with the fatty acid 18:2 

ω6,9c, explained 36% (P = 0.011) of the variation in fungal C per unit length of hyphae as 

determined by microscopy, and was negatively associated with total hyphal length (r
2
 = -0.41, P = 

0.0035) and was not significantly correlated with total fungal C. Fungal to bacterial ratios 

measured with PLFA, epifluorescent microscopy and as CFE-MBC/N were all significantly 

correlated with each other, with the strongest association between PLFA and MBC/N (r
2
 = 0.50, P 
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= 0.0002), followed by MBC/N and microscopy (r
2
 = 0.36, P = 0.011) and then PLFA and 

microscopy (r
2
 = 0.28, P = 0.049; Figs. 9a-c). Sampling date effects were significant for all these 

methods, indicating that high F/B ratios in winter declined sharply to annual lows at varying 

points in the spring depending on the method followed by minor fluctuations or stable levels over 

the summer and fall.  Specifically, F/Bscope declined significantly between day 101 and 147 (Date, 

F5,59 = 2.8, P = 0.030), MBC/N declined between day 139 and 169 (Date, F5,59 = 4.4, P = 0.0029) 

and F/BPLFA declined between day 157 and 169 (Date, F3,39 = 10, P = 0.0002).  F/Bscope and 

MBC/N suggest that these ratios increased again in the fall (Figs. 9a,c). 

 

6.5 Discussion 

6.5.1 Microbial seasonal patterns 

Our seasonal sampling of the tundra microbial community with four different methods 

indicates a consistent difference in soil microbial community and structure between the cold 

season (winter and late winter) and the post-thaw season (early and late spring, summer and fall), 

caused mostly by the decline in fungal biomass after winter, and the decline in growth rates of 

both bacteria and fungi during the early spring.  

Fungi dominated in tundra soils across all seasons, but their biomass peaked in the cold 

season. All of our methods agreed that fungal/bacterial ratios were highest at this time, and are 

supported by seasonally high fungal activity in studies in Alaskan tussock tundra (McMahon et 

al. 2009) and biomass in alpine tundra (Schadt et al. 2003). In addition, the microbial community 

variation in these cold soils was explained best by soil solution organic C and N and inorganic N 

and P, as well as high MBP and MBN. Larger bacterial cells and hyphal volumes occurred in this 

season as compared to post-thaw, suggesting that the high microbial biomass and fungal increases 

over winter were related to high substrate immobilization. The PLFA analysis indicated that the 

predominant bacteria within the winter microbial community had membrane adaptations to cold 
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temperatures, such as anteiso-branching and monounsaturated fatty acids (Kraft 1992). It appears 

that fungi decline at the end of winter, perhaps from changes in osmotic pressure or substrate 

availability, but possibly also from predation since the protozoan PLFA biomarker was a 

significant indicator fatty acid over this period in control plots. Interestingly, snowmelt defines 

the end of the cold season microbial community composition (fatty acid profiles), fungal hyphal 

growth (microscopy) and microbial biomass peaks (CFE), regardless of snowdepth so that these 

patterns are delayed under deeper snow. However, the microscope data also indicate simultaneous 

new growth of bacteria in all plots, peaking on day 157, which is after thaw in the controls but 

before thaw in the snowfences. These results together suggest that patterns of new growth in 

bacterial cells in early spring/thaw are independent of changes in relative abundance within fatty 

acid profiles or microbial CNP accumulation. 

New cell growth, as suggested by thinner fungal hyphae and smaller more numerous 

bacterial cells, occurred at the transition between winter and spring while soil temperatures were 

rising from -5 
o
C to near 0 

o
C. Microbial growth below zero has also been reported recently in 

Alaskan tundra soils (McMahon et al. 2009). This thaw microbial growth evident in the 

microscopy results declined by late spring, and this spring date in the snowfence plots was 

strongly associated in the community ordination with protozoan abundance, suggesting that 

macrofaunal predation may have been responsible for the decline in thaw microbial biomass. The 

post-thaw microbial community composition was associated with biomarkers indicative of 

nutritional stress, such as small cell sizes, significant increases in the saturated/monounsaturated 

ratio during summer, and in saturated and cyclo-branched indicator fatty acids (Kieft et al. 1994). 

Despite large changes in aboveground productivity from spring to fall, the microbial community 

did not vary significantly over this period, at least between our sampling dates. Spatial and 

temporal variation in the microbial community across the growing season was positively 

associated with the abundance of bacterial cells and Gram-positive bacteria, suggesting that 

growth of this group was particularly responsive to environmental conditions during the summer, 
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or else they were the least predated at this time. Certain Gram-positive bacteria have been 

associated with a K-selected growth strategy indicative of low resource availability (Fierer et al. 

