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Abstract 
 

Arctic regions are expected to experience an increase in both temperature and 

precipitation over the coming decades, which is likely to impact vegetation dynamics and 

greenhouse gas exchange. To test this response, an experiment was installed at the Cape 

Bounty Arctic Watershed Observatory, on Melville Island, NU, in 2008 as part of the 

International Tundra Experiment (ITEX). Snow fences and open top chambers (OTCs) were used 

to manipulate snow depth and air temperature, respectively. Unlike most ITEX sites to date, 

enhanced temperature and snowfall were combined here in a factorial design with eight 

replicates. As an added control, four plots were established well outside the enhanced snow 

area. Senescence date was recorded at the end of the season, and at the peak of the growing 

season a vegetation survey was conducted within each plot in order to determine the total 

percent cover of each plot, as well as the percent cover of individual species. Carbon dioxide 

(CO2) exchange was also measured within each plot throughout the growing season.  

The date of senescence occurred significantly earlier in plots which had not been 

manipulated in any way, compared to all other treatments for all species. Salix arctica showed 

the greatest increase in cover over time at the species level. Lichen cover increased significantly 

in the deepened snow plots, and in general there were significant increases in percent cover in 

some functional groups over time.  

During June and into July the net CO2 flux was to the atmosphere. It was not until July 27 

that these ecosystems became net carbon sinks. However, warming alone resulted in the 

ecosystem acting as a significant net carbon sink for the entire growing season. Plots exposed 
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to warming alone were estimated to have removed approximately 19.94 g C m-2 from the 

atmosphere, whereas all other treatments were very similar to one another and estimated to 

have added approximately 3.12 g C m-2 to the atmosphere. Active layer depth and soil 

temperatures suggest that plots within the ambient snow zone may be receiving some 

additional snow due to their proximity to the fences. CO2 fluxes measured within the outer 

control plots suggest that the effect of warming alone could lead to this ecosystem being an 

even stronger net C sink under truly ambient snow conditions. 
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Chapter 1: Introduction 
 

1.1. Global Climate Change 
 

There is no question that the global mean surface temperature has increased since the 

late 1800’s and each of the last three decades has been successively warmer than all previous 

decades in the instrumental record (Hartmann et al., 2013), with 2015 and 2014 being the 

hottest years on record, respectively (NOAA, 2016). It is estimated that this temperature 

increase is on the order of 0.85 (0.65 - 1.06) oC and the primary cause is anthropogenic 

greenhouse gas production (Sellers, 1969; IPCC, 2013).  

Since the industrial revolution in the nineteenth century the burning of fossil fuels and 

the clearing of land for agriculture has led to a significant increase in atmospheric carbon 

dioxide (CO2) concentrations (IPCC, 2013). In 2011 the global mean atmospheric CO2 

concentration was 390.5 (390.3 – 390.7) parts per million (ppm), an increase of approximately 

40% since the mid-eighteenth century (Hartmann et al., 2013). In 2015 this concentration was 

estimated to be upwards of 399.41 (± 0.10) ppm and rising (NOAA, 2016). Antarctic ice cores 

have revealed that current levels of atmospheric CO2 concentrations are significantly higher 

than they have been over the past 800,000 years before the industrial age (Petit et al., 1999; 

Luthi et al., 2008; NOAA, 2016). 

The correlation between rising atmospheric CO2 levels and rising atmospheric 

temperatures is due to the fact that CO2, as well as other gases such as methane (CH4), are 

strong greenhouse gases (GHGs). Short-wave radiation from the Sun is absorbed by the Earth’s 

surface and radiates back out to space as long-wave radiation (Budyko, 1969). GHGs in the 
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atmosphere absorb this long-wave radiation and re-radiate a portion back to the Earth’s 

surface, effectively trapping in the heat like in a greenhouse. Significant temperature increases 

are expected to occur throughout this century as we continue to add CO2 and other GHGs to 

the atmosphere (ACIA, 2004; Stocker et al., 2013). This is projected to drive changes to the 

global climate system such as shifting atmospheric and oceanic circulation patterns, sea level 

rise, and wider variations in precipitation patterns, which will consequently impact coastal 

communities, flora and fauna, water resources and general human health and well -being (ACIA, 

2004; Stocker et al., 2013).  

1.2. Arctic Climate Change 
 

Arctic amplification refers to the phenomenon where climate change occurs at amplified 

rates in the Arctic compared to the global mean (Manabe & Stouffer, 1980; Serreze et al., 

2009). This phenomenon is taking place currently but has also occurred in the past during warm 

periods and periods of glacial maximum (Barron, 1983; Dahl-Jensen, 1998). In the last three 

decades, compared to the mean annual rate of temperature increase, Arctic temperatures have 

risen approximately twice as fast, and by the end of this century are expected to have increased 

by 4 - 7oC (ACIA, 2004; Hartmann et al., 2013). 

But why does Arctic amplification occur in the first place? One of the main drivers of this 

phenomenon has to do with the area of Earth’s surface covered by snow and sea ice (ACIA, 

2004). During the summer in the Northern hemisphere snow and ice melts away at lower 

latitudes, and under ‘normal’ conditions a significant area of the Arctic remains snow/ice 

covered. Warmer global temperatures recently have led to significant decreases in snow/ice 
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cover, as little as 40% below the long-term average in 2007 (Comiso et al., 2006; Brown et al., 

2010; Brown & Robinson, 2011). Throughout the Queen Elizabeth Islands there has been a 30 – 

48% glacial mass loss since 2005 (Sharp et al., 2011; Derksen et al., 2012). Over the past two 

centuries the ice shelves along the northern coast of Ellesmere Island have nearly completely 

disappeared (Copland et al., 2007), and the Milne ice shelf in the same region saw an 8 ± 2.4m 

decrease in its thickness since it was first measured in 1981 (Mortimer et al., 2012). This 

reduction of snow and ice reduces the surface albedo, allowing more short wave radiation to be 

absorbed by the exposed surface, inevitably warming the surface, ocean, and atmosphere 

(ACIA, 2004; Serreze et al., 2009; Serreze & Barry, 2011). Other drivers of this amplification 

include a reduction in summer clouds, and the slower rate of long-wave radiation being lost to 

space in the Arctic compared to sub-tropical regions due to the lower average temperature 

(Serreze & Barry 2011; Pithan & Mauritsen, 2014). These and other changes are expected to 

further contribute to shifts in the global climate system. 

Arctic precipitation patterns have also been impacted by increased air temperatures 

(ACIA, 2004; ECCC, 2016). Warmer air temperatures lead to higher rates of evaporation while 

simultaneously increasing the water holding capacity within the atmosphere (Bulygina et al., 

2011; Wegmann et al., 2015). Studies have shown that winter temperatures are expected to 

warm significantly more than summer temperatures in the Arctic (Serreze et al., 2009; Bintanja 

& van der Linden, 2013), which has likely led to increased snowfall in many areas of the Arctic 

(Callaghan et al., 2011a,b and c). During the period of 1950-1990, snow accounted for about 

40% of total annual precipitation in sub-Arctic regions, and 88.6% of total annual precipitation 

in the High Arctic (Pryzbylak, 2002). By the end of this century total annual precipitation over all 
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Arctic regions is projected to increase by about 20%, which will have global and regional 

consequences for the climate system, human activities, hydrology, and ecology (ACIA, 2004; 

Callaghan et al., 2011a). However, compared to projected temperature increases, future 

precipitation estimates are much less certain (ACIA, 2004).  

1.3. Impacts of Climate Change on Arctic Vegetation 
 

These changes in climate are likely to impact Arctic soils and vegetation, which is 

significant, as soils and vegetation are important to people and animals for food, culture and 

habitat, and they also play a key role in climate feedbacks (ACIA, 2004). Vegetation greening 

and shrub expansion, linked to warming, has been observed throughout the Arctic on several 

spatial and temporal scales (Forbes et al., 2010; Ju & Masek, 2016). Rising temperatures favour 

taller, more dense vegetation, and a potential expansion of forests into tundra, and tundra 

species into polar desert regions; these changes may already be underway (Serreze et al., 2000; 

ACIA, 2004; Walker et al., 2006). Changes in vegetation distribution and abundance in Arctic 

regions is also expected to contribute to the Arctic amplification since higher vegetation cover 

reduces surface albedo (Zhang & Walsh, 2006). Both positive feedbacks (i.e. decreased surface 

albedo leading to increased absorption of radiation at the surface) and negative feedbacks (i.e. 

increased production and removal of atmospheric CO2) are expected to result from this Arctic 

shrubification over the next century, however, it is still unclear as to which process will 

dominate (Forbes et al., 2010; Myers-Smith et al., 2011; Zhang et al., 2013 

The length of the growing season is determined by the date that snow leaves or returns 

to the landscape. The spring melt is often controlled by the depth of the winter snow pack 
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which can be enhanced by the ability of taller vegetation to trap and accumulate snow (Sturm 

et al., 2000; Nobrega & Grogan, 2007; Wipf & Rixen, 2010). Increases in snow accumulation 

along with higher snowfall will have important impacts on High Arctic ecosystems since 

snowmelt is an important source of water for vegetation at the beginning of the growing 

season (Svoboda & Henry, 1987). Deeper snow also insulates the soil beneath it, resulting in 

higher than average winter soil temperatures and more spatially and temporally consis tent 

temperatures compared to areas with a shallower snow pack (Walker et al., 1999; Nobrega & 

Grogan, 2007). These warmer, more stable soil temperatures reduce the number of spring 

freeze-thaw events which significantly affects primary production, vegetation composition and 

total CO2 efflux during the growing season and over winter (Nobrega & Grogan, 2007; 

Christiansen et al., 2012). Lastly, snow deposition influences plant phenology, since the start of 

the growing season depends on the timing of snowmelt (Billings & Bliss, 1959; Billings & 

Mooney, 1968; Wielgolaski & Inouye, 2013). Future changes in snow deposition could lead to 

very different patterns of plant phenology and shifts in species composition and cover, 

compared to those observed in response to temperature changes (Bjorkman et al., 2015). 

Several studies, both long and short-term, have used experimentally altered 

temperature and/or snow plots to demonstrate changes to vegetation abundance, height, and 

species richness (Shaver et al., 1995; Wahren et al., 2005; Wipf, 2009; Elmendorf et al., 2012a; 

Bjorkman et al., 2015). Although there is some consensus between studies that certain species 

are experiencing significant increases in height and overall cover, and that moss and lichen 

abundance is declining due to warming, air temperature is just one of many factors which 

influences plant growth, and observations vary regionally and depending on the length of the 
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manipulation (Elmendorf et al., 2012a,b). These factors are being examined at a wide range of 

sites as part of the International Tundra Experiment (ITEX) (Henry & Molau, 1997; Welker et al., 

2004; Borner et al., 2008; Bjorkman et al., 2015). 

1.4. Impacts of Climate on the Arctic Carbon Balance 
 

The Arctic has long been considered a carbon sink, meaning that there is a net removal of 

carbon from the atmosphere into the land (Lafleur et al., 2012; McGuire et al., 2012). Permafrost 

environments are estimated to contain about half of the planet’s soil carbon, which has 

accumulated over thousands of years (Tarnocai et al., 2009).  In warmer regions of the planet 

decomposition of dead organic material releases much of this fixed carbon back to the 

atmosphere as CO2 or CH4, but this process is slower in the Arctic due to low soil temperatures 

and (often) wetter, anaerobic soils. The net result is that carbon tends to accumulate in the soil 

and is retained due to the presence of permafrost (Hugelius et al., 2014).  

As the Arctic continues to warm it is predicted that the active layer, the surface layer of 

soil which thaws each summer, will extend deeper and deeper into the permafrost allowing for 

increased microbial decomposition (respiration) from this vast pool of carbon back into the 

atmosphere, creating a positive feedback to the climate system (Chapin et al., 2005; Schuur et 

al., 2008). Conversely, increased temperature may lead to increased plant productivity and 

removal of CO2 from the atmosphere through photosynthesis, which could offset carbon losses 

from increased respiration (Shaver et al., 1992; Chapin et al., 2005). It is therefore uncertain 

whether Arctic ecosystems will shift from carbon sinks to carbon sources in response to changes 

in climate (Schuur et al., 2008; Humphreys & Lafleur, 2011). This uncertainty surrounding the 



7 
 

magnitude and direction of changes in net ecosystem exchange (NEE) of greenhouse gases is 

being examined by many researchers across different regions of the Arctic (Lafeur et al., 2001; 

Oberbauer et al., 2007; Loranty et al., 2011). Many studies focus on experimentally altering 

aspects of the ecosystem in ways which mimic what may occur in the future with regards to 

climate change (i.e. increased snow depths and increased air temperature) (Welker et al., 2004; 

Oberbauer et al., 2007; Semenchuk et al., 2016). By experimentally altering the environment and 

using control/ambient plots for comparison, researchers are able to gain important information 

about how ecosystems may respond to warmer temperatures, increased/decreased growing 

seasons, warmer soils, and (perhaps) increased nutrient availability, among other things. These 

techniques allow for the collection of data under different climate regimes which can then be 

used to develop models and make predictions about how further climatic change may impact the 

region, and how feedback mechanisms may further alter the climate system.  

One aspect of the carbon balance which has become more of an important focus of 

research in recent years is the impact of snow on respiration process, especially over-winter 

respiration. Deep snow does a good job at insulating the soil and in some cases has been found 

to keep soil temperatures warm enough for microbial respiration to occur over winter (Nobrega 

& Grogan, 2007). This has the potential to offset growing season photosynthetic carbon uptake 

and further contribute to these ecosystems becoming sources of carbon to the atmosphere , 

however, seasonal variations in the onset of snow have been shown to be an important factor 

(Grogan, 2012). Nevertheless, it is worth noting that growing season carbon flux measurements  

do not tell the whole story, and more work is needed to understand carbon exchange over the 

entire year. 



8 
 

1.5. Impacts of Climate Change on People and Animals 
 

As the climate continues to change its impact on the Arctic will have implications for 

human and animal populations and future development in northern regions (ACIA, 2004; Ford 

et al., 2006; Furgal & Seguin, 2006). The cryosphere, which is composed of sea and freshwater 

ice, snow cover, glaciers, ice sheets, permafrost and seasonally frozen ground, is an important 

factor in the traditional ways of life of the many people who call the Arctic home (Derksen et 

al., 2012). Changes in snow and sea ice cover are impacting the populations and migration 

patterns of both terrestrial and marine animals, as well as those of birds and insects (Walsh et 

al., 1997; Post & Forchhammer, 2008; Johannessen & Miles, 2011), many of which are used as 

traditional foods by various groups of indigenous peoples in the North. These traditional foods 

also are a key part of the traditions of northern indigenous peoples (Chan et al., 2006; Ford et 

al., 2008). One example is the populations of caribou and reindeer, which are considered a 

keystone species. Of the 43 major caribou and reindeer herds monitored between 1999 and 

2009, 34 were found to be experiencing population decline due to anthropogenic and climatic 

impacts (Vors & Boyce, 2009; CARMA, 2016).  

In addition to changes in population dynamics of key harvestable species, changes to 

the cryosphere are increasing the magnitude and frequency of hazardous hunting conditions  on 

sea ice (Ford et al., 2008). Traditional cues which, until recently, have been used to predict 

weather and to assess the safety of travel on the sea ice and open water are becoming 

increasingly unpredictable (Ford et al., 2008). Furthermore, permafrost degradation presents 

significant challenges in maintenance and engineering of infrastructure such as roads, buildings, 

and industrial facilities (ACIA, 2004).  
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1.6. Research Questions 
 

This research addresses several important questions pertaining to potential climate-induced 

changes to mesic tundra environments in the Canadian High Arctic. Three specific questions 

were addressed: 

1) What is the impact of enhanced snow depth and temperature on the phenology of Arctic 

plants?  

Typically the initial stage of plant development is often considered to be the 

development of the first green leaves, or buds, depending on the plant. Before 

development begins, however, these plants are usually buried under the snow, unable 

to receive energy from the sun for photosynthesis. For this reason, the date when the 

surface and plants become snow free is often considered to be one of the most 

important controls over phenology and length of the growing season (Borner et al., 

2008). Snow also insulates the soils over winter, and areas with deeper snow tend to 

experience warmer and less variable temperature during the cold season. Warmer air 

temperature after the snow has melted is also expected to enhance plant growth. 

 

2) What is the impact of enhanced snow depth and temperature on vegetation cover of 

Arctic plants? 

Increased snow deposition is expected to impact soil chemistry, nutrient availability, soil 

moisture, and other environmental characteristics which control plant growth.  Warmer 

temperatures also influence terrestrial ecosystem processes such as plant 

photosynthesis, respiration (both autotrophic and heterotrophic), soil nitrogen 
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mineralization, plant reproduction, and phenology (Nadelhoffer et al., 1991; Welker et 

al., 2004). Vegetation cover was measured in 2015 at Cape Bounty, and was compared 

to measurements taken within the same plots during a baseline study in 2009 in order 

to determine the magnitude of changes which may have occurred over time due to 

enhanced snow depth and air temperature. 

 

3) Does growing season net CO2 exchange vary with enhanced snowfall and temperature, 

and how do these factors interact to influence growing season net CO2 exchange? 

Snow cover controls the length of the growing season, so plants under a shallower snow 

pack become productive earlier than plants under a deeper snow pack. The insulating 

effect of deep snow has also been shown to affect winter soil respiration, which is also 

impacted greatly by air temperatures in the summer. Understanding how changes in 

snowfall and temperatures effects plant growth and carbon budgets in the Arctic will be 

critical to our ability to predict feedbacks and future large scale changes to the global 

climate system (Welker et al., 2000).  

I addressed these questions by manipulating snow depths and air temperatures at the 

Cape Bounty Arctic Watershed Observatory (CBAWO), located on Melville Island, Nunavut, 

Canada, in 2015. Fences were used to enhance the accumulation of windblown snow, and clear, 

open top chambers (OTCs) were used to effectively enhance air temperatures. These fences 

and OTCs, along with 1m x 1m plots within each treatment, were established in 2008 as part of 

the International Tundra Experiment (ITEX) study, which is a long-term, pan-Arctic experiment 

with the goal of understanding the response of tundra plants to manipulated environmental 
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conditions (Molau & Molgaard, 1996). Within each plot we monitored the phenology of 3 key 

species: Salix arctica, Potentilla vahlianna, and Ranunculus nivalis. At the peak of the growing 

season we also measured the percentage of vegetation cover within all plots. Similar 

measurements were taken as part of the baseline study, and due to the layout of this 

experiment I was then able to compare the individual effects of warming and snow 

enhancement on vegetation cover and phenology, as well as the interaction of both of these 

factors simultaneously. This study is unique in that it is the only one, to our knowledge, in the 

Canadian High Arctic which uses a factorial designed manipulation experiment to compare the 

effects of these factors on vegetation cover, phenology, and CO2 exchange.  
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Chapter 2: Impacts on vegetation cover and senescence date after seven years of enhanced 

warming and snow deposition in a Canadian High Arctic mesic ecosystem 
 

2.1. Abstract 
 

Arctic regions are expected to experience an increase in both temperature and 

precipitation over the next several decades, with the potential to impact vegetation dynamics. 

