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ABSTRACT
Recent warming in the Arctic has been twice the global average, leading to substantive
changes in terrestrial ecosystem structure and function. Of primary concern is the vast amount of
soil carbon (C) in the region, which, if mineralized, is expected to provide a significant positive
feedback to global climate in the form of increasing atmospheric CO2 concentrations, and
accelerate climatic warming. Alternatively, C uptake may be increasing in the region due to
extended growing seasons and changes in plant community composition. The expansion of
woody shrubs, for example, has been widely noted throughout the region, and is expected to
impact ecosystem C budgets and alter soil C pools. However, the timing, magnitude and
direction of changes in the C cycle in response to shrub expansion remain uncertain.
Addressing the C cycle impacts of shrub expansion requires an examination of CO2
exchange processes at multiple spatiotemporal scales. At the broadest scale, Chapter 2 analyzes
mid-summer CO2 exchange among herbaceous and woody tundra across 21 sites spanning 16° of
latitude across the Arctic and Boreal zone. Variation in canopy temperature explained
approximately half the variation in ecosystem respiration (ER), which, in turn, drives patterns of
variation in net ecosystem CO2 exchange (NEE) across ecosystems, at least during the peak of the
growing season. In addition, woody sites were slightly stronger sinks for atmospheric C;
however, when soils were above 10° C, these sites became a net source for CO2. Meanwhile,
herbaceous tundra remained a moderate C sink, regardless of soil temperature. These results
indicate that an increase in shrub abundance may result in a net loss of C in the middle of the
growing season if soils temperatures also rise.
Identifying the primary drivers of CO2 uptake is a vital component of ecosystem C
cycling, and may elucidate key physiological differences between shrubs and graminoids that
confer a competitive advantage to a particular species. In Chapter 3, I combined leaf gas
exchange with stable isotope analysis of two common arctic species, Betula nana and Poa
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pratensis, to reveal important difference in C uptake processes. I found greater drought
sensitivity in the graminoid species, P. pratensis, which displayed reductions in stomatal
conductance and photosynthesis during periods of high atmospheric vapor pressure deficits and
low soil water content. Leaf Δ13C and Δ18O showed a negative relationship, indicating a strong
stomatal influence on CO2 uptake. In contrast, Betula displayed less sensitivity to drought, and
leaf Δ13C and Δ18O were not correlated with one another for this species. These key differences
in C-H2O relations between co-existing species may confer an advantage to Betula if the climate
becomes warmer and drier.
Partitioning soil respiration (RS) into heterotrophic (RH) and autotrophic (RA) sources may
provide valuable insight into the breakdown of soil organic matter (SOM) and short-term C flux
from the rhizosphere. Chapter 4 presents a multi-year analysis of soil respiration (RS)
partitioning among four common vegetation types in West Greenland. Although there were
major differences in RS between vegetation types, the autotrophic proportion (RA / RS ≈ 47%) was
remarkably similar among vegetation types and between seasons. My comparative analysis
suggests that RA / RS may be more conservative than what might be estimated based on global
models, and that partitioning RS may be a useful diagnostic to identify ecosystems that are
gaining or losing soil C.
In Chapter 5, I examine the effect on the seasonal C cycle at the ecosystem scale of
increasing abundance of Betula nana in West Greenland. Sites dominated by Betula were a
stronger C sink than those dominated by graminoids due to higher gross ecosystem
photosynthesis (GEP) and lower ER; however, water stress may have played a role in reducing
mid-season GEP for both vegetation types. Vegetation along the transition between Betula and
graminoid patches was commonly the strongest C sink, suggesting complementary in resource
use. I detected a strong early season phenological influence on net C uptake, which coincided
with recent warming in the region. A retrospective analysis revealed a net gain of 1.3 and 2.1 g C
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m-2 season-1 in Betula and graminoid tundra respectively, since 2002. These results suggest GEP
has responded more strongly to recent warming than ER, resulting in an extended growing season
that has increased net C uptake in West Greenland and provided a negative feedback.
My research represents a comprehensive examination of C cycle processes across
multiple scales in one of the most common types of Arctic tundra. However, there are clear gaps
in our knowledge that remain unfilled. For instance, there may be important interactive effects
between greater leaf area, litter input and changes in soil temperature associated with shrub
expansion that will feedback to alter nutrient turnover and ultimately, plant productivity. My
research has identified the importance of species-specific responses to climate perturbations and
the need to focus future work on expanding, contracting and stable patch edges to elucidate
physiological controls on vegetation change. The chapters presented herein represent a
significant contribution to our understanding of how structural and physiological differences
between woody and herbaceous species affect the magnitude of carbon-climate feedbacks in the
Arctic.
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Chapter 1 – General Introduction
Fossil fuel consumption since the Industrial Revolution has triggered striking changes in
global climate. While global temperatures have risen by approximately 0.89º C since 1901 (IPCC
2013), the pace of climate change has been fastest in the Arctic, where air temperatures have risen
at twice the global average (Overland et al. 2014). High-latitude warming has led to precipitous
declines in sea ice extent (Comiso 2012; Stroeve et al. 2012), snow cover (Derksen & Brown
2012), permafrost (Romanovsky et al. 2010; Schuur et al. 2008) and Greenland ice sheet mass
balance (Fettweis et al. 2011; Nghiem et al. 2012; Tedesco et al. 2014). The loss of sea ice and
terrestrial snow cover has created a positive feedback loop, whereby reductions in highly
reflective snow and ice reduce surface albedo, increasing absorption of solar radiation, leading to
increased warming - a phenomenon known as Arctic amplification (Serreze & Barry 2011).
Although the Arctic covers just 8% of the world’s land mass, it is increasingly apparent that
abiotic changes in this region have global and local importance. Recent analyses have linked
contemporary reductions in sea ice extent to more severe and frequent extreme weather events at
lower latitudes (Saito et al. 2013; Francis & Skific 2015). Locally in the Arctic, changes in
climate have impacted indigenous cultures by altering subsistence resources and disrupting
infrastructure (Krupnik & Jolly 2002; ACIA 2004). As greenhouse gas emissions continue
unabated, a myriad of changes in the Arctic will likely transform the biome into a structurally and
functionally novel region.
Among the many modifications transforming arctic tundra (Walther et al. 2002; Hinzman
et al. 2005; Post et al. 2009; 2013), perhaps the most notable response to regional warming has
been the near-ubiquitous expansion of woody shrub species (Myers-Smith et al. 2011; Naito &
Cairns 2011a). While the mechanisms of shrub expansion remain unclear, the impacts of
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changing vegetation have already begun to affect local species interactions (Ehrich et al. 2012;
Boelman et al. 2014), permafrost dynamics (Blok et al. 2010) and will likely alter global
feedbacks in the form of changes in the C cycle (Cahoon et al. 2012a) and surface energy balance
(Chapin et al. 2005; Loranty & Goetz 2012). Understanding the complex mechanisms
responsible for shrub expansion and the consequences of changing ecosystem-climate interactions
represents a major challenge facing modern ecologists. The ensuing chapters address this
knowledge gap with a detailed analysis of ecosystem CO2 exchange among woody and
herbaceous vegetation across spatiotemporal scales.
Evidence for increasing shrub abundance
Observations of expanding woody shrubs have been documented in all regions of the
Arctic. Perhaps the most dramatic evidence has been the marked “greening” of Arctic tundra,
documented using satellite analysis of surface normalized difference vegetation index (NDVI),
which is a strong predictor of plant biomass and productivity (Verbyla 2008; Jia et al. 2009; Bhatt
et al. 2010; Epstein et al. 2013). Maximum NDVI and time-integrated NDVI have increased
throughout the Arctic since the early 1980s, and these changes have accelerated in western North
America since 2005 (Bhatt et al. 2013). Much of the increase in NDVI has been attributed to the
expansion of woody shrubs (Raynolds et al. 2006; Boelman et al. 2011). In the Canadian Arctic,
the largest increase in absolute peak NDVI was attributed to regions dominated by dwarf shrub
species (Jia et al. 2009). Similarly, Fraser et al. (2014) detected a rapid increase in NDVI over
the western Canadian Arctic, which, when compared with high resolution repeat aerial
photography, revealed a marked increase in woody shrub cover over the same spatial and
temporal scale. In the Eurasian Arctic, reduced summer sea ice extent, warmer inland surface
temperature, and increases in NDVI and shrub ring width chronology have been tightly correlated
(Forbes et al. 2010; Marcias-Fauria et al. 2012).
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Although satellite analyses have provided a convincing trend of increasing greenness
throughout much of the Arctic, the pixel size is generally too coarse (250m – 8km) to broadly
attribute small differences in NDVI to expanding shrub cover, which generally occurs in 1 –
200m patches (Lantz et al. 2010; Beck et al. 2011). Alternatively, the use of repeat photography,
with pixel sizes ~ 10 cm, has substantially improved our ability to quantify changes in shrub
cover across the landscape (Tape et al. 2006). Repeat aerial photography revealed a near
doubling of percent shrub cover in just 50 years in northern Alaska (Sturm et al. 2001a), while a
29.5% increase in woody shrub cover between 1964 and 2003 was detected using repeat
photography in Nunavut, Canada (Tremblay et al. 2012). Woody shrub cover has also increased
in SW Greenland, although herbivory and land-use history may have confounded regional climate
drivers (Jørgensen et al. 2013). In Siberia, Alnus has increased in cover by up to 25.9% since the
late 1960s (Frost & Epstien 2013). Using this finer scale approach has also revealed non-uniform
shrub expansion patterns across the landscape. Combining repeat photography with vegetation
surveys has indicated that shrubs are expanding on river terraces and floodplains at a faster rate
than in upland physiognomic features in northern Alaska (Tape et al. 2006; Naito & Cairns
2011b) and northern Canada (Ropars & Boudreau 2012; Tremblay et al. 2012). These findings
complement trends in the satellite record (e.g. Tape et al. 2006), but also add a third dimension by
highlighting topographic influences on shrub expansion.
Plot-based evidence of shrub expansion has largely corroborated satellite and aerial
trends and contributed to our understanding of species-specific and growth form responses to
climate drivers. In a biome-wide synthesis of tundra plant growth between 1980 and 2010, tall
and low-growing shrubs increased in abundance with summer warming; however the strength of
this relationship has been heterogeneous across the landscape, with the strongest increase in shrub
growth occurring in wet areas and in relatively warm regions (Elmendorf et al. 2012a). Climate
manipulations (e.g. increased air temperature and/or precipitation) have provided valuable, fine-
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scale insight into individual and interacting climate variables responsible for changes in plant
community composition. In general, shrubs have responded positively to experimental warming,
manifesting as increases in percent cover and canopy height (Chapin et al. 1995; Arft et al. 1999;
Wahren et al. 2005; Walker et al. 2006), although, again, there is considerable heterogeneity
among locations and duration of warming (van Wijk et al. 2004). Similar to non-warming
observations, the strongest response to experimental warming among shrub species has come
from areas of high soil moisture and warm ambient temperatures (Elmendorf et al. 2012b).
Although warming experiments have elicited a positive growth response among shrub species,
herbivory and episodic insect outbreaks (Post & Pedersen 2008; Olofsson et al. 2009; Tape et al.
2010) have hindered shrub expansion in several areas, suggesting that biotic forces may play an
integral role in mediating climate-driven shrub expansion in areas of intense herbivory.
Recent dendro-ecological studies have provided unique historical context for
contemporary increases in shrub growth, and allow for broad-scale analysis of climate variables
responsible for shrub expansion. The most recent synthesis of pan-arctic shrub ring growth
showed considerable variation in climate sensitivity among sites and species (Myers-Smith et al.
2015), although most species display a lagged response in new individual recruitment and
temperature (Büntgen et al. 2015). Summer warming often has the strongest effect on shrub ring
growth and shrub expansion rates in wet and moist tundra (Forbes et al. 2010; Tape et al. 2012;
Frost & Epstein 2014) or sites with high precipitation (Blok et al. 2011; Myers-Smith et al.
2015). In Greenland, radial growth in Betula nana was highly correlated with winter and spring
temperatures, despite declining snow pack depth since 1990 (Hollesen et al. 2015), suggesting
winter warming may be partly responsible for the expansion of this species. While mean monthly
or annual air temperature is relatively easy to retrieve from local meteorological stations or
climate models, other environmental variables known to influence plant growth (e.g. thaw depth,
soil moisture, VPD, etc.) are more difficult to obtain, which complicates quantifying their
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influence on shrub growth. Nevertheless, the relative importance of precipitation and soil
moisture in mediating shrub growth is consistent with repeat photography and plot-level studies
(see above for references), but also suggests an important physiological limitation among shrub
species. If reductions in soil moisture accompany a warmer climate, drought-induced reductions
in C uptake may limit shrub growth during exceptionally dry and warm periods.
Impacts of shrub expansion
Increasing shrub cover throughout the Arctic is expected to have numerous impacts on
ecosystem services and function. Shrubs are generally darker than co-occurring herbaceous
species, absorbing a greater proportion of shortwave radiation, exacerbating surface warming
(Chapin et al. 2005). In areas where tall, thick-stemmed species occur (e.g. Alnus or Salix), stems
can protrude above the snowpack during winter and early spring, reducing snow surface albedo,
leading to earlier spring snowmelt and contributing to the positive feedback that accelerates
surface warming (Sturm & Douglas 2005). In fact, the reduction in surface albedo associated
with a projected 20% increase in shrub cover in the Arctic may increase mean annual temperature
by 0.66° - 1.84ºC, depending on the height of encroaching shrubs (Bonfils et al. 2012).
Increasing shrub abundance can have opposing effects on active layer thaw throughout the year.
During winter, taller shrubs tend to trap snow blowing across the landscape, resulting in a deeper
snowpack that better insulates underlying soils and results in much warmer soils at depth (Sturm
et al. 2001b). In summer, the dense canopy formed by some woody species shades the soil
surface, leading to cooler soils and a shallower active layer (Blok et al. 2010), which may serve to
protect or even aggrade local permafrost. However, a recent modeling analysis (Lawrence &
Swenson 2011) indicated that the reduction in albedo associated with increasing shrub abundance
will lead to a greater increase in near-surface temperature and active layer thickness, thereby
offsetting any negative feedback provided by shrub canopies. Summer shading may also limit
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soil microbial activity and belowground CO2 efflux; however, elucidating the relative influence
of canopy shading and local warming on the C cycle remains poorly understood.
Fertilization experiments have revealed that arctic species are severely nutrient limited, as
demonstrated by dramatic increases in plant productivity (particularly woody shrubs) following
nitrogen (N) and/or phosphorous (P) additions (Shaver & Chapin 1980; Chapin et al. 1995; BretHarte et al. 2001; Mack et al. 2004; Arens et al. 2008; Sistla et al. 2013; DeMarco et al. 2014a).
Thus, small changes in biotic nutrient inputs and abiotic conditions controlling nutrient turnover
may lead to dramatic shifts in community dominance. Increasing woody shrub cover can
increase the quantity of litter input to the soil (Walker et al. 2006; Sistla et al. 2013), but the
addition of woody stems reduces the total litter C:N ratio, creating a more recalcitrant substrate
that may retard long-term decomposition rates (Hobbie 1996; Cornelissen et al. 2007). Small
scale plant-soil feedbacks are likely complicated by local shrub effects on soil microclimate. For
example, Sturm et al. (2001) hypothesized that a deeper snow pack and warmer soils created by
woody shrubs would result in higher nutrient turnover rates and lead to a positive feedback that
accelerates woody shrub expansion. While some studies have found a positive effect of deeper
snow on winter nutrient mineralization (Schimel et al. 2004; Weintraub & Schimel 2005), others
have found litter quality and quantity to have a stronger effect on decomposition rates than soil
environmental conditions (Myers-Smith & Hik 2013; DeMarco et al. 2011; 2014b).
Additionally, the cooling effect caused by dense shrub canopies (Blok et al. 2010), may limit
summer nutrient mineralization rates and C turnover. The net effect of warmer winter soils and
cooler summer soils on nutrient turnover, and the feedbacks to shrub growth and expansion,
remain unclear.
Expansion of woody shrubs is expected to have a major influence on soil C storage and
net ecosystem CO2 exchange (NEE). In addition, the processes governing C uptake may provide
insight into the mechanisms responsible for their encroachment into non-shrub tundra. Shrubs
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tend to have much higher leaf area than herbaceous species, resulting in higher rates of
photosynthesis per unit ground (Street et al. 2007; Cahoon et al. 2012b). Higher leaf area also
shades the soil surface (Blok et al. 2010), leading to cooler soils and limiting soil respiration
(Cahoon et al. 2012a). Combined, these effects should lead to greater net C uptake and a net
negative feedback to atmospheric CO2 enrichment. Deciduous shrubs have demonstrated strong
phenological relationships with the timing of snowmelt (Wipf & Rixen 2010), which may lead to
increases in NEE in years when early season growing conditions lengthen the time of net C
uptake (Sweet et al. 2015). This type of developmental and phenological plasticity demonstrated
by some arctic shrub species (Bret-Harte et al. 2001) may confer an advantage over neighboring
species, particularly in response to diminishing seasonality (e.g. Xu et al. 2013). Alternatively,
summer C gains may be offset by winter respiration in shrub-dominated areas where snow
accumulation insulates soils and enables microbial activity to persist throughout the winter
(Fahnestock et al. 1998; Nobrega & Grogan 2007). Furthermore, if soil moisture deficits
accompany rising temperatures, drought-stress reductions in photosynthesis could mediate net C
uptake and offset early season C gains.
Arctic soils contain approximately 50% of the global soil C pool (Tarnocai et al. 2009),
making even small changes in CO2 flux an important feedback to atmospheric warming.
Vegetation and climate may have opposing effects on ecosystem CO2 exchange. For instance,
higher leaf area among shrubs generally results in greater gross ecosystem photosynthesis (GEP;
Street et al. 2007; Cahoon et al. 2012); however, if local warming offsets any protective shading
provided by shrub canopies (e.g. Lawrence & Swenson 2011), SOM mineralization may be
accelerated and counterbalance C gains. Additionally, identifying the source of CO2 (e.g.
heterotrophic vs. autotrophic) may also reveal key differences in the rate of C cycling between
shrub and herbaceous species. To date, few studies have quantified the relative importance of
vegetation and climate and the biophysical drivers of CO2 exchange in response to increasing
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shrub dominance. The Arctic is uniquely poised to have a major influence on local and global
systems through a variety of complex and interacting feedbacks in response to climate change.
The cycling of C between the biosphere and atmosphere is an important service provided by
arctic ecosystems, yet changes in climate may alter the direction, timing and magnitude of CO2
flux by altering plant species composition and/or abiotic controls. Currently, there is urgent need
for studies that address the feedbacks between shrub encroachment and abiotic changes in the
environment (Myers-Smith et al. 2011).
Research goals and dissertation organization
Using a gradient approach that varies the levels of percent shrub cover may elucidate the
linear or non-linear effects of increasing shrub abundance on ecosystem C balance and the
mechanisms driving changes in community composition. Chapter 2 of this dissertation begins to
address these shortcomings by quantifying mid-summer ecosystem CO2 flux across 16° of
latitude to examine the influence of vegetation type and soil abiotic conditions on C cycle
processes. A series of case studies from West Greenland follow in the ensuing chapters,
beginning in Chapter 3 with detailed leaf gas exchange and isotopic comparison of drought stress
response in two common arctic species (Poa pratensis and Betula nana) to examine the
physiological mechanisms underlying shrub expansion. Chapter 4 examines the relative
contributions from autotrophic and heterotrophic sources to soil respiration among four
vegetation types. Identifying the source of CO2 is an essential element in determining the rate of
soil organic matter breakdown and internal C cycling. Finally, in Chapter 5, three seasons of
plot-based ecosystem CO2 exchange data are synthesized in a modeling effort to quantify
growing season C uptake in response to key changes in canopy phenology. Together, this
dissertation is an attempt to contextualize broad patterns of ecosystem CO2 exchange among
shrub and graminoid tundra with a detailed examination of the primary drivers of C cycle
processes and associated climate feedbacks.
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Abstract
Arctic and Boreal terrestrial ecosystems are important components of the climate system
because they contain vast amounts of soil carbon (C). Evidence suggests that deciduous shrubs
are increasing in abundance, but the implications for ecosystem C budgets remain uncertain.
Using mid-summer CO2 flux data from 21 sites spanning 16° of latitude in the Arctic and Boreal
biomes, we show that air temperature explains approximately one-half of the variation in
ecosystem respiration (ER) and that ER drives the pattern in net ecosystem CO2 exchange (NEE)
across ecosystems.