2007, Cruz-Martinez et al. 2009), which may explain their prevalence during the post-thaw period 

if substrate competition between plants and microbes was occurring at that time. 

6.5.2 The effect of deepened snow on the soil microbial community 

The soil microbial community as identified with PLFA did not differ significantly 

between snowfence and control plots during the winter-spring transition, despite much larger 

nutrient pools in the soil solution and 29%, 22% and 74% higher microbial accumulation peaks of 

C, N and P, respectively, in the deepened snow plots. Other molecular studies have found that soil 

microbial communities have strong resilience to above-ground treatments (Bossio et al. 1998, 

Cruz-Martinez et al. 2009). However, the deepened snow treatment delayed the spring decline of 

thaw-related fungal growth detected with microscopy and delayed the decline in fungal/bacterial 

ratios as measured with PLFA.  

The large numbers of unique significant indicator fatty acids associated with the 

deepened snow spring sampling date suggests that significant changes in community structure 

could be more frequent than just between winter and post-thaw, had we been sampling at a higher 

temporal resolution. These snowfence spring soils had been water saturated up until three days 

before sampling, and had high water extractable soil solution nutrient pools (Ch 3, this thesis). In 

addition, soil pH was significantly lower on this spring snowfence sampling date (Fig. 1e), and 

soil pH has been shown previously to be a strong control on microbial community patterns, 

especially at the acid pH range found in this study (Fierer and Jackson 2006, Lauber et al. 2009). 

Although fatty acid biomarkers are not definitive, the β-hydroxy (3OH) fatty acids are generally 

associated with the Gram-negative lipopolysaccharide layer (Zelles 1999), and especially 

Bacteroidetes (Moat et al. 2002), and fatty acids with a methyl group on the 10
th
 C are commonly 

associated with actinomycetes (Zelles 1999). Both groups are present as significant fatty acid 
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indicators for this spring period in the snowfence plots. In addition, both groups had a 

significantly higher relative abundance on day 157 in the control plots. Therefore, the microbial 

community in all plots just after thaw is very similar to the successional pattern recently 

characterized in laboratory studies with recently rewetted and glucose-amended humic soils 

(Polyanskaya et al. 2008). In this successional pathway, fast-growing Gram-negative bacteria 

colonize, followed by increases in actinomycetes and an increase in chitinase production 

(Polyanskaya et al. 2008).  Gram-negative cells were 2x as abundant with substrate additions in 

this laboratory study, which is typical of an r-selected functional group (Fierer et al. 2007), and 

such a successional pathway is believed to contribute to the decline in fungal biomass in these 

laboratory studies (Polyanskaya et al. 2008). A more frequent sampling schedule would help us to 

understand if the community pattern we found in post-thaw plots in the field matches laboratory 

successional patterns. 

Our data from several different methods generally agree with each other in that they all 

indicate a dramatic drop in fungal/bacterial ratios during the transition from the cold to post-thaw 

season. However, some uncertainty remains, especially during the thaw period under deepened 

snow, where we observed significant increases in microbial CNP in the fumigation (CFE) data 

without a treatment effect on MBC/N, increases in fungal/bacterial ratios in the PLFA data and 

decreases (delayed decline) in fungal hyphal length with microscopy. PLFA is not an indicator of 

microbial CNP storage, unlike CFE (Bardgett et al. 1999). Therefore, treatment effects that alter 

CNP storage in microbial cells may not be matched by changes in microbial community 

composition. The increases in fungal/bacterial ratios and the decline in fungal hyphal length 

under deepened snow at thaw suggest that fungal growth patterns were altered to increase fungal 

volume over length, perhaps in response to peaks in soil solution nutrient availability, as 

supported by our ordination results. The very large peaks in microbial CNP under deepened snow 

may not be related to this fungal shift, but may be a result of the more successful lysis of β-

hydroxy fatty acid bacteria (Gram-negative) with CFE (Zelles et al. 1997), combined with a 
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substantial increase in β-hydroxy fatty acid bacterial growth just after thaw. If the latter is the 

case, then our CFE results indicate that a substantial nutrient pool is transferred between 

successional functional groups at thaw, and that this transfer is sensitive to winter snowdepth. 
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Table 6.1. The seasonal pattern of soil microbial groups identified using PLFA biomarkers in the control and deepened snow plots.  