To test this response, an experiment was installed at the Cape Bounty Arctic Watershed 

Observatory (CBAWO), on Melville Island, NU, Canada, in 2008 as part of the International 

Tundra Experiment (ITEX). Snow fences and open top chambers (OTCs) were used to 

manipulate snow depth and air temperature, respectively. Plant senescence date was recorded, 

and at the peak of the growing season a vegetation survey was conducted to determine percent 

cover of various species and functional groups. ANOVAs were used to 1) assess treatment 

differences in plant senescence date, and 2) assess vegetation changes since 2009 when a 

baseline study was completed. Senescence occurred significantly earlier in plots which had not 

been manipulated in any way, compared to all other treatments for all species. These plots also 

showed a distinctly earlier decrease in NDVI values immediately after the peak of the growing 

season. Salix arctica showed the greatest increase in cover since 2009 of any species.  Lichen 

cover increased significantly in the deepened snow plots, and in general there were significant 

increases in percent cover in other functional groups over time. Our results suggest that 

although deepened snow delays the start of the growing season, when combined with 

enhanced summer temperature it does not necessarily lead to a shortening of the growing 

season. Instead, the growing season, for certain species anyway, is shifted so that senescence 

occurs later than in areas of ambient snow cover. 
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2.2. Introduction 
 

Many predictions made over the past several decades regarding potentially significant 

global changes to the Earth’s climate system have become reality. From 1980 to 2012, global 

average temperatures increased by 0.85oC, and the average Northern Hemisphere temperature 

from 1983 to 2012 was likely the highest 30 year average in the last 1400 years (IPCC, 2013). 

The rate of this temperature increase is not uniform around the globe, but is greatest in the 

Arctic, where the average temperature has risen twice as fast as the rest of the world (ACIA, 

2004). This amplified warming in the Arctic is primarily due to feedbacks which develop due to 

reduced albedo caused by reductions in sea ice and snow cover (Moritz et al., 2002; Pithan & 

Mauristsen, 2014). As snow cover and sea-ice extent decline, solar energy which would 

otherwise be reflected back to space is stored in the surface and released later in autumn, 

further extending the snow/ice free period and reducing the areal extent of snow and ice (ACIA, 

2004; Sorteberg et al., 2007). These reduced snow and sea ice conditions lead to earlier 

snow/ice free dates in the following spring, and a positive feedback develops (IPCC, 2013). 

Increasing Arctic temperatures have also contributed to the rapid melting of glaciers and losses 

of large volumes of Greenland’s ice shelf, causing large inputs of fresh water to the oceans and 

impacting global sea level and oceanic and atmospheric circulation patterns (Derksen et al., 

2012).  

Precipitation patterns in the Arctic are also being impacted by increased air 

temperatures (ACIA, 2004). Warmer air temperatures lead to higher rates of evaporation and 

simultaneously increase the water holding capacity within the atmosphere (Bulygina et al., 

2011; Wegmann et al., 2015).   Studies have shown that average winter temperatures are 

http://depts.washington.edu/isolab/papers/MoritzBitzSteig.pdf


14 
 

warming significantly more than summer temperatures in the Arctic (Bintanja & van der Linden, 

2013), which has likely led to increased snowfall in many areas of the Arctic (Callaghan et al., 

2011b). During the period of 1950-1990, snow accounted for about 40% of total annual 

precipitation in sub-Arctic regions, and 88.6% of total annual precipitation in the High Arctic 

(Pryzbylak, 2002). By the end of this century total annual precipitation over all Arctic regions is 

projected to increase by about 20%, which will have global and regional consequences for the 

climate system, human activities, hydrology, and ecology (ACIA, 2004; Callaghan et al., 2011b). 

However, compared to projected temperature increases, future precipitation estimates are 

much less certain (ACIA, 2004; ECCC, 2016).  

The combination of changes in temperature and precipitation may impact Arctic soils 

and vegetation in many ways.  Cool air temperatures and dry soils are two of the main factors 

limiting plant growth in these ecosystems (Svoboda & Henry, 1987). Climate warming will 

impact vegetation growth through changes in ecosystem properties such as permafrost depth, 

and the hydrology, but more importantly through changes in nutrient availability (Marion et 

al.,, 1997; Hobbie et al., 2002; ACIA, 2004). Nutrient availability is another important limiting 

factor in Arctic ecosystems (Shaver, 1980; Robinson et al., 1998; Harpole et al., 2011; Zamin & 

Grogan, 2012), and can be enhanced by warming-induced decomposition, leading to enhanced 

vegetation productivity throughout the tundra (Chapin et al., 1995; Jonasson et al., 1999; 

Hinzman et al., 2005; Zamin et al., 2014).  This increased plant productivity could potentially 

counteract, or at least slow down, the effect of further atmospheric warming due to the release 

of carbon to the atmosphere through enhanced soil microbial decomposition (Oechel & 

Vourlitis, 1994; Chapin et al., 2005). However, understanding this balance between carbon 
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being added to and removed from the atmosphere through natural processes is a difficult task 

since the responses of different plants and soils varies from region to region and across 

different time scales, leaving little consensus as to which process dominates (ACIA, 2004).  

Some studies have shown changes in snow depth to be a more important control on 

vegetation dynamics in the Arctic than temperature (Walker et al., 1999; Wahren et al., 2005; 

Humphreys & Lafleur, 2011; Bjorkman et al., 2015). Higher snowfall will have important impacts 

on High Arctic ecosystems since snowmelt is an important source of water for vegetation at the 

beginning of the growing season (Svoboda & Henry, 1987). Snow also insulates the soil beneath 

it and enhanced winter snow deposition results in higher than average winter soil temperatures 

and more spatially and temporally consistent temperatures (Walker et al., 1999; Nobrega & 

Grogan, 2007). These warmer, more stable soil temperatures reduce the number of spring 

freeze-thaw events which significantly affects primary production, vegetation composition and 

total CO2 efflux during the growing season (Nobrega & Grogan, 2007). Lastly, snow deposition 

influences plant phenology, since the start of the growing season depends on the timing of 

snowmelt (Billings & Bliss, 1959; Billings & Mooney, 1968; Wielgolaski & Inouye, 2013). Future 

changes in snow deposition could lead to very different patterns of plant phenology and shifts 

in species composition and cover, compared to those observed in response to temperature 

changes alone (Bjorkman et al., 2015).  

Several studies throughout the Arctic are exploring how vegetation and whole 

ecosystems will be impacted by a changing climate. Many, including this one, experimentally 

alter growing season temperatures and/or winter snow deposition, and many have been 

ongoing for several decades. Elmendorf et al. (2012a) synthesized the data from 61 
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experimental warming studies around the globe, some of which have been ongoing for up to 20 

years. They found that plant functional groups often differed in their response to warming 

depending on ambient soil temperature and soil moisture conditions, as well as the duration of 

the study. For example, shrub cover tended to increase only in regions or years where ambient 

temperature was high, whereas graminoids increased at the study sites with the coldest 

ambient temperatures. Another recent example, published by Bjorkman et al. (2015), examined 

21 years of ITEX flowering phenology data from Alexandra Fjord, in Nunavut, Canada. They 

found that, as expected, flowering occurred earlier in experimentally warmed plots. However, 

despite a 1oC increase in ambient temperatures over those two decades, the plants within the 

ambient temperature plots showed no change, or even a delay in flowering date. This was likely 

due to increased winter snowfall over the 21 year span of the experiment, which delayed the 

snowmelt date by 0.05-0.2 days/year. This is an important observation since it demonstrates 

that the effects of altered snowmelt patterns can actually lead to phenological responses which 

are opposite of what would be expected from warming alone. These examples highlight the 

importance of understanding whether the response to environmental change will be similar for 

all Arctic ecosystems, since generalizations have been made for large areas of the Arctic  based 

on a small number of regionally-specific studies. Furthermore, many of these studies examine 

changes in snowfall and temperature in isolation of one another, when the reality is that both 

will likely occur in the future.   

This study used the standardized infrastructure and sampling protocols established by 

the International Tundra Experiment (ITEX) (Malau and Molgaard, 1996). Snow fences and open 

top chambers (OTCs) were set up in 2008 at the Cape Bounty Arctic Watershed Observatory 
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(CBAWO), on Melville Island, NU, to enhance snow deposition and increase air temperatures, 

respectively. In 2009 baseline data were collected to determine initial vegetative cover and 

species composition, as well as plant phenology patterns throughout the growing season. These 

sites were revisited in 2015 (this work) to determine whether significant changes to vegetative 

cover, species composition, and phenology have occurred after 7 years of enhanced 

temperature and snow deposition.  

2.3. Methods 
 

2.3.1. Site Description 
 

Research took place at the CBAWO located near the south-central coast of Melville 

Island, Nunavut, Canada (74°55’ N, 109°35’ W) (Figure 2.1). Research at the CBAWO has been 

ongoing since 2003, and focuses on how climate change will impact rivers, permafrost, soils, 

vegetation, greenhouse gas fluxes, and the release of contaminants into High Arctic rivers and 

lakes. Average July temperature in 2015 was 6.5oC and total precipitation in July was 83.4mm 

(Lamoureux, 2016. Unpublished data). An experimental warming and snow manipulation 

experiment was set up in 2008, and represents the first International Tundra Experiment (ITEX) 

site in the western Canadian High Arctic (Bosquet, 2010). This ITEX site is located in an area of 

gentle relief and stable soil conditions, away from any active layer detachments (ALDs) which 

are distributed throughout the watershed (Lamoureux & Lafreniere, 2009). The watershed 

includes three distinct vegetation types: polar semi-desert, mid-moisture mesic tundra, and wet 

sedge meadows. The ITEX site is located in an area representative of the mesic tundra cover 

type, with a mix of bare ground and moss cover to vegetation patches which include several 
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species of graminoids, forbs, and prostrate shrubs. Field work for this study was conducted 

during the 2015 growing season from July 1 to August 25.  

 

Figure 2.1: A topographic map showing the adjacent watersheds of the CBAWO. The ITEX si te is 

shown in the dotted square, just west of the main meteorological station in the west watershed. 
Source: 1:50000 NTS 78 F/15, contour interval 10 m (Bosquet, 2010). 
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2.3.2. Environmental Manipulations 
 

In 2008 a new ITEX research site was established at the CBAWO. Eight snow fences were 

erected to create areas of enhanced snow deposition. Each fence is approximately 1m tall, 7m 

long, and oriented perpendicular to the predominant northwesterly winds (Figure 2.2). As 

windblown snow encounters the snow fence it is slowed down and deposited on the leeward 

side, leaving drifts of deeper snow which can impact growing season length and provide 

enhanced insulation to the soil over winter.  

 

 

Figure 2.2: June 29, 2015, aerial view of the eight replicate ITEX plots. Seven snow drifts clearly 
remain, while one (SF4) has already melted out. 

 

 To increase plot-level air temperatures, sixteen OTCs were installed and left up year 

round. Each chamber was made of 1mm thick translucent fiberglass material designed for solar 

applications. They are constructed to be hexagonal in shape, with sides angled inwards to trap 

heat (Molau & Molgaard, 1996). Since 2008 the OTCs had become extremely weathered and 

were therefore replaced over the course of the 2015 growing season with new polycarbonate 

panels. Before replacing all OTCs, a temperature test was conducted to determine whether the 

new chambers affected temperature differently than the old chambers. HOBO Pendant 

temperature loggers were placed in the centre of an old OTC and a new OTC, and also within a 

N 
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control plot (no OTC). There was no significant temperature difference between the old or new 

OTC design, and on average OTCs warmed the plots by 1.8oC. 

2.3.3. Experimental Design 
 

 At this site, unlike most ITEX sites, enhanced temperature and snowfall were combined in 

a full factorial design with eight replicates. Vegetation plots (four within each replicate) 

received one of four treatments: unaltered (Control-Control (CC)), enhanced temperature only 

(Control-Warmed (CW)), enhanced snowfall only (Snow-Control (SC)), and combined snow and 

temperature enhancement (Snow-Warmed (SW)) (Figure 2.3). As an added control and to test 

whether the ambient snow plots were being affected at all by the snow drift, four plots were 

established well outside of the snow drift area (Outer-Control (OC)). This is the first in-depth 

study at the site since a baseline study was conducted in 2009 (Bosquet, 2010). Sites were 

chosen in an area of uniform soil and vegetation cover.    
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Figure 2.3: (a) An il lustration of the experimental layout of each replicated snow fence area at the 
ITEX site. This layout is repeated at eight snow fences. (b) A photo representing the state of one of 
the eight snow fence replicates at June, 30, 2015. (c) An aerial view of all  eight snow fence replicates 

on July 29, 2015. The green dots represent the four additional vegetation plots which were 
established in 2015 well away from the effects of any experimental snow drift, but in the same 
representative vegetation type.   

 

2.3.4. Phenology 
 

 The species chosen for this study were Ranunculus nivalis, Potentilla vahliana, and Salix 

arctica. Where possible, three individuals of each species were tagged in each plot. In some 

cases none were present, or only one or two were found. These species were chosen since they 

were used in the baseline study of 2008/2009, and because they still dominated most of the 

plots. They are also common throughout the Arctic and are specifically mentioned in the 

manual for ITEX monitoring protocols (Molau & Molgaard, 1996), which allows for comparisons 

to be made across ITEX sites.    

 Normally phenology is monitored by observing the same individual plants every two 

days and visually assessing whether certain growth stages have been reached, such as first 

OC 

CC CW 

SW SC 

(a) 

(b) 

(c) 
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green leaf or first open flower. If a new stage is reached (i.e. a flower had opened which was 

not open two days prior) the Julian day is recorded. However, due to a late arrival to this site 

most vegetation had already begun to green up. We also observed little to no flowering within 

these plots, making any statistical comparisons of flowering date impossible. The phenological 

stage which we were able to observe fully for all targeted species was senescence, which marks 

the end of the growing season. The date of senescence (DOS) was recording when the first 

reddening or yellowing of leaves was observed.  

 Plants were tagged in 2008, but many tags were separated from their plants, so a new 

tagging system was used for this study. Thin metal wire was wrapped around a short piece of 

twist tie which was used as a tag. The wire was inserted into the soil next to each individual 

plant, and one, two, or three notches were drawn on the tag with permanent marker to 

indicate individual one, two, or three of that particular species (Figure 2.4). 

    

 

Figure 2.4: An example of an individually tagged R. nivalis plant. The three notches indicate that it is 
the third of three R. nivalis individuals tagged in that particular plot. The same tagging method was 

used for all  species. 
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2.3.5. Vegetation Measurements 
 

Vegetation cover was measured at the peak of the growing season (July 26) using the 

point quadrat method outlined in the ITEX Manual (Molau & Molgaard, 1996). Fishing line 

strung across a 1m x1m PVC frame was used to form a grid with 100 intersections, spaced 10cm 

apart (Figure 2.5a). At each grid intersection a knitting needle was slowly lowered vertically 

down to the ground. When first contact was made with a plant, the species was recorded 

(Figure 2.5b). If a second species was encountered it was also recorded, as well as the surface 

cover type (i.e. rock, bare soil, moss, lichen, etc). The number of hits on each species gives an 

estimated percent cover of that species, and the number of total hits yields an estimated 

percent plant cover for the entire plot.  

 

 

Figure 2.5: (a) A photo of the point frame in place over one of the vegetation plots. Fishing line is 

strung across the frame to create a grid with 100 intersections; (b) Sean (right) lowering the pin at 
each grid intersection to determine the number of plant hits. Isolina (left) recording the data which is 
later inputted into a spreadsheet.  

 

 

 

 

a) b) 
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2.3.6. Normalized Difference Vegetation Index   
 

To integrate phenological changes across all species, we monitored the normalized 

difference vegetation index (NDVI) using a Tetracam Agricultural Digital Camera (ADC) 

(Tetracam Inc., Chatsworth, California). The ADC contains a 3.2 megapixel image sensor and 

stores 2048 x 1536 pixel images. It is sensitive to spectral bands of the following wavelengths: 

green from 520 – 620 nm; red from 620 – 750 nm; and near-infrared from 750 – 950 nm. These 

correspond to Landsat Thematic Mapper bands 2 (520nm-600nm), 3 (630nm-690nm) and 4 

(760nm-900nm) (Tetracam Inc, 2015). 

At each plot a 1m x 1m PVC frame was used to outline the image area. A photo was 

taken of a white, Teflon calibration tag (provided by the manufacturer) before each round of 

photos at any given snow fence. These calibration tag images were used during processing to 

adjust for the possibility of changing light conditions.  Ideally, photos were always taken during 

clear and sunny sky conditions, but this was not always possible. If sky conditions were overcast 

the lens aperture would be adjusted in order to allow more light to pass through. All photos 

were taken between 11 a.m. and 2 p.m. during mostly sunny conditions by holding the camera 

at shoulder height centered over each plot. Images were acquired roughly once per week. 

Associated software called PixelWrench2™, provided by Tetracam Inc., was used to process the 

images. The area outlined by the frame was cropped and an average NDVI value was 

automatically extracted for this entire cropped area using PixelWrench2™. 
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2.3.7. Data Analysis 
 

Statistical software IBM SPSS Statistics version 23 was used to explore whether or not 

there were significant temporal and/or treatment effects. A two-way ANOVA was used to 

analyze the 2015 phenology data and compare dates of phenological events among treatments. 

