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Abstract 

 Climate change has coincided with expansion of deciduous shrub species in the 

Arctic. Increased deciduous vegetation in the tundra could have profound implications on 

regional climate, carbon balance, and biogeochemical cycling of nutrients. Winter 

biological processes may be a mechanism explaining shrub expansion in the Arctic. Tall 

shrubs accumulate relatively deep snowcover, raising winter soil temperature minima, 

enhancing microbial activity and promoting nitrogen mobilization that may then be taken 

up by shrubs. However, it has yet to be determined if shrubs can acquire winter-

mobilized nitrogen, and if so, whether they acquire it early in the spring, or over the 

growing season. The purpose of this study was to test if increased snow alone or the 

combination of vegetation-type and snow depth affect nitrogen cycling and plant uptake.  

To test this, inorganic 15nitrogen tracer was added to control and experimentally 

deepened snow plots (using snowfences) in low birch hummock tundra, and to tall birch-

dominated plots near Daring Lake, N.W.T. in the Canadian low Arctic. 

 The first study (Chapter 2) characterizes soil 15nitrogen cycling over a single 

winter to investigate if experimentally deepened snow in low birch hummock ecosystems 

enhances nutrient availability to plants in the early spring. In addition, 15nitrogen cycling 

in low birch hummock and tall birch ecosystems were compared to characterize the 

combined impacts of vegetation-type and snow depth on nutrient availability to plants by 

early spring. The second study (Chapter 3) investigated the longer term fate of added 

15nitrogen to determine if 15nitrogen acquisition and allocation differs among plant 

species over a two year period. Together, the results indicate that nitrogen cycling in the 
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low birch hummock tundra was not significantly affected by deeper snow over short 

(after one winter) or longer terms (two years). By contrast, nitrogen availability in early 

spring, and birch shrub 15nitrogen uptake after two years were enhanced in the tall birch 

as compared to the low birch hummock ecosystem. These results suggest that the 

combination of vegetation-type and snow depth effects in the tall birch ecosystem could 

be a mechanism contributing to tundra to shrubland transitions across the Arctic. 
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Chapter 1: General Introduction 

 A major challenge in ecology is to understand the controls and mechanisms of 

abiotic and biotic interactions that allow ecosystems to change over time. Nutrient 

availability limits plant growth in tropical, temperate, and high latitude systems (Chapin 

et al. 2002). A knowledge of the mechanisms and controls contributing to nutrient 

availability, both across the landscape and seasonally are essential to understanding 

ecosystem function and development (Vitousek et al. 1998). Specifically, it is important 

to investigate the abiotic and biotic interactions that may be contributing to a transition 

from tundra to deciduous vegetation in the Arctic (Stow et al. 2004, Sturm et al. 2005b, 

Tape et al. 2006), because such vegetation community shifts will have local and global 

impacts. 

 Plant growth in the low Arctic is limited by nitrogen (N) availability (Shaver and 

Chapin 1980). In natural ecosystems most of the N that becomes available to plants is 

produced through microbial breakdown of soil organic matter (SOM), a process called 

decomposition (Appendix 1). Furthermore, soil microbes can influence the amount of N 

that becomes available, as they can act as a major source or sink of nutrients, to or from 

the soil solution, and therefore strongly regulate N availability to plants. The amount of N 

that is released into the soil as a result of  SOM decomposition depends on microbial 

carbon (C) and N needs (Chapin et al. 2002). The rate at which organic N is released is 

based on the C:N ratio of the substrate being decomposed, and the demand for N by the 

microbial community (Hodge et al. 2000). Microbes secrete enzymes that decompose 

SOM, releasing dissolved organic nitrogen (DON) (Schimel and Bennett 2004, Chapin et 



2 

 

al. 2002). If soil microbes cannot acquire enough N during decomposition (high substrate 

C:N) to support their own nutritional requirements, they immobilize the inorganic forms 

of N, ammonium (NH4) and nitrate (NO3), from the soil solution (Appendix 1; Hodge et 

al. 2000, Chapin et al. 2002). On the other hand, if N absorbed during decomposition of  

SOM is in excess of microbial demand (low substrate C:N) any extra N is released into 

the soil as organic or mineralized to inorganic N forms (Appendix 1; Hodge et al. 2000), 

thereby enhancing the availability to plants. Temperature can also influence the amount 

of decomposition that takes place. Microbial decomposition decreases as temperature 

lowers (Nadelhoffer et al. 1991, Mikan et al. 2002), although, there is evidence 

suggesting that microbial access to quality substrate can be as important as high 

temperatures, specifically at temperatures ranging from 3 to 9oC (Nadelhoffer et al. 

1991).   

 Plant species can potentially affect ecosystem N cycling in a variety of ways, 

including differences in uptake (Grogan and Jonasson 2003), litter quality (Hobbie 1996), 

soil shading, and microbial associations (Sturm et al. 2001, Sturm et al. 2005b). Species  

promote the particular niches that they are adapted to (Hobbie 1992). For example, 

certain species persist in infertile habitats because they grow slowly, use N 

conservatively, and produce plant material with high C:N that is difficult to decompose 

(Hobbie 1992). These traits result in a slow release of nutrients, particularly N, back into 

the soil solution, maintaining the habitat’s low fertility. Conversely, plant species adapted 

to fertile habitats grow more rapidly, and produce easily decomposable litter (low C:N) 

that quickly releases N back into the soil (Hobbie 1992). Based on this understanding, it 
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is expected that plant species which are adapted to relatively high N availability will 

expand in and/or increase in density within environments where fertility is increasing. 

 The Snow-Shrub Feedback Hypothesis is one proposed mechanism that relates 

plant characteristics to reasons why vegetation communities may be changing across the 

Arctic (Appendix 2; Sturm et al. 2001, Sturm et al. 2005b). The hypothesis focuses on the 

importance of winter biological processes, and suggests that snow accumulation around 

dense shrub areas could promote shrub expansion. Specifically, vegetation types that 

occupy high N availability sites have species characteristics (height) that manipulate the 

surrounding environment, promoting decomposition in the winter and N availability in 

the spring. The Snow-Shrub Feedback Hypothesis proposes that dense areas of tall shrubs 

are able to accumulate increased levels of snow (Appendix 2; Sturm et al. 2001, Sturm et 

al. 2005b), resulting in higher soil temperature minima, enhancing microbial activity 

(Mikan et al. 2002, Nobrega and Grogan 2007) and decomposition of SOM during the 

winter. This in turn results in increased mobilization of ‘new’ nutrients (specifically N) in 

the spring (Sturm et al. 2001, Sturm et al. 2005b). The ‘new’ nutrients would then be 

taken up by plants, specifically shrubs, and used to promote their own growth, 

completing the feedback loop (Appendix 2; Sturm et al. 2005b).  

 Regardless of the specific mechanism, it is generally accepted that the extent of 

growth by shrubs will be based on how much N becomes available to plants. An increase 

in N mineralization rates over the winter may not immediately enhance N availability to 

plants, because microbes may immobilize all access to it (Hobbie 1992), if the microbes 

are N-limited. In order for the immobilized N to be accessed by plants, it must first be 

mobilized into the soil solution (Hobbie 1992). Stress events such as freeze-thaw and dry-
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rewet periods are capable of releasing N from microbes (Schimel et al. 1996, Schimel et 

al. 2007). Overall, if shrubs are shown to acquire N preferentially in the early spring or 

over a longer period, then the feedback hypothesis is complete, and shrubs are able to 

promote their own growth.  

  In addition to potential winter effects, shrub growth during the summer may be 

enhanced in several ways. Fertilizer additions indicate that increased nutrients over time 

result in enhanced shrub growth (Chapin et al. 1995, Jonasson 1992). This suggests that if 

changes in N turnover rates occur (during winter or summer), a shift in species 

community compositions to a more deciduous plant community-dominated structure 

would occur over time (Chapin et al. 1995, Schimel et al. 1996). Plant species that 

generally populate low N available soils may be at a competitive disadvantage in 

environments where soil fertility is increasing, and could lose out to faster-growing 

species. Whether changes in N cycling promoting more available N occur in the summer 

or winter, responses to ecosystem N enhancement have shown that some species will 

respond more quickly (specifically deciduous vegetation) than others (McGraw and 

Chapin 1989, Jonasson 1992, Chapin et al. 1995) and could result in a plant species 

community composition change. 

 Limitations in our current understanding of plant characteristics and their 

interactions with the environment that cause arctic ecosystems to change inhibits us from 

determining whether northern regions are going to undergo a widespread tundra to 

shrubland transition across the Arctic, or much smaller localized deciduous vegetation 

encroachment. To investigate these limitations regarding shrub expansion we used a N 

isotope tracer (15N) to characterise the N cycle and determine the fate of N under 
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different environmental conditions, as it passes through microbes, soil solution, and plant 

components in three different sites: a birch hummock, a birch hummock with 

snowfences, and a tall birch site. The goal was to use the 15N tracer to gain insight into 

the spatial and temporal controls that could promote deciduous growth and expansion 

across the Arctic.  

 The following studies investigated components of the Snow-Shrub Feedback 

Hypothesis (Sturm et al. 2005b). The first study (Chapter 2) characterise soil 15N cycling 

over a single winter, to investigate if deeper snow (using snowfences) in birch hummock 

ecosystems increases microbial activity, enhancing mobilization of N to plants by the 

following spring. In addition, 15N cycling in birch hummock and tall birch ecosystems 

were compared to characterise the combined impact of vegetation-type and snow depth 

on increased nutrient availability to plants by the following spring. The second study 

(Chapter 3) investigated the extended fate of added 15N incorporating both winter and 

summer seasons over two years. The objective of this study was to determine if 15N 

acquisition and allocation differed between plant species located in the three sites. 

Overall, these studies characterize the interrelationship between vegetation and snow 

depth which influences N cycling and could be underlying tundra to shrubland transitions 

across the Arctic.  



6 

 

Chapter 2: Winter Biological Processes and the Snow-Shrub Feedback 

Hypothesis 

Abstract 

 Annual mean air temperatures have increased by 2 to 3oC in the Arctic over the 

last 50 years. Increased temperatures have coincided with enhanced deciduous shrub 

growth. Increasing shrub biomass and dominance in arctic tundra vegetation could have 

profound implications on regional climate, carbon balance, and biogeochemical cycling. 

Shrub expansion may be promoted by enhanced winter soil biological processes under 

shrubs. Tall dense shrub areas accumulate relatively deep snow that is known to raise 

winter soil temperature minima, and therefore may promote winter microbial activity and 

nitrogen mobilization in the spring. The purpose of this experiment was to test if 

increased snow enhances nitrogen availability and root nitrogen uptake by plants in the 

early spring. To test this, inorganic 15nitrogen tracer was added to control and 

experimentally deepened snow (~1 m) plots in low birch hummock tundra.  Furthermore, 

enhanced nitrogen mobilization may not only be promoted by deeper snow alone, but 

also by the combination of vegetation-type and snow depth. To test this hypothesis, we 

added inorganic 15nitrogen tracer to tall birch-dominated plots. Our study suggests that 

deepened snow alone had little effect on nitrogen availability and uptake by roots, while 

the combination of deeper snow and microbial access to larger quantities of higher 

quality litter, resulted in higher nitrogen availability in early spring at the tall birch site. 

This suggests that the combination of vegetation-type and snow depth enhances nitrogen 

mobilization and could stimulate shrub growth in early spring.  
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Keywords: Arctic; shrub expansion; snow-shrub feedback hypothesis; 15N; Betula, 

nitrogen; winter processes, increased snow 

Introduction 

 Over the last 50 years the release of anthropogenic emissions into the atmosphere 

have increased annual mean air temperatures by 2 to 3oC in the Arctic (ACIA 2004). 

These higher temperatures are expected to extend the snow-free period (ACIA 2004), 

allowing for a longer growing season, which could enhance primary production. In 

Alaska, recent warming has coincided with increased greening (Myneni et al. 1997, Stow 

et al. 2004) and growth of areas occupied with deciduous shrubs (Stow et al. 2004). 

Comparison of recent and historical air photos indicate that at least part of that greening 

and growth is due to increased shrub expansion across the low Arctic (Tape et al. 2006). 

Shrub expansion in northern regions, coinciding with phases of relatively warm 

temperatures is supported by short-term experimental studies that have demonstrated 

warmer temperatures result in enhanced shrub biomass growth (Chapin et al. 1995, 

Hobbie and Chapin 1998, Walker et al. 2006). Together, the results suggest that warmer 

temperatures in the low Arctic may result in a transition from tundra to shrubland 

ecosystem types.    

 A tundra to shrubland transition will have pronounced affects on the energy 

balance of the low Arctic, because shrubs absorb more solar radiation than non-shrub 

dominated tundra surfaces, creating a positive feedback to further warming (Chapin et al. 

2005). The Arctic holds at least 14% of the world’s total soil organic carbon (SOC) to 1 

m in depth (Post et al. 1982, Ping et al. 2008), more recently estimated at ~ 25% (Ping et 

al. 2008). Shrub encroachment could impact carbon (C) cycling in the low Arctic by 

resulting in a net release of carbon dioxide (CO2) into the atmosphere because of faster 
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decomposition and microbial respiration rates (Shaver et al. 1992, Shaver et al. 2000). 

This shift in decomposition rates could result in the Arctic becoming a net C source, 

providing a positive feedback to further global warming (Oechel et al. 1993). Conversely, 

since tundra plant growth is strongly nutrient limited, and the availability of nutrients will 

be increased by enhanced SOM decomposition, warming may stimulate plant primary 

production. Primary productivity in the low Arctic is most frequently limited by nitrogen 

(N) availability (Shaver and Chapin 1980), and growth of shrubs in particular seem to 

respond strongly to nutrient additions (Chapin et al. 1995). If more N becomes available 

in the low Arctic, shrubs could benefit the most. Therefore, if shrubs can acquire 

nutrients released due to warming, increases in their woody biomass may capture more 

CO2 from the atmosphere than is respired by soil microbes (Shaver et al. 1992, Shaver et 

al. 2000). Whether the low Arctic becomes more of a sink or a source of CO2 as the 

climate warms will largely depend on increases in N availability and plant acquisition of 

that N.  

 The mechanism that may be promoting shrub expansion is still not clear. Recent 

observations have suggested that winter processes could strongly influence the expansion 

of shrubs (Sturm et al. 2001, Sturm et al. 2005b). The Snow-Shrub Feedback Hypothesis 

predicts that snow accumulation may promote shrub growth and expansion across the 

Arctic by creating a positive winter feedback loop (Appendix 2; Sturm et al. 2001, Sturm 

et al. 2005b). Specifically, the hypothesis proposes that tall dense shrub areas accumulate 

and hold more snow during the winter than areas of lower stature vegetation (Sturm et al. 

2001). The deeper snow around shrubs insulates the soil, increasing soil temperature 

minima for relatively long periods in the winter, enhancing microbial activity and 
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decomposition of soil organic matter (SOM) (Appendix 2; Sturm et al. 2001, Sturm et al. 

2005b). Increases in SOM decomposition are predicted to produce more mobilized 

organic and mineralized N, enhancing nutrient availability in the spring and/or summer, 

during which shrubs could acquire the nutrients and use it for their growth (Appendix 2; 

Sturm et al. 2001, Sturm et al. 2005b). 

 Field studies have supported some components of the proposed hypothesis. Tall 

dense shrub areas accumulate deeper snow than lower stature vegetation (Sturm et al. 

2001, Sturm et al. 2005); experimental increases in snow depth results in higher soil 

temperature minima (Walker et al. 1999, Buckeridge and Grogan 2008), enhancing 

microbial activity over the winter (Schimel et al. 2004, Larsen et al. 2007, Nobrega and 

Grogan 2007) and resulting in more winter mineralized N (Schimel et al. 2004). 

However, more winter mineralized N in the Schimel et al. (2004) study was done with 3 

m high snowfences, unrealistic of the depth of snow accumulated around shrubs. 