Woody sites were slightly stronger C sinks compared with herbaceous

communities. However, woody sites with warm soils (>10°C) were net sources of CO2, while
woody sites with cold soils (<10°C) were strong sinks. Our results indicate that transition to a
shrub-dominated arctic will increase the rate of C cycling, and may lead to net C loss if soil
temperatures rise.
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Introduction
Recent changes in the abiotic environment at high latitudes have led to widespread and
rapid transformations in arctic and boreal terrestrial ecosystems (Post et al. 2009; McGuire et al.
2010; Wolken et al. 2011). The large stocks of carbon (C) held in the soils and permafrost of
Arctic and Boreal ecosystems are of critical importance to the global climate (Tarnocai et al.
2009). If destabilized, these C stores could dramatically increase greenhouse gas emissions and
feedback to accelerate climate warming. Although northern ecosystems have historically acted as
strong C sinks (Marion & Oechel 1993), recent warming in the region may stimulate the
decomposition of organic matter (Nadelhoffer et al. 1991; Grogan & Chapin 2000) and convert
high-latitude terrestrial ecosystems into major sources of CO2. Alternatively, plant productivity
has often responded positively to warming (Chapin et al. 1995; Walker et al. 2006; Hudson &
Henry 2009) and this may offset C losses from respiration. Identifying the primary drivers of C
cycle processes in the Arctic and Boreal has challenged ecologists for decades due to the variety
of ecosystems that comprise high latitude regions and their individualistic responses to
environmental change (Shaver et al. 1998; Welker et al. 2004; Oberbauer et al. 2007; Sullivan et
al. 2008a). Although researchers have increasingly had success in modeling canopy
photosynthesis across many arctic and boreal ecosystems (Vourlitis et al. 2000; Williams et al.
2006; Street et al. 2007; Shaver et al. 2007), there is considerable uncertainty with regard to the
key drivers of ecosystem respiration (ER) (Hobbie et al. 2000; Loranty et al. 2011). Considering
that soils in northern regions contain twice the amount of C that is currently in the atmosphere
(Tarnocai et al. 2009), it is essential that we identify the primary drivers of respiration, to
understand how these ecosystems will feedback to affect the global climate.
Increases in woody shrub growth, abundance and cover are among the more commonly
observed responses to environmental change in the Arctic (Elmendorf et al. 2012; Myers-Smith et
al. 2011). Evidence of increases in shrub abundance comes from remote sensing (Bhatt et al.
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2010; Goetz et al. 2011), experimental manipulation (Walker et al. 2006; Hudson & Henry 2009),
repeat photography (Sturm et al. 2001; Tape et al. 2006), dendrochronology (Forbes et al. 2010)
and expedition research into remote reaches of Alaska (Tape et al., 2012). Measurements of
surface energy exchange have indicated that darker shrub canopies absorb more incoming shortwave radiation, increase sensible heat flux and result in greater near-surface warming (Beringer et
al. 2005; Chapin et al. 2005). Increasing shrub abundance may also feedback to climate by
altering the ecosystem C balance; however, the sign and magnitude of this change remains
unclear. It is generally expected that greater leaf area in shrub than in graminoid canopies will
lead to greater gross ecosystem photosynthesis (GEP) (Hobbie & Chapin 1998; Shaver et al.
2007; Cahoon et al. 2012). Ecosystem C losses, however, have been more difficult to predict.
Mack et al. (2004) detected a net loss of C after 20 years of nutrient addition and a shift from
graminoid to shrub tundra. Meanwhile, researchers have found that shading from multi-layered
shrub canopies reduces soil temperature (Blok et al. 2010) and that shrub litter is generally more
recalcitrant than that of graminoids (Hobbie 1996; Cornelissen et al. 2007). Given the current
pace and extent of shrub expansion underway in the Arctic, a better understanding of how these
changes will interact with warming trends to alter the C balance in the region is urgently needed.
The main objectives of this study were to (1) investigate latitudinal trends in mid-summer
GEP, ER and net ecosystem CO2 exchange (NEE) and (2) assess the relative importance of
abiotic drivers of CO2 exchange both within and across vegetation types. We compiled
measurements of mid-summer CO2 exchange from 21 arctic and boreal ecosystems spanning 16°
of latitude to investigate the influence of climate and vegetation on C cycle processes. We
categorized the data into graminoid and woody shrub sites based on the dominant vegetation and
employed a space-for-time substitution to investigate the implications of shrub expansion for the
mid-summer ecosystem C balance. We further parsed our data into woody and graminoid
communities occurring on warm (>10°C) and cold soils (<10°C) to investigate the possibility that
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the consequences of shrub expansion for ecosystem C budgets may depend upon soil temperature.
Our results suggest the C cycling consequences of shrub encroachment are complex and will
depend upon the interactions between a warming climate and the indirect effects of the shrub
canopy on the soil microclimate.
Materials and Methods
Site Descriptions
Measurements were made in 21 ecosystems along a latitudinal gradient from the Kenai
Lowlands in south-central Alaska to the Pituffik Peninsula, near Thule Air Base, in northwest
Greenland (Table 2.1). At the Kenai site, measurements were made in four zones along a
hydrologic gradient, from a moss-dominated system where the water table is slightly below the
surface, to dwarf-birch shrub tundra in which black spruce seedlings have recently established
(Ives et al., 2011). The Manokinak site is within the Yukon-Kuskokwim delta in western Alaska.
Measurements were made in two saline sedge meadows at the Manokinak site: a goose grazing
lawn dominated by Carex subspathacea and an ungrazed area dominated by Carex ramenskii.
The Kangerlussuaq site is in West Greenland, approximately 25 km inland from the head of
Søndrestrøm Fjord, where the vegetation is a mosaic of dwarf shrub and graminoid tundra.
Measurements were made in control plots, which are dominated by graminoids, and in plots that
have been removed from grazing by large herbivores (caribou and muskoxen) for 8 years and are
now dominated by dwarf-shrubs (Post & Peterson 2008). Toolik Lake and Imnavait Creek are in
the northern foothills of the Brooks Range in north-central Alaska. The Toolik site is dwarfshrub tundra with an overstory almost exclusively of Betula nana and an understory of nearly
complete moss cover. Abisko is in northern Sweden at a similar latitude and elevation to the
Toolik and Imnavait Creek sites, but it has a more maritime climate, given its proximity to the
Atlantic Ocean. Measurements from Imnavait Creek and Abisko were presented in the work of
Street et al. (2007) and Shaver et al. (2007). Data from Imnavait Creek are those collected in
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mid-summer of 2004 in five ecosystem types: Betula shrub tundra, Salix shrub tundra, a system
dominated by Rubus and Sphagnum, wet sedge tundra and tussock tundra. Data from Abisko are
those collected at the STEPPS site in five ecosystem types: Betula shrub tundra, Salix shrub
tundra, Empetrum heath tundra, a rocky heath tundra and wet sedge tundra. In Thule,
measurements were made in the control plots of a multi-factor climate change experiment in
prostrate dwarf-shrub herb tundra (semi-desert) (Sullivan et al. 2008b) and in unmanipulated
plots within a nearby fen (Sullivan et al. 2008a).
Microclimate Monitoring
At each plot, volumetric soil water content (SWC) and soil temperature were measured
concurrent with CO2 flux measurements and represent mid-day averages. Handheld probes were
used to measure SWC over a depth interval of 0-12 cm (Hydrosense, Campbell Scientific, Logan,
UT) and soil temperature at 10 cm depth (Model: 82021-156; VWR International, West Chester,
PA, USA). Canopy air temperature was measured within the flux chamber during the
measurement period.
Ecosystem CO2 Exchange
Ecosystem CO2 exchange measurements were performed at mid-day during the middle of
the growing season at each site. We elected to compare CO2 exchange across ecosystems by
selecting measurement dates that were closest to peak biomass (mid-June to mid-July; Table 2.1).
At all plots, ecosystem CO2 exchange was measured using a closed system that included a clear
chamber plumbed to an infrared gas analyzer (IRGA); either a LI-6200 or LI-6400 portable
photosynthesis system (LI-COR Environmental, Lincoln, NE). The type of IRGA and chamber
dimensions differed between locations, due to equipment availability or investigator preference.
CO2 fluxes derived from measurements using the LI-6200 were calculated following Hooper et
al. (2002) and are believed to be highly comparable to those made using the LI-6400, which were
calculated following Williams et al. (2006). At each plot, the chamber was lowered onto either a
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permanent or removable base, which was sealed to the ground using a heavy weight or chain.
Chamber CO2 concentration, relative humidity, air temperature and photosynthetic photon flux
density (PPFD) were logged every second for a period of 30 to 60 seconds. Following each clear
chamber measurement, three shade cloths of increasing density were draped over the chamber
followed by an opaque shroud to estimate ecosystem dark respiration. Between each
measurement, the chamber was removed from the base to allow the CO2 concentration to return
to ambient. When the data exhibited a considerable nonlinear increase or decrease in CO2
concentration, that portion was removed prior to calculating CO2 flux.
Ecosystem CO2 Exchange Calculations
Mid-summer CO2 flux data from all 21 sites were analyzed by generating light response
curves for every plot, which were then used to model CO2 at a common irradiance (PPFD=
600µmol photons m-2 s-1). This method allowed us to make comparisons across many ecosystems
at different time periods without the confounding effect of natural fluctuations in light intensity.
For each plot, we used the NLIN procedure in SAS 9.3 (SAS Institute, Cary, NC) to fit a
rectangular hyperbola to the net ecosystem CO2 exchange and PPFD data (Williams et al. 2006).
The rectangular hyperbola was fit to the data using the Gauss-Newton method of minimizing the
sum of squares. Plot-level parameter estimates were then used to normalize NEE to a common
irradiance (NEE600). This light level was chosen because it represented the lowest average
irradiance that NEE was measured under clear chamber conditions among all the sites in the
dataset.
To convince ourselves that the rectangular hyperbola provided a good fit to our NEE
measurements, we used plot-level parameter estimates to model CO2 flux at one randomly
selected measured light level at each plot. Linear regression analysis revealed a strong and
unbiased relationship between modeled and measured estimates of NEE (n=96, r2=0.97, P<0.001,
y=0.99x – 0.05). For consistency, because we present model estimates of NEE, we elected to
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present the model estimates of ER (ERmod), rather than measured values. Again, regressing
modeled against measured estimates of ER revealed a strong and unbiased relationship across all
sites (n=96, r2=0.98, P<0.001, y=0.98x + 0.17).
Vegetation Classification and Data Analysis
We separated the data from all 21 sites into two vegetation classes, based on the
dominant functional group within each ecosystem. Herbaceous sites consisted of ecosystems that
were dominated by graminoid species (49 plots). Woody sites were classified as ecosystems that
were dominated by either evergreen or deciduous shrubs (39 plots). Two ecosystems (semidesert in Thule, Greenland and rocky heath in Abisko, Sweden; total 9 plots) did not fit well in
either category, and were excluded from the woody versus herbaceous analyses. We further
subdivided the woody and herbaceous data into those occurring on warm and cold soils, using
10°C as the dividing point. We chose 10°C to delineate between warm and cold sites because
several studies have noted a distinct increase in mineralization rates above this temperature
(Nadelhoffer et al. 1991; Hobbie 1996).
NEE600, GEP600 and ERmod values are presented as the average of all plots within each
ecosystem along the latitudinal gradient from North to South (Fig. 2.1). All regression analyses
were performed using the REG Procedure in SAS 9.3. We tested for differences in NEE600,
GEP600 and ERmod between herbaceous and woody sites and between cold and warm soils using
analysis of variance in the General Linear Model (GLM) Procedure of SAS 9.3. Comparisons of
interest were made using Tukey’s Honest Significant Difference. We also used a categorical
multiple regression to examine the importance of vegetation type, soil temperature class and the
interaction between vegetation type and soil temperature class as predictors of ERmod. We
focused our modeling effort on the ER component of NEE because recent efforts have had
difficulty explaining more than 50% of the variation in this flux (Shaver et al. 2007; Cahoon et al.
2012). We created dummy variables for vegetation type (0=graminoid, 1=woody) and soil
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temperature class (0=cold, 1=warm), with the interaction between the two categories defined as
the product of the dummy variables. Canopy air temperature, measured within the chamber
during each measurement, was included as a continuous predictor variable. Air temperature was
squared prior to entering the model to capture potential non-linear relationships between
temperature and CO2 efflux. While including additional variables that influence ecosystem CO2
exchange (e.g. tissue N content) to our multiple regression analyses may have proven useful, we
were limited to the data that were common to all plots during the time of measurement.
Results
Latitudinal Trends in GEP, ER and NEE
Mid-summer net CO2 exchange measured at 21 sites spanning 16° of latitude revealed a
strong trend toward greater CO2 losses (i.e., positive NEE) at lower latitudes and greater net CO2
uptake at higher latitudes (Fig. 2.1a). Among the southern-most boreal sites in the Kenai
Lowlands, AK, only the Sphagnum peatland acted as a net sink for CO2, while the Carex, Betula
and Picea sites were net sources of CO2 to the atmosphere during the month of July in 2009.
Conversely, with the exception of the sparsely vegetated semi-desert and rocky heath sites near
Thule, Greenland, and Abisko, Sweden, ecosystems at mid and higher latitudes were much
stronger sinks for CO2 during the middle of the growing season. Latitudinal trends in NEE were
predominantly driven by ER, as there was no clear trend in GEP (Fig. 2.1b, c). The sites of the
Kenai Lowlands had the greatest rates of ER, with only modest rates of GEP that were not
sufficient to offset respiratory losses. At the higher latitude sites near Thule, Toolik Lake and
Imnavait Creek, however, low rates of ER and greater GEP led to some of the strongest C sinks
across latitudes.
The latitudinal patterns in NEE and ER were similar to trends in canopy air temperature
and soil temperature at 10 cm depth (see Figure S2.1 in Supporting Information). Among the
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abiotic variables measured at all sites, canopy air temperature was the best predictor of NEE and
ER (Fig. 2.2), accounting for 23% and 52% of the variation, respectively.
Woody versus Herbaceous Vegetation on Warm versus Cold Soils
There was a slight, non-significant trend (P=0.27) toward greater net C uptake (NEE600)
in woody than in herbaceous communities (Table 2.2, Fig. S2.1a). There were, however, notable
and significant differences in the component fluxes ERmod and GEP600 between the dominant
functional groups (Table 2.2). The woody sites had greater rates of both ERmod and GEP600 than
the herbaceous sites (Fig. S2.2a). Canopy air temperature was slightly warmer in shrub
communities, and there was little difference in soil temperature at 10 cm depth (Fig. S2.2b). Soil
water content was, however, significantly lower in woody than in herbaceous communities
(F1,93=31.0, P<0.01, Fig. S2.2c).
Herbaceous communities were net C sinks, regardless of soil temperature. Herbaceous
sites with cold soils were slightly, but significantly, stronger C sinks than herbaceous
communities on warm soils. There was an even greater difference in CO2 flux between woody
sites with cold and warm soils. Woody sites on warm soils were net sources of CO2 to the
atmosphere, whereas woody sites on cold soils were the strongest C sinks among all combinations
of vegetation and soil temperature (Fig. 2.3a). The net loss of CO2 from woody sites with warm
soils was driven by very high rates of ER, and a slight decrease in GEP. Woody sites with cold
soils were the strongest C sink due to both low rates of ER and very high GEP. There was no
clear difference in soil water content between soil temperature classes within the herbaceous sites.
Warm soils within woody sites were slightly drier than cold soils within the same vegetation class
(Fig. 2.3c).
Adding the categorical variables of vegetation type, soil temperature class and their
interaction to the air temperature vs. ER regression significantly improved our ability to explain
variation in ER by approximately 7% (Table 2.3). The interaction between vegetation type and
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soil temperature class was highly significant in predicting ER, indicating that the effect of
vegetation type depends on soil temperature.
Discussion
Our results indicate that ER is the primary driver of mid-summer NEE across vegetation
types and 16° of latitude in the Arctic and Boreal. Similar conclusions have been reached over
shorter gradients in the Arctic (Oberbauer et al. 2007) and in European Forests (Valentini et al.
2000). This finding is consistent with physiological temperature response curves, which are
strongly exponential for respiration and show a weak optimum for photosynthesis (e.g., Larcher
2003). Our analysis showed that canopy air temperature explains more than 50% of the variation
in instantaneous ER. It is likely that our instantaneous measurements of air temperature in
different topographic positions are correlated with more integrative determinants of ER, such as
the quantity and quality of soil organic matter stocks (Hobbie 1996; Hobbie et al. 2000;
Cornelissen et al. 2007).
While several studies have begun to resolve the surface energy feedbacks associated with
vegetation change (Beringer et al. 2005; Chapin et al. 2005), few studies have examined the C
cycle feedbacks associated with shrub encroachment. Our results indicate that woody sites tend
to cycle C more rapidly than herbaceous sites, with higher, but largely offsetting, rates of GEP
and ER, resulting in a slight increase in net CO2 uptake (Table 2.2, Fig. S2.1). Greater GEP in
woody communities is not surprising, as shrub canopies tend to have greater leaf area than
herbaceous communities and it is well known that GEP and leaf area are tightly coupled across
arctic ecosystems (Street et al. 2007). Greater rates of ER among woody sites likely reflect the
growth and maintenance costs associated with greater aboveground biomass. Our finding that
soil temperature was a significant predictor of ER and NEE, particularly in shrub-dominated
ecosystems, suggests that belowground respiration is an important component of ER. Indeed,
results of a recent study in arctic tussock tundra suggest that up to 75% of ER can be attributed to
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belowground respiration late in the growing season, when the active layer is deep and the fine
root standing crop is near its seasonal peak (Segal 2012). While soil temperature was an
important determinant of ER in deciduous shrub-dominated ecosystems, it was less so in
herbaceous sites. We hypothesize that the relative insensitivity of ER to soil temperature in
herbaceous ecosystems is a consequence of greater SWC and the occurrence of anoxia
(Oberbauer et al. 2007).
Previous laboratory (Nadelhoffer et al. 1991) and field studies (Christensen et al. 1998;
Oechel et al. 1998; Oberbauer et al. 2007) have shown that drier sites are more sensitive to
temperature and can be stronger sources of CO2. We hypothesize that drier soils in the woody
communities may be both a cause of woody plant establishment and a consequence of greater
canopy transpiration rates in the woody communities. In remote, northern Alaska for instance,
Tape et al. (2012) found that expanding shrub patches have drier soils compared to stagnant shrub
patches. The potential impact of shrub encroachment on SWC is, in our opinion, an area in
critical need of future research.
One of the most important results from our study is that woody sites with warm soils
(>10°C) were net sources of CO2 during the peak of the growing season, while woody sites on
cold soils (<10°C) were very strong C sinks. We believe these divergent scenarios represent
potential consequences of shrub encroachment for the Arctic C budget. Recent work has shown
that development of a shrub canopy shades the soil surface and tends to maintain cooler soils
(Blok et al. 2010). The critical question is whether shading will be sufficient to maintain cool
soils in the face of rising temperatures and the potential for soil drying with increased rates of
transpiration.
Past studies have used leaf area index and air temperature to predict variation in ER
across arctic ecosystems with moderate success (r2=0.47, Shaver et al. 2007). Our results indicate
that including information on vegetation functional type and soil temperature can improve model
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predictions of ER. Additional parameters such as ecosystem-scale root and leaf nitrogen (N)
content may further improve model predictions, due to the strong relationship between tissue N
concentration and dark respiration (Ryan et al. 1996; Segal 2012). Moreover, our findings
suggest that interactions between vegetation type and soil temperature will mediate the effects of
rising air temperatures on ER and NEE in Arctic and Boreal ecosystems. Therefore, we
hypothesize that the net effect of the interactions among climate change, shrub canopy
development and the soil microclimate will largely determine the sign and magnitude of the
future arctic C budget.
Our observation that woody communities on warm soils were net sources of CO2 to the
atmosphere was not entirely a consequence of greater ER. We also saw evidence of a reduction
in GEP in the woody communities that was absent in herbaceous sites that occurred on warm
soils, suggesting that woody communities may be more susceptible to drought stress. Canopy
and soil temperatures were approximately 10°C and 9°C warmer, respectively, in woody sites
with warm soils than in those with cold soils. The combination of lower SWC and greater canopy
vapor pressure deficits likely resulted in partial mid-day stomatal closure and a reduction in GEP
among warm, woody sites. Indeed, diurnal measurements made in Kangerlussuaq showed a 40%
reduction in mid-day GEP600 compared to early morning measurements in mid-July of 2009
(Cahoon et al. 2012). Similarly, measurements made during mid-July of 2009 under warm and
dry conditions in Kenai woody communities showed rates of GEP that were only 75% of those
measured under cool and moist conditions in mid-July of 2008 (Ives et al. 2011). Meanwhile,
GEP within herbaceous communities was not significantly impacted by warmer air and soils,
presumably reflecting cooler canopy air temperatures and greater SWC.
Our cross-site analysis of CO2 exchange is limited in the sense that our measurements
were restricted to the mid-summer period. In addition to the research needs outlined above, we
suggest that future studies aimed at unraveling the consequences of shrub encroachment for
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ecosystem C budgets investigate the full annual cycle, as the shoulder seasons and particularly
winter may substantially contribute to the sign and magnitude of the C cycle feedback (e.g.,
Sullivan 2010). For instance, although warm, woody sites were a source of CO2 in the middle of
the growing season, the loss of CO2 observed may be partially offset by early season C gains
when soils are cooler and wetter (Hobbie & Chapin 1998). Moreover, warming has extended the
Arctic growing season (Post et al. 2009) and, if shrubs are able to maintain their leaves for a
longer period and extend their photosynthetic season, they may be able to compensate for midsummer ecosystem C losses. Alternatively, a longer growing season could result in extended dry
periods and result in longer periods of drought-induced stomatal closure. Winter processes may
also play an important role in determining the annual C balance in woody and herbaceous sites.
Shrub-dominated sites tend to accumulate a deeper snowpack in the winter than graminoid
communities (Sturm et al. 2001). Deeper snow in winter insulates soils and sustains microbial
activity throughout the winter and can result in CO2 emissions large enough to offset growing
season C gains (Euskirchen et al. 2012).
The results of our study have highlighted critical areas for future research and suggest
that if rising air temperatures and woody shrub encroachment are coupled with warmer and drier
soils, then arctic and boreal ecosystems could experience significant losses of soil C. This
conclusion contrasts with several recent modeling studies, which have suggested that shrub
encroachment will lead to an increase in GEP and an increase in net C uptake (Sitch et al. 2007;
Euskirchen et al. 2009). Our results add a critical new line of evidence that calls these
conclusions into question and suggests that complex interactions among rising air temperatures,
woody shrub encroachment and the soil microclimate require further investigation before we can
predict future arctic and boreal C budgets with confidence.
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Table 2.1 Summary of sites and their location, ecosystems, replication, classification and
measurement dates. Measurements were made at 97 plots distributed across 21 ecosystems.
Site
Number

!
Site

!
Location

!
Classification*

!
Sampling
dates

!Fen (5)

Herbaceous

! 7/12 &

Semi-desert (6)

Heath

Ecosystem
(n in parentheses)

1

Thule, Greenland

2

Thule, Greenland

3

Toolik Lake, Alaska
Imnavait Creek,
Alaska
Imnavait Creek,
Alaska
Imnavait Creek,
Alaska
Imnavait Creek,
Alaska
Imnavait Creek,
Alaska

68°38’N, 149°34’W

Shrub (6)

Woody

68°36’N, 149°19’W

Betula (3)

Woody

Rubus (2)

Herbaceous

Salix (3)

Woody

Tussock (5)

Herbaceous

Wet sedge (2)

Herbaceous

9

Abisko, Sweden

68°18’N, 18°51’E

Betula (3)

Woody

10

Abisko, Sweden

Empetrum (3)

Herbaceous

11

Abisko, Sweden

Rocky heath (3)

Heath

12

Abisko, Sweden

Salix (3)

Woody

13

Abisko, Sweden
Kangerlussuaq,
Greenland
Kangerlussuaq,
Greenland

Wet sedge (3)

Herbaceous

67°06’N, 50°20’W

Graminoid (9)

Herbaceous

Shrub (9)

Woody

16

Manokinak, Alaska

61°11’N, 165°04’W

C. ramenskii (6)

Herbaceous

17

Manokinak, Alaska
Kenai Lowland,
Alaska
Kenai Lowland,
Alaska
Kenai Lowland,
Alaska
Kenai Lowland,
Alaska

C. subspathacea (6)

Herbaceous

Betula (5)

Woody

Carex (5)

Herbaceous

Picea (5)

Woody

Sphagnum (5)

Herbaceous

4
5
6
7
8

14
15

18
19
20
21

76°33’N, 68°30-34’W

60°42’N, 150°53’W

7/22/2009

7/8/2009
7/12/2004
–
7/17/2004

!
!
!6/28/2005
6/29/2005

!
!
!