Snow 

Treatment 

Date Gram-

negative 

bacteria 

(mol%) 

Gram-

positive 

bacteria 

(mol%) 

Actinomycetes 

(mol%) 

Fungi 

(mol%) 

Protozoa 

(mol%) 

Fungi/ 

bacteria 

cy17:0 + 

cy19:0/ 

precursors
#
 

Total saturated/ 

total 

monosaturated
#
 

          

Control* Winter (DOY 99) 23.6 (1.2)   9.5 (0.82) 5.7 (0.21) 22.8 (1.7) 0.54   (0.17) 13    (1.6) 0.25 (0.0096) 0.90 (0.069) 

 Late winter (DOY 130) 24.6 (1.3)   8.3 (0.68) 5.5 (0.84) 22.2 (2.5) 0.56   (0.19) 15    (3.1) 0.33 (0.068) 1.1   (0.12) 

 Thaw (DOY 157) 29.0 (1.3) 13    (1.2) 8.6 (1.1) 11.7 (1.5) 0.088 (0.088)   4.8 (0.88) 0.33 (0.027) 0.85 (0.17) 

 Spring (DOY 169) 25.2 (1.1) 11    (0.32) 8.4 (1.1) 11.5 (2.6) 0.24   (0.24)   5.1 (1.2) 0.37 (0.069) 1.1   (0.11) 

 Summer (DOY 192) 23.8 (1.0) 12    (0.68) 7.3 (0.68)   9.8 (2.1) 0   4.6 (1.2) 0.33 (0.22) 1.6   (0.25) 

 Fall (DOY 244) 22.7 (0.9) 10    (0.61) 4.1 (1.4) 11.3 (2.4) 0.30   (0.30)   5.9 (1.2) 0.33 (0.27) 1.4   (0.090) 

          

Deepened 

Snow* Winter (DOY 99) 22.1 (2.6)   7.7 (0.96) 5.5 (0.60) 25.0 (2.4) 0.36   (0.23) 15   (1.9) 0.28 (0.027) 1.3   (0.18) 

 Late winter (DOY 130) 24.7 (1.3) 10    (0.96) 4.8 (1.3) 23.8 (3.5) 0 25 (13) 0.22 (0.056) 1.1   (0.060) 

 Thaw (DOY 157) 21.1 (3.6)   9.6 (1.2) 5.3 (1.5) 18.8 (3.7) 0.47   (0.25) 20 (10) 0.22 (0.059) 1.7   (0.66) 

  Spring (DOY 169) 23.0 (2.2) 10    (1.5) 7.8 (2.3)   7.1 (2.3) 1.1     (1.0)   3.0 (1.1) 0.30 (0.066) 1.3   (0.20) 

# Ratios that may be indicative of the physiological status of microbial communities.  

* See methods for identification of the PLFAs used to calculate microbial group and the ratio abundances. Parentheses indicate one standard error (n = 5). 
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Figure 6.1 Daily mean (black line), maximum and minimum air temperatures (
o
C) (a); and soil 

temperatures at 5 cm depth (
o
C; n = 4 and 7 for the control and snow fence) (b); mean snow 

depths (cm, n = 5) (c); soil gravimetric water contents (g H2O/ g dw soil; n = 5) (d); and soil pH 

(n = 5) (e) in control and deepened snow (snow fence) plots of birch hummock tundra at Daring 

Lake, NWT. Error bars indicate +/- one standard error. Roman numerals represent the sample 

times: winter (I), late winter (II), early thaw (III), early spring (control)/thaw (snowfence) (IV), 

late spring (control)/spring (snowfence) (V), summer (VI), and fall (VII). 
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Figure 6.2 Total soil C (a) and N (b) concentrations and soil C/N (c) on each sample date in 

control and snowfence plots. Error bars indicate +/- one standard error. 
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Figure 6.3 Dissolved inorganic nitrogen (NH4
+
-N plus NO3

-
-N) (a); inorganic phosphorus (PO4

3-
-

P) (b); organic carbon (c); organic nitrogen (d); and organic phosphorus (e) contents in water-

extracted solutions from ambient (control) and deepened snow plot soils during the winter-fall of 

2007. Error bars indicate +/- one standard error.  
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Figure 6.4 Soil microbial biomass carbon (a); nitrogen (b); and phosphorus (c) in birch hummock 

tundra under ambient (control) and deepened snow during the winter-fall of 2007. Error bars 

indicate +/- one standard error. 
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Figure 6.5 Quantitative microbial community analyses of ambient (control) and deepened snow 

plot soils during the winter-fall of 2007 using epifluorescent microscopy to estimate bacterial 

cells (a), bacterial carbon (b), hyphal length (c),  and fungal carbon (d); and qPCR to estimate 

bacterial 16S rRNA copy numbers (e). 
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Figure 6.6 Non-metric multidimensional scaling (NMS) ordination of PLFAs in control plots 

over six sample dates from winter through to fall (total n = 30). Time progresses from left to right 

along the first axis. Day 99 is winter, day 130 is late winter, day 157 is thaw, day 169 is spring 

(just after thaw), day 192 is summer and day 244 is fall. Ordination data points represent fatty 

acid profiles from individual sample plots. Samples from dates that are not significantly different 

from each other (see text) are indicated by differing shades of the same symbol. Lines are biplot 

vectors that represent those environmental variables or fatty acid biomarkers that most strongly 

correlate with the NMS ordination axes and only variables with an r
2
 > 0.25 are represented. 