Therefore, it still must be determined if realistic moderate levels of snow accumulation 

around shrubs results in a sufficient increase in winter soil temperatures to promote 

biologically significant enhanced nutrient availability in the spring. Under experimentally 

deepened snow (~1 m)  microbes immobilize winter mineralized N late in the winter 

(Buckeridge and Grogan 2008). A larger microbial biomass N (MBN) in the late winter 

could possibly enhance the amount of N released to the soil solution during the freeze-

thaw period, increasing N availability in the spring (Buckeridge and Grogan 2008). 

However, the fate of N immobilized by microbes late in the winter remains unknown. In 

addition to being released to the soil solution, excess nutrients can be taken up by 

vegetation, leached out from increased water-flow by a melting snowpack, lost through 
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denitrification, and/or immobilized by microbes because of decreased exposure to freeze- 

thaw events due to deeper snow (Nobrega and Grogan 2007). In summary, the exact fate 

of over-winter enhanced mineralized N is still unclear and, most importantly it still needs 

to be determined if shrubs can acquire the excess nutrients.  

 In this study we investigated the potential for deepened snow to enhance N 

delivery to plant species by adding isotopically enriched 15NH4-N to ambient and 

experimentally deepened plots located in low birch hummock tundra. If moderately 

deepened snow increases N mineralization over the winter then spring soil solution N 

pools should be enhanced at the snowfence birch hummock site. Furthermore, increases 

in soluble N pools may not be apparent in the early spring because of enhanced microbial 

immobilization and/or early spring root N uptake under deepened snow. If moderately 

deepened snow increases microbial immobilization and/or root N uptake then we would 

expect to find higher microbial biomass nitrogen and/or root N uptake at the snowfence 

site. The mechanism for enhanced N availability in the spring may not be increased snow 

alone, but a combination between vegetation-type and snow depth where plant properties 

such as litter quantity and quality play a role determining N availability. In order to 

investigate the combined effects of vegetation-type and snow depth, we injected 15NH4-N 

in plots containing tall birch shrubs within shrub-dominated tundra. If vegetative 

properties and snow depth are together aiding in early spring N availability then we 

would expect to find higher N availability at tall birch site. We used our data to test the 

following hypotheses within birch hummock and tall birch tundra ecosystems in the 

Canadian low Arctic: 



11 

 

1) Moderately deepened snowcover in birch hummock tundra does not increase 

soil solution N pools between late summer and early spring.   

2) Moderately deepened snowcover in birch hummock tundra increases 

microbial biomass N and 15N between late summer and early fall. 

3) Vegetation-type and snow interactions result in higher soluble N pools in the 

tall birch compared to the snowfenced birch hummock sites in early spring. 

4) Moderately deepened snowcover in birch hummock tundra does not enhance 

plant root 15N uptake between late summer and early spring. 

Methods 

Site description:  
 
 The study was conducted in low arctic tundra approximately 20 to 40 km north of 

the treeline located at the Tundra Ecological Research Station (TERS) near Daring Lake 

(64 52’ N, 111 35’ W) in the Coppermine River watershed, roughly 300 km northeast of 

Yellowknife (Appendix 3). This particular low arctic region provides important habitat 

for the Bathurst Caribou herd (Rangifer tarandus) as large numbers migrate through the 

area in late winter (May-June) and late summer seasons (August-September). Local 

climate records (1996–2008; Bob Reid, Indian and Northern Affairs Canada, unpublished 

data) indicate daily mean air temperatures ranging from as low as -40 oC in winter to as 

high as 22 oC in summer, with a mean annual rainfall of 143 mm/yr (±15.2; 1996–2008). 

Snow accumulation is approximately 200 days (mid-October to June) in length, with 

snow depth not reaching greater than 10 cm until late October early November, by which 

time soil temperatures are below freezing (Buckeridge and Grogan 2008). Snow depth 
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increases from early November to late April to a mean depth of 37 cm (12 year mean; 

1996–2008; Bob Reid, Indian and Northern Affairs Canada, unpublished data).  

 The research area is located in a gently sloping valley bordered by an esker to the 

north, Canadian Shield bedrock outcrops to the south, and contains a variety of different 

circumpolar vegetation types (Bliss and Matveyeva 1992) including dry heath, birch 

hummock, tall birch and wet sedge tundra (Nobrega and Grogan 2007). These vegetation 

types generally occur along toposequences that extend from exposed ridges where dry 

heath is common down to mesic birch hummock and ultimately wet sedge at the base of 

the valley. Tall birch patches are found scattered across the landscape in mesic locations, 

but generally close to or in obvious areas of surface water flow, areas precluded from 

wind, and where snow preferentially accumulates (Buckeridge et al, 2009). The soils 

underlying the dry and mesic vegetation types generally consist of a thin organic layer 

overlying sand and silt.  

 The experiment was conducted in birch hummock and tall birch tundra 

ecosystems (Appendix 4) during peak biomass in late summer August 2006 and after 

snowmelt in early spring June 2007. The birch hummock ecosystem consists of 

hummocks roughly 10 to 30 cm high and deciduous dwarf birch (Betula glandulosa) 

shrubs that ranged from 10 to 40 cm tall (Buckeridge et al, 2009). Other vegetation 

include mountain cranberry (Vaccinium vitis-idaea L.), crowberry (Empetrum nigrum 

L.), bog blueberry (Vaccinium uliginosum L.), bog rosemary (Andromeda polifolia L.), 

cloudberry (Rubus chamaemorus L.), labrador tea (Ledum decumbens Ait), as well as 

graminoids, lichens and mosses (Nobrega and Grogan 2007). 
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 An experimentally deepened snow treatment was established in the summer 2004 

within patches of birch hummock tundra vegetation using snowfences. The snowfences  

were arranged perpendicular to the prevailing wind direction to increase snow depth and 

duration (Nobrega and Grogan 2007). Each snowfence (n=5) was 15 m long and 1.2 m 

tall, constructed with a diamond mesh, secured by steel T-posts every 3 m (Nobrega and 

Grogan 2007), and located in a staggered formation across the landscape approximately 

30 to 60 m apart from one another. Control plots (n=5) of similar dimensions were 

located parallel to snowfences in patches of similar vegetation composition and 

topography. A previous study demonstrated that the fences resulted in an increased snow 

accumulation from ~0.3 m (ambient) to ~1 m in the area of 1-2 m on either side of the 

fence, and snowcover persisted for 1 to 2 weeks longer than ambient areas (Nobrega and 

Grogan 2007).  

  Tall birch plots (n=5) were located within a large patch (40 x 130 m) of dense B. 

glandulosa shrubs ~80 cm high located on a gentle slope in the valley (Buckeridge et al, 

2009).  Furthermore, the tall stature of B. glandulosa resulted in an increased snow 

accumulation from ~0.3 m (ambient) to ~0.6 m. Species composition of the tall birch 

understory is similar to the birch hummock vegetation, except that Andromeda polifolia 

is not present, and willow (Salix spp.) occurs occasionally and is heavily browsed by 

caribou. Unlike many patches of tall birch in the region, this particular patch was not 

located in or near any obvious surface water flow or wind-protected areas. We focused on 

this 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 hydrological or 

topographical influences. 
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15N isotope injections 

 To allow sampling for 15N in 2006, 2007, and future years, 15N injection sub-plots 

(n=3) were each located around a central birch plant within the five replicate birch 

hummock plots (Appendix 5). Similar groups of sub-plots were located within 1 to 2 m of 

the northside of each replicate snowfence (Appendix 5). Sub-plots (n=3) were also each 

located around a single central large birch shrub (Betula glandulosa) within five blocks 

along a downslope transect of the tall birch tundra patch (Appendix 5). Over the period of 

August 22 to 24th 2006, a solution containing 98% enriched 15NH4Cl (Cambridge Isotope 

Laboratories, Andover, MA) was injected (0.05 g N m2) in each sub-plot to a depth of 8 

cm in all of the birch hummock, snowfenced birch hummock and tall birch plots 

(Appendix 6). Injections (5 ml each) were done using a syringe with a terminally blocked 

8.5 cm needle that had a pair of opposite holes at 8 cm depth and an orthogonal pair of 

holes at 7.3 cm depth. The needle was slowly withdrawn as the syringe was depressed to 

distribute the solution through the soil profile up to just below the soil surface. The birch 

hummock and snowfenced birch hummock 15N additions were made using a 35 x 35 cm 

injection grid with 8 injections (each 1.66 mM 15NH4Cl) 5 cm apart, resulting in the total 

labeled area of 40 x 40 cm. To encompass the whole rooting biomass system of the much 

larger birch shrubs 15N additions were made using a larger injection grid of 70 x 70 cm 

with 8 injections (each 6.66 mM 15NH4Cl) each 10 cm apart, resulting in the total labeled 

area of 80 x 80 cm in the tall birch plots. Vascular plants and/or green mosses in the sub-

plots were gently pushed aside at each injection location so that the label could be 

delivered directly into the soil. Distribution of the isotope was predominantly in the 
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organic layer but variability in its depth within each of the sites often resulted in the 

needle penetrating down into the mineral layer at full insertion. 

Sample collection 

 Samples of intact vegetation and soil (~10 cm x 10 cm to a ~10 cm depth) were 

removed from a corner of one subplot within each of the five replicate plots at the three 

sites on August 28, 2006 to determine initial label distribution in the soil and underlying 

plants (but not the central birch of each sub-plot). Samples were cut out using a knife and 

included all vegetation within the sample surface area that was rooted to the sampled soil. 

Organic and underlying mineral layer depths were recorded separately within each 

sample to determine the bulk densities. The mineral soil layer was separated from the 

organic layer by hand or cut with a knife and treated as its own sample (following the 

same procedure as done with organic soil). Samples were placed in plastic bags, 

transported to the lab and stored at ~ 5 oC prior to sorting and processing within 1 to 2 

days.  

 Intact vegetation and soil samples (~10 cm x 10 cm to a ~10 cm depth) were 

removed (in the same manner as described above) to determine changes in 15N total 

distribution over the cold season on June 21 to 24th 2007 from the same sub-plots as 

above. In addition, remaining vegetation and soil within the birch hummock control sub- 

plots were removed to test for 15N accumulation in the central birch plant of these plots 

(Appendix 11). 

Sample processing 

 The aboveground biomass of each sample was sorted into V. vitis-idaea, V. 

uliginosum, L. decumbens, graminoids, surface litter, mosses, and lichens. Roots were 
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sorted into fine (<2 mm diameter) and coarse roots (>2 mm diameter) for both the 

organic and mineral sections. Roots that lacked both turgor and colour were assumed 

dead, and included in the SOM category. All other roots were washed by rinsing them in 

two separate baths of water to remove any attached soil and then immersed in 0.005 M 

K2SO4 for 5 to 10 minutes to remove any adhering 15N label from exterior surfaces 

(Kielland 1997). Soil microbial biomass C and N (MBC and MBN) contents were 

determined by the chloroform-fumigation direct-extraction (CFDE) technique using 10 g 

of fresh soil and 50 ml 0.5 M K2SO4 for each extraction (Brookes et al. 1985). 

Fumigation lasted 24 h in a darkened vacuum desiccator jar. Separate non-fumigated (10 

g) samples were extracted with 50 ml 0.5 M K2SO4 immediately after sorting. All extract 

samples were manually shaken several times for a minimum of 1 h in extractant, left to 

settle for 30 min, then filtered through a 1.2 µm glass fibre filter (G4; Fisher Scientific) 

and frozen at  -20 oC until analyzed back at Queen’s University in Kingston Ontario. 

Blanks without sample were included to detect contamination during the extraction and 

filtration process. All shoots and root samples as well as soil sub-samples (10 g) were 

dried at 65 oC for 2 to 5 days for gravimetric moisture determination.  

Chemical analyses 

 Extracted (fumigated and non-fumigated) samples were thawed at room 

temperature and analyzed for dissolved total nitrogen (DTN) and total organic carbon 

analysis (TOC) (TOC-TN auto analyzer, Shimadzu Japan). Inorganic N (NH4 and NO3) 

was determined using an auto analyzer. Dissolved organic nitrogen (DON) was 

calculated by subtracting inorganic forms of N from the DTN in the non-fumigated 

samples. MBC and MBN contents were calculated as the differences between fumigated 
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and non-fumigated extractable C and N samples (Buckeridge and Grogan 2008). No Kn 

or Kc factor was applied to the MBN or MBC (Jonasson et al. 1999a), but all extract 

concentrations were corrected for initial soil moisture contents.  

15N isotopic analyses 

 Oven dried shoot tissues, roots and soil were ground at 12000 r.p.m. for ~1 

minute to a fine powder (Retsch ZM 200 Ultra Centrifugal Mill, Haan, Germany), 

weighed out (~1 mg or weight previously determined by Waterloo Environmental Isotope 

lab) into tinfoil containers (2 mm, Elemental Microanalysis Limited, Okehampton, UK) 

and sent for 15N analyses at the University of Waterloo Environmental Isotope Lab.  

 MB15N was determined by drying 3 ml of fumigated and non-fumigated samples 

at 65 oC for 4 to 6 days (Dijkstra et al. 2006). Dried salt samples were ground to a powder 

using a mortar and pestle and weighed (~120 mg) into tin capsules (5 mm, as above) and 

sent to the Colorado Plateau Stable Isotope Laboratory (University of Northern Arizona) 

for 15N isotope analysis. DT15N concentrations were determined from the non-fumigated 

salt samples. MB15N was calculated as the difference between fumigated and non-

fumigated salt samples.  

15N calculations 

 15N natural abundances were determined on samples of soils and roots of each 

category that were collected in an August 2006 harvest from random locations >5 m 

away from the plots. Mean plant natural abundances 15N isotope atom percentages were 

0.3646% (unidentified roots); the mean soil value was 0.3667% (organic) and 0.3669% 

(mineral); the mean soil microbial value was 0.3655%. Isotopic enhancement of the 15N 
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pools arising from the injected 15N label was calculated for each component as {atom% 

15Nmeasured – atom% 15Nnatural abundance} X total N pool size.  

 Mean 15N label concentrations in roots and soil were calculated based on the 

actual number of times the component was present in replicate plots for each site (i.e. if a 

species was found in 3 replicate plots then the mean was determined on the label 

concentration found within the 3 plots). Mean root and soil components 15N enhancement 

were calculated based on 5 replicates (n=5) (i.e. if a species was not found in a replicate 

plot, it was recorded as 0 and counted towards the mean). 

Statistical analysis 

 We tested for significant effects of site, year and their interaction on fine roots, 

coarse roots, microbial and soil solution C and N pools, as well as 15N enhancement and 

label concentrations in MBN and DTN, using separate two-way analyses of variance 

(ANOVA’s). Furthermore, multiple comparisons were analyzed using the Tukey-Kramer 

HSD test (no Bonferroni adjustment included) to identify significant differences between 

all possible combinations of pairs (JMP 7.0.2, 2008, SAS Institute, Cary, NC, USA). 

Datasets were tested for normality using the Shapiro-Wilks distribution test in two 

different ways.  First, the 2006 and 2007 values for each site combined (e.g. MBC 2006 

and 2007 at the tall birch site were pooled) and tested for normality. Second, the values 

for each site for each year were tested separately (MBC 2006 values at the tall birch site 

were tested for normality separately from the MBC 2007 values at the same site). 

Moreover, four unequal variances tests were conducted (O’Brien, Brown-Fosythe, 

Levene and Bartlett). Datasets were considered normally distributed if they passed 4 out 

of the 6 tests. Accordingly, MBN and DOC were log-transformed prior to statistical 
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analyses. All statistically significant effects and interactions (<0.05) are reported in the 

text. The statistical analysis approach used above is conservative. A more refined 

repeated measures analytical approach using gamma distributions to better normalize the 

data may have resulted in additional significant effects, but was not possible within the 

timeframe of the study.  

 We tested for significant differences in soil variables and root biomass among 

sites in each of the sampling years using separate one-way ANOVA’s followed by 

multiple comparisons using the Tukey-Kramer HSD test as described above.  