7/15/2009

!6/20/2009
!

7/8/2008

!
!
!!

!
* Sites were classified as woody or herbaceous according to the dominant vegetation type
at each location. Two sites (site numbers 2 and 11) were not classified as woody or herbaceous
because of sparse and mixed vegetation within the plots.
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Table 2.2 Results of an analysis of variance (ANOVA) to test for differences in net ecosystem
CO2 exchange (NEE600), gross ecosystem photosynthesis (GEP600) and ecosystem respiration
(ERmod) between dominant vegetation types (woody vs. herbaceous), warm and cold soils and the
interaction between vegetation type and soil temperature classification. Values in bold are
significant at P<0.05.
NEE600

GEP600

ERmod

Effect

df

F

P

F

P

F

P

Vegetation

1, 86

1.3

0.27

8.4

<0.01

4.5

0.04

Soil temperature

1, 86

30.1

<0.01

1.3

0.25

28.6

<0.01

Vegetation x
soil temperature

1, 86

10.6

<0.01

0.3

0.57

10.9

<0.01
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Table 2.3 Parameter estimates, standard error, level of significance and partial r2 values for each
parameter in multiple regression analysis designed to predict variation in ERmod. Vegetation type
and soil temperature were assigned the following dummy variables: 0=herbaceous, 1=woody and
0=cold (<10°), 1=warm (>10°). The interaction between vegetation type and soil temperature
was included in the model as the product of the dummy variables. Canopy air temperature (ºC)
was included as a continuous predictor variable. Air temperature was squared prior to entering
the model to capture potential non-linear relationships between temperature and ecosystem CO2
efflux. The goodness of fit (r2) represents the percentage of variation in explained by the
regression across all plots (n=87).
ERmod
Partial r2

Variable

Parameter

SE

P

Intercept

1.22

0.45

0.008

Air temperature

0.008

0.001

<0.001

0.55

Soil temperature x vegetation type

2.65

0.801

0.001

0.038

Soil temperature class

-1.62

0.64

0.001

0.027

Vegetation type

-0.34

0.46

0.46

0.003

r2

0.62
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Figure 2.1 Latitudinal patterns of net ecosystem CO2 exchange (a; NEE600), ecosystem
respiration (b; ERmod) and gross ecosystem photosynthesis (c; GEP600). Units are µmol CO2 m-2 s1

. Note that the x-axis is not to scale. Refer to Table 1 for site locations and detailed site

descriptions.
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Figure 2.2 Linear regression between net ecosystem CO2 exchange (a; NEE600) and ecosystem
respiration (b; ERmod) and canopy air temperature among all individual plots (n=96). Units are
µmol CO2 m-2 s-1. Site averages are shown in color symbols with bars representing ± 1.0 SE.
Site details are listed in Table 1.
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Figure 2.3 Average net CO2 exchange (NEE600), ecosystem respiration (ERmod) and gross
ecosystem photosynthesis (GEP600; a), canopy and soil temperature and soil water content (c)
among herbaceous and woody communities in cold and warm soils. Soils were classified as
either cold or warm if soil temperature at 10cm depth was below or above 10°C, respectively.
Numbers below each class of vegetation indicate the sample size. Bars are ± 1.0 SE.
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Supporting Figure S2.1 Latitudinal patterns in canopy air temperature (a; °C), soil temperature
at 10 cm depth (b; °C) and volumetric soil water content to a depth of 12 cm (c; %).
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and gross ecosystem photosynthesis (GEP600; a), canopy and soil temperature (b) and soil water
content (c) among herbaceous (n=49) and woody (n=39) communities. Bars are ± 1.0 SE.
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Abstract
The recent expansion of deciduous shrubs is a common observation throughout the
Arctic. However, we lack a complete understanding of how physiological differences between
deciduous shrubs and coexisting species may confer competitive advantages to shrubs. We
combined leaf gas exchange and stable isotope analyses of two important species, Betula nana
and Poa pratensis, to elucidate the processes governing seasonal carbon (C) gain in West
Greenland. We tested two competing hypotheses. On one hand, we anticipated the cooler, drier
soils beneath the Betula canopy could result in greater drought sensitivity in this species.
Alternatively, because Poa tends to occupy sites with wetter soils, we hypothesized that it may be
more sensitive to drought. Our results revealed greater drought sensitivity in Poa, which
displayed reductions in Amax and gs during periods of high atmospheric demand and dry soils.
Additionally, leaf Δ13C and Δ18O were negatively correlated in Poa, suggesting strong stomatal
influence on Δ13C. Conversely, there was no relationship between gs and canopy or soil
microclimates and no correlation between leaf Δ13C and Δ18O in Betula, indicating that variation
in Δ13C may have been driven by variation in photosynthesis. Our results suggest that Poa is
more susceptible to drought than Betula, whereas Betula was able to maintain steady, yet
conservative, C gain. These differences in C-H2O relations may confer a competitive advantage
to Betula in a warmer, drier climate.
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Introduction
The Arctic is currently experiencing rapid changes in climate (IPCC 2013) that are
transforming terrestrial ecosystems. One of the most notable changes has been a proliferation of
deciduous shrubs in many parts of the Arctic (Sturm et al. 2001, Tape et al. 2006, Myers-Smith et
al. 2011, Epstein et al. 2013). Although changes in vegetation cover are expected to have
pronounced feedback effects on regional and global climate (Chapin et al. 2005, Bonfils et al.
2012), ecologists lack a complete understanding of the mechanisms responsible for an increase in
deciduous shrub growth and cover, limiting our ability to accurately predict future shrub
expansion. Deciduous shrubs have demonstrated various forms of developmental plasticity in
response to environmental change (Bret-Harte et al. 2001), which may, in part, explain the
expansion of this functional group in some parts of the Arctic. However, few studies have
examined differential carbon (C) and water relations as potential mechanisms by which deciduous
shrubs may come to dominate in a warmer and drier Arctic climate (Chapin and Shaver 1996). If
rising atmospheric demand for moisture is not met by increasing precipitation, differences in CH2O relations at the species-level may have implications for competitive interactions, plant
community composition and ecosystem function in a changing Arctic.
Carbon isotope discrimination (∆13C) in plant tissue is a useful tool to examine variation
in intrinsic water-use-efficiency (iWUE), which is the ratio of photosynthesis (A) to stomatal
conductance (gs) (Farquhar et al. 1982, Farquhar et al. 1989). In order to differentiate
photosynthetic versus stomatal effects on ∆13C, many researchers have begun incorporating
measurements of leaf δ18O (δ18Op), which is affected by gs but not by A (Scheidegger et al. 2000,
Barbour et al. 2004). However, δ18Op is influenced by both xylem water δ18O (δ18Os) and by
evaporative enrichment in the leaf during transpiration. Thus, many researchers adjust for
variation in xylem water δ18Os by calculating ∆18O, which represents leaf 18O enrichment above
source water (Barbour et al. 2005). When gs and transpiration (E) are high, ∆18O is expected to
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be relatively low, more closely resembling δ18Os, after accounting for enrichment during
biosynthesis (Yakir and DeNiro 1990). Meanwhile, when gs and E are low, which is a common
response to dry conditions, leaf water enrichment is expected to lead to relatively high ∆18O
(Barbour et al. 2005). Numerous recent studies have used the information contained in ∆18O to
differentiate gs and A effects on ∆13C (Scheidegger et al. 2000, Sullivan and Welker 2007, Werner
et al. 2012). The “dual isotope conceptual model” compares the slope of the relationship between
leaf ∆18O and ∆13C to determine whether changes in ∆13C are driven by A, gs or both, and can be
summarized into three predictions (Scheidegger et al. 2000, Barbour et al. 2005):
1.! A negative slope between leaf ∆18O and ∆13C will result from changes in gs, because
greater E will reduce leaf water 18O enrichment, but also increase ci/ca and result in
greater ∆13C.
2.! Changes in both A and gs will result in a steeper negative slope between leaf ∆18O
and ∆13C because greater gs will increase ∆13C and reduce leaf water 18O enrichment
(∆18O). However, increases in A will offset some of the gs effect on ci / ca (∆13C),
resulting in a greater change in ∆18O per unit change in ∆13C.
3.! A slope not significantly different from zero is expected when variation in ∆13C is
driven exclusively by changes in A, because A has no direct effect on leaf ∆18O.
The primary purpose of our study was to identify the environmental drivers of A and gs in
the two contrasting species that coexist and dominate the deciduous shrub - graminoid mosaic
typical of non-carbonate mountain complexes and vegetation subzones A and E in West
Greenland and much of the Arctic (Walker et al. 2005). Our study species were the deciduous
shrub, Betula nana, which occupies slightly drier microhabitats, and the grass, Poa pratensis,
which occurs in slightly wetter areas. We expected that water stress could be a limiting factor in
the dry, continental climate of interior West Greenland (Hansen 2001), where annual precipitation
is approximately 15 cm. Thus, our aim was to determine if one of the two species exhibits
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physiological traits that might confer a competitive advantage over the other under warm and dry
conditions. To address these goals, we tested three main hypotheses using a combination of
stable isotope and leaf gas exchange data. First, we hypothesized that the darker and denser
Betula canopy would lead to warmer canopy conditions but shade the soil surface and result in
cooler soils (Blok et al. 2010, Myers-Smith and Hik 2013), which may limit water movement into
Betula roots by reducing membrane permeability (Running and Reid 1980). We hypothesized
that warmer canopy conditions, cooler and drier soils and a longer water transport pathway from
the roots to the stomata would place Betula at greater risk of water stress and result in reduced gs
and A during times of high atmospheric demand (i.e., greater water vapor pressure deficit; VPD).
Alternatively, we hypothesized that because Poa tends to occupy wetter areas, it may be more
sensitive to warm and dry conditions than Betula. Second, we anticipated that passive,
experimental warming, using open-top chambers (OTCs), would exacerbate water stress in the
species that showed greater signs of sensitivity to warm and dry conditions. Third, we expected a
steeper negative relationship between bulk leaf Δ18O and Δ13C in the more drought sensitive
species, which according to the dual-isotope model, would suggest strong stomatal influence on
∆13C.
Methods
Study site and experimental design
Fieldwork was conducted in West Greenland at our long-term study site near
Kangerlussuaq (67°06’N, 50°16’W, elevation 296 m.a.s.). The vegetation is a mosaic formed by
patches of the deciduous shrubs Salix glauca and Betula nana, and patches of grasses and sedges
of the genera Poa and Carex, respectively (Post and Pedersen 2008). To examine potential
differences in physiological responses to warming in shrub- vs. graminoid-dominated tundra, we
selected a site that included large, homogenous patches of Betula directly adjacent to graminoid
patches dominated by Poa. Within the site, we identified two blocks separated by approximately
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100 m that were similar in community composition, aspect and slope. At each block we selected
eight, 1m2 plots that best represented each dominant vegetation type (i.e. Betula and Poa) by
visually estimating 100% cover within the plot. Half of all plots were randomly assigned the
warming treatment, implemented following International Tundra Experiment protocol (Henry and
Molau 1997) using hexagonal OTCs (1.5 m basal diameter) that were placed on the plots in late
May and removed in mid-August of each year. Thus, our experimental design consisted of eight
replicates (n=8) of Poa ambient (PA), Poa warmed (PW), Betula ambient (BA) and Betula
warmed (BW). OTCs were installed in late May of each season, well after snowmelt (J. Kerby
personal communication).
Microclimate Monitoring
A climate station was established in the center of one block in late May of 2012. Air
temperature and relative humidity (RH) (CS215; Campbell Scientific, Logan, UT) were
monitored at two locations in the study site: within the Betula canopy (approximately 30 cm
height) and within the Poa canopy (approximately 10 cm height) beginning in mid-May 2012.
Photosynthetic photon flux density (PPFD, LI-190; LI-COR, Lincoln, NE), air temperature and
RH at 2 m height (CS215; Campbell Scientific, Logan, UT) and precipitation (TE525; Texas
Electronics, Dallas, TX) were monitored at the site of an associated, ongoing experiment (Post
and Pedersen 2008), approximately 2.5 km from the focal study site beginning in June 2008. All
sensors were scanned every 30 seconds, with hourly averages stored using CR1000 dataloggers
(Campbell Scientific, Logan, UT). In addition to continuous environmental monitoring, we used
hand-held probes to measure plot-level soil temperature (°C) at 5 and 10 cm depths (Model:
82021-156; VWR International, West Chester, PA, USA) and volumetric water content (VWC
%) integrated over 0-12 cm depth (Hydrosense, Campbell Scientific, Logan, UT) concurrently
with leaf gas exchange.
Leaf gas exchange
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We used a LI-6400XT portable photosynthesis system (LI-COR Environmental, Lincoln,
NE) to measure leaf gas exchange at mid-day on weekly intervals throughout the 2012 and 2013
growing seasons. Because of their divergent growth forms, two different methods were used to
measure gas exchange of Betula and Poa leaves. Due to the short stature of Poa, especially early
in the season, enclosing intact tillers within the chamber was impossible. Instead, five completely
green leaves were excised from different tillers within the center of each plot and immediately
placed within the chamber, ensuring that the ends of each leaf extended beyond the chamber
gasket and no leaves were overlapping. A response curve confirmed that accurate measurements
of leaf gas exchange could be made within, but not beyond, five minutes following excision
(Supporting information Fig. S3.1). Accordingly, all measurements were logged once conditions
within the chamber stabilized, within 3-4 minutes. While measurements of excised leaves is less
than ideal, the lack of difference in leaf gas exchange between excision times (Fig. S3.1) provides
evidence that our weekly measurements accurately reflected this species’ gas exchange
physiology. Betula nana leaves were left attached to the stems during gas exchange
measurements. For every measurement, reference chamber CO2 concentration was held constant
at 400 µmol mol-1, the flow rate was set to 400 µmol s-1 and the leaf temperature set to 15° C.
Relative humidity was maintained at 50% by manually adjusting flow through the desiccant.
Light saturated photosynthesis (Amax) was measured at 1500 µmol photons m-2 s-1 (Oberbauer and
Oechel 1989), while leaf respiration was measured in the dark. We elected to measure gas
exchange under ideal, as opposed to ambient conditions in the cuvette, in order to characterize
potential gas exchange of each species under ambient soil conditions. Gross photosynthesis was
approximated by subtracting dark respiration from Amax. Our estimates of gross photosynthesis
should be viewed with some caution, as respiration in the light is known to differ slightly from
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respiration in the dark (Heskel et al. 2013). Intrinsic water use efficiency (iWUE) was calculated
as the ratio of photosynthesis (Amax) to stomatal conductance (gs).
Projected leaf area
In 2012 we minimized destructive harvests in the BA and BW plots, and estimated leaf
area by counting the number of leaves prior to each measurement, using the same whorl every
week. After the final measurement, leaves were harvested, scanned fresh at 300 dpi and analyzed
for projected area using Image J (Rasband 2014). Images were converted to a binary file and
missing pixels filled using the “fix holes” function. Average Poa leaf width was determined for
25 individual leaves using the same ImageJ methods as for Betula. Average width, number of
leaves and the width of the chamber (3 cm) were used to estimate leaf area in this species. In
2013, we removed Betula leaves following each measurement and determined leaf area using the
same method as in 2012.
Xylem water sampling
On six and seven occasions in the 2012 and 2013 growing seasons, respectively, stems
were harvested from the center of a large homogenous patch of Betula and Poa nearby, but not
within the primary study site. Two to three Betula stems were stripped of all leaves prior to
harvesting, and Poa stems were harvested by carefully removing culm material from beneath 5-8
tillers. Stem samples were immediately placed in 12 ml glass exetainer vials (Part 838W, Labco
International, Lampeter, UK), transported in a cooler to the lab and stored frozen until extraction.
Xylem water was extracted by cryogenic vacuum distillation in the laboratory (West et al. 2006).
Immediately following extraction, tissue samples were weighed, dried at 60°C for 48 hours and
reweighed to ensure complete extraction.
Stable isotope analyses
Oxygen isotope ratios of precipitation and xylem water were determined at the
Environment and Natural Resource Institute’s Stable Isotope Laboratory (ENRI SIL) at the
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University of Alaska Anchorage using a temperature conversion elemental analyzer (TC/EA)
coupled to a Delta PLUS XP isotope ratio mass spectrometer (Thermo Electron Corp., Waltham,
MA). Leaves from the same stems that were collected for xylem water extraction were dried at
60°C for at least 48 hours in Kangerlussuaq, milled to a fine powder and analyzed for oxygen
isotope ratios using the same approach employed for the liquid samples in the ENRI SIL. Carbon
isotope ratios in leaf tissue were measured in the ENRI SIL using a Costech 4010 Elemental
Analyzer (Costech Analytical, Valencia, CA) interfaced with a Delta PLUS XP isotope ratio mass
spectrometer.
Limitations of the dual-isotope conceptual model
Roden and Siegwolf (2012) recently highlighted several challenges in the application of
the dual isotope model, particularly when applied to the isotopic composition of alpha-cellulose
in tree-rings. Our approach is exempt from several of these issues, because we worked with bulk
leaf tissue, we applied the model in an ecosystem with very limited pollution and relatively low
humidity (by Arctic standards) and because we measured δ18O of source water directly. Our
approach is not, however, exempt from all of the challenges. For instance, we do not have the
continuous canopy water vapor δ18O data that would allow for a perfect application of the model.
Our aim in using the dual isotope model was not to generate inferences that could stand alone, but
instead to provide a second line of evidence to either corroborate or refute the results of our
instantaneous measurements of leaf gas exchange.
Statistical Analyses
We tested for the effects of sampling date, species, warming, and the interaction between
warming and species on leaf gas exchange variables (Amax and gs) and soil abiotic conditions with
a repeated measures analysis of variance (ANOVA) model using the nlme package (Pinheiro et
al. 2015) in R (R Core Team, 2014). Vegetation type and the OTC treatment were considered
fixed effects, with plot nested within each block, and plot ID treated as a random factor. Data
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were log10-transformed when necessary to meet assumptions of normality and homoscedasticity.
We used Tukey’s Honest Significant Difference (HSD) to compare means between treatments
within each year and declines in gs and Amax following leaf excision (Fig. S3.1). Regressions were
performed on untransformed data in R (R Core Team, 2014).
Results
Air temperature and precipitation differed dramatically between the 2012 and 2013
growing seasons (Table 3.1). On average, mean air temperature was 1.8°C warmer and
precipitation was nearly twice as great in 2012 as in 2013. Warmer air temperature in 2012 also
led to significantly warmer midday soil temperatures at 5 and 10 cm depths in both vegetation
types, compared with the cooler 2013 season (Fig. 3.1a, b; Table S3.1). In both years, soils were
warmer and wetter in the graminoid community than in plots dominated by Betula (Fig. 3.1,
Table S3.1). This contrasts with canopy conditions, which were generally warmer and drier
(higher VPD) in the Betula community than in the graminoid canopy (Table 3.1). The OTC
treatment did not have a significant effect on soil temperature or soil moisture in either year (Fig.
3.1; Table S3.1), which is similar to previous studies using the OTC method (Henry and Molau
1997, Klein et al. 2005).
Variation in leaf gas exchange across species and years
Both species exhibited significantly lower light-saturated photosynthesis (Amax;
F1,394=8.96, P = 0.003), dark respiration (F1,394=29.48, P < 0.001), gross photosynthesis
(F1,394=25.29, P < 0.001) and stomatal conductance (gs; F1,394=7.17, P < 0.008) in 2012 than in the
2013 growing season (Fig. 3.2; Table S3.2). The increase in gs from 2012 to 2013 was greater
than that for Amax, resulting in less efficient water use (i.e., lower iWUE) in both species during
the 2013 season (Fig. 3.2d), although we did not detect a significant difference between years
when all treatments were included (Table S3.2). Betula and Poa differed substantially in their
physiological performance within and between growing seasons. Betula displayed remarkably
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stable light-saturated photosynthesis (Amax) in both seasons (Fig. 3.3a,b), with the exception of the
11 Jun 2013 sampling date when this species was a net source of CO2, primarily due to very high
leaf respiration (Fig. 3.3d). On this measurement date, Betula leaves had yet to completely
emerge (Cahoon, personal observation). In contrast, Poa displayed higher intra-season
variability, marked by peak photosynthesis on 18 July in both years (Fig. 3.3a,b,e,f) and a
dramatic reduction in Amax, gross photosynthesis and gs on 20 Jul 2012. The mid-season
depression in Amax and gs corresponded with greater iWUE (Fig. 3.3i), which also coincided with a
13-day rainless period and relatively high VPD (Fig. S3.1a). In contrast, Betula photosynthesis
and gs remained relatively unchanged during the same period (Fig. 3.3a, g).
Betula and Poa also displayed different diel patterns in Amax and gs on four dates in 2013
(Fig. 3.4). Peak Amax and gs occurred at 8am on nearly every date in Poa, followed by a steep
midday decline and a slight increase or no change at 8pm. In contrast, Betula displayed little
diurnal variation in Amax, with a slight peak in midday Amax on 27 Jun 2013 and 04 Aug 2013.
There was no significant difference in gs between time periods on any date when diurnal
measurements were made in Betula (Table S3.3).
Species-specific responses to the OTC treatment
Overall, the OTC treatment did not significantly affect leaf gas exchange. However, we
detected a significant interaction with species for Amax (Table S3.2; F1,394=5.5, P=0.02). In 2012,
there was limited evidence of an OTC effect on Amax in Poa and a slightly positive effect on
Betula. In 2013, OTCs reduced Amax in Poa, but stimulated photosynthesis in Betula (Fig. 3.2a).
Although not significant, we detected a tendency toward gs reduction in response to the OTC
treatment in 2013 for Poa and a small, but non-significant gs increase in Betula in both seasons
(Fig. 3.2b). Although there were distinct differences in leaf respiration between species in 2012,
there was no evidence of an OTC effect in either season (F1,394=2.71, P=0.10), nor did we detect
significant differences between treatments in 2013 (Fig. 3.2c). In 2012, OTCs resulted in a small,
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but non-significant increase in gross photosynthesis in Betula. However, OTCs did not have a
significant effect on gross photosynthesis in 2012 or 2013 (Fig. 3.2e). This contrasts with Poa,
which showed no response to the OTC treatment in 2012, but displayed a significant reduction in
gross photosynthesis in 2013 (Fig. 3.2e).
Poa and Betula responded in different ways to ambient environmental conditions. We
detected a significant negative exponential decline in gs with increasing VPD in Poa (Fig. 3.5a).
We examined the influence of soil abiotic conditions on the gs – VPD relationship in Poa by
plotting the residuals from the gs – VPD model against soil temperature and SWC. There was no
evidence of a positive correlation between soil temperature and the residuals of the gs – VPD
model. There was, however, a positive exponential relationship between SWC and the residuals
from the gs – VPD model (Fig. 3.5b). In sharp contrast, gs in Betula did not display a significant
trend in response to VPD, soil temperature or SWC (Fig. 3.6).
Isotopic evidence of differential drought sensitivity
Our analysis of leaf C and O isotope ratios revealed significant and dramatic differences
between species (Fig. 3.7). There was a significant negative relationship between bulk leaf Δ18O
and Δ13C in Poa in 2012 (P=0.002) and 2013 (P=0.002), and a slope not significantly different
from zero in Betula in both years (2012: P=0.682. 2013: P=0.45; Fig. 3.7). It should be noted
that the negative relationship between Δ18O and Δ13C that we observed in Poa is equivalent to a
positive relationship between #18O and #13C.
Discussion
Our results demonstrate large physiological differences between the dominant graminoid
and deciduous shrub species in West Greenland and offer a mechanism that may confer or
maintain a competitive advantage for Betula over neighboring graminoid species in a warmer and
drier climate. Initially, we anticipated greater water limitation in Betula due to warmer canopy
conditions, colder and drier soils, and a longer pathway for water transport from the roots to the
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stomata. Instead, we found multiple lines of evidence for greater drought sensitivity in Poa,
including greater iWUE, larger reductions in leaf gas exchange during warm and dry periods, and
a negative relationship between leaf Δ18O and Δ13C, which is indicative of considerable variation
in gs. The relative lack of seasonal and diurnal variation in photosynthetic capacity of Betula,
despite warmer and drier microclimate conditions, may serve as an advantage over Poa, which
exhibited reductions in C uptake when experimentally warmed and during drought conditions.
These differences in C and water relations are particularly important in a changing climate, where
the relative insensitivity to drought in Betula may enable continued C uptake in warm, dry
seasons.
Overall, our measurements of light-saturated photosynthesis (Amax), leaf respiration and
stomatal conductance (gs) were similar to those reported elsewhere for Betula nana (Oberbauer
and Oechel 1989, Starr et al. 2008, Heskel et al. 2013, Pattison and Welker 2014) and Poa
pratensis (Hu et al. 2010). There were, however, key differences between seasons and species in
canopy and soil microclimate conditions and leaf gas exchange. The darker leaves characteristic
of Betula absorbed more radiation and resulted in warmer and drier canopy conditions in both
seasons compared to the Poa community. However, that energy did not reach the soils, likely
due to the dense, multi-layered canopy, which shaded the ground surface, resulting in much
cooler soils than in the graminoid plots. These findings are similar those reported elsewhere in
the Arctic (Blok et al. 2010, Myers-Smith and Hik 2013).
One of our primary hypotheses was that warm canopy conditions, coupled with cool and
dry soils, would result in greater drought sensitivity in Betula than in Poa. In contrast, we found
abundant evidence of drought sensitivity in Poa and very little evidence of drought stress in
Betula. Poa appears to be much more sensitive to fluctuations in atmospheric conditions, as we
detected a strong negative relationship between gs and VPD, and no significant effect of VPD,
SWC or soil temperature on gs in Betula. There was evidence that the effect of VPD in Poa was
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mediated by soil conditions, as we found a positive correlation between the residuals of the gs –
VPD model and SWC, consistent with the observation that Poa tends to occur in wetter areas.
Meanwhile, Betula showed remarkably consistent, albeit conservative, leaf gas exchange,
regardless of atmospheric and soil conditions, suggesting that it may be tolerant of a wider range
environmental conditions.
Seasonal trends in leaf gas exchange provide further evidence of greater drought
sensitivity in Poa, which experienced a 60% and 54% reduction in Amax and gs, respectively
during the 13-day rainless period between 08 Jul 2012 and 21 Jul 2012 when compared with
seasonal maximum values. There was also a stronger increase in iWUE in Poa during the same
period. The high seasonal variability in Poa contrasts sharply with Betula, which displayed
remarkably stable photosynthetic capacity throughout both growing seasons, even during the
drought period of mid-July, 2012. Stomatal conductance (gs) was more strongly correlated with
Amax in Poa (Table S3.4), suggesting C gain is more tightly regulated by water loss in Poa, than in
Betula.
The diurnal patterns in leaf gas exchange offer additional temporal evidence of greater
drought sensitivity in Poa. The very high Amax and gs in early morning (8am) followed by a sharp
decline at midday suggests that this species maximizes C gain early in the day before high VPD
at midday induces stomatal closure and, thus, reduces C uptake. Once again, this contrasts with
minimal variation in Amax of Betula between 8 am and 8pm on all four dates, suggesting that
diurnal variation in VPD had little effect on C gain in this species. In fact, we did not detect a
significant difference in gs between time periods on any date in Betula (Appendix Table A3).
Recently, Patankar et al. (2013) observed a similar midday depression in the graminoids
Eriophorum vaginatum and Carex bigelowi, while Betula reached maximum light-saturated
photosynthesis during the middle of the day. Gebauer et al. (1998) also noted a significant
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reduction in net photosynthesis in E. vaginatum and E. angustifolium near midday on sunny days
in northern Alaska, despite abundant soil water.
Although the experimental warming treatment did not have a significant overall effect on
leaf gas exchange, the OTCs interacted with species in distinct ways, primarily through earlyseason phenological differences. In the cooler and drier 2013 growing season, the OTC treatment
reduced Amax and gs in Poa by 18% and 21%, respectively. Interestingly, OTCs had no effect on
Amax or gross photosynthesis of Poa in the warmer and wetter 2012 growing season. Betula, on
the other hand, responded positively to the OTC treatment, especially early in the cooler 2013
growing season, when Amax was 84% and 35% higher in warmed plots (BW) compared with
ambient plots (BA) on 11 June and 18 June, respectively. Similar to previous studies of Betula
nana (Chapin and Shaver 1996, Hobbie and Chapin 1998), the OTC treatment stimulated leaf
emergence and resulted in greater early season C gain compared with ambient plots. More
recently, studies from northern Alaska (Heskel et al. 2013) have shown Betula responded to
warming by increasing carbon gain efficiency (the ratio of photosynthetic CO2 uptake to total
CO2 exchange of photosynthesis, photorespiration and respiration). Our results, and those of
Heskel et al. (2013), offer evidence for a positive response to warming in Betula through foliar
physiological changes, which may contribute to the expansion of this species at a larger scale.
The divergent response to the OTC treatment between Poa and Betula early in the
growing season may, in part, be driven by differences in growth form. Leaf emergence in Betula
begins at apical meristems that are well above the soil surface, which is usually cooler due to the
presence of frozen soil near the surface. Warming the near-surface atmosphere exposes the
elevated meristems to more favorable growing conditions, resulting in earlier bud-break (Pop et
al. 2000). Conversely, graminoid meristems are basal, and tightly held near or just below the soil
surface (Knapp and Seastedt 1986), where the effect of warmer air may be greatly diminished.
This may explain the major phenological differences between the species at our site. Betula
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leaves emerged 16 days earlier in the warmer 2012 season compared with 2013, whereas Poa
emergence differed by just 5 days between seasons (Post et al., unpublished data). Thus, the
architectural difference between growth forms predisposes graminoids and shrubs to react
differently to early season warming, with implications for plant and ecosystem C budgets.
The advantage of examining the stable isotopic composition of leaf tissue is that it
provides a time-integrative assessment of variation in leaf gas exchange physiology. Combining
leaf ∆18O and ∆13C in a dual isotope conceptual model can be a useful approach to differentiating
effects of gs and A on ∆13C. According to the model, the negative relationship we observed
between ∆18O and ∆13C in Poa leaf material indicates that changes in ∆13C were driven, at least in
part, by variation in gs. Interestingly, the slope of this relationship was steeper in 2012, which
suggests that variation in A may have contributed more to variation in ∆13C during the warm and
wet growing season than during the comparatively cool and dry conditions of 2013. Meanwhile,
the lack of a relationship between ∆18O and ∆13C in Betula suggests that ∆13C was primarily
influenced by A. Sullivan and Welker (2007) examined ∆18O and ∆13C in Salix arctica in
northern Greenland, and found strong agreement between the predictions of the dual isotope
conceptual model and leaf gas exchange measurements. Similarly, our isotope results support the
patterns revealed by our instantaneous leaf gas exchange measurements, which revealed greater
seasonal and diurnal variation in gs in Poa. The coincidence of reduced gs and warm/dry
conditions likely led to periods of greater leaf water evaporative 18O enrichment in Poa.
Meanwhile, the relative lack of stomatal regulation in Betula led to limited variation in leaf water
evaporative enrichment over space and time. While stable isotope analysis and instantaneous
measurements of leaf gas exchange both have their shortcomings, the strong agreement between
the two approaches in our study paints a clear picture of differential sensitivity to warm and dry
conditions, with Poa being quite sensitive and Betula being relatively insensitive to drought.
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A mechanistic understanding of increasing shrub growth is a crucial component of
predicting future changes in Arctic terrestrial ecosystems. Our study took advantage of both
experimental warming and large differences in temperature and precipitation between years of
observation. Our results show clear patterns of greater short-term drought sensitivity in Poa,
compared with the widespread deciduous shrub, Betula. Despite maintaining average higher Amax
and gs, Poa was more sensitive to VPD and displayed strong reductions in leaf gas exchange
during warm and dry periods of the day and the growing season. On the other hand, Betula
showed very little variation in Amax and gs. Furthermore, Betula exhibited stronger phenological
and physiological advancement in response to the OTC treatment early in the growing season.
These results have important implications for ecosystem C cycling. For instance, a strategy of
drought avoidance in Betula may provide a negative feedback to climate warming by enabling
this species to maintain C gain under warmer and drier conditions in the future. We suggest
greater phenological plasticity, drought-insensitivity and the slow, yet steady C gain of Betula
may confer or maintain a competitive advantage over neighboring graminoid species and
facilitate its expansion in a changing climate.
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Table 3.1 Monthly total precipitation, mean photosynthetic photon flux density (PPFD), air
temperature and vapor pressure deficit (VPD) for the 2012 and 2013 growing seasons. Monthly
VPD values are the mean of daily maximum measurements. Numbers in parentheses represent
the precipitation total for each season (May-August). Air temperature and VPD were measured at
three locations: 2 m height and within the Betula nana and Poa pratensis canopies.