 

 

 



 

 198 

MBN

snow depth

DOC DON

FB-PLFA

cyclo FA/precursor

saturated FA/monunsaturated

fungal C/km

soil %C

pH

actinomycetes

fungi

protozoa

0

0

40 80

40

80

Axis 1 (90.0%)

A
x
is
 2
 (
3
.7
%
)

Date

winter (99)
late winter (130)
thaw (157)
late spring (169)

 

Figure 6.7 NMS ordination of PLFAs in deepened snow plots over four sample dates (n = 18). 

The axes have been rotated to align the first axis with snow and reflected, so that time progresses 

from left to right along the first axis. Day 99 is winter, day 130 is late winter, day 157 is thaw and 

day 169 is late spring, just after thaw. Points represent fatty acid profiles (n = 43) from individual 

sample plots. Samples from dates that are not significantly different from each other (see text) are 

indicated by differing shades of the same symbol. Lines are biplot vectors that represent those 

environmental variables or fatty acid biomarkers that most strongly correlate with the NMS 

ordination axes and only variables with an r
2
 > 0.25 are represented. 
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Period 1: winter and late winter

15:1 w6 (P=0.0004)

18:1 w9 (P=0.0002)

18:2 w6,9 (P=0.0002)

20:4 w6,9,12,15 (P=0.0008)

Period 2: early and late spring, mid-summer and fall

anteiso-15:0 (P=0.0012)

iso-15:0 (P=0.0070)

iso-16:0 (P=0.0038)

iso-17:0 (P=0.0080)

cyclo-19:0 w8 (P=0.0048)

18:0 2OH (P=0.0002)

18:1 w7 (P=0.0006)

19:1 w6 (P=0.0002)

20:0 (P=0.023)

Period 1: winter, late winter and thaw
10:0 2OH (P=0.050)

15:0 2OH (P=0.012)

iso-13:0 3OH (P=0.003)

iso-14:0 (P=0.047)

iso-14:0 3OH (P=0.069)

15:0 3OH (P=0.037)

iso-15:0 3OH (P=0.012)

iso-16:1/14:0 3OH (P=0.069)

Period 2: spring

Control (ambient snow depth) plots

Deepened snow plots

15:1 w6 (P=0.0018)

16:1 w11 (P=0.0080)

anteiso-17:0 (P=0.044)

18:2 w6,9 (P=0.0018)

16:0 3OH (P=0.0002)

16:1 2OH (P=0.0032)

17:0 (P=0.066)

iso-17:0 (P=0.0008)

18:1 w7 (P=0.068)

10 Me 18:0 (P=0.018)

19:1 w6 (P=0.092)

20:1 w9 (P=0.047)

 

 

Figure 6.8 Microbial change of fatty acid profiles as suggested by Indicator Species Analysis in 

the control plots over 6 sample dates and in the deepened snow plots over 4 sample dates. Time 

periods within each treatment combine sampling dates that are not significantly different from 

each other (MRPP). These fatty acids are more likely than chance to be associated with the 

periods under which they are listed. Only significant indicator fatty acids are shown (P < 0.1). 

Winter is day 99, late winter is day 130, control early spring and deep snow thaw are day 157, 

control late spring and deep snow spring are day 169, mid-summer is day 192 and fall is day 244. 

Deepened snow plots were still covered with snow during thaw, and these plots were not sampled 

after day 169 (spring). 
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Figure 6.9 Fungal/bacterial ratios within the control and deepened snow plots during winter-fall 

2007, as estimated by: epifluorescent microscopy (a); PLFAs (b); and CFE, based on MBC/N (c). 

Error bars indicate +/- one standard error (n = 5). Note the higher number of sampling dates for 

the CFE and microscopy data, especially in the early spring. 
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Chapter 7 

General Discussion 

7.1 Winter biogeochemistry in low arctic tundra 

Winter mobilization of nutrients in tundra soil may be a significant part of the annual 

nutrient budget for tundra plants (Grogan and Jonasson 2003, Schimel et al. 2004, Buckeridge 

and Grogan 2008).  As a result, winter controls on nutrient mobilization may influence the annual 

tundra C balance.  This is of special concern given the large store of C in tundra soils and the 

potential for this C to be released to the atmosphere with future warming (ACIA 2005, IPCC 