Results 

Site differences in environmental conditions and soil characteristics 

 The diel mean soil temperature patterns indicate strong insulating effects of 

winter time snow accumulation at the snowfenced birch hummock and tall birch sites 

compared to the birch hummock site (Figure 1). The insulating effect of the combination 

of vegetation-type and snow compared to birch hummock became evident in the early 

part of winter (20-Nov-06 to 20-May-07). The tall birch diel mean soil temperature 

constantly stayed ~5 to 10oC warmer than that of birch hummock site during the cold 

season (28-Nov-06 to 01-May-07; Figure 1). Furthermore, the tall birch site soil was 

warmer than the snowfenced birch hummock site throughout most of the winter (28-Nov-

06 to 14-Feb-07; Figure 1). However, measured snow depths for each site taken on April 

8th 2007 were 52 (3), 87 (3), and 29 (2) cm for tall birch, snowfenced birch hummock and 

birch hummock sites, respectively, suggesting that differences in snow quality and/or 

litter at the tall birch site compared to snowfenced birch hummock contributed to better 

insulation (Figure 1). Deeper snow accumulation at the snowfenced birch hummock site 
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caused prolonged snowcover, resulting in cooler soil temperatures than at the birch 

hummock site in the early part of spring (20-May-07 to 15-June-07; Figure 1).  

 The soil characteristics were similar between the two birch hummock sites but 

slightly different in the tall birch site, owing largely to vegetation types. Soil moisture in 

the organic layer of the snowfence birch hummock site was enhanced in early spring 

2007 (Table 1). Soil moisture at the end of summer 2008 was ~2.5 times drier in the tall 

birch site compared to the birch hummock and snowfenced birch hummock site (Table 

1). Soil organic layer bulk density was 25% higher at the tall birch site than the birch 

hummock sites, but did not differ among sites. Soil C concentrations in the organic layer 

were ~25% lower in the tall birch compared to birch hummock and snowfenced birch 

hummock sites (Table 1), while soil N concentrations did not differ among sites. Soil pH 

and soil organic layer depth did not differ significantly among sites, but the active layer 

(soil thaw extent) was deeper in the tall birch (Table 1). Mineral soil C and N 

concentrations did not differ among sites.  

Site effects on soluble carbon and nitrogen pools over the cold season 

 Soluble N pools did not differ between late summer and the following early 

spring at the tall birch or either of the birch hummock sites. Furthermore, soluble N did 

not differ between birch hummock sites in early spring, suggesting that increased snow 

alone had little effect on soluble N pools. Tall birch soil NH4-N pools were ~2.5 times 

higher than the birch hummock and snowfenced birch hummock sites in both late 

summer and early spring (Table 2; F2,29 = 6.31, P = 0.0063). DON pools were higher in 

the tall birch site than either of the birch hummock sites (Table 2; F2,29 = 4.59, P = 

0.0205), particularly at the early spring sampling time when DON in the latter sites was 
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~50% lower than in late summer (Table 2; Year: F1,29 = 4.17, P = 0.06, site-year 

interaction: F2,29 = 3.08, P = 0.06). DOC pools were significantly lower in early spring as 

compared to late summer at all sites (F1,29 = 20.06, P = 0.0002), and were generally lower 

in the birch hummock than the other two sites (Table 2; F2,29 = 3.62, P = 0.0424). MBC 

and MBN did not differ among sites, or year (Table 2), resulting in similar MBC:N 

among sites in late summer and early spring. Together, these results indicate that soil 

soluble N pools were lower in early spring than in the previous late summer for the birch 

hummock sites, but unaltered in the tall birch. Hence N available to plants in early spring 

was lower in the two birch hummock sites and increased snow alone (i.e. snowfence 

treatment) did not strongly affect ecosystem soluble N or MBN pool sizes. 

15N partitioning between microbes, soil solution and roots 

 MB15N enhancement was largest in the birch hummock plots immediately after 

labeling in late summer 2006 (Figure 2a; F2,29 = 4.32, P = 0.0249) as a result of higher 

MB15N label concentration (Table 3; F2,29 = 4.08, P = 0.0298), rather than differences in 

MBN pool sizes among sites. Furthermore, MB15N enhancement was generally lower at 

all sites by the following spring (Figure 2a; F1,29 = 17.20, P = 0.0004), as a result of 

decreased MB15N label concentration (Table 3; F1,29 = 11.51, P = 0.0024) in the three 

sites. The decrease of MB15N enhancement between late summer and early spring for the 

birch hummock site indicates a large release of the label, even though there is no change 

in total N in the microbial biomass pools (Table 2). DT15N declined significantly from 

late summer to early spring in all sites (Figure 2b; F1,29 = 10.15, P = 0.0040) 

corresponding with declines in DT15N label concentrations (Table 3; F1,29 = 18.45, P = 

0.0003), as well as DON and NH4-N pool sizes at the birch hummock sites (Table 2).  
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 Fine roots in the tall birch site accumulated more 15N (Figure 3a; F2,29 = 3.75, P = 

0.0391) because of higher 15N label concentrations (Table 3; F2,29 = 8.80, P = 0.0014), 

rather than larger biomass relative to the birch hummock sites (Table 4; F2,29 = 0.86, P = 

0.44). 15N enhancement in fine roots generally increased from late summer 2006 to early 

spring 2007 (Figure 3a; F1,29 = 12.71, P = 0.0016), because of generally larger fine root 

biomass in the early spring than in late summer (especially in the birch hummock site; 

Table 4; F1,29 = 31.42, P = <0.0001). Coarse root 15N enhancement decreased from late 

summer to early spring at all sites (Figure 3b; F1,29 = 18.59, P = 0.0003), because of lower 

15N label concentrations (Table 3; F1,29 = 18.45, P = 0.0003) as well as coarse root 

biomass (Table 4; F1,29 = 9.52, P = 0.0051). Together these results suggest that fine roots 

were relatively abundant and actively taking up 15N in the spring, and that stored 15N in 

coarse roots was being translocated to aboveground biomass especially in the tall birch 

and birch hummock site.   

Discussion 

  The influences of deeper snow and vegetation-type on ecosystem N availability in 

early spring 

 Deepened snow resulted in warmer winter soil temperature minima but had little 

effect on NH4-N and DON pool sizes in the early spring (Table 2), as both pool sizes 

generally declined from late summer to early spring at both birch hummock sites. 

Although, increased snow and warmer soil temperatures may have enhanced microbial 

activity and N mineralization during the winter, snowfence effects were not evident in 

early spring, supporting our first hypothesis. Furthermore, MBN under deeper snow was 

not significantly larger than the control in early spring (Table 2), rejecting (part of) our 
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second hypothesis. Furthermore this suggests that if there was an increase in nutrient 

mobilization from decomposition of SOM, those nutrients may have been lost through 

leaching, denitrification and/or taken up by roots.  

 Previous arctic research on this topic has found similar and contrasting results to 

this study. Schimel et al (2004) found higher winter NH4-N pools under deepened snow 

in tussock and intertussock tundra. Similar to our findings, the NH4-N pool sizes were 

comparable to ambient conditions once deepened snow was removed in the early spring. 

Contrasting with our findings, microbes under moderately deepened snow immobilized N 

resulting in high MBN pool sizes relative to ambient snow plots by late winter 

(Buckeridge and Grogan 2008). Differences in sampling period (late winter under 

snowcover in the Buckeridge and Grogan (2008) vs. early spring after snowmelt in the 

current study) could explain the disparity. Together, these results suggest that deeper 

snow effects on soil soluble N pools only last while snowcover remain, because once the 

protective snowcover is removed both soils (snowfence birch hummock and birch 

hummock) are exposed to the same environmental conditions.   

 NH4-N, DON, and MBN pool sizes were generally the same at both sampling 

times in the tall birch site (Table 2). Furthermore, NH4-N and DON pools were higher at 

the tall birch than either of the birch hummock sites in early spring (Table 2), because of 

strong overwinter declines in soluble N at the latter sites, supporting our third hypothesis. 

The decline in soluble N pools at the birch hummock sites could be the result of C 

limitation in the winter from a lack of microbial access to good quality litter, resulting in 

less decomposition and N mobilization (Lipson et al. 2000). By contrast, warmer winter 

soil temperatures and access to higher quality and larger quantities of litter throughout the 
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winter and/or early spring in the tall birch site may have promoted increased microbial 

activity, resulting in enhanced N release in the soil solution. This conclusion is further 

supported by research done in the fall at the same tall birch site which found higher litter 

quality there compared to the birch hummock site (Buckeridge et al. 2009).  

 The influences of deeper snow and vegetation-type on microbial and root 15N 

accumulation in early spring 

 Our results suggest microbes rapidly sequestered the added 15N, indicating, as 

others have, that soil microbes are strong sinks for N, especially in the days and weeks 

after the addition of the label (Figure 2a; Schimel and Chapin 1996, Grogan and Jonasson 

2003, Sorensen et al. 2008a, Sorensen et al. 2008c). Interestingly, we detected no 

significant differences in MBN pools among sites or between years, but declines in 

MB15N from late summer to early spring at all sites, especially the birch hummock site, 

rejecting our second hypothesis that moderately deepened snowcover in birch hummock 

tundra increases MB15N between late summer and early fall (Figure 2a). No change in 

MBN but declines in MB15N suggest that the initially accumulated label was released 

during the winter and/or spring freeze-thaw period, and was either lost from the system 

and/or acquired by plants, similar to a previous subarctic study (Grogan and Jonasson 

2003). Furthermore, MBN pools were similar between sampling periods, suggesting that 

the microbes must have immobilized unenriched N to make up for the loss of the 15N 

(Grogan and Jonasson 2003).  

 DT15N was generally lower in the early spring than in the previous fall (Figure 

2b), corresponding to low soluble N pools found at the birch hummock sites (Table 2), 

and coinciding with increased fine root 15N accumulation in the early spring at all sites 
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(Figure 3a). Early spring root N uptake has also been shown in alpine and other arctic 

tundra sites (Kummerow et al. 1983, Bilbrough et al. 2000). Moreover, moderately 

deepened snow did not facilitate increased root 15N uptake in the birch hummock 

vegetation, therefore supporting our fourth hypothesis. Furthermore, coarse root 15N 

accumulation generally decreased from late summer to early spring, indicating that there 

could be movement of N to vascular shoots, specifically at the birch hummock. The 15N 

enhancement of the DTN pool constituted ~0.01, 0.02 and 0.01 % of the DON pools and 

~0.05, 0.2 and 0.2 % of the NH4-N pools at the tall birch, birch hummock and 

snowfenced birch hummock sites respectively, in early spring 2007. Furthermore, the 15N 

enhancement of the microbial pool constituted 0.03, 0.2, and 0.3 % of the total N in the 

microbial biomass at the tall birch, birch hummock, and snowfenced birch hummock 

respectively, in early spring 2007. Although the 15N constituted a very small portion of 

the microbial and soluble N pools we were able to detect significant N turnover to and 

from the different N pools (Grogan and Jonasson 2003).  

The Snow-Shrub Hypothesis 

Here we have demonstrated that experimentally deepened snow in a birch 

hummock tundra ecosystem did not facilitate either increased N turnover from the 

microbial pool to the soil solution, or enhanced root uptake. Furthermore, if increased 

snow did enhance N mobilization then it may have been leached out of the ecosystem. 

Together, these results suggest that deeper snow alone is unlikely to be the mechanism 

for increased N availability and root uptake in early spring (at least in the short term, over 

one winter), and that site differences in N availability in early spring may be driven more 

by differences in the size and quality of litter accessible for microbial decomposition. 
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Furthermore, our results suggest that the Sturm et al. (2005) Snow-Shrub Feedback 

Hypothesis could be manipulated to introduce another component, litter quality, as it is 

an influential factor determining N availability to plants in the spring.  
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Tables 

Table 1. Soil characteristics at the tall birch, birch hummock, and snowfenced birch 
hummock sites near Daring Lake, N.W.T. Data was collected in late August 2008 except 
where indicated. Statistically significant differences among sites for each variable (i.e. 
within rows) are indicated by differing superscript letters (<0.05). Parentheses indicate 
standard errors (n=5 in all cases except mineral layer where birch hummock n= 3; 
snowfenced birch hummock n= 4) 

                 Variable 
Tall Birch 

Birch 

Hummock 

Snowfenced 

Birch 

Hummock 

Site 

 df F 
ratio P 

Soil moisture (g/100g dw)        

Organic layer June 2007 243b (25) 331ab (23) 412a (33) 2, 14 24.26 <.0001 

Organic layer August 2008 100 (8.8)b 257 (34)a 248 (23)a 2, 14 13.31 0.0009 

Mineral layer June 2007# 79 (17) 120 (51) N/A 2, 7 0.89 0.38 

Mineral layer August 2008# 39 (4.4) 49 (17) 69 (14) 2, 11 1.99 0.19 

Bulk density (Organic Layer) (g dw soil cm-3) 0.26 (0.01)a 0.17 (0.02)b 0.21 (0.02)ab 2,14 5.79 0.0174 

Bulk density (Mineral Layer) (g dw soil cm-3)# 1.71 (0.39) 0.97 (0.07) 1.39 (0.21) 2, 11 1.30 0.32 

Organic soil carbon (%) 33.3 (3.4)b 45.0 (1.2)a 42.9 (1.6)a 2, 14 7.49 0.0077 

Mineral soil carbon# (%) 4.3 (1.4) 3.9 (0.1) 7.6 (2.5) 2, 11 1.17 0.35 

Organic soil nitrogen (%) 1.5 (0.2) 1.4 (0.1) 1.4 (0.1) 2, 14 0.11 0.90 

Mineral soil nitrogen# (%) 0.2 (0.1) 0.2 (0.1) 0.3 (0.1) 2, 11 1.49 0.23 

Soil active layer depth (cm)β¥ 62 (2) 48 (5) N/A 1, 9 2.41 0.039 

Organic soil pH§¥ 4.6 (0.1) 4.3 (0.2) N/A 1, 6 1.56 0.17 

Organic layer depth (cm) 6.2 (0.8) 7.3 (1.1) 7.6 (1.0) 2, 14 0.62 0.55 

Mineral layer sampling depth# (cm) 3.9 (0.8) 4.0 (0.4) 3.0 (1.0) 2, 11 0.48 0.63 
β Birch hummock active layer readings was taken on August 18, 2004 (Data collected by Sonia Nobrega). Tall birch active layer 
reading was taken on August 12 2008 (Data collected by Ian McCormick). 
§ Soil pH readings were taken late June 2007 for birch hummock and tall birch (Data collected by Dr. Haiyan Chu).  
¥ T- test was used for statistical analyses. 
# Note that soil was sampled to a total depth of 10 cm and therefore only the uppermost part of the mineral layer was included in our 
analyses. 
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Table 2. Mean soil solution and microbial N and C pools in the organic soil layer of the 
three sites (g/m2) in late summer 2006 and early spring 2007. Means for each variable 
that do not share superscript letter(s) in common differ statistically among sites and/or 
between years (P<0.05). NH4-N: ammonium (significant differences are indicated using 
a-c), DON: dissolved organic nitrogen (significant differences are indicated using g-i), 
DOC: dissolved organic carbon (significant differences are indicated using x-z), MBN: 
microbial biomass nitrogen, MBC: microbial biomass carbon. Parentheses indicate 
standard errors (n=5; except mineral soil layer were birch hummock n=3 and snowfenced 
birch hummock n=4). NO3-N was below detection limit. 