The factors used here were snow and temperature, each of which had two levels, either 

enhanced or ambient. However, the two-way ANOVA design does not allow for the inclusion of 

the OC treatment, therefore a one-way ANOVA (treatment was the only factor; SW, SC, CW, CC, 

and OC) was used to make similar comparisons between all treatments. Tukey’s HSD post hoc 

tests were used to determine where significant treatment differences occurred. Two-way 

repeated measures ANOVAs were used to compare 2015 NDVI data between treatments and 

over the course of the growing season, as well as to compare vegetation cover between 

treatments and between years (2009 and 2015). Three-way mixed ANOVAs with two between 

subjects factors (‘snow’ and ‘temperature’ treatments, both with two levels, ‘enhanced’ and 

‘ambient’) and one within subjects factor (aka repeated measures, ‘time’), were used to 

compare the effect of treatment on percent cover of several functional groups between 2009 

and 2015. This mixed design was used since it incorporates both between-subjects and within-

subjects comparisons. Since each treatment is an independent group, the experiment has a 

between-subjects design. Since these groups are measured at different time points the 

experiment also has a within-subjects factor which allows for mean comparisons to be made 

between different time points. Laerd Statistics, an on-line supplemental website for SPSS users, 

contains more in depth explanations of each of these statistical tests. 
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 Data were tested for the presence of outliers and for normality using the ‘Explore’ 

function in SPSS to produce box plots and the Shapiro-Wilk test. If significant outliers existed 

which led to non-normal distributions, they were either removed and/or the data was 

transformed using the square root of the original data (Table 2.1). This transformation is often 

the best choice for data which are moderately, positively skewed, according to the Laerd 

Statistics Transforming Data Guide, which was the case here. Several comparisons were made 

on the effects of removing outliers versus not removing them and how this affected the 

normality and homogeneity of variance of the data. Significant treatment effects were 

described when α=0.1. 

2.4. Results 
 

2.4.1. Phenology 
 

A two factor ANOVA was used to compare the mean day of senescence (DOS) across 

treatments (this does not include the outside control (OC) plots) (Table 2.1). In order to obtain a 

plot level estimate of the mean DOS, the combined mean DOS of all monitored species within 

the plots (S. arctica, R. nivalis, and P. vahliana) was calculated. Enhanced temperature 

treatments had no significant effect on DOS (F1,87=2.372, p=0.127), while enhanced snow 

deposition significantly delayed DOS  by 3.1 – 3.6 days (F1,87=4.110, p=0.046). There was also a 

significant interaction effect between temperature and snow (F1,87=3.229, p=0.076) which led to 

later senescence in SW plots.   
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Table 2.1: Descriptive statistics and two factor ANOVA results for senescence dates. ANOVA results are reported for 
effects of snow enhancement (Snow) and experimental warming (Temperature) by OTC. Bracketed values 

represent standard error, and s ignificant p values are in bold. α=0.1 

Treatment N Mean Effect ANOVA 

Plot Level 

SW 22 218.30 (0.98) Temperature F1,87=2.372, P=.127 

SC 24 215.17 (0.91) Snow F1,87=4.110, P=.046 

CC 20 213.71 (0.54) Temp. x Snow F1,87=3.229, P=.076 

CW 23 214.95 (1.15)    

OC 12 208.33 (0.76)     

S. arctica 

SW 6 221.56 (0.76) Temperature F1,23=.010, P=.920 

SC 8 217.33 (1.53) Snow F1,23=.010, P=.793 

CC 4 217.58 (1.28) Temp. x Snow F1,23=3.895, P=.061 

CW 8 220.75 (1.09)    

OC 4 210.83 (1.42)     

R. nivalis 

SW 8 219.58 (1.81) Temperature F1,28=.880, P=.356 

SC 8 216.08 (1.90) Snow F1,28=3.609, P=.068 

CC 8 214.67 (2.04) Temp. x Snow F1,28=1.171, P=.288 

CW 8 214.42 (0.70)    

OC 4 207.67 (0.65)     

P. vahliana 

SW 8 215.25 (1.24) Temperature F1,28=2.343, P=.137 

SC 8 212.25 (0.60) Snow F1,28=3.273, P=.081 

CC 8 212.25 (1.00) Temp. x Snow F1,28=3.273, P=.081 

CW 8 212.00 (0.58)    

OC 4 206.67 (0.72)     

 

Differences in DOS were then analyzed separately for each tagged species within the 

plots.  Experimental warming alone had no significant effect of the DOS of individual species 

(Table 2.1). S. arctica showed a significant interaction effect (F1,23=3.895, p=.061), while R. 

nivalis was significantly affected by snow (F1,28=3.609, p=.068), and P. vahliana experienced 

both a snow and an interaction effect which were equal (both resulted in F1,28=3.273, p=.081). 



28 
 

Of the three species observed S. arctica experienced the latest date of senescence, and P. 

vahliana experienced the earliest, across all treatments (Figure 2.6).   

A one way ANOVA was then used to compare the mean DOS between all treatments 

including the OC treatment plots. Senescence occurred significantly earlier in the OC plots 

compared to all other treatments (F1,4=10.61, p<.001) (on average, 5.4 days earlier than CW 

plots, 6.6 days earlier than CC plots, 6.8 days earlier than SC plots, and 10.0 days earlier than 

SW plots) (Figure 2.6).  Additionally, the SW plots experienced a significantly later senescence 

than the CC plots (Figure 2.6).   

 

Figure 2.6: Average plot level day of senescence (black triangles) for all  treatments. Here the DOS of 
all  tagged individuals within each plot was averaged and compared between each treatment. 
Coloured bars represent the DOS for each individual species. Letters dictate significant differences 
between plot average DOS. Error bars represent standard error. 
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2.4.2. Normalized Difference Vegetation Index 
 

NDVI was measured eight times over the course of the growing season within all plots. 

When the first measurements were taken on July 8, values in all plots were negative due to the 

very wet conditions and standing water from the recently melted snow (Figure 2.7). On this first 

measurement date the OC plots had the highest average NDVI value, which suggests that 

vegetation within these plots had already begun to turn green since they had been snow free 

longer compared to the other plots. NDVI within the CW plots quickly surpassed that of all 

other plots and remained the highest for the remainder of the season, with a maximum value 

of about 0.18 during the peak of the season (July 26 – August 4) (Figure 2.7).   

 

Figure 2.7: Temporal trends in NDVI throughout the growing season within each treatment. Error 
bars indicate the standard error between the 8 replicate plots. The vertical dashed line i ndicates the 
day in which point frame measurements were taken (July 26). 
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Values increased in all plots until July 26 (DOY 207), and stayed fairly constant until 

August 4 (DOY 216) when they began to decrease, with the exception of the OC plots which 

began to decrease sharply after the July 26 peak. These observations support the phenology 

measurements discussed above and confirm that senescence occurred earlier in the OC plots 

compared to all others. However, in the case of NDVI, no statistically significant mean 

differences were found when one-way ANOVAs were used to compare plot means on each of 

the measurement dates. When mean values for all treatments are plotted over time we do see 

a significantly different trend in the OC plots. OC values on July 30 and August 4 differ by more 

than the standard error of the measurements. Repeated measures ANOVAs yielded no 

significant treatment effects. The only significant effect was that of the within-subjects 

temporal variability.  There were no significant treatment by time interactions. 

2.4.3. Vegetation Changes, 2009-2015  
 

2.4.3a. Functional groups 
 

A three-way mixed ANOVA with two between subjects factors (snow and temperature 

treatments) and one within subjects factor (time), was used to compare the percent cover of 

several functional groups between the two sampling years.  Groups included bryophytes, 

lichens, graminoids and forbs, as well as overall live vegetation and litter cover. Average 

percent cover values for each functional group were calculated for each treatment (Figure 2.8). 

Percent cover increased for all functional groups from 2009 to 2015 (Figure 2.8), with 

the exception of lichen which showed a significant independent response to snow and 

warming, having increased significantly under SC plots  (F1,27= 11.467, p= 0.002) and decreased 
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significantly under CW plots  (F1,27= 6.738, p= 0.015) (Table 2.2). Total vegetation cover and 

bryophyte cover showed significant but opposite two-way interactions between time and snow 

treatment. Between the two years, total vegetation cover increased more in the enhanced 

snow zone than in the ambient snow zone (F1,27= 3.122, p= 0.089) and bryophyte cover 

increased more in the ambient snow zone than in the enhanced snow zone (F1,28= 4.162, p= 

0.051) (Table 2.2). Similarly, forb and litter cover both experienced a significant but opposite 

two-way interaction between time and temperature treatment. Litter cover increased more 

under warmed plots compared to ambient temperature plots (F1,22= 3.548, p= .073) and forb 

cover increased more under ambient temperature plots compared to warmed plots  (F1,26= 

6.891) (Table 2.2). Additionally, forb cover experienced an independently significant increase 

under enhanced snow depths (F1,26= 4.111, p= .051) (Table 2.2). There was no significant snow x 

temperature interaction effect.  

Table 2.2: Three-way Mixed ANOVA p-values for cover values of various functional groups (OC plots excluded from 

this analysis). 

Interaction 

Total 

Cover' Bryophytes Lichen* Graminoids' Forbs' Litter' 
Time x Snow x 

Temp .981 .953 .916 .407 .142 .180 
Time x Snow .089 .051 .184 .889 .171 .384 

Time x Temp .374 .326 .121 .939 .014 .073 
Time < .005 .009 .249 .008 < .005 < .005 

Snow .197 .694 .002 .939 .051 .252 
Temp .541 .499 .015 .819 .200 .093 

Snow x Temp .910 .956 .241 .531 .877 .740 

(') Outliers removed, (*) Square root transform, α= 0.1     
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Figure 2.8: Percent cover of various functional groups by treatment and year. Error bars indicate 
standard error between replicates. Data has been compensated for removal of outliers and/or 

necessary transformations (See Table 2.2). Scales on the vertical axis here vary in order to visualize 
differences between some treatments. 

 

2.4.3b. Species level changes 
 

Percent cover of seven of the most commonly occurring species (Cerastium arcticum, 

Stellaria humifusa, Salix arctica, Ranunculus nivalis, Potentilla vahliana, Saxifraga oppositifolia, 

Parrya arctica) was compared between years within each treatment (Figure 2.9). Varying 

degrees of increasing cover were observed over time across all treatments, with the exception 

of S. humifusa, where cover increased from 2.25±0.37% in 2009 to 5.38±1.15% in 2015 within 
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the SC plots, and decreased from 4.75±1.06% to 1.75±0.53% within the SW plots. S. arctica 

experienced the greatest increase, increasing from 5.75±1.16% to 13.63±5.42% within the SW 

plots, and from 6.88±2.76% to 15.00±4.28% within the CW plots (Figure 2.9).  This increase was 

less dramatic in the SC plots (4.43±1.04 in 2009 to 9.57±2.64 in 2015). These increases in cover 

of S. arctica also likely influenced increases in litter cover which was made up of predominantly 

this same species (Figure 2.8). Again a three-factor mixed ANOVA was used to determine 

significance of the effects between treatments and years (Table 2.3).  

 

Figure 2.9: Percent cover of various species by treatment and year. Error bars indicate standard error 
between replicates. 

a) b) 

c) d) 

e) 
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Table 2.3: Three-way mixed ANOVA p-values for cover va lues of various species (OC plots excluded from this analysis).  

Interaction 
Cerestium 
arcticum 

Stellaria 
humifusa 

Salix 
arctica 

Ranunculus 
nivalis 

Potentilla 
vahliana 

Saxifraga. 
oppositifolia 

Poa 
arctica 

Time x Snow x 
Temp .189 .013 .945 .510 .876 .142 .686 

Time x Snow .461 .468 .370 .398 .640 .457 .087 

Time x Temp .189 <.005 .031 .510 .167 1.00 .028 

Time <.005 .385 <.005 <.005 .025 .457 .015 

Snow .699 .257 .837 .627 .738 .070 .928 

Temp .163 .702 .046 .728 .438 .392 .248 

Snow x Temp .370 .633 .220 .728 .438 .392 .787 

α= 0.1        
 

2.4.4. Environmental Responses to Experimental Treatments 
 

2.4.4a. Soil Temperature 

 

Measurements of active layer depth, soil moisture and soil temperature were all taken 

manually during the growing season (detailed methods and statistical results for soil 

temperature, moisture and active layers depths are presented in Chapter 3). Data from soil 

temperature sensors deployed in August of 2009 were recovered in 2015. Useful data were 

only recovered from one of the four sensors, which show the hourly trend in soil temperature 

at 5cm depth for each of the treatments over the course of 2.5 years. (Figure 2.10). Figure 2.10a 

shows the entire data set (December 2009 – May 2012), excluding a portion from August to 

November of 2009, while the following figures show the summer (June to September) and 

winter (January to March) data from each year. Overall the effect of the additional snow on soil 

temperature differs from what was observed in the baseline study where the greatest 

differences in temperature between treatments were observed during the growing season 

rather than over winter, and between the ambient snow plots, rather than between the two 

plots under the snow treatment (Bosquet, 2010).  



35 
 

In both years, growing season temperatures were mostly identical in all plots with the 

exception of the snow melt and freeze up periods (the tail ends of the summer graphs). In the 

spring we can essentially identify which plots became snow free first by observing which plot’s 

soil temperature rises above zero first, since solar radiation would no longer be reflected away 

by snow and would begin to be absorbed. In both years we see the same pattern of the CW plot 

thawing first followed by CC, both of which are furthest from the fence and, in theory, are in an 

ambient snow depth zone. The next plot to thaw is SW and finally the SC plot (Figure 2.10b and 

d). Although no statistical analysis was performed on this data, it does suggest that the OTCs 

tend to speed up that initial snow melt in both the ambient and enhanced snow depth zones. 

However, observations in 2016 showed somewhat confounding results. Although the CW and 

CC plots became snow free in the same order as seen in the data below, SW and SC were 

opposite. It should be noted that the data shown in Figure 2.10 are from only one of the eight 

replicates, and that the 2016 snow free date data being referred to was averaged over all eight 

replicates. Overall, in 2016 the OC plots became snow free significantly earlier (12 days earlier 

than CW; 14.1 days earlier than CC; 17.4 days earlier than SW; and 14.4 days earlier than SC) 

than all other plots, suggesting that the ambient snow depth zone established in 2008 is 

actually receiving a significant contribution of additional snow from the fences.  

In snow manipulation experiments, soil temperatures under deepened snow tend to be 

significantly warmer on average than temperatures in ambient conditions, as well as exhibiting 

less diurnal variability (CITE). Although this is what we observed here, we expect that the OC 

plots would exhibit much more noticeable diurnal oscillation than the CW and CC plot 
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temperatures above since they are exposed to shallower snow depth conditions over the 

winter. 

 

 

 

a) 

b) 
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Figure 2.10: Multi-year soil  temperature data at 5cm depth within snow fence 1 at the ITEX site. Figure 2.10a 
shows the entire data set beginning in December 2009 and ending in May 2012. Fi gure 2.10 b, c, d, and e represent 
the warmest periods (June through September) and coldest periods (January through April) of eac h year in order. 

c) 

d) 

e) 
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2.4.4b. Active Layer Depth 
 

  Temporal patterns of active layer depth were similar to those described by Bosquet 

(2010) in the baseline study. When considering the 2015 growing season averages, the CW 

plots had the deepest active layer depth (49.4 ±8.6cm) among the four original treatments. 

Active layer depth in the SC and CC plots were very similar (44.6 ±8.4cm & 44.9 ±8.5cm, 

respectively), while SW plots had the shallowest average active layer depth (41.3 ±8.6cm). 

Overall the OC plots had the deepest average active layer depth (55.4 ±6.1cm). These are 

averages over ten measurements throughout the growing season and since the active layer 

deepens significantly from early July to mid-August the standard deviation for each value is 

quite high. Standard error values are reported above (Figure 2.11).  

 

Figure 2.11: Active layer depths for 2015 (solid l ines) and early season of 2016 (dashed lines). Error bars 
represent the standard error. 
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A follow up active layer survey was conducted in 2016 in order to get a more complete 

picture of the active layer development over the full season, and not just the latter half of the 

season. The first measurements in 2016 took place on June 15 and all plots within the original 

four treatments were still snow covered and soil was frozen to the surface. The OC plots, 

however, had already thawed to a depth of over 23cm on average. The other treatments begin 

to separate, in terms of active layer depth, by the following week in the same order as was 

observed over the 2015 growing season meaning that this pattern is likely very consistent from 

year to year. 

2.5. Discussion  
 

2.5.1. Phenological responses to experimental warming and snow enhancement  
 

Monitoring the phenology of different species of plants in the Arctic is important on 

many levels since changes in phenology over time can have cascading effects on the whole 

ecosystem. We may already be observing those effects at Cape Bounty in the form of little to 

no flowering of particular plants due to long term shortening of the growing season. Over 

longer periods of time certain species may be unable to produce any viable seeds and 

eventually be replaced by species which are able to reproduce in such conditions. This 

cascading effect can lead to alterations in the food availability of many animal species (ACIA, 

2004). For example, Walsh et al. (1997) discuss the importance of plant phenology in terms of 

its potential to impact caribou forage. A main component of the diet of calving caribou are the 

inflorescences of Eriophorum vaginatum. This forage is limited and often still snow covered 

when caribou arrive at their breeding grounds. During and after the calving period the physical 
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condition of the caribou is at its lowest point of the year and the demands of lactation are an 

additional stress on the animals. Changes in the timing of snowmelt and the development of 

the plants could mean that caribou arrive at their calving grounds without any source of 

nutrition provided by E. vaginatum during its earliest phenological stages. This type of scenario 

would have obvious detrimental effects on the caribou, affecting migration patterns, body 

condition, reproductive and survival rates, and ultimately higher predators which rely on 

caribou to survive (Walsh et al., 1997). This is just one example of how changes in plant 

phenology can impact the ecosystem aside from altering the vegetation alone, and this 

example can be applied to most Arctic fauna. For this reason it is important to continue to carry 

out long term research such as this and other ITEX studies, in several regions of the Arctic in 

order to continue to develop our understanding of current and potential future changes. 

2.5.1a. Green-up & Flowering 
 

Since observations were unable to begin until the first week of July, the snow free dates 

and the dates of the first greening of the tagged plants could not be determined. Instead, the 

hope was to monitor phenology in terms of flowering and senescence dates. Interestingly, 

almost no flowering occurred in 2015 within any of the vegetation plots or the general 

experimental area, compared to what was reported in the 2009 baseline study.  One possible 

explanation for the lack of flowering could depend on the temperatures of the previous spring 

or even fall (Semenchuk et al., 2013; Bjorkman, 2015). For example, early snow melt can favour 

flower development in warm years due to the extended growing season, but can be 

detrimental in years where spring snow melt is followed by freezing events and frost damage 

(Inouye et al., 2002; Kudo & Hirao, 2006; Wipf, 2009). Conversely, if seed development is 
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interrupted by a late season freezing event, seeds may become damaged and less likely to 

germinate in the following summer (Molau, 1993; Wipf, 2009; Bjorkman, 2015). It is unlikely, 

though, that seed damage due to growing season frost events is the cause of the lack of 

flowering since everywhere except the ITEX site seemed to experience flower development. 