2007).  If deeper winter snow promotes nutrient mobilization, then enhanced nutrient availability 

in spring may stimulate greater primary productivity, sequestering more atmospheric C (Shaver et 

al. 1992, Sturm et al. 2005).  The results in this thesis indicate that winter mobilization of 

nutrients does occur, and that the quantity of these nutrients (C, N and P) mobilized is sensitive to 

snow depth.  However, the sharp decline in this thaw nutrient flush found in this thesis was two 

(deep snow) to four (ambient snow) weeks before the first leafout of deciduous shrubs in these 

low arctic tundra ecosystems.  There is a possibility that these nutrients are retained within the 

ecosystem and there are two mechanisms, in particular, that require further investigation to 

determine the likelihood of nutrient retention.  The first possibility is that thaw also promotes a 

burst of macrofaunal activity, in rapid response to improved environmental conditions (Sulkava 

and Huhta 2003, Sjursen et al. 2005).  Microbial C, N and P may be transferred to the growing 

macrofaunal pool which may transfer nutrients up the soil food web (Clarholm 2002).  A second 

possibility is that microbial C, N and P are transferred to plants via mycorrhizae.  Mycorrhizae 

are plant-fungal symbioses that are ubiquitous in low arctic tundra and other ecosystems, whereby 

the fungal partner trades N and P for plant photosynthate (Smith and Read 2008).  It is not known 
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if the fungal partner is susceptible to fumigation, but if not, a transfer of microbial nutrients to 

mycorrhizal fungi would explain the decline in CFE biomass seen in this thesis.  Both 

mechanisms may create a short-term storage of N and P until plant uptake occurs a few weeks 

later.  Research conducted at the same time at Daring Lake used soil injected with 
15

N tracer in 

the fall and followed the tracer through to the next spring and then the following summer (i.e. two 

years) in plant species and the microbial biomass under ambient and deepened snow 

(Vankoughnett 2009).  In this study there was no difference detected in the 
15

N concentration of 

any plant species or the microbial biomass between ambient and deepened snow in that study.  

Together these results and those from this thesis imply that despite strong snow depth effects on 

nutrient availability in winter and spring, snow depth does not impact plant nutrient supply within 

the same ecosystem in the following growing season, at least over two years.  

The results from this thesis suggest that these winter-mobilized nutrients are not available 

to plants in the same ecosystem, but may be removed as either trace gas from under snow to the 

atmosphere, and/or as leachate, to a lower elevation ecosystem (Fig. 7.1).  Overwinter N2O 

production is high in alpine tundra, more so under deepened snow, with substrate-limited N2O-N 

losses representing 7-15% of the snowmelt N inputs (Brooks et al. 1997).  Low arctic tundra 

systems have large substrate limitations for denitrification, with very low NO3
-
-N pools (this 

thesis, Weintraub and Schimel 2005).  Further investigation of soil oxidation-reduction potential 

under the thawing snowpack, together with N2O measurements at this time are necessary to 

quantify the proportion of the winter-mobilized N that is lost as trace gas. However, it is also safe 

to assume that a significant proportion of winter N and possibly all of the winter P may be lost as 

leachate (Whalen and Cornwell 1985, Everett et al. 1996, Michaelson et al. 1998, Brooks et al. 

1999).  Therefore, there is a strong indication in the results presented here that research on thaw 

related processes should occur at the watershed, not the ecosystem scale.  For instance, N and P 
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lost in the birch hummock ecosystem may be an important N and P sources in the lower elevation 

wet sedge meadow, dominated by productive graminoids.  Hydraulic linkages between 

ecosystems may be more important for determining primary productivity than processes that 

occur within an ecosystem, during the winter-spring transition.  From the perspective of the 

global C balance, the results in this thesis indicate that snow depth is not a negative feedback 

mechanism (resisting change by promoting primary productivity and C sequestration), at least 

within the birch hummock ecosystem.  Snow depth may act as a positive feedback mechanism, by 

removing N and P from the ecosystem, thus reducing resources that support increased plant 

growth with warming, but characterizing this potential requires further investigation on the fate of 

the thaw nutrient flush and the overall ecosystem N and P budget in this tundra watershed. 

7.2 Shrub expansion in low arctic tundra 

Snow depth has been proposed as a possible control on shrub-expansion across the Arctic 

(Sturm et al. 2005).  However, the results in Chapter 5 of this thesis indicate that an enhanced 

resource supply as a result of higher quality litter under shrubs in the growing season may also be 

a control on shrub-expansion across the Arctic.  Both snow depth and litter quality may act as 

controls on resource supply by increasing the amount or turnover rate of N in the soil: snow 

through a positive feedback whereby snow warms soil and increases winter microbial activity and 

N mineralization (Sturm et al. 2001), and litter through a positive feedback whereby low litter 

C/N promotes soil organic matter decomposition, releasing dissolved organic C, which promotes 