 

  
   Tall Birch Birch Hummock Snowfenced 

 Birch Hummock 

NH4-N Late Summer 2006   0.12ab (0.03)   0.07ab (0.01)   0.08ab (0.02) 

 Early Spring 2007  0.13a (0.04)  0.02b (0.01)   0.03ab (0.01) 

DON Late Summer 2006   0.73gh (0.12)   0.64gh (0.06)   0.76gh (0.17) 

 Early Spring 2007  0.87g (0.14)  0.30h (0.03)    0.42gh (0.08) 

DOC Late Summer 2006 14.93x (3.57) 10.40x (0.82)  13.29x (2.07) 

 Early Spring 2007   9.47xy (1.37)   4.49y (0.34)    6.47xy (1.08) 

MBC Late Summer 2006 44.36 (7.02) 46.04 (2.93) 54.43 (8.53) 

 Early Spring 2007 47.50 (6.01) 42.00 (1.42) 50.51 (7.27) 

MBN Late Summer 2006   4.34 (0.71)   3.63 (0.79)  3.47 (0.74) 

 Early Spring 2007   4.82 (0.74)   2.88 (0.20)  3.58 (0.59) 

MBC:N Late Summer 2006 12.44 (4.07)  15.40 (3.27) 18.59 (4.16) 

 Early Spring 2007 10.14 (0.79)   14.78 (0.91) 14.44 (0.74) 
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Table 3. 15N label concentrations in the microbial biomass and soil solution (µg/g dw 
soil), and in fine and coarse roots (µg/g dw root) at the three sites. Means for each 
variable that do not share superscript letter(s) in common differ statistically among sites 
and/or between years (P<0.05). MB15N, fine and coarse root 15N significant differences 
are indicated using a-c, g-i and x-z, respectively. Parentheses indicate standard errors 
(n=5).  

 

  
Tall Birch Birch Hummock Snowfenced 

Birch Hummock 
MB15N Late Summer 2006 0.75ab (0.22) 1.87a (0.38) 1.15ab (0.42) 

Early Spring 2007 0.14b (0.10) 0.58b (0.18) 0.76ab (0.21) 

DT15N Late Summer 2006 0.08 (0.04) 0.08 (0.02) 0.05 (0.01) 

Early Spring 2007 0.01 (<0.01) <0.01 (<0.01) <0.01 (<0.01) 

Fine Root 15N Late Summer 2006 6.10gh (2.34) 2.19h (0.45) 1.66h (0.31) 

 Early Spring 2007 9.42g (2.66) 2.40h (0.42) 2.85gh (0.66) 

Coarse Root 15N Late Summer 2006 7.92xy (1.46) 9.77x (2.77) 3.50xy (0.86) 

Early Spring 2007 2.08x (1.00) 2.30y (0.73) 0.95x (0.32) 
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Table 4. Coarse and fine root biomass to ~10 cm depth (g dw/m2) in late summer 2006 
and early spring 2007 at the three sites. Means for each variable that do not share 
superscript letter(s) in common differ statistically among sites and/or between years 
(P<0.05). Fine and coarse root significant differences are indicated using a-c and g-i, 
respectively. Parentheses indicate standard errors (n=5).  
 

    
Tall Birch Birch Hummock Snowfenced  

Birch Hummock 
Fine root Late Summer 2006 182.9a (83.2) 102.1a (13.1) 89.3a (20.1) 

Early Spring 2007 336.3b (56.8) 345.9b (85.2) 240.5ab (38.7) 

Coarse root Late Summer 2006 462.7gh (64.8) 944.5g (382.2) 271.9gh (73.1) 

Early Spring 2007 138.9h (37.4) 158.1h (42.5) 138.4h (60.1) 
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Figures 

 

 

Figure 1. Diel mean soil temperatures (5 cm depth) at the three sites from late summer 
2006 to early spring 2007. Measured snow depths at tall birch, snowfenced birch 
hummock, and birch hummock sites on April 8th 2007 were 52 (3), 87 (3), 29 (2) cm 
respectively. 
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Figure 2. 15N enhancement (mg/m2) of the soil microbial biomass (a) and dissolved total 
nitrogen (b) for the organic layer in late summer 2006 and early spring 2007 at the three 
sites (n=5; bars=S.E.). Columns that do not share superscript letter(s) in common differ 
statistically among sites and/or between years (P<0.05). 
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Figure 3. 15N enhancement (mg/m2) of the fine (a) and coarse roots (b) in late summer 
2006 and early spring 2007 at the three sites (n=5; bars= S.E.). Columns that do not share 
superscript letter(s) in common differ statistically among sites and/or between years 
(P<0.05). 
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Chapter 3: The Influence of Snow and Vegetation Feedbacks on 

Nitrogen Cycling Over Two Years 

Abstract 

 Recent climate change in the Arctic has coincided with expansion and increased 

growth of deciduous shrub species. Increasing shrub biomass and dominance in arctic 

tundra vegetation could have profound implications on regional climate, carbon balance, 

and biogeochemical cycling. Evidence suggests that shrub expansion may be promoted 

by a positive winter feedback between snow depth and shrubs. This winter feedback may 

be important in promoting shrub growth, because tall dense shrub areas accumulate 

relatively deep snow, that raises winter soil temperature minima, enhances microbial 

activity, and may promote nitrogen mobilization and the potential for nitrogen uptake by 

shrubs. However, it remains to be demonstrated that deeper snow enhances nitrogen 

mobilization either in the spring or summer, and more importantly that shrubs are able to 

outcompete other plant species for the mobilized nitrogen. The purpose of this 

experiment was to test the influence of deepened snow alone and the combination of 

vegetation-type and snow depth on nitrogen cycling and uptake by shrubs over a two year 

period. If deepened snowcover alone facilitates nitrogen supply into the soil microbial 

pool and the soil solution, and shrubs have access and can successfully compete for that 

mobilized nitrogen, then shrub nitrogen accumulation over succeeding years should 

become progressively more enhanced in experimentally deepened snow plots compared 

to ambient condition plots. To test this hypothesis, inorganic 15nitrogen tracer was added 

to control and experimentally deepened snow plots in low birch hummock tundra 

vegetation in the Canadian low arctic. Winter nitrogen mobilization may not only be 
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promoted by deeper snow, but also by the combination of vegetation-type and snow 

depth. To test this, inorganic 15nitrogen tracer was also added to tall birch-dominated 

plots.  

 Enhancement in new shoot biomass two years after tracer addition was larger in 

Betula glandulosa within the tall birch-dominated plots than in the low birch hummock 

plots, suggesting that the combination of vegetation-type and snow depth could be a 

mechanism explaining enhanced shrub growth. In addition, we found that deepened snow 

alone had no effect on birch shrub 15N uptake or shoot biomass production. Our study 

suggests that future projected increases in snow depth may have little effect on nitrogen 

uptake by shrubs or other plant species. Furthermore, the results suggest that shrub 

growth and expansion will be limited to areas in and around current tall shrub patches, 

where vegetation-type and snow feedback processes interact to promote N cycling.   

Keywords: Arctic; shrub expansion; snow-shrub feedback hypothesis; 15N; Betula, 

nitrogen; winter processes 

Introduction 

 Plant production in the Arctic is limited by nitrogen (N) availability (Shaver and 

Chapin 1980, Schimel and Chapin 1996). Thus, characterization of the mechanisms 

contributing to N availability is critical to understanding ecosystem functioning. 

Biogeochemical processes and nutrient availability can be enhanced by naturally 

occurring mechanisms, such as increased snow during the winter, areas of preferential 

water flow, disturbances and/or vegetation feedbacks (Sturm et al. 2005b, Chapin and 

Shaver 1981, Nobrega and Grogan 2007, Schimel et al 2004). Specifically, the winter can 

exert strong control over biogeochemical cycling in the Arctic (Grogan and Chapin 1999, 

Nobrega and Grogan 2007, Giblin et al. 1991). If winter biogeochemical processes were 
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enhanced this could have strong effects on N availability to plants, N uptake, and growth, 

leading to changes in plant species composition (Chapin et al. 1995).   

 A vegetation transition in tundra towards increased deciduous shrub species 

would impact winter and summer albedo (Chapin et al. 2005, Sturm et al. 2005a), and the 

global carbon (C) cycle (Shaver et al. 1992), both of which could contribute to further 

climate warming in the Arctic. Evidence suggests that a vegetation transition towards a 

greener and more deciduous shrub-dominated plant community across the Arctic may 

already be taking place (Myneni et al. 1997, Jia et al. 2003, Stow et al. 2004, Goetz et al. 

2005, Tape et al. 2006). However, it still needs to be determined how and why shrubs 

may be expanding. It has been hypothesized that shrubs may be expanding because of 

winter biological processes, where tall dense shrub areas accumulate deep snow (Sturm et 

al. 2001, Sturm et al. 2005b), raising soil temperature minima, enhancing microbial 

activity, resulting in increased decomposition of soil organic matter (SOM) and higher N 

mineralization rates (Sturm et al. 2005b). Increases in SOM decomposition are predicted 

to produce more mobilized organic and mineralized N, enhancing nutrient availability in 

the spring and summer, during which shrubs would acquire the nutrients and use it for 

their growth, resulting in a positive feedback loop (Sturm et al. 2001, Sturm et al. 2005b). 

This positive feedback loop is called the Snow-Shrub Feedback Hypothesis. Although 

field studies have demonstrated that many of the components of the Snow-Shrub 

Feedback Hypothesis exist, it still has to be determined if snow accumulated around 

shrubs results in a sufficient increase in winter soil temperatures to promote enhanced 

microbial activity and higher nutrient availability. Furthermore, nutrient availability may 

not be restricted by the cold soil temperatures associated with low snow depth alone, but 
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by a combination of microbial winter access to sufficient high quality litter and snow 

depth. 

Enhanced nutrient availability in tundra ecosystems will likely increase plant 

growth (Mack et al. 2004), particularly deciduous vegetation (Chapin et al. 1995). 

Summer fertilization studies have demonstrated that increases in nutrient availability lead 

to enhanced primary production (Shaver and Chapin 1995, Jonasson et al. 1999b, Ngai 

and Jefferies 2004) and subsequent changes in vegetation composition (Chapin et al. 

1995, Press et al. 1998). However, increased nutrient release from SOM as a result of 

shrub-enhanced winter biological processes may not be accessible to shrubs if those 

nutrients are immobilized by soil microbes (Hobbie 1992). Short term 15N (nitrogen 

isotope tracer) addition studies show that microbes tend to accumulate large proportions 

of added 15N, while over a longer period it is slowly released and accumulated by plants 

(Marion and Miller 1982, Kaye and Hart 1997, Hodge et al. 2000, Grogan and Jonasson 

2003, Buckeridge and Jefferies 2007).  

Plant responses to annually repeated fertilization in arctic tundra generally do not 

become apparent for 3 or more years (except for graminoids), suggesting that microbes 

may sequester whatever is added in the first couple of years (Chapin et al. 1995). This is 

important because microbes may immobilize and/or re-immobilize any increases in 

nutrient release from SOM due to shrub-enhanced winter biological processes, and not 

relinquish them until conditions change in the following summer or even later. This 

suggests that short term studies looking at the effects of enhanced winter biological 

processes on spring plant uptake and N availability may be limiting. The effect of deeper 

snow alone or combination of vegetation type and snow depth on shrub N uptake may not 
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become evident until the growing season, suggesting that the Snow-Shrub Feedback 

Hypothesis must be studied over subsequent years.  

N cycling is faster in shrub-dominated soils than in non-shrub soils in the summer 

(Weintraub and Schimel 2003, Buckeridge et al. 2009), possibly due to higher quality and 

larger quantities of litter that may promote increased decomposition rates. Models have 

projected the mean annual arctic surface temperatures will increase by 4 to 7oC between 

the year 1990 and 2100 (ACIA 2004). Higher summer temperatures are expected to 

increase decomposition of SOM, enhancing nutrient availability, leading to more plant 

growth, increasing primary production and an overall change in arctic vegetation 

communities (Hobbie 1992, Chapin et al. 1995, Weintraub and Schimel 2005a). These 

higher summer temperatures may promote microbial turnover and release of N acquired 

by microbes during winter into the soil solution.     

 Effects of increased nutrients from enhanced winter biological processes may not 

become apparent until summer processes mobile that N for plant N acquisition. Plant 

species differ in uptake affinities for different forms of N (Kaye and Hart 1997, McKane 

et al. 2002, Sorensen et al. 2008a), in rooting depth, and in the timing of N uptake 

throughout the season (McKane et al. 2002, Weintraub and Schimel 2003). Many plant 

species rely heavily on stored nutrients for initial growth following spring snowmelt, 

leading to plants not acquiring available N from the soil until later in the growing season 

(Chapin et al. 1980, Shaver et al. 1986). These legacy effects on availability and plant 

uptake of N highlight the importance of conducting studies of the effects of enhanced 

winter biological processes over multiple growing seasons. 



39 

 

In this study, we added isotopically enriched 15NH4-N to ambient and 

experimentally deepened snowcover plots containing birch shrubs located in low birch 

hummock tundra. If deeper snow alone is the mechanism promoting shrub expansion 

through effects on N cycling, then we would expect to see larger increases in 15N 

accumulation in the birch shrubs within the snowfence birch hummock plots over 

successive years. The mechanism for shrub expansion may not be increased snow alone, 

but a combination between vegetation-type and snow depth where plant properties such 

as litter quantity and quality play a role determining the influence of deeper snow on N 

availability. In order to investigate the combined effects of vegetation-type and snow 

depth, we injected 15NH4-N in plots containing tall birch shrubs within shrub-dominated 

tundra. If vegetative properties and snow depth are together aiding in the expansion of 

shrubs, then we would expect to find higher accumulation of 15N at these sites. We used 

our data to test the following hypotheses within birch hummock and tall birch tundra 

ecosystems in the Canadian low Arctic: 

1) Birch shrub 15N uptake in birch hummock tundra is enhanced by deeper snow.   
 

2) Graminoid spp. 15N uptake in birch hummock tundra is enhanced by deeper snow. 

3) Birch shrub 15N uptake is larger in tall birch tundra than in birch hummock tundra 
under deepened snow.   

Methods 

Site description  
 
Please see corresponding section of Chapter 2.  
 
15N isotope injections 

Please see corresponding section of Chapter 2.  
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Sample collection 

 To determine patterns of 15N total distribution among plant species and soil N 

pools over two years, the entire vegetation and associated underlying soil in one 15N 

labeled sub-plot of each replicate was removed between August 9th  and 23rd , 2008, just 

prior to leaf senescence. We used a large knife and a spade to cut out the entire tall birch 

(80 cm x 80 cm to 10 cm depth) and the birch hummock sub plots (40 cm x 40 cm to 10 

cm depth). The central birch shrub in all sub-plots was clipped off at the base and placed 

in a separate plastic bag after which the remaining vegetation and soil was cut into 4 to 5 

blocks for transport back to the field lab. Organic (measured from the green-brown 

transition in the moss layer) and underlying mineral layer depths of each block were 

recorded. 

Sample processing:  

 The aboveground biomass of each sub-plot was sorted into the following 

categories: dwarf birch (B. glandulosa), bog blueberry (Vaccinium uliginosum L.), bog 

rosemary (Andromeda polifolia L.), cloudberry (Rubus chamaemorus L.), labrador tea 

(Ledum decumbens Ait.), mountain cranberry (Vaccinium vitis-idaea L.), willow (Salix 

spp.) and graminoids (mainly Carex spp.), lichens and mosses. Aboveground vegetation 

was gently teased out from the soil in order to collect as much of the attached root 

system, and then sorted to species/cateogories. Birch shrubs were sorted into shoot new 

growth (apical stem tissue produced in the most current growing season as determined by 

colour change and complete budscars) and all leaves; shoot old growth (stem growth 

from all previous years including secondary growth (shoot thickening); belowground 

stems (>5 mm diameter); coarse roots (2 to 5 mm diameter); and fine roots (<2 mm 
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diameter). No significant belowground stems or coarse roots of birch were observed in 

the mineral layer of any sub-plot.  

Shoots of other vascular plants were separated into shoot new growth (apical stem 

tissue in the current growing season) and leaves and inflorescences/fruits; and fine roots 

(<2 mm diameter). Note that all leaves of the evergreen species were included in the new 

shoot apical growth category. Salix spp. (e.g. TB11 and TB15) had ‘tap’ roots extending 

>20 cm down into the mineral layer. Graminoid species were sorted as a group into shoot 

new growth (leaves and inflorescences); shoot old growth (standing dead tissue, stem 

bases and rhizomes); and fine roots (<2 mm diameter). The remaining material above the 

organic soil layer was sorted into mosses, lichens, and surface litter (including leaf 

fragments, twigs and dead moss tissue). Soil volumes in the organic and mineral layers 

separately were measured on 4 to 5 sub-samples of each sub-plot (10 cm x 10 cm to a 10 

cm depth) to determine for bulk densities. Afterwards, the sub-samples were pooled for 

sorting into unidentified fine roots (<2 mm diameter) and bulk (root-removed) soil in 

each layer. Only living roots (on the basis of tissue turgor and colour) were included in 

the former category. Roots were rinsed twice in water to remove attached soil and then 

immersed in 0.005 M K2SO4 for 5 to10 minutes to remove adhering 15N label from 

exterior surfaces (Kielland 1997).  