The lack of flowering in these plots may also be attributed to the delayed start to the growing 

season over the past seven years due to the additional snow that accumulates throughout the 

entire area where the eight snow fences sit. Human traffic within the experimental areas may 

also be causing this effect. 

Cooper et al. (2011) observed a similar lack of flowering, noting that areas behind fences 

were the only areas without flowers, while full flowering occurred in control areas. They found 

that the snow fence treatment significantly reduced reproductive success of certain species by 

a reduction in seed dispersal and germination, compared to control plots. A number of other 

studies have reported results to a similar effect where the percentage of species and individual 

plants that were able to finish their reproductive cycle decreased dramatically with decreasing 

growing season length (due to increased snow depth) (Bell & Bliss, 1979; Kudo, 1991; Huelber 

et al., 2006; Kudo & Hirao, 2006; Bjorkman et al., 2015). In 2016 we revisited this site and 

observed very similar flowering trends.  

 2.5.1b. Senescence 
 

Since there was a lack of flowering, senescence became our main observable 

phenological stage. Senescence occurred later, on average, in the snow-warmed (SW) plots 

than all others, and occurred the earliest overall within the outside-control (OC) plots. Average 
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date of senescence in the snow-control (SC), control-warmed (CW) and control-control (CC) 

plots was approximately equal.  

Although there are a number of long-term vegetation phenology studies in the High 

Arctic, senescence data is often lacking. At Svalbard (~78o N, similar to Cape Bounty at ~75oN) 

Cooper et al. (2011) showed that senescence of Salix polaris occurred up to 1 – 2 weeks later in 

plots exposed to enhanced snow deposition compared to ambient snow plots, and about one 

week later on average for all species combined. They also observed that the delay in 

senescence due to deeper snow was less than the delay in green-up timing, suggesting that 

plant development had accelerated in response to deeper snow (Cooper et al., 2011). These 

changes were observed after only 2 years of snow manipulation. In terms of senescence timing 

and delays due to deeper snow, these results are similar to what was observed at Cape Bounty 

when considering the OC plots to be in the true ambient snow depth area. It will be important 

in the future to obtain phenology data from the time of snow melt throughout the entire 

growing season to determine whether this particular ecosystem experiences similar accelerated 

plant development rates observed at elsewhere. 

At a lower latitude (~68oN) in Alaska, however, very different results have been 

observed. Borner et al. (2008) showed that although increased snow depth effectively 

decreased the length of the growing season, it did not significantly affect the rate of 

development (green up or flowering time) of any of the species being observed, even after 6 

years of experimental manipulation. Contrary to our results, they also noted that under all 

snow depth zones senescence occurred at approximately the same time, suggesting that the 
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onset of senescence (for deciduous shrubs) is controlled by environmental conditions such as 

declining photoperiod and air temperatures.  

Our results suggest that the growing season may be shifted or elongated depending on 

the treatment as well as the plant species. If we assume that the enhanced snow depth plots 

(SW and SC) become snow free later than the ambient snow plots (CW and CC), and that 

senescence marks the end of the growing season, we see that the growing season is shifted 

towards the later end in the SW plots. This is due to the combined effect of the later snow free 

date as well as warming, whereas the SC plots experience a shorter growing season. However, 

the CW plots appear to extend the growing season in both directions for S. arctica alone, and 

only shift it in the early season for R. nivalis and P. vahliana. The fact that significant S. arctica 

cover was observed within these warmed plots and that these large plants appears to 

experience a much longer growing season than others, has important implications for net CO 2 

exchange, which is demonstrated and discussed in Chapter 3.  

2.5.2. Impacts on vegetation cover 
 

The use of experimentally manipulated plots is a common method which helps us 

understand the degree in which Arctic vegetation will be impacted by climatic changes. This is 

critical to our ability to better predict future biodiversity and climate feedbacks (Elmendorf et 

al., 2012a,b). The International Tundra Experiment (ITEX) involves participants who have 

established dozens of monitoring sites throughout the Arctic and alpine regions, some of which 

have collected and reported on anywhere from two years to over two decades worth of data 

(Wahren et al., 2005; Walker et al., 2006; Elmendorf et al., 2012a,b; Elmendorf et al., 2015; 
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Bjorkman et al., 2015).  Most studies tend to focus only on one type of environmental 

manipulation, such as snow depth, temperature or nutrients. For example, in a recent global 

assessment of experimental warming on tundra vegetation, Elmendorf et al. (2012a) used data 

collected across 61 experimental warming studies throughout the tundra, up to 20 years in 

duration. They found the response of plants to warming often differed depending on regional 

ambient summer temperature, soil moisture and the duration of the experiment. Shrubs 

tended to increase only in regions with high ambient temperature, whereas graminoids tended 

to increase in the coldest of sites.  

Wahren et al. (2005) reported on the effects of eight years of summer warming 

combined with winter snow manipulation. Their results showed that Salix pulchra, a taller sub-

Arctic species than the S. arctica which grows at Cape Bounty, was one of three species which 

accounted for over 45% of the increase in cover, but that this increase was only detected in the 

medium and ambient snow depth zones. An overall increase in deciduous shrub cover occurred 

as a result of the snow treatment, while an overall decrease occurred in evergreen shrubs.  

In 2009, a year after the plots had been established for our study, there were no 

significant differences in vegetation cover due to treatments (Bosquet, 2010). Seven years later 

clear changes are noticeable, the most striking was that of the increase of S. arctica cover due 

to warming. We saw an overall temporal increase in the percentage of cover of most functional 

groups within most of the plots as well, independent of treatments. This may be attributed to 

regional summer warming and precipitation increases at Cape Bounty since 2003. What we are 

observing in these plots, in terms of temporal increases in vegetation cover, have also been 

observed on larger scales using satellite imagery. Edwards (2016) used satellite derived NDVI to 
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show that significant greening has occurred within Cape Bounty mesic ecosystems since 1985, 

and that growing season length is increasing as well.  

It is entirely possible that any of the effects observed here have been dampened by the 

fact that the ambient snow plots seem to be receiving a significant amount of additional snow 

due to their proximity to the fences, which was not the initial intention. We see this in the 

phenology, active layer, and soil temperature data, and it was directly observed in 2016. What 

has developed more closely resembles the snow depth gradient experiment of Wahren et al. 

(2005), with a deep snow zone (SW and SC), a medium snow zone (CW and CC) and we have 

now established a truly ambient snow zone (OC plots). This is likely the reason that we 

observed such weak treatment effect within the original experimental plots. In the future the 

data collected from the OC plots will act as a baseline if further research is conducted here and 

OTCs are installed further away from the snow drifts.  

2.5.3. Sampling and Data Management 
 

Our results show a significant change in vegetation cover between 2009 and 2015 

(Figure 2.8 & 2.9).  Since these results are based on comparing data collected by resampling 

plots several years apart, it is important to consider potential bias in data collection by the 

different individuals. Data in 2009 were collected by Bosquet (2010) and summarized in a M.Sc. 

thesis, but never published. Our data were collected in 2015 by Sean Arruda using the similar 

sampling protocols as used in 2009.  These protocols are outlined in the ITEX manual  (Molau & 

Molgaard, 1996) and were developed to insure that the same results could be obtained by 

different people taking measurements within the same plots. Rather than making visual 
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estimates of vegetation cover and relative abundance of species, the ITEX point frame method 

reduces observer biases by providing a standardized methodology for quantifying vegetation 

cover in a repeatable way. 

Although the 2009 data were summarized in a Master’s thesis the following year, the 

raw data were re-analyzed in this study. Bosquet (2010) identified significantly more individual 

plant species than we were able to identify in 2015, specifically within the graminoid functional 

group. If these or other species were present within a plot, but no hits were recorded, Bosquet 

(2010) identified each of those species and included their contribution in the species richness 

and cover values. Although this is suggested in the ITEX manual, this step was not used in the 

current study since we were unable to identify many of those species. Instead, all graminoids 

were considered together as a single functional group.  In general, when comparing vegetation 

between the two years, a species was only considered for analysis if it had been counted as a 

hit during the point frame method in both years.  

Some additional data was collected during the 2016 growing season; active layer depth 

was measured earlier than was possible in 2015. Also, historical soil temperature data was 

retrieved from loggers which had been installed in 2009 and collected data until 2012. Although 

neither the 2016 active layer depth nor the historical temperature data were used for statistical 

analysis, this data is discussed in Chapter 2.4.4 since it does provide further insight on how the 

environmental conditions are impacted by the various treatments.   
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2.6. Conclusion 
 

Changes in annual temperatures and precipitation patterns in the Arctic are being 

observed, and are expected to continue for the next several decades (ACIA, 2004; Hartmann et 

al., 2013). This has important implications for ecosystem processes which control soil 

conditions, vegetation growth, productivity, abundance and phenology, which in turn may 

impact the people and animals who depend on these ecosystems. The International Tundra 

Experiment (ITEX), which began in the early 1990’s and now has established sites throughout all 

Arctic nations, has allowed researchers to speed up these changes using experimentally 

manipulated plots in an attempt to fast track and study these potential impacts to these 

ecosystems (Henry & Molau, 1997). At the CBAWO on Melville Island, NU, the only fully 

factorial designed ITEX experiment in the Canadian High Arctic was set up to  test for combined 

and separate effects of enhanced winter snow deposition and enhanced summer air 

temperature. Established in 2008, a baseline study was conducted the following year, and in 

2015 we revisited these plots to determine any impact enhanced temperatures and snow 

deposition over the previous seven years has had on vegetation phenology and abundance.  

In terms of phenological stages, late season senescence was the main focus of this 

study. The snow treatment alone had the effect of significantly delaying senescence (p=.046) 

when mean DOS for all species within plots was combined. There was also a significant 

temperature x snow interaction effect observed (p=.076). When specific species were 

considered individually, only marginally significant effects were observed. Both S. arctica and P. 

vahliana showed an interaction effect (p=.061 and p=.081, respectively), while R. nivalis and P. 

vahliana both were affected by the snow treatment alone (p=.068 and p=.081, respectively). 
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Results from a one way ANOVA showed that the OC treatment experienced significantly earlier 

senescence than all others, a difference of up to 10 days. This result is corroborated by 

measurements of NDVI, which decreases sharply in the OC treatment immediately after the 

peak growing season and is not observed in any other treatment.  

Changes in vegetation cover were first analyzed based on functional groups, which 

showed varying degrees of change due to treatments and/or time. Significant increases in 

percent cover of all groups was observed between 2009 and 2015 across the majority of 

treatments. Total vegetation cover and bryophyte cover were both impacted a marginally 

significant amount by a time x snow interaction. Lichen cover increased under deeper snow 

alone and decreased under warming alone. Forb cover was significantly higher in the SC 

treatment, and also showed a significant increase due to a time x temperature interaction. 

Litter increased dramatically within all treatments, but the largest increases occurred in both 

warming treatments followed by the SC treatment. This can partly be explained by litter 

becoming trapped within OTCs and accumulating for several years, unable to blown away by 

the wind. However, the majority of these litter hits were on old S. arctica leaves, and the 

percent cover values for litter are reflected in the percent cover values for S. arctica alone. 

When the most common species were analyzed separately for changes in percent cover, S. 

arctica showed the greatest increases in percent cover over the past seven years, and was most 

strongly impacted by temperature. Warming alone led to a significant decrease in S. humifusa 

cover.  

Observations of other environmental indicators such as active layer depth and soil 

temperature also support the idea that the environmental conditions within the OC plots are 
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very different than all other plots. This additional snow is potentially mitigating the true impacts 

of the CC and CW treatments. Overall, snow was observed to have the strongest impact on 

phenology and on much of the percent cover measurements, specifically at the functional 

group level. However, certain species appear to be more strongly impacted by enhanced 

temperatures, such as S. arctica.  

After seven years of enhanced snow deposition and warming significant differences in 

phenology as well as vegetation cover are becoming more apparent. These results reiterate just 

how variable the impacts are to these ecosystems and how sensitive certain vegetation groups 

or species are compared to others. In the context of other studies, however, seven years is a 

relatively short amount of time for these plots to be exposed to experimentally manipulated 

environments. Although these results do answer some questions, they also raise others. It will 

be important to continue monitoring of these plots for as long as possible to gain a better 

understanding of the longer term impacts of climate changes in these ecosystems.  
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Chapter 3: Enhanced summer warming has a stronger impact on net CO2 exchange than enhanced 

snow deposition in a Canadian High Arctic mesic ecosystem 
 

3.1 Abstract 
 

Arctic ecosystems are experiencing faster rates of warming than the rest of the world, 

and precipitation patterns are expected to become more variable in the future. Permafrost 

environments contain about half of the planet’s soil carbon which has the potential to be 

released to the atmosphere under a warmer climate. In contrast, warmer temperatures could 

also enhance primary production and carbon storage in Arctic terrestrial ecosystems. Snow is 

an important control on soil temperatures and the length of the growing season. Increased 

snowfall, leading to deeper snow, may lead to a shorter growing season due to the delayed 

exposure to sunlight that plants need in order to grow. Since carbon dioxide is such an 

important greenhouse gas, understanding this balance of carbon being removed from or added 

to the atmosphere through photosythesis  and respiration, is extremely important, especially 

under changing climatic conditions. The objective here was to determine the individual and 

combined impacts of enhanced snow deposition and temperature on carbon dioxide exchange 

during summer 2015. We used a fully factorial design with eight replicates of snow fences and 

open top chambers to manipulate each of these variables. This research is part of the 

International Tundra Experiment and represents, to the best of our knowledge, the first 

measurements of CO2 exchange under a fully factorial snow depth and temperature 

manipulation in the Canadian High Arctic.  

 Rates of net ecosystem CO2 exchange were positive (net atmospheric gain) during the 

early half of the growing season, and negative (net atmospheric loss) in the latter half for all 
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plots except those exposed to warming alone. Warming alone (no enhanced snow depth) 

resulted in the ecosystem acting as a significant net carbon sink for the entire growing season. 

Plots exposed to this warming treatment were estimated to have removed approximately 20g C 

m-2 from the atmosphere, whereas all other treatments were very similar to one another and 

estimated to have added approximately 3g C m-2 to the atmosphere, on average. Active layer 

depth and soil temperature data suggest that the plots within the ambient snow depth zone 

may be receiving some additional snow due to their proximity to the fences. CO 2 fluxes 

measured within additional outside-control plots lead us to believe that warming could lead to 

Arctic ecosystems becoming even stronger net C sinks under ambient snow conditions. 

3.2. Introduction 
 

The highest global rates of air temperature increase are occurring at high latitudes and 

this, along with precipitation, is projected to increase significantly in the future (ACIA, 2004; 

Hartmann et al., 2013). Arctic ecosystems store significant amounts of carbon (Tarnocai et al., 

2009), and help regulate global energy budgets, so they contribute significantly to the climate 

system (ACIA, 2004; Derksen et al., 2012; IPCC, 2013). The Arctic has long been considered a net 

carbon sink, removing vast amounts of atmospheric carbon which becomes locked up in 

permafrost soils that have remained frozen for thousands of years. The large stocks of soil 

carbon have accumulated for thousands of years due (in part) to very slow rates of 

decomposition. In warmer regions of the planet, organic inputs to the soil decompose quickly, 

releasing much of the carbon to the atmosphere as CO2 or CH4. This process is substantially 

slower in the Arctic due to cold temperatures and (often) very wet soils.  
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The IPCC (2013) reported that atmospheric concentrations of CO2 and CH4 have risen by 

about 40% and 150%, respectively, since pre-industrial times (~1750) and at the time of its 

publication (2013) were measured to be about 391ppm for CO2 and 1803ppb for CH4, likely 

contributing to the rise of approximately 0.85oC in global average near surface air temperatures 

over the last century. By 2015 the global mean CO2 concentration had risen and was estimated 

to be upwards of 399.41 (± 0.10) ppm and rising (NOAA, 2016). While global temperature 

increases are considered alarming, an overwhelming number of studies  (ACIA, 2004; IPCC, 

2013) have shown that annual average temperature in Arctic regions appears to be increasing 

almost twice as fast compared to lower latitudes. This rapid increase in temperature could lead 

to an additional 4-7oC increase in Arctic temperatures. If this warming trend continues, which is 

very likely to be the case, it has the potential to lead to a new source of greenhouse gas 

emissions to the atmosphere from permafrost, creating a positive feedback (Schuur et al., 

2008) which may dramatically change the Arctic as we know it (Schuur et al., 2015). 

As the Arctic continues to warm it is predicted that the active layer, the surface layer of 

soil which thaws each summer, will extend deeper and deeper into the permafrost allowing 

microbes to access older carbon stores (Grogan & Chapin, 2000).  This increased ecosystem 

respiration (ER) will release stored carbon back into the atmosphere, potentially triggering a 

positive feedback with climate warming (Schuur et al., 2008; Koven et al., 2011). Plant 

respiration has also been shown to be significantly affected by temperature (Atkin & Tjoelker, 

2003). Conversely, increased temperature has the potential to impact vegetation dynamics and 

lead to increased productivity and removal of CO2 from the atmosphere through 

photosynthesis, creating a negative feedback on climate warming, balancing the increased 



53 
 

carbon losses through enhanced ER (Shaver et al., 1992; Chapin et al., 2005; Humphreys & 

Lafleur, 2011). Although these processes have been studied for several decades, it is only 

through long term experimental manipulations and observational records that we can begin to 

understand and model how the carbon balance in the Arctic may be changing.  

Long term environmental manipulation studies in the Arctic do exist (Walker et al., 

1999; Welker et al., 2000; Elmendorf et al., 2012a,b; Bjorkman et al., 2015; Semenchuk et al., 

2016), but the majority of those that measure  CO2 exchange tend to be limited to sub-Arctic 

regions of Alaska (Oberbauer et al., 1998; Welker et al., 2000; Natali et al., 2011) or Northwest 

Territories of Canada  and only tend to manipulate one environmental variable (snow, 

temperature, nutrients, etc.) in isolation from the others (Grogan & Chapin, 2000; Semenchuk 

et al., 2016). The few that are located in the high-Arctic focus more on changes to plant 

community structure or phenology (Elmendorf et al., 2012a,b; Bjorkman et al., 2015), and not 

on CO2 exchange.  To address this deficiency, the objective of this study was to determine how 

CO2 exchange is impacted by enhanced snow deposition, enhanced temperature, and the 

interaction of both. We used a full factorial experimental manipulation of snow depth and 

temperature which was established in 2008 at the Cape Bounty Arctic Watershed Observatory 

(CBAWO) on Melville Island, NU, as part of the International Tundra Experiment (ITEX) network. 