N mineralization (this thesis). For these feedback loops to promote shrub expansion, both 

scenarios assume that the increased mineralized N is then preferentially taken up by shrubs.  This 

preferential uptake of N by shrubs has been recently tested at Daring Lake by adding 
15

N to soil 

in fall under tall shrub tundra, and at birch hummock tundra with or without snowfences, and 
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measuring 
15

N incorporation in the microbial and plant biomass the next spring and then the 

following summer (Vankoughnett 2009).  This experiment found that tall shrubs do have higher 

N uptake at tall shrub sites, driven mainly by growing season interactions, such as the advantage 

of large biomass and better litter quality.  As mentioned above, there was no significant effect of 

snow depth alone on providing preferential access of N to shrubs.  Therefore, the positive 

feedback in response to litter quality demonstrated in Chapter 5 of this thesis, the early N flush 

that ends with snow melt demonstrated in Chapters 3 and 4, and the results from the 

Vankoughnett (2009) experiment, together indicate that growing season effects (vegetation C/N) 

are probably more important than winter effects (temperature) for promoting shrub expansion 

across the Arctic, at least in the short-term.  To properly address this issue, long-term monitoring 

and experimental manipulation of shrubs, snow and litter is required.  

  

7.3 Seasonal soil microbial ecology in low arctic tundra 

Seasonal soil microbial community investigations are in their infancy, particularly in the 

Arctic.  As a result, Chapter 6 is the first exploration of its kind and provides valuable insight into 

patterns of soil microbial community composition and physiological structure over the course of 

an Arctic year.  From the results in this thesis, a seasonal picture of the microbial community can 

be constructed (Fig. 7.2), which lays the groundwork for future generation of more specific 

hypotheses.  Beginning with fall, large litter inputs result in increased pools of labile C and N and 

the growth of fungal hyphae.  This is based upon the increase in fungal/bacterial ratios evident in 

fall sampling relative to summer, and the hypothesis that late fall is the most likely period in 

which a large winter fungal biomass is generated (this thesis; Schadt et al. 2003).  Although 

microbial growth occurs over winter, the evidence so far supports growth in the late fall and 
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during thaw (this thesis; McMahon et al. 2009) and not necessarily over the very deep cold of 

winter. Instead, much of the microbial biomass may be frozen over the winter, depending upon 

ice nucleation genes and membrane adaptations to survive the freeze process (Kraft 1992, Walker 

et al. 2006).  With the advent of the soil temperature climb in late winter, I propose that increases 

in soil water and soil aggregate shifting may promote a slow decay of soil physical structure (Six 

et al. 2004) and the large inactive fungal hyphae, maintaining high organic nutrient pools in the 

soil solution.  During thaw, which begins under snow with the influx of thaw-related nutrients, 

cold, possibly anaerobic soils and constant microsite phase changes (soil temperatures between -

10 
o
C and just below 0 

o
C), the rapid growth of small, stressed bacterial cells and thin fungal 

hyphae is evident. The bacterial populations at this time appear to be dominated by Gram-

negative bacteria (β-OH PLFAs) and actinomycetes. These thaw fungal and bacterial populations 

crash with snowmelt, as soil temperatures increase to just above 0 
o
C, and nutrients decline 

sharply in the biomass that is susceptible to choloroform, as well as in the soil solution. This rapid 

decline may have been instigated by the onset of protozoal grazing, made possible by increased 

hydraulic conductivity between soil microsites.  Late spring and summer communities are 

dominated by fungi still, but less so and possibly by an increase in mycorrhizal versus 

saprotrophic biomass in response to plant root growth.  The bacterial community is dominated by 

Gram-positive bacteria, probably supported by a labile C-source from plant root exudates, 

similarly to alpine bacterial communities (Lipson et al. 2002).   

 The mechanisms that drive the turnover of one microbial population and promote the 

next may be environmental - the community patterns were strongly correlated with both snow 

depth and resources (C, N and P pools).  However, microbial interactions may also drive some of 

these changes, as suggested by the possible top-down control on fungal and bacterial numbers by 

protozoal grazing during thaw and by the potential that the microbial cytoplasmic release from a 
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dying population feeds the next population.  The changes in population may represent different 

functional groups that are better adapted to the changing environment, but that further alter their 

environment through biogeochemical dynamics (Balser et al. 2001).  Further research is required 

at each time period, and at a much higher temporal frequency, to better understand the changes in 

community structure and function and the drivers of these changes.  Microbial community 

temporal patterns within a year may one day be characterized as successional change, similar to 

plant community successional change over time in developing ecosystems that is driven by 

changing substrate quality and organismal interactions (Van Cleve et al. 1991). 

