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ABSTRACT 

Carbon Exchange along a Natural Gradient of Deciduous Shrub 

Coverage in the Low-Arctic  

Le Ge 

Arctic terrestrial ecosystems have experienced substantial structural and 

compositional changes in response to warming climate in recent decades, especially 

the expansion of shrub species in Arctic tundra. Climatic and vegetation changes 

could feedback to the global climate by changing the carbon balance of Arctic tundra. 

The objective of this thesis was to investigate the influence of increased shrub 

coverage on carbon exchange processes between atmosphere and the Arctic tundra 

ecosystem. In this study a space-for-time substitution was used, referred to as a shrub 

expansion “chronosequence”, with three sites along a natural gradient of deciduous 

shrub coverage in the Canadian low Arctic. Leaf-level photosynthetic capacity (Amax) 

of dominating birch shrub Betula glandulosa (Michx.) was significantly higher 

(P<0.05) at the site where shrubs were more abundant and taller than at the other sites. 

For all sites, mean Amax in 2014 was significantly lower than in 2013, in part 

potentially due to differences in precipitation distribution. Bulk soil respiration (RS) 

rate was significantly higher (P<0.05) at the site with more shrubs compared with the 

other sites. The differences in RS across sites appeared to be driven by differences in 

soil physiochemical properties, such as soil nitrogen and soil bulk density rather than 

soil microclimate factors (e.g. soil temperature, moisture). The three sites were either 

annual CO2 sources (NEP<0) to the atmosphere or CO2 neutral, with strongest annual 

CO2 sources (-44.1±7.0 g C m-2) at the site with most shrubs. Overall this study 

suggests that shrubs tundra carbon balance will change with shrub expansion and that 
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shrub ecosystems in the Arctic currently act as annual carbon sources or neutral to the 

atmospheric CO2 and further shrub expansion might strengthen the CO2 emissions, 

causing a positive feedback to the warming climate.  

Keywords: Arctic tundra, carbon exchange, climate change, cold season,  

photosynthetic capacity, shrub expansion, snow depth, soil respiration, soil moisture, 

soil temperature, soil N content. 
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PREFACE 

This thesis is presented in manuscript form as each of the chapters are submitted or 

intended to submit for publication in the peer-reviewed literature. Chapter 2 has been 

submitted to the journal of Ecosystems, and the manuscript shown here is a revision 

based on the reviewers’ comments. Chapter 3 is in preparation for submission to the 

Arctic, Antarctic and Alpine Research on July 2016. Chapter 4 is a manuscript that 

will be considered for future publication. These manuscripts have been modified from 

their original submitted form to preserve a consistent format throughout this 

document. I am the first author on each of these manuscripts, and all of my research 

has been done in collaboration with other people. I have indicated the names of my 

collaborators on the title page of each chapter.     
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Chapter 1 : General Introduction 

Arctic Climate Change  

Earth’s climate is changing, with the global temperature rising at an unprecedented 

rate during recent decades (IPCC, 2014). While some changes in climate have 

resulted from natural variability, there is a great consensus that most of the warming 

observed since mid-20th century is attributable to human activities (IPCC, 2014). 

Anthropogenic greenhouse gas (GHG) emissions since the pre-industrial era have 

driven large increases in the atmospheric concentrations of carbon dioxide (CO2), 

methane (CH4) and nitrous oxide (N2O). Emissions of CO2 from fossil fuel burning 

and industrial processes contributed about 78% of the total GHG emissions increase, 

which has likely contributed to more than half of the observed increase in global 

average surface temperature since 1950 (IPCC, 2014). Climate changes have caused 

complex impacts on natural and human systems in recent decades, with an increase in 

climate-related extreme events (IPCC, 2014). Continued GHG emissions to the 

atmosphere at or above current rates will cause further warming with an increase in 

average global temperature of 1.4 - 5.8 oC over the course of this century (IPCC, 

2014).  

The climate of the Arctic is extremely vulnerable to observed and projected global 

warming. Arctic average temperature has risen at almost twice the rate as the rest of 

the globe in the past few decades (ACIA, 2004). Additional evidence of Arctic 

warming comes from the decreased extent and thickness of Arctic sea ice, changes in 

the ice sheets and ice shelves, permafrost thawing, coastal erosion, and altered 

distribution and abundance of species (Hinzman et al., 2005; Forbes et al., 2010). 
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These changes will accelerate during this century, due to the ongoing increases in 

concentrations of GHG in the atmosphere, which is projected to contribute additional 

Arctic warming of about 4 - 7 oC over the next 100 years (ACIA, 2004).  

These wide-ranging changes in the Arctic will, in turn, feedback to the global climate 

(Figure 1.1) through changes in the reflectivity of the surface, alteration of ocean 

circulation and changes in the processes of carbon (C) exchanges. As melting snow 

and ice reveal darker land and water surfaces, more of the sun’s energy is absorbed, 

increasing the Arctic surface temperatures (Serreze and Francis, 2006; Bhatt et al., 

2010). Warming will cause faster melting, which in turn will lead to more warming, 

and so on, creating a self-reinforcing cycle, amplifying and accelerating the warming 

trend. As Arctic ice melts, more freshwater will be added to the oceans, which can 

alter the ocean circulation patterns and further amplify changes in global climate 

(Moritz, 2002; Serreze et al., 2011).  

 

Figure 1.1 The role of the Arctic in global processes. Global climate changes 

influence all components of the climate system (arrow 1), including the Arctic (arrow 

2). The response of Arctic biota to the altered climate affects Arctic processes (arrow 

3) which can feed back to alter global climate (arrow 4) (from Arctic Ecosystems in a 

Changing Climate: An Ecophysiological Perspective, Chapin et al., 1992). 



 

 

3 

 

Changes in the Arctic will influence C uptake and C emissions, the balance of which 

can lead to a net positive or negative feedback to global warming. For example, large 

amounts of C trapped in the permafrost that underlies much of the Arctic tundra might 

be released to the atmosphere as the permafrost thaws, which will exacerbate CO2-

induced warming (McGuire et al., 2009; Natali et al., 2011). On the other hand, 

elevated atmospheric CO2 and warming temperatures caused an expansion of Arctic 

vegetation, which increases solar radiation absorption and vegetation-respired CO2 

emissions, amplifying global warming (Bhatt et al., 2010). Alternatively, expanding 

Arctic vegetation will also be accompanied by increasing primary productivity, which 

could increase the removal of CO2 from the atmosphere and enhance C storage in 

plant biomass, slightly moderating the projected amount of warming (Johnson et al., 

2000; Chapin et al., 2005). Thus, potentially positive or negative responses of Arctic 

surface–atmosphere C exchange are possible. Vegetation expansion might play an 

important role in understanding and predicting the Arctic and global warming in the 

future. A goal of this thesis was to further our understanding of CO2 exchanges of 

Arctic tundra ecosystems and to help elucidate its potential role in global climate 

change. 

Shrub Expansion   

Biologists and ecologists generally accept the definition of the Arctic as those lands 

beyond the climatic limit of trees dominating the mesic habitats of upland areas 

between river drainages (Bliss and Matveyeva, 1992). This biome has long cold 

winters and short cool summers, as well as low precipitation and dry winds. The 

major Arctic vegetation zones include the polar deserts, tundra and the northern part 
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of the boreal forest, among which Arctic tundra occurs across northern Alaska, 

Canada, and Siberia (Alexandrova, 1980).  

The Arctic tundra ecosystems refer to the treeless plain in general, which is 

characterized by an abundance of shrubs including tall multi-stemmed shrubs (0.4 - 4 

m), erect dwarf shrubs (0.1 - 0.4 m) and prostrate dwarf shrubs (< 0.1 m) (Myers-

Smith et al., 2011). The ground cover also includes numerous graminoids, forbs and 

an abundance of lichens and mosses. As the tallest plants occupying tundra 

ecosystems, shrub species benefit more than other species from warmer air 

temperatures by increasing their productivity, often at the cost of moss and lichen 

biomass (Hobbie and Chapin, 1998b; Walker et al., 2006). Through different 

approaches, such as repeat photographs, transect studies, satellite-derived indices, and 

field experiments, increased shrub cover and density has been observed to occur in 

various locations of the Arctic tundra in recent decades, including in Northern Alaska 

(Tape et al., 2006), Western Canadian Arctic (Lantz et al., 2010; Mackay et al., 2011), 

Canadian High Arctic (Hudson and Henry, 2009; Daniels et al., 2011), and Arctic 

Russia (Forbes et al., 2010; Blok et al., 2011). Although shrub expansion is 

widespread, regional expansion rates vary widely due to complicated drivers in the 

process of “shrubification”. Warmer temperatures have been reported to be the main 

driver of enhanced shrub growth (Rozema et al., 2009; Hallinger et al., 2010; Blok et 

al., 2011) and reproduction (Hermanutz et al., 1989; Weis and Hermanutz, 1993; 

Lantz et al., 2010). However, at Siberian tundra ecotones the rate of shrub canopy 

cover expansion was better correlated with mean annual precipitation rather than 

summer temperatures (Frost et al., 2013). Tape et al. (2012) suggested shrub 

expansion in Arctic Alaska will be uneven, aided by predisposed pathways along 

dendritic floodplains, streams, and scattered rock outcrops. Furthermore, shrub 
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species differ in their potential to gain dominance (Shaver et al., 2001; Bret-Harte et 

al., 2008). Most of observed shrub expansion is attributed to an increase in cover and 

density of deciduous shrubs (Walker et al., 2003a; Tape et al., 2006). This was also 

confirmed by findings from manipulated warming studies (Olofsson et al., 2009; 

Dawes et al., 2011) and fertilization experiments (Bret-Harte et al., 2001; Mack et al., 

2004), which have shown that deciduous shrubs, especially one species, Betula nana, 

has a competitive advantage over other shrubs as more favorable growing conditions 

arise from warming climate (Shaver et al., 2001). As a result, the increase of shrubs 

with warming climate will drastically alter the structure and function of tundra 

ecosystems (Bret-Harte et al., 2001; Shaver et al., 2001), which could in turn result in 

positive or negative feedbacks to the warming climate.  

Feedbacks of Shrub Expansion  

The complex and interacting factors that might govern shrub expansion and the 

potential feedbacks of increased shrub cover and density to ecosystem processes and 

properties were summarized in a recent synthesis paper by Myers-Smith et al. (2011) 

(Figure 1.2). Increased shrub cover and density may influence the regional and global 

climate through interactions among shrubs and microclimate, nutrient cycling, C 

storage, permafrost, surface albedo and disturbance (Figure 1.2). The exact nature of 

these influences will be determined by a series of related positive or negative 

feedbacks, some of which are well understood, for instance taller and darker canopies 

with shrub expansion increased surface net short-wave radiation (Bonfils et al., 2012; 

Miller and Smith, 2012) leading to a positive feedback to climate warming. 

Meanwhile, more woody shrubs facilitated evaporation through increasing latent heat 

exchange and atmospheric water vapor concentration (Schuur et al., 2009; Lawrence 
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and Swenson, 2011), which causes a second positive feedback to the climate 

warming.  

 

 

 

 

 

 

 

 

Figure 1.2 Potential feedbacks of increased shrub coverage to ecosystems. Red 

arrows indicate positive relationships, and blue arrows indicate negative relationships 

between the two connecting factors; gray arrows indicate as yet undetermined 

influences (from Myers-Smith et al., 2011). 

Increasing shrub cover and density can also affect C exchanges between atmosphere 

and ecosystem, which could cause a net positive or negative feedback to climate 

warming depending on the interactions with soil temperature, thaw depth, litter, and 

nutrient cycling (Figure 1.2). For example, warming-induced shrub growth can 

increase C uptake through increases in vegetation productivity (Mack et al., 2004; 

2011; Chapin et al., 2005), which slows the climate warming trend. Shading 

associated with increasing shrub canopy reduces soil temperature (Marsh et al., 2010; 
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Blok et al., 2011) and inhibits permafrost thaw (Blok et al., 2010), which will reduce 

the C emissions and act as a negative feedback to regional warming. Near surface soil 

temperatures under shrub canopies were found to be 2 oC cooler in an experimental 

canopy manipulation conducted in alpine tundra (Myers-Smith, 2007). Alternatively, 

winter snow trapping by tall shrubs insulates the soil from cold atmosphere, which 

increases soil temperatures and potential C emissions to the atmosphere, further 

warming the climate (Sturm et al., 2001; Bewley et al., 2010). These results suggest 

both summer shading and winter snow trapping effects must be considered when 

evaluating the role of increased shrubs in regulating soil temperature, permafrost thaw 

and associated C exchanges.  

Furthermore, increased shrub canopies can provide greater litter inputs to soils 

(Cornelissen et al., 2007), which will facilitate soil microbial activity and associated 

C emissions to the atmosphere. Shrub expansion might also be accompanied by a shift 

of substrate supply from lower quality (higher C/N ratio), slower decomposing 

evergreen shrub and graminoid litter to the higher quality, faster decomposing 

deciduous shrub litter (Shaver et al., 2000; Sturm et al., 2001), which could facilitate 

nutrient cycling (Buckeridge et al., 2010) and potential C release to the atmosphere, 

acting as a positive feedback to climate warming. In contrast, reduced soil 

decomposition rates have been shown with increasing shrubs in tundra ecosystems 

(Cornelissen et al., 2007), first because deciduous shrub litter is more recalcitrant 

compared with the herbaceous litter (Hobbie, 1996; Baptist et al., 2010), and second 

because woody plants stored more C in recalcitrant forms such as lignin which can 

retard decomposition (De Deyn et al., 2008). These controversial results suggest both 

litter quantity and quality should be included in evaluating litter effects on C 

exchanges with increasing shrub cover and density.    
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Regardless of the uncertainties, shrub expansion stands to play an important role in 

climate warming through its influences on the above processes related to C exchange. 

However, our current understanding of these feedback mechanisms is not well formed 

due to limited studies and as such, more field studies as well as spatial upscaling with 

models are required to quantitatively estimate these effects on future regional and 

global climate. 

Arctic Tundra Carbon Exchange  

Arctic tundra ecosystems have historically been net C sinks for atmospheric C 

(Harden et al., 1992; Pries et al., 2012) due to the long, harsh winters and poorly 

drained permafrost soils, which slows decomposition relative to plant production, and 

thus promotes the ability of tundra to sequester and store C (Billings, 1987; Hobbie et 

al., 2000). However, rising surface temperatures due to warming climate could 

substantially influence the C exchanges in Arctic tundra ecosystems (Chapin et al., 

2005; IPCC, 2007). Warmer temperatures support the abundance and extent of shrubs 

as well as a longer growing season, which may stimulate growing season C 

assimilation (Shaver and Kummerow, 1992; Johnson et al., 2000). On the other hand, 

increasing temperatures may warm and thaw permafrost soils and enhance 

decomposition and associated C emissions (Hobbie et al., 2000; Schuur et al., 2008; 

McGuire et al., 2009; Grosse et al., 2011). Recent evidence suggests that despite 

increases in growing season net CO2 uptake (McGuire et al., 2012), tundra 

ecosystems are currently either annual C neutral or net sources of CO2 to the 

atmosphere (Oechel et al., 1993; Belshe et al., 2013) primarily due to the increased 

winter C release (Welker et al., 2000; Belshe et al., 2012; Euskirchen et al., 2012). 
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However, none of this research considers the influences of increased shrubs on 

ecosystem C exchange processes, thus there is a great uncertainty in such conclusions.   

In order to study the exact C status (sink/source) of Arctic tundra ecosystems, a 

separation of different sources of C exchanges is needed. Tundra ecosystems fix 

atmospheric C through CO2 uptake (GEP) by vegetation and return this C back 

through respiration losses of CO2 (ER) by both vegetation (RV) and soil (RS) (Figure 

1.3). The balance of these two processes represents the net exchange of CO2 (NEP) 

between the atmosphere and the ecosystem. In winter, the tundra ecosystem is 

covered by snow and vegetation photosynthesis is negligible, therefore NEP is 

effectively equivalent to ER. Whether tundra ecosystems act as a C sink or source 

with increasing shrub cover and density will be determined by the balance of 

changing GEP and ER with more shrubs. The potential variations of GEP and ER with 

increasing shrubs might be driven by different processes at different time periods.  
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Figure 1.3 Main carbon fluxes in tundra ecosystem. Net ecosystem carbon exchange 

(NEP), gross ecosystem production (GEP), ecosystem respiration (ER), vegetation 

respiration (RV) and soil respiration (RS). 