 Soil microbial and soluble biogeochemical pools were determined as described in 

detail in Chapter 2. Briefly, soil microbial biomass C and N were determined by 

chloroform-fumigation direct-extraction (CFDE) technique using 10 g of root-removed 

soil and 50 ml 0.5 M K2SO4 (Brookes et al. 1985). Dissolved total nitrogen (DTN), NH4-

N, NO3-N and total organic carbon (TOC) were determined from non-fumigated samples 
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extracted as above. All samples within growth categories and soils (organic and mineral) 

and subsamples (~10 g) for gravimetric moisture determination were dried at 65 oC for 2 

to 5 d at Queens University. The 15N isotope analysis procedure is described in Chapter 2.  

15N calculations 

 15N natural abundances were determined from samples of soil and plant new 

growth, old growth and roots of each species at the time of August 2008 harvest from 

random locations > 5 m away from the plots. Mean plant natural abundances 15N isotope 

atom percentages ranged from 0.3645% (V. vitis-idea; new growth) to 0.3666% 

(graminoids; old growth); the mean soil value was 0.3668% (organic) and 0.3669% 

(mineral); the mean soil microbial value was 0.3655%. Isotopic enhancement of the 15N 

pools arising from the injected 15N label was calculated for each component as {atom% 

15Nmeasured – atom% 15Nnatural abundance} X total N pool size.  

 Mean 15N label concentrations in roots and soil were calculated based on the 

actual number of times the component (new growth, old growth,  fine roots, etc) was 

present in replicate plots for each site (i.e. if a species was found in three replicate plots 

then the average was determined on the label concentration found within the three plots). 

Mean root and soil components 15N enhancement were calculated based on five replicates 

(n=5) (i.e. if a species was not found in a replicate plot, it was recorded as 0 and counted 

towards the mean). Abiotic soil fixation (Appendix 9) was calculated as the total soil 15N 

recovery – (MB15N + DT15N).   

Statistical analyses 

 We tested for significant effects of species, site, and their interaction on 15N 

enhancements and label concentrations for each plant component using separate two-way 
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analyses of variance (ANOVA’s). Multiple comparisons were analyzed using the Tukey-

Kramer HSD test (no Bonferroni adjustment included) to identify significant differences 

between all possible combinations of pairs (JMP 7.0.2, 2008, SAS Institute, Cary, NC, 

USA). Datasets were tested for normality using the Shapiro-Wilks distribution test in two 

different ways.  First, species component values were analyzed across all sites combined 

(e.g. new growth B. glandulosa values at each site were pooled and tested for normality). 

Second, the values for each site for each species component were tested separately (e.g. 

new growth B. glandulosa values at the tall birch site were tested for normality separately 

from B. glandulosa at the birch hummock). Moreover, four unequal variances tests were 

conducted (O’Brien, Brown-Fosythe, Levene and Bartlett). Datasets were considered 

normally distributed if they passed 4 out of the 6 tests. Accordingly, data for new growth, 

old growth, and fine roots 15N label concentrations, as well as old growth and total 

aboveground growth biomass were log transformed.  

 We tested for significant effects of site on pooled plant components (belowground 

stem, coarse root and aboveground plant material), as well as microbial and soil solution 

15N enhancement and label concentrations, and soluble N and C pools using separate one-

way analyses of variance (ANOVA’s), followed by the Tukey-Kramer HSD tests to find 

significant differences between all possible combinations of pairs (JMP 7.0.2, 2008, SAS 

Institute, Cary, NC, USA). All statistically significant effects and interactions (P<0.05) in 

these analyses are reported in the text. 
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Results 
 

Seasonal and site differences in diel mean soil temperatures and soil characteristics 

 The diel mean soil temperature from fall 2006 to 2008 indicated a strong 

insulating effect of deeper snow on soil temperatures in both winters (Figure 1). Soil 

temperatures stayed between 0oC and -5oC from late September to early November, then 

steadily declined reaching the coldest points from early February to April, and then 

increased rapidly over a ~2 month period (late April to June; Figure 1). The snowfence 

insulation effect did not become evident until late December 2006, and early February 

2008, suggesting a difference in the timing of snow accumulation between years. By 

contrast, soil temperature declines in the tall birch site over the same period were very 

similar in the two years, and were generally 5oC warmer than the birch hummock site 

from early November to April of both years (Figure 1). The snowfenced birch hummock 

plots were generally 3 to 5oC warmer than the control plots from January to April in both 

years. Mean snow depths at tall birch, birch hummock, and snowfenced birch hummock 

were 52 (3), 29 (2) and 87 (3) cm on April 8th 2007 and 62 (5), 29 (1), and 96 (3) cm on 

May 05, 2008 respectively, indicating that the soils under the taller vegetation type were 

better insulated even though the snow depth was less than that of the deepened snow 

plots. 

 Soil characteristics among the sites have already been reported (Chapter 2, Table 

1). Briefly, soil moisture in the organic layer was generally lower in the tall birch site, 

especially in late summer. Soil organic layer bulk density was about 20% lower in the tall 

birch, and the active layer was considerably deeper. Finally, soil C concentrations in the 

organic layer were ~25% lower in the tall birch. There were no significant snowfence 
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treatment effects on any soil characteristics measured during the summer season. Please 

refer to Chapter 2 for further details.   

Site differences in soil N pools 

 The soil microbial biomass N pool of the organic layer was significantly larger in 

the tall birch site than in either of the birch hummock sites (F2,14 = 5.15, P = 0.024). A 

similar trend in microbial biomass C (MBC) (F2,14 = 3.4, P = 0.07) resulted in similar 

MBC:N among all sites (Table 1). Soil dissolved organic nitrogen (DON), dissolved 

organic carbon (DOC) and ammonium (NH4-N) in the organic layer were also 

significantly larger in the tall birch than either of the birch hummock sites (Table 1; F2,14 

= 18.34, P = 0.0002; F2,14 = 9.28, P = 0.0037; F2,14 = 36.29, P <0.0001; respectively), 

indicating higher amounts of available N for plant uptake in the tall birch site in late 

summer. The snowfence treatment in the birch hummock ecosystem type had no 

significant effects on any of the above biogeochemical variables (Table 1). Microbial 

biomass and soil solution pool sizes in the mineral soil were generally 1/3rd or less of the 

overlaying organic layer (Table 1) and did not differ among sites except for NH4-N which 

again was higher in the tall birch site (Table 1; F2,14 = 6.59, P = 0.0189).  

Site differences in 15N label partitioning between microbial and soil solution pools 

 Neither 15N enhancements nor label concentrations in the microbial biomass 

differed significantly among sites in either the organic layer or mineral soil two years 

after 15N labeling (Table 2). Although the total N pool sizes in the microbial biomass of 

the organic layer were significantly larger in the tall birch and snowfenced birch 

hummock sites relative to the control birch hummock, and 15N label concentrations were 

similar, particularly high variability in MB15N label concentrations in the tall birch 
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precluded a corresponding enhancement of the MB15N pool in the tall birch site (Tables 

1, 2; F1,14 = 0.86, P = 0.44). 

 15N enhancement of the dissolved N pool in the organic layer was 2 to 4 times 

larger in the tall birch site than in the other sites (Table 2; F2,14 = 13.5, P = 0.0003), due to 

higher label concentrations (Table 2; F2,14 = 8.43, P = 0.0052), as well as larger total N 

pool sizes (Table 1). As for N pools (above), the snowfence treatment had no significant 

effects on 15N label accumulation in either microbial biomass or the soil solution (Table 

2). 15N enhancement within the microbial biomass of the mineral soil was typically 1/3rd 

of the overlaying organic layer and did not differ significantly among sites (Table 1). 

Together these isotopic and biogeochemical results indicate little impact of deepened 

snow on annual soil N cycling or late summer N pools in birch hummock ecosystems. 

Plant species biomass and N pools among sites 

 Total aboveground plant species biomass was significantly higher at the tall birch 

than at either of the birch hummock sites (Table 3; F2,14 = 20.99, P = 0.0001). 

Aboveground biomass was dominated by Betula glandulosa, followed by mosses, 

lichens, Vaccinium uliginosum, Vaccinium vitis-idaea, Ledum decumbens, and 

graminoids (Table 3). By contrast, lichens and mosses generally dominated the 

aboveground biomass of birch hummock sites, followed by L. decumbens, B. glandulosa, 

V. vitis-idaea, V. uliginosum, Andromeda polifolia and graminoids (Table 3). We found 

no significant differences in any plant biomass component between control and 

snowfenced birch hummock sites except that mosses were twice as abundant in the 

deeper snow plots (Table 3; F2,14 = 4.43, P = 0.0362).  
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 New growth (i.e. within the current year) tended to be greater in the tall birch site 

(Table 3; F2,104 = 2.57, P = 0.08) and varied among species type (Table 3; F6,104 = 42.09, 

P = <0.0001). In particular new apical growth of B. glandulosa was ~7 times larger than 

in the birch hummock sites resulting in a significant site-species interaction (Table 3; 

F12,104 = 26.26, P = <0.0001). In contrast, the evergreen species L. decumbens and V. 

vitis-idaea together were a much larger component of new total aboveground growth in 

both birch hummock sites than in the tall birch. Similarly, old growth biomass differed 

significantly among species (Table 3; F6,104 = 28.75, P = <0.0001) and there was a 

significant site-species interaction (Table 3; F12,104 = 5.33, P = <0.0001). Old growth 

biomass followed the same pattern of new growth, with high biomass of B. glandulosa at 

the tall birch site, and relatively large evergreen species biomass at the birch hummock 

sites. Total vascular old growth was significantly larger at the tall birch site (Table 3; F2,14 

= 35.63, P = <0.0001), and there was a similar (slight) trend in total vascular new growth 

(F2,14 = 2.89, P = 0.09), resulting in larger total vascular biomass at the tall birch site as 

compared to the birch hummock sites (Site: F2,14 = 31.98, P = <0.0001).  

 As expected, species total aboveground (new + old biomass) followed a similar 

pattern to both new and old growth differences among species (Table 3; F6,104 = 31.31, P 

= <0.0001)  and there was a significant site-species interaction (Table 3; F12,104 = 6.12, P 

=  < 0.001). B. glandulosa had the largest biomass at the tall birch site, with large 

evergreen species biomass found at the birch hummock sites. Total vascular aboveground 

species biomass was significantly larger at the tall birch site compared to the birch 

hummock sites (Table 3; F2,14 = 31.98, P = <0.0001) 
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 Fine root biomass differed among species (Table 3; F6,104 = 9.07, P = <0.001) and 

was associated with a significant interaction (F12,104 = 4.73, P = <0.0001). Specifically, 

fine root biomass was generally dominated by L. decumbens at both birch hummock sites 

(Table 3). Belowground stems and total belowground biomass were significantly larger at 

the tall birch site (Table 3; F2,14 = 16.20, P = 0.0004; F2,14 = 7.48, P = 0.0078, 

respectively). Furthermore, unidentified fine root biomass for both organic and mineral 

soils did not differ significantly (Table 3). Total plant biomass was significantly higher at 

the tall birch site than the birch hummock sites (Table 3: F2,14 = 12.97, P = 0.001).  

 Variation in species N pools were generally closely correlated with biomass 

components (Table 3), suggesting little difference in tissue N concentrations among 

species for each plant component. Species new growth N pools were significantly 

different among sites, species and their interaction (Table 4; Site: F2,104 = 26.93, P = 

<0.0001; Species: F6,104 = 77.26, P = <0.0001; site-species interaction F12,104 = 53.72, P = 

<0.0001), and old growth N pools differed by species and site species interaction (Table 

4; Species F6,104 = 32.44, P = <0.0001, site-species interaction F12,104 = 5.82, P = 

<0.0001). Specifically, B. glandulosa had the largest N pools of both old and new growth 

at the tall birch site, resulting in a species difference in total aboveground species N pools 

(Table 4; F6,104 = 32.44, P = <0.0001) and there was a significant site-species interaction 

(Table 4; F12,104 = 5.82, P = <0.0001). N pools in both total aboveground vascular new 

and old shoot growth were significantly larger at the tall birch site than at the birch 

hummock sites (Table 4; F2,14 = 34.08, P = <0.0001; F2,14 = 31.06, P = <0.0001; 

respectively), resulting in significantly higher total aboveground vascular N pools and 
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higher total vascular plus non vascular N pools at the tall birch site (Table 4; F2,14 = 

38.44, P = <0.0001; F2,14 = 20.70, P = 0.0001; respectively) 

 Fine root N pools differed among species and site-species interaction (F6,104 = 

101.51, P = <0.0001; F12,104 = 4.97, P = <0.0001; respectively). Specifically, the 

deciduous species (V. uliginosum and B. glandulosa) had the largest N pools at the tall 

birch site. Belowground stem, unidentified organic soil fine roots and total fine root N 

pools were significantly higher in the tall birch site compared to the birch hummock sites 

(Table 4; F2,14 = 14.74, P = 0.0006; F2,14 = 5.46, P = 0.0205; F2,14 = 6.80, P = 0.0106; 

respectively), resulting in larger total belowground biomass N pools in the tall birch site 

(Table 4; F2,14 = 11.20, P = 0.0018). Together, higher N pools above and belowground 

dominance in the tall birch resulted in total plant N pool being significantly larger at the 

tall birch site (Table 4; F2,14 = 20.70, P = 0.0001). Interestingly, surface litter N pools did 

not differ among sites. 

15N label partitioning between plant species components at each experimental site  

 15N enhancement in new shoot growth differed significantly between species 

(Figure 2; F4,74 = 9.50 P = <0.0001) and this effect depended on site (site-species 

interaction F8,74 = 8.36 P = <0.0001). These species differences corresponded with overall 

species differences in biomass (Table 3) and in 15N label concentrations in new growth 

(Table 5; Site: F2,67 = 19.21, P = <0.0001, Species: F4,67 = 36.03, P = 0.0001, Site-species 

interaction: F8,67 = 7.08, P = <0.0001). B. glandulosa new shoots accumulated ~30 times 

as much 15N in the tall birch site than at the birch hummock sites, as a result of larger 

biomass production and approximately 5 times greater 15N label concentrations (Table 3, 

5). By contrast, the evergreen species L. decumbens and V. vitis-idaea dominated 15N 
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accumulation in new growth in the birch hummock sites, accumulating approximately 2 

times as much 15N at the birch hummock sites compared to the tall birch site (Figure 2). 

Higher 15N enhancement in these species was due to larger biomass but not differences in 

15N label concentration (Table 3, 5). The snowfence treatment did not significantly affect 

15N accumulation in new growth of any species in the birch hummock ecosystem, 

particularly B. glandulosa (Figure 2). 

 The 15N enhancement pool in shoot old growth tissues differed significantly 

among sites, species and their interaction (Figure 3; F2,74 = 10.48 P <0.0001; F4,74 = 4.29 

P = 0.004; F8,74= 8.86 P = <0.0001; respectively). 15N enhancement was largest at the tall 

birch site (Figure 3), because of generally higher 15N label concentrations (Table 5; Site: 

F2,67 = 6.05, P = 0.0044, Species: F4,67 = 49.41, P = <0.0001) and significantly higher 

total old growth biomass shoot compared to birch hummock sites (Table 3). B. 

glandulosa 15N enhancement in old shoot growth was roughly 5 times larger in the tall 

birch site than in the birch hummock sites (Figure 3) corresponding to the greater old 

shoot growth biomass. Once again, there was no snowfence treatment effect on 15N 

enhancement in old shoot growth. Among sites, 15N enhancement in old growth tissue 

was largest in B. glandulosa in the tall birch site corresponding to its large biomass but 

relatively low 15N label concentrations (Figure 3; Table 3, 5). However, in contrast to 

new shoot growth 15N accumulation patterns, the two principal evergreen species did not 

differ significantly in old growth 15N enhancement among all sites (Figure 3). 

