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Abstract 
 

 The response of vegetation to climate change and permafrost disturbance was 

studied at the Cape Bounty Arctic Watershed Observatory (CBAWO) on Melville Island, 

Nunavut.  Climate change is expected to alter the terrestrial ecosystem of this area and 

cause non-linear responses.  This study focussed on two predicted outcomes of climate 

change in the western Canadian High Arctic: the occurrence of a permafrost disturbance 

termed active layer detachments (ALDs), and increased air temperature and precipitation.   

To study the effects of ALD formation twenty 1 m2 plots were established within 

two ALDs.  One ALD (ALD05) was formed in July 2007 and represented the initial 

impact of slope failure caused by an exceptionally warm year.  The other (ALD04) was 

formed at least sixty years ago and represented the long-term impact of slope failure.  

Physical soil measurements and vegetation surveys were completed in both disturbances.   

ALD formation creates depressions on the landscape that increase snow 

accumulation.  Snow accumulation was greater in the more recent ALD than in the older 

one and this resulted in greater changes to the physical environment.  Vegetation was not 

significantly impacted by disturbance, although phenology was delayed due to snowcover 

retention. 

To study the effects of increased air temperature and precipitation an International 

Tundra Experiment (ITEX) site was established at CBAWO in July 2008.  Snow fences 

and open-top chambers (OTC) were erected to increase snow accumulation and air 

temperature.  Physical soil measurements and vegetation surveys were completed through 

the summer of 2009.  Soil temperature and active layer depth were affected by snow and 

phenology was delayed in plots with snow enhancement.  Experimental warming also had 
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some effects on the parameters measured but only in conjunction with snow 

enhancement.  This study found that in the first year of experimentation snow 

enhancement has a greater effect than increased air temperature. 

 These studies represent the beginning of two long-term projects at CBAWO and 

the results from this study represent baseline data for future research.  Continued 

monitoring will show the evolution of vegetation in the ALDs and the potential long-term 

effects of temperature and snow manipulation. 
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Chapter 1: Introduction 

The Canadian High Arctic is a dynamic region that will be especially sensitive to 

future climate change (ACIA, 2005).  General circulation models show that Arctic air 

temperatures will increase at almost twice the average global rate and that certain areas 

could experience up to 20% more precipitation (Anisimov et al., 1997; ACIA, 2005; 

Bowden et al., 2008).  This could trigger feedback cycles that amplify the original 

changes.  For example, plant growth in this area is currently limited by nutrient supply 

which is indirectly linked to temperature and moisture (Svoboda and Henry, 1987).  As a 

result, climate change will likely have a strong impact on the current High Arctic land 

cover (Svoboda and Henry, 1987).  Changes to the terrestrial land cover will affect the 

surface energy balance and the rate of biogeochemical cycling.  This in turn could cause a 

release of carbon and other greenhouse gases, important contributors to the progression of 

climate change (Peikle et al., 2002).  There is evidence that climate change has already 

begun to impact the Arctic.  Warmer temperatures have allowed a northward expansion of 

trees and shrubs and changes to High Arctic ecosystem functions (Hinzman et al., 2005; 

Hudson and Henry, 2009).  It is difficult to accurately predict the outcome of future 

climate change because systems often have non-linear responses to change (Lewkowicz 

and Harris, 2005).  The response of the terrestrial biotic environment is also difficult to 

predict because plant species react individually to changes (Henry and Molau, 1997).  

Further study is therefore needed in order to understand the effects of future changes in 

Arctic climate on the local vegetation.  

Future climate change will have both direct and indirect effects on Arctic 

landscapes.  The High Arctic is underlain by continuous permafrost which is presently in 
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thermal equilibrium (Anisimov et al., 1997).  Projected increased air temperatures in this 

region are expected to disrupt the soil energy equilibrium and affect permafrost stability 

(Jorgenson and Osterkamp, 2005).  Permafrost instability can result in slope failures such 

as active layer detachments (ALDs).  It is commonly accepted that these disturbances 

form due to ground ice melting and that their occurrence and extent will increase with 

future climate change in the western Canadian High Arctic (Lantz et al., 2009).  Physical 

disturbances like ALDs create a heterogenous landscape with different niches and optima 

available for colonizing vegetation (Lantz et al., 2009).  Two ALDs, one less than two 

years old and one greater than sixty, were studied at the Cape Bounty Arctic Watershed 

Observatory (CBAWO) on Melville Island, Nunavut.  Plots were established and 

monitored both within and adjacent to the studied ALDs to represent disturbed and 

control conditions, respectively.  Within these plots physical measures of the environment 

as well as species-level vegetation surveys were completed through the growing season.  

Phenology was also monitored in these locations during this time.  Understanding the 

relationships between the biotic and abiotic environment in the studied ALDs is important 

to the general knowledge about the effect of these disturbances.  This will become 

increasingly important as the effects of climate change become more pronounced in the 

High Arctic.  Furthermore, these relationships can be used as a baseline to investigate the 

future effects of climate change on the formation and subsequent recovery of landscapes 

impacted by ALDs at CBAWO. 