The effect of increased shrubs on GEP will primarily manifest in four ways (Figure 1.4) 

by i) shifting species composition, and ii) increasing photosynthetic leaf area (LAI), and 

iii) an extension of growing seasons days (GSD), iv) altering species photosynthetic 

capacity (Amax), which is the maximum light-saturated photosynthetic uptake of CO2 and 

represents the potential CO2 assimilation rate of plant species. Growing season GEP will 

increase as species shift from less productive species (i.e., prostrate coniferous shrubs and 

mosses) to more productive shrubs that accumulate C in long-lived woody biomass (Bret-

Harte et al., 2001; Miller and Smith, 2012; Shaver et al., 2001). As well, deciduous 

shrubs are typically associated with greater leaf area (Williams et al., 2006) and as many 

Arctic vegetation communities exhibit a direct relationship between CO2 uptake and 
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photosynthetic leaf area (Shaver et al., 2007; Street et al., 2007). Greater shrubs increased 

GEP indirectly through an extension of growing days which extends the period of C 

uptake (Tucker et al., 2001; Tagesson et al., 2012; Mbufong et al., 2014; Sweet et al., 

2015). While greater deciduous shrub abundance and leaf area are likely to increase C 

uptake in the future, little is known about how photosynthetic capacity (Amax) of these 

species may change and affect ecosystem CO2 assimilation.    

 

Figure 1.4 Schematic of process related to shrub expansion and their feedbacks to carbon 

exchange. Amax, photosynthetic capacity; GSD, growing season days; LAI, leaf area 

index; GEP, gross ecosystem productivity; ER, ecosystem respiration; NEP, net 

ecosystem productivity.  
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The influence of increased shrub cover and density on ER can be partitioned into two 

sources (Figure 1.4): i) vegetation respiration including overstory shrub respiration and 

understory vegetation (e.g. mosses, lichens and other vascular species) respiration and ii) 

soil respiration. Changes in tundra vegetation could have direct effects on ER by 

influencing productivity (and thus impacting autotrophic respiration) and substrate 

quality and quantity. Indirect effects include changes in soil temperature and moisture, 

which have been widely shown as the main drivers in soil respiration (Raich and Potter, 

1995; Shaver et al., 2007, 2013). Ground cover such as lichen reduces surface albedo 

(Manseau et al., 1996) and mosses tend to reduce the thermal admittance and thus 

insulate the soils from summer heat, resulting in cooler soil temperatures (Gornall et al., 

2007). Loss of these ground cover species as a possible result of shading or other effects 

associated with greater shrub abundance may promote warmer soil temperatures, which 

may promote soil respiration. Thus, vegetation structure and composition clearly play an 

important role in ER, however, our understanding of these processes remains limited. 

Research Aims and Thesis Outline 

It is difficult to study the feedbacks of shrub expansion, because the time scale of shrub 

expansion is too long. In this study a space-for-time substitution was used referred to as a 

shrub expansion “chronosequence” with three sites along a natural gradient of deciduous 

shrub coverage in the Canadian low Arctic (Appendix A). The three research sites were 

located within 3 km of each other and the vegetation characteristics of these three sites 

varied mostly in terms of the cover of the birch shrub Betula glandulosa (Michx.). Field 

experiments and data analysis were established to answer three main questions: 
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1) Is Amax of B. glandulosa (Michx.) larger in sites where this species had greater cover 

and density? 

2) Is soil respiration larger in sites where B. glandulosa (Michx.) has greater cover and 

density?  

3) Is greater B. glandulosa (Michx.) cover and density associated with larger CO2 sink 

activity?  

In order to answer these questions, three experiments were established to quantify, 1) 

Amax of the dominant deciduous shrub species, B. glandulosa (Michx.), (Figure 1.5, E1), 

2) soil respiration (Figure 1.5, E2) and 3) ecosystem C exchange (NEP) (Figure 1.5, E3) 

at the three study sites. Furthermore, soil microclimate and physiochemical properties, 

leaf physiochemical properties, litter quality as well as snow/permafrost thaw depth were 

also measured to help understanding the mechanism of hypothesized spatial and/or 

temporal variation of Amax, soil respiration and NEP within or among three sites. By 

addressing these questions, the overarching research objective in this thesis was to 

investigate the potential feedback of Arctic shrub expansion to future climate warming 

(Figure 1.5).  

The thesis is organized as a manuscript format and includes three chapters (Chapters 2, 3 

& 4) of results presented as separate manuscripts. By necessity there is some repetition of 

materials among these chapters and with the other thesis chapters, but attempts have been 

made to minimize this. These results chapters are outlined below. 
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In the first experiment described in this thesis (Chapter 2), Amax of B. glandulosa 

(Michx.) in sites with differing shrub coverage was investigated (Figure 1.5: E1). At each 

site, 6 semi-permanent plots (1 m × 1 m) were selected containing at least 1 birch shrub 

and representing the range of hydrological conditions. Leaf-level Amax was measured on 3 

leaves per plot at weekly intervals from July through August in 2013 and 2014 between 

10 am and 4 pm local time. Meanwhile, leaf physiochemical properties (specific leaf 

area, leaf nitrogen content, leaf C/N ratio) of B. glandulosa (Michx.) and soil 

physiochemical properties (soil bulk density, soil nitrogen content, soil C/N ratio) and 

soil microclimate traits (soil temperature, soil moisture) were also measured at all three 

sites to explain the temporal and spatial variations in Amax.  

In the second experiment (Chapter 3), soil respiration was compared among sites with 

differing shrub coverage (Figure 1.5: E2). Climate warming generally favors growth of 

deciduous shrubs at the cost of ground cover vegetation (e.g. forbs, graminoids, 

bryophytes and lichens) in Arctic tundra ecosystems (Walker et al., 2006) due to the 

competition of light and nutrients among species (Totland and Esaete, 2002; Fargione et 

al., 2003). Thus, in this experiment groundcover vegetation respiration (RG) was 

separated from total understory respiration (RT) to study the influence of shrubs on 

respiration from both bulk soil (RS) and ground cover vegetation. In each of the above 

mentioned 6 semi-permanent plots, three experimental subplots were established for the 

measurement of RT, paired with a second set of plant removal treatments for RS 

measurements. In 2014, RT, RS and RG (RG = RT - RS) were measured weekly from July 

through August in 2014 between 10 am and 2 pm local time. Besides, soil 

physiochemical properties (e.g. soil bulk density, soil N content, and soil C/N ratio), soil 
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temperature and moisture were also investigated to examine their importance in 

governing respiration rates with increasing shrubs. 

 

Figure 1.5 Schematic of processes related to shrub expansion and their associated 

feedbacks to carbon exchange in this thesis. E1, E2, and E3 refer to the experiments in 

this thesis. Amax, photosynthetic capacity; GSD, growing season days; LAI, leaf area 

index; GEP, gross ecosystem productivity; ER, ecosystem respiration; NEP, net 

ecosystem productivity. 

In chapter 4, the annual C exchange at the three sites was evaluated (Figure 1.5: E3) by 

measuring growing season C fluxes and accumulated cold season C fluxes. Eddy 

covariance was used to measure vertical mass flux density of CO2 at a height of 3 m at 

each of the three sites during growing season of the year 2010 to 2014. In 2014/2015 cold 
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season (from August 28, 2014 to May 18, 2015) soda lime absorption technique was used 

to measure accumulated CO2 emitted from an enclosed area (633 cm2) of vegetation and 

underlying soil into the headspace (18.9 L) of a sample chamber. Apart from quantifying 

the annual net C balance in low Arctic tundra, soil microclimate factors such as 

temperature and moisture, as well as active layer depth and snow depth were also studied 

to help understand the potentially temporal and spatial variation in C exchange for both 

growing and cold seasons.  

The last chapter of this thesis (Chapter 5) synthesized the results present in chapters 2, 3, 

and 4 and discussed the major findings in a broader context. Finally, limitations of this 

study and some recommendations for future research directions based on perspectives in 

this thesis are discussed.  
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a Natural Gradient of Deciduous Shrub Coverage 
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Abstract 

Atmospheric warming due to climate change is expected to cause shifts in tundra 

vegetation composition, especially the expansion of shrub species. How the carbon (C) 

exchange of Arctic tundra ecosystems responds to shrub expansion will depend in part on 

the changes in C assimilation capacity of plant species. Here we investigated leaf-level 

photosynthetic capacity (Amax) of a dominant Arctic shrub, Betula glandulosa (Michx.), 

at three tundra sites representing a gradient of shrub coverage in the Canadian low Arctic. 

Amax was highest at the site where shrubs were most abundant and tallest with seasonal 

mean values of 16.30 (±0.33, SE) μmol m-2 s-1 in 2013 and 14.94±0.35 μmol m-2 s-1 in 

2014. In contrast, Amax was significantly lower at two other sites where shrubs were 

shorter and less abundant; Amax seasonal means for these sites were 14.84±0.60 μmol m-

2 s-1 and 14.24±0.41 μmol m-2 s-1 in 2013 and 13.34±0.71 μmol m-2 s-1 and 13.16±0.44 

μmol m-2 s-1 in 2014. For all sites mean Amax in 2014 was significantly lower than in 

2013, in part potentially due to differences in precipitation distribution. The site with 

highest Amax also had the lowest near surface soil temperature and highest soil and leaf N 

contents on a mass basis. In contrast, leaf N content per unit leaf area was lowest at this 

site due to significantly greater specific leaf area. The spatial and temporal variations of 

leaf-level Amax in this study suggest Amax might not remain constant as shrub coverage 

expands across the Arctic tundra. Thus, when evaluating the response of tundra ecosystem 

C exchange to future warming, potential variations in species Amax should also be 

considered, as well as species composition and leaf area. 
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Key words: climate change, leaf nitrogen, photosynthetic capacity, shrub coverage, soil 

moisture, soil nitrogen, soil temperature  

Introduction 

Recent atmospheric warming is expected to continue in the future, especially in Arctic 

regions, where climate models predict mean annual temperature will rise by 5 C by the 

end of this century (IPCC, 2014). This level of change is projected to alter ecosystem 

boundaries between the tundra vegetation communities, and one of the most prominent 

vegetation changes expected is an increase in the relative abundance and cover of erect 

deciduous shrub species (Pearson et al., 2013). Current observations of increases in shrub 

growth and colonization include regions of Northern Alaska (Tape et al., 2006), Western 

Canadian Arctic (Lantz et al., 2010; Mackay et al., 2011), Eastern Canadian Arctic 

(Tremblay et al., 2012), and Arctic Russia (Forbes et al., 2010; Blok et al., 2011). These 

observations strongly suggest that shrubs will continue to expand across the Arctic in the 

future (Myers-Smith et al., 2011). Although the phenomenon of “shrubification” is 

widespread, regional rates of shrub expansion vary widely. While warmer conditions in 

recent years have facilitated both the growth (Rozema et al., 2009; Forbes et al., 2010; 

Hallinger et al., 2010; Blok et al., 2011) and reproduction (Hermanutz et al., 1989; Weis 

and Hermanutz, 1993; Lantz et al., 2010) of shrubs, temperature is not the only driver of 

change. For example, at Siberian tundra ecotones the rate of shrub canopy cover 

expansion was better correlated with mean annual precipitation rather than summer 

temperatures (Frost and Epstein 2013). Tape et al. (2012) suggested shrub expansion in 

Arctic Alaska will be uneven, aided by predisposed pathways along dendritic floodplains, 
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streams, and scattered rock outcrops. Thus, shrub expansion is expected to be spatially 

and temporally variable due to complex and interacting factors that control the growth 

and recruitment of shrubs at a given location. 

Despite the apparent complexities of the expansion process, increased shrub cover and 

density will affect a wide range of ecosystem properties and processes including C 

exchanges between the ecosystem and atmosphere. In field experiments, shading 

associated with increased shrub cover and density reduced soil temperatures (Myers-

Smith, 2007; Myers-Smith and Hik, 2013) and inhibited permafrost thaw (Blok et al., 

2010; Myers-Smith, 2011), which may reduce summer soil C emission and protect the C 

stored in soils. Conversely, snow trapping by tall shrubs in winter may help keep soils 

warmer (Sturm et al., 2001) and stimulate CO2 emissions to the atmosphere. Soil 

moisture regimes may also change. Greater snow trapping could increase spring soil 

moisture, yet some authors suggest that greater deciduous shrub cover may increase 

evapotranspiration rates and lead to summer drying (Pearson et al., 2013). Greater shrubs 

with taller and more dense canopies will reduce albedo and can cause a regional 

atmospheric heating (Chapin et al., 2005), which can further impact vegetation growth 

and C assimilation. 

In terms of shrub impacts on C assimilation, ecosystem C uptake might increase as 

species shift from less productive species (i.e., prostrate evergreen shrubs and mosses) to 

more productive deciduous shrubs that accumulate C in long-lived woody biomass (Bret-

Harte et al., 2001; Shaver et al., 2001; Miller and Smith, 2012). Shrubs are generally 

associated with greater leaf area than other tundra species (Williams et al., 2006) and as 



 

 

21 

 

many Arctic vegetation communities exhibit a direct relationship between CO2 uptake 

and leaf area often expressed in terms of leaf area index (LAI) (Shaver et al., 2007; Street 

et al., 2007), increasing deciduous shrub abundance should increase CO2 uptake. At the 

pan-Arctic scale, many regions have experienced longer growing seasons, which can 

extend the period of C uptake within a given year for tundra species (Tucker et al., 2001; 

Zeng et al., 2011; Tagesson et al., 2012; Mbufong et al., 2014), but deciduous shrubs may 

be able to take particular advantage of these growing conditions. Sweet et al. (2015) 

found that deciduous shrub canopies in Alaska achieved peak greenness nearly two weeks 

earlier and senescence only three days earlier than evergreen/graminoid communities 

resulting in a longer season for peak CO2 uptake. 

While greater shrub abundance and leaf area are likely to increase C uptake in the future, 

little is known about how photosynthetic capacity (Amax) of Arctic species may change 

and affect ecosystem C dioxide assimilation. Amax is the maximum light-saturated 

photosynthetic uptake of CO2 and represents the potential CO2 assimilation rate of plant 

species. Several lines of thought are important here. First, previous studies on Amax of 

Arctic plant species indicated large differences in Amax among Arctic tundra species (Starr 

et al., 2008; Heskel et al., 2012), which could significantly affect potential ecosystem C 

assimilation when considering the changes in vascular plant species composition 

predicted in the future. Second, there is a pronounced seasonal pattern in Amax of Arctic 

vascular plants; following snow melt, Amax immediately increases reaching its maximum 

value at peak biomass and then, decreases towards the end of growing season (Starr et al., 

2000; 2008). However, the exact nature of Amax pattern varies among species with more 

apparent seasonal changes in deciduous shrub and forbs than that in evergreens and 
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graminoids because these species continue to produce new green leaves during most of 

the growing season (Shaver and Laundre, 1997; Starr et al., 2008). Both the seasonal 

pattern and absolute magnitude of Amax can differ among years, depending on the weather 

conditions such as snowmelt timing, growing season temperatures and precipitation 

(Geiger and Sevaites, 1994; Starr et al., 2008).  

Changes in soil temperature and soil moisture that develop in response to long-term shrub 

expansion may affect Amax directly through changes in root activity and plant water 

status/stomatal conductance or indirectly through changes to soil nutrient cycling and 

availability (Gorsuch and Oberbauer, 2002; Myers-Smith, 2011). Short-term experimental 

manipulations of soil temperature and nutrients are intended to mimic increased soil/leaf 

nutrient status resulting from increased litter inputs and/or greater nitrogen (N) cycling 

due to warmer soil temperatures (Bret-Harte et al., 2001; Heskel et al., 2012). These 

experiments often show no response of Amax for key Arctic species (Starr et al., 2008; 

Heskel et al., 2012; van de Weg et al., 2013), which suggests a reduced importance of 

Amax in evaluating the effects of climate warming on ecosystem C uptake compared with 

species composition and LAI. However, little is known about the Amax response of tundra 

species as it relates to the process of long-term shrub expansion, especially the impacts of 

naturally evolving changes in soil nutrient cycling or vegetation change feedbacks on soil 

microclimate. Increased shrub cover and density may also be accompanied by a shift in 

litter quality (higher C/N ratio), which is lower for slower decomposing evergreen shrub 

and graminoids and of higher quality for faster decomposing deciduous shrub litter, thus 

having a positive effect on nutrient availability (Shaver et al., 2000; Sturm et al., 2001; 

Buckeridge et al., 2010b). Finally, most fertilization experiments have focused only on 
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the major nutrients (N and phosphorus), yet previous research indicates that other 

nutrients such as magnesium, which is a crucial element of chlorophyll a, could be 

limiting the Amax response to short-term nutrient additions (Manter et al., 2005), a 

limitation that could be released by increased litter fall with long-term shrub expansion. 

Hence, fertilization experiments may not fully represent the possible shifts of soil 

nutrients that may occur with long-term shrub expansion. 