Precipitation (mm)
2012
2013

May

June

July

Aug

21.6
4.3

19.1
1.8

25.9
21.6

51.3 (117.9)
31.0 (58.7)

PPFD (µmol photons m-2 s-1)
2012
457
529
468
325
2013
482
568
476
345
Air temperature (°C)
Tower (2 m)
2012
3.92
10.4
11.6
8.4
2013
-2.75
8.5
9.6
6.3
Betula canopy
2012
10.7
12.4
9.3
2013
10.4
10.7
8.0
Graminoid canopy
2012
10.5
11.8
9.4
2013
9.1
9.6
7.5
VPD (kPa)
Tower (2 m)
2012
0.59
1.14
1.21
0.78
2013
0.33
0.86
0.90
0.66
Betula canopy
2012
1.74
1.86
1.24
2013
1.51
1.55
1.17
Poa canopy
2012
1.28
1.36
0.93
2013
0.99
1.02
0.81
Note: empty cells indicate unavailable data for the given time period
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Figure 3.1 Soil temperature at 5 cm depth (A), 10 cm depth (B) and volumetric soil water
content (SWC %) integrated over 12 cm (C) measured at midday in all study plots. Bars are the
average of all dates for each treatment (n=8) within each growing season and error bars represent
± 1 standard error. Bars that share a letter within a growing season do not differ at the 95%
confidence level based on Tukey’s HSD.
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Figure 3.2 Light-saturated photosynthesis (Amax, A), stomatal conductance (gs, B), leaf
respiration (C), intrinsic water use efficiency (iWUE, D) and gross photosynthesis (E) measured
at midday throughout the 2012 and 2013 growing seasons. Bars are the average of all dates for
each treatment (n=8) within each growing season and error bars represent ± 1 standard error.
Bars that share a letter within a growing season do not differ at the 95% confidence level based
on Tukey’s HSD. Differences between treatments that were not significant are represented with
n.s. above the bars.
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Figure 3.3 Seasonal patterns of Amax (A, B) dark leaf respiration (A, D), gross photosynthesis (E,
F), stomatal conductance (gs; G, H) and intrinsic water use efficiency (iWUE; I, J) throughout the
2012 (A, C, E, G, I) and 2013 (B, D, F, H, J) growing seasons. and labeled as follows: Solid
circles are PA, empty circles are PW, solid triangles are BA and empty triangles are BW.
Symbols are means of each treatment (n=8) and error bars are ± 1 standard error.
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Figure 3.4 Diurnal patterns of Amax and gs in Betula nana (A, C) and Poa pratensis (B, D) on
four dates in 2013. Symbols represent individual dates as follows: solid circles are from 6/11/13,
empty circles are from 6/27/13, solid triangles are from 7/19/13 and empty triangles are from
8/4/13. Symbols are the mean of 3 ambient plots and error bars represent ± 1 standard error.
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Figure 3.5 Scatter plot of all midday Poa pratensis measurements of gs regressed against VPD
(A). The residuals from the 3-parameter negative exponential model in panel A are regressed
against soil water content (SWC, %) integrated over 12 cm (B). Each scatter plot was fit with a
3-parameter exponential model and the coefficient of determination (r2) and level of significance
(P values) are displayed in each panel.
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Figure 3.6 Scatter plots of all midday Betula nana measurements of gs regressed against VPD
(A), soil temperature at five cm depth (B) and soil water content (SWC, %) integrated over 12 cm
(C). Because we did not detect significant linear or non-linear relationships between gs and any
predictor, regression statistics are not shown.
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Figure 3.7 Linear relationship between bulk leaf ∆18O and ∆13C (‰) for Betula nana (solid
circles) and Poa pratensis (empty circles). Eight stems and corresponding leaves from each
species were sampled on 6 occasions in 2012 (A) and 7 occasions in 2013 (B). There was a
significant negative relationship between bulk leaf Δ18O and Δ13C in Poa in both seasons (2012:
y= -2.1x+74.3, P=0.002. 2013: y= -1.2x+58.6, P=0.002), and a slope not significantly different
from zero in Betula (2012: y= -0.2x+42.8, P=0.682. 2013: y= -0.2x+41.3, P=0.45).
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Supporting Information

Supporting Figure S3.1 Light-saturated photosynthesis of excised Poa pratensis leaves.
Measurement at time 0 represents intact leaves. Symbols are the mean of 4 trials conducted
simultaneously. Error bars represent ± 1 standard error of the mean.
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Supporting Figure S3.2 Daily maximum vapor pressure deficit (VPD; solid circles) measured at
2 m height and precipitation events (gray bars) throughout the 2012 (A) and 2013 (B) growing
seasons.

77

Supporting Table S3.1 Results of repeated measure ANOVA model to test for differences in
midday soil temperature and five and ten cm depths and volumetric water content integrated over
12cm. Treatment effects were considered significant if P<0.05 and are shown in bold.
Soil temperature (5cm)
Effect

Soil temperature (10cm)

Volumetric water
content
df
F
P
1, 343 128 <0.001
12, 343 28.5 <0.001

df
1, 344
12, 344

F
239
53.9

P
<0.001
<0.001

df
1, 335
12, 335

F
87.9
36.1

P
<0.001
<0.001

Species

1, 3

35.5

0.009

1, 3

29.6

0.01

1, 3

251

<0.001

OTC
Species*OTC

1, 6
1, 6

0
0.02

0.96
0.89

1, 6
1, 6

0.01
0.26

0.91
0.63

1, 6
1, 6

0.05
0.05

0.83
0.82

Year
Date
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Supporting Table S3.2 Results of repeated measure ANOVA model to test for differences in light-saturated photosynthesis (Amax), gross
photosynthesis, leaf respiration, stomatal conductance (gs) and intrinsic water use efficiency (iWUE). Treatment effects were considered
significant if P<0.05 and are shown in bold.

Effect
Year
Date
Species
OTC
Species*OTC

df
1, 407
12, 407
1, 3
1, 6
1, 6

Amax
F
41.97
11.19
108.7
0.007
5.73

P
<0.001
<0.001
0.002
0.934
0.05

Gross
photosynthesis
F
P
94.05 <0.001
9.542 <0.001
127
0.001
0.02
0.882
7.243
0.04

Leaf respiration
F
P
78.88 <0.001
17.22 <0.001
8.95
0.06
3.995 0.090
0.607 0.460

gs
F
80.3
5.16
18.19
0.02
3.705

P
<0.001
<0.001
0.024
0.880
0.103

iWUE
F
11.75
7.937
31.03
0.113
0.03

P
<0.001
<0.001
0.010
0.748
0.870
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Supporting Table S3.3 ANOVA table examining the difference in Amax and gs within each
species between timeperiods (8am, 2pm, 8pm and 2am) on four dates in 2013.

Date
P. pratensis
6/11/2013
6/27/2013
7/19/2013
8/4/2013
B. nana
6/11/2013
6/27/2013
7/19/2013
8/4/2013

df

Amax
F

gs
P

F

P

3, 6
3, 6
3, 6
3, 6

6.7
25.08
19.44
46.72

0.024
0.001
0.002
<0.001

1.37
27.26
10.66
47.59

0.339
0.001
0.008
0.001

3, 6
3, 6
3, 6
3, 6

2.58
28.62
6.45
12.24

0.150
<0.001
0.026
0.006

0.49
0.21
0.31
0.48

0.699
0.886
0.816
0.709
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Supporting Table S3.4 Coefficient of determination (r2) of the linear regression between Amax
and gs and number of samples (n) in all four treatments. All midday measurements from both
seasons were included in the regression. All models were significant at P<0.001.
Treatment
PA
PW
BA
BW

n
116
113
115
108

r2
0.65
0.58
0.56
0.38
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Abstract
Arctic ecosystems contain vast stores of soil carbon (C), yet our understanding of the
factors controlling CO2 efflux from tundra soils remains poor. Partitioning soil respiration (RS)
into heterotrophic (RH) and autotrophic (RA) sources can help elucidate the relative contributions
from microbial breakdown of soil organic matter (SOM) and root and rhizospheric activities –
two processes that can have contrasting effects on long-term soil C stocks. Using two techniques,
we quantified the magnitudes, relative proportions and environmental drivers of RH and RA in four
common arctic vegetation types in West Greenland. We employed a trenching method in large
patches of Betula nana, Salix glauca, mixed-shrub (equal mix of Betula and Salix) and
graminoids dominated by Poa spp. At a separate location, we introduced 13CO2 to Betula- and
graminoid-dominated plots. The difference in the autotrophic proportion (RA / RS) between
methods was minimal, providing confidence that our more extensive trenching approach provided
accurate estimates of RA and RH. Despite contrasting microclimate conditions, large differences
in vegetation structure and wide variation in RS, there were minimal differences in RA / RS (40 –
48% across all vegetation types). Our results suggest that RA / RS may be more conservative than
previously thought for low-productivity ecosystems. We suggest that partitioning RS into RA and
RH may be a useful tool to identify ecosystems that have fallen out of equilibrium and may be
poised to either gain or lose soil C.
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Introduction
Soil respiration (RS) is a major flux in the global carbon cycle. It is second only to gross
primary production (Schlesinger 1997) and accounts for as much as 70 - 90% of total ecosystem
respiration (Law et al. 1999; Janssens et al. 2001). Quantifying the magnitude and sensitivity of
soil respiration in the northern high latitudes is of critical importance because Arctic soils contain
approximately twice the amount of carbon (C) that is currently in the atmosphere (Tarnocai et al.
2009). Historically, Arctic ecosystems have been a sink for atmospheric C (McGuire et al. 2012).
However, rising air temperatures in the region (Kaufman et al. 2009) are expected to accelerate
soil organic matter (SOM) decomposition. Given the vast amount of C in tundra soils, small
changes in SOM decomposition with warming would result in substantial increases in
atmospheric CO2 concentration, if not balanced by increased primary production.
Despite the relative importance of belowground respiration, partitioning soil CO2 efflux
between autotrophic and heterotrophic sources remains a persistent challenge in ecology (Hanson
et al. 2000; Kuzyakov 2006; Subke et al. 2006; Trumbore 2006; Schimel 2013). Total soil
respiration (RS) is the sum of CO2 production from two sources: autotrophic (RA) and
heterotrophic respiration (RH). Belowground autotrophic respiration is associated with
maintenance and growth of roots as well as microbes that utilize recent photosynthates for their
metabolism and has no direct effect on soil C storage. Alternatively, RH is associated with
microorganisms (e.g. bacteria, fungi, protozoans) oxidizing more persistent SOM. Therefore,
changes in RS may not entirely represent decomposition of SOM and changes in C stocks if RA
dominates soil CO2 efflux. Thus, examining the magnitude, seasonality and sensitivity of RH in
conjunction with RS is important to our understanding of long-term C sequestration. RH and RA
may respond differently to environmental drivers. While microbial respiration is largely
influenced by soil temperature, soil moisture and SOM quality and quantity (Nadelhoffer et al.
1991; Hobbie 1996; Epron et al. 1999; Schimel et al. 1999), there is increasing evidence that RA
is tightly coupled with short-term aboveground productivity and allocation of photosynthates to
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the rhizosphere (Kuzyakov & Gavrichkova 2010; Vargas et al. 2011). Because RA is influenced
by plant productivity, trends and variation in the magnitude of this flux can vary in response to
plant phenology and differences in community composition among sites (Rey et al. 2002; Yuste
et al. 2004).
Global estimates of RH vary across ecosystems and seasons, but range from 10-90% of RS
(Hanson et al. 2000). In the Arctic, estimates of the heterotrophic contribution to soil and
ecosystem respiration (RH / RS) range between 25 and 87% (Billings et al. 1977; Chapin et al.
1980; Nakatsubo et al. 1998; McConnell et al. 2013). However, few studies have partitioned RS
in low-shrub tundra, which is a dominant plant community at our site and throughout the Arctic
(CAVM 2003). There is a high level of uncertainty in the relative fractions of RH and RA in the
Arctic because both respiratory components can be potentially large. Belowground biomass can
account for a significant proportion of total biomass (Dennis & Johnson 1970; Wardle 2002) and
the pool of soil organic C is large. Additionally, the strong seasonality of active layer thaw may
impose a unique constraint on microbial and root activity, while differences in plant phenology
may lead to contrasting patterns in seasonal contributions from RH and RA across vegetation types.
The dearth of partitioning studies from high latitudes limits our understanding of belowground C
cycle dynamics and may hinder efforts to accurately model long-term changes in Arctic C pools.
We had three primary goals in this study. First, we aimed to quantify and compare RS, RH
and RA across four common and contrasting tundra vegetation types. Second, we sought to
corroborate our estimates by comparing results obtained by trenching (i.e., root exclusion) and
13