 Fine root 15N enhancement differed significantly between site, species and their 

interaction (Figure 4; F2, 74 = 3.05, P 0.0549; F4,74 = 2.78, P 0.0348; F8,74 = 4.35, P 

0.0004; respectively). This effect corresponded with overall species differences in 
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biomass (Table 3) and 15N label concentrations in fine roots (Table 5; Site: F2,67 = 4.60, P 

0.0144; Species: F6,67 = 2.50, P 0.06; Site-species interaction F12,67 = 2.09, P 0.06). 15N 

enhancement of belowground stems (B. glandulosa) was significantly higher at the tall 

birch site (Table 6), due to greater biomass (Table 3) but not higher 15N label 

concentrations (Table 5) compared to the birch hummock sites. Likewise, coarse root (B. 

glandulosa) 15N enhancement tended to be higher in the tall birch site for similar reasons 

(Table 5, 6). Neither 15N enhancement nor label concentrations in mosses lichens, or 

surface litter differed among sites (Figure 5; Appendix 15).     

 The complete distribution of added 15N label within the three sites (Figure 5) in 

late August 2008 showed that vascular plant 15N accumulation aboveground was 

equivalent to MBN 15N accumulation (Figure 5). 15N enhancement of belowground stems 

was higher at the tall birch than compared to the birch hummock sites, because of higher 

biomass (Table 3). Total ecosystem recovery of the added 15N label in plant, microbial 

and soil DTN was estimated at 91.0 (30.3), 42.0 (8.3), and 65.4 (10.5) mg 15N/m2 at the 

tall birch, birch hummock, and snowfenced birch hummock sites, respectively (Appendix 

9). Abiotic fixation of the 15N label in the soil (organic and mineral) was high with 76.0 

(28.5), 32.2 (7.8), and 52.9 (10.4) mg 15N/m2 of the added label at the tall birch, birch 

hummock and snowfenced birch hummock, respectively.   

Discussion 

 Our study demonstrated that increased snow did not enhance N uptake in B. 

glandulosa or other plant species in birch hummock vegetation. However comparisons of 

the data from the tall birch and birch hummock sites clearly indicate that differences in 

dominant vegetation-type had a strong effect on N acquisition by birch shrubs and other 
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plant species. Although the plant community composition is similar, the vegetation in the 

tall birch site differs from that of the birch hummock in several aspects including 

biogeochemistry and plant stature. Differences in snow accumulation associated with 

differences in vegetation height could contribute to greater N acquisition in the tall birch 

site. However, winter soil temperatures were generally similar in the snowfenced birch 

hummock and tall birch sites, suggesting that biogeochemical differences between the 

vegetation-types were the primary determinant of differences in N cycling.  

The influences of deeper snow on plant species 15N uptake 

 Deeper snow had no significant impact on plant species 15N uptake in birch 

hummock vegetation, suggesting that deeper snow accumulation had little effect on N 

availability to plants during the spring or subsequent growing seasons, rejecting our first 

hypothesis. Furthermore, we hypothesized that if there was an effect of deeper snow it 

may be more noticeable in graminoids than other species, due to their relatively quick 

responses to sustained fertilization (Chapin et al. 1995). Interestingly, neither graminoid 

15N label concentrations, nor 15N enhancements were affected by deeper snow, rejecting 

our second hypothesis (Table 5; Figure 2, 3). Furthermore, deeper snow did not affect N 

uptake by other plant species (Tables 4, 5, 6; Figures 2, 3, 4). High rates of abiotically 

fixed 15N were found at the birch hummock sites (~32.2 and 52.9 mg 15N/m2 of the added 

15N label respectively), suggesting that even if there was an increase in 15N mobilization 

under deeper snow, abiotic fixation may have greatly constrained the amount of tracer 

that could move to and from different N pools and plant components.    

15N acquisition among species at each site 

 The two principal evergreen species (L. decumbens and V. vitis-idaea) in the birch 

hummock sites accumulated higher amounts of 15N in new growth than the graminoids 
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and B. glandulosa (Figure 2). This was due to relatively high 15N label concentrations and 

high biomass, indicating that these species had relatively strong physiological capacities 

for N acquisition. High 15N enhancement and label concentrations suggest that the 

evergreens were outcompeting B. glandulosa and all other plant species in the birch 

hummock sites for available N. Evergreen species’ competitive advantage over deciduous 

species may be due to the presence of active photosynthetic tissue in the shoulder 

seasons, and their ability to grow roots earlier in spring (Kummerow et al. 1983). 

Furthermore, evergreen species have shallower rooting depths (McKane et al. 2002) that 

expose them to earlier soil thaw, higher rates of N mineralization and enhanced access to 

nutrients from freshly leached leaf litter (Schimel et al. 1996). Moreover, deciduous 

shrub use stored N for initial growth following spring snowmelt, leading to shrubs not 

acquiring available N from the soil until later in the growing season (Chapin et al. 1980, 

Shaver and Chapin 1986). This delay in N acquisition from the soil may result in a 

competitive advantage for evergreens over deciduous shrubs for N uptake early in the 

season. Finally, it should be noted that the 15N label concentrations are also very high in 

shoot new growth tissues of V. uliginosum, a deciduous species of the same family 

(Ericaceae) as the evergreens above. Together these results suggest that ericoid 

mycorrhizal fungal associations may have enhanced plant species acquisition of 15N. 

The influence of vegetation-type on plant species 15N uptake 

 B. glandulosa was able to accumulate more 15N in new and old growth at the tall 

birch site than at the birch hummock site. 15N enhancement of new growth tissue was due 

to higher new growth production (Table 3) and higher 15N label concentrations (Table 5) 

than at the birch hummock site. Increased new tissue production was probably stimulated 
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by higher overall N availability at the tall birch site (Weintraub and Schimel 2005c, 

Buckeridge et al. 2009). Betula spp. have shown increased primary and secondary shoot 

growth rates after repeated annual fertilization (Bret-Harte et al. 2002). This is due to 

Betula’s ability to switch from producing short and long shoots to all long shoots under 

increased nutrient availability (Bret-Harte et al. 2001). Overall, the results suggest that 

since B. glandulosa was dominant at the tall birch site it outcompeted other species 

(graminoids and evergreens) for available N, whereas it’s much smaller biomass at the 

birch hummock site resulted in it being outcompeted for N by the dominant evergreen 

species.  

 Evergreen species at the tall birch site had similar 15N label concentrations to the 

birch hummock sites (Table 5). Similar effects on evergreen species occur when repeated 

high level fertilization additions are made, as they decrease in biomass (Chapin et al. 

1995), suggesting they do not have the characteristics to become dominant in more 

productive sites. Furthermore, evergreen species are unable to promote secondary 

growth, even under increased nutrient conditions. This could lead to a competitive 

disadvantage because they are not able to produce much secondary growth leading to 

confinement in the understory, where they are subject to light limitation on growth (Bret-

Harte et al. 2001). 

Species differences in 15N accumulation in tall birch and birch hummock sites 

 Interestingly, graminoids, L. decumbens, V. vitis-idaea and V. uliginosum all had 

generally higher 15N label concentrations than B. glandulosa at the tall birch site (Table 

5), suggesting that although these species accumulated relatively low 15N (due to low 

biomass) their physiological capacities for N uptake are relatively high. Several reasons 
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have already been offered above as to why the evergreen species and V. uliginosum might 

have such capacities. Dominant species are able to exploit the most abundant inorganic N 

form (McKane et al. 2002), so it is not surprizing that evergreens in birch hummock sites 

and B. glandulosa at the tall birch site accumulated large amounts of the added label.  

The particularly high accumulation of 15N in new and old shoot growth and fine roots of 

the graminoids in the tall birch vegetation may be attributed to their capacity to rapidly 

produce large numbers of new roots from early spring onwards (Hargreaves et al 2009) 

that can take advantage of the relatively high rates of N cycling in the soil solution in that 

site.  As suggested by Weintraub and Schimel (2005a) root architecture and rooting 

volume could be responsible for differences in plant species abilities to compete for soil 

N.  

Biogeochemical differences among vegetation types 

 Shrubs may promote their growth through vegetation feedbacks such as increased 

litter quality and quantity that results in more N availability. Deciduous plants tend to 

promote high rates of N mineralization (Weintraub and Schimel 2005b), because they 

produce relatively large amounts of easily decomposable litter, which provide a feedback 

towards increased nutrient availability in soils and N uptake by plants (Hobbie 1992, 

Schimel et al. 1996). We expected to find increased surface litter biomass at the tall birch 

site because of increased deciduous species growth, but surprisingly there were no 

differences among sites (Table 3). However, it is important to note that surface litter was 

sampled in late summer, almost one year after it had fallen, just before leaf senescence, 

and so our data should not be interpreted as representing annual litter inputs. N cycling 

and soil respiration is faster in tall birch sites (Grogan and Chapin 1999, Weintraub and 
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Schimel 2003, Buckeridge et al, 2009) indicating that litter decomposition must also be 

faster. Therefore it is likely that litter inputs were substantially higher in the tall birch site 

but that decomposition resulted in similar litter masses across the sites at the time we 

sampled. Furthermore, we found 7 times more new growth from the B. glandulosa in the 

tall birch site (Table 3), which should result in correspondingly higher leaf litter 

production during senescence. Surface litter quality (C:N) tended to be higher at the tall 

birch site than the birch hummock sites in late summer 2008  and was ~50 % higher in 

the early spring 2007 (Appendix 16). Moreover, Buckeridge et al. (2009) also found 

higher quality of litter at the tall birch site than the birch hummock. It should be noted 

that tall birch surface litter had large amounts of woody debris (high C:N) in the late 

summer 2008 samples run for C and N and could account for the higher C:N ratio found 

in this study compared to the Buckeridge et al (2009) study at the same site. Together, 

these findings strongly suggest that litter quality at the tall birch site is substantially 

higher than at the birch hummock site and is an important determinant of differences in 

plant N availability among vegetation-types.  

Changes in MB15N over time in the three sites 

 As expected, there were severe declines in organic soil MB15N of ~39, ~85, and 

~50% in the tall birch, birch hummock and snowfenced birch hummock sites, 

respectively, in the two years following initial tracer injection. Initial rapid uptake of the 

15N label by microbes followed by a decline over time has also been observed in studies 

at other tundra locations (Grogan and Jonasson 2003, Sorensen et al. 2008a, Sorensen et 

al. 2008b). Not surprisingly we found short-term dominance of microbes (Chapter 2, 
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Figure 2a) when the label was added, but plants were able to compete successfully for the 

added label over a long term (Figure 5).  

 Distribution of 15N among ecosystem components was not strongly affected by 

deepened snow or among vegetation-types (Figure 5).Vascular belowground stems and 

roots were higher at the tall birch site than at the birch hummock sites, because of larger 

biomass of belowground stems (Table 3). Furthermore, MB15N (organic and mineral soil) 

enhancement was higher at the snowfenced birch hummock than the birch hummock site. 

Although our results suggest that plants have substantial influence on N availability, 

specifically in early spring (Chapter 2), 15N plant uptake and allocation to aboveground 

vascular shoots among sites were not strongly affected by plant community dominance 

over the two years (Figure 5).  

The snow-shrub feedback hypothesis 

 Shrubs appear to be increasing in density and expanding across the Alaskan low 

Arctic (Sturm et al. 2005b, Tape et al. 2006). This study’s results suggest that shrub 

expansion may be driven by shrub-induced higher winter soil temperatures and microbial 

access to large quantities of high quality litter. Our findings provide valuable insights into 

the Snow-Shrub Feedback Hypothesis and shrub expansion theories across the Arctic. 

Studies have shown that shrub growth is enhanced under summer fertilization (Chapin et 

al. 1995). Since nutrient availability is fundamental to plant growth, studies looking at 

shrubs preferential uptake of N are critical to investigating future shrub expansion. Most 

interestingly and fundamental to the Snow-Shrub Feedback Hypothesis we have 

demonstrated that shrubs in tall birch patches over two years are able to outcompete other 

species for nutrients and grow more new shoots. Our results suggest that future shrub 
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growth and expansion will be limited to areas in and around current tall shrub patches, 

where vegetation-type and snow feedback processes occur together.  
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Tables 

Table 1. Microbial and soil solution N and C pools (g/m2) in the organic soil layer and 
the underlying mineral soil in late August 2008. Parentheses indicate standard errors 
(n=5). Means within rows that share the same superscript letter(s) are not significantly 
different (P <0.05; n=5; except mineral soil layer where birch hummock n=3, and 
snowfenced birch hummock n=4). NO3-N was below detection limit; DON: dissolved 
organic nitrogen, DOC dissolved organic carbon, MBN: microbial biomass nitrogen, 
MBC, microbial biomass carbon; Note that only the uppermost 3 to 4 cm of the mineral 
soil layer were analyzed.   
 

    
Tall Birch Birch Hummock Snowfenced 

Birch Hummock 

 Organic soil layer MBN   4.37a (0.82)    2.23b (0.11)    2.89ab (0.16) 
 MBC 64.71 (10.26) 40.82 (3.50) 47.84 (3.89) 
  MBC:N 15.33 (0.86) 18.43 (1.51) 16.53 (0.92) 
  DON   1.01a (0.12)    0.32b (0.05)  0.41b (0.08) 
  DOC 22.34a (4.81)    6.57b (0.98)  7.65b (1.00) 

  NH4-N   0.08a (0.01)    0.01b (0.01)  0.02b (0.01) 
 Mineral soil MBN   1.05 (0.33)   0.66 (0.23) 0.95 (0.44) 
 MBC 23.10 (8.73) 11.79 (4.79) 24.00 (12.08) 
  MBC:N 21.19 (2.66) 16.44 (4.24) 21.51 (6.91) 

  DON   0.38 (0.09)   0.18 (0.06) 0.27 (0.11) 
  DOC   4.38 (0.65)   2.10 (0.44) 3.06 (1.26) 
  NH4-N   0.03a (0.01)     0.01b (0.01)  0.01b (0.01) 
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Table 2. 15N enhancement (mg/m2) and 15N label concentrations (µg/g dw soil) in the 
microbial biomass (MB15N) and dissolved total nitrogen (DT15N) pools of the organic 
layer and underlying mineral soil at each site in late August 2008 (n=5; except 15N 
concentration of the mineral soil where birch hummock n=3, and snowfenced birch 
hummock n=4). Parentheses indicate standard errors. Means within rows that share the 
same superscript letter(s) are not significantly different (P <0.05). Note that only the 
uppermost 3 to 4 cm of the mineral layer were analyzed.   
 

  

Tall Birch Birch Hummock Snowfenced  
Birch Hummock 

Organic soil layer 
enhancement MB15N   4.86   (2.24)   2.89   (0.22)   5.33   (0.88) 

 DT15N   0.22a   (0.03)   0.05b   (0.01)   0.10b   (0.03) 

Mineral soil  
enhancement MB15N   0.65   (0.22)   0.64   (0.36)   1.00   (0.82) 

 DT15N   0.08   (0.04)   0.02   (0.01)   0.03   (0.02) 

Organic soil layer 15N label 
concentrations MB15N   0.28   (0.12)   0.24   (0.01)   0.37   (0.09) 

 DT15N   0.01a (<0.01) <0.01b (<0.01)  <0.01b (<0.01) 

Mineral soil 15N label  
concentrations MB15N   0.02   (0.01)   0.02   (0.01)   0.03   (0.02) 

 DT15N <0.01 (<0.01) <0.01 (<0.01) <0.01 (<0.01) 
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Table 3. Biomass components (g/m2) of the major plant species and surface litter at each site in late August 2008 (n=5; 
parentheses indicate standard errors). Significant species and site differences within new growth (i.e. current year), old shoot 
growth, total shoot growth and fine root biomass categories are indicated by differences within groups of superscript letters (a-
e, g-k, p-u and v-z, respectively; P<0.05). Significant differences within each category of the other variables among sites are 
indicated by differences in superscript letters (ranging from m-o; P <0.05).  
  