Based on the complicated interactions between soil temperature, moisture and nutrients 

that may arise with shrub expansion, as well as the importance of Amax in ecosystem C 

assimilation, a comprehensive understanding of the potential for spatial and temporal 

variations in Amax is needed. Critical research questions are i) does leaf-level Amax vary 

with increased shrub cover and density in natural shrub cover gradients? and ii) what is 

the main driver controlling these variations? Ideally, long-term (>20 years) studies are 

needed to address these questions, yet such studies impractical in many ways. Thus, in 

this study we investigated leaf-level Amax along a gradient of shrub coverage dominated 

by dwarf birch (Betula glandulosa (Michx.)) in the Canadian Low Arctic over two 

growing seasons. We expected spatial and temporal variability in Amax and proposed the 

following hypotheses. First, greater shrub cover will be associated with greater soil total 

N and leaf N (on mass and area units) and this will lead to greater Amax. Second, the 

seasonal trend of Amax will be similar among sites because they are exposed to the same 

general climate conditions, however, the seasonal pattern and magnitude of Amax will vary 

between years depending upon weather conditions. In testing these hypotheses, our aim 

was to develop a better understanding of the potential changes in the Amax of a 
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widespread common tundra deciduous shrub in response to a changing environment, 

which will aid in predicting the future C uptake of Arctic tundra ecosystems. 

Methods 

Study Site and Design 

The study area was located in the low Arctic near the Tundra Ecosystem Research 

Station, Daring Lake, Northwest Territories. Daring Lake is located 300 km northeast of 

Yellowknife, approximately 70 km north of the treeline and in the zone of continuous 

permafrost. Local elevation ranges from 414 to 470 m above sea level. Soils in the region 

typically have a thin surface organic horizon (< 0.1 m) in drier areas and a thicker organic 

horizon (up to 0.70 m) in wetter areas, overlying a sand to loamy sand texture of mineral 

soil (Humphreys and Lafleur, 2011). Maximum active layer depth typically ranges from 

0.3 m to over 1.2 m. Climate in this region is characterized by long cold winters with a 

short growing season (mid-June to early September). The mean annual temperature is -9 

oC and mean annual precipitation ranges between 200 and 300 mm (Lafleur et al., 2012). 

Although the three research sites were located within 3 km of each other, they represent 

the diverse range of deciduous shrub tundra vegetation in the Daring Lake area. Sites 

were described and named according to the Circumpolar Arctic Vegetation Map (CAVM, 

Walker et al., 2005). The site with the least shrub coverage (64°52'08"N 111°34'29"W) 

most closely resembled the erect dwarf-shrub tundra category (S1) with lower 

microtopographic positions of tussock-sedge, dwarf-shrub, moss tundra (category G4) 

Hence, it was called the mixed tundra site for this study. The site with intermediate shrub 
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cover was located approximately 1.2 km east-northeast of the mixed tundra site 

(64°52'20"N 111°32'55"W) and was classified as erect dwarf-shrub tundra (S1), here 

referred to simply as the dwarf shrub site. The site with greatest shrub coverage was 

located approximately 3.6 km west of the mixed tundra site (64°51'47"N 111°39'00"W) 

and was identified as the low-shrub tundra site (S2). The common species at all three 

sites included Betula glandulosa (Michx.), Vaccinium uliginosum (L.), Rhododendron 

subsect. Ledum, Empetrum nigrum (L.), Vaccinium vitis-idaea (L.), Andromeda polifolia 

(L.), Rubus chamaemorus (L.), Eriophorum vaginatum (L.) and other graminoids and 

various mosses and lichens. Birch shrub coverage varied from 29-62% cover among the 

sites (Table 2.1). Shrub height and peak season LAI (late July/early Aug) increased with 

increasing shrub coverage (Table 2.1). 

Table 2.1 Percent coverage, average height (± SE) and average total leaf area index (LAI) 

(±SE) for Betula glandulosa (Michx.), the dominant erect deciduous shrub at each of the 

sites. 

Study site Betula coverage 

(%) 

Betula height 

(cm) 

LAI 

(m2 m-2) 

Mixed tundra 29 23.6±1.5 0.62±0.09 

Dwarf shrub 45 24.7±0.9 0.73±0.07 

Low shrub 62 66.4±1.9 1.16±0.10 

Betula coverage and average height (n = 70-149) were measured by noting the presence or absence of a birch 

shrub and if present, measuring its tallest point at 1 m intervals along four 60 m long transects in the four cardinal 

directions from the coordinates (the location of a micrometeorological tower at each site) in July 2015. LAI was 

measured using a plant canopy analyzer (LI-COR, LAI 2000, Lincoln, NE, USA) 4 times at ten random permanent 

locations over late July/early August in 2014. 
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Photosynthetic Capacity Measurements 

At each site, 6 semi-permanent plots (1 m × 1 m) were selected, each containing at least 1 

birch shrub and representing the range of hydrological conditions. Leaf-level Amax was 

measured on sample leaves per plot at weekly intervals from July 1 through August 28 in 

2013 and 2014 between 10 am and 4 pm local time. Care was taken to ensure a sampling 

of fully expanded leaves (expose to the sunlight) of a similar size from the top B. 

glandulosa (Michx.) canopy. In 2013, Amax was measured on 1 sample leaf per plot under 

ambient (400 ppm) CO2 concentration using a LI-COR 6400xt infra-red gas analyzer (LI-

COR, Lincoln, NE, USA). In 2014 measurements were made on 3 sample leaves per plot 

with a LI-COR 6400 infrared gas analyzer (LI-COR), where relative humidity inside the 

leaf chamber was maintained between 30-60% and cuvette block temperature was set to 

20 C to represent the average leaf temperature at this time of year and to control for leaf 

temperature effects. In 2013, leaf photosynthesis was recorded at 9 irradiance levels, 

1800, 1500, 1200, 800, 500, 200, 100, 50, 0 μmol m-2 s-1 photosynthetic photon flux 

density (PPFD). Each measured leaf was allowed 5 min to acclimate to the light 

conditions prior to taking the measurement. To estimate light-saturated Amax, we used 

curve-fitting software (SPSS 16.0) and employed a non-rectangular hyperbolic function. 

Using the 2013 data, we evaluated the light saturation point for all measured light 

response curves and found that it was above 1000 μmol m-2 s-1 but always less than 1500 

μmol m-2 s-1 and often less than 1200 μmol m-2 s-1. We tested the difference in measured 

Amax at the 1500 μmol m-2 s-1 PPFD level vs. the value derived from curve fitting with a 

paired t-test and found no difference (P = 0.170, n = 18). Therefore, in 2014 Amax was 
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evaluated for all measurements with the IRGA light level set to a single irradiance of 

1500 μmol m-2 s-1. 

All Amax measurements were expressed on a per unit area basis. Leaf samples used in 

photosynthesis measurements were removed after the measurement and kept in a cooler 

up to 4 hours before leaf area was determined using a flatbed scanner and image 

processing in MATLAB 7.7 (Mathworks, Natick, MA, USA). 

Weather and Soil Microclimate Properties 

Air temperature during the study was measured using a shielded sensor ~2 m above the 

surface near the mixed tundra site (HMP35C, Vaisala Oyj, Helsinki, Finland). 

Cumulative growing degree days (CGDD) were calculated by summing daily 

temperatures above a base of 5 °C. Rainfall was measured using a tipping bucket rain 

gauge (TE525m, Texas Electronics, Dallas, Texas, USA). 

Soil temperature was measured at 5 cm depth (Thermo Recorder TR-51, T & D Co. Ltd., 

Japan) in each plot (n = 4). Soil volumetric water content (VWC) was measured using a 

Hydrosense with 12 cm probes (Campbell Scientific Inc., Logan, Utah, USA) inserted 

vertically into the soil (n = 4). Soil temperature and moisture were measured weekly with 

the photosynthesis measurement in 2014, but not in 2013. 

Leaf and Soil Properties Measurements 

In 2013, approximately 50 leaves of B. glandulosa were randomly collected weekly at 

each of the three sites outside of the sampling plots and then dried at 70 oC for 48 h 
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before mass was determined to the nearest 0.001 g. After transport to Trent University, 

leaf samples were chemically analyzed for C and N content (Elementar CNS analyzer, 

Hanau, Germany) and expressed as % C or % N on a dry mass basis. 

In 2014, 25 fresh birch leaves were randomly collected in each plot at the mixed tundra 

and dwarf shrub sites on August 12 and at the low shrub site on August 16. These leaves 

were stored in a cooler after removal from the field and scanned within 24 hours to 

determine 1-sided leaf area. Leaf samples were then dried at 70 °C for 48 h and weighed 

to calculate the specific leaf area (SLA, cm2 g-1 leaf). We used the averaged SLA at each 

site to calculate the weekly leaf C and N concentration on a leaf area basis. Mean SLA 

for the low shrub (152.5  8.91 cm2 g-1 SE) was significantly greater (see Statistical 

Analysis below) than at the dwarf shrub and mixed tundra sites (95.5 4.12 cm2 g-1 and 

104.9  3.05 cm2 g-1, respectively). In previous studies deciduous shrub SLA has been 

found to decline slightly from early to mid - growing season due to the rapid increase in 

leaf biomass (Chapin, 1980), but was unchanging in the later growing season (Suzuki and 

Kudo, 1997; Campioli et al., 2009). Thus, SLA measured at the mid-August in this study 

might have overestimated early growing season leaf C and N concentration on a leaf area 

basis. 

An open-sided soil auger (5 cm in diameter) was used to take weekly samples of the 

surface soil layer at the edge of each sample plot during 2013. The auger was inserted to 

a depth of ~15 cm at least 50 cm from the nearest shrub to minimize disturbance. For 

each sample, loose leaf litter, living vegetation including mosses (and up to ~5 cm of 

moss stems where Sphagnum moss was present) and large roots were removed in an 



 

 

29 

 

attempt to characterize the near-surface rooting medium of the shrubs. Six soil samples 

for each week were combined in to a single sample, dried at 70 °C for 48 h and sieved 

through a 2.0 mm mesh, and stored in sealed plastic bags for later analysis. Soil total C 

and total N content were analyzed (Elementar CNS analyzer) at Trent University. 

Statistical Analyses 

Analyses of variance (ANOVA) was performed using a mixed effects model. Leaf-level 

Amax within a year was analyzed with replicates (plots) considered as random effect, 

weeks as repeated effect, and site and the interactions involving weeks as fixed effect. 

Amax data between two years was analyzed with replicates (plots) considered as random 

effect, year as repeated effect, and site and the interactions involving years as fixed 

effects. If significance among sites (for Amax only) was seen, a least significant difference 

(LSD) test was then used to determine differences among the sites. If a significance 

difference among weeks (for Amax only) was seen, a Bonferroni-Dunn test was then used 

to determine differences among the weeks. Differences in SLA among the three sites 

were determined with one-way ANOVA (n = 6) followed by the LSD test to assess site 

differences. Differences in soil total N content, soil total C content, soil C/N ratio, leaf N 

content, leaf C content, leaf C/N ratio among the three sites were determined with one-

way ANOVA (n = 8) followed by the LSD test to assess site differences. Pearson 

correlation coefficients were calculated for Amax and various soil and leaf properties for a 

given site (n = 8 for soil total N and leaf N expressed as mass and area units, n = 48 for 

soil temperature and soil VWC) and among sites (n = 24) to examine relationships. Prior 

to statistical analyses all data were checked for normality and data were log-transformed 
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when necessary to achieve normality. We used P = 0.05 for significance level for all tests. 

All statistical analyses were conducted using SPSS version 16.0 software (SPSS, 

Chicago, IL, USA). 

Results 

Daily air temperature showed variable periods of warm and cool in both years (Figure 

2.1), but during the measurement period (June 26 – Aug. 28) mean air temperature was 

only slightly lower in 2013 (12.4 C) compared with 2014 (13.7 C). CGDD from May 

8th to September 2nd were similar in both years (1160 C and 1184 C in 2013 and 2014, 

respectively). The CGDD in the measurement period were also similar for 2013 (765 C) 

and 2014 (777 C). Although total precipitation was similar in both years (103.1 mm in 

2013 and 99.3 mm in 2014), 2013 had a more even distribution of precipitation than in 

2014. Notably, two unusually heavy rain events on July 16 (57.5 mm) and August 16 

(16.0 mm) accounted for 74% of the total precipitation in 2014. 
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Figure 2.1 Comparison of weather variables between 2013 and 2014 at Daring Lake. a) 

Cumulative growing degree days (CGDD). Daily mean air temperature and total daily 

precipitation in b) 2013 and c) 2014. 

The seasonal trend in soil temperature was similar at the three sites in 2014, yet soil 

temperature was 1- 3 C lower at the low shrub site than at the other two sites (Figure 
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2.2). Volumetric water content in the upper 12 cm of the soil also had similar seasonal 

trends at the three sites, ranging from 0.30 to 0.70 m3 m-3, with relatively wetter soils at 

the low shrub site, followed by the mixed tundra site, and driest near-surface conditions 

at the dwarf shrub site (Figure 2.2). 

 

Figure 2.2 Variation of soil temperatures (5 cm depth) and soil volumetric water content 

(VWC) in 2014. Error bars show  1 standard error (SE) of the mean (n = 6). 

The low shrub site had significantly lower leaf N content on a leaf area basis compared 

with the other sites. No significantly difference in leaf C content among the three sites. 

Seasonal mean soil total N was similar in the mixed tundra and dwarf shrub sites but 

significantly greater in the low shrub site (P<0.05) (Table 2.2). Soil C/N ratio also 
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differed significantly among the three sites with lowest C/N ratio at the site with most 

shrub coverage.   

Table 2.2 Seasonal mean values with standard error (SE) of leaf N and C content (%), 

leaf N concentration (g N m-2 leaf), soil total C and N content and the ratio of C to N. 

Different letters indicate a significant difference (P<0.05) among the three sites based on 

LSD test.  

 
Leaf N 

content 

(%) 

Leaf N 

concentration 

(g N m-2 leaf) 

Leaf C 

content 

(%) 

Soil total N 

content  

(%) 

Soil total C 

content  

(%) 

Soil C/N  

Mixed 

tundra 
2.0 (0.05)ab 2.0 (0.06)a 49.1 (0.17)a 1.0 (0.12)a 26.8(2.72)a 26.5 (0.58)a 

Dwarf 

shrub 
1.9 (0.05)a 2.1 (0.09)a 49.1 (0.15)a 1.2 (0.10)a 25.1 (1.69)a 21.0 (0.28)b 

Low 

shrub 
2.2 (0.07)b 1.5 (0.05)b 49.1 (0.17)a 1.7(0.08)b 30.3 (1.55)a 18.0 (0.46)c 

 

Significant differences in Amax were present among sites, time of season (weeks) and 

years with a significant interaction between sites and weeks (Table 2.3) but not for sites 

and years (Table 2.4). These results indicate that the differences in Amax among sites were 

consistent among the two years with Amax lower in 2014. There were significant 

differences in Amax during all weeks except the first two of 2014. The low shrub site had 

significantly greater Amax than the other two sites in both 2013 and 2014, with least 

square mean values of 16.30 μmol m-2 s-1 in 2013 and 14.93 μmol m-2 s-1 in 2014, 

compared with 14.24 (dwarf shrub) and 14.84 (mixed tundra) μmol m-2 s-1 and 13.15 and 
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13.33 μmol m-2 s-1, respectively (Table 2.3). All three sites mean Amax was significantly 

lower by 1.08 to 1.51 μmol m-2 s-1 in 2014 compared with 2013 (Figure 2.3, Table 2.3). 

There were also differences in the seasonal trend among years with more variation 

through July and an earlier start to the August decline in Amax in 2014 compared with 

2013 (Figure 2.3). 

Table 2.3 Least square means and analysis of variance for leaf-level Amax of Betula 

glandulosa (Michx.) in 2013 and 2014. Different letters indicate a significant difference 

(P<0.05) among the three sites based on LSD test. 

 2013 2014 

Sites    

Mixed tundra  14.84a 13.33a 

Dwarf shrub  14.24a 13.16a 

Low shrub  16.30b 14.93b 

SE 0.095 0.088 

Sources of variations P values 

Sites <0.001 <0.001 

Weeks <0.001 <0.001 

Sites * weeks 0.012 0.004 
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Table 2.4 Mixed effects model for the variance of leaf-level Amax of Betula glandulosa 

(Michx.) between 2013 and 2014. 

 

 

 

Figure 2.3 Seasonal photosynthetic capacity (Amax) of Betula glandulosa (Michx.) during 

summer 2013 and 2014. Error bars show ±1 standard error from the mean (n = 6). 
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 df F P values 

Sites 2 32.671 <0.001 

Years 1 41.523 <0.001 

Sites* years 2 0.370 0.691 
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We found significant positive correlations between Amax and plot-level soil temperature (r 

= 0.34, P = 0.024, n = 48) and site-level soil N (%) (r = 0.74, P = 0.022, n = 8) at the 

dwarf shrub site, but not at the other sites (Appendix B). No significant correlations at 

any site were found between Amax and soil VWC, or leaf N expressed as either mass or 

area units. Amax was only significantly correlated with soil total N content (r = 0.45, P = 

0.026, n = 24) among the three sites (Appendix B).  