C pulse-chase. Third, we used Random Forest regression to identify the relative importance of

environmental variables driving RS and RH. We anticipated that the large amount of belowground
biomass common to graminoid communities would result in very high RA and RA/ RS compared
with sites dominated by woody shrubs.
Materials and Methods
Site Description and Study Design

85
The study area was located near Kangerlussuaq in West Greenland (67°06’N, 50°16’W).
The region represents bioclimatic subzones D and E (Walker et al. 2005) and is classified as low
shrub tundra, dominated by a mosaic of deciduous woody shrub patches (Salix glauca and Betula
nana) and graminoid tundra (Poa spp, Carex spp.). Organic C content in in the upper 8 cm is
highest in Salix (~6.5 – 5%), followed by graminoid (~5.5 – 3.5%) and Betula (~4 - 3%; Ozols &
Broll 2005). The trenching component took place over a more spatially extensive area in the
vicinity of a warming x herbivore exclusion experiment (Post & Pedersen 2008), while the 13CO2
pulse-chase experiment took place near the site of a more recent warming experiment (Cahoon et
al. in press), approximately two km east of the exclosure site. The two locations were similar in
community composition, slope and aspect. For the trenching experiment, we selected four sites
that best represented the vegetation in the region. Large homogenous patches of Betula nana,
graminoid (Poa pratensis, P. arctica, P. alpina), Salix glauca, and a mixed-shrub site (equal mix
of S. glauca and B. nana) were selected by visually estimating the relative aboveground
contribution of each species. At the labeling site, similar patches of Betula nana, graminoids and
Salix glauca and areas of mix-shrub communities were identified visually; however, only the
Betula nana and graminoid plots received the label (see Ecosystem 13CO2 labeling below).
Microclimate monitoring
A micrometeorological station monitored air temperature (CS215; Campbell Scientific,
Logan, UT) at 2 m height, photosynthetic photon flux density (PPFD, LI-190; LI-COR, Lincoln,
NE), and precipitation (TE 525; Campbell Scientific, Logan, UT) in proximity to the trenching
plots. An additional micrometeorological station was established near the labeling site in early
May 2012. At this station, three soil temperature sensors (CS105E; Campbell Scientific, Logan,
UT) were installed each within the graminoid and Betula communities at 10 cm depth. All
sensors were scanned every 30 seconds, with hourly averages stored using a CR1000 datalogger
(Campbell Scientific, Logan, UT). Daily and monthly totals from 2012-2014 are from the station
nearest the trenching experiment. Handheld measurements of soil temperature at 5 and 10 cm
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depths (Model: 82021-156, VWR International, West Chester, PA), and the average of three soil
water content measurements (SWC; 0-12 cm depth, HydroSense II; Campbell Scientific Inc.,
Logan, UT) were recorded concurrently with weekly respiration measurements.
Trenching treatment
Three blocks were selected to account for minor differences in aspect, slope and elevation
within each vegetation type (i.e. Betula nana, graminoids, mixed-shrub and Salix glauca). At
each block, three pairs of plots (0.36 m2) were randomly distributed across the vegetation patch.
At each pair, one plot was randomly assigned the trenching treatment. Paired plots were
separated by at least 2 m to prevent the disturbance created by the trenching from affecting the
control plots. Thus, our study consisted of 9 replicates of control (untrenched plots) and 9
replicates of trenched plots for each vegetation type. To prevent root growth and estimate RH, a
narrow trench was excavated along the perimeter of the plot to approximately 0.6 m depth or until
permafrost prevented further excavation. Two layers of heavy construction plastic (6 mm thick)
were inserted along the perimeter and soil was backfilled into the trench. All aboveground
vascular vegetation was removed by hand from within the plot to prevent further root growth.
The trenching process was completed in late July 2010 at the Betula site and July 2011 at the
remaining sites. In the three sites where soil respiration was monitored before and after
trenching, soil CO2 efflux was reduced by 43%, 40% and 25% in the graminoid, mixed-shrub and
Salix sites, respectively, just three days following the disturbance (Online Resources Fig. A1).
Similar trends have been noted in tree girdling (Högberg et al. 2001; Andersen et al. 2005) and
other trenching experiments (Vogel & Valentine 2005). The rates immediately following
trenching should be interpreted with caution, however, as the rapid decomposition of severed fine
roots often contributes to overestimates of RH by approximately 2-24% (Subke et al. 2006). Thus,
we elected to include only data from the 2012 and 2013 growing seasons in our analyses.
Summer respiration measurements
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A single respiration collar made of PVC (0.15 m diameter) was permanently installed in
the center of each plot to 2-3 cm depth. Soil respiration was measured at near weekly intervals
throughout the growing seasons of 2011 - 2013 using a LI-840A infrared gas analyzer (LI-COR
Environmental, Lincoln, NE) plumbed to a custom-built PVC chamber. Chamber CO2, H2O and
temperature were logged every second for 60 seconds using a LI-1400 datalogger (LI-COR
Environmental, Lincoln, NE). Untrenched, control plots were used to estimate total soil
respiration (RS), whereas trenched plots were assumed to represent CO2 efflux from heterotrophic
sources (RH) (Hanson et al. 2000). Autotrophic respiration (RA) was then estimated as the
difference between control and trenched plots (RA = RS – RH). Error in RA was propagated similar
to Segal & Sullivan (2014):
!"#$" % =

! ' () + % ! ' (+

where !(', and !('+ represent the standard deviation of RS and RH, respectively. Aboveground
vascular plants were removed by hand at least 24 hours prior to all respiration measurements to
prevent new root growth and eliminate any respiration contributed from aboveground biomass.
When present, which was rare, moss was left intact because of its important role in regulating soil
thermal and water conditions (Street et al. 2012).
Winter respiration measurements
Subnivean [CO2] measurements were made in February 2013 and January 2014 near the
labeling site. Measurements were made using a hollow stainless steel probe with a perforated tip,
plumbed with 3.2 mm bev-a-line tubing (Sullivan et al. 2010). The tubing was connected to an
LI-840 CO2 and H2O analyzer (LI-COR Environmental, Lincoln, NE), and air was circulated
using a small diaphragm pump at approximately 0.85 L min-1. During each site visit,
measurements were made at 6 to 8 plots per vegetation type. At each plot, the probe was inserted
to the base of the snowpack. Once the [CO2] stabilized, data were stored using a LI-1400
datalogger (LI-COR Environmental, Lincoln, NE). At least 3 probe measurements were made at
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each plot. On each occasion, 2-3 snowpits were dug within each vegetation type to measure snow
density and temperature at 10 cm intervals. Diffusion of CO2 through the snowpack was
estimated using the methods described by Musselman et al. (2005).
Ecosystem 13CO2 labeling
Isotopic labeling was conducted on graminoid and Betula plots on two occasions (June
14 and July 15) in 2014. For each labeling event we established four new plots: two Betula and
two graminoid. At each plot, a custom-built clear acrylic chamber (0.75 x 0.75 x 0.75 m) and
matching base with a plastic skirt attached to the underside were lowered onto each plot and
sealed to the ground using a heavy chain. Through a small port on the chamber wall, 0.4 L of 99
atom % 13CO2 (Cambridge Isotope Laboratories, Tewksbury, MA, USA) was administered at a
rate of 0.2 L min-1 for two minutes. The chamber was left in place for 1 hour to allow for
assimilation of 13CO2. On both occasions, the labeling occurred between the hours of 10:00 and
16:00. Two fans ensured equal mixing of the air throughout the labeling period. The extensive
time required to have the chamber in place can cause internal conditions to dramatically exceed
those of ambient air temperature and humidity, which may affect plant physiology and the
fixation of 13CO2 (Carbone et al. 2007). We mitigated those effects by constructing the labeling
chamber with a narrow water jacket, through which cold water was circulated continuously
during the labeling process. Use of the water jacket allowed us to maintain chamber air
temperatures well below 30°C during all labeling events.
Chasing 13C in belowground respiration
We measured the efflux of 13CO2 from the soil using PVC collars (20.3 cm diameter)
inserted 2-3 cm into the soil in the center of each plot. Collars were installed at least 24 hours
prior to each labeling event in areas with limited aboveground plant tissue, but immediately
adjacent to vascular plants. At the time of installation, the limited leaf tissue present within the
collars was carefully removed. Soil 13CO2 efflux was monitored from each plot using an opaque
chamber (3.9 L) sealed to the PVC collar. The chamber was plumbed to a Picarro G2201-i
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Isotopic Analyzer (Picarro Inc., Sunnyvale, CA, USA), which was checked against an air
standard with known [CO2] and δ13CO2 at the beginning and end of each measurement day. The
soil chamber was equipped with two gas ports. One was connected to the analyzer using 30 m of
3.2 mm I.D. bev-a-line tubing. The other port was connected to a 50 cm coil of the same tubing
that was left open to the atmosphere, similar to Warren et al. (2011). Sample air was drawn to the
analyzer at a rate of 0.025 L min-1 for approximately 20 minutes. At the end of each
measurement, the chamber was left open to the atmosphere for at least 8 min before sealing to the
next soil collar. Keeling plots were constructed using [CO2] and δ13CO2 data from each collar
(Pataki et al. 2003). The y-intercepts were estimated using ranged major axis regression in the
lmodel2 package (Legendre 2014) in R 3.1.2 (R Core Team 2014). Each collar was chased 1, 2,
7 and 14 days following the labeling event.
Chasing 13C in root respiration
Estimates of 13C in root-respired CO2 were made on the same schedule as soil 13CO2
efflux (1, 2, 7 and 14 days following the labeling event). Immediately following soil 13CO2
sampling, two small soil cores (2.6 cm diameter) were collected to 12 cm depth from within each
labeled plot, but outside of the soil respiration collars. Roots were washed free of soil, placed in a
mason jar (0.273 L) and incubated in the soil. The mason jars, which had two gas ports installed
in the lid, were plumbed to the G2201-i using 3.2 mm I.D. bev-a-line tubing. Estimates of 13C in
root-respired CO2 were made using the same protocol as the soil chambers.
13

C data processing
To determine the proportion of belowground respiration that can be attributed to roots

(fA), we used a single isotope, two-source mixing model (Phillips & Gregg 2001):
-. % = %

δ01 C3 % − % 5 01 C6
5 01 C. − % 5 01 C6

where δ13CS is the isotopic composition of belowground labeled soil respiration, δ13CA is the
isotopic composition of labeled root-respired CO2 and δ13CB is the ambient (unlabeled) isotopic
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composition of bulk soil heterotrophic respiration. We approximated δ13CB by excavating soil
pits adjacent to the study area and sampling root-free soil from depths of 5, 10 and 20 cm (8
Betula and 8 graminoid pits). This approach assumes that δ13C of bulk soil heterotrophic
respiration is equivalent to soil δ13C. This assumption is not entirely valid (e.g., Ehleringer et al.
2000), as microbes may preferentially break down molecules that differ isotopically from bulk
soil organic matter. However, the mixing model is robust to small errors in δ13CB estimates. In
our study, a fairly large 1 per mille difference in δ13CB would have altered our estimate of fA by
approximately 3%. Soil samples were oven-dried at 60°C for at least 48 hours, homogenized and
analyzed for δ13C measured at the Environment and Natural Resource Institute’s Stable Isotope
Laboratory (ENRI SIL) at the University of Alaska Anchorage using a Costech 4010 Elemental
Analyzer (Costech Analytical, Valencia, CA) interfaced with a Delta PLUS XP continuous flow
isotope ratio mass spectrometer (Thermo Scientific Inc., USA). Ambient soil δ13C was averaged
across depths and then across soil pits (Betula δ13CB: -25.9 ± 0.15 ‰; graminoid δ13CB: -25.2 ±
0.08 ‰).
On several of the 1- and 2-day chase events, for a few of the plots, estimates of δ13CS
were more enriched than our estimates of δ13CA. This is likely an artifact of isotopic equilibration
between the highly enriched chamber air and soil CO2 during the labeling event, as observed in
other studies (Subke et al. 2009; 2012). Data from those plots on those sampling dates were
excluded from further analyses, along with all instances in which estimates of δ13CS and δ13CA
were within 5 ‰ of one another. Estimates of fA were then averaged over time at the plot-level
yielding a sample size of 4 Betula and 4 graminoid plots.
Modeling and statistical analyses
We tested for differences in RS, RA, RH and RH / RS between vegetation type sites using
repeated measures analysis of variance (ANOVA). Differences between RA and RH within each
site were tested using the same repeated measures ANOVA model. Block was considered a fixed
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effect and nested within vegetation type in the model. Least-squares means for each site were
compared using Tukey’s Honest Significant Difference. Data were log10 – transformed when
there was evidence of non-normality and/or heteroscedasticity. We anticipated that the trenching
treatment would result in an increase in soil temperature, which may lead to overestimates of RH.
We accounted for this treatment-induced increase in temperature by normalizing RH to the soil
temperature at 5 cm depth in adjacent control plots. To do so, we fit separate Q10 temperature
response models to all the RH data from each vegetation type and estimated RH at the soil
temperature observed in the adjacent untrenched area, following Litton et al. (2003). Statistical
analyses and modeling exercises thereafter were performed on temperature-corrected RH values
using the nlme (Pinheiro et al. 2015) and lsmeans (Lenth & Hervé 2014) packages in R 3.1.2.
To estimate annual CO2 efflux from each vegetation type, we fit a 3-parameter logistic
model to the data from each plot (Sullivan et al. 2010):
73 = %

1+
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where θ1 – 3 are fitted parameters and T is soil temperature measured at 10 cm depth. We included
winter respiration measurements by randomly assigning 2/3 of the site-specific winter dataset to
each plot. Model parameters were estimated by the nonlinear least squares function in the stats
package (R Core Team 2014) in R 3.1.2. Annual RS was estimated by driving the model using
hourly soil temperature data collected at our nearest micrometeorological station.
We explored a range of environmental and ecosystem variables as predictors of RS and
RH using the randomForest package (Liaw & Wiener 2002) in R 3.1.2. Random forest is an
ensemble regression tree approach that makes no a priori assumptions about the relationship
between response and predictor variables and is capable of handling continuous and categorical
predictors, and linear or nonlinear relationships. A random forest constructs many regression
trees (at least 500) by bootstrap resampling of the data. Typically 2/3 of the data (in bag) are used
to grow each decision tree, while the other 1/3 (out of bag, OOB) are used for comparison against
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modeled estimates (Breiman 2001). The OOB predictions are averaged across all trees and
compared with observations. In our case, we evaluated model performance as the percent
variance explained (pseudo R2), and variable importance was determined as the loss in accuracy
of OOB predictions if that variable were removed from the model, referred to as the decrease in
node purity.
As potentially important predictor variables, we chose plot-level soil temperature at 10
cm depth, plot-level SWC, air temperature within the respiration chamber and average PPFD
during the measurement day, obtained from the nearby micrometeorological station. Average
daily PPFD improved the model fit (pseudo R2) compared with other time periods (e.g. time of
measurement, means of three and six hours prior to measurement). The interpretability of
random forest can be adversely affected by collinearity among predictor variables (Murphy et al.
2010). Therefore, we chose variables that were uncorrelated or only weakly correlated with one
another. For example, SWC was more highly correlated with active layer thaw depth (r2 = 0.31,
P<0.001) than soil temperature (r2 = 0.07, P<0.001). We elected to exclude thaw depth from the
analyses to examine the relative effects of SWC and soil temperature. However, we recognize
the importance of active layer thaw as a constraint on soil respiration (Hicks Pries et al. 2013;
Segal & Sullivan 2014). To increase the sample size in the random forest analysis, we confronted
each model with the entire dataset, with vegetation type included as a categorical variable. For
each analysis, we grew 1000 trees and randomly tested 5 variables at each node.
Results
Microclimate
The 2012 growing season was warm and wet compared with 2013 (Table 4.1). Soil
temperature in the control plots was warmest in 2012 at all sites (Fig. 4.1a, b), whereas soils were
slightly wetter in 2013 (F3, 24 = 1.308, P=0.03; Supporting Information, Table S4.1; Fig. 4.1). We
did not detect a significant difference in SWC among vegetation types in either year, though there
was a tendency for graminoid soils to be wetter. In contrast, there were sharp differences in soil
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temperature among vegetation types in each year (Fig. 4.1). Soils at the Betula site were
consistently colder than any other site, whereas the warmest soils were among the graminoid
plots in 2012. In the cooler season of 2013, soils among graminoid, Salix and the mixed-shrub
sites were similar at both 5 and 10 cm depth. The trenching treatment resulted in warmer and
slightly wetter soils (Table S4.1, Fig. S4.2).
Methodological comparison of respiration partitioning
Our estimates of RA obtained by the trenching method were remarkably similar to the
autotrophic proportion (fA) estimated using the 13CO2 pulse-chase method (Fig. 4.2). The
autotrophic proportion was estimated at 47.5% and 44.2% using the 13C-labelling and trenching
methods, respectively, in the Betula sites. At the graminoid sites, the autotrophic contribution
was 48.9% and 46.5% using the 13C-labelling and trenching methods, respectively. Although we
were unable to directly compare methods in the same season, these results provide qualitative
corroboration that the trenching method did not lead to large artifacts beyond the temperature and
moisture effects addressed above.
Annual and seasonal trends in RS, RH and RA
Soil respiration (RS) was greatest during the warm and wet 2012 growing season and
lowest during the cool and dry 2013 season (Fig. 4.3a, b). When compared across vegetation
types, RS, RH and RA were greatest at the Salix site, followed by the mixed-shrub and graminoid
sites, whereas the lowest fluxes were among the Betula plots. When averaged across all dates, RH
and RA were remarkably similar within each site, with the single exception of the graminoid site
in 2013 when RA was significantly greater (F1, 41 = 5.44, P = 0.02) than RH (Fig. 4.3b). The
proportion of RH was slightly above 0.5 in 2012 for all sites, although there were no detectable
differences between sites or years (Fig. 4.3c). The logistic model was a moderately strong
predictor of seasonal variation in plot-level RS (r2 = 0.78; RS (measured) = 0.95 * RS (modeled) + 0.06).
In the global context, our sites fit within the range published by Bond-Lamberty et al. (2004; Fig.
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4.4b), but were not consistent with the presence of a downward trend in the root contribution
(RC) when annual RS is low (<500-600 g C m-2 yr-1) (Fig. 4.4b, inset).
Overall, seasonal variation in the relative proportions of RH and RA lacked a clear trend,
with a few notable exceptions (Fig. 4.5). At the Betula site, the relative contribution from RH
displayed a declining trend over time, whereas the proportion of RA gradually increased over the
course of each growing season (Fig. 4.5a,e). In contrast, RH displayed the opposite pattern among
the Salix plots in 2012, where the greatest proportional RH was observed at the end of the season
(Fig. 4.5b). The graminoid plots in 2013 displayed a trend comparable to that at the Betula site
(Fig. 4.5g). The mixed-shrub vegetation displayed highly contrasting patterns from 2012 to 2013.
There was very little variation in the relative contributions from RH and RA in 2012; however, in
2013 the proportion of heterotrophic respiration exceeded that of autotrophic throughout the
growing season (Fig. 4.5d,h).
Primary drivers of RS and RH
The random forest models explained 31%, 40% and 14% of the variation in RS, RH and
RA, respectively (Table 4.2). Soil temperature was the most important variable in the RS and RA
models, whereas vegetation type was more important in the RH model (Table 4.2). Partial
dependence plots showed strong positive effects of soil temperature on respiratory components
(Fig. 4.6), and a positive effect of soil moisture (SWC) on RS and RH (Fig. 4.6a, b), whereas the
response to increasing SWC was more moderate in RA (Fig. 4.6c). Daily PPFD was of minor
importance in the RS and RA models (Table 4.2) and there was little trend in the partial
dependence plots (Fig. 4.6).
Discussion
Using two independent techniques to partition soil respiration, we quantified the
magnitudes and relative contributions of RH and RA to RS and identified important environmental
factors responsible for soil CO2 efflux in four common Arctic vegetation communities. Our
estimates of RA from the trenching experiment were corroborated by 13C labeling in the Betula
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and graminoid sites. The strong agreement between the two methods increases our confidence
that the trenching experiment provided an accurate representation of RH and RA dynamics.
Our measurements of RS are consistent with those from other arctic ecosystems
(Christensen et al 1998; Rustad et al 2001; Elberling 2007; Björkman et al. 2010). The
proportion of RA accounted for 40 – 48% of RS when averaged across all vegetation types (Fig.
2), which is a much narrower range than early partitioning studies from the Arctic (Billings et al.
1977; Chapin et al. 1980; Nakatsubo et al. 1998), but similar to a recent study that attributed 4060% of ecosystem respiration to RA in a sub-Arctic boreal fen (McConnell et al. 2013). We were
surprised to find such limited variation in the breakdown of RS (RH / RS; Fig. 3c) among sites, as
we hypothesized the prolific graminoid root systems would result in higher RA and, consequently,
lower RH / RS compared with the other sites. Despite dramatic differences in growing-season
microclimate (Table 4.1 and Fig. 4.1) and soil CO2 efflux (Fig. 4.3a,b), we did not detect a
significant difference in the relative contribution from RH between seasons and among vegetation
types (Fig. 4.3c). Our results suggest that, when averaged across all vegetation types and seasons,
RH contributes approximately 53% to total belowground efflux, which is identical to the value
estimated by Segal and Sullivan (2014) for tussock tundra near Toolik Lake, Alaska. The
similarity in the proportion of RH, despite strong variation in RS and widely different vegetation
structural and functional attributes, is suggestive of an intimate link between vegetation
production and soil microbial activity. This relationship may simply be attributable to the fact
that both roots and soil microbes ultimately depend on photosynthates as a substrate for
respiration. While our data do fall within the range of global estimates of the relationship
between annual RS and RA / RS, they are not supportive of a strong decline in RA / RS at low RS
(Bond-Lamberty et al. 2004). In fact, the global model underestimates the autotrophic proportion
by 72%, 88%, 34% and 34% in the Betula, graminoid, mixed-shrub and Salix vegetation types at
our site, respectively. We argue that more partitioning studies are needed in systems with low RS
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to ensure that this end of the spectrum is not dominated by few sites or confounded by the
partitioning method and/or the stage of soil development.
Partitioning RS into auto- and heterotrophic proportions may serve as a useful diagnostic
for ecosystems that have fallen out of equilibrium. Systems that show a decline in RA / RS may be
susceptible to losses of soil C stocks, as RA may be closely correlated with C inputs, while RH
reflects C outputs. An excellent example is the case of permafrost degradation in arctic
ecosystems, where the mineralization of old C at depth could increase RH (Dorrepaal et al. 2009),
dilute the root contribution and lead to a decline in RA / RS (Hicks-Pries et al. 2013). Meanwhile,
ecosystems that show an increase in RA / RS may be rapidly aggrading soil C. An arctic example
could be a case where shrub encroachment into graminoid ecosystems and the associated increase
in leaf area leads to shading and cooling of the soil (Blok et al. 2010), thereby restricting RH
(Cahoon et al. 2012) and leading to an increase in RA / RS. In addition, summer warming may
alter the relative proportions of auto- and heterotrophic respiration. In a recent study, Hicks Pries
et al. (2015) showed that short and long-term experimental warming in sub-Arctic tundra of
Alaska and Sweden stimulated RA to a greater degree than RH during the peak of the growing
season – a response that was likely driven by greater net primary productivity in response to
warming.
There was a steep decline in RS and RA in the graminoid plots that may have been caused
by low soil moisture during the latter half of July 2012 (Figs. S4.1 and S4.3). This period was
marked by few precipitation events and relatively high vapor pressure deficit (VPD), which
resulted in stomatal closure in the dominant graminoid, Poa pratensis, at a nearby site (Cahoon et
al., in press). As a consequence, photosynthesis declined by 64%, which may have limited the
production and allocation of photosynthate to plant roots, resulting in reduced RA and, as a
consequence, RS. In contrast, Betula nana appears to be less susceptible to drought conditions
(Cahoon et al., in press), and thus RS and RA were unaffected during the same period. Reducing
the supply of photosynthates during periods of high VPD may have contributed to the dramatic
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drop in RA during late July of 2012. Although there was a clear decline in RS during this warm
and dry period, there was little change in the relative contribution from RH and RA (Fig. 4.5),
serving as further evidence for a tightly coupled relationship between soil CO2 flux and
aboveground productivity (Janssens et al. 2001; Yuste et al. 2004). Therefore, changes in plant
productivity and phenology could lead to corresponding changes in belowground C cycling.
Seasonal drivers of RS, RH and RA
The Random Forest analysis identified vegetation type as the most important variable in
the RH model (Table 4.2), which may reflect the differences in litter quality and quantity that
serve as substrate for microbial respiration (Hobbie 1996). Not surprisingly, soil temperature was
an important driver of all fluxes, although it ranked lower in importance in the RH model (Table
4.2). There was also a strong positive response to increasing SWC in the RS and RH models (Fig.
4.6). In the Arctic, changes in soil water content have been variously linked to an increase in
CO2 efflux and microbial decomposition in response to wetter soils (Schimel et al. 1999; Hicks
Pries et al. 2013; Sharp et al. 2013), or a reduction in C losses with increasing soil moisture
(Oechel et al. 1998). Our results suggest that future increases in regional temperature coupled
with greater annual precipitation may result in further stimulation of microbial respiration in areas
with well-drained soils and/or low precipitation. Indeed, climate models predict a 15% increase
in annual precipitation and a 2-4ºC rise in spring and summer land surface temperatures in
western Greenland (Stendel et al. 2008). These conditions may lead to greater breakdown of
SOM. However, our results point to the possibility that RA (and plant productivity) may increase
in proportion, maintaining the relative contributions of RA and RH to RS.
Conclusions
Despite the challenges of partitioning RS, our more limited 13C labeling study confirmed
that our more extensive trenching approach provided reliable estimates of RA and RH. Our study
benefited from two contrasting growing seasons, which led to different magnitudes of soil CO2
efflux, yet we detected minimal difference in the relative contributions from RH and RA over time