To our knowledge it is the only high-Arctic study site combining a full factorial manipulation of 

both enhanced snow depth and increased temperature, to measurements of both vegetation 

impacts as well as CO2 exchange.   
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3.3. Methods 
 

3.3.1. Site Description 
 

This study was conducted during the 2015 growing season at the Cape Bounty Arctic 

Watershed Observatory (CBAWO) on Melville Island, Nunavut, Canada (74°55’ N, 109°35’ W) 

(Figure 3.1). The ITEX plots were installed in a mid-moisture (mesic tundra) environment. 

Ground cover consists of mosses with patches of bare soil, and a mix of many species of forbs, 

graminoids, and lichens. Dozens of species of herbaceous plants grow in these areas  including 

many from the genus Saxifraga, as well as many graminoid species and lichens. Salix arctica, 

the only prostrate shrub species observed at this site, grows in patches anywhere from one 

small individual with a single shoot a few centimeters long, up to large patches covering several 

square meters of ground area. Average July temperature in 2015 was 6.5oC (the average from 

all years since 2003 was 6.2oC) and average precipitation was 83.4mm (the average from all 

years since 2003 was 31mm) (Scott Lamoureux, unpublished data), collected from a 

meteorological station a few hundred meters from the site. The experimental plots were 

established in 2008 and a baseline study was conducted in 2009. Open top chambers (OTCs) 

were used to enhance air temperatures and snow fences were used to enhance snow 

deposition. This study is unique, as it is the first full factorial ITEX site in the High Arctic of 

Canada where CO2 exchange has been measured.   
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Figure 3.1: A topographic map showing the adjacent watersheds of the CBAWO. The ITEX site is shown in the 
dotted square, just west of the main meteorological station in the west watershed. Source: 1:50000 NTS 7 8 F/15, 

contour interval 10m (Bosquet, 2010). 

 

3.3.2. Experimental Design 
 

Snow fences are used to enhance snow deposition. Placed perpendicular to the 

prevailing winter wind direction, they allow snow to be deposited near the fence on the 

leeward side (deepened snow depth area (Figure 3.2)). The snow drift then tapers off from each 

fence until it becomes more representative of the ambient snow depth (ambient snow depth 

area (Figure 3.2)). At the CBAWO, snow fences are used to create eight replicate deepened 

snow areas. Within each snow depth zone (deepened and ambient) there is also one OTC, 

which effectively warms each plot by 1-3oC (Henry, 1996), and a control plot (ambient 

temperature; no OTC). This creates a replicated (n=8) full factorial design with four sampling 

ITEX 

N 
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plots within each replicate. These plots are labelled as follows: Snow-Warmed (SW; deepened 

snow, enhanced temperature), Snow-Control (SC; deepened snow, ambient temperature), 

Control-Warmed (CW; ambient snow, enhanced temperature), Control-Control (CC; ambient 

snow, ambient temperature). Four additional control plots were established in 2015, well 

outside of any of the snow drifts, in order to test whether the CW and CC (ambient snow) plots 

were being impacted by the snow drift. These are referred to as the Outside-Control (OC) plots. 

 

Figure 3.2: (a) An il lustration of the experimental layout of each replicated snow fence area at the ITEX site. This 
layout is repeated at eight snow fences. (b) A photo representing the state of one of the eight snow fence 
replicates at June, 30, 2015. (c) An aerial view of all  eight snow fence replicates on July 29, 2015. The green dots 

represent the four additional vegetation plots which were established in 2015 well away from the effects of any 
experimental snow drift, but in the same representative vegetation type.   

 

3.3.3. Carbon Dioxide Flux Measurements 
 

Carbon dioxide (CO2) exchange between the land and atmosphere was measured in situ 

using static chambers. These cylindrical chambers were made of clear Plexiglass and had a 

volume of approximately 9L (9.5cm radius, 21cm height). Round polyvinyl chloride (PVC) collars 
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(20cm diameter) were inserted in the ground in 2008 when the experiment was installed. These 

collars were embedded into the soil to a depth of approximately 7-8cm, leaving 2-3cm of the 

collar exposed above the soil surface.  During measurements, the chamber was sealed onto the 

collar using a rubber gasket to create an air-tight seal between the chamber and the soil collar. 

The chambers were outfitted with a small fan powered by a 9V battery, which circulated the air 

inside. A vent tube was also used to insure no pressure increase during the measurement cycle 

(Hutchinson & Mosier, 1981).  

An infrared gas analyzer (Vaisala GMP343 Carbon Dioxide Probe; ±3ppm) (Vaisala, 

Vantaa, Finland) was used to measure CO2 concentrations (ppm) within the chamber.  A 

temperature/humidity sensor (Vaisala HMP75 Relative Humidity and Temperature Probe; ±1% 

RH, ±0.2oC) was also inserted into the chamber to monitor these key variables during the 

measurement cycle (Figure 3.3). Openings on top of the chamber allowed the sensors to be 

mounted inside through a mounting bracket containing rubber O-rings to create an air-tight 

seal. These sensors were then hooked up to a Vaisala handheld data logger which corrected 

CO2 concentration measurements for temperature and humidity. Concentration measurements 

were made at five second intervals over the course of five minutes, first under transparent 

conditions (Figure 3.3a (NEE)) followed by opaque conditions (Figure 3.3b (ER)). Before each 

measurements, the chamber was removed from the collar, allowing CO2 concentrations inside 

the chamber to return to ambient levels.  

CO2 exchange measurements were completed within all plots once every 3-4 days 

between 10a.m. and 3p.m starting on July 5, and ending on August 15 (although no 

measurements were taken between August 8 to August 15). Atmospheric pressure was 
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measured at the beginning, middle, and end of each round of sampling using a Kestrel 3500 

weather meter (Kestrel, Birmingham, Michigan). These values were used later to convert 

concentrations from ppm to μmol m-3. 

 

 

Figure 3.3: Static chamber setup for measuring CO2 exchange. An IRGA and temperature/humidity sensor are fitted 

into the top of the chamber and connected to a handheld computer interface/logger. (a) The clear chamber allows 
sunlight to fall  on the vegetation within in order to obtain a measurement of the net ecosystem CO 2 exchange. (b) 
An opaque shroud covers the chamber bl ocking out all  l ight and eliminating any photosynthesis. This allows for the 
measurement of ecosystem respiration. 

 

3.3.4. Carbon Dioxide Flux Calculations 
 

CO2 concentration data were processed using a custom Matlab script (Atkinson, 2012). 

Each measurement consisted of 60 observations (one every five seconds for five minutes) of 
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CO2 concentration within the chamber. The script first converts these concentrations from ppm 

to μmol m-2 using the equation 

𝑛 = 𝐶 (
𝜌

𝑅𝜏
) (

𝑣

𝐴
)  [1] 

where n is the converted gas concentration (μmol m-3), C is the original gas concentration 

(ppm), 𝜌 is the air pressure (hPa), R is the ideal gas constant (0.08314 m3 mol-1 k-1), 𝜏 is the 

temperature (K), v is the combined volume of chamber while attached to the soil collar minus 

the volume of the sensors (m3), and A is the projected horizontal surface area of the chamber 

(m2) (Atkinson et al., 2012). Next, the rate of change in CO2 concentration is determined using 

an iterative multiple regression search algorithm. The algorithm plots trend lines through the 

data searching for a linear set of readings which has the best coefficient of determination (R2), 

longest time period (minimum of one minute (12 data points)), and highest level of significance. 

The slope of this line for every measurement is equal to the gas flux (μmol m-2s-1). 

Since only NEE (light) and ER (dark) measurements were made in the field, gross primary 

productivity (GPP) was calculated as the flux difference between NEE and ER; 

𝐺𝑃𝑃 = 𝑁𝐸𝐸 − 𝐸𝑅 [2]. 

Negative fluxes correspond to CO2 moving from the atmosphere into the ecosystem, 

and positive fluxes correspond to CO2 moving from the ecosystem to the atmosphere.  
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3.3.5. Soil Moisture, Soil Temperature, and Active Layer Depth 
 

Soil moisture was measured manually using an ML3 ThetaProbe (Delta-T Devices, 

Burwell, United Kingdom) at 5 cm depth just outside of each soil collar at the time of CO2 flux 

measurements. Soil temperature was also measured manually using a standard soil 

thermometer at 10 cm depth. Active layer depth was measured manually using a custom made 

steel probe (125cm in length, 1 cm diameter) marked at 10cm intervals. These measurements 

were taken once per week, not necessarily on the same day as CO2 flux measurements. The 

probe was pushed into the ground until it was unable to penetrate any further due to frozen 

ground. Care was taken to distinguish between the probe contacting permafrost as opposed to 

objects such as rocks. Three measurements of active layer depth were taken within each 

treatment plot (using the same holes each measurement day when possible) and averaged 

together. The average of the 8 replicates of each variable (moisture, temperature, and active 

layer depth) was then determined for each sampling date. Active layer depths were also 

measured in the earliest portion of the 2016 growing season and included in order to add to 

our understanding of the early season thaw dynamics which was missed in 2015 (Figure 3.4).  

Soil temperature loggers had been installed in 2009 and collected data until 2012. Some 

of these data were recovered and used in proceeding sections to understand the impact of the 

treatments on soil temperature at a higher temporal resolution (hourly). However, no statistical 

analysis was performed on these data. 
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3.3.6. Data Analysis 
 

Statistical software IBM SPSS Statistics version 23 was used to explore whether or not 

there were significant temporal and/or treatment effects  on environmental variables and CO2 

exchange.  A series of three factor mixed ANOVAs (also known as a factorial ANOVA) were used 

to understand the interaction between the snow (factor 1) and warming (factor 2) treatments 

with time (factor 3). This mixed design was used since it incorporates both between-subjects 

and within-subjects comparisons. Since each treatment is an independent group, the 

experiment has a between-subjects design. Since these groups are measured at different time 

points the experiment also has a within-subjects factor which allows for mean comparisons to 

be made between different time points. Laerd Statistics, an on-line supplemental website for 

SPSS users, contains more in depth explanations of each of these statistical tests.. In these 

tests, the OC plots have been excluded since they are not part of the factorial design of the 

experiment. A series of two factor repeated measures ANOVAs were then conducted to 

compare the mean values for soil properties such as active layer depth, soil moisture, and soil 

temperature, as well as for NEE, ER, and GPP measurements over the growing season and 

between treatments. The two factor repeated measures ANOVA compared the five treatments 

(SW, SC, CC, CW, and OC) against one another over time (Table 3.2). Significant treatment 

effects were described when α=0.1. 
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3.4. Results  
 

3.4.1. Environmental Variables 
 

3.4.1a. Active Layer Depth 
 

A three factor mixed ANOVA was used to understand the effects of snow and 

temperature over time on active layer depth. There was a statistically significant three-way 

interaction between time, snow and temperature treatments on active layer depth 

(F6,168=6.428, P<.005; Table 3.1), and also a statistically significant two-way interaction between 

snow and temperature treatments. Plots with enhanced snow and temperature (SW) had the 

shallowest active layer throughout the growing season, while plots with only enhanced 

temperature (CW) had the deepest.  Control plots (SC and CC) were roughly the same in terms 

of active layer depth. The differences between treatments slowly began to diminish as the 

growing season progressed, to a point where all plots had approximately equal active layer 

depth at the end of the season (Table 3.2; Figure 3.4). 

A two factor repeated measures ANOVA was then used since it is similar to the three 

factor mixed ANOVA and able to include the OC treatment. Results from this test showed a 

significant two-way interaction between time and treatment (F24,168=11.018, P<.005)(Table 3.2). 

Further analysis showed that active layer in the OC treatment was significantly deeper than all 

others treatments with the exception of CW (Table 3.2; Figure 3.4). 

Differences in average active layer depth between treatments are most prevalent at the 

start of the 2015 growing season (Figure 3.4). Over time, treatment differences become smaller 

and smaller until depth is essentially uniform later in the season. The same depth pattern 
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between treatments was observed in the 2009 baseline study, where CW had the deepest 

active layer, SC and CC were equal and in the middle, and SW had the most shallow active layer 

(Bosquet, 2010). 

 

Figure 3.4: Active layer depths measured in 2015 (solid lines) and 2016 (dashed l ines). Error bars indicate s tandard error. 

 

A follow up active layer survey was conducted in 2016 in order to obtain a more 

complete picture of the active layer development over a full season, as opposed to just the 

latter half of the season that was collected in 2015. The first measurements in 2016 took place 

in the OC plots on June 15, since these plots had become snow free several  days earlier and soil 

had thawed to a depth of approximately 23cm, on average. All plots within the original four 

treatments were still snow covered and soil was frozen to the surface. The other treatments 

began to separate, in terms of active layer depth, by the following week in the same order as 
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was observed over the 2015 growing season meaning that this pattern is likely very consistent 

from year to year, and is strongly controlled by the treatments. 

3.4.1b. Soil Moisture 
 

Volumetric water content (VWC) was measured once per plot on each sampling day. 

From late June into early July soil moisture decreased slightly (Figure 3.5). This overall trend is 

consistent with that of the 2009 baseline study, however, the 2015 soil moisture values are 

lower by about 10% VWC, although, different instruments were used in each study. Throughout 

the latter half of July soil moisture remained fairly constant, and began increasing after July 24 

and into August (Figure 3.5). Neither the three factor mixed, nor the two factor repeated 

measures ANOVA showed any significant interaction effects (Table 3.1 and 3.2). Time was the 

only factor that varied significantly   (F10,70=15.252, P<.005). Precipitation in both June and July 

was the highest it has been at this site since measurement began in 2003 which may have 

contributed to the similarity across treatments (Lamoureux, unpublished data).   

 

Figure 3.5: Soi l moisture values for each treatment during the 2015 growing season. Error bars indicate +/- one standard error. 
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3.4.1c. Soil Temperature 
 

Soil temperature at 10cm depth was measured once per plot on each sampling day. 

Results from the three factor mixed ANOVA showed no significant interaction effects with the 

only significant factor being time (Table 3.1). However, results of the two factor repeated 

measures ANOVA showed significant time (P<.005), treatment (P<.005) and interaction effects 

(P<.005). This is entirely due to the inclusion of the OC treatment in this statistical test. Further 

analysis showed that the soil temperature in the OC treatment was significantly higher on all 

dates, with the exception of July 11, 23, and August 4, and 8 (Figure 3.6). 

 

Figure 3.6: Soi l temperature at 10cm depth for each treatment during the 2015 growing season. Error bars indicate standard 

error. 

 

Excluding the OC treatment, soil temperature did not vary among treatments 

throughout the growing season. This observation is corroborated by average hourly soil 

temperatures at 5cm depth which were obtained beginning in August 2009 through to June of 
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2012 (Figure 3.7). Differences in soil temperature are indistinguishable during the summer 

(May-August) and begin to separate distinctly in September, continuing throughout the winter 

(Figure 3.7). Although no statistical tests have been performed on this data, it appears that at 

least during the winter, soil temperature in the SC treatment remains significantly higher than 

other treatments, followed by SW, CC, and with CW experiencing the lowest over winter soil 

temperatures. 

 

Figure 3.7: Multi-year soil  temperature data at 5cm depth within snow fence 1 at the ITEX site. Data collection 
began in August 2009 and ended in June 2012. See Figure 2.10 for more detailed summer and winter 
temperatures.  

 

3.4.2. Carbon Fluxes 
 

 3.4.2a. Net Ecosystem Exchange 
 

Net ecosystem CO2 exchange was measured 11 times during the growing season, usually 

3-4 days apart. Results from the three factor mixed ANOVA suggest a significant interaction 

effect between time and temperature treatment on NEE (F10,280=2.777, P=.003) (Table 3.1). 
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However, after an analysis of the simple main effects using a Bonferroni corrected alpha value 

of 0.0125, the significant temperature effect was shown to exist only on the second sampling 

day (July 8). On July 8 the rate of NEE in non-warmed treatments was 1.5 μmol m-2 s-1 higher 

than in warmed treatments. Similar results were observed using a two factor repeated 

measures ANOVA where only three out of the eleven sampling days yielded a significant two-

way interaction. Specifically, on July 5 NEE was 0.56 μmol m-2 s-1 higher in the OC treatment 

than the CW treatment; on July 8 NEE was 1.45 μmol m-2 s-1 higher in SC plots than in SW 

treatments, and 2.27 μmol m-2 s-1 higher in SC than in CW treatments; and on August 15 NEE 

was 0.89 μmol m-2 s-1 higher in OC than in SC treatments (Figure 3.8a). 

 3.4.2b. Ecosystem Respiration 
 

With regard to ER, the three factor mixed ANOVA yielded similar results to that of NEE. 

A significant interaction effect between time and temperature was observed (F10,280=2.304, 

P=.013) (Table 3.1), but the only significant ER differences due to the warming treatment occur 

on July 8, where the rate of ER in non-warmed treatments was higher than in the warmed 

treatments. Interestingly, data retrieved from a meteorological station approximately 500m 

from the ITEX site show that July 8 experienced the warmest temperatures of that summer so 

far, with temperatures reaching double digits (11.9oC at 1:00p.m.) for the first time that year. 

The two factor repeated measures ANOVA showed that on July 5, ER within the OC treatment 

was significantly less than that of all other treatments. Then on July 23, ER within the OC 

treatment was significantly higher than all other treatments. On July 27 ER within the SC 

treatment alone was significantly higher than that of the SW treatment (Figure 3.8b). 
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 3.4.2c. Gross Primary Production 
 

The three factor ANOVA for GPP shows a significant time by temperature interaction 

effect (F10,280=2.313, P=.013) (Table 3.1). Again, however, a significant difference in GPP 

between warmed versus non-warmed treatments only occurs on one day (July 19). The rate of 

GPP in the non-warmed treatments on July 19 less than that of the warmed plots. Results from 

the two factor repeated measures ANOVA for GPP showed that significant treatment 

differences were observed on July 5, July 27, August 8, and August 15. On July 5, the rate of GPP 

in OC treatments was less than that of the CW treatments only. On July 27 GPP within the SW 

treatment was less than the SC treatment. On August 8 within the OC treatment GPP was less 

than that of the SW treatment. Lastly, on August 15, GPP within the SW treatment was less 

than that of the SC treatment, and GPP within the OC treatment was less than that of both the 

SC and CW treatments (Figure 3.8c). 