Discussion 

Our study demonstrates that leaf-level Amax of B. glandulosa was variable over space and 

time with greatest Amax where shrubs were taller and more abundant. This site was also 

where leaf N content (on a mass basis) and soil total N were greatest (Table 2.2). These 

findings supported in part of our first hypothesis that greater shrub cover will be 

associated with greater Amax and this was associated with greater leaf N content and soil 

total N. As a major component of Rubisco and other photosynthetic enzymes and 

structures (Bond et al., 1999; Ripullone et al., 2003), leaf N content is a key factor 

regulating photosynthetic activity (Lewis et al., 2004). Greater Amax (area basis) has been 

associated greater leaf N content (area basis) in a wide variety of climates (Ellsworth and 

Reich, 1993; Misson et al., 2006), ecosystems and agricultural systems (Meir et al., 2007; 

Kattge et al., 2009), and species (Ellsworth et al., 2004). This was not the case in this 

study. Instead, specific leaf area was significantly greater at the low shrub site and was 

associated with lower leaf N on a leaf area basis (but greater leaf N content on a mass 

basis) relative to the other two sites (Figure 2.3b). This agreed with the results of Bubier 

et al. (2011), who found more N per unit leaf area in thicker ericaceous shrub leaves 
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rather than the thin ones. As discussed by Bubier et al. (2011), Amax may be greater in 

leaves with greater SLA compared to thicker leaves with morphologies that have less 

efficient light use (Reich et al., 1998; Burns, 2004). Although more investigation on leaf 

morphological effects is needed to confirm this supposition, our results at least suggest 

that differences in deciduous species leaf morphology (e.g., size, thickness) among sites 

of different shrub cover and density might play an important role in determining future 

species Amax trends.  

Greater soil total N content at the site with most abundant shrubs is consistent with 

previous research in the Daring Lake area, which revealed that soil N pools and cycling 

rates were ~3 times larger in low shrub tundra than in the surrounding dwarf birch 

hummock tundra due to greater input of higher quality litter at the low shrub site 

(Buckeridge et al., 2010b). However, it is not possible in our study to attribute greater N 

content in the soil directly to the presence of the shrubs, because other factors such as 

topographic position and hydrology can also impact soil N distribution. There is a 

tendency in Arctic landscapes for higher soil N to occur at relatively lower topographical 

positions (Giblin et al., 1991; Stewart et al., 2014). All three sites in our study were 

relatively flat topography (< 1 degree slope) yet they did vary in topographic position 

with the mixed tundra being at a slightly higher elevation, the dwarf shrub intermediate 

and the low shrub at the lowest position. This may have also contributed to the variations 

in soil N among the three sites. 

We found significantly higher Amax at the low shrub site, which also had the highest soil 

total N content. In contrast, there was little difference in Amax and soil total N between the 
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mixed tundra and the dwarf shrub sites. At the beginning of shrub expansion, climate 

warming and warming soil temperatures could enhance the decomposition rate of pre-

existing litter leading to a higher soil N content (Chapin et al., 1995). Since plant 

productivity is typically N limited in tundra ecosystems (Shaver and Kummerow, 1992), 

increased soil N availability may enhance plant uptake of N and plant growth (Sturm et 

al., 2001; Weintraub and Schimel, 2005). This enhanced N cycling may result in soil N 

content that remains relatively unchanged, and therefore also Amax, as the tundra 

transitions into the early phase of expansion (our dwarf shrub sites). This inference was 

also supported by previous fertilization experiments which have reported that Amax did 

not respond to short and/or long-term soil nutrient enhancement (Bubier et al., 2011; 

Heskel et al., 2012; van de Weg et al., 2013). Because the costs for Arctic species to 

increase physiological activity are great in nitrogen-limited environments, increased 

nutrient availability will initially favor increases in leaf area (Bowman et al., 1995; Kudo, 

1999) and there may be no response in Amax. Furthermore, because of the low growth rate 

of Arctic species, the production of carbohydrate by photosynthesis can exceed its 

consumption leading to an end-product inhibition on photosynthetic activity (Chapin et 

al., 1992). Hence, while fertilization tends to enhance shrub leaf area and biomass 

(Chapin et al., 1995; Street et al., 2007) and apical shoot growth (Zamin and Grogan, 

2012), it may not change Amax. Instead, the significantly greater total N conditions at the 

low shrub site, while not wholly a function of shrub cover, could be viewed as an analog 

for changes in nitrogen dynamics under long-term shrub expansion. At longer time 

periods, continued inputs of larger amount and higher quality litter will substantially 

increase soil total N content and availability, which will further increase shrub growth, 
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LAI, SLA, etc. At some point, the limitation (e.g., photosynthetic end-products) on Amax 

will be released, thus leading to a higher Amax.  

Seasonal trends in Amax observed in this study are consistent with those of previous 

studies where Amax increased through early summer, peaked in midsummer and declined 

at the end of the season (Defoliart et al., 1988; Patankar et al., 2013). The similarity in 

these seasonal Amax patterns among sites was likely because of the proximity of these 

sites which ensured that they were all subject to the same climate drivers and weather 

conditions (snowmelt date, insolation patterns, temperature variation and precipitation 

regimes). Comparing between years, Amax at all three sites was lower in 2014 than in 

2013 and the seasonal pattern of Amax was slightly different in 2014 (Figure 2.2), which 

supports our second hypothesis. The difference in timing of peak Amax and the differences 

in average Amax between years can be attributed to variable weather patterns. Although 

VWC was not monitored regularly in 2013, there was no evidence of drought stress in 

either year. As noted earlier, soils remained very wet throughout the season in 2014 

despite 74% of the precipitation arriving in two rain events on July 16 (57.5 mm) and 

August 16 (16.0 mm) (Figures 2.1, 2.2). The heavy rain events were also followed by 

large drops in air temperature and these cool temperatures and potentially saturated soil 

conditions might have limited leaf and root activity (Johnson et al., 1996; Dagg and 

Lafleur, 2011) and could have contributed to the depressed Amax at the three sites after 

July 16, 2014 in particular (Figure 2.3). In 2014, average daily air temperature peaked in 

mid to late July at 21 C and by August 1 dropped to an average of 11 C for the next 4 

weeks. In contrast, in 2013, early August remained warm and may have sustained 

physiological activity during the period when site level leaf area is greatest (data not 
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shown) with maximum Amax on about August 7. This response of Amax to growing season 

temperatures was similar to that seen for species at other Arctic tundra sites (Oberbauer et 

al., 1996; Starr et al., 2008). Amax decreased in the last few weeks of measurements (mid 

to late August) in both study years. This is likely because toward the end of growing 

season a retranslocation of N away from the leaves reduces physiological activity 

(Vitousek, 1982; Starr et al., 2000). Although the interannual differences in Amax in our 

study were significant, they were still relatively small at 10% or less. Starr et al. (2008) 

also found small differences among years and did not find significant differences in Amax 

in response to manipulations of growing season length and soil warming in the majority 

of their low Arctic tundra species. Starr et al. (2008) suggested that this lack of response 

may be characteristic of low Arctic plants with physiological tolerances suited to large 

natural variations in growing season weather common to these regions. 

The extent to which the shrub gradient studied here represents the processes of long-term 

shrub expansion is debatable, especially bearing in mind the important differences in site 

characteristics that confound this interpretation. However, some speculation on this 

important landscape process is warranted from the present study. The mixed tundra site 

with lowest shrub cover (29%) and LAI (0.62 m2m-2) may represent a phase of pre-shrub 

expansion and the modest shrub cover (45%) and LAI (0.73 m2m-2) at the dwarf shrub 

site may represent an early phase of shrub expansion and the low shrub site, with the 

highest shrub cover (62%) and LAI (1.16 m2m-2), could represent a more mature phase. 

Our result suggest that early stages of shrub expansion do not have a large enough 

influence on soil total N and potential soil nutrient availability to affect leaf level Amax 

even though shrub LAI increases significantly. At some future point a threshold is 
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reached and shrub cover effects on soil processes become important and significantly 

increase soil total N, which then results in an increase in Amax.  

Conclusions 

Our findings have important implications for predicting the effects of future vegetation 

change on the C balance of Arctic tundra ecosystems. Given the spatial and temporal 

variations in leaf-level Amax for the Arctic shrub B. glandulosa found in this study, 

models of future ecosystem C assimilation should consider not only changes in 

vegetation composition but also the complex interactions between weather, soil, and 

nutrients that are likely to impact plant physiology. 
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Abstract 

Atmospheric warming is expected to cause shifts in tundra vegetation composition, 

especially the abundance and distribution of shrub species. Greater shrub abundance will 

impact the C exchanges between tundra ecosystem and the atmosphere, especially 

ecosystem respiration. Here, the respiration rates under shrub canopy (RT), from the soil 

(RS) and from the ground cover vegetation (RG) was investigated at three sites varying in 

shrub cover in the Canadian low Arctic tundra. Seasonal RT and RS were significantly 

greater (P < 0.01) at the site with greatest shrub abundance with mean values of 2.88 

µmol m-2 s-1 and 2.45 µmol m-2 s-1, respectively. There was no significant difference in 

seasonal RG among the three sites. Seasonal variation of RT and RS was positively 

correlated with soil temperature and negatively correlated with soil moisture within each 

site. Differences in RT and RS among sites were attributed to differences in soil 

properties, such as soil total N content and soil bulk density. Together these findings 

suggest that belowground sources of respired carbon dioxide in low Arctic tundra may 

respond to long term shrub expansion as soil microclimate conditions and soil 

physiochemical properties vary.   

Key words: ground cover vegetation; low Arctic; shrub coverage; soil bulk density; soil 

C/N ratio; soil moisture; soil nitrogen content; soil respiration; soil temperature.  
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Introduction  

Warming in the Arctic is projected to alter tundra vegetation communities including an 

increase in the relative abundance and cover of deciduous shrub species (Walker et al., 

2003a; Tape et al., 2006; Pearson et al., 2013). How ecosystem carbon (C) exchange will 

respond to increased shrub cover remains uncertain. Increases in both photosynthetic 

uptake and respired losses of carbon dioxide may occur. In order to understand these 

impacts separating the sources of ecosystem respiration (ER) is necessary as different 

sources may respond differently to environmental controls (Yan et al., 2009; Subke et al., 

2011) and may be influenced differently by increasing shrub cover and density. Although 

tundra ER can be partitioned in various ways, a useful approach is to divide ER in to two 

main streams: 1) autotrophic respiration from above ground vegetation canopy (RAc) and 

2) respiration from below the canopy which includes the ground cover vegetation 

respiration (RG) and soil respiration (RS), the combined respiration from roots and 

microbial communities. While it is expected that RAc and a portion of RS should increase 

with greater plant biomass and productivity (Hobbie and Chapin, 1998), the variations in 

RS and RG with increasing shrub cover remains uncertain. 

There are large and potentially labile C pools stored in Arctic soils (Ping et al., 2008; 

Tarnocai et al., 2009; Hugelius et al., 2014), and RS is the major pathway for this C 

stored in terrestrial ecosystems to enter the atmosphere. In many models, RS is mainly 

controlled by soil microclimate and other properties, including soil temperature, soil 

moisture and aeration (Raich and Potter, 1995; Shaver et al., 2007, 2013), substrate 

supply (Ryan and Law, 2005), and substrate lability (Buckeridge et al., 2010). Thus, how 
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these variables change with increased shrub cover and density will determine future 

trends in RS at the Arctic tundra.  

Climate warming generally favors growth of deciduous shrubs at the expense of forbs, 

graminoids, bryophytes and lichens in Arctic tundra ecosystems (Walker et al., 2006) due 

to the competition of light and nutrients among species (Totland and Esaete, 2002; 

Fargione et al., 2003). Differences in ground cover and overstory vegetation could affect 

RS through changes in soil temperature, moisture and substrate quantity and quality. 

Ground cover, such as lichens, increase surface albedo and mosses tend to reduce the 

thermal admittance insulating the soil from summer heat, resulting in cooler soil 

temperatures (Gornall et al., 2007). Some studies suggest increased shrub abundance will 

promote the absorption of solar radiation and increase sub-surface temperature and active 

layer depth (Chapin et al., 2005; Bonfils et al., 2012) enhancing soil C release to the 

atmosphere. In winter, taller shrubs can trap more snow and insulate the soil, leading to 

warmer winter soil temperatures (Sturm et al., 2001; Bewley et al., 2010). Conversely, by 

removing Betula nana canopies, Blok et al. (2011) found that the shrubs shade the 

surface in summer and result in cooler soil temperatures. However, if the relative impact 

of winter warming exceeds that of summer shading, large-scale expansion of shrubs 

could increase permafrost vulnerability and soil C release (Lawrence and Swenson, 

2011).  

While there is uncertainty about the impact of shrub expansion in regulating soil 

temperatures, there is also continued uncertainty regarding the temperature sensitivity of 

soil C decomposition (Davidson and Janssens, 2006; Karhu et al., 2014). Short-term 
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experiments have demonstrated that the rate of soil respiration increases exponentially 

with temperature (Friedlingstein et al., 2006; Kirschbaum et al., 2006), however, these 

results are inadequate for representing the dynamic response of either belowground plant 

or soil microbial respiration to changes in temperature, given that these communities 

adapt to changes in temperature (Bradford, 2013). For instance, Atkin and Tjoelker 

(2003) found adjustment in the rate of plant respiration to changes in temperature greatly 

reduced the impact of temperature changes on respiration in the medium- to long-term. 

Warming-induced changes in the soil microbial community have also been observed to 

amplify the instantaneous increase in the rates of CO2 production at Arctic (Hartley et al., 

2008) and other ecosystems (Hartley et al., 2007; Nie et al., 2013). 

Soil moisture regimes may also change with long-term shrub expansion. Greater snow 

trapping with more shrubs can increase soil moisture content in spring (Sturm et al., 

2005). Conversely, some authors suggest that greater deciduous shrub cover may increase 

evapotranspiration rates and lead to summer drying (Pearson et al., 2013). It is well 

established that soil respiration can vary significantly among tundra ecosystems of 

different hydrological regimes (Oberbauer et al., 1996; Grogan and Jonasson, 2005). Soil 

incubation studies have demonstrated that respiration responds positively to moisture at 

low levels, but negatively at saturating levels because of oxygen limitation (Johnson et 

al., 1996).  

Deciduous species with shorter lived leaves produce litter that decomposes 60% faster 

than evergreen species (Cornwell et al., 2008). In tall birch tundra plots with relatively 

high nitrogen concentrations in the litter (and lower C/N ratio), soil nitrogen cycling was 
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~3 times faster than surrounding dwarf birch hummock plots with higher litter C/N ratio 

(Buckeridge et al., 2010). In contrast, other studies have suggested deciduous shrub litter 

is more recalcitrant relative to herbaceous litter resulting in slower decomposition rates 

(Hobbie, 1996; Baptist et al., 2010) as woody plants store more C as lignin (De Deyn et 

al., 2008). Thus, the net effect of shrub expansion on RS may depend on the vegetation 

that was replaced. 

Based on the complicated interactions between soil temperature, moisture, substrate and 

nutrients that may arise with shrub expansion, as well as their varying influences on the 

different sources of ER, field studies examining respiration processes in shrub tundra are 

needed. Our goals here were to quantify RS and RG across three sites with varying levels 

of shrub coverage and to examine the importance of soil temperature, moisture and soil 

physiochemical properties in governing differences in respiration rates among the three 

sites. We hypothesized that i) greater shrub coverage will have greater RS and conversely 

lower RG and ii) soil temperature and moisture will drive the variations in soil and ground 

cover respiration within and among sites. In testing these hypotheses, our aim was to 

develop a better understanding of the potential changes in soil and understory vegetation 

respiration in response to a changing environment, aiding in the prediction on the future 

C balance of Arctic tundra ecosystems. 
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Methods 

Study Site  

The study area was located in the low Arctic tundra near the Tundra Ecosystem Research 

Station Daring Lake in Canada’s Northwest Territories (64°52'N, 111°34'W). It is 

approximately 70 km north of the treeline. The area is underlain by continuous 

permafrost with the maximum active layer depth typically ranging from 0.3 m to 1.0 m. 

Local elevation ranges from 414 to 470 m above sea level. Soils in the region typically 

have a thin surface organic horizon in drier areas (less than 0.1 m) and a thicker organic 

horizon in wetter areas (up to 0.7 m), overlying a coarse mineral layer (Humphreys and 

Lafleur, 2011). Climate in this region is characterized by long cold winters with a short 

growing season (mid-June to early September). The mean annual temperature is -9 °C 

and mean total annual precipitation ranges between 200 and 300 mm (Lafleur et al., 

2012).  

Three research sites, located within 3 km of each other and where the vegetation varied in 

the cover and height of birch shrub Betula glandulosa (Michx.), were selected. Sites were 

described and named according to the Circumpolar Arctic Vegetation Map classification 

(CAVM, Walker et al., 2005). The mixed tundra site (S1; G4) was located on a wind 

exposed upland area with 10 to 30 cm tall and ~17 % coverage of B. glandulosa shrubs. 