98
and across widely different vegetation types. Our results, and those from Toolik Lake, Alaska
(Segal & Sullivan 2014), suggest that the contribution from RA to RS may be more consistent over
time and across vegetation types with low RS than previously thought. The potential benefit of
using soil respiration partitioning as an indicator of systems that have fallen out of equilibrium, is
that change may be detectable long before a measureable shift in the soil C stock. As such,
examining the breakdown of RS into its auto- and heterotrophic components will be a key step in
forecasting the fate of the large pool of SOM in the Arctic and associated feedbacks to the global
climate.
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Table 4.1 Monthly average air temperature and photosynthetic photon flux density (PPFD) and
total precipitation for May – August in each year of the trenching (2012-2013) and isotopelabeling (2014) of our study. Data were collected at the micrometeorological station near the
trenching experiment. The far-right column is the seasonal average air temperature and PPFD
and total precipitation between the dates May 1 and August 31 of each year.

2012
Air Temperature (ºC)
Precipitation (mm)

May

June

July

August

Season

3.92
21.6

10.4
19.05

11.5
25.91

8.4
51.31

8.6
117.9

PPFD (µmol m-2 s-1)

457

530

468

326

445

2013
Air Temperature (ºC)
Precipitation (mm)

-2.75
4.3

8.5
1.8

9.6
21.6

6.2
31

5.4
58.7

PPFD (µmol m-2 s-1)

483

569

477

345

468

2014
Air Temperature (ºC)
Precipitation (mm)

0.39
11.4

9.5
3.05

11.1
2.79

8.6
51.31

7.4
68.6

PPFD (µmol m-2 s-1)

442

570

530

333

469
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Table 4.2 Model accuracy (pseudo R2) and variable importance for random forest models.
Variable importance is the increase in MSE (%) after permuting the predictor variable. Response
variables are total soil respiration (RS), heterotrophic respiration (RH) and autotrophic respiration
(RA).
RS
Variable
Vegetation type
Soil temperature
SWC
Chamber temperature
PPFD
Pseudo R2

RH

RA

Importance
224.2
128.2
56.1
86.8
82.2

240.2
79.9
70.1
56.3
n/a

37.3
11.7
7.3
15.0
11.2

0.31

0.40

0.14
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Fig 4.1 Average midday soil temperature at 5 cm (a) and 10 cm depth (b) and soil water content
(SWC, 0-12 cm depth, c). Bars represent the mean and error bars are ± 1 standard error (n=9).
Sites that share a letter did not differ significantly (P< 0.05) from one another.
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Fig 4.2 Autotrophic proportion of soil respiration estimated from 13C pulse-chase in 2014 and the
trenching method in 2012 and 2013. Bars represent the mean of all plots across all dates for each
species (13C, n=4; trenching, n=9) and error bars are the standard error.
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Fig 4.3 Midday rates of total soil respiration (RS), heterotrophic respiration (RH) and autotrophic
respiration (RA) averaged over all dates in 2012 (a) and 2013 (b). The proportion of heterotrophic
respiration (RH / RS) averaged over all dates in 2012 and 2013 is displayed in panel c. Bars
represent the mean and error bars are ± 1 standard error (n=9). Significance difference (P<0.05)
between RH and RA within each site are noted with “*” above the bars. Differences between sites
are represented separately for RS (a-c), RH (x-z) and RA (α-β). Sites that share a character did not
significantly differ from one another. Sites that were not significantly different are represented
by n.s.
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Fig 4.4 Annual CO2 efflux (RS) estimated over the 2013 calendar year (a). Bars represent the
mean and error bars are ± 1 standard error (n=9). Panel b shows the global relationship between
root contribution (RC) and annual soil CO2 efflux as compiled by Bond-Lamberty & Thomson
(2010) and displayed in Bond-Lamberty et al. (2004). Data from our sites are shown in color.
The inset shows the relationship at the plot-level within the vegetation types at our site. The root
contribution was averaged over all dates in 2013.
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Fig 4.5 Seasonal trends in the relative proportion of RH and RA to RS in 2012 (a-d) and 2013 (e-h)
for each vegetation type. Each shaded area represent the mean (n=9) on each measuring date.
Error bars are not included for clarity.
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Fig 4.6 Partial dependence plots for RS (left panel) and RH (right panel). Solid lines represent the
modeled CO2 efflux response to each variable, while holding all other variables in the model at
their mean values.
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Supporting Information

Supporting Figure S4.1 Mean weekly soil respiration (RS), and the hetertorphic (RH) and autotrophic (RA) components measured over the course
of the 2011 (top row), 2012 (middle row) and 2013 (bottom row) growing seasons at each vegetation site. Symbols are the mean and error bars
are ± 1 standard error (n=9).
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Supporting Table S4.1 Results of repeated measures ANOVA model to test for differences in
soil temperature (5 and 10 cm depths) and soil water content (SWC) between trenched and
control plots. Only data from the 2012 and 2013 growing seasons were included in the model
because trenches were inserted in late July 2010 and 2011.

Soil temperature
(5 cm)

Soil temperature
(10 cm)

SWC (0-12 cm)

Factor

F(df)

P

F(df)

P

F(df)

P

Year

309.5(1, 1102)

<0.001

235.8(1, 1096)

<0.001

34.4(1, 1025)

<0.001

Treatment

103.6(1, 1102)

<0.001

101.5(1, 1096)

<0.001

14.3(1, 1025)

0.002

Vegetation type

41.2(3, 6)

<0.001

45.2(3, 6)

0.002

6.2(3, 6)

0.03

Treatment x
vegetation type

4.3(3, 1102)

0.005

1.4(3, 1096)

0.177

2.8(3, 1025)

0.04
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Chapter 5 - Increasing abundance of Betula nana and advanced spring
phenology lead to greater ecosystem CO2 uptake at a Low Arctic site
Abstract
The expansion of woody shrubs is a common observation throughout the Arctic which
may impact turnover rates of organic carbon (C) in Artic soils. Shrubs may increase net
ecosystem C uptake through higher leaf area and gross ecosystem photosynthesis (GEP), and
reduced ecosystem respiration (ER) due to cooler soils created by canopy shading. However, the
loss in surface albedo that accompanies shrub expansion can increase surface warming and
possibly offset soil cooling which may stimulate soil respiration. We used a space-for-time
substitution at a Low Arctic site in West Greenland to examine the biophysical effects an increase
in Betula nana – a common arctic shrub – will have on ecosystem CO2 exchange. Communities
that were completely dominated by Betula were a much stronger sink than neighboring graminoid
species due to higher GEP and lower ER; however, water stress may have played a role in
reducing mid-season GEP among both vegetation types. Vegetation along the ecotone was
commonly a stronger C sink than monotypic patches, suggesting the transition toward complete
Betula dominance may lead to non-linear increases in net C uptake through complementary
resource use. Early season plant phenology played an important role in determining the timing
and duration of net C uptake. In a retrospective analysis, we found a net increase of 1.3 and 2.1 g
C m-2 yr-1 in Betula and graminoid tundra, respectively, since 2002. Our results suggest GEP has
responded more strongly than ER to recent regional warming, manifesting as an extension in the
growing season and greater C uptake.
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Introduction
Arctic terrestrial ecosystems are undergoing numerous transformations in response to
recent regional climatic warming (Hinzman et al. 2005; Post et al. 2009; 2013) that will likely
feed back to global climate (Chapin et al. 1992). Changes in climate can influence the exchange
of CO2 between the ecosystem and the atmosphere by accelerating the decomposition of soil
organic matter and CO2 (Nadelhoffer et al. 1991; Hobbie 1996; Wang et al. 2014), creating a
positive feedback that promotes further warming. Alternatively, recent warming has lengthened
the growing season in some regions by up to 12 days in the last three decades, primarily through
early season canopy development (Barichivich et al. 2013), and CO2 fertilization may further
extend growing season responses to warming (Ernakovitch et al. 2014; Reyes-Fox et al. 2014). A
longer growing season may in turn also provide a negative feedback to warming by extending the
period of carbon (C) uptake and strengthening ecosystem C sink (Euskirchen et al. 2006; Belshe
et al. 2013; Ueyama et al. 2013; Sweet et al. 2015). Small changes in the C cycle among Arctic
ecosystems may have a profound impact on global climate due to the vast amount of C stored in
tundra soils (Tarnocai et al. 2009; Schimel 2013). Elucidating the climatic and vegetation drivers
of seasonal CO2 exchange and the strength of global feedbacks remains a key challenge among
Arctic ecologists.
In addition to recent evidence of longer growing seasons among northern high-latitude
ecosystems is the widespread observation of increasing shrub abundance throughout the region
(Tape et al. 2006; Naito & Cairns 2011; Myers-Smith et al. 2011). Changes in vegetation can
influence ecosystem CO2 exchange directly and indirectly. For instance, deciduous shrubs
generally have higher leaf area than graminoid species (Street et al. 2007), which can result in
greater gross ecosystem photosynthesis (GEP) over the growing season (Cahoon et al. 2012a).
Indirectly, the dense, closed canopy formed by deciduous shrubs intercepts a large portion of
incident radiation which shades the soil surface (Blok et al. 2010) and may limit ecosystem
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respiration (ER; Cahoon et al. 2012b). Alternatively, the comparatively darker surface of
deciduous shrubs absorbs more radiation (Chapin et al. 2005), which increases surface
temperature, potentially offsetting the effects of canopy shading (Lawrence & Swenson 2011). In
addition, differences in spring phenology between tundra types (Arft et al. 1999; Jia et al. 2004;
Oberbauer et al. 2013) may result in greater C uptake among highly-responsive species. Thus,
changes in community composition will likely affect the timing, length and magnitude of growing
season CO2 exchange.
Although several studies have compared shrub and graminoid tundra CO2 exchange
(Hobbie & Chapin 1998; Wu et al. 2011; Cahoon et al. 2012a), utilizing a gradient of absent to
complete shrub dominance may elucidate fine-scale C cycle impacts of shrub expansion. We
quantified seasonal C cycle dynamics of woody and graminoid tundra at a research site in West
Greenland where the landscape mosaic consists of Betula nana and graminoid stands, with large
transition zones that buffer near-monotypic patches. We exploited the discontinuous nature of
this landscape using a space-for-time substitution that was intended to represent increasing shrub
dominance of the landscape with future warming. Our goals were to identify the biophysical
controls of ecosystem CO2 exchange between graminoid- and shrub tundra, and determine
whether cumulative net C uptake followed a linear increase in response to greater shrub
dominance. Additionally, we examined differences in shrub and graminoid phenology and its
relative effect on the timing and duration of net C uptake.
We expected Betula-dominated tundra to be a stronger sink for C than graminoids or
mixed vegetation for three reasons. First, we expected the dense, multi-layered canopy to provide
greater leaf area and higher GEP while simultaneously shading the soil surface, resulting in
cooler soils and lower ER. Second, we anticipated the warm and dry semi-continental climate of
the region (Thing 1984) to differentially affect Betula and graminoids in their response to drought
conditions. We expected tundra dominated by Betula to show relatively stable GEP during

120
drought-like conditions, as previous work has shown this species to be relatively less sensitive to
drought than neighboring graminoid species (Cahoon et al. in press). Third, we expected a
positive relationship between early season canopy development and cumulative C uptake in both
tundra types; however, we expected the response to be stronger in Betula due to the
developmental and phenological plasticity demonstrated by this species (Pop et al. 2000; BretHarte, et al. 2001, 2002). Finally, we expected two contrasting scenarios for ecotone vegetation.
Mixed shrub-grass vegetation would exhibit lower leaf area which would result in warmer soils,
higher ER and lower GEP leading to lower NEE than the adjacent Betula patches. Alternatively,
greater species diversity among mixed vegetation may lead to overyielding through
complementarity or facilitative interactions between species (Tilman et al. 1997; Hooper et al.
2004). In this case, overyielding would manifest as greater GEP and NEE compared with
adjacent monotypic patches.
Materials and Methods
Study site and experimental design
Field work was conducted near the town of Kangerlussuaq, Greenland (67º06’N,
50º16’W, elev 296 m). The vegetation is classified as low shrub tundra, dominated by patches of
deciduous shrubs (Salix pulchra and Betula nana) and graminoid tundra (Poa pratensis, Carex
spp.). We used a space-for-time substitution to examine the effects of increasing shrub
abundance on ecosystem CO2 flux patterns and processes. We selected a site that included large,
homogenous patches of Betula nana that represent the scenario of complete Betula dominance.
Directly adjacent to the Betula patches, we identified similarly sized graminoid patches to
represent an absence of Betula. Finally, we identified the ecotone between the two vegetation
types where Betula comprised approximately 50% cover (hereafter referred to as “mixed”).
Within the site, we identified two blocks located approximately 100 m apart. Within each block
we selected eight 1 m2 plots that best represented the classification of shrub cover by visually
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estimating 100, 50 and 0% Betula cover within the plot (24 plots per block). To simulate
expected warming, hexagonal open-top chambers (OTCs; 1.5 m basal diamter) (Henry & Molau
1997) were randomly assigned to half of all plots at the site. Thus, our study consisted of 8
replicates of ambient and warmed plots of Betula (BA, BW), graminoid (GA, GW) and mixed
(MA, MW), for a total of 48 study plots.
Microclimate Monitoring
A micrometeorological station was established in the center of each block in late May
2012. Three air temperature and relative humidity (RH) sensors (CS215; Campbell Scientific,
Logan, UT) were installed in early May 2012. One sensor was placed at 2 m height, one within
the Betula canopy (~ 25 cm height) and one within the graminoid canopy (~ 10 cm height). We
monitored photosynthetic photon flux density (PPFD, LI-190 LI-COR, Lincoln, NE), and
precipitation (TE525; Texas Electronics, Dallas, TX) at a nearby weather station located
approximately 1 km from the study site. In addition to continuous environmental monitoring, we
recorded soil temperature at 5 and 10 cm depths (Model: 82021-156; VWR International, West
Chester, PA, USA) and soil water content (SWC; Hydrosense II, Campbell Scientific, Logan, UT,
USA) integrated over 0-12 cm depth concurrent with near-weekly ecosystem CO2 flux
measurements.
Ecosystem CO2 flux measurements and calculations
Ecosystem CO2 flux measurements were conducted at near-weekly intervals at mid-day
throughout the 2012, 2013 and 2014 growing seasons. During the 2012 and 2013 seasons, CO2
flux was measured from all treatments, whereas in 2014, measurements were restricted to
ambient Betula and graminoid plots. On four dates in 2012 and four dates in 2013, diurnal
measurements were made at six hour intervals on three ambient Betula and graminoid plots. All
ecosystem CO2 flux measurements were conducted in a closed system using a LI-840A infrared
gas analyzer (LI-COR Environmental, Lincoln, NE) plumbed to a custom-built, clear acrylic
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chamber (75x75x75cm). A pump (Parker Hannifin Corp., Hollis, NH) and rotameter (ColeParmer, Vernon Hills, IL) were used to regulate the flow of air through the LI-COR during the
measurement period. At each plot, a clear acrylic base equipped with a plastic skirt was carefully
placed on the soil surface, sealed to ground using a heavy chain and the chamber was then
lowered onto the base. Chamber CO2, H2O, photosynthetic photon flux density (PPFD) and air
temperature were logged every second for 60 – 90 seconds using a LI-1400 datalogger (LI-COR
Environmental, Lincoln, NE). Light levels within the chamber were modified by gradually
darkening the chamber using three shade clothes. Finally, ecosystem respiration (ER) was
measured by covering the chamber with an opaque cloth. All flux measurements were corrected
for water vapor dilution (LI-COR Biosciences 2010):
!" =

!′"
,'
1 − ' !(

where Xc is the dilution corrected CO2 mole fraction, X’c is the measured CO2 mole fraction and
Xw is the water vapor mole fraction. Clear chamber measurements were assumed to represent net
ecosystem CO2 exchange (NEE), whereas gross ecosystem photosynthesis (GEP) was estimated
by: GEP = ER – NEE, in which ER was a positive flux and NEE was a negative flux.
To compare treatment effects across sampling dates without the confounding effect of
fluctuating light levels, we normalized ecosystem CO2 flux measurements to a common
irradiance (600 µmol photons m-2 s-1) by fitting a rectangular hyperbola to the NEE data:
NEE = ER -./ − '

0123 ∗5567
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where ERmod is a fitted estimate of ecosystem respiration (µmol CO2 m-2 s-1), Amax is the lightsaturated photosynthetic rate (µmol CO2 m-2 s-1), PPFD is the photosynthetic photon flux density
(µmol photons m-2 s-1) and k is the half-saturation constant (µmol photons m-2 s-1). For
consistency, we chose to display the modelled estimate of ER (ERmod) instead of measured
values. Modeled fluxes were regressed against a random selection of 2/3s of measured fluxes,
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and we found strong agreement in the data (y = 0.99 * x – 0.004, r2 = 0.97, n=1632). Fluxes are
expressed at irradiance levels of 600 PPFD (e.g. NEE600 and GEP600) because this represented a
median light level and is not a saturating value that might induce photoinihibition.
Canopy reflectance
We measured canopy reflectance at all plots throughout each growing season using a dual
channel portable spectrometer (UniSpec-DC; PP Systems, Haverhill, MA, USA). Immediately
following CO2 flux measurements, a downward-looking foreoptic with a field of view (FOV) of
20º was suspended at 1.9 m height from an aluminum boom that extended over the center of each
plot, such that the area measured for spectral reflectance corresponded as closely as possible with
the footprint as the CO2 flux chamber. Canopy reflectance data were used to calculate the
normalized difference vegetation index (NDVI) for each plot (Rouse et al. 1974; Boelman et al.
2003):
NDVI' = '