Table 3.1: Three factor Mixed ANOVA p-values (OC plots excluded from this analysis).4 

Interaction 
Active 
Layer 

Soil 
Moisture 

Soil 
Temperature NEE ER GPP 

Time x Snow x 
Temp <.005 .655 .257 .854 .606 .871 

Time x Snow .069 .218 .823 .358 .982 .271 

Time x Temp .862 .484 .396 .003 .013 .013 
Time < .005 <.005 <.005 <.005 < .005 < .005 

Snow <.005 .154 .766 .075 .608 .104 
Temp .578 .697 .633 .046 .188 .270 

Snow x Temp .005 .947 .153 .116 .633 .034 

Bold values indicate significance.    
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Figure 3.8: CO2 exchange rates ((a) NEE; (b) ER; (c) GPP) throughout the growing season for each treatment. Each colour 
represents a  treatment, and each bar per treatment is in order by date. The eleven sampling dates are July 5, July 8, July 11, July 

15, July 19, July 23, July 27, July 31, August 4, August 8, and August 15. 
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Table 3.2:5Descriptive s tatistics and two factor ANOVA results for environmental variables and carbon fluxes. ANOVA results 
are reported for effects of Treatment and Time. Significant p va lues are in bold. α=0.1 

      Standard     
Treatment N Mean Error Effect ANOVA 

Active Layer Depth 

SW 168 55.99 1.041 Time F6,42=736.865, P<.005 
SC 168 59.14 1.124 Treatment F4,28=9.759, P<.005 
CC 168 59.52 1.321 Time x Treatment F24,168=11.018, P<.005 

CW 168 64.11 1.566    

OC 84 66.43 1.559     

Soi l  Moisture  

SW 88 40.33 1.323 Time F10,70=15.252, P<.005 
SC 88 39.29 0.655 Treatment F4,28=.809, P=.530 

CC 88 42.74 3.091 Time x Treatment F40,280=1.007, P=.464 
CW 88 43.48 2.645    

OC 44 41.67 1.683     

Soi l  Temperature  

SW 88 4.49 0.255 Time F10,70=197.983, P<.005 
SC 88 4.47 0.225 Treatment F4,28=12.771, P<.005 

CC 88 4.30 0.274 Time x Treatment F40,280=2.481, P<.005 
CW 88 4.52 0.248    

OC 44 5.68 0.045     

Net Ecosystem Exchange 

SW 88 0.067 0.126 Time F10,70=15.233, P<.005 
SC 88 0.156 0.178 Treatment F4,28=2.573, P=.060 

CC 88 0.112 0.282 Time x Treatment F40,280=1.795, P=.004 
CW 88 -0.584 0.118    
OC 44 -0.049 0.166     

   Ecosystem Respiration  

SW 88 1.030 0.054 Time F10,70=33.620, P<.005 
SC 88 1.169 0.092 Treatment F4,28=.930, P=.460 

CC 88 1.100 0.080 Time x Treatment F40,280=2.557, P<.005 
CW 88 1.027 0.066    
OC 44 1.068 0.055     

   Gross Primary Productivity  

SW 88 -0.948 0.118 Time F10,70=10.670, P<.005 
SC 88 -1.127 0.172 Treatment F4,28=1.827, P=.152 

CC 88 -1.039 0.200 Time x Treatment F40,280=2.084, P<.005 
CW 88 -1.585 0.151    

OC 44 -1.117 0.209     
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3.4.2d. Estimated Cumulative CO2 Exchange 
 

CO2 fluxes varied significantly throughout the growing season, and on certain days there 

may be significant treatment effects, while on other days these effects are not present. In an 

attempt to consider treatment effects on the growing season net C balance, I calculated the 

estimated mass of carbon exchanged for each treatment (cumulative CO2 exchange) (Figure 

3.9). This was achieved by using the flux calculated for each day and treatment, and assuming 

that this flux remained constant until half way to the next sample day. For example, if July 5, 8, 

and 11 are the first three days of CO2 flux measurements,  and the rate was 0.58 μmol m-2 s-1 on 

July 8, then it was assumed that this was the flux for the 1.5 days before and after that date, 

and that this flux stayed the same for those three days. Using this assumed time period (three 

days for the July 8 flux) I could then calculate the amount of CO2 which was exchanged and 

convert this from μmol of CO2 to grams of carbon. This process was done for each date and 

treatment before the values from each date were summed to give an estimated growing season 

total. Additionally, these sums were also divided into early and late season totals since there 

did seem to be a distinct point near the peak of the growing season where a switch occurred, 

most noticeably in NEE (Figure 3.10). Early season dates included those between July 5 and July 

23, while late season dates included those from July 27 to August 15. 
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Figure 3.9: Cumulative carbon exchange estimates for the entire growing season (July 5 to August 15)  separated by net 
ecosystem exchange (NEE), ecosystem respiration (ER), and gross primary production (GPP). 

 

 

Figure 3.10: Cumulative seasonal carbon exchange estimates. Filled bars refer to early season  (July 5 to 23) estimates, while 
non-filled bars refer to late season (July 27 to August 15) estimates. 
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Out of the four original treatments (SW, SC, CC, CW) the only one to act as a net C sink 

was the CW treatment which removed an estimated 19.94 ± 0.36 g C m-2 over the full growing 

season (Figure 3.9). All other treatments switched from being a net C source in the early season 

to a net C sink in the late season due to a decrease in ER from early to late season, and a 

corresponding increase in GPP. In the case of the CW treatment, while the ER trend was similar, 

early season GPP was significantly higher than in all other treatments with a similarly high late 

season GPP as well (Figure 3.10). A similar trend with lesser magnitude was also observed in the 

OC treatment, resulting in it resembling a very weak net C sink, removing an es timated 1.69 ± 

0.36 g C m-2 over the entire growing season. 

3.5. Discussion 
 

3.5.1. Impact of Treatment on CO2 Exchange Rates 
 

The trend in NEE appears to be very different in the CW treatment than in all other 

treatments (Figure 3.8a, Figure 3.9, Figure 3.10).  To some extent it can be argued that the OC 

trend resembles that of CW when we account for the low amount of variation in the data, but 

little else can be seen in terms of obvious treatment effects on CO2 exchange rates. While there 

are a few significantly higher/lower rates on specific days compared to that same day in other 

treatments, the general pattern is similar. The first six measurements (early season) tend to 

show positive NEE values (atmospheric C gain), after which a distinct change occurs and values 

become negative (more uptake) in the latter half of the season (Figure 3.8a). Warming alone 

(CW plots) appears to have a significant impact on NEE, especially in the early half of the 

growing season where net uptake occurs.  
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This difference in NEE between treatments can be attributed largely to the greater rates 

of GPP (higher negative values) in the CW plots and the fact that ER is relatively similar across 

all treatments. These plots have been experiencing enhanced winter snow depth and summer 

temperatures since 2008. In 2009 and in 2015 vegetation surveys were conducted within the 

plots. We have observed increased vegetation cover in all plots, with the greatest increases 

seen in the warmed plots, specifically for S. arctica. Although these surveys were not conducted 

within the CO2 sampling collars, the collar locations were chosen such that they represented, as 

best as possible, the conditions within the 1m x 1m plots. This, and the fact that collars were 

exposed to the same snow and temperature treatments, lets us assume that vegetation within 

the collars would have experienced similar temporal changes to those which occurred in the 1m 

x 1m plots, potentially accounting for the greater early season CO2 uptake. Welker et al. (2004) 

saw similar results in another Canadian High Arctic warming study. Although the mesic 

ecosystem being studied at Alexandra Fiord was a small annual C source to the atmosphere, 

long term warming stimulated GEP and resulted in those plots being a much smaller source 

than ambient plots. Similarly, they showed that the period during the growing season when the 

ecosystem switched from being a net carbon source to a sink was increased into the earlier part 

of the season, which is what we observed as well. However, there was no snow treatment used 

in that study. Slightly contrasting results have also been observed at two separate sites under 

long term (5 and 9 years) snow manipulation only, where Semenchuk et al. (2016) showed that 

growing season ER was significantly reduced under enhanced snow depth, while other similar 

studies showed no effect on ER (Morgner et al., 2010; Natali et al., 2011), which they attributed 

to the shorter duration of the treatments in those studies.  Although our treatments had been 
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in effect for seven years at the time of these measurements, we saw no evidence of ER being 

affected by either enhanced snow depth or warming. Instead the most obvious effect was the 

increased rates of GPP in the CW plots. 

It is also possible that since the CW (and also CC and OC) plots are located in an ambient 

snow depth area that they would have become snow free earlier and were therefore more 

productive earlier on in the season. However, from the observed soil temperatures and active 

layer depth observations, and from direct observations of the early season snow pack in 2016, 

there is reason to believe that the ambient snow zone (which contains the CC and CW plots) 

may be receiving a significant amount of additional snow due to their proximity to the fences.  

On average the OC plots became snow free significantly earlier than all other plots (12 days 

earlier than CW; 14.1 days earlier than CC; 17.4 days earlier than SW; and 14.4 days earlier than 

SC) while the differences in snow free date between CW and other plots was much smaller (2.1 

days earlier than CC; 5.4 days earlier than SW; and 2.4 days earlier than SC). Snow free date 

may have played some part here, since the OC and CW plots were still the earliest to melt out 

and are the two treatments which show the strongest cumulative early season and total C 

uptake. While there are many studies which support the hypothesis that there is a significant 

correlation between snow free date and annual or seasonal CO2 exchange (Aurela et al., 2004; 

Groendahl et al., 2007) other studies have refuted this hypothesis showing that CO2 exchange, 

specifically seasonally accumulated NEP, is more influenced by inter-annual variations in 

meteorology and photosynthetic capacity possibly through processes which control vegetation 

characteristics such as leaf area (Lafleur & Humphreys, 2011).    
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3.5.2. Impact of Treatment on Cumulative Carbon Exchange 
 

Cumulative carbon exchange estimates allow us to better understand how the sink or 

source strength of the ecosystem changes with changes in climate. Under ideal conditions for 

this experiment the CC plots would be considered totally ambient, exposed to no snow or 

temperature treatments, and would represent the unaltered ecosystem. If we consider this to 

be the case we see that the average cumulative NEE within CC plots was positive with a value of 

2.93 ± 0.72 g C m-2. This means that this mesic ecosystem is considered a small source of carbon 

to the atmosphere, at least during the period when measurements took place. However, I am 

more confident that the OC plots are a better representation of the actual unaltered mesic 

ecosystem here due to the CC and OC plots receiving additional snow from their proximity to 

the fences. This would mean that the ecosystem may actually be acting as a slight net carbon 

sink, storing and estimated -1.69 ± 0.36 g C m-2. It is also very likely that the CW treatment has 

an important impact on this cumulative C exchange because it acted as a significant carbon sink 

removing an estimated -19.94 ± 0.36 g C m-2.   

There is no commonly agreed upon estimated magnitude or direction of seasonal or 

annual fluxes of carbon in the Arctic under varying degrees, types and durations of exposure to 

environmental treatments, although several studies have measured such fluxes. In July of 2008 

Lafleur et al., (2012) observed this same ecosystem to be of overall net sink of approximately 6 

g C m-2, using the eddy covariance method. In 2012, a summer which experienced significantly 

warmer temperatures, the same eddy covariance station showed that this site was a net sink of 

approximately 27 g C m-2 (Humphreys, unpublished data).  Other High Arctic studies have 

reported net summer fluxes of similar magnitude to our estimates under experimentally 



77 
 

warmed plots, but with opposite direction (net source rather than sink). Welker et al. (2004), 

showed a High Arctic mesic ecosystem under experimentally warmed plots to be a source of 

carbon to the atmosphere with a net summer flux of 17 g C m-2. Even other work conducted at 

Cape Bounty has shown highly variable cumulative flux estimates depending on the method 

used to measure the CO2 exchange. Blaser (2016) used the same static chamber technique, as 

well as automatic chambers which sampled NEE and ER every 30 minutes, albeit in a different 

ecosystem type (wet sedge meadows with significantly higher vegetation cover). Overall 

cumulative growing season flux was estimated to be -18.77 g C m-2 using the static chamber 

technique, but was -69.11 g C m-2 using the auto chamber half hourly measurements. Our 

cumulative estimates are, therefore, reasonable values compared to the literature and other 

studies at the CBAWO and elsewhere, although it is important to keep in mind that the flux 

measurements were taken at a single point during the day and don’t account for potential 

diurnal variability, and that those fluxes were then assumed to be constant until the following 

measurement day. While it is important to make these estimates and continue these long-term 

studies in an attempt to understand the drivers of season and annual fluxes of carbon, it is 

equally important to keep these types of variability in mind, in terms of both environmental 

conditions (duration of treatment exposure, microclimate, soil characteristics, etc.) and 

methods used to obtain and analyse the data.  

These results suggest that warming alone, at least during the growing season, is enough 

to make this ecosystem a fairly strong carbon sink. In chapter 2, S. arctica cover was shown to 

be significantly greater in warmed plots. We also suspect that the growing season for this 

species may be elongated in both directions, unlike the other species monitored in this study. 
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These observations, along with the fact that this species is the largest and likely most 

productive within these plots, suggests that S. arctica is very important in terms of CO2 uptake. 

Unlike the other treatments where a distinct shift from early season respiration to late season 

uptake was observed, uptake within the CW plots was observed throughout the whole period 

of measurements, while ecosystem respiration remained the same across treatments.   

In spite of this, other environmental measurements suggest that the CC and CW plots are 

exposed to deeper snow than the true ambient depth represented by the OC plots. Active layer 

depths were significantly deeper within the OC plots earlier in the season and soil temperature 

were significantly warmer throughout the season, suggesting that these plots became snow 

free much earlier and had time for active layer development. If this is the case, which we are 

now very confident that it is, the experiment should be viewed as more of a snow depth 

gradient, with SW and SC experiencing deep snow, CW and CC experiencing medium snow 

depth, and OC plots experiencing the true ambient snow depths. This suggests that if the OC 

treatment also had adjacent warmed plots, that they could become even stronger carbon sink 

since they experience a significantly longer growing season. 

3.6. Conclusion    
 

Continued production of carbon dioxide, a greenhouse gas, from fossil fuel burning is 

likely to cause changes to the carbon cycle and the climate system.  These changes are likely to 

be much greater in the High Arctic compared to other locations on the earth (ACIA, 2004). To 

improve our understanding of carbon cycling processes, and how they might change in the High 

Arctic under different climate regimes, we measured CO2 exchange rates under different 
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environmental conditions in mesic tundra.  Other studies have explored similar processes in 

other ecosystems and locations throughout the Arctic. This study represents the only ITEX site 

that we are aware of in the Canadian High Arctic where growing season CO 2 fluxes are 

measured under both enhanced winter snow depth and summer temperatures  in a factorial 

design. 

Rates of NEE, as well as GPP and ER varied significantly over the course of the growing 

season. All treatments, with the exception of CW, showed positive net ecosystem fluxes of CO 2 

in the early half of the season (July 5 to July 25) suggesting that ER was the dominant process. 

In the latter part of the season (July 25 to August 15), the ecosystem shifted to negative fluxes 

(net carbon uptake) when photosynthesis became the dominant process. The CW treatment 

was always a net carbon sink throughout the entire measurement period. Rates of ER between 

each treatment showed very similar temporal trends, while seasonal variation in GPP was the 

key factor driving seasonal differences in NEE. The CW plots tended to have the highest rates 

(most negative) of GPP throughout the season.  

 The CW plots removed a cumulative total of approximately 20 g C m-2 over the entire 

measurement period between July 5 and August 15. The only other plots to represent a 

cumulative net carbon sink were the OC plots, which sequestered an estimated 1.69 g C m-2. All 

other treatments were small and similar net carbon sources to the atmosphere, releasing an 

average of about 3.12 g C m-2 during the measurement period.  

We must also keep in mind that the cumulative CO2 exchange estimates here are based 

on flux measurements which represent only a snapshot of measurements during the growing 
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season. Although we account for a significant portion of the growing season (6 weeks) we have 

no measurements directly after snow melt or during the onset of snow, and do not account for 

winter season fluxes whatsoever, which have been shown to be very important in terms of ER. 

Nevertheless, this is the first study of its kind in the Canadian High Arctic showing that carbon 

cycling processes can change in response to changes in climate and can potentially be impacted 

more strongly by specific plant species compared to others, modifying the carbon sink or source 

strength of this vulnerable ecosystem.  More work is needed to better understand the relative 

trade-off of snow depth vs. air temperature as controls on the net carbon balance in the High 

Arctic.  
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Chapter 4: Summary 
 

This chapter summarizes the main findings of this study which are used to answer the 

three specific research questions posed in the introduction with regards to the impacts of 

enhanced winter snow deposition and summer warming on plant phenology, abundance, and 

CO2 exchange. 

1) What is the impact of enhanced snow depth and temperature on the phenology of Arctic 

plants? 

In this study we focused on senescence as the main phenological stage since greening had 

already begun by the time measurements started and little flowering occurred within the plots 

in 2015. At the plot level, senescence occurred significantly later for vegetation exposed to 

enhanced snow depth and warming simultaneously, compared to plots exposed to warming 

alone. The outside control plots experienced significantly earlier senescence than any other 

treatment, which further supports the idea that the snow free date is a more important control 

on phenology (both early and late season) than warming. This result was successfully captured 

by an NDVI time series. At the species level, only marginally significant effects were observed. 

There was a significant temperature x snow interaction for S. arctica, which lead to earlier 

senescence in the plots with no snow or temperature enhancement. There was an opposite 

result for P. vahliana where the combination of enhanced snow and temperature led to later 

senescence.   

2) What is the impact of enhanced snow depth and temperature on vegetation cover of 

Arctic plants? 
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Different functional groups showed varying degrees of response to the experimental 

treatments over the seven year period. Significant increases in percent cover of all groups was 

observed over the last seven year within most treatments. Lichen cover increased under 

deepened snow and decreased under enhanced temperatures. Forb cover was significantly 

higher in the SC treatment but also showed a significant increase due to the interaction of time 

and temperature combined.  Total vegetation cover and bryophyte cover both increased due to 

a time x snow interaction. Litter cover increased dramatically within all treatments, but the 

largest increases occurred in both warming treatments followed by the SC treatment. At the 

species level S. arctica showed the largest increase in percent cover due to warming.   

3) Does growing season net CO2 exchange vary with enhanced snowfall and temperature, 

and how do these factors interact to influence growing season net CO2 exchange? 