 

Tall Birch Birch Hummock Snowfenced Birch Hummock 

Species or Plant Type New growth Old growth  Total New growth  Old growth  Total New growth  Old growth  Total 

Aboveground biomass                                     
Vascular shoots                   

 Betula glandulosa 147.8a(11.2)   947.4g(114.9) 1095.2p (118.4) 21.8cde(7.0) 76.5hi(25.4)   98.2pqr (32.1)  17.9de(2.9)    49.4hij (8.5)      67.3qr (10.5) 

 Vaccinium uliginosum   13.0de(2.0)     63.6hi (10.7)      76.6qr (12.4)   6.4e (2.6) 24.2hijk(10.0)   30.6qrstu(12.5)    3.1e (0.8)    14.7hijk (4.9)      17.8qrst (5.5) 

 Graminoids     4.6e (1.5)     14.6hijk (5.1)      19.2qrst (6.6)   2.0e (1.5)   2.0hijk (0.7)     4.0stu  (1.9)    4.2e (2.0)    11.0hijk (4.5)      15.2qrst (4.3) 
 Vaccinium vitis-idaeaβ   18.0de (3.7)       9.4hijk (2.0)      27.4qrs (5.5) 52.3bc (5.9) 21.0jk (1.8)   73.3qr (7.1)    0.2b(13.5)    21.6hij (3.9)      81.8qr (17.1) 
 Ledum decumbensβ     6.1e (4.0)     18.2ijk (12.2)      24.3rstu(16.2) 40.8bcd(10.4) 76.3hi (16.6) 117.1pgr (26.8)  60.3b(17.5)  111.6hi(41.3)    171.9pq(58.1) 
 Andromeda polifolia     0e (0)       0k (0)        0u (0) 12.5de (4.3) 15.4hijk (5.3)  27.8qrst (9.5)    6.3e (2.8)       9.9hijk(3.4)      16.2qrstu  (6.1) 
       Salix spp.     0.2e (0.2)       2.2jk (1.4)        2.4tu (0.6)     0e (0)    0k (0)     0u (0)    0e (0)       0k (0)         0u (0) 

Total vascular 189.6o (15.6) 1055.4m(123.1)          1242.6m (131.2) 135.8o (12.1) 215.4n (32.6) 351.0n (42.4) 152.0o (19.8)   218.2n (45.4)    370.2n (58.7) 
    Non-vascular                   
 Mosses        143.0m (21.0)                          141.6m (31.0)                310.8n (70.8) 
 Lichens         76.8m (27.2)                          227.4m (61.5)               137.2m (22.0) 
Total vascular plus nonvascular shoots      1462.4m (126.5)                          720.0n (33.3)                818.2n (70.6) 

Belowground biomass                   
Belowground stems (>5 mm)                  

 Betula glandulosa           565.3m (126.5)                          74.6n (23.8)       20.8n (9.3) 
Coarse roots (2 mm-5 mm)                  

 Betula glandulosa          147.7m (67.9)                                    101.0m (37.1)        22.3m (9.8) 
 Fine roots (<2 mm)                   

 Betula glandulosa            43.7vwxy (17.8)                             5.7xy (1.8)         10.8x (4.7) 
 Vaccinium uliginosum            65.1vw (19.8)                           17.7wxy (7.4)           10.5xy (2.7) 
 Graminoids              5.9xy (2.6)                             1.4y (1.2)           1.1y (1.0) 
 Vaccinium vitis-idaea            11.4xy (3.5)                           25.5wxy (2.5)            19.5wxy (5.6) 
 Ledum decumbens              8.0xy (6.0)                           51.2vwx (18.7)          75.9v (25.3) 
 Andromeda polifolia              0y (0)                             8.5xy (2.8)            8.3xy (3.3) 
 Salix spp.              8.8y (5.7)                             0y (0)      0y (0) 
 Unidentified (organic soil)          824.5 (129.0)                        533.9 (128.4)       579.6 (86.4) 
 Unidentified (mineral) soil)¥           56.7 (26.9)                          49.8 (35.3)         16.4 (10.9) 
     Total fine roots        1014.1m (149.3)                        693.7m (113.8)         722.1m (81.6) 
     Total belowground biomass       1737.1m (315.5)                        869.3n (82.7)        765.2n (82.9) 
Total plant biomass        3199.5m (410.5)                      1589.3n(56.4)                                       1583.4n (127.9) 

 Surface litter       1088.4m (192.7)                      1122.0m (413.7)           825.4m (294.0) 
 β New growth in evergreen species consists of current year’s shoot growth (stem and leaves) plus all other leaves. 
¥ Only the uppermost 3-4 cm of the mineral layer were sampled 

 



62 

 

Table 4. N pools (g N/m2) within biomass components of the major plant species and surface litter at each site in late August 
2008 (n=5; parentheses indicate standard errors). Significant species and site differences within new growth (i.e. current year), 
old shoot growth, total shoot growth and fine root biomass categories are indicated by differences within groups of superscript 
letters (a-e, g-k, p-u and v-z, respectively; P<0.05). Significant differences within each category of the other variables among 
sites are indicated by differences in superscript letters (ranging from m-o; P <0.05). 

 Tall Birch Birch Hummock Snowfenced Birch Hummock 

Species or Plant Type New Growth Old Growth Total New Growth Old Growth Total New Growth Old Growth Total 

Aboveground biomass                   
Vascular shoots                   

 Betula glandulosa 3.4a (0.3) 6.0g (0.8)    9.4p (1.0)  0.5bc (0.2) 0.5h (0.2)  1.0q (0.3)  0.4bc (0.1)   0.3h (0.1)    0.7q (0.1) 
 Vaccinium uliginosum 0.2bc (0.1) 0.4h (0.1)    0.6q (0.1)  0.1c (0.1) 0.2h (0.1)  0.3q (0.1)  0.1c (0.1)   0.1h (0.1)    0.1q (0.1) 
 Graminoids 0.1c (0.1) 0.1h (0.1)    0.2q (0.1)  0.1c (0.1) 0.1h (0.1)  0.2q (0.1)  0.1c (0.1)   0.3h (0.2)    0.4q (0.1) 
 Vaccinium vitis-idaeaβ 0.2bc (0.1) 0.1h (0.1)    0.3q (0.1)  0.4bc (0.1) 0.1h (0.1)  0.6q (0.1)  0.5bc (0.1)   0.2h (0.1)    0.6q (0.1) 
 Ledum decumbensβ 0.1c (0.1) 0.1h (0.1)    0.2q (0.1)  0.5bc (0.1) 0.4h (0.1)  0.9q (0.2)  0.7b (0.2)   0.2h (0.1)    0.9q (0.4) 
 Andromeda polifolia 0c (0) 0h (0)    0q (0)  0.2c (0.1) 0.1h (0.1)  0.3q (0.1)  0.1c (0.1)   0.1h (0.1)    0.2q (0.1) 
 Salix spp. 0.1c (0.1) 0.1h (0.1)    0.2q(0.1)  0c (0) 0h (0)  0q (0)  0 c(0)   0h (0)    0q (0) 

Total vascular 4.0m (0.3) 6.7m (0.9) 10.7m(1.1)  1.6n (0.2) 1.4n (0.2)  3.0n (0.3)  1.6n (0.2)   1.1n (0.3)    2.7n (0.4) 
    Non-vascular                   
 Mosses        1.6m (0.3)       1.2m(0.3)      2.5m(0.6) 
 Lichens        0.4m(0.2)       1.5m(0.8)      0.9m (0.1) 

Total vascular plus nonvascular shoots     12.7m (1.1)       5.8n (0.7)      6.2n (0.6) 
Belowground biomass                   
    Belowground stems (>5 mm)                   
 Betula glandulosa       3.8m (0.9)      0.5n (0.2)      0.3n (0.1)  

Coarse roots (2 mm-5 mm)                   
 Betula glandulosa       1.0m (0.4)      0.6m (0.2)     0.1m (0.1)  

 Fine roots (<2 mm)                   
 Betula glandulosa       0.3vwx (0.1)       0.1xy (0.1)     0.1xy (0.1) 
 Vaccinium uliginosum       0.4vw(0.1)        0.1wxy (0.1)     0.1xy (0.1) 
 Graminoids       0.1xy (0.1)        0.1y (0.1)     0.1y (0.1) 
 Vaccinium vitis-idaea       0.1xy (0.1)        0.2vwxy (0.1)     0.1vwxy (0.1) 
 Ledum decumbens       0.1y (0.1)        0.3vwxy (0.1)     0.4vw (0.1) 
 Andromeda polifolia       0y (0)        0.1xy (0.1)     0.1xy (0.1) 
 Salix spp.       0.1y (0.1)        0y (0)      0y (0) 
 Unidentified (organic soil)       6.6m (0.9)        3.5n (0.8)     3.8n (0.5) 
 Unidentified (mineral soil)¥       0.5m (0.2)        0.5m (0.3)     0.1m (0.1) 
     Total fine roots       8.0m (1.0)        4.8n (0.7)     4.7n (0.5) 
     Total belowground biomass     12.8m (2.1)        5.9n (0.5)     5.1n (0.5) 
Total plant biomass     25.5m (2.9)      11.7n (0.7)   11.2n (1.0) 
Surface litter     14.5m (3.1)        9.4m (3.3)     8.3m (3.2) 
β New growth in evergreen species consists of current year shoot growth (stem and leaves) plus all other leaves. 
¥ Only the uppermost 3-4 cm of the mineral layer were sampled
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Table 5. 15N label concentrations (µg/g dw) in shoot new and old growth, fine root (<2 
mm), coarse roots (2 to 5 mm) and belowground stems (>5 mm) of the major plant 
species at each site in late August 2008. Means within columns and rows for each species 
growth component that share the same superscript letter(s) are not significantly different 
(P <0.05). Parentheses indicate standard errors (n=5). Significant differences within each 
category of the other variables among sites are indicated by differences in superscript 
letters (ranging from m-o; P <0.05). 
 

Species Tall Birch Birch Hummock Snowfenced  
Birch Hummock 

New Growth Betula glandulosa   4.48bc (0.49)   0.99d (0.21)   0.71d (0.18) 
 Vaccinium uliginosum 19.11a (2.76) 17.08ab (1.12) 13.17ab (1.98) 
 Graminoids 26.74a (7.01)   0.69d (0.14)   4.49cd (2.40) 
 Vaccinium vitis-idaeaβ 10.41abc (2.22) 10.26abc (1.68)  8.25abc (1.15) 
 Ledum decumbensβ 14.19abc (5.17) 11.17ab (1.89) 12.43ab (2.93) 

Old Growth Betula glandulosa  0.54bc (0.08)   0.28c (0.07)   0.40c (0.18) 
 Vaccinium uliginosum 4.38a (0.47)   3.52a (1.03)   3.38a (0.64) 
 Graminoids 5.60a (1.79)   1.96ab (0.53)   1.40ab (0.42) 
 Vaccinium vitis-idaea 4.17a (0.84)   5.23a (0.08)   3.87a (0.50) 
 Ledum decumbens 2.89a (0.74)   2.20a (0.57)   2.49a (0.58) 

Fine Roots (<2mm) Betula glandulosa  4.13ab (0.91)   1.91bc (0.43)   1.09c (0.35) 

 Vaccinium uliginosum   3.30abc (0.37)   2.88abc (0.77)   3.09abc (0.32) 

 Graminoids 8.57a (1.98)   3.02abc (2.10)   4.35abc (2.33) 

 Vaccinium vitis-idaea   3.13abc (0.75)   3.40abc (0.74)   3.29abc (0.34) 

 Ledum decumbens   2.57abc (0.84)   1.93abc (0.27)   2.24abc (0.45) 

 Unidentified roots (organic soil)   2.94m (0.32)   2.80m (0.46)   2.55m (0.42) 

 Unidentified roots  
(mineral soil) 

10.56m (4.34)   5.93m (1.09)   7.72 m (5.31) 

Coarse Roots Betula glandulosa 1.46m (0.32)   0.65m (0.10)   0.79m (0.20) 

Belowground stems Betula glandulosa 0.69m (0.15)   0.33m (0.12)   0.65m (0.14) 
β New growth in evergreens species includes current year’s shoot growth (stem and leaves) plus all other leaves. 
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Table 6. 15N enhancement (mg/m2) in coarse roots (2 to 5 mm diameter) and 
belowground stems (>5 mm diameter) at each site in late August 2008. Means within 
rows that share the same superscript letter(s) are not significantly different (P <0.05). 
Parentheses indicate standard errors (n=5). 
 

Species Tall Birch Birch Hummock Snowfenced  
Birch Hummock 

Site 

df F ratio P 

Belowground stem              

Betula glandulosa 0.74a (0.20) 0.06b (0.05) 0.10b (0.07) 2,14 7.77 <0.0024 

Coarse Roots         

         Betula glandulosa 0.35 (0.14) 0.08 (0.02) 0.08 (0.06) 2,14 3.17 0.08 

 



 

65 

 

Figures 

 

Figure 1. Diel mean soil temperatures (5 cm depth) among sites from late August 2006 to 
2008. Mean snow depths at tall birch, birch hummock, and snowfenced birch hummock 
sites were 52 (3), 29 (2) and 87 (3) cm on April 8th, 2007 and 62 (5), 29 (1), and 96 (3) 
cm on May 05, 2008. 
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Figure 2. 15N enhancement (mg/m2) in plant shoot new growth of the major species at 
each site (n=5; bars=standard errors). Columns that share the same superscript letter(s) 
are not significantly different (P <0.05). 
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Figure 3. 15N enhancement (mg/m2) in plant shoot old growth of the major species at 
each site (n=5; bars= standard errors.). Columns that share the same superscript letter(s) 
are not significantly different (P <0.05). 
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Figure 4. 15N enhancement (mg/m2) in fine roots (<2 mm diameter) of the major species 
at each site (n=5; bars=standard errors). Columns that share the same superscript letter(s) 
are not significantly different (P <0.05). 15N in unidentified fine roots in the organic layer 
and the uppermost 3 to 4 cm of the mineral layer were 2.4 (0.4), 0.5 (0.2), 1.3 (0.3) and 
0.2 (0.1), 1.4 (0.2) and 0.02 (0.01) mg/m2 in the tall birch, birch hummock and 
snowfenced birch hummock sites respectively.  
 

 

 

 

 

0.0

0.1

0.1

0.2

0.2

0.3

0.3

Tall Birch Birch Hummock Snowfenced Birch Hummock

15
N

 e
nh

an
ce

m
en

t i
n 

fi
ne

 ro
ot

s 
(m

g/
m

2 )

Betula glandulosa Vaccinium uliginosum Graminoids Vaccinium vitis-idaea Ledum decumbens

a 

abc 

abc 

 abc 

  bc 
 bc 

 abc 

 c 

abc 

 bc 

 c 

abc 

ab 

 bc  bc 



 

69 

 

 
Figure 5.15N enhancement (mg/m2) in the principal ecosystem component pools for each 
site (n=5; bars=standard errors) in late August 2008. MBN and DTN are calculated to 
~10 cm soil depth which includes the organic layer and some underlying mineral soil. 
Abiotic soil fixation (organic and mineral soil) of 15N label [Calculated as total soil 15N – 
(MB15N + DT15N)] is estimated at  76.0 (28.5), 32.3 (7.8) and 52.9 (10.4) mg 15N/m2 of 
the total added label (50 mg) at the tall birch, birch hummock and snowfenced birch 
hummock, respectively (Appendix 9).   
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Chapter 4: General Discussion 

 Annual mean air temperatures have increased by 2 to 3oC in the Arctic over the 

last 50 years (ACIA 2004), and consequently changes in vegetation are expected. A 

vegetation transition in the Arctic may already be taking place (Myneni et al. 1997, Stow 

et al. 2004) as tall deciduous shrubs have increased in density and cover (Tape et al. 

2006). Currently there is no direct mechanism to explain why shrubs are expanding. 

Recent evidence suggests that winter biological processes could play a role (Sturm et al. 