=>?? @'=AA?
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,

where R800 is reflectance at 800 nm (near-infrared, NIR) and R660 is reflectance at 660 nm (visible,
VIS). Three NDVI measurements were averaged for each plot. Daily NDVI for each plot were
estimated at daily intervals by fitting a cubic polynomial to seasonal NDVI data. Parameter
estimates are available in Appendex Table A1.
We quantified changes in canopy phenology by indexing weekly NDVI values using
threshold analysis and piecewise linear regression. Threshold analysis is a simple method of
determining phenological events based on the ratio of daily NDVI to seasonal minimum and
maximum values (White et al. 1997; de Beurs & Henebry 2010). For the threshold analysis,
daily NDVI was converted to a value between 0 and 1:
NDVIBCDEF = '
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,
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where NDVImin and NDVImax are the seasonal minimum and maximum NDVI values,
respectively. The onset of greening was defined as the point when plot NDVI has reached 50%
of annual maximum (NDVIratio = 0.5) and peak green was defined as the point when plot NDVI
has reached 90% of annual maximum (NDVIratio = 0.9; White et al. 1997; Sweet et al. 2015). The
average date (Julian date, DOY) of both phenology metrics was determined for each treatment in
the 2013 and 2014 growing seasons. NDVI measurements at the mixed plots were delayed until
June 12, 2012. As a result, the model provided unrealistic estimates of phenology, which were
removed from the dataset. Piecewise linear modelling using the ‘segmented’ package (Muggeo
2003, 2008) in R was applied to determine the initial increase in NDVI as an index for the rate of
canopy development.
Leaf area index
At peak season in 2013, we estimated leaf area index (LAI; m2 m-2) by destructively
harvesting eight plots of each vegetation type (e.g. Betula, graminoid and mixed) from a location
near the study site. Canopy reflectance was measured from a height of approximately 1 m above
each plot providing a footprint of approximately 20 cm in diameter. All vascular plant biomass
was harvested and sorted by organ and species. Green leaves were scanned fresh at 300 dpi and
analyzed for projected area using Image J (Rasband 2014). Images were converted to a binary
file and missing pixels filled using the “fix holes” function. We used a two parameter
exponential model to develop an NDVI-LAI relationship for our site (Street et al. 2007):
LAI = R ∗ ' S (U∗V7WX)
where a and b are fitted parameters. Overall, NDVI was a strong predictor of LAI (r2 = 0.84;
Appendix, Fig. A1), which is similar to results published elsewhere in the Arctic (Street et al.
2007).
Ecosystem CO2 flux modelling
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To develop a cumulative growing season C balance at our site and examine seasonal
trends in NEE, we fit simple GEP and ER models to our midday CO2 flux data and used these
models to interpolate between measurement dates. A random selection of 2/3 of all midday data
from each treatment were used as a “training” dataset to parameterize each model, while the
remaining 1/3 of the data were used as a “test” dataset where measured NEE was regressed
against NEE predicted by the models. All models were fitted using the maximum likelihood
(ML) method in the nlme package (Pinheiro et al. 2015) in R (R Core Team, 2014). We
examined model performance by comparing predicted versus observed fluxes in a linear
regression model in R (R Core Team, 2014).
Ecosystem respiration was modeled according to Shaver et al. (2007):
ER = Z[ ∗ S \] ∗ ^_` + Zb ,
where R0 is respiration at 0ºC (µmol CO2 m-2 s-1), β is a fitted parameter that represents the
relative increase in respiration with air temperature (ºC-1), T is air temperature (ºC), LAI is leaf
area index (m2 m-2) and Rx represents a constant source of C that is insensitive to changes in
temperature and is assumed to represent CO2 efflux from very deep soil horizons.
The GEP data were fit to the aggregated canopy photosynthesis model (Rastetter et al.
1992; Shaver et al. 2007):
GEP = '

0123e
8

∗ 'ln
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,

where AmaxL is the light-saturated photosynthetic rate per unit leaf area (µmol CO2 m-2 leaf s-1), k
is the Beer’s light extinction coefficient (m2 ground m-2 leaf), E0 is the initial slope of the lightresponse curve (µmol CO2 µmol-1 photons), and PPFD is photosynthetic photon flux density at
the top of the canopy (µmol photons m-2 s-1). Extensive testing of this model by Shaver et al.
(2007) revealed that allowing the light-extinction coefficient to vary as an estimated parameter
can lead to instability and unrealistic values (e.g. k > 1 or k < 0). Thus, we elected to fix this
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parameter at an ecologically reasonable value of 0.5 (m2 m-2). Treatment-level parameter
estimates and hourly averages of PPFD and air temperature measured within each canopy at a
nearby micrometeorological stations were used to drive the GEP and ER models. We derived
daily LAI for each plot using a cubic polynomial and applying the exponential NDVI-LAI model
parameters from the destructive harvest (see above). We calculated hourly NEE as the difference
between our model estimates (NEE = ER – GEP) and summed daily flux for the measurement
period common to all three growing seasons (4 June through 19 August). Similar to the
interpolated NDVI values, we applied piece-wise linear models to the seasonal trend in NEE to
estimate important inflection points and trends in NEE throughout each growing season.
Hindcasting seasonal NEE based on species-specific phenophases
We extended our seasonal estimates of NEE to prior years by combining piecewise linear
models of NDVI with ER and GEP models and ground-based leaf emergence observations from a
nearby site where near-daily plant phenological surveys have been made since 2002 (Kerby &
Post 2013; Post 2013). Our intention was to compare how growing season NEE has changed as a
function of spring phenology. We established a “baseline” seasonal trajectory of canopy
phenology by fitting piecewise linear models to aggregated NDVI data from ambient Betula and
graminoid plots (e.g. BA and GA, respectively) between 2012 and 2014. Similarly, we used the
average date of leaf emergence in each species between 2012 and 2014 as the reference point for
the beginning of the growing season. We then adjusted the model intercept and first break point
with respect to the difference between annual phenological observations and the 2012 – 2014
average. We elected not to manipulate late-season phenology because i) we were primarily
interested in early-season phenological effects on seasonal NEE, ii) logistical constraints
prevented extensive late-season data collection, and iii) previous studies have indicated
senescence in arctic plants is under photoperiodic control (Shaver & Kummerow 1992; Arft et al.
1999; Pudas et al. 2008; however, see Marchand et al. 2004). Site-specific air temperature and
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PPFD were unavailable prior to 2012, however we obtained hourly air temperature for each year
of missing data (e.g. 2002 – 2011) from the Danish Meteorological Institute office in
Kangerlussuaq, which was a strong predictor of daily temperature at our site (y=0.93*x-0.11, r2 =
0.93). To drive the GEP model, we used PPFD averaged hourly over the 2012 – 2014 growing
seasons. Although not ideal, we felt comfortable with this approach because there was generally
less variability between growing seasons in PPFD than in other variables such as air temperature
and NDVI (Appendix Fig. A2, Table 5.1).
Statistical analyses
Model parameters for the rectangular hyperbola were estimated using non-linear leastsquares (nls) regression in R (R Core Team, 2015). We tested for differences in midday soil
temperature (5 and 10 cm), soil water content, NDVI, NEE600, GEP600 and ERmod between
vegetation type and the OTC treatment in a repeated measures ANOVA using a linear mixed
effect model in the nlme package (Pinheiro et al. 2015) in R. We treated year, vegetation type
and the OTC treatment as fixed effects, while plot was nested within block and treated as the
random effect. Data that failed the Shapiro-Wilk normality test (P > 0.05) were either log10 or
square-root transformed to meet model assumptions. Linear regressions were performed using
the lm function in R.
Results
Microclimate
The three growing seasons contrasted strongly in air temperature and precipitation (Table
5.1). At our site, 2012 was the warmest growing season with the greatest precipitation, whereas
2013 was the coolest with the lowest precipitation. The 2014 growing season was intermediate in
mean monthly temperature and the site received slightly more precipitation (68.6 mm) than in
2013. Air temperature and vapor pressure deficit (VPD) were consistently higher in the Betula
canopy compared with the graminoid canopy, which contrasts with soil temperatures, which were
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significantly cooler (F2, 12 = 5.53, P = 0.02) in plots dominated by Betula than in mixed or
graminoid plots in each growing season (Fig. 5.1). Additionally, soils were significantly drier
(F2, 12 = 44.46, P <0.001) in Betula plots in all three growing seasons (Fig. 5.1). The OTC
treatment did not lead to significant changes in soil water content (SWC, %) or soil temperature.
Seasonal trends in NDVI
Differences in NDVI arose between vegetation types within each growing season, but not
in response to the OTC treatment (Appendix Table A2). During the warmer 2012 season, Betula
displayed a rapid increase in NDVI at the beginning of the growing season (Fig. 5.2), reaching
the onset of green (NDVIratio = 0.5) and peak green (NDVIratio = 0.9) approximately 20 and 47
days, respectively, prior to graminoids (Table 5.2). There was a notable decline in NDVI among
all vegetation types during the middle of the 2012 growing season, which coincided with a period
of little precipitation and relatively high VPD (Appendix Fig. A3). The difference in phenology
between Betula and graminoids was reduced in the cooler 2013 growing season, when the onset
of green and peak green occurred, on average, just 6.5 and 4.9 days earlier, respectively, in the
Betula-dominated plots (Table 5.2). The slope of the initial increase in NDVI – the rate of
canopy greening – was greater in Betula than in graminoids in each season. Phenology in the
mixed plots was generally intermediate between Betula and graminoid plots.
Seasonal differences in ecosystem CO2 exchange
The seasonal trend in NEE600, GEP600 and ERmod varied between growing seasons and
among treatments (Fig. 5.3), with the only significant differences arising between years and
vegetation types (Table 5.3). There was a rapid increase in GEP600 in Betula in early June of
2012, and plots thus achieved net C sink status much earlier in 2012 than in 2013. There was a
notable mid-season depression in NEE600 and GEP600 (Fig. 5.3a,c) among all treatments during a
period of relatively high VPD and few precipitation events in 2012. The decline was strongest in
Betula plots, which showed a 34% reduction, whereas the graminoid and mixed plots exhibited
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6% and 19% reductions, respectively. The mid-season depression in NEE600 in graminoid plots
can partially be explained by a 22% increase in ERmod when soil temperatures were near
maximum (Appendix Fig. A4). When expressed per unit leaf area (GEP600L), photosynthesis was
significantly higher the transition zone than the adjacent monoculture communities (Fig. 5.4).
Annual differences in modeled ecosystem CO2 exchange
The GEP and ER models provided an acceptable fit to our ecosystem CO2 flux data,
explaining 61 - 78% of measured NEE with very little bias (Appendix Table A3). Our
cumulative growing season estimates of NEE revealed sharp differences between years,
vegetation types and treatments, with the strongest CO2 sink occurring in 2014 (Fig. 5.5).
Differences in cumulative growing season NEE between vegetation types were driven by leower
ER in Betula and slightly greater GEP in mixed and Betula compared with graminoids. In each
season, the OTC treatment enhanced NEE among all vegetation types with the exception of the
mixed plots in 2014, when there was little difference between ambient (MA) and warmed (MW).
Phenological influence on NEE
The phenological metric for the onset of green (NDVIratio = 0.5) was a strong predictor for
the date of net C uptake among all treatments (Fig. 5.6). Interestingly, all treatments fell below
the 1:1 regression line, indicating our site consistently became a net C sink before NDVI reached
50% of the seasonal maximum. The strong relationship between early season canopy
development and net C uptake was further demonstrated in our retrospective examination of NEE
and plant phenology. Since 2002 the mean date of leaf emergence has advanced in Betula and
Poa by 0.39 and 2.4 days per year, respectively (Fig. 5.7; Post et al. in review). As a
consequence, the growing season C sink of Betula and graminoid-dominated tundra has increased
at rates of 1.4 and 2.1 g C m-2 yr-1, over the same time period (Fig. 5.7) (linear regression: Betula:
y = -1.4x - 93.7, r2 = 0.26, P = 0.12. Poa: y = -2.1x – 11.5, r2 = 0.34, P = 0.09).
Discussion
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Vegetation and climate drivers of CO2 exchange
Despite contrasting environmental conditions over three growing seasons, our results
accord with our first hypothesis that a transition toward a Betula-dominated tundra will
strengthen the C sink of these ecosystems through the complementary effects of greater leaf area
promoting increased GEP, while shading the soil surface and limiting ER. Betula also showed
greater phenological advancement and rapid canopy development in the warm 2012 season,
which contributed to greater net C gain than that of herbaceous or mixed communities. However,
these gains were largely offset in late July, when there was a sharp reduction in NEE in all plots
(Fig. 5.3a). In fact, we applied the piecewise linear model to the seasonal NEE data from 2012
and found that graminoids, mixed vegetation and Betula gained 0.02, 0.07 and 0.1 g C m-2 day-1,
respectively, during the initial increase in NEE at the beginning of the growing season, yet each
vegetation type subsequently lost ~0.03 g C m-2 day-1 during the mid-season depression. This
trend contrasts with the 2014 growing season which saw similarly favorable conditions for early
season canopy development, but did not experience continuously high VPD throughout the
remainder of the summer. We suggest the reduction in C uptake in 2012 was due to relatively
high VPD, limited precipitation and low soil water content that reduced GEP. Other researchers
have noted similar reductions in growing season NEE during exceptionally dry periods in the
Arctic (LaFluer & Humphreys et al. 2008; Loranty et al. 2011). This analysis indicates that, in a
warm, dry growing season with an early onset, some, if not all, of the early season C gains could
be lost due to drought-induced reductions in GEP and in some cases, an increase in ER.
Previous work at this site has indicated that the dominant graminoid, Poa pratensis, is
more sensitive to drought conditions than Betula nana (Cahoon et al. in press). During the period
of little precipitation, high VPD and low SWC in late July 2012, the dominant graminoid, Poa
pratensis, responded with reduced stomatal conductance and lower photosynthesis. In contrast,
Betula displayed remarkable stability in stomatal conductance and gross photosynthesis (Cahoon
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et al. in press), yet there was a significant decline in photosynthesis when measured at the
ecosystem scale (i.e. GEP600) during the same period. We hypothesize that this discrepancy could
be attributed to a reduction in leaf area or early senescence in Betula as a strategy to avoid
drought stress, rather than physiological changes in the leaves. Indeed, there was a notable
decline in NDVI in Betula plots between 27 June and 25 July. Our data suggest that Poa
pratensis and Betula nana may employ contrasting strategies to cope with drought. On the one
hand, Poa responds to high VPD and low SWC by minimizing stomatal conductance, thereby
limiting photosynthesis at the leaf scale. On the other hand, Betula does not appear to reduce
leaf-level gas exchange and instead, may reduce leaf area to minimize whole-plant water loss.
Ecophysiology of ecotone vegetation
Vegetation in the transition zone was the strongest sink for C in 2013 and 2014,
contradicting our second hypothesis that incomplete Betula dominance would result in moderate
leaf area and intermediate GEP and NEE. Instead, our results demonstrate that greater species
diversity along this ecotone results in greater C uptake than in adjacent monospecific stands. This
contrasts with a similar analysis in northern Sweden which documented a reduction in GEP along
transition zones between Empetrum hermaphroditum and Betula nana (Fletcher et al. 2012). We
hypothesize that the mechanism driving greater C uptake in transition zones at our site is one of
complementary utilization of light resources throughout the growing season. The presence of
Betula enabled these plots to become a net C sink earlier than graminoid monocultures, owing to
Betula’s phenological plasticity. Additionally, incomplete canopy cover in the mixed plots likely
reduced the amount of self-shading compared with the monospecific Betula stand. This
complementarity is evident in the parameter estimates for photosynthesis per unit leaf area (AmaxL)
in the GEP model, which was 9 – 22 µmol CO2 m-2 leaf s-1 higher than graminoids and Betula,
respectively (Appendix Table A3). When normalized to 600 PPFD (Fig. 5.5), mixed plots were a
significantly (F2,12 = 7.7, P = 0.007) stronger C sink per unit leaf area (i.e. more negative). These

132
results suggest the transition toward Betula-dominated tundra may lead to a non-linear increase in
net C uptake where the diversity along expanding patch edges results in greater light use
efficiency. Given the current patchy nature of Arctic ecosystems (Beck et al. 2011; Tape et al.
2012), transition zones likely cover an extensive area of total Arctic groundcover and could
contribute a substantial portion of landscape-scale CO2 exchange. Meanwhile, our data suggest
that complete dominance by Betula, if that is a plausible future scenario, might lead to weakening
of the C sink relative to the transition period, but maintain greater C uptake relative to graminoid
tundra.
Retrospective NEE
The recent advancement in plant phenology in the Kangerlussuaq area (Post &
Forchhammer 2008; Post et al. 2008; Kerby & Post 2013) has had a major impact on ecosystem
C uptake (Figs. 5.5 and 5.6). Our retrospective analysis of NEE indicates that graminoid and
Betula tundra has become a stronger C sink since 2002, as the growing season has extended
earlier into the spring. Recently, Sweet et al. (2015) performed a similar analysis and found that
growing season NEE doubled after a 10-day increase in peak growing season length among
woody shrub tundra in Northern Alaska. At our site, the largest increase in growing season
length occurred in 2010, when Betula emergence was ~14 days prior to the 2012 – 2014 average,
perhaps resulting in an additional 32 g C m-2 sequestered during that season. Meanwhile, NEE
among graminoid tundra increased from just -10.4 g C m-2 season-1 in 2003, to a maximum of 44.6 g C m-2 season-1 in 2010. Although the increase in NEE since 2002 was not statistically
significant at the P=0.05 threshold (Betula; P = 0.12. Poa; P = 0.09), an increase of 2.1 g C m-2
season-1 over the course of just two decades may double the rate of net C uptake in graminoid
tundra, representing an ecologically significant effect.
We were surprised to find greater phenological advancement in graminoids, as we
expected the well-documented plasticity in Betula (Bret-Harte et al. 2001; Pop et al. 2000) to
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demonstrate a stronger response to recent regional warming (Appendix Fig. A4). However, the
timing of leaf emergence is just one of several phenophases and may not capture the true
phenological plasticity in this species. For example, not only was there a large difference in the
timing of the onset of green between 2012 and 2014, but the rate of green-up was much more
rapid in 2012 than in 2013 and 2014 (Table 5.3). Thus, our data indicate that Betula may respond
to short-term environmental changes by adjusting multiple phenophases simultaneously (e.g. the
timing and rate of canopy development), whereas Poa may be responding primarily with
advancement in leaf emergence. The annual increase in NEE of Betula and graminoid tundra at
our site is consistent with recent studies showing an increase in summer NEE over the last four
decades from 32 sites across the Arctic (Belshe et al. 2013) and in response to an increase in the
duration of the annual growing season (van Wijk et al. 2003; Ueyama et al. 2013). Net C uptake
has apparently increased at our site despite a rise in mean growing season summer temperature
since the late-1980s (Appendix Fig. A4), suggesting ER has been less sensitive to warming than
GEP. Importantly, early-season C gains may be lost during the fall when soils remain above
freezing and C uptake is reduced following leaf senescence (Euskirchen et al. 2012).
Nevertheless, it is clear from our retrospective analysis that changes in a single phenophase can
have a dramatic effect on ecosystem C storage
Conclusions
Using a space-for-time study design, we have demonstrated that greater leaf area in
Betula nana leads to greater GEP, shades the soil surface and limits ER, resulting in a stronger
sink for CO2 than in areas dominated by graminoids. However, the transition toward complete
Betula dominance may result in a non-linear increase in NEE over time. We found several lines
of evidence that higher plant diversity along the transition zone results leads to greater C uptake,
perhaps stemming from complementary light use. The strong relationship between the onset of
canopy greenness and the date of net C uptake, demonstrates the importance of early season
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phenology in determining growing season NEE. Our retrospective analysis suggests that if the
summer warming trend continues in the Kangerlussuaq region, deciduous shrub and graminoid
tundra will both likely become stronger C sinks, providing a negative feedback to rising
atmospheric CO2 concentrations. An important caveat is the possibility of drought-induced
reductions in mid-season GEP, which may offset early season C uptake. If woody shrub
expansion continues in the Arctic, it will be crucial for landscape models to properly quantify
ecosystem C balance by accounting for changes in early season phenology, the possibility of midseason reductions in GEP and ecotones where C uptake may be greater than in adjacent
monocultures.
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Figure 5.1 Midday soil temperature (5 and 10 cm) and soil water content (0-12 cm) measured on
all dates throughout the 2012, 2013 and 2014 growing seasons. Bars are the average (n=8) and
error bars are ± 1 standard error of the mean.
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Figure 5.2 Normalized difference vegetation index (NDVI) measured weekly over the 2012 –
2014 growing seasons. Symbols represent the mean (n=8) of each treatment. Error bars are ± 1
standard error of the mean.
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Figure 5.3 Average net ecosystem CO2 exchange (NEE600), ecosystem respiration (ERmod) and
gross ecosystem photosynthesis (GEP600) normalized to a common irradiance (600 PPFD).
Negative values represent net CO2 uptake and positive values represent a net loss of CO2.
Symbols represent the treatment average (n=8) on each measurement date. Error bars are ± 1
standard error of the mean.
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Figure 5.4 Gross ecosystem photosynthesis normalized to 600 PPFD and expressed per unit leaf
area (GEP600L). Leaf area was determined by applying the NDVI-LAI model to weekly NDVI
from each plot where GEP was concurrently measured. Bars represent the mean (n=8) of all
measurement dates for each treatment. Error bars are ± 1 standard error of the mean. Summary
results of a repeated measures ANOVA model are included. Effects that were not significant are
represented as “n.s”. Note: ecosystem CO2 exchange was not measured in mixed vegetation in
2014.
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Figure 5.5 Cumulative growing season net ecosystem CO2 exchange (NEE, a), ecosystem
respiration (ER, b) and gross ecosystem photosynthesis (GEP, c). Positive values are a C source
and negative values are a C sink. The growing season is defined as the period when canopy
micrometeorology and NDVI measurements were common across years (June 4 – August 19).
Bars represent the average of all plots (n=8) within each growing season. Error bars are ± 1
standard error of the mean.
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Figure 5.6 Linear regression showing the date of net C uptake as a function of the onset of green
(NDVIratio = 0.5) among all treatments across the 2012 – 2014 growing seasons. The goodness of
fit (r2) is displayed next the treatment symbol.
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Figure 5.7 Mean leaf emergence date for Poa (a) and Betula (c) and based on near-daily
phenological observations from a nearby site (adapted from Post et al., in review). Panels b and d
represent retrospective NEE based on piecewise linear models. Between 2002 – 2011, NEE was
calculated by adjusting the NDVI model according to the difference in annual emergence date
and the mean emergence date between 2012 – 2014. Symbols are the mean (n=8) and error bars
represent the standard error of the mean. Regression statistics are the best fit linear model of
NEE over time.
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Table 5.1 Summary of environmental conditions in each month of the 2012 – 2014 growing
seasons. Values of precipitation are the monthly sum with seasonal totals in parentheses. Air
temperature values are the mean for each month and VPDmax is the mean of daily maximum VPD
within each month.
May

June

July

Aug

2012

21.6

19.1

25.9

51.3 (117.9)

2013

4.3

1.8

21.6

31.0 (58.7)

2014

11.4

3.05

2.19

51.31 (68.6)

2012

3.92

10.4

11.6

8.4

2013

-2.75

8.5

9.6

6.3

2014

0.39

9.48

11.06

8.58

2012

10.7

12.4

9.3

2013

10.4

10.7

8.0

2014

11.05

11.95

8.92

2012

10.5

11.8

9.4

2013

9.1

9.6

7.5

2014

9.87

10.75

8.63

Precipitation (mm)

Air temperature (°C)
Tower (2 m)

Betula canopy

Graminoid canopy

VPDmax (kPa)
Tower (2 m)
2012

0.59

1.14

1.21

0.78

2013

0.33

0.86

0.90

0.66

2014

0.42

0.97

1.02

0.71

2012

1.74

1.86

1.24

2013

1.51

1.55

1.17

2014

1.56

1.75

1.04

2012

1.28

1.36

0.93

2013

0.99

1.02

0.81

Betula canopy

Graminoid canopy
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2014

1.11

1.19

0.80
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Table 5.2 Phenology metrics determined using threshold analysis. Onset of green represents the
point when NDVIratio = 0.5 and peak green when NDVIratio = 0.9. The difference (∆) represents
the average time between the onset of green and peak green in days. The slope represents the
average rate of canopy greening, determined using piecewise linear regression to estimate the
initial increase in NDVI. NEE sink is the average date when each treatment became a net sink for
C in each growing season. Values are the mean (n=8) and ± 1 standard error of the mean are in
parentheses.