The dwarf shrub site (S1) was located on lowland tundra with a slope less than 1o 

approximately 1 km north-east of the mixed tundra site. The B. glandulosa shrubs in this 

site were 40 to 60 cm tall with ~ 45 % of the areal coverage. The low shrub site (S2) had 
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~ 60 % coverage of taller (50 to 100 cm) B. glandulosa shrubs, approximately 2.5 km 

south-west of the mixed tundra site. The other common species at all three sites included 

Vaccinium uliginosum (L.), Rhododendron subsect. Ledum, Empetrum nigrum (L.), 

Vaccinium vitis-idaea (L.), Andromeda polifolia (L.), Rubus chamaemorus (L.), some 

graminoids and various mosses and lichens.  

Experimental Design  

At each site six semi-permanent plots (1 m × 1 m) were selected containing at least one 

B. glandulosa shrub and representing the range of hydrological conditions at each site. In 

each semi-permanent plot, three experimental subplots A, B and C (~ 15 cm in diameter) 

were established for the measurement of total respiration (RT) from the soil surface 

including any respiration from small ground cover species such as mosses, lichen, grasses 

and other small stature vascular plants (Figure 3.1). Collars (PVC, inner diameter 11 cm, 

height 8 cm) were inserted into the soil to a depth of 5 cm of the soil organic layer at each 

subplots, with approximately 3 cm remaining above the soil surface. These three 

experimental subplots were paired with a second set of plant removal treatments (a, b, c) 

to measure soil respiration (RS). After installation of soil collars all aboveground 

vegetation within the plant removal treatment collar, including the green moss layer, fresh 

litter and as much of the coarse and attached fine roots as possible were carefully pulled 

out by hand, whilst minimizing disturbance to the underlying soil (Figure 3.1). Any 

senesced leaf litter was replaced on the soil surface. The difference between RT and RS 

was designated as ground cover vegetation respiration (RG). All three pairs of subplots 

were located approximately 50 cm around the center of each plot (Figure 3.1). 
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Respiration measurements began 1 week after establishment of the treatments to 

eliminate the disturbance effect of inserting collars on flux measures (Nobrega and 

Grogan, 2008).  

 

Figure 3.1 Layout of subplots at each experimental plot where lettered circles indicate 

the soil collars for CO2 flux measurements with no disturbance of ground cover 

vegetation (upper-case letters) (right collar in picture) and with ground cover species and 

near-surface roots removed (lower-case letters) (left collar in picture). 

Respiration Measurement 

Respiration measurements were conducted weekly during the growing season (June 27 - 

August 25, 2014) at all three sites. Respiration rate in each sub-plot was measured using a 

Li-COR 6400-09 soil respiration chamber linked to the Li-COR 6400xt portable leaf 

photosynthesis system (LI-COR, Lincoln, NE, USA) between 10 a.m. and 4 p.m. local 

time. Measurements were performed according to the protocol suggested by LI-COR 

(1997). Before starting a series of measurements, ambient CO2 (~380 µmol mol-1) was 

measured by laying the soil chamber on the soil surface near the collar. Each time the 

A 
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chamber was placed at a collar, air was pumped from the chamber through the soda lime 

CO2 scrubber and back into the chamber. During each measurement, the CO2 

concentration in the chamber rose from the low set point (~ 375 µmol mol-1 ), passing 

through the target ambient CO2 concentration, to the high set point (~ 385µmol mol-1). 

Every two to three seconds, a flux was computed based on a running average of the rate 

of change of CO2 concentration with time (µmol mol-1s-1). Then, the intermediate flux 

data were fit with a regression, which was used to compute the soil CO2 flux for the 

target ambient CO2 concentration. This measurement cycle automatically repeated 3 

times at each collar and final soil CO2 flux for each soil collar was calculated as the 

average of 3 measurement cycles. During the measurement of each set of paired subplots, 

RT was measured first, then the chamber was lifted for approximately 20s to restore 

ambient conditions, and then placed on the second of the paired collars where ground 

cover plants were removed to measure RS.  

Soil Microclimate Measurements 

Soil temperature was measured at 5 cm depth (Thermo Recorder TR-51, T & D Co. Ltd., 

Japan) adjacent to the paired collars (subplots) in each plot (n = 4). Soil volumetric water 

content (VWC) was also measured using a Hydrosense (Campbell Scientific Inc., Logan, 

Utah, USA) outfitted with 12 cm probes inserted vertically into the soil in each plot (n = 

4). Thaw depth was the distance between the top of the moss layer and the point of 

refusal as determined by inserting a steel rod at each subplot (n = 4 for each plot). These 

data were collected every week immediately after the respiration measurements in each 

the plots.  
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Vegetation and Soil Properties Measurements  

Ten vegetation survey plots had already been randomly established at each site, where the 

point quadrat method (PQM) was used to provide estimates of species leaf area index 

(LAI). A vegetation survey was conducted 3 times during late July through early August 

2014. The PQM was performed using a frame (0.5 m × 0.5 m) with evenly strung fishing 

line creating 25 intersects within the grid. At each survey plot, the frame was positioned 

above the vegetation, a long, thin metal pin was inserted vertically through the grid at 

each intersect (n = 25) and the number of pin contacts for each species was recorded. The 

LAI for a given species was the total number of contacts divided by the 25 grid intersects. 

For each intersect, if moss or lichen was present or absent it was also noted in order to 

estimate percent cover of moss and lichen. Leaf area index at the ten vegetation survey 

plots was also measured using a plant canopy analyzer (LAI-2000, LI-COR Inc.) 

(LAIoptical) 4 times from mid - July to mid - August in 2014. This method is unable to 

represent the leaf area associated with prostrate vegetation and other ground cover plant 

species and, as a result, is a measure of the leaf (and stem) area of the overstory 

vegetation. 

Carbon and nitrogen content of B. glandulosa leaves at each site was not measured in 

2014, but was measured in 2013 growing season. At the period of peak LAI in 2013 (first 

week in August), surface litter was randomly collected at each site by hand picking at the 

six semi-permanent plots described in Figure 3.1, then the current-year leaves and any 

small twig litter were removed. The samples were dried at 70 °C for 48 h. Samples from 
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the six plots were mixed together for each site and stored in sealed plastic bags for later 

total carbon and nitrogen content analysis ( Elementar CNS analyzer, Hanau, Germany).   

In 2014, soil bulk density for surface soil (below the litter) was determined by collecting 

a soil core with a metal ring (2.5 cm in radius and 7.3 cm in length = volume 143.3 cm3) 

at the edge of each semi-permanent plot. The soil sample was dried at 60 °C for 48 h and 

weighed to determine the dry mass. 

Soil carbon and nitrogen content at each site was not measured in 2014, but was 

measured during 2013 growing season. An open-sided soil auger (5 cm in diameter) was 

used to take samples of the surface soil layer weekly at the edge of each plot. The auger 

was inserted to a depth of ~15 cm at least 50 cm from the central shrub to minimize 

disturbance to the shrub. Loose leaf litter, living vegetation including mosses (and up to 

~5 cm of moss stems where Sphagnum moss was present), and large roots were removed 

from the samples to attempt to characterize the actual near-surface rooting medium of the 

shrubs. Every week, samples at each site were dried at 70 °C for 48 h, mixed together and 

stored in sealed plastic bags for total soil carbon and nitrogen content analysis (Elementar 

CNS analyzer).  

Statistical Analyses 

Analyses of variance (ANOVA) was performed using a mixed effects model. RT, RS and 

RG were analyzed with replicates (plots) considered as random effect, weeks as repeated 

effect, and site and the interactions involving weeks as fixed effect. If significance among 

sites (for RT, RS and RG) was seen, a least significant difference (LSD) test was then used 
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to determine differences among the sites. Differences in total shrub leaf area index, 

percent cover of moss, lichen and other ground cover vegetation LAI, leaf litter C/N 

ratio, soil dry bulk density (BD), soil C, soil total N and soil C/N ratio among the three 

sites were determined with one-way ANOVA followed by the LSD test to assess site 

differences. Regression analysis was used to determine the relationship between RT, RS, 

RG and various soil properties for a given site (n = 8 for soil total N, n = 48 for soil 

temperature and soil VWC). Pearson correlation coefficients were calculated for RT, RS, 

RG and various soil properties among sites, using the values measured at peak growing 

week (n = 18 for soil temperature, soil VWC and soil BD) to examine relationships. Prior 

to statistical analyses all data were checked for normality and data were log-transformed 

when necessary to achieve normality. We used P = 0.05 for significance level for all tests. 

All statistical analyses were conducted using SPSS version 16.0 software (SPSS, 

Chicago, IL, USA). 

Results  

The low shrub site with the greatest abundance of B. glandulosa shrubs also had 

significantly greater moss cover (55.5%) and the lowest lichen cover (9.5%) among the 

three sites. Ground cover vascular LAI was not significantly different among sites while 

overstory LAIoptical was significantly greater at the low shrub site. The bulked surface 

litter C/N ratio was greatest at the mixed tundra site and least at the low shrub site with an 

average difference between the two values of ~10. The 0 – 7.3 cm organic soil dry bulk 

density followed the same trend as surface litter C/N ratio with significantly lower bulk 

density at low shrub site compared to the other sites (P < 0.05) and with all three sites 
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indicating the presence of substantial organic matter in the near surface soils resulting in 

bulk densities well below the root growth limiting bulk density of 1.6 g cm-3 in sandy 

soils. Average soil C and N, on a mass basis, were similar at the mixed tundra and dwarf 

shrub sites, but greater soil C and significantly higher soil total N content (P < 0.05) were 

found at the low shrub site. Soil C/N ratio also differed significantly among three sites, 

with greater C/N ratio at the mixed tundra and lower C/N ratio at the low shrub site (P < 

0.05).  

Table 3.1 Total shrub leaf area index as measured using a plant canopy analyzer 

(LAIoptical), percent cover of moss, lichen and other ground cover vegetation LAI as 

measured using the PQM, the ratio of leaf litter C/N ratio, soil dry bulk density (BD), 

soil C, soil total N content and soil C/N ratio at the three sites. Parentheses indicate 

standard errors. Values within a column with different letters are significantly different 

(One-way ANOVA followed by LSD test, P<0.05). 

 
Vegetation 

Leaf 

litter 
Soil 

 
Total 

LAIoptical   

(m2 m-2) 

Moss 

cover 

(%) 

Liche

n 

cover          

(%) 

Other 

groundcover 

vegetation LAI 

(m2 m-2) 

C/N 

ratio 

BD 

(g cm-

3) 

N     

(%) 

C 

(%) 

C/N 

ratio 

Mixed 

tundra 

0.62a 

(0.08) 

26.1a 

(5.1) 

46.0a 

(5.6) 

1.24a 

(0.10) 
39.68 

0.50a 

(0.04) 

1.04a 

(0.12) 

26.8a 

(2.72) 

26.5a 

(0.58) 

Dwarf 

shrub 

0.73a 

(0.07) 

40.5b 

(4.2) 

39.6a 

(4.6) 

0.97b 

(0.08) 
35.81 

0.47a 

(0.04) 

1.24a 

(0.10) 

25.1a 

(1.69) 

21.0b 

(0.28) 

Low 

shrub 

1.16b 

(0.09) 

55.5c 

(4.4) 

9.5b 

(2.0) 

1.17ab 

(0.09) 
29.84 

0.21b 

(0.01) 

1.69b 

(0.08) 

30.4a 

(1.55) 

18.0c 

(0.46) 
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The 10-year average July and August air temperature and rainfall at Daring Lake for 2005 

through 2014 was 12.0±1.1 °C and 89±27 mm (± 1SD). In comparison, the 2014 study 

period (June 26 – August 28) was relatively warm (13.7 °C) and dry except for two heavy 

rain events which occurred on July 16 (57.5 mm) and August 16 (16.0 mm), which together 

accounted for 74% of the total precipitation of 99.3 mm during the two-month period 

(Figure 3.2).  

 

Figure 3.2 Diel mean air temperature and total precipitation in 2014 summer at Daring 

Lake, NWT. 

At all three sites, soil temperatures at 5 cm depth had similar seasonal trends that 

followed the seasonal air temperature pattern. However, soil temperature at the low shrub 

site was consistently 1 to 3 °C lower than at the other two sites (Figure 3.3). Soil 

volumetric water content (VWC) in the upper 12 cm of the active layer also had similar 

seasonal trends at the three sites with a peak wetness of ~ 0.5 to 0.8 m3 m-3 following the 
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heavy rain event in July (Figure 3.2) when the active layer was still only ~ 30 to 50 cm 

deep (Figure 3.3). The wettest soils were at the low shrub site followed by the mixed 

tundra site with driest soils at the dwarf shrub site. Differences in thaw depth were 

reversed with the low shrub site consistently 10 to 30 cm shallower compared to the 

mixed tundra and dwarf shrub sites, which attained an average thaw depth of 78 cm by 

August 23 (Figure 3.3).   

 

Figure 3.3 Variation of soil temperatures (T, oC) at 5 cm depth, soil volumetric water 

content (VWC, m3 m-3) for 0-12 cm soil depth and thaw depth (cm) at the mixed tundra, 

dwarf shrub and low shrub sites in 2014. Error bars indicate standard errors of the mean 

for each measurement date (n = 6).  
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Comparisons of the respiration rates among the three sites showed significant effects of 

sites, weeks and site * weeks interaction on RT and RS (Table 3.2). These results indicate 

that sites differed in RT and RS, RT, RS and RG significantly varied over the growing 

season, and the seasonal pattern of RT, RS and RG over the season differed among the 

three sites. RT and RS were significantly greater at the low shrub site compared with the 

other two sites (Table 3.2). The highest RT, RS and RG rates were measured in the first 

week of the study (June 29-July 5) (Figure 3.4) when air and soil temperatures were 

moderate (Figure 3.2 and 3.3). After the heavy rain event and coincident cool 

temperatures, respiration decreased and did not entirely recover by July 24 when soil and 

air temperatures reached their highest values of the season, coincident with peak leaf 

area. Following this period, respiration rates continued to decline as soil and air 

temperatures decreased. There was little difference in RG among the sites while RT and 

RS were consistently greatest at the low shrub site, particularly at the beginning of the 

study period (Figure 3.4).  
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Table 3.2 Least square means and analysis of variance for respiration rates (µmol m-2 s-1) 

of total understory (RT), bulk soil (RS) and ground cover respiration (RG) and the ratio of 

RG to RT at mixed tundra, dwarf shrub, and low shrub sites. Different letters indicate a 

significant difference (P<0.05) among the three sites based on LSD test 

        RT RS RG 

Sites     

Mixed tundra 2.32a 1.79a 0.53a 

Dwarf shrub 2.51a 1.99a 0.52a 

Low shrub 3.20b 2.74b 0.46a  

SE 0.136 0.159 0.025 

Sources of variations  P values  

Sites  <0.001 0.004 0.144 

Weeks  <0.001 <0.001 <0.001 

Sites *weeks  0.004 0.007 0.015 
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Figure 3.4 Mean daytime respiration rates of (A) total soil surface, (B) bulk soil and (C) 

ground cover vegetation at mixed tundra, dwarf shrub and low shrub sites. Bars show 

standard errors of the mean (n = 6). Note the y-axis for C is different from the y-axis in A 

and B.  

Significant positive relationships between soil temperature and RT, RS, and RG were 

observed for all but RG at the low shrub site (Figure 3.5). However, even when significant, 

the proportion of variation explained by soil temperature was always 33%. Soil moisture 
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was significantly and negatively related to RS at all three sites with R2 ranging from 6.9% 

to 12.7%. Soil moisture was also significantly and negatively related to RG at the dwarf 

shrub site. 

 

Figure 3.5 Least squares linear regression for respiration rates and soil temperature at 5 

cm depth (oC) and soil VWC at 0-12 cm depth (m3 m-3) at mixed tundra (left column), 

dwarf shrub (middle column) and low shrub (right column) sites. For all graphs, 

regression of soil VWC with respiration rates are represented by dash lines with R2 and P 

values in gray. Regression of soil temperature with respiration rates are represented by 

black lines with R2 and P values in black.  
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To analyze the controls on respiration rates across the three sites, we regressed average 

respiration rates from each plot during the peak growing week, July 24 – July 26 against 

soil temperature, moisture and bulk density for that same period. Spatial variations in soil 

temperature and moisture did not relate well to spatial variations in respiration rates 

among the three sites (Figure 3.6 A and B). However, 61% and 66% of the variation in RT 

and RS, respectively could be explained through variations in surface soil bulk density 

with respiration rates increasing with decreasing bulk density (Figure 3.6 C). Among the 

three sites, the mixed tundra site had the highest bulk density and lowest RT and RS rates, 

whereas the low shrub site has the lowest soil bulk density and highest RT and RS rates.  

Seasonal mean RT and RS rates showed similar trends with soil total N content across the 

three sites (Figure 3.6 D). Greater RT and RS rates at the low shrub site were accompanied 

by relatively high soil total N content, and lower RT and RS rates at the mixed tundra 

were accompanied by relatively low soil total N content. However with only 3 values, it 

is uncertain how well these relationships may explain spatial variations in respiration at 

Daring Lake.  
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Figure 3.6 Linear correlation between peak season respiration rates and soil temperature 

(A), soil volumetric water content (B), soil bulk density (C) and seasonal mean soil total 

N (the size of symbol scaled to soil C: N (i.e., larger symbols represent higher C: N)) (D). 