  

7.4 Insights 

An excellent story of seasonal N allocation to plants and microbes in a subarctic birch 

forest forms the background for my Ph.D. research in general (Grogan and Jonasson 2003).  In 

addition, the characterisation of the state of knowledge for the plant-soil N cycle (Schimel and 

Bennett 2004), a review of nutrient cycling in tundra ecosystems (Schimel et al. 1996), as well as 

a convincing argument that microbial community composition can play a critical role in 

ecosystem functioning (Balser et al. 2001), are all important for understanding the complexities 

involved in tundra biogeochemical research. The synthesis of microbial physiology and 

ecosystem nutrient cycling provides a very useful context for several of the results in this 

dissertation (Schimel et al. 2007). Soil biogeochemistry and seasonal microbial community 

dynamics in alpine tundra provide important background knowledge for this field, and have been 

summarized recently in two good review papers (Bardgett et al. 2005, Schmidt et al. 2007).  

 The research presented in this dissertation highlights the importance of environmental 

and vegetative controls on the soil microbial community composition, structure and activity at 
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different times of the year in a low arctic tundra ecosystem. In addition, this research 

demonstrates that the soil microbial physiological response to environmental conditions in the 

winter impacts nutrient availability and cycling at the ecosystem scale. This concept has only 

recently appeared in the literature and the field evidence that I have provided in this dissertation is 

novel. In Chapters 2, 3 and 6, I demonstrated that this physiological response is sensitive to 

deepened snow, supporting the growing concept that our perception of an arctic winter as a 

biologically dormant and ecologically unimportant season is no longer valid. Furthermore, the 

delayed and larger response in biogeochemical cycling and microbial dynamics we recorded 

under deepened snow implies that natural variation in snowdepth across a tundra landscape may 

affect the synchronicity between thaw-related nutrient pulses and plant nutrient uptake. 

 Chapter 3 characterizes thaw biogeochemistry at a very fine temporal resolution. In this 

research I demonstrate that the thaw microbial community is sensitive to soil water phase changes 

and that this results in large peaks in soil solution nutrients and microbial biomass nutrients under 

snow. The results from Chapter 2 and Chapter 3 suggest that air temperature freeze-thaw cycles 

have no biologically important impact on mesic tundra soil biogeochemistry, and are not 

responsible for the microbial decline at thaw. In essence, my research suggests that the several 

laboratory studies focussed on soil freeze-thaw cycles have an ecological analog in the -5 to -1 
o
C 

range, under snow, and not during spring air temperature freeze-thaw cycles. Although I 

demonstrate in Chapter 2 that the winter soil microbial physiology is C-limited, Chapter 3 

suggests that this C limitation is not a mechanism for microbial decline at thaw in arctic tundra, as 

has been previously proposed in alpine tundra (Lipson et al. 2000).  In Chapters 3 and 6, I suggest 

that increases in soil liquid water may allow for increased microbial interactions, and that 

macrofaunal predation may be responsible for the decline in the microbial biomass at thaw. This 
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mechanism has not been explored in tundra soils at thaw; it is tentatively supported in Chapter 6 

and is an exciting direction for future research.   

Chapter 6 provides evidence that fungi dominate the microbial community composition 

and biomass in low arctic tundra winter soils. This is a relatively novel finding, supported by 

similar results in an alpine tundra (Schadt et al. 2003), and very recently by enhanced fungal 

activity in the winter in Alaskan tundra soils (McMahon et al. 2009). Important ecological 

insights have come from this study, including the pattern of early fungal decline and renewed 

bacterial and fungal growth at subzero soil temperatures. This research also implies a switch in 

bacterial community dominance from Gram-negative bacteria in the late winter/thaw period to 

Gram-positive bacteria in the growing season. This provides a basis from which to conduct 

further explorations of how certain microbial functional groups impact ecosystem processes in 

different seasons. Overall, this paper supports the idea that microbial ecology plays an important 

role in ecosystem ecology, particularly at the seasonal scale (Schimel and Gulledge 1998, Balser 

et al. 2001, Bardgett et al. 2005).  

Environmental controls on substrate availability and the microbial community are critical 

to ecosystem functioning in the winter months, but Chapter 5 implies that vegetative controls on 

substrate availability and microbial activity are more important in the growing season. In this 

Chapter, I provided novel evidence that the quality of litter inputs drives nitrogen cycling rates in 

low arctic tundra ecosystems.    

 

7.5 Future research 

1. Warmer winter versus wetter spring effects on substrate. In Chapters 3 and 6, I showed that 

soil solution nutrient pools and microbial biomass accumulation were significantly higher 
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under deeper snow during thaw. In theory, this supports the general hypothesis that warmer 

winter soil temperatures enhance soil nutrient mobilization (Fig 7.1), which is further 

supported by the larger microbial biomass N during winter under deepened snow that we 

demonstrated in Chapter 2, and increased N mineralization under deeper snow in Alaskan 

tundra (Schimel et al. 2004). However, the extended soil saturation during thaw under 

deepened snow may also contribute to or largely explain this enhanced nutrient mobilization 

(Hobbie and Chapin 1996). Therefore, these two mechanisms need to be explored to further 

support the concept of winter nutrient mobilization. 