Onset
green
GA
2012
2013
2014
GW
2012
2013
2014
MA
2012
2013
2014
MW
2012
2013
2014
BA
2012
2013
2014
BW
2012
2013
2014

Peak
green

Δ

Slope

NEE
sink

174.6 (2.7)
180.1 (0.8)
171.5 (0.8)

214.3 (2.3)
201.1 (0.4)
193.8 (1.5)

39.6 (3.6)
21.0 (0.7)
22.3 (0.8)

0.0042 (0.0004)
0.0083 (0.0011)
0.0089 (0.0003)

168.4 (2.3)
181.0 (0.0)
162.1 (0.6)

170.3 (2.2)
180.0 (1.9)
172.9 (1.3)

212.4 (1.5)
201.6 (1.5)
196.3 (2.3)

42.1 (3.0)
21.6 (0.6)
23.4 (1.1)

0.0072 (0.001)
0.0099 (0.0003)
0.0087 (0.0003)

151.1 (1.6)
170.0 (2.2)
158.1 (0.6)

n/a
177.6 (2.0)
171.8 (1.0)

n/a
199.9 (1.6)
195.1 (2.0)

n/a
22.3 (1.4)
23.4 (1.1)

n/a
0.0103 (0.001)
0.0108 (0.001)

162.9 (4.4)
172.4 (2.8)
159.6 (0.8)

n/a
175.9 (2.3)
185.9 (10.0)

n/a
197.8 (2.1)
191.7 (1.5)

n/a
21.9 (1.0)
21.0 (0.4)

n/a
0.0103 (0.0009)
0.0139 (0.0015)

161.8 (2.8)
169.0 (2.8)
160.1 (1.8)

152.6 (0.3)
173.3 (1.6)
170.8 (2.5)

166.5 (0.6)
195.6 (1.2)
190.0 (4.2)

13.9 (0.5)
22.4 (0.8)
19.9 (1.7)

0.0315 (0.0036)
0.0136 (0.0008)
0.0143 (0.0019)

148.9 (0.7)
173.1 (1.2)
162.4 (3.0)

152.3 (0.3)
173.9 (2.0)
167.6 (0.4)

165.8 (0.2)
197.3 (1.8)
185.0 (1.0)

13.5 (0.3)
23.4 (2.1)
17.4 (0.7)

0.0388 (0.005)
0.0137 (0.0013)
0.0188 (0.0009)

146.8 (0.8)
168.3 (2.3)
157.3 (0.5)
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Table 5.3 Results of a repeated measures ANOVA model testing for differences in NEE600,
GEP600 and ERmod between seasons and in response to the fixed and interactive effects of
vegetation type and OTC treatment. Significant (P<0.05) effects are in bold.

Effect
Year
Block
Vegetation type
OTC
Vegetation x
OTC

df
2, 1019
1, 23
2, 12
1, 3
2, 12

NEE600
F
P
25.0 <0.001
1.08
0.31
7.45
0.01
2.27
0.23
0.32

0.73

GEP600

ERmod

F
114.0
2.68
4.06
1.79

P
<0.001
0.12
0.04
0.27

F
28.3
0.17
6.39
0.22

P
<0.001
0.69
0.01
0.67

0.08

0.92

0.08

0.93
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Chapter 6 - Synthesis

The expansion of woody shrubs in the Arctic in one of the most notable and widely
documented changes among arctic terrestrial ecosystems in the last several decades. Plot-level
observations (Elmendorf et al. 2012; Myers-Smith et al. 2011), repeat photography (Sturm et al.
2001; Tape et al. 2006), remote sensing analyses (Jia et al. 2009; Naito & Cairns 2011; Epstein et
al. 2013; Fraser et al. 2014) and dendrochronological trends (Forbes et al. 2010; Marcias-Fauria
et al. 2012; Büntgen et al. 2015; Myers-Smith et al. 2015) have largely complemented one
another in affirming a broad increase in woody shrub abundance throughout much of the Arctic, a
trend that is likely to continue well into the 21st century (Pearson et al. 2013). However, the
recent increase in woody shrub cover has been heterogeneous with respect to climatic drivers,
landscape features and among shrub species. Identifying species-specific trends and their
respective drivers may improve the accuracy of predicted changes in vegetation across the Arctic.
Moreover, structural differences between shrub species will likely have diverse effects on
ecosystem energy and biogeochemical cycles with important implications for feedbacks to global
climate. This synthesis attempts to assemble the main results of my dissertation research into
perspectives on several key areas of research that will require careful examination of the causes
and climate feedback consequences of shrub expansion in the Arctic.
Heterogeneity in shrub expansion and implications for biogeochemical cycling
A critical feature of shrub expansion is the summer shading effect created by higher leaf
area. Shrubs create a dense, multi-layered canopy that intercepts a greater proportion of incident
radiation, resulting in cooler soils within shrub patches (Blok et al. 2010; Myers-Smith & Hik
2013; Fig. 5.1). Variation in soil temperature is a major factor controlling elemental cycling
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(Schimel 2013). However, the shading effect may be offset by an increase in near-surface
temperature due to a reduction in albedo created by darker shrub patches and an increase in
evapotranspiration (Chapin et al. 2005; Lawrence & Swenson 2011; Bonfils et al. 2012). In fact,
Bonfils et al. (2012) found warmer soils and a deeper active layer when simulating the expansion
of tall shubs (>2 m); indicating that not all shrubs have the same effect on soil abiotic conditions.
While this distinction is a useful comparison of tall and short shrubs, canopy height is not a
discrete variable; therefore, concomitant changes in soil temperature and active layer thaw are
expected to be continuous across the landscape. An additional factor not considered in this
analysis the complex interaction with soil moisture. Soil water content has a large influence on
soil thermal conductivity (DeVries 1963; Hinzman et al. 1990; Campbell & Norman 1998),
which may mediate the effect near-surface warming has on soil temperature and active layer
thaw. Soil water content is spatially heterogeneous (Engstrom et al. 2005) and often ephemeral,
complicating the spatio-temporal relationship between canopy and soil abiotic conditions. These
microsite differences and internal feedbacks are poorly constrained in ecosystem models, but may
determine the strength of the interaction between canopy shading and near-surface warming, and
in turn influence soil C cycle processes and nutrient turnover rates.
Species-level distinctions may reveal additional factors regarding the relationship
between canopy shading, soil temperature and C cycling. For example, shrub species with lighter
colored leaves, such as Salix glauca, may reflect incident radiation within the canopy with a
greater proportion of radiation reaching the soils, leading to a deeper active layer. Differences in
the depth and quality of the litter layer may also play a role in mediating the canopy shading
effect. For instance, soil under species with a dense litter layer may be protected from an increase
in temperature. Recently, DeMarco et al. (2014) found litter quantity to be more important than
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soil temperature or litter quality in regulating decomposition, C loss and N availability. This
contrasts with several similar studies that have found litter quality to be relatively more important
(Hobbie 1996; Cornelissen et al. 2007; Buckeridge et al. 2010). Experimental manipulation of
shrub canopies in sub-Arctic Canada found a strong summer shading effect that resulted in cooler
summer soils, but little influence on decomposition and nutrient mineralization, suggesting a
strong biotic control on C and nutrient dynamics (Myers-Smith & Hik 2013). Although I did not
measure litter quantity at our site, Salix glauca had higher quality leaf litter (lower C:N) than
Betula nana at the time of senescence (Fig. 6.1) which, coupled with greater within-canopy
reflectance, may have led to the very high RS observed at this site as reported in Chapter 4 (Fig.
4.3). My results, and those of DeMarco et al. (2014) and Myers-Smith & Hik (2013), highlight
the need for additional research into the relative strength and interaction between litter
quality/quantity and shrub canopy effects.
Differences in plant phenology (Wipf 2010; CaraDonna et al. 2014) may also affect the
magnitude of the canopy shading effect and lead to differences in soil temperature among shrub
species when integrated across the growing season. For example, species that exhibit an
advancement in leaf-out under favorable early season growing conditions will create a closedcanopy that intercepts incoming solar radiation early in the growing season. Alternatively,
species with biologically constrained canopy phenology may allow a greater proportion of
radiation to reach the soil surface early in the growing season, leading to warmer soils. At our
site, Salix glauca has exhibited a non-significant delay in phenological advancement, whereas
Betula nana has advanced by approximately 0.5 days per year since 2002 (Post et al. in review).
As results of my work presented in Chapter 5 indicated, Betula nana leaf emergence occurred
approximately nine and seven days prior to that of Salix glauca in 2012 and 2013, respectively.
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The difference in the timing of full canopy development may have played a role in the dramatic
difference in soil temperature between the co-dominant woody shrubs documented in Chapter 4
(Fig. 4.1). The relationship between the timing of leaf emergence and soil abiotic conditions is
poorly understood, but may have important implications for permafrost integrity, soil C and
nutrient turnover.
Several studies have also noted increased shrub growth in areas with high soil moisture,
and with increasing annual numbers of wet days, as well as along topographic features where soil
water accumulates (Tape et al. 2006; 2012; Naito & Cairns 2011; Myers-Smith et al. 2015). The
implications of such associations are that shrubs may have a lower tolerance for warm and dry
conditions, and that water stress may be the controlling factor for shrub growth. Although
drought stress is generally thought to be of minor importance for Arctic plants (Oberbauer &
Dawson 1992), continued warming throughout the arctic region (Kaufman et al. 2009) may
simultaneously lead to drier conditions if precipitation declines or shows no change because of
increased atmospheric water demand. On the other hand, warmer air temperature and a decrease
in near-surface albedo may contribute to a deeper active layer (Osterkamp 2007; Romanovsky et
al. 2010) and increase soil water availability in some areas, which may alleviate water stress
among drought-sensitive species. In addition, a deeper active layer may benefit plant species
with deeper roots which may be able to access water from sources previously unavailable.
Alternatively, a deeper active layer may reduce the position of the water table and negatively
affect shallow-rooted species. Hydrological changes associated with permafrost thaw are largely
influenced by slope, aspect and parent material (Jorgenson & Osterkamp 2005), making largescale predictions difficult. Nevertheless, the relationship between canopy structure, permafrost
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thaw and water availability will undoubtedly play a role in maintaining or promoting shrub
growth with implications for C cycling.
While water stress may have led to some negative relationships between shrub growth
and summer temperature in drier sites (Myers-Smith et al. 2015), this response is likely to be
species-specific. Indeed, results presented in Chapter 3 indicate that Betula nana is relatively
insensitive to warm and dry conditions when compared with the graminoid Poa pratensis in West
Greenland (Cahoon et al. in press). On the other hand, drought-induced stomatal closure in the
co-dominant deciduous species Salix glauca was likely a strong driver of decadal trends in
growth decline (Gamm 2015). Additionally, reductions in soils moisture can significantly reduce
soil microbial decomposition (Illeris et al. 2003; Hicks Pries et al. 2013) and limit soil nitrogen
(N) available for plant uptake (Blok et al. 2015). Because arctic plants are severely N limited
(Shaver & Chapin 1980, 1986; Chapin et al. 1995), drought-like conditions may indirectly limit
shrub expansion. Thus, a warmer and drier climate may directly limit shrub growth by inducing
stomatal closure in drought-sensitive species while simultaneously reducing soil nutrient supply,
thereby indirectly limiting shrub expansion among more drought tolerant species. Identifying the
relative strengths of the direct and indirect role changes in climate will have on shrub species is a
crucial step in improving predictions in shrub cover and better constraining the effects of shrub
expansion on biogeochemical and biophysical feedbacks to the climate system.
Contrasting life history strategies between species may also add an additional layer of
complexity in shrub expansion dynamics. Species with greater sensitivity to favorable earlyseason conditions may be at an advantage in capturing C and accumulating biomass before
species with less sensitive phenologies. However, early-season development may come at a
seasonal cost if, as suggested by results presented in Chapter 5, mid-season water stress offsets
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early season C gains. At our site, Poa pratensis has displayed a dramatic extension in the length
of the annual growing season since 2002 (Post et al. in review; Fig. 5.7); yet this species is
relatively more sensitive to warm and dry conditions than is Betula nana, potentially making it
vulnerable to water-limiting conditions in the middle of the growing season. Thus, species that
have evolved high-reward strategies of leaf development, may be at higher risk when climatic
conditions exceed physiological bounds. The interplay between life history strategies and
inherent physiological control of C uptake play an increasingly prominent role in a rapidly
changing climate.
Dynamic biogeochemical feedbacks at shrub patch margins
Although several studies have compared ecosystem function between shrub and nonshrub vegetation (Mack et al. 2004; Cahoon et al. 2012, Sweet et al. 2014; Cahoon et al. in
press), relatively few have compared the biophysical and biochemical processes within shrub
patches with those along patch edges (Fletcher et al. 2011) where shrub expansion is likely to
occur. In lower latitudes, forest fragmentation has created and led to “edge effects” where the
abrupt transition between distinct ecosystems alters the microclimate, energy exchange, species
interactions and biogeochemical cycling compared to contiguously-forested patches (Murcia
1995; Ries et al. 2004). The same concepts may be applicable for studying both the drivers of
shrub expansion and ecosystem-atmosphere feedbacks in the Arctic.
As results presented in Chapter 5 indicate, at our site in West Greenland, I documented
greater C uptake and higher GEP per unit ground (Fig. 5.5) and per unit leaf area (Fig. 5.4) along
the transition zone between graminoids and Betula nana, suggesting complementarity in use of
light resources. However, there may be additional resources partitioned between the dominant
species. For instance, soil temperatures were warmer in the mixed plots than in the graminoid
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and Betula patches (Fig. 5.1), which may have been driven by reduced canopy shading compared
with the Betula patch, coupled with the increase in canopy temperature created by partial cover of
the darker Betula canopy. Warmer soils may have stimulated microbial activity and led to greater
N availability, and in turn higher photosynthesis and NEE. However, this explanation is purely
speculative because I lack soil nutrient and leaf mineral nutrition data from transition zone plots.
Nevertheless, these results serve as an example of key biophysical differences between patch
edge and within-patch processes that have major implications for C and N turnover.
Suggestions for future research
Despite an extensive and growing body of evidence documenting shrub expansion in the
Arctic, there are clear gaps in our understanding of the mechanisms driving shrub growth and the
ecosystem-atmosphere feedbacks. I have outlined several key interactions between shrub
architecture, phenology and productivity that have been overlooked in ecosystem models,
observational studies, and experimental manipulations. Given the distinct differences in canopy
architecture, phenology and litter quality and quantity between species, there is a clear need for
greater detail in examining the relative strength of the biological and physical features that control
biogeochemical cycling. Indeed, Dormann & Woodin (2002) found little variation between plant
functional types (PFTs; Chapin et al. 1996) in response to environmental manipulations, whereas
species within a PFT can display marked differences in structure and function (Arft et al. 1999;
Walker et al. 2006; Kerby 2015).
The opposing effects of cooler soils driven by canopy shading and an increase in nearsurface temperature is a critical feature of shrub expansion with important implications for
permafrost degradation, water availability, CO2 exchange and nutrient turnover. Factorial
manipulations of canopy and/or litter removal (e.g. Myers-Smith & Hik 2013) among species will
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be particularly useful as many processes will likely interact with one another. Results presented
here from the dry, continental climate of Kangerlussuaq have revealed important differences in C
and water relations between the dominant graminoid and the woody shrub species Betula nana
(Cahoon et al. in press) and Salix glauca (Gamm 2015). Further evidence from other dry sites in
the Arctic are needed to corroborate these results and further elucidate the role water stress plays
in limiting shrub expansion. Irrigation experiments that alter both the frequency and magnitude
of precipitation in concert with nutrient additions may provide insight into the strength of the
interaction between stomatal-induced reduction in C uptake and changes in soil water content
affecting soil microbial turnover. Finally, I recommend experimental and observational studies
take advantage of documented changes in shrub cover (positive and negative) by examining plant
productivity, active layer dynamics, soil nutrient status and CO2 exchange processes along patch
edges to identify which biophysical drivers are responsible for current expansion trends and how
this is affecting atmospheric feedbacks.
Conclusions
The recent shift toward a shrub-dominated tundra (Tape et al. 2006; Myers-Smith et al.
2011; Naito & Cairns 2015) has major implications for atmosphere-ecosystem feedbacks.
However, the magnitude and direction of these feedbacks are complicated by many interacting
components that are unique to Arctic ecosystems (e.g. permafrost, phenology, albedo etc.). The
research presented in this dissertation has provided important insights into C and water relations
(Chapter 3), canopy shading effects on ecosystem CO2 flux (Chapters 4 & 5) and phenological
differences between shrub and graminoid species (Chapter 5) that affect the C balance in the Low
Arctic. Yet, there remain clear gaps in our knowledge of the mechanisms and consequences of
shrub expansion. Specifically, manipulations of canopy cover, active layer depth and litter
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quality/quantity will improve conceptual models of interacting biophysical factors. Identifying
species-level responses and feedbacks will improve predictions of shrub expansion and deepen
our understanding of community and biome scale changes in ecosystem structure and function in
a changing climate.
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Figure 6.1 Leaf C:N ratio among the focus species in Kangerlussuaq. Leaves were
collected near the plots used to measure ecosystem CO2 exchange (Chapters 2 & 5) at
then end of the 2014 season (August 18, 2014) after senescence. Bars are the mean (n=7)
and error bars are ± 1 SEM. Bars that share a lowercase letter are not significantly
different at P=0.05).
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APPENDIX

Figure A1 Non-linear regression relating normalized difference vegetation index (NDVI) to leaf
area index (LAI). LAI was measured by placing all aboveground vascular biomass from each
plot on a flatbed scanner. Parameter estimates for the exponential model were determined using
non-linear least squares estimation (α = 0.041, β = 3.44).
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Figure A2 Average daily PAR measured at 2m height throughout the 2012 – 2014 growing
seasons.
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Figure A3 Environmental variables measured throughout the 2012 (a), 2013 (b) and 2014 (c)
growing seasons. Filled circles (●) are the daily maximum vapor pressure deficit (VPD; kPa) and
the solid line (▬) is the average daily temperature (°C) measured at 2m height. Bars represent
daily total precipitation (mm).
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Figure A4 Average annual and monthly temperatures aggregated by season in Kangerlussuaq,
Greenland. Regression statistics are for the all years, or with respect to the breakpoint identified
by linear piecewise regression. Source: www.dmi.dk
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Table A1 Parameter estimates of the cubic polynomial model fit to seasonal NDVI. Parameters
were estimated using non-linear least squares.

Year

Treatment

Parameter
a

b

c

d

r2

2012

GA
GW
MA
MW
BA
BW

-1.10E-07
1.53E-07
1.78E-06
2.20E-06
3.29E-06
3.57E-06

2.52E-05
-0.0001
-0.0010
-0.0013
-0.0019
-0.0020

0.007
0.038
0.200
0.250
0.370
0.402

-1.01
-3.02
-12.62
-16.10
-22.80
-24.99

0.9
0.8
0.47
0.41
0.68
0.64

2013

GA
GW
MA
MW
BA
BW

-2.95E-06
-2.58E-06
-2.25E-06
-1.46E-06
-1.64E-06
-1.59E-06

0.0016
0.0014
0.0012
0.0007
0.0008
0.0008

-0.273
-0.240
-0.189
-0.110
-0.109
-0.106

15.40
13.11
9.99
5.24
4.59
4.46

0.95
0.93
0.8
0.77
0.91
0.85

2014

GA
GW
MA
MW
BA
BW

3.07E-07
1.47E-07
3.63E-07
6.67E-07
1.21E-06
1.08E-06

-0.0003
-0.0002
-0.0003
-0.0005
-0.0080
-0.0008

0.077
0.054
0.082
0.120
0.188
0.181

-6.11
-4.47
-6.33
-8.93
-13.37
-13.05

0.88
0.9
0.74
0.62
0.77
0.8
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Table A2 Results of a repeated measures ANOVA model testing for differences in NDVI within
each growing season in response to the effects of vegetation type and OTC treatment. Plots were
considered random effects and nested within each treatment, vegetation type and block. Degrees
of freedom are in parentheses and significant (P<0.05) effects are in bold.

2012
Effect(df)
Block (1, 23)
Date
Vegetation type (2,12)
OTC (1, 3)
Vegetation x OTC (2, 12)

2013

F

P

5.22
46.7 (29, 435)
52.6
0.05
0.33

0.03
<0.001
<0.001
0.84
0.72

F

2014
P

1.19
124.2 (25, 393)
31.2
0.06
0.09

0.29
<0.001
<0.001
0.82
0.91

F

P
1.61

169.5 (13, 504)
20.2
0.91
0.17

0.22
<0.001
<0.001
0.41
0.85
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Table A3 Parameter estimates for GEP and ER models used to predict NEE. Fit statistics (r2)
and accuracy (RMSE) are for the predicted vs. observed NEE linear regression for each treatment
and the entire dataset.

Treatment
GA
GW
MA
MW
BA
BW
All data

n
706
298
272
272
715
296
3192

AmaxL
-30.3
-28.8
-39.3
-39.4
-17.3
-22.3
-27.4

E0
-0.07
-0.08
-0.05
-0.06
-0.05
-0.04
-0.06

R0
1.73
1.5
0.24
0.5
0.26
0.14
0.24

β
0.05
0.08
0.11
0.07
0.09
0.13
0.11

Rx
1.5
1.0
1.7
1.7
1.3
1.14
1.78

Q10
1.63
2.15
3.21
2.19
2.59
3.62
3.21

r2
0.65
0.65
0.71
0.78
0.61
0.66
0.61

intercept
0.73
0.06
-0.31
0.20
-0.29
-0.13
0.1

slope
1.01
1.01
0.99
0.93
1.21
0.99
1.02

RMSE
1.23
1.02
1.25
1.13
1.36
1.25
1.3
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