“M” represents mixed tundra site; “D” represents dwarf shrub site and “L” represents low 

shrub site. 
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shrub site to 15% at the low shrub site. In general, increased shrub cover in Arctic tundra 

ecosystems might reduce the abundance of lichens and mosses and other ground cover 

plants (forbs and graminoids), due to the dominating role of taller deciduous shrubs in 

obtaining light and nutrients (Walker et al., 2006; Dahlgren et al., 2006). Previous studies 

have shown either increasing (Hudson and Henry, 2009) or stable (Prach et al., 2010) 

moss abundance in Arctic tundra over the past decades. Lichen biomass increased in a 2 

year experimental warming manipulation of Siberia dwarf shrub tundra (Biasi et al., 

2008), but decreased in warming experiments over the tundra biome (Walker et al., 2006; 

Zamin et al., 2014). The growth of both lichens and mosses depend strongly on external 

water supply (van Wijk et al., 2003; Dorrepaal et al., 2004; Deane-Coe et al., 2015), 

which can also affect the sensitivity of mosses and lichens to changing temperatures 

(Lang et al., 2012). Here we found significantly lower lichen cover and greater moss 

cover at the low shrub site where near-surface soil moisture was also highest. Mosses and 

lichens are both known to have relatively low rates of productivity and respiration 

(Sveinbjörnsson and Sonesson, 1997). We also observed an inverse relationship between 

moss and lichen cover across the sites. As a result, the increased contribution of respired 

CO2 from more mosses might be balanced by the decreased contribution of respired CO2 

from fewer lichens, thus resulting in little net effect on total RG. In addition, the lack of 

differences in the understory vascular plant LAI between the low shrub site and the other 

two sites may have also been a reason for why RG was similar among sites. 

There was little difference in RS and RT at the dwarf shrub and mixed tundra sites where 

there was also no significant difference in most vegetation, soil and soil microclimate 

characteristics. Only at the low shrub site, with its much taller and denser shrub cover did 
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soil conditions differ substantially. Although not assessed directly, the near-surface soil 

contained greater organic matter content (inferred from the significantly lower soil bulk 

density) at the low shrub site. The low shrub site also had the lowest litter C/N ratio, 

which generally represents relatively easily decomposable (high quality) substrate matter 

(Quested et al., 2003; Cornwell et al., 2008) and lowest mineral soil C/N ratio which may 

reflect highly decomposed soil organic material, high turnover rates, and/or less 

recalcitrant substrates (Gundersen et al., 1998; Ollinger et al., 2002; Björk et al., 2007). 

In contrast to our results, previous studies have shown that soil decomposition rates 

decreased with increasing shrubs due to a more recalcitrant substrate supply (Hobbie, 

1996; Cornelissen et al., 2007; Baptist et al., 2010). However, this is likely to depend on 

the nature of the vegetation replaced with the previous studies finding deciduous shrub 

litter to be more recalcitrant compared to herbaceous litter (De Deyn et al., 2008). At the 

Daring Lake sites, ericaceous and evergreen dwarf shrubs such as E. nigrum and R. 

decumbens are common and decrease in abundance in areas where B. glandulosa 

dominates. As a result, a shift to deciduous over evergreen litter may be driving faster 

decomposition and greater soil respiration rates. Although we cannot conclude that soil 

total N or C/N ratio are the dominating controls on soil respiration rates with our limited 

sample size, these observations at least highlight the importance of substrate 

characteristics in controlling soil respired CO2 with increased shrub cover and density. 

Although not assessed, contributions from root respiration and rhizosphere respiration, 

which are driven by aboveground conditions (Kuzyakov and Cheng, 2001; Kuzyakov et 

al., 2001), were also expected to differ among sites, particularly at the low shrub site with 

its much greater summer productivity as inferred from the higher overstory LAI.  
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Instantaneous RS rates measured at our three sites ranged from 1.67 to 4.45 µmol m-2 s-1 

over the growing seasons are comparable to the soil respiration values reported for other 

Arctic ecosystems (; Elberling, 2007; Nobrega and Grogan, 2008; Björkman et al., 2010; 

Cahoon et al., 2016). Soil temperature is the dominant factor regulating temporal 

variations in CO2 effluxes in the Arctic (Kim et al., 2013; Jensen et al., 2014) and other 

terrestrial ecosystems (Davidson et al., 1998; Davidson and Janssens, 2006). The role of 

soil moisture in controlling soil respiration is not as clearly distinguished as soil 

temperature. Incubation studies in tundra ecosystems (Johnson et al., 1996) and 

temperate ecosystems (Davidson et al., 1998) indicate that soil respiration positively 

correlates with soil moisture at low levels (< 0.2 m3 m-3), but negatively correlates with 

soil moisture at high levels (> 0.2 m3 m-3) due to oxygen limitation. We found weak 

negative relationships between either RS or RT and soil moisture at all three sites, with 

relatively greater R2 at the dwarf shrub and low shrub sites where soil moisture content 

was exceeded 0.2 m3 m-3 during the growing season. Jensen et al. (2014) reported 

variations in annual CO2 effluxes in a tundra ecosystem as a result of changes in soil 

moisture due to severe rainfall events. A substantial input of rainwater can inhibit soil-

production of CO2 and limit diffusion rates to the atmosphere. We observed a sharp 

decline in RS and RT at all three sites immediately following a heavy precipitation event 

(and cool air and soil temperatures) on July 16, 2014. However, respiration rates did not 

fully recover despite a return to warm conditions. This may have been due to soils that 

remained relatively wet limiting both production and transport rates suggesting that soil 

moisture might restrict the increase in soil respiration with increasing soil temperatures 

(Oechel et al., 2000; Oberbauer et al., 2007). These findings, as well as our results, 
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highlight the importance of unusually large rain events in controlling respired CO2 rates. 

This is important considering increasing precipitation trends in the Arctic associated with 

climate change (Macdonald et al., 2005; Koenigk et al., 2013).  

Although our hypothesis that soil temperature and moisture would be the main drivers of 

respiration variability was supported by the temporal variations in these variables, spatial 

variations in RT and RS were better correlated with soil physiochemical properties as 

noted above. The low shrub site with the coldest soil had the highest RS and RT, therefore 

soil temperature was clearly not the primary control on respiration differences among 

sites. Nobrega and Grogan (2008) found soil moisture to be the dominating factor 

controlling patterns of RS among tundra ecosystems across the moisture gradient, where 

greater summer soil respiration at moderate soil moisture condition (~ 0.3 m3 m-3). There 

was no linear relationship between respiration and soil moisture in our study. Instead, we 

also found RS and RT increased with increasing soil moisture content up to ~0.45 m3 m-3 

and decreased with wetter conditions. It is notable, however, that there was very large 

variability in respiration rates at all soil moisture values. 

The three sites examined in this study experience the same climate conditions, yet have 

developed differences in shrub cover due to other differences in habitat characteristics. 

Although we recognize this fact tempers possible interpretations from our study, if we 

consider the three sites to reflect the impact of long term shrub expansion in similar 

tundra of the Canadian low Arctic, there are a number of implications arising from this 

study. No significant differences in RG, RS and RT rates between the mixed tundra and 

dwarf shrub sites suggest a weak response of respiration rates in the early phases of shrub 

expansion. As shrub expansion approaches a relative mature phase, continued input of 
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larger amounts and relatively higher quality litter substantially improved the 

decomposability of soil organic matter which supports higher RS and RT at the low shrub 

site. Together, our results suggest that total understory respiration in low Arctic tundra 

may not be fixed with long term shrub expansion and the variance primarily comes from 

bulk soil not ground cover vegetation. Presently, these notions are untested, but 

ecosystem models could be used untangle the linkages between shrub expansion, soil 

nutrients and ecosystem respiration.  

Conclusions 

At three low Arctic sites with varying birch shrub cover, temporal and spatial variations 

in soil and ground cover vegetation were documented and associated with differences in 

soil temperature, moisture and nutrients. These differences in soil respiration underscore 

the potential importance of shrub expansion processes on the Arctic C cycle. The amount 

and nature of shrub cover change combined with direct and indirect effects on soil 

climate, vegetation structure and biogeochemistry are all important factors to be 

considered when predicting the response of tundra ecosystem respiration to continued 

climate warming.  
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Chapter 4 : Annual CO2 Balance along a Natural 

Gradient of Deciduous Shrub Coverage in the Low-

Arctic  

Abstract  

Atmospheric warming is expected to cause important shifts in vegetation distribution, 

especially expansion of shrub species on the Arctic tundra. Whether the tundra ecosystem 

acts as an annual source of carbon dioxide (CO2) to the atmosphere or a sink will depend 

on the response of CO2 fluxes to shrub expansion in both the growing and the cold 

seasons. Here we measured accumulated net ecosystem carbon exchanges (NEP) over 

five growing seasons (2010 to 2014), as well as accumulated carbon effluxes (ER) in one 

cold season (2014/2015) at three study sites along a natural gradient of deciduous shrub 

coverage in the Canadian low Arctic. The results showed accumulated growing season 

NEP varied from 48.5 g C m-2 to 127.2 g C m-2 with highest NEP at the site with greatest 

shrub coverage and tallest shrubs. The site with the most shrubs had significantly 

(P<0.05) higher accumulated cold season ER of 149.4±7.0 (±1 SE) g C m-2, which was 

associated with deeper snow and warmer soil temperatures at this site. The annual NEP 

for one full study year 2014-2015 showed that the three study sites were either annual 

CO2 sources (NEP<0) or CO2 neutral (ranging from -45.7 g C m-2 to 0.8 g C m-2) with 

largest annual CO2 source occurring at the site with the most shrubs. Finally, our results 

suggest that continued shrub expansion in the Arctic tundra could increase both carbon 
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sink in the growing season and carbon emission in the cold season. The increasing shrub 

coverage and density might promote cold season ER at a higher rate than growing season 

NEP, leading to an increasing emission of CO2 to the atmosphere on an annual basis, 

accelerating future climate warming.  

Keywords: carbon exchange; climate change; cold season; eddy covariance; growing 

season; shrub coverage; snow depth; soda lime; soil temperature.   

Introduction  

Arctic annual temperature has risen at approximately twice the global rate in the past few 

decades (IPCC, 2014), which could substantially affect tundra ecosystem structure and 

function. Increasing temperatures have stimulated ecosystem primary production (Shaver 

and Kummerow, 1992; Johnson et al., 2000), resulting in a “greening” of the Arctic, 

especially the expansion of shrub species (Tape et al., 2006). On the other hand, rising 

temperatures warm and thaw permafrost soils and enhance decomposition and ecosystem 

respiration (ER) (Hobbie et al., 2000; Schuur et al., 2008; McGuire et al., 2009; Grosse 

et al., 2011). The difference between gross ecosystem production (GEP) and ecosystem 

respiration, i.e., net ecosystem carbon production (NEP), determines whether Arctic 

tundra ecosystems constitute a source or a sink of atmospheric CO2. Arctic tundra 

ecosystems have historically been net C sinks from the atmosphere (Harden et al., 1992; 

Pries et al., 2012), however, recent evidence indicates that despite increases in growing 

season net CO2 uptake (McGuire et al., 2012), tundra ecosystems are currently either CO2 

neutral or a net source of CO2 to the atmosphere (Oechel et al., 1993; Belshe et al., 2013) 
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on an annual basis primarily due to increased winter CO2 effluxes (Welker et al., 2000; 

Belshe et al., 2012; Euskirchen et al., 2012).  

Increased shrub coverage affects the annual C balance in the tundra through a number of 

ecosystem processes. For example, during the growing season, taller shrubs and darker 

canopy can reduce albedo and cause regional atmospheric heating (Chapin et al., 2005), 

which will facilitate vegetation growth and photosynthetic C assimilation. The shading 

effect associated with increasing shrub cover and density may decrease growing season 

near surface soil temperatures (Blok et al., 2011; Myers-Smith, 2011), inhibiting 

permafrost thaw, decreasing soil decomposition and thus protecting the C stored in soils. 

In winter, the trapping of snow by tall shrubs reduces thermal conductivity and increases 

under-snow soil temperatures (Sturm et al., 2001; Bewley et al., 2010). This increase in 

soil temperatures may stimulate CO2 emissions to the atmosphere. In spring, the lower 

albedo associate with taller shrub canopy may first accelerate the start of snow melt, 

while subsequent shading by more shrub branches above the snow pack may lengthen the 

duration of snow melt (Sturm et al., 2005; Marsh et al., 2010). In previous studies 

snowmelt time was reported to be an important control on seasonal or annual C balance 

(Aurela et al., 2004), while in other studies no influence of snowmelt time on annual C 

balance was found (Humphrey and Lafleur, 2011). Together, these single and/or 

combined responses of ecosystem functions to shrub expansion may play an important 

role in determining CO2 exchanges in Arctic tundra ecosystems. 

Considerable effort has gone into measuring and modelling the interaction between the 

growing season NEP of tundra ecosystems and shrub abundance (Sweet et al., 2015; 
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Tang et al., 2015). More shrubby vegetation could increase GEP directly due to greater 

photosynthetic leaf area (Shaver et al., 2007; Street et al., 2007) and also indirectly by 

extending peak growing days and the period of maximum C uptake (Goetz et al., 2005, 

2010; Jia et al., 2009; Tagesson et al., 2012 ; Sweet et al., 2015). Alternately, the 

contribution of respired CO2 by vegetation to growing season ER also increases with 

more shrubs, while the contribution of soil respired CO2 to ER is unclear. For example, 

Myers-Smith (2011) reported no difference in soil respired CO2 between tundra shrub 

plots and non-shrub plots, however, in other studies increased soil-respired CO2 at sites 

with more shrubs was found (Sturm et al., 2005; Loranty et al., 2011). Recent model 

studies on the growing season NEP of tundra ecosystems consistently predicted 

increasing C sink capacity with concurrent increasing shrub abundance (Sweet et al., 

2015; Tang et al., 2015). However, a great many uncertainties still remains in quantifying 

the growing season NEP.  

Arctic tundra ecosystems experience prolonged seasonal snow cover where 

photosynthesis is negligible, therefore NEP is effectively equivalent to ER during the 

cold (i.e., non-growing) season. The response of ecosystem processes to shrub expansion 

during the cold season compared to the growing season has been less investigated due to 

the severe weather conditions in the Arctic (Sturm et al., 2005; Marsh et al., 2010). Based 

on the limited studies, it is clear that cold season CO2 effluxes are sensitive to snow depth 

and associated changes in soil temperature (McGuire et al., 2000; Schimel et al., 2004), 

also larger CO2 emissions are generally associated with greater snow depth (Welker et al., 

2000; Nobrega and Grogan, 2007). Thus, changes in soil temperatures and snow depth 

with increasing shrub cover might substantially affect future trends in tundra cold season 
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ER and thus impact the prediction of the annual C balance in the Arctic tundra. Together, 

the responses of C exchange to shrub expansion in both the growing and the cold seasons 

should be considered in determining whether the Arctic tundra ecosystems constitute a 

CO2 source to, or sink from the atmosphere.  

In order to evaluate the annual CO2 exchange, CO2 exchanges were measured at three 

sites along a gradient of deciduous shrub coverage in the Canadian Low Arctic. We 

proposed the following hypotheses i) the site with greater shrub coverage will have 

higher accumulated NEP in the growing season, and ii) the site with greater shrub 

coverage will also have higher accumulated ER in the cold season. Finally, we propose 

that greater shrub cover and density will increase the strength of annual CO2 sources to 

the atmosphere, primarily because of the higher emission of CO2 during the cold seasons. 

In testing these hypotheses, our aim was to develop a better understanding of CO2 

exchanges in a changing environment, during both the growing season and the cold 

season in order to better predict future C budgets of Arctic tundra ecosystems. 

Methods 

Study Sites  

Measurements were made in the low Arctic tundra near the Tundra Ecosystem Research 

Station (TERS), Daring Lake, Northwest Territories (NWT) (64°52'N, 111°34'W). TERS 

is located 300 km northeast of Yellowknife, and approximately 70 km north of the tree 

line. Local elevation ranges from 414 to 470 m above sea level. Soils in the region 

typically have a thin surface organic horizon (less than 0.1 m) in drier areas and a thicker 
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organic horizon (up to 0.7 m) in wetter areas, overlying a coarse mineral layer 

(Humphreys and Lafleur, 2011). The area is underlain by continuous permafrost with the 

maximum active layer depth typically ranging from 0.5 m to 1.2 m.  