Rates of NEE, as well as GPP and ER varied seasonally over the course of the growing 

season. All treatments, with the exception of CW, showed positive net ecosystem fluxes of CO2 

in the early half of the season representing a carbon source to the atmosphere, and 

experienced a distinct shift to negative flux values representing net carbon uptake in the latter 

half of the season. The CW treatment was always a net carbon sink throughout the entire 

measurement period. Rates of ER between each treatment showed very similar temporal 

trends. The major seasonal difference contributing to variation in NEE measurements was due 

to seasonal changes in GPP. The CW plots tended to have the highest rates (most negative) of 

GPP throughout the season, which may be linked to the significantly greater amount of S. 

arctica within these plots. S. arctica within the CW plots also seems to experience an extended 

growing season compared to the two other species monitored in chapter 2, which would 
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contribute to the greater early season and overall uptake observed here. A cumulative seasonal 

estimate revealed that both the CW and OC treatments removed approximately 20 g C m-2 and 

1.69 g C m-2, respectively, from the atmosphere, while the SW, SC, and CC treatments added an 

average of 3.12 g C m-2 to the atmosphere.   

Our findings agree with those of many other studies in terms of observed increases in 

shrub cover over time due to warming. This phenomenon has been observed throughout the 

Arctic and has several important implications (Forbes et al., 2010; Myers-Smith et al., 2011; 

Zamin & Grogan, 2012). Increased shrub cover has the ability to impact the surface energy 

balance, soil temperatures, nutrient cycling and biodiversity of plant and animal species (Myers -

Smith et al., 2011). As we have observed in this study, increased shrub abundance also has the 

ability to impact carbon dioxide exchange through increased productivity and removal of CO2 

from the atmosphere. Furthermore, our results suggest, at least in terms of CO2 exchange, that 

enhanced snow tends to negate the effect of warming. The control plots (CC and SC) are very 

similar to the SW plots in terms of CO2 exchange, and we know that the CC plots are receiving a 

significant amount of additional snow. Warming alone (CW plots) may lead to the development 

of a stronger sink, while the combined effects with enhanced snow may dampen this effect. It is 

also possible, though less obvious, that similar interactions are occurring in terms of phenology. 

These factors and the interactions between them requires further research both at this site and 

throughout the Arctic in order to better understand and predict how further increases in shrub 

cover may impact plant and animal species diversity, soil biotic and abiotic conditions, as well 

as greenhouse gas exchange and its impacts on regional and global climate.  
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Appendix A – Phenology Data 
 

 

 

 

Species Event 1SC 1SW 1CC 1CW 2SC 2SW 2CC 2CW 3SC 3SW 3CC 3CW 4SC 4SW 4CC 4CW 

R. Flow er                                 

nivalis bud                       <190         

                                    

  Flow er                                 

  open                       190         

                                    

  Last petal                                 

  shed                       200         

                                    

  Senescence 210 214 218 214 222 224 220 212 210 220 220 220 208 208 206 210 

    212 214 214 214 222 226 218 220 212 220 214 214 208 212 204 208 

    212 222 222 216 220   212 212 216 218 214 220 210 214 208 210 

S. Leaf bud 190 194   <190 194 194 196 <190 <190   192 <190 <190 <190   192 

arctica burst 194 194   <190 <192 194 196 <190 <190   198 <190 <190 194   190 

            194 194 190 192 <190   190 <190   <190   192 

  First pollen   202                             

  pollen                                 

                                    

  First    202                             

  stigma                                 

                              202     

  Senescence 224 222   214 218 222 224 226 218   226 218 210 218   224 

    220 222   214 218 226 220 222 218   226 224 216 204   208 

            218 dead 218 222 212   218 222   214   218 

P. Senescence 212 218 208 208 216 212 214 220 214 222 210 216 206 220 214 212 

vahliana   214 220 214 210 214 210 214 208 212 220 206 206 210 216 206 214 

    216 222 214 214 210 206 210 216 214 214 206 216 214 214 214 214 
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5SC 5SW 5CC 5CW 6SC 6SW 6CC 6CW 7SC 7SW 7CC 7CW 8SC 8SW 8CC 8CW OC1 OC2 OC3 OC4 

          200                           <190 

                                      <190 

192                                       

          202                           <190 

                                      <190 

196                                       

          212                           196 

                                      206 

                                        

222 208 204 210 226 228 222 218 216   218 214 206 228 208 218 212 208 208 212 

226   210 216 222 228 216 216 216 218 224 212 226 210 214 212 210 208 212 202 

210 222 206 218 222 224 216 218 206 226 226 218 226 224 218 206 202 206 208 204 

194 192   <190 194 194   194 194 <190 194 <190 dead 194 194 <190 <190 <190 <190 <190 

192 194   <190 196 194   190 <190 192 192 <190 194 194 196 <190 <190   <190 <190 

  192   <190 194 194   194   <190 193 <190   194   200 <190   <190 <190 

                      194       194         

                                      <190 

                      196                 

                      194       194         

                                        

                      196                 

224 218   216 220 226   220 218 220 216 220 dead 216 222 218 204 210 216 208 

224 218   206 216 222   220 204 220 216 218 216 222 220 210 212   214 216 

  226   222 220 222   222   220 222 206   220   218 206   212 212 

206 216 208 216 216 214 208 214 210 214 212 210 214 212 218 212 206 204 208 206 

216 210 216 210 206 216 212 208 206 218 214 206 220 216 214 210 206 204 212 204 

216 216 218 210 214 206 210 206 212 218 216 220 206 216 218 212 204 212 206 208 
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Appendix B – Point Intercept Data 
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1SC 4 1 65 6 18 35 31 1 18 2 8 2 2 4    1   

1SW 13 1 48  23 21 34  9 3 4 1  2 1  1 3   

1CC 11 6 80 2 5 6 31  1 2 7   3    2 1 

1CW 5 6 89  5 2 35 2 1  3  3     1   

2SC 13 1 77 1 17 10 21 1 15  9 7 1 4 5 1  2   

2SW 9 1 86  30 4 15  5  1 26 3 2       

2CC 6 2 86 1 17 4 12  2  2 9 1 3       

2CW 5 3 89  34 2 20  5  1 16  1    1   

3SC 3 1 87  15 9 31 2 7  1 17 5 3    2   

3SW 10 3 81  5 4 32 3 3  1  2 9 2 1  5   

3CC 8 1 85 1 11 2 38 1 6 1 2 8  6    3   

3CW 9 3 62  9 26 32 1 4 2 1 3  5 2  2 2   

4SC 4 2 83  1 13 49 3 3  6  3 1 1  2 5 1 

4SW 24  73  10 4 47 2 2  2 4  3 2 1     

4CC 0 1 98   1 42 2 2  4  1 3     1 

4CW 13 2 83  25 3 30 1 1  1 11  3 1      

5SC 37 9 35 1 18 22 19 1 13  1 2 3   1     

5SW 16  73  43 6 30 1 4  1 36         

5CC 42 3 40 1 1 14 48 2 4  4    1  3  2 

5CW 11  85  56 1 22 1 5  6 40 1 1 1      

6SC 27 2 70  18 1 24  5  3 10  1       

6SW 18  79  7 1 36 2 8  1 2  2 1 1     

6CC 17 4 70  5 9 43 5 4  2  4     2 1 

6CW 23 5 71  63  28  3  4 18  2 1 1     

7SC 28 11 42  10 19 34 1 2  7 8      2   

7SW 3 1 94  40 3 24  1  4 33  1 1   1   

7CC 12 5 76  16 7 23 3 7  4 7 2  3      

7CW 28  72  27  31 1 2  1 15  1 2  1    

8SC 9 4 85  32 2 17  5  8 21 1 3       

8SW 12 7 62  16 21 28  5   7 1 3 1 1     

8CC 44 8 38  16 9 21 2 4  3 4 2   1     

8CW 13 3 82  22 2 27  4  5 17  2 3 1     

OC1 6 7 87  1  35  4   2 1 2 1      

OC2 23 2 72   3 39 1 7  8  1 2   1  1 

OC3 29 5 55  10 11 6  5  1 16 1  2      

OC4 7 1 83   5 6 30 3 6   8     8 1   1     
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Appendix C - Carbon Dioxide Exchange Data 

  Net Ecosystem Exchange 

Treatment 05-Jul 08-Jul 11-Jul 15-Jul 19-Jul 23-Jul 27-Jul 31-Jul 04-Aug 08-Aug 15-Aug 

Snow-Warmed -0.268 0.537 0.774 0.878 0.869 0.526 0.956 0.319 1.012 -0.852 0.347 

  0.282 0.309 0.607 0.324 0.789  -2.47 -0.435 -0.359 -0.826 -0.247 

  -0.479 -0.396 0.89 1.01 -1.119 0.2745 -0.45 -0.866 -0.938  -0.47 

  0.362 0.259 0.434 -0.799 0.331 0.627 -0.34 -0.783 -0.705 -0.56 0.735 

  -0.0445 0.797 0.337 -0.929 0.776 0.759 -0.386 -1.017 -0.605 -0.632 -0.415 

  0.454 0.504 0.452 -1.572 0.79 0.535 -0.863 -0.319 -0.674 -0.873 -0.54 

  0.2754 1.549 0.614 0.837 -0.448  -0.502 -0.523 1.991  -0.521 

  -0.3638 1.083 0.738 1.766 1.195 0.596 0.585 -0.573 0.771 -0.775 0.392 

Snow-Control 1.336 4.089  1.579 1.688 1.027 -0.487 -0.0663 -0.351 -0.226 -0.584 

  0.218 1.981 0.405 -2.007 0.472 -0.836 -0.791 -0.521 -1.235 -1.516 -0.351 

  -0.531 0.651 -0.395 -0.712 -1.131 -0.352 -0.853 -1.275 -0.368 1.174 -0.724 

  0.598 2.055 2.144 1.989 1.174 2.78 -0.799 -0.0752 -0.578 -0.505 -0.328 

  0.544 1.646 2.551 0.878 -0.438  0.42  -0.223 -0.522 -0.663 

  0.391 1.479 1.139 -1.048 -1.06 1.541 -1.407 -0.84 -1.297 -1.441 -0.753 

  0.2632 2.803 -0.184 -6.7479 0.3 2.422 -1.389 -0.691 0.589 -0.587 -0.989 

  -0.1578 1.566 0.327 7.09235 0.438 0.651 -0.098 -0.899 -0.666 -1.263 0.219 

Control-
Warmed -0.256 -0.829 0.3 2.79295 -0.559 -0.11 -0.525 -0.824 -0.769 -1.076 -0.623 

  -1.137 0.1885 0.181 -1.15 -0.828 -0.998 0.651 -0.454 -0.71 -0.908 -0.446 

  -0.454 -0.6022 -0.582 -1.779 -1.229 -0.999 -0.349 -1.333 -0.974 -1.63 -0.995 

  -0.773 -0.872 -0.38 -1.041 -0.949 -0.047 -0.793 -0.845 -0.871 -1.197 -0.394 

  -0.528 -0.384  -1.277 -1.287 0.403 -1.712 -1.538 -0.642 -1.883 -0.301 

  -0.7 0.73 0.772 -0.572 0.569 0.446 0.0677 -0.185 -0.34 -0.0832 0.431 

  -0.1937 -0.749 0.819 -1.039 -0.513 -0.347 -1.121 -0.722 -0.296 -0.501 0.325 

  0.3372 0.607 -0.177 -1.18 -0.286 -2.177 -1.213 -2.171 -0.612 -0.636 -0.186 

Control-Control 0.756 0.393 0.2286 -0.598 0.256 -0.271 -0.841 -0.759 -0.538 -0.943 -0.683 

  0.141 1.737 0.347  2.996 3.3 -0.233 0.55 -0.86 -1.154 -0.588 

  -0.725 -1.573 -0.385 -1.703 -0.803 0.57 -0.438 -1.385 -0.668 -1.871 -0.47 

  -0.55 -0.921 -0.379 -0.956 -0.738 -0.643 -1.087 -1.017 -0.903 -1.359 -0.957 

  -0.853 3.482 2.871 -1.379 -1.254 0.213 -0.406 -0.429 -0.54 -1.27 -1.245 

  0.228 4.497 1.489 1.295 1.092 -0.583 -1.149 -0.817 -0.685 1.552 1.327 

  -0.2739 0.629 1.606 -1.34 0.696 0.883 -0.798 -0.715 -0.439 -0.481 0.496 

  0.9596 2.78 1.935 -1.897 2.644 3.719 0.84 -0.765 -0.512 0.435 2.531 

Outside-
Control 0.2488 0.68 0.977 -1.626 0.556 -1.215 -0.763 -0.581 -0.284 -0.355 0.431 

  -0.1666 -0.571 -0.2 1.709 -0.395 -1.536 -0.703 -0.451 -0.961 -0.478 0.617 

  0.0991 1.684 0.4803 0.673 1.881 1.845 0.524 0.498 -0.705 0.38 0.269 

  0.2188 -0.554 -0.532   -0.678 -1.142 -0.992 -0.412 -0.674 -0.375 0.159 
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  Ecosystem Respiration 

Treatment 05-Jul 08-Jul 11-Jul 15-Jul 19-Jul 23-Jul 27-Jul 31-Jul 04-Aug 08-Aug 15-Aug 

Snow-Warmed 0.821 1.352 0.573 1.076 1.372 0.642 0.905 0.61 0.543 0.802 0.81 

  0.866 0.967 0.868 0.555 0.962 0.653 0.992 0.545 0.667 1.017 0.869 

  0.828 1.754 1.216 1.522 1.362 0.811 1.244 0.783 0.801 1.172 1.117 

  0.838 0.894 0.755 1.08 1.257 0.867 1.354 0.613 0.886 1.121 1.194 

  0.936 0.967 1.092 1.436 1.923 1.036 1.327 0.731 0.59 1.083 1.21 

  0.962 1.09 0.998 1.373 1.434 0.663 1.279 0.823 1.285 0.787 0.767 

  0.8618 1.217 1.215 1.042 1.127 0.73 1.252 0.728 0.687 1.018 0.978 

  1.527 1.166 1.408 1.437 1.531 1.359 1.772 1.101 0.625 1.091 1.043 

Snow-Control 0.871 1.6 0.788 1.277 0.829 0.893 1.166 0.415 0.417 0.661 0.618 

  1.457 1.352 0.96 1.076 1.27 1.246 1.432 0.776 0.629 1.028 1.121 

  0.804 1.026 0.657 0.989 0.788 0.658 1.424 0.734 0.422 0.812 1.02 

  1.309 1.795 1.222 1.419 2.405 0.801 1.839 1.398 0.879 1.043 1.287 

  0.877 0.534 0.625 1.033 1.214 0.536 1.715 0.979 0.552 0.864 1.408 

  1.552 2.004 1.257 1.597 1.805 1.303 2.153 0.879 0.703 1.472 1.335 

  0.8234 2.409 1.367 2.342 1.803 1.719 1.91 0.913 0.649 0.968 1.121 

  1.1794 1.189 1.177 2.327 1.219 0.934 2.186 0.989 0.652 0.798 1.195 

Control-
Warmed 0.804 0.913 0.802 0.886 1.257 0.885 1.009 0.533 0.483 0.535 0.759 

  0.963 1.041 0.405 0.896 0.653 0.751 1.083 0.533 0.71 1.159 1.059 

  0.828 0.952 0.917 0.967 1.248 0.975 1.564 0.824 0.565 1.188 1.044 

  0.9 1.061 0.908 1.238 1.656 0.966 1.314 0.871 0.283 0.69 0.775 

  1.09 1.086 1.159 1.739 1.907 1.075 1.764 1.367 0.782 1.38 1.299 

  1.065 1.321 1.137 1.111 1.299 0.796 1.274 0.716 0.483 0.664 0.859 

  0.95 1.145 0.942 1.106 1.475 0.765 1.521 0.818 0.648 0.859 0.905 

  1.229 1.331 1.279 1.399 1.457 1.011 1.989 1.237 0.824 1.271 1.012 

Control-Control 0.727 0.754 0.718 0.886 1.162 0.803 0.787 0.285 0.225 0.373 0.42 

  0.857 0.845 0.797 2.265 0.898 1.004 0.871 0.738 0.595 0.603 0.783 

  1.068 1.484 0.889 1.018 1.313 0.963 1.429 0.786 0.487 0.948 1.13 

  1.19 1.132 0.74 0.962 1.423 0.819 1.644 0.756 0.58 0.755 1.011 

  1.388 2.317 1.444 1.336 1.384 0.613 1.419 0.571 0.616 0.96 1.385 

  1.062 1.367 1.484 1.385 1.892 0.743 1.671 0.679 0.614 1.298 1.062 

  0.7988 1.587 1.366 1.361 1.527 1.586 1.977 0.701 0.701 1.003 1.11 

  1.0088 1.892 1.808 1.467 1.492 1.319 2.482 1.549 0.675 0.992 1.176 

Outside-Control 0.7045 1.239 1.192 1.418 1.345 1.371 1.446 0.433 0.195 0.982 0.9 

  0.8227 1.22 1.396 2.204 1.205 1.267 1.774 0.834 1.677 0.912 0.918 

  0.4377 0.825 1.076 1.576 0.986 0.909 1.44 0.805 0.374 0.656 0.681 

  0.6072 0.817 0.828   1.951 1.508 1.427 0.911 0.559 0.769 0.66 
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  Gross Primary Productivity 

Treatment 05-Jul 08-Jul 11-Jul 15-Jul 19-Jul 23-Jul 27-Jul 31-Jul 04-Aug 08-Aug 15-Aug 

Snow-Warmed -1.089 -0.815 0.201 -0.198 -0.503 -0.116 0.051 -0.610 0.469 -1.654 -0.463 

  -0.584 -0.658 -0.261 -0.231 -0.173  -0.992 -0.980 -1.026 -1.843 -1.116 

  -1.307 -2.150 -0.326 -0.512 -2.481 -0.811 -1.694 -1.649 -1.739 -1.172 -1.587 

  -0.476 -0.635 -0.321 -1.879 -0.926 -0.240 -1.694 -1.396 -1.591 -1.681 -0.459 

  -0.981 -0.170 -0.755 -2.365 -1.147 -0.277 -1.713 -1.748 -1.195 -1.715 -1.625 

  -0.508 -0.586 -0.546 -2.945 -0.644 -0.128 -2.142 -1.142 -1.959 -1.660 -1.307 

  -0.586 0.332 -0.601 -0.205 -1.575 -0.730 -1.754 -1.251 1.304 -1.018 -1.499 

  -1.891 -0.083 -0.670 0.329 -0.336 -0.763 -1.187 -1.674 0.146 -1.866 -0.651 

Snow-Control 0.465 -1.600   0.302 0.859 0.134 -1.653 -0.481 -0.768 -0.887 -1.202 

  -1.239 0.629 -0.555 -3.083 -0.798 -2.082 -2.223 -1.297 -1.864 -2.544 -1.472 

  -1.335 -1.026 -1.052 -1.701 -1.919 -1.010 -2.277 -2.009 -0.790 -0.812 -1.744 

  -0.711 0.260 0.922 0.570 -1.231 1.979 -2.638 -1.473 -1.457 -1.548 -1.615 

  -0.333 1.112 1.926 -0.155 -1.652  -1.295 -0.979 -0.775 -1.386 -2.071 

  -1.161 -0.525 -0.118 -2.645 -2.865 0.238 -3.560 -1.719 -2.000 -2.913 -2.088 

  -0.560 -2.409 -1.551 -0.228 -1.503 0.703 -3.299 -1.604 -0.060 -1.555 -2.110 

  -1.337 0.377 -0.850 -3.381 -0.781 -0.283 -2.284 -1.888 -1.318 -2.061 -0.976 

Control-
Warmed -1.060 -1.742 -0.502 -2.252 -1.816 -0.995 -1.534 -1.357 -1.252 -1.611 -1.382 