2001, Sturm et al. 2005b). It has been hypothesized that deeper snow accumulation 

around shrubs leads to increases in winter soil temperatures, enhancing microbial 

activity. This enhanced winter microbial activity results in a larger release of soluble N, 

which is acquired by shrubs and used to increase growth. In these two studies we 

examined the potential controls on short-term early spring N availability and longer term 

N uptake by plants under ambient, experimentally deepened snow, and the combination 

of vegetation–type and snow depth conditions using an isotopic tracer. 

 Our results demonstrate that deeper snow alone was not the mechanism for early 

spring N availability or increased N uptake by shrubs over the two year study period. 

Experimentally deepened snow levels created an increase in winter soil temperatures of 2 

to 4oC over the birch hummock site during most of the winter. This small increase under 

deepened snow may not have been enough to significantly enhance microbial activity. A 

strong treatment effect of warming greater than 5oC was not seen until after both the 
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ambient and deepened snow birch hummock sites’ soil temperatures were cooler than         

-10oC, which is below detectable microbial activity (Mikan et al. 2002).  Furthermore, N 

mobilization and MBN under deepened snow were not significantly enhanced in early 

spring. This suggests that if there was an enhanced N turnover caused by increased 

microbial activity under deepened snow, then the excess N may have been leached out. 

Moreover, plant uptake and allocation of 15N over the two years did not differ between 

the snowfenced and birch hummocks. Overall, these results contribute to our 

understanding of the Snow-Shrub Feedback Hypothesis and mechanisms of potential 

shrub expansion. Our results suggest that deeper snow alone does not significantly 

increase N availability during early spring, and that when shrubs are not dominant within 

the ecosystem, they are outcompeted for N by other species. 

   Interestingly, our results show the importance of microbial access to high quality 

surface litter. Microbial access to quality substrate and warmer winter soil temperatures 

allowed for enhanced N mobilization in the early spring at the tall birch site than the 

birch hummock site. Furthermore, we demonstrated that birch shrubs located in tall birch 

patches acquire more N because of a larger biomass and stronger physiological capacity 

to take up N than the birch shrubs found at the birch hummock site. In addition, we 

demonstrated that low-lying species at the tall birch site were better able to capture N 

than the birch, possibly due to shallower rooting, but were unable to acquire high 

amounts of N because of their low biomass. Moreover, we showed that shrubs were 

producing more new growth within the tall birch site, which should capture more CO2 
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from the atmosphere as woody growth continues. Overall, these results contribute to the 

shrub expansion theories by suggesting that substrate quality and warmer winter soil 

temperatures contribute to N availability in early spring, and that if there is any 

immobilized N by microbes from enhanced winter processes, it will be steadily turned 

over throughout the season. 

 Future work is required to look at the summer effects associated with the Snow-

Shrub Feedback Hypothesis, specifically, the differences between the winter and summer 

mechanisms that could contribute to shrub expansion. Furthermore, our study suggests 

that future projected increases in snow accumulation within the Arctic (ACIA, 2004) may 

have little impact on N cycling and plant uptake. However, our study was only two years 

in length, and future long term plots are required before thorough conclusions can be 

made about the effects of deeper snow on N cycling. For example, the Chapin et al. 

(1995) high fertilization experiment took over three years before species composition 

changes could be detected, indicating that microbes needed to be come N saturated before 

significant portions of N could be taken up by plants. This suggests that if increased 

winter snow does enhance winter microbial activity and turnover of N to the soil solution, 

it may take several years before the MBN pool can become saturated enough to start 

seeing any significant signs of N increases in the soil solution and/or plant community 

composition changes. 

 In these studies, we have quantified a potential reason for shrub expansion. We 

determined that deepened snow alone does not facilitate N turnover between the 
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microbial pool and soil solution, over one or two years at least, but the combination of 

vegetation-type and snow depth can. Although, neither of these studies shows a direct 

mechanism for shrub expansion, we do provide valuable information into biogeochemical 

interactions of shrub tundra and deeper snow effects on N uptake patterns of species, 

while furthering our understanding of how snow-shrub interactions and winter processes 

might contribute to shrub expansion in the Arctic.  
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Appendices 

Appendix 1: The nitrogen cycle (adapted from Chapin et al 2002). 
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Appendix 2: The Snow-Shrub Feedback Hypothesis (Sturm et al. 2005b). Question 
marks indicate the principal unresolved phases of the feedback loop (i.e. if increased 
winter microbial activity under deepened snow results in enhanced nutrient availability in 
the spring; and if shrubs acquire nutrients from enhanced winter biological processes) 
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Appendix 3: Study site location at Daring Lake, Northwest Territories, Canada in the 
sub-arctic ecozone (adapted from Nobrega and Grogan 2007). 
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Appendix 4: Birch hummock (a) and tall birch (b) sites at peak biomass. Photos taken by 
Ian McCormick 
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Appendix 5: Birch hummock control (a), birch hummock snowfence (b), and tall birch 
plots (c). Each plot is located around a central single birch plant (B. glandulosa) and is 
marked by wooden stakes at the corners. Pictures taken by Mathew Vankoughnett. 
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Appendix 6: The process of adding 15N enhanced ammonium chloride label to birch 
hummock (a) and tall birch (b) ecosystems using syringe needles and injection grids in 
late summer 2006. Photo taken by Paul Grogan. 
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Appendix 7: MBN and DTN mineral layer 15N label concentrations (µg/g dw soil) and 
enhancements (mg/m2) in late summer 2006 and early spring 2007. Note that the 
uppermost 3 to 4 cm of the mineral layer were sampled and reported here. No mineral 
layer was found in the snowfenced birch hummock plots. Parentheses indicate standard 
errors (n=5; unless otherwise indicated). 

 
    Tall Birch Birch 

Hummock 
Snowfenced Birch 

Hummock 
Stats 

 
        

df T ratio P 

15N label 
concentrations Late Summer 

2006 

MB15N 17.41β    6.40β       

DT15N   0.79β    0.35β      

Spring 2007 
MB15N   5.02 (2.19)   1.27 (0.50)     6   0.67 0.53 

DT15N   0.22 (0.13)   0.03 (0.02)     6   0.74 0.49 
15N enhancement 

Late Summer 
2006 

MB15N          

DT15N          

Spring 2007 
MB15N   0.15 (0.05)   0.10 (0.04)    8   1.28 0.25 

DT15N   0.01 (0.01) <0.01 (<0.01)    8   1.07 0.33 
β two or less samples 
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Appendix 8: Total soil 15N recovery (mg 15N/m2) for late summer 2006, early spring 
2007 and late August 2008. Columns that share the same superscript letter(s) are not 
significantly different (P <0.05). Note that only the uppermost 3 to 4 cm of the mineral 
layer were sampled and reported here. Parentheses indicate standard errors (n=5; unless 
otherwise indicated). 
 

  Tall Birch Birch Hummock Snowfenced  
Birch Hummock 

Site 

        df Fratio P 

Late summer 2006 Organic Soil 16.1b (7.6)  32.9ab (5.6)  54.1a (13.7) 2,14 3.92 0.049 

Mineral Soil 69.8β  10.7β       

Spring 2007 Organic Soil 12.9 (9.7) 23.4 (8.7) 23.0 (9.8) 2,14 0.41 0.67 

Mineral Soil¥  5.1 (2.6) 14.2 (12.6)   8 0.99 0.35 

Late summer 2008 Organic Soil 69.9 (32.9) 27.6 (4.2) 44.3 (6.4) 2,14 1.19 0.34 

 Mineral Soil 11.9 (5.2)  8.1 (5.6) 14.9 (10.7) 2,14 0.22 0.81 
β Two or less samples. 
¥ T-test 
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Appendix 9: Distribution of 15N label (mg 15N/m2) among ecosystem components in late August 2008. Note that the 
uppermost 3 to 4 cm of the mineral layer were sampled and reported here. Parentheses indicate standard errors (n=5; unless 
otherwise indicated). Abiotic soil fixation of 15N label is calculated as the total soil 15N – (MB15N + DT15N). 
 

    
Abiotic 
fixation MB15N DT15N 

Vascular 
shoots 

Belowground 
stems 

and roots 
Surface 

litter 

Mosses 
and 

lichens 

Total 
ecosystem 
recovery 

Tall birch 
Organic soil 64.8 (30.9) 4.9 (2.3) 0.3 (0.1)      

Mineral soil 11.2 (5.2) 0.7 (0.3) 0.1 (0.1)      

Plants and litter     3.6 (0.3) 4.4 (0.5) 1.1 (0.3) 0.1 (0.1)  

Total    
 
 

 
 

 
 

 
 

 
 91.0 (30.3) 

Birch 
hummock Organic soil 24.7 (4.1) 2.9 (0.3) 0.1 (0.1)      

Mineral soil 7.7 (4.1) 0.8 (0.4) 0.1 (0.1)      

Plants and litter    3.0 (0.2) 2.0 (0.3) 1.0 (0.2) 0.4 (0.1)  

Total         42.0 (8.3) 
Snowfenced 
birch 
hummock 

Organic soil 38.9 (6.5) 5.4 (0.9) 0.1 (0.1)      

Mineral soil 14.1 (10.1) 0.8 (0.1) 0.1 (0.1)      

Plants and litter    3.1 (0.4) 1.9 (0.3) 0.9 (0.4) 0.4 (0.1)  

Total         65.4 (10.5) 
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Appendix 10: Total pooled vegetation shoot 15N label concentrations (µg/g dw shoot) 
and enhancements (mg/m2) at the three sites in early spring 2007. Columns that share the 
same superscript letter are not significantly different (P <0.05). Parentheses indicate 
standard errors (n=5; unless otherwise indicated). 
 

Species Type 
Tall Birch Birch Hummock Snowfenced  

Birch Hummock 
Site 

      
df t ratio P 

15N label concentration 0.60¥  2.40 (0.93) 1.49 (0.22) 8 0.95 0.39 
15N enhancement   1.05 (0.45) 0.30 (0.11) 8 -1.60 0.18 

 ¥ One sample 

 



 

92 

 

Appendix 11: 15N label concentrations (µg/g dw shoot), enhancement (mg/m2), and 
biomass (g dw/m2) of vegetation from birch hummock plots in early spring 2007. 
Columns that share the same superscript letter are not significantly different (P <0.05).  
Parentheses indicate standard errors (n=5). 
 

    B. glandulosa 

Ledum Vaccinium 
Site 

decumbens vitis-idaea 
df Fratio P 

15N label concentration 0.20a (0.05) 2.91b (1.10) 0.97ab (0.49) 2,14 4.03 0.0459 
15N enhancement 0.01a (<0.01) 0.54a (0.21) 0.12ab (0.06) 2,14 4.86 0.0284 

Biomass  53.8a (6.7) 200.9b (36.8) 69.4a (28.6) 2,14 8.85 0.0043 
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Appendix 12: Moss and lichen biomass and surface litter mass (g dw/m2), 15N label 
concentration (µg/g dw plant) and enhancements (mg/m2) at the three sites in early spring 
2007. . Columns that share the same superscript letter are not significantly different (P 
<0.05). Parentheses indicate standard errors (n=5). 
 

Species Type 

  Tall Birch Birch Hummock 
Snowfenced  

Birch Hummock   
Stats   

        df F ratio P 

Moss Biomass 109.3 (25.1) 39.1 (25.6) 118.33 (53.1) 2,14 1.38 0.29 

15N concentration 0.05 (0.04) 0.70 (0.41) 0.20 (0.06) 2,14 1.97 0.18 

15N enhancement <0.01 (<0.01) 0.01 (<0.01) 0.03 (0.01) 2,14 3.96 0.05 

Litter Biomass 1070.9 (157.5) 1645.6 (395.7) 763.05 (120.0) 2,14 3.07 0.08 
15N concentration 0.35 (0.13) 0.76 (0.17) 0.40 (0.11) 2,14 2.68 0.11 
15N enhancement 0.35a (0.10) 1.15b (0.29) 0.34a (0.11) 2,14 6.14 0.0145 

Lichen Biomass 95.9 (43.1) 175.9 (19.8) 162.5 (31.9) 2,14 1.69 0.23 

15N concentration 0.20 (0.05) 0.29 (0.04) 0.52 (0.19) 2,14 2.07 0.17 

15N enhancement 0.02 (0.01) 0.05 (0.01) 0.08 (0.03) 2,14 3.18 0.08 
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Appendix 13: Shoot new growth 15N label concentrations (µg/g dw plant) and 
enhancements (mg/m2) in infrequent species of the three sites in late August 2008. 
Parentheses indicate standard errors (n=5, unless otherwise indicated). 
 

  
Species Type Tall Birch Birch Hummock Snowfenced 

Birch Hummock 

Stats 

 
 df t ratio P 

New 

growth 

15N label  
concentration 

Andromeda 
polifolia   16.08¥ (3.20) 17.52¥ (8.44) 5 0.18 0.86 

Rubus 
chamaemorus 

  3.12#  4.76 (4.61)  

Salix spp. 19.87¥  (19.31)      
15N 
enhancement 

Andromeda 
polifolia   0.19 (0.07) 0.13 (0.09) 8  -0.45 0.66 

 Rubus 
chamaemorus 

    <0.01 (<0.01)    

 Salix spp. <0.01 (<0.01)      

Old 

growth 

15N label 
concentration 

Andromeda 
polifolia*   4.67¥ (0.72) 5.90¥ (1.39) 6 0.78 0.46 

Rubus 
chamaemorus 

  0.01#  1.13 (1.07)  

Salix spp 4.97 (4.74)      
 15N 

enhancement 
Andromeda 
polifolia   0.07 (0.03) 0.07 (0.03) 8 -0.08 0.93 

 Rubus 
chamaemorus 

    0.01 (0.01)  

Salix spp <0.01 (<0.01)      

Fine 

roots 

15N label 
concentration 

Andromeda 
polifolia*   3.91¥ (0.51) 4.15¥ (1.16) 6 0.77 0.47 

Rubus 
chamaemorus   <0.01#     

Salix spp <0.01 (<0.01)      
 15N 

enhancement 
Andromeda 
polifolia   0.03 (0.01) 0.03 (0.02) 8 0.11 0.91 

 Rubus 
chamaemorus 

    <0.01 (<0.01)  

 Salix spp <0.01 (<0.01)      
¥ n=3; # n=2 
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Appendix 14: Mushroom 15N label concentration (µg/g dw plant) and enhancements 
(mg/m2) in the three sites in late August 2008. Parentheses indicate standard errors (n=5, 
unless other wise indicated). 
 

 Plant Type Tall Birch Birch Hummock 
Snowfenced 

Birch Hummock 
 

15N label concentration Mushroom¥ 5.93 (2.96)     

15N enhancement Mushroom <0.01 (<0.01)     
                                     ¥ n = 3 
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Appendix 15: 15N label concentrations (µg/g dw plant) in moss, lichen and surface litter 
for each site in late August 2008. Parentheses indicate standard errors (n=5). 
 

 
Aboveground Plant 

Material 

Tall Birch Birch Hummock Snowfenced  
Birch Hummock Site 

      
df F 

ratio P 

15N label 
concentrations Moss 0.60 (0.13) 0.97   (0.16) 0.99 (0.23) 2,14 1.54 0.2549 

 Lichen 0.37 (0.08) 0.76    (0.33) 0.49 (0.07) 2,14 1.01 0.3930 

 Surface litter 0.94  (0.10) 1.27   (0.37) 1.12 (0.16) 2,14 0.46 0.6426 

 

 



 

97 

 

Appendix 16: Surface litter C:N ratio for each site in early spring 2007 and late August 
2008. Parentheses indicate standard errors (n=5). 
 

Aboveground  
Plant Material 

Tall Birch Birch Hummock Snowfenced  
Birch Hummock Site 

      
df F ratio P 

Surface litter 
Early spring 2007 27.2a (1.7) 43.3b (2.4) 45.1b (3.3) 2,14 14.85 0.0006 

Late summer 2008 36.7  (1.9) 49.8 (6.0) 45.3 (3.3) 2,14 3.39 0.07 
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