The three research sites were located within 3 km of each other and the vegetation 

characteristics varied mostly in terms of the cover of birch shrub Betula glandulosa 

(Michx.). The mixed tundra site was located on a wind exposed upland area with B. 

glandulosa shrubs of 10 - 30 cm tall and shrubs covering ~17 % of the area. The dwarf 

shrub site was located on slightly sloping terrain (slope < 1o) approximately 1 km north-

east of the mixed tundra site. The B. glandulosa shrubs at this site were 20 - 40 cm tall 

and covered ~45 % of the surface area. The low shrub site was located approximately 2.5 

km south-west of the mixed tundra site in a large patch of dense (~ 60% coverage), tall 

(50 -100 cm) B. glandulosa. The coverage and average height of B. glandulosa at each of 

the three sites was measured in July 2015 by making observations at 1 m intervals along 

four 60 m transects oriented in the cardinal directions out from micrometeorological 

towers located at each site. At each 1 m interval along the transects the presence or 

absence of shrubs was recorded, shrub species and maximum shrub height. Other 

common species at the three sites included Vaccinium uliginosum (L.), Ledum decumbens 

(Ait.), Empetrum nigrum (L.), Vaccinium vitis-idaea (L.), Andromeda polifolia (L.), 

Rubus chamaemorus (L.), some graminoids and various mosses and lichens.  

 

 



 

 

75 

 

CO2 Exchanges Measurement 

In order to evaluate the annual CO2 exchange, CO2 exchanges were measured at both 

growing season and cold season. The classification of seasons used in this study is given 

in Table 4.1. 

Table 4.1 Classification of the seasons. Note, this classification is artificial and was 

developed for this study only, on the basis of convenience and site accessibility. Dates are 

based on the records of climate data from Daring Lake weather station (Bob Reid, Indian 

and Northern Affairs Canada, unpublished data). The snowmelt starts when the air 

temperature was above zero oC and ends when snow on the ground totally disappear. 

Growing season starts immediately after the snowmelt and vegetation begins budding, 

then ends at the date when study group left the Daring Lake research station, precluding 

further observations. After growing season, winter lasts until next snowmelt.  

Growing season  Cold season 

  Winter Snowmelt 

May 19 – August 28  August 29 – next April 17 April 18 – May 18 

 

Growing Season Measurement 

Eddy covariance (EC) was used to measure vertical mass flux density of CO2 at a height 

of ~3 m at each of the three sites during growing seasons (May 19 – August 28) of 2010 

to 2014. The EC instruments consisted of a sonic anemometer to measure fluctuations in 
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vertical wind speed and temperature (R3-50, Gill Instruments, Lymington, UK) and an 

open path infrared gas analyzer (IRGA) to measure fluctuations in CO2 (LI-7500, LI-

COR Inc., Lincoln, NE, USA) at a frequency of 10 Hz. NEP was calculated as the sum of 

the flux of CO2 and the rate of change in CO2 stored below the EC instrument height for 

30 min intervals. Positive values of NEP represent CO2 uptake by the tundra ecosystems. 

Fluxes were discarded when the diagnostic signal of the IRGA indicated the optical path 

was obstructed (typically during rain periods), when average vertical wind speed or CO2 

concentrations were outside the range of normal limits and during instrument 

malfunction. Night-time data were also filtered for all sites using a 0.1 m s-1 friction 

velocity threshold. All flux processing and gap-filling strategies were applied identically 

to the three datasets as outlined in Lafleur and Humphreys (2008) and Humphreys and 

Lafleur (2011). Values of ER were obtained from nighttime measurements of NEP, when 

available and modelled during daytime. GEP was then computed as the sum of ER and 

gap-filled NEP according to Lafleur and Humphreys (2008) and Humphreys and Lafleur 

(2011). 

Winter Measurement 

The soda lime absorption technique (Edwards, 1982; Grogan, 1998) was used to measure 

cold season accumulated ER. A known quantity of soda lime (Indicating type, 4 - 8 mesh, 

J.T. Baker, Phillipsburg, New Jersey), which absorbs CO2, was placed in an enclosed 

sample chamber (surface area 633 cm2; total volume  18.9 L) with vegetation and 

underlying soil in the headspace. The sample chambers were inverted 5 gallon buckets 

(EMCO, Yellowknife, Northwest Territories). Chambers were left in situ for an extended 
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period of time where emitted CO2 from vegetation and soil was absorbed into the soda 

lime. At each site 10 sample areas were selected and represented the range of 

hydrological conditions.  

Deployment of the soda lime followed the technique descried by Grogan (2012). The 

soda lime was first placed into pre-weighed mason jars (1L) and dried to constant mass in 

a large fan-assisted oven at 80 oC for 162 h. Afterwards, the jars were closed tightly and 

weighed immediately to determine initial soda lime mass (~ 400 g for the mixed tundra 

and dwarf shrub sites and ~500 g for the low shrub site) prior to transport to the field. 

During mid-August 2014, slots (10 cm deep) for each site were randomly cut into the soil 

around each sampling location area to facilitate insertion of the bucket chambers and 

ensure a good seal. The mason jars containing soda lime were opened and balanced on a 

platform of wooden skewers (~10 cm above the soil surface) at the center of each 

sampling area. 200 mL of water was quickly added to the soda lime to increase CO2 

adsorption efficiency at freezing temperatures (Grogan and Chapin, 1999). Immediately 

the bucket chamber was inverted and placed over the sampling area and pressed into the 

pre-cut soil slot to a depth of 10 cm. This depth was tested to be deep enough to minimize 

the enhanced CO2 diffusion gradients due to the chambers (Nobrega and Grogan, 2007). 

Three extra jars were placed at each of the three sites as blanks to correct for any mass 

changes associated with storage, transport, field exposure, and especially CO2 absorption 

during final oven drying (Grogan, 2012; Keith and Wong, 2006). Each mason jar sample 

assigned to the blank treatment was placed in a staked upright chamber bucket (24.6 L) 

which was then quickly sealed with an airtight lid and left in situ over the sampling 

period.  
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In April 17, 2015, before collecting the mason jars from the bucket chambers, the 

efficiency of CO2 absorption by the soda lime was tested by drilling very small holes into 

the top of the bucket (n = 6 at each site including 1 sample from the blank treatment) and 

immediately taking gas samples. When taking the gas samples, the sampling tube was 

first flushed with the chamber air 5 times using a 30 mL syringe, then a 24 mL sample 

was taken and immediately injected into an airtight pre-evacuated vial (Exetainer 739B, 

LabcoLtd Buckinghamshire, UK) containing 2 mL of magnesium perchlorate (following 

Wilson and Humphreys, 2010). The mason jar with the soda lime was removed from the 

chamber by cutting a 20 cm×20 cm hole in the top of the bucket and quickly sealed with 

lids. All soda lime samples (n = 39 including 9 blank treatments) at the three sites were 

oven-dried to constant mass at 100 oC for 240 h followed by 24 h at 75 oC to reduce the 

CO2 adsorption during the final oven-drying phase (Keith and Wong, 2006). The mass of 

CO2 released during the cold season period was calculated as the increase in soda lime 

mass corrected (1.69) for water loss associated with adsorption (Grogan, 1998). 

Afterwards, the values were corrected for mean CO2 adsorption in the blanks, and then 

divided by the exposed soil surface area to calculate flux per m2.  

Snowmelt Measurement 

Four hours after removing the winter soda lime samples, soda lime containers were re-

installed in all buckets chambers at the mixed tundra and dwarf shrub sites to continue 

with end of winter and spring melt measurements. For these measurements, ~100 g of 

soda lime was first placed in weighed mason jars (250 mL) and dried at 80 oC for 162 h 

to constant mass in a large fan-assisted oven. Afterwards, the jars were closed tightly and 
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weighed immediately to determine initial soda lime mass prior to transport to the field 

site. Before deployment in the field water (50 mL) was quickly added to mason jars with 

soda lime and then jars were placed back on the wooden skewer in the chamber. Tape was 

used to re-seal the buckets and snow was replaced on the buckets if needed in order to 

bring them back to pre-sampling conditions. On May 18, 2015, just after the snow melt 

and before plant budding, the gas samples (n = 6 including 1 blank treatment) were taken 

based on the same protocol used in winter period. After that, the mason jar was removed 

from the chamber and closed tightly. After transport back to Trent University, soda lime 

samples (n = 26) were treated using the same protocol as samples from the winter period. 

Due to the difficulty in accessing the site during snow melt period, CO2 effluxes for this 

period were not measured at the low shrub site. 

All gas samples from the cold season measurements were transported to Carleton 

University for CO2 analysis at the end of May. In winter, mean headspace CO2 

concentrations in the chambers at the mixed tundra, dwarf shrub and low shrub sites were 

86 ppm (n = 5; SE = 11), 189 ppm (n = 5; SE = 40) and 181 ppm (n = 5; SE =17) 

respectively, and 68 ppm (n = 3; SE = 20) in the blank chambers. During the snowmelt 

period, mean headspace CO2 concentrations in the chambers at the mixed tundra and 

dwarf shrub sites were 167 ppm (n = 3; SE = 7) and 269 ppm (n = 4; SE = 32) 

respectively, and 132 ppm (n = 2; SE = 22) in the blank chambers. Compared to the mean 

air CO2 concentration in studying area (375 ppm), the lower CO2 concentration in gas 

samples indicates that the soda lime was still very effective at drawing down headspace 

CO2 concentrations in all the above chambers.  
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Climate Measurements  

Auxiliary meteorological measurements during the growing season were conducted as 

follows: air temperature and humidity were measured with a HMP35C probe (Vaisala 

Oyj, Helsinki, Finland). Upwelling and downwelling photosynthetically active radiation 

(PAR) were measured with quantum sensors (LI-190SA, LI-COR). Precipitation was 

measured with a tipping bucket gauge (TE525, Texas Electronics, Dallas, Texas, USA). 

These instruments were all mounted between 0.75 and 1.25 m from the surface. All 

signals were recorded on a data logger (CR21X, Campbell Scientific at mixed tundra and 

CR1000 at the dwarf shrub) at a scan rate of 5 s and 30-min averages were computed in 

the logger. 

Late winter snow depth was measured with a steel rod at 5 m intervals along four 

transects (N, S, E, W) from the three eddy covariance towers at the first arriving (late 

April – early May) of each site from 2010 to 2015. Soil temperatures during the cold 

season were measured with copper-constantan thermocouples at a depth of 5 cm. Signals 

were recorded on a data logger (CR21X, Campbell Scientific, Logan, Utah) at a scan rate 

of 5s; 30-min averages were computed in the logger. 

Statistical Analyses 

Differences in accumulated cold season ER among sites (n = 10 per site) and snow depth 

(n = 40 per site) were tested with one-way ANOVA followed by a least significant 

difference (LSD) post-hoc test. Correlation analysis was used to determine the response 

of annual growing season NEP to seasonal mean precipitation, air temperature and PAR. 
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Prior to statistical analysis, measured data of cold season ER were log-transformed to 

achieve normality and homoscedasticity. All statistical analyses were computed using the 

programming software SPSS version 16.0 (SPSS, Chicago, IL, USA).  

Results  

Climate Conditions  

Air temperatures during the five growing seasons showed a similar trend (Figure 4.1). 

Temperatures started to increase after the snowmelt period and were usually highest (over 

20 oC) near the mid-growing season; temperatures then decreased toward the end of 

August. In 2013 and 2014, peak growing season (ca. mid-July) air temperatures were 

below 10 oC, in association with heavy precipitation events. In 2013, cumulative 

precipitation was 171.8 mm and was almost twice the amount in 2012 (99.0 mm) and 

approximately 1.5 times that of 2010 (114.0 mm), 2011 (128.9 mm) and 2014 (125.8 

mm). Furthermore, 60% of the total precipitation in 2014 was attributed to two rain 

events that occurred on July 16 (57.5 mm) and August 16 (16.0 mm). The heavy and/or 

particular precipitation conditions in 2013 and 2014 were also accompanied by reduced 

photosynthetically active radiation (PAR) throughout most of the growing period in those 

years (Figure 4.1).  
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Figure 4.1 Seasonal trends in daily mean air temperature (oC), total daily precipitation 

(mm) and 5-day average PAR (mol m-2 day-1) for 2010 to 2014 at Daring Lake.   

Some soil temperature data were not available in the cold season due to the malfunction 

of either the temperature sensors or the data logger, especially at the low shrub site 

(Figure 4.2). Based on the available data, the soil temperatures at the three sites showed a 

similar temporal pattern in the five study periods, with decreasing temperatures from 

early September to minimum values of -10 oC to -17 oC in deep winter (around March), 

and then, increasing to above 0 oC during snowmelt at the end of May. Across the three 

sites, the low shrub site had warmest soils with deepest snow depth, and mixed tundra 

site had coldest soil with lowest snow depth. The peak snow depth within each of the 

three sites had little changes across five study seasons, with averaged maximum snow 
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depth of 30cm, 37cm, and 57cm at mixed tundra, dwarf shrub and low shrub sites, 

respectively (Figure 4.2).  

 

Figure 4.2 Diel mean soil temperature (T, oC) at 5 cm depth and peak snow depth (SD, 

cm) at mixed tundra, dwarf shrub site and low shrub sites in five cold seasons from 2010 

to 2015. The dates with missing temperature data due to sensors or data logger 

malfunction were Sep.1, 2014 – Dec. 31, 2014 and Sep.1, 2011 – Dec. 31, 2011 at the 

mixed tundra site, Jan.1, 2015 – May 18, 2015 at the dwarf shrub site, and Sep.1, 2012 – 

Dec. 31, 2012 and Jan.1, 2015 – May 18, 2015 at the low shrub site.  



 

 

84 

 

Carbon Exchange during the Growing Season  

The low shrub site, with greater shrub coverage, typically had higher GEP and ER than 

the other two sites, with average GEP and ER of 300.9 ± 22.1 (SE) g C m-2 and 195.0 ± 

15.9 g C m-2, respectively during five growing seasons (Figure 4.3). The average growing 

season GEP at the mixed tundra and the low shrub sites were 214.8 ± 18.4 g C m-2 and 

203.1 ± 14.3 g C m-2, respectively, are approximately 70% of that at the low shrub site. 

The average growing season ER at the mixed tundra site (155.9 ± 14.6 g C m-2) was 

relatively higher than at the dwarf shrub site (124.0 ± 9.7 g C m-2).  

The three study sites were all net sinks (NEP > 0) for CO2 during the five growing 

seasons, with a stronger sink capacity at low shrub site with greater shrub coverage 

(Figure 4.3). Mean accumulated NEP at the mixed tundra site over the five growing 

seasons was 61.3 ± 5.2 g C m-2 (±1 SE), with the smallest sink (48.5 g C m-2) occurring 

in 2014 and the largest (79.2 g C m-2) in 2010. At the dwarf shrub site accumulated NEP 

ranged from 78.3 g C m-2 in 2013 to 92.7 g C m-2 in 2011, with a mean NEP of 84.1 ± 2.5 

g C m-2. At the low shrub site, the mean NEP from 2010 to 2014 was 105.3 ± 7.3 g C m-2, 

ranging from 89.4 g C m-2 in 2010 to 127.2 g C m-2 in 2013. The inter-annual variations 

in accumulated NEP differed at each of the three sites; the mixed tundra and dwarf shrub 

sites had small annual variations while the low shrub site had larger annual fluctuations. 

The growing season NEP during the five study periods were only significantly correlated 

with seasonal mean PAR at the low shrub site (R2 = 0.8479, P = 0.035; Figure 4.4). 
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Figure 4.3 Accumulated gross ecosystem productivity (GEP, g C m-2), ecosystem 

respiration (ER, g C m-2) and net ecosystem production (NEP) (g C m-2) for the mixed 

tundra, dwarf shrub and low shrub sites in the growing seasons of 2010 to 2014.  
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Figure 4.4 Response of accumulated NEP during five growing seasons to seasonal mean 

precipitation (mm), air temperature (oC) and photosynthetically active radiation (PAR) 

(mol m-2 day-1). Line is shown for significant linear relationships (P<0.05). 

Carbon Exchange during the Cold Season  

Total CO2 effluxes during the winter season of 2014/2015 differed significantly (P < 

0.05) across the three sites (Figure 4.5), with greatest CO2 efflux occurring at the low 

shrub site  (average = 130.7 ± 7.0 g C m-2), which is approximately twice that measured 

at the dwarf shrub (75.9 ± 7.5 g C m-2) and mixed tundra (60.5 ± 5.9 g C m-2) sites. The 

CO2 effluxes during snowmelt period were 7.1 ± 0.7 g C m-2 and 7.7 ± 0.6 g C m-2 at the 

mixed tundra and the dwarf shrub sites, respectively and represent ~10% of the total cold 

season CO2 emissions at each site. The accumulated snowmelt period CO2 efflux at the 

low shrub site (18.7 g C m-2) was estimated by multiplying the snowmelt days by the 

average daily winter CO2 emissions at this site (column with dashed line in Figure 4.5).  
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Figure 4.5 Mean accumulated CO2 effluxes (g C m-2) during winter and snowmelt 

periods in 2014/2015 at mixed tundra, dwarf shrub and low shrub sites. Error bars 

showed ±1 standard errors (SE) of the mean (n = 10). Column with dashed line indicated 

estimated CO2 effluxes during snowmelt period at the low shrub site.  