2. Macrofaunal predation of the microbial biomass under snow. The community analysis in 

Chapter 6 suggests that the decline in fungal biomass at the end of winter, and the decline in 

fungal and bacterial biomass during thaw were associated with protozoan grazing. A more 

detailed analysis of this process is required, as well as the ecosystem implications of this 

grazing. For instance, protozoan grazing may delay N loss under snow via immobilization of 

N in a higher trophic level, but this delay may be on the order of less than a week (Clarholm 

2002). There is a long history of soil ecological studies that explore trophic-level dynamics 

(Wardle 2002), but they are primarily confined to agricultural, grassland or temperate 

systems, particularly with regard to seasonal analyses.  

3. Trace gas and leachate losses from under the snowpack.  Regardless of the mechanism that 

drives the decline in microbial biomass at thaw, there is a strong possibility that substantial 

trace gas or leachate loss occurs from under the thawing snowpack. In Chapter 3, I 

demonstrate that soil solution nutrient pulses and microbial biomass decline sharply during 

thaw at a time when very little or no plant root uptake is occurring. Furthermore, soil N pools 

were low and no trace gas loss occurred just after thaw, as demonstrated in Chapter 4, 

suggesting that substantial N loss may occur under the melting snowpack. The total N pool 
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increase and decline in the combined microbial biomass and soil solution under snow, for 

instance, is much larger than annual new N plant requirements for this N-limited tundra 

ecosystem (Shaver and Chapin 1991). Macrofaunal grazing may provide a temporal bridge 

that maintains nutrients in the local ecosystem (Clarholm 2002), as may abiotic fixation of N 

(Schmidt-Rohr et al. 2004). However, trace gas and leachate losses under snow may result in 

substantial watershed or ecosystem losses of C, N and P (Whalen and Cornwell 1985). 

Characterizing the fate of these nutrients is important for understanding ecosystem nutrient 

budgets. 

4. Early winter N cycling and microbial community composition.  Winter microbial 

communities are dominated by a high fungal/bacterial ratio, in particular, large fungal 

biomass. The community analysis in Chapter 6 suggest that fungal biomass is larger in the 

early fall than in the summer, implying that this winter community may develop after plant 

senescence begins, when new litter inputs enhance soil substrate quality and thus fuel 

microbial activity, as suggested in Chapter 5. This pattern of growth may vary with the timing 

of early snowfall and above-ground vegetation, as recent results suggest that early winter 

microbial growth is not consistent across ecosystem types (McMahon et al. 2009). Although 

new microbial growth occurs between -5 
o
C and 0 

o
C, there is not yet evidence to support the 

growth of the large winter fungal biomass in deep winter, when soils are below -15 
o
C. 

Analysis of the microbial community, microbial physiology and soil biogeochemistry in early 

winter under the developing snowpack would provide insight into the environmental or 

vegetative controls on the development of this fungal-dominated winter community. 
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7.6 Conclusions 

The soil microbial biomass, community structure and community composition are 

important controls on seasonal biogeochemical cycling of C, N and P and therefore ecosystem 

functioning.  Environmental controls on substrate and microbial dynamics such as snow depth 

and soil water phase changes are very important in the winter and thaw period, but vegetative 

controls appear to be more important in the growing season.  This research implies that soil 

microbial ecology should be included in characterizing biogeochemical process rates, at least in 

the cold season.  Finally, spring thaw is highly dynamic biogeochemically and microbially and 

may play a large role in the ecosystem retention of N, and therefore may also impact vegetation 

communities and the tundra carbon balance during the growing season. Overall, the research in 

this dissertation demonstrates the importance of environmental and microbial controls on 

ecosystem biogeochemical cycling of nutrients in low arctic tundra. 
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Figure 7.1  Snow depth effects on winter N and P mobilization and processes that impact this 

mobilized N and P during thaw, revisited. Boxes indicate processes, the rest are controls. N and P 

mobilization is microbial processing of soil organic matter to dissolved organic and inorganic 

nitrogen and phosphorus. Red circles are processes and controls that are supported, red-crossed 

line indicates no support and red question mark indicates further investigation is required. 
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Figure 7.2. Soil microbial community seasonal patterns in low arctic tundra. The top pictures 

illustrate a (partially hypothetical) temporal pattern of soil microbial community change from late 

fall to summer, see text for details. The bottom graph illustrates soil temperature and snow depth 

in 2007 in Daring Lake, NWT. 