  -2.100 -0.853 -0.224 -2.046 -1.481 -1.749 -0.432 -0.987 -1.420 -2.067 -1.505 

  -1.282 -1.554 -1.499 -0.967 -2.477 -1.974 -1.913 -2.157 -1.539 -2.818 -2.039 

  -1.673 -1.933 -1.288 -2.279 -2.605 -1.013 -2.107 -1.716 -1.154 -1.887 -1.169 

  -1.618 -1.470  -3.016 -3.194 -0.672 -3.476 -2.905 -1.424 -3.263 -1.600 

  -1.765 -0.591 -0.365 -1.111 -0.730 -0.350 -1.206 -0.901 -0.823 -0.747 -0.428 

  -1.144 -1.894 -0.123 -2.145 -1.988 -1.112 -2.642 -1.540 -0.944 -1.360 -0.580 

  -0.892 -0.724 -1.456 -2.579 -1.743 -3.188 -3.202 -3.408 -1.436 -1.907 -1.198 

Control-Control 0.029 -0.361 -0.489 -1.484 -0.906 -1.074 -1.628 -1.044 -0.763 -1.316 -1.103 

  -0.716 0.892 -0.450 -2.265 2.098 2.296 -1.104 -0.738 -1.455 -1.757 -1.371 

  -1.793 -3.057 -1.274 -2.721 -2.116 -0.393 -1.867 -0.786 -1.155 -2.819 -1.600 

  -1.740 -2.053 -1.119 -1.918 -2.161 -1.462 -2.731 -0.756 -1.483 -2.114 -1.968 

  -2.241 1.165 1.427 -2.715 -2.638 -0.400 -1.825 -0.571 -1.156 -2.230 -2.630 

  -0.834 3.130 0.005 -1.385 -0.800 -1.326 -2.820 -1.496 -1.299 0.254 0.265 

  -1.073 -0.958 0.240 -2.701 -0.831 -0.703 -2.775 -1.416 -1.140 -1.484 -0.614 

  -0.049 0.888 0.127 -3.364 1.152 2.400 -2.482 -2.314 -1.187 -0.557 1.355 

Outside-Control -0.456 -0.559 -0.215 -3.044 -0.789 -2.586 -2.209 -1.014 -0.479 -1.337 -0.469 

  -0.989 -1.791 -1.596 -0.495 -1.600 -2.803 -2.477 -1.285 -2.638 -1.390 -0.301 

  -0.339 0.859 -0.596 -0.903 0.895 0.936 -0.916 -0.307 -1.079 -0.276 -0.412 

  -0.388 -1.371 -1.360   -2.629 -2.650 -2.419 -1.323 -1.233 -1.144 -0.501 
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Appendix D – Soil Moisture and Temperature Data 
 

Date 05-Jul                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 44.3 -0.1 38.7 2.9 42.9 5 41.6 3.8 47.2 5.8 

2 50.7 2.2 50.8 3.9 50.9 1.2 41.5 3.2 39.4 5.9 

3 42.7 3 45.7 3.8 42.1 3.7 38.7 5.4 33.6 5.9 

4 33.3 4.2 48.8 4.6 63.8 3.2 50 3.2 45.3 6.7 

5 61.21 6.2 43.01 5.3 33.9 4.8 37.1 2.2     

6 36.1 5.4 42.7 3.7 36.9 4.9 40.3 4.6     

7 36.6 5.8 32.7 6.5 34.8 4.1 34.4 5.7     

8 38.2 5.2 42 5.7 41.7 4.5 40 6.7     

Average 42.89 3.99 43.05 4.55 43.38 3.93 40.45 4.35 41.38 6.08 

st.dev. 9.24 2.16 5.70 1.20 9.88 1.27 4.55 1.52 6.16 0.42 

st.error 3.27 0.76 2.02 0.43 3.49 0.45 1.61 0.54 3.08 0.21 

Date 08-Jul                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 34.1 3.3 34 1.6 39.1 1.9 28.9 3.3 40 5.1 

2 37.6 2.2 36 3.9 46.6 1.6 40.8 4 29.8 6.1 

3 48.2 4.1 41.4 3.6 57.5 3.4 36.7 4 28.4 5.8 

4 38.9 3.5 38.7 4.1 48.5 3.4 55.9 5.1 38.7 5.8 

5 30.2 5.3 28.6 3.2 25.9 4.8 33.6 3.4     

6 38.1 5.4 37.3 4 33 6 23.6 6.1     

7 37.4 3.1 31.2 5.4 29.4 4.6 31.6 5.1     

8 32.9 6 30.7 5 39 4.9 37.1 4.7     

Average 37.18 4.11 34.74 3.85 39.88 3.83 36.03 4.46 34.23 5.70 

st.dev. 5.37 1.33 4.40 1.16 10.58 1.53 9.64 0.96 5.97 0.42 
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st.error 1.90 0.47 1.55 0.41 3.74 0.54 3.41 0.34 2.98 0.21 

Date 11-Jul                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 29.1 1.4 39.4 3.6 40 2.6 33.3 5 36.7 5.5 

2 44.5 3.7 38.7 3.9 36.1 2 43.6 3 42.2 4.2 

3 35.5 3.4 34 3.3 31.2 3.9 34.1 3.3 34.9 4.5 

4 36.9 4.1 21.4 4.1 39.7 3.1 56.1 2.8 35.7 4.7 

5 23.4 2.7 23.8 4.3 37.7 4.5 33.5 2.6     

6 27.9 2.9 32.5 3.7 31.6 4.2 31 4.6     

7 28.6 4.3 31.8 4.8 52.7 4.1 33.7 4.1     

8 31.4 3.6 36.3 2.1 41.9 4.1 27.1 3.6     

Average 32.16 3.26 32.24 3.73 38.86 3.56 36.55 3.63 37.38 4.73 

st.dev. 6.58 0.93 6.56 0.80 6.79 0.89 9.15 0.87 3.30 0.56 

st.error 2.33 0.33 2.32 0.28 2.40 0.32 3.23 0.31 1.65 0.28 

Date 15-Jul                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 35.8 4.3 42 4.3 34.7 3.7 39 5.3 45.4 6.9 

2 32.5 4.8 28.6 4.6 47.9 3.6 42.8 4.8 43.1 7.2 

3 38.6 4.2 26.7 4.1 35.6 4.8 38.8 5.5 31.1 7.1 

4 40.5 5 34.5 5.3 53.6 4.6 54.4 6.1 35.7 7.3 

5 42.2 6.3 51.6 4.3 28.5 5.7 38.9 5.3     

6 33.4 6 34.1 5.6 21.4 6 34 6.6     

7 26.9 7.1 35.7 6.3 40.1 6.1 42.3 6.1     

8 39.4 6.8 35.9 6.8 31.5 5.6 45 6.1     

Average 36.16 5.56 36.14 5.16 36.66 5.01 41.90 5.73 38.83 7.13 

st.dev. 5.05 1.13 7.80 1.01 10.39 0.99 6.05 0.59 6.61 0.17 

st.error 1.79 0.40 2.76 0.36 3.67 0.35 2.14 0.21 3.30 0.09 

Date 19-Jul                   
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  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 32.6 5.2 35.2 5.5 54.1 3.9 33.1 6.4 45.5 7.3 

2 39.2 5.7 24.5 5.6 47.2 4.9 33.4 4.6 29.2 7.6 

3 90.2 5.6 43.7 5.2 39.9 5.5 39.2 5.7 32 7.8 

4 45.6 6 43.6 6.1 49.8 5 54.9 5.1 28 7.6 

5 33.7 6.6 49.2 5.7 19.3 6.6 30.1 3.5     

6 24.6 7 42.7 5 32 7 35.9 7.2     

7 27.7 7.4 42.4 6.4 8.31 7.1 38.4 5.1     

8 38.5 7.5 46.2 7.3 40.1 7.5 46.5 6.3     

Average 41.51 6.38 40.94 5.85 36.34 5.94 38.94 5.49 33.68 7.58 

st.dev. 20.77 0.87 7.74 0.74 15.75 1.29 8.15 1.17 8.06 0.21 

st.error 7.34 0.31 2.74 0.26 5.57 0.46 2.88 0.41 4.03 0.10 

Date 23-Jul                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 35 5.5 23 4.6 34 5.2 41 5.7 34 6.5 

2 42 5 27 5.2 27 3.7 37 5.3 34 6.1 

3 31 5.6 23 5 38 5.4 44 5.8 33 5.7 

4 43 5.9 44 5.9 50 4.9 66 6 40 5.5 

5 33 6.5 30 4.5 12 5.2 34 3.8     

6 26 6.5 41 6.1 32 5.7 34 6.8     

7 24 4.8 30 6 45 5.6 32 5.8     

8 50 4.5 31 5.8 18 5.5 30 6     

Average 35.50 5.54 31.13 5.39 32.00 5.15 39.75 5.65 35.25 5.95 

st.dev. 8.93 0.75 7.70 0.64 12.84 0.64 11.57 0.86 3.20 0.44 

st.error 3.16 0.26 2.72 0.23 4.54 0.23 4.09 0.30 1.60 0.22 

Date 27-Jul                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
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1 37 6.1 25 6.6 55 7.2 55 7.1 56 8.8 

2 40 7.1 40 7 47 5.6 49 7.1 47 9.5 

3 36 7 53 7.3 46 6.5 37 7.9 40 9.6 

4 26 8.1 32 7.5 57 6.1 75 5.1 34 10.7 

5 45 8 37 7 23 8.7 47 6.1     

6 43 8.6 46 8.1 23 8.2 36 9.1     

7 26 8 42 8 40 9.6 55 7.8     

8 47 8.1 38 9.1 36 9 41 8.7     

Average 37.50 7.63 39.13 7.58 40.88 7.61 49.38 7.36 44.25 9.65 

st.dev. 8.02 0.82 8.49 0.80 13.02 1.47 12.69 1.32 9.46 0.79 

st.error 2.83 0.29 3.00 0.28 4.60 0.52 4.49 0.47 4.73 0.39 

Date 31-Jul                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 47.4 4.3 28.3 4.2 80.8 4.3 60 5.1 51.1 5.3 

2 54.6 4 41.3 4.5 42.4 3.6 56.9 4.4 46.6 5.4 

3 43.6 4.3 45 4.1 48 4.3 43.7 4.6 46.9 5 

4 39.4 4.8 46.3 4.7 52.3 4.2 68.8 4.7 36.1 5.5 

5 53 4.8 56.1 4.8 44.3 4 42.2 4.5     

6 39.2 5.2 29 4.7 34.5 4.6 34.9 5.5     

7 31.6 4.6 45.6 4.9 31.4 5 46 5.2     

8 41.3 5.6 39.9 5.2 47.3 4.6 37.6 5.4     

Average 43.76 4.70 41.44 4.64 47.63 4.33 48.76 4.93 45.18 5.30 

st.dev. 7.65 0.52 9.25 0.36 15.10 0.42 11.87 0.43 6.39 0.22 

st.error 2.71 0.18 3.27 0.13 5.34 0.15 4.20 0.15 3.19 0.11 

Date 04-Aug                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 56.2 1.8 61.7 2 64.9 2.3 54.6 2.6 69.4 3.1 

2 35.4 2 42.5 2.3 50.5 1.9 53.4 2.3 47.3 2.7 
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3 43.4 2.6 47.4 2.3 82.6 2.4 47.7 3 42.5 2.7 

4 46.3 3 48.7 2.3 65.8 2.2 54.1 2.3 31.2 2.8 

5 44.3 2.1 37.2 2.6 38.1 2.5 46.2 1.8     

6 45.7 2.3 42.5 3 43.2 2.9 39.3 3     

7 42.9 2.7 49.5 2.8 32.9 2.9 54.5 3     

8 49.9 2.7 52.9 2.8 55.6 2.8 40.1 2.8     

Average 45.51 2.40 47.80 2.51 54.20 2.49 48.74 2.60 47.60 2.83 

st.dev. 5.97 0.41 7.48 0.34 16.50 0.36 6.43 0.44 16.02 0.19 

st.error 2.11 0.15 2.64 0.12 5.83 0.13 2.27 0.15 8.01 0.09 

Date 08-Aug                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 30.4 1.5 34.7 1.5 76.9 1.3 59.7 1.3 61.3 3.1 

2 53.8 2.1 37.7 2 52.2 1.1 51.8 2.1 49.3 3.1 

3 39.5 2.8 45.6 2.1 65 1.9 44.6 3.3 46 3.1 

4 41.6 2.6 39.4 1.5 51.2 1.6 53.2 2.1 42.8 3.2 

5 47.7 3.3 47.2 1.6 34 2.1 42.4 1.5     

6 44.1 3.1 43.1 4.3 33 3.6 34.1 2.4     

7 37.3 4.2 40.3 3.6 34.1 3.5 54.6 2.1     

8 35.3 3 38.2 3.5 45.2 2.4 36.6 3.6     

Average 41.21 2.83 40.78 2.51 48.95 2.19 47.13 2.30 49.85 3.13 

st.dev. 7.36 0.81 4.23 1.11 15.89 0.94 9.12 0.80 8.08 0.05 

st.error 2.60 0.29 1.49 0.39 5.62 0.33 3.22 0.28 4.04 0.03 

Date 15-Aug                   

  SW SC CC CW OC 

Snowfence 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 
Moisture 

(%) Temp. (oC) 

1 58 2.3 45 2.4 62.2 2.6 63 2.7 46 4 

2 48 2.4 37.8 2.8 60 2.3 63 2.5 76 4.5 

3 53 2.8 44 2.8 54 2.8 45 3.1 45 4.2 

4 59 2.8 46 3.2 73 3 60 3 36 4.8 
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5 38 3.5 58 2.6 36 3.4 41 2.8     

6 42 3.5 46 4.5 40 3.8 44 3.9     

7 53 4 37 4.5 47 4.7 58 3.8     

8 51 3.1 45 4.6 39 3.9 31 3.3     

Average 50.25 3.05 44.85 3.43 51.40 3.31 50.63 3.14 50.75 4.38 

st.dev. 7.32 0.59 6.41 0.95 13.12 0.79 11.96 0.50 17.42 0.35 

st.error 2.59 0.21 2.27 0.33 4.64 0.28 4.23 0.18 8.71 0.18 
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Appendix E – Normalized Difference Vegetation Index Data 

NDVI Date 

Treatment 08-Jul-15 12-Jul-15 17-Jul-15 22-Jul-15 26-Jul-15 30-Jul-15 04-Aug-15 12-Aug-15 

SW -0.157 -0.069 -0.141 0.027 0.057 0.057 0.089 0.049 

  -0.125 -0.035 -0.096 0.158 0.178 0.2 0.209 0.147 

  -0.218 -0.031 -0.086 0.014 0.117 0.076 0.123 0.052 

  -0.294 0.041 -0.045 0.055 0.081 0.088 0.144 0.094 

  -0.07 0.085 0.088 0.26 0.229 0.241 0.269 0.212 

  -0.126 -0.02 -0.02 0.093 0.11 0.152 0.137 0.071 

  -0.034 0.101 0.119 0.225 0.257 0.237 0.216 0.177 

  -0.157 0.028 -0.059 0.085 0.097 0.047 0.089 0.053 

SC -0.119 -0.014 -0.065 0.078 0.057 0.079 0.103 0.042 

  -0.062 0.084 -0.022 0.134 0.125 0.103 0.146 0.103 

  -0.093 0.057 0.046 0.145 0.22 0.183 0.196 0.12 

  -0.374 0.117 0.027 0.116 0.136 0.083 0.137 0.057 

  -0.141 -0.023 -0.119 0.064 0.018 0.034 0.055 -0.018 

  -0.069 0.017 -0.026 0.097 0.159 0.184 0.183 0.104 

  -0.169 -0.035 -0.057 0.019 0.053 0.036 0.027 -0.033 

  0.015 0.165 0.083 0.185 0.25 0.186 0.292 0.224 

CC -0.139 -0.17 -0.081 0.039 0.063 0.114 0.042 0.064 

  -0.102 0.165 0.079 0.238 0.23 0.202 0.3 0.24 

  -0.075 0.105 0.064 0.144 0.239 0.198 0.22 0.145 

  -0.115 0.144 0.047 0.111 0.182 0.122 0.172 0.148 

  -0.008 -0.014 -0.077 0.048 0.016 0.045 0.025 -0.053 

  -0.007 0.077 0.045 0.155 0.189 0.194 0.197 0.104 

  -0.07 0.059 0.039 0.124 0.163 0.15 0.184 0.109 

  -0.213 -0.002 -0.107 0.023 0.043 -0.052 0.015 -0.041 

CW 0.085 0.056 0.021 0.099 0.114 0.184 0.103 0.111 

  -0.067 0.064 -0.028 0.13 0.16 0.139 0.188 0.138 

  -0.181 0.012 -0.019 0.046 0.133 0.11 0.119 0.042 

  -0.26 0.095 0.032 0.116 0.157 0.094 0.175 0.093 

  -0.157 0.184 0.224 0.323 0.297 0.342 0.282 0.24 

  -0.051 0.024 0.035 0.15 0.164 0.168 0.207 0.123 

  0.038 0.122 0.122 0.18 0.187 0.156 0.167 0.107 

  -0.028 0.139 0.101 0.161 0.189 0.109 0.163 0.11 

OC -0.029 0.095 0.023 0.091 0.146 0.1 -0.009 0.057 

  0.004 0.106 0.038 0.117 0.156 0.044 0.091 0.053 

  -0.111 0.037 0.003 0.097 0.131 0.025 0.062 0.027 

  0.017 0.11 0.072 0.153 0.187 0.116 0.12 0.103 

 

 