Annual Carbon Exchange  

The annual NEP for one full study year 2014-2015 showed a strong CO2 source (NEP<0) 

at the low shrub site (-45.7 g C m-2) with greater shrub coverage. The mixed tundra was a 

weak CO2 source (-10.9 g C m-2) and the dwarf shrub sites was CO2 neutral (0.8 g C m-2) 

(Figure 4.6). 
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Figure 4.6 Annual NEP (g C m-2) in the study year 2014-2015. NEPgs, NEP in the 

growing season of 2014. ERcs, ER in the cold season of 2014/2015.   

Discussion  

Growing Season NEP  

In this study, the low shrub site with most shrubs has higher accumulated NEP in the 

growing season, supporting our hypothesis 1. Recent studies have suggest that the tundra 

biome was a growing season sink for atmospheric CO2 during the past two decades 

(McGuire et al., 2012) and greater shrub cover and density could increase net CO2 uptake 

in the growing season. Higher growing season GEP and ER with more shrubs were also 

found in this (Figure 4.3) and previous studies (Williams et al., 2006; Street et al., 2007; 

Zeng et al., 2011). Increasing shrub cover and density promote GEP directly through 

greater leaf area (Williams et al., 2006; Street et al., 2007; Zeng et al., 2011), which 

increased the photosynthetic C uptake. On the other hand, shrubs could take advantage of 
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extended growing days at many Arctic regions, extending the period of C assimilation 

uptake (Tucker et al., 2001; Zeng et al., 2011; Tagesson et al., 2012; Mbufong et al., 

2014). Previous studies have also indicated that deciduous shrub canopies reached the 

onset of peak greenness earlier than the evergreen/graminoid canopies, resulting in an 

approximately 10 days extension of the peak growing season (Goetz et al., 2005, 2010; 

Jia et al., 2009; Tagesson et al., 2012). In this study, although we lacked the data on the 

onset of peak greenness and leaf senescence, greater LAI as well as the significantly 

higher leaf photosynthetic capacity (Amax) (Chapter 2) at the low shrub site could 

contribute to the higher GEP at this site.    

The low shrub site also had higher ER during five growing seasons. While vegetation 

respired CO2 (autotrophic respiration) will increase with more shrubs, there are mixed 

results on the responses of soil respired CO2 to increasing shrub cover and density. For 

example, in some studies tundra ecosystems with more shrubs had higher soil surface 

temperatures and deeper permafrost thaw, that concomitantly promoted nutrient cycling 

and associated soil CO2 emission to the atmosphere (Sturm et al., 2005; Loranty et al., 

2011). Meanwhile greater decomposition rates were found at tall shrub plots with more 

shrubs, possibly due to improved litter quality with increasing shrubs (Buckeridge et al., 

2010). Alternately, Myers-Smith (2011) reported no difference in soil respired CO2 

between shrub plots and herbaceous tundra plots. In this study, we did not separate the 

soil respiration from the ER, however, greater plot-scale soil respiration rate was found at 

the low shrub site compared with the other two sites (Chapter 3), suggesting that the 

expansion of shrubs might promote soil respired CO2 during the growing season.   
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Here we found small inter-annual variations of accumulated NEP at the three sites with 

relatively greater variation at the low shrub site. The growing season NEP during five 

growing seasons were only significantly correlated with seasonal mean PAR at the low 

shrub site (Figure 4.4). In previous studies the inter-annual variations in the growing 

season NEP could largely depend on the weather conditions, especially abnormal 

temperature and rain events. Finally, the different inter-annual variations in NEP among 

the three sites suggest a varying sensitivity of ecosystem NEP to weather 

conditions/changes; tundra ecosystems with greater shrub abundance might be more 

sensitive to changes in these conditions. This is supported by previous studies in which 

Arctic ecosystems which were found to be highly sensitive to extreme climatic events 

(Lichtenthaler, 1996; Bokhorst et al., 2013). Furthermore growth sensitivity to climate 

was greater for tall shrubs than for low-statured shrub species (Myers-Smith et al., 2015).  

Cold Season ER 

To circumvent the technical challenges associated with running eddy covariance towers 

during the cold season, a wide range of methods have been used to measure CO2 effluxes 

during cold seasons (Björkman et al., 2010). These include soda lime, chamber infrared 

gas analysis and diffusion gradient approaches. Comparisons among these techniques 

indicate that each method has its limitations (McDowell et al., 2000; Schindlbacher et al., 

2007; Björkman et al., 2010). Previous studies have suggested that soda lime techniques 

tend to overestimate CO2 effluxes because of enhancement in the diffusion gradient of 

CO2 from the soil to the chamber headspace due its absorption (Nay et al., 1994). 

However, compared with chamber infrared gas analysis and diffusion gradient approach 
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methods, the soda lime technique has one distinct advantage in that it incorporates all 

CO2 released over the full cold season, including the snowmelt period, which is short but 

might contribute large CO2 emissions. In general, our estimates of cold season ER at the 

three study sites using soda lime absorption (68 - 149 g C m-2) were within the range 

measured in many previous reports from low Arctic ecosystems based on soda lime 

method (27 - 700 g C m-2) (Grogan and Jonasson, 2005; Nobrega and Grogan, 2007;  

Morgner et al., 2010), snow pack CO2 diffusion techniques (4.5 - 96.7 g C m-2) 

(Fahnestock et al., 1999; Sullivan et al., 2008; Björkman et al., 2010), infrared gas 

analysis chamber measures (69 - 770 g C m-2) (Grogan and Jonasson, 2006; Larsen et al., 

2007; Elberling, 2007) and eddy covariance techniques (98 - 137 g C m-2) (Euskirchen et 

al., 2012). Although the exact magnitude of the cold season ER fluxes might be 

questionable, we have some confidence in the difference among the three sites found 

here. 

In this study, we found significantly higher accumulated cold season ER at the low shrub 

site than the other two sites (Figure 4.5), supporting our hypothesis 2. The larger cold 

season ER at the low shrub site may be caused in part by the abundance of senesced leaf 

litter, which provides more substrate for soil microbial respiration (Buckeridge et al., 

2010). Meanwhile, greater shrub canopy had large belowground stems and roots, which 

could contribute substantially to the cold season CO2 effluxes (Nobrega and Grogan, 

2007; Grogan, 2012; Vankoughnett and Grogan, 2016). The important contribution of 

plant-associated (e.g. shoots, roots, plant litter and mycorrhizal and rhizosphere- 

associated microbial respiration) C fluxes to cold season ER was also reported in 

previous short- and long-term monitoring studies (Grogan et al., 2001; Grogan and 
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Jonasson, 2005). In addition, the taller shrub canopy traps more snow, thus increasing the 

snow depth in winter and insulating the soil from severe air temperatures over winter 

(Sturm et al., 2001; 2005). In this study, we found deeper snow with an average soil 

temperature ~3 oC greater at the low shrub site (Figure 4.2). Since soil respiration is 

tightly related to temperature (Lloyd and Taylor, 1994; Grogan and Jonasson, 2005; 

Davidson and Janssens, 2006), the higher temperature at the low shrub site could 

facilitate soil microbial activity during winter resulting in more CO2 emissions (Brooks et 

al., 1997). This is supported by previous studies where cold season CO2 effluxes were 

found to be sensitive to snow depth and associated changes in soil temperature (McGuire 

et al., 2000; Schimel et al., 2004) and larger CO2 emissions were generally associated 

with greater snow depth (Welker et al., 2000; Nobrega and Grogan, 2007). 

Although we were not able to identify the dominating factors affecting the variations in 

CO2 effluxes among the three sites, Grogan (2012) indicated that at tundra ecosystems 

where snow accumulation is less than 1 m landscape-scale variation in cold season CO2 

emissions was influenced more by vegetation types than by snow depth. In this study the 

snow depth at the three sites varied from 30cm – 57cm, suggesting that vegetation 

associated factors such as roots, plant litter and mycorrhizal and rhizosphere – associated 

microbial respiration might have the greatest impact on spatial variations in cold season 

ER among the three sites. More field experiments are needed to confirm this conclusion.  
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Annual NEP  

The annual NEP for one full study year 2014-2015 showed the low shrub site was strong 

CO2 source (NEP<0), the mixed tundra was a weak CO2 source and the dwarf shrub site 

CO2 neutral (Figure 4.6). In contrast, an ecosystem process model run using a climate 

change scenario, predicts a current annual NEP (± inter-annual variability) for Daring 

Lake of 30 (±13) g C m-2, rising to 57 (±40) g C m-2 after 90 years and declining to 44 

(±51) g C m-2 after 150 years (Grant et al., 2011). The estimates from an ensemble of 

process-based model simulations also suggest that the Arctic tundra has acted as a sink 

for atmospheric CO2 in recent decades (McGuire et al., 2012). These conflicting results 

may be attributed to the considerable challenges involved in maintaining accurate CO2 

flux measurements outside the growing season (McGuire et al., 2012). Grogan (2012) 

found substantial inter-annual variation of cold season ER in tundra ecosystems, where 

the variations were primarily attributed to the differences in soil temperatures during the 

fall and in late winter/early spring. In our study, the cold season ER in 2014-2015 was 

always enough to offset any of the five growing seasons NEP at all three sites, suggesting 

that three study sites currently act as either CO2 sources or CO2 neutral to the atmosphere. 

This is consistent with previous results from a time-series analysis of 40 years of CO2 

flux observations from 54 studies spanning 32 sites across northern high latitudes (Belshe 

et al., 2012). These authors found that tundra ecosystems have acted as annual CO2 

sources to the atmosphere, where both growing season NEP and winter ER increased 

from the mid-1980s to the 2000s. 
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Conclusions  

Larger accumulated NEP in the growing season and greater accumulated ER in the cold 

season were found at the site with greater shrub coverage, suggesting that increasing 

shrub cover and density in the Arctic tundra will increase both C sinks in the growing 

season and C emissions in the cold season. On the other hand, ER during the cold season 

at the low shrub site (149.4 g C m-2) was 2.2 and 1.8 times that at the mixed tundra site 

(67.6 g C m-2) and dwarf shrub site (83.6 g C m-2), respectively; however, the mean NEP 

during the five growing seasons at the low shrub site (105.3 g C m-2) was only 1.7 and 

1.3 times that at the mixed tundra site (61.3 g C m-2) and dwarf shrub site (78.3 g C m-2), 

respectively. This result suggests that increasing shrub cover and density might promote 

cold season ER at a higher rate than growing season NEP, leading to an increasing CO2 

emission on an annual basis, accelerating future climate warming. However, there are still 

considerable uncertainties in shrub tundra C exchanges and further research is needed to 

confirm our conclusion.    
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Chapter 5 : Synthesis and Implications  

The Arctic is extremely vulnerable to observed and projected global warming with an 

increasing surface temperature at almost twice the rate as the rest of the world in the past 

few decades (IPCC, 2014). This increasing temperature is likely to substantially stimulate 

ecosystem primary production (Shaver and Kummerow, 1992; Johnson et al., 2000), 

resulting in a “greening” Arctic, especially the expansion of shrub species in Arctic 

tundra (Tape et al., 2006). Climatic and vegetation changes could feedback to the global 

climate by changing the C balance of Arctic tundra (McGuire et al., 2012). However, 

much is unknown about the effect of warming-driven shrub expansion on carbon (C) 

exchanges processes between atmosphere and the Arctic tundra ecosystem. The 

overarching objective of this thesis was to study the influence of increased shrubs on C 

exchange processes in Arctic tundra. As previously stated (Chapter 1), the main research 

questions of this thesis were: 

1) Is Amax of B. glandulosa (Michx.) larger in sites where this species had greater cover 

and density? 

2) Is soil respiration larger in sites where B. glandulosa (Michx.) has greater cover and 

density?  

3) Is greater B. glandulosa (Michx.) cover and density associated with larger CO2 sink 

activity?  
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These questions were addressed through a series of field experiments conducted on three 

study sites along a natural gradient of deciduous shrubs. Amax, RS and net ecosystem 

productivity (NEP) with the interaction of differences in soil microclimate, soil and leaf 

physiochemical properties were investigated. This study indicated that the tundra 

ecosystem with greater deciduous shrub cover and density has greater Amax, growing 

season RS, cold season ER and greater net CO2 release to the atmosphere on an annual 

basis. Greater deciduous shrub abundance was also associated with greater soil total N 

content, soil and litter quality (lower C/N ratio) and lower soil bulk density. These results 

as a whole implied that Arctic tundra ecosystems currently act as either CO2 sources or 

neutral to the atmosphere, and that shrub expansion might increase the amount of CO2 

released to the atmosphere, positively feeds back to the climate warming.   

Implications  

The findings in this thesis highlight several important avenues for future studies on the 

climatic feedbacks to shrub expansion. Spatial and/or temporal variations in leaf-level 

Amax and RS with different shrub abundance in this study implied that these parameters 

might not remain constant as shrub expansion occurs. Thus modeling efforts should take 

this into consideration as well as leaf area and species composition when evaluating C 

exchanges in tundra ecosystems as climate-driven shrub expansion.  

Furthermore, significant relationships between Amax, RS and soil physiochemical 

properties (soil total N and/or soil C/N ratio and soil bulk density) among the three sites 

implied that the variations in these soil properties due to shrub expansion could drive the 

variations in Amax and RS. For example, the growth of deciduous shrubs will provide 
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more higher quality litter to the soil, leading to a higher soil quality associated with 

greater soil total N and lower soil bulk density. This will first promote soil decomposition 

with a greater RS as a result, and then provide more available nutrients for the leaf 

physiological activity, leading to a greater Amax. However, in our study it is not possible 

to attribute the higher soil quality and soil total N in the site with greater shrub abundance 

directly to the presence of the shrubs, because other factors such as topographic position 

and hydrology can also impact these soil properties. Our results, at least, indicates that 

shrub expansion will contribute to the greater soil quality and soil total N, which 

determines the variations in Amax and RS. More specific studies on the net effect of shrub 

growth on soil conditions (e.g. soil total N, soil organic matter, soil available nutrients) 

will help to improve our understanding of this inference.      

Our result that winter ER was enough to offset growing season CO2 uptake supports the 

findings at other Arctic tundra sites that annual NEP is a source to the atmosphere 

(Oechel et al., 1993; 2000; Welker et al., 2000; Belshe et al., 2012; Euskirchen et al., 

2012). However, as discussed in this thesis and previous literature, there are very few 

winter observation of Arctic tundra NEP (Schimel et al., 2004; Marsh et al., 2010) and 

large uncertainties in winter CO2 flux measurements (Grogan and Jonasson, 2005; 

Nobrega and Grogan, 2007; Morgner et al., 2010). This makes it difficult to accurately 

predict the direction and magnitude of future tundra C fluxes and its feedbacks to the 

climate change. And besides solving the technical challenges associated with running 

eddy covariance towers through the cold season, a better comparison and calibration of 

different methods could also improve the calculation of cold season C budget. 
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Finally, the space-for-time substitution embodied in this study, with three sites along a 

gradient of shrub coverage to mimic the long term shrub expansion, is questionable. Our 

results about the variations in soil physiochemical properties (e.g. soil total N content, 

soil bulk density) assume that the soil chronosequence developed by shrub expansion. 

However, the differences in topographic position of the studying sites could also impact 

soil and vegetation activity (Carey, 2003; Stewart et al., 2014). Thus, future studies on 

shrub expansion using space-for-time substitutions should consider soil development as 

well as vegetation succession in their experimental design. For example, ideal study sites 

should be successional sites with shrub gradients, as well as the soil C and N levels 

representing soil development with the interaction of shrub vegetation. In addition, more 

field manipulation studies such as artificial shading or vegetation-removal experiments 

(Blok et al., 2010; Myers-Smith and Hik, 2013) are needed to evaluate the exact role of 

changing shrubs in water, energy and C exchanges between ecosystem and atmosphere in 

Arctic tundra. 
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Appendix A: Locations and Pictures of Study Sites 

 

Red star is Tundra Ecosystem Research Station (64°52.1’ N 111°34.5’ W), Daring Lake, Northwest Territories (NWT). 

White dots are M - Mixed Tundra site, L - Dwarf Shrub site, and T - Low Shrub site.   

Low Shrub

Dwarf Shrub

Mixed Tundra
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Appendix B: Additional Tables 

 

Table B1. Correlation between Amax and soil total N content at the three sites (n = 8 for 

each site).  

 Mixed tundra Dwarf shrub Low shrub 

   r P r P r P 

Mixed tundra  0.530 0.177 - - - - 

Dwarf shrub - - 0.758 0.029* - - 

Low shrub  - - - - 0.429 0.298 

* Correlation is significant at the 0.05 level (2-tailed). 
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Table B2. Correlation between Amax and soil total N content, leaf N content, leaf N 

concentration, soil temperature (T) and soil volumetric water content (VWC) among the 

three sites (n = 24).  

 Amax 

 r P 

Soil total N content 0.453 0.026* 

Leaf N content 0.358 0.086 

Leaf N concentration -0.152 0.479 

Soil T -0.122 0.571 

Soil VWC 0.320 0.127 

* Correlation is significant at the 0.05 level (2-tailed). 