Climate change will also have direct impacts on the vegetation in stable High 

Arctic landscapes that are not affected by ALD formation.  High Arctic vegetation is most 

strongly limited by nutrient supply, which is a result of cool temperatures and low of 
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moisture.  Alterations to these conditions could greatly impact plant growth and tundra 

community composition (Svoboda and Henry, 1987).  Arctic tundra communities are 

amenable to plot level studies, and experimental manipulation of climate variables has 

been successful in the past.  The International Tundra Experiment (ITEX) has been 

created to provide standard protocols for the experimental manipulation of climate 

variables in vegetation studies.  A network of researcher-maintained alpine and polar sites 

follow the ITEX design in their studies of the effect of climate change on plants and 

ecosystems (Henry and Molau, 1997).  The standardization of these studies allows 

compilation of data and observations to give a pan-Arctic view of climate change.  It is 

important to understand how climate change may affect vegetation and the effects these 

changes may have.  It has been theorized that changes to landcover could represent 

important feedback cycles that increase the progression of climate change (Peikle et al., 

2002).  An ITEX site with experimental warming and snow enhancement was established 

at CBAWO in 2008.  This site has a novel design combining the manipulation of these 

variables and represents the first ITEX site in the western Canadian High Arctic.  The 

fourth chapter of this thesis explains the importance of this site, and preliminary results 

from the first year of experimentation.  This represents an important baseline for what 

will be a long-term ongoing study. 

This thesis has three main objectives: 

1. Determine the initial effects of ALDs on tundra plant communities at the Cape 

Bounty Arctic Watershed Observatory (CBAWO) on Melville Island, Nunavut. 
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2. Determine the potential recovery of vegetation from the ALDs disturbance by 

comparing vegetation in the recent ALDs with older detachments in the landscape 

with the intact tundra. 

3. Determine the initial effects of experimental warming and snow manipulations on 

tundra vegetation at CBAWO. 

Future climate change will greatly impact the High Arctic and may result in many 

non-linear changes (ACIA, 2005; IPCC, 2007).  Vegetation will respond on a species by 

species basis, and will both affect and be affected by the abiotic environment (Henry and 

Molau, 1997).  In addition to change in climate, physical disturbances like ALDs are 

predicted to increase in frequency and magnitude (Lantz et al., 2009).  Due to the 

differences from the eastern High Arctic, where most of the research has been focussed, 

studying the effects of these changes in the western High Arctic represents an important 

knowledge gap.  As well, Arctic plant communities change slowly, so the effects that 

have been observed are probably transient responses (Wahren et al., 2005).  Therefore 

long-term studies are vital in order to fully understand the complexities of the effects of 

climate change and physical disturbance on ecosystem dynamics.  This study represents 

the foundation of this type of research at CBAWO on Melville Island. 
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Chapter 2: Literature Review 

2.1. Introduction 

As climate change progresses, high latitude locations are expected to be most 

strongly affected (ACIA, 2005).  This chapter provides an overview of Arctic climate 

change literature, in particular as it is related to surface instability and vegetative 

response.  In the High Arctic the predicted warmer temperatures and greater precipitation 

are expected to result in increased permafrost degradation (Anisimov et al., 1997; Walker 

et al., 2003).  Permafrost thawing and ground ice melting will likely result in larger, more 

frequent thaw slumps in the western Canadian High Arctic.  Climatic and physical 

disturbances will strongly affect terrestrial ecosystems and will alter habitat conditions to 

favour new growth optima (Dormann et al., 2004).  Currently, High Arctic vegetation is 

strongly limited by nutrient limitations caused by low temperatures and a lack of moisture 

through the growing season (Svoboda and Henry, 1987).  Climate change could decrease 

these limitations and affect plant community composition and growth (Henry and Molau, 

1997; Walker et al., 2003).  These processes will result in a changing land cover in the 

High Arctic.  Land cover changes affect the surface energy balance and biogeochemical 

cycling and will affect the progression of global climate change (Peikle et al., 2002).  

Understanding how the land cover will be affected by climatic and physical disturbances 

in the High Arctic is therefore an important component for the comprehensive 

understanding of the global climate system. 
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2.2. Climate Change 

Global climate change is occurring at unprecedented rates, and is expected to be 

especially severe at high latitudes (ACIA, 2005).  General circulation models have 

predicted that climate change will generate significant changes to air temperature and 

precipitation patterns in the Arctic (Anisimov et al., 1997; Huscroft, 2004).  Air 

temperature in the Arctic is projected to increase at almost twice the global average, and 

increases in precipitation of up to 20% are expected (Figure 2.1; ACIA, 2005; Bowden et 

al., 2008).  These changes will affect soil nutrient cycling, permafrost distribution and 

active layer depth, and vegetation composition and growth (Arft, 1999; Svoboda and 

Henry, 1987).  This will have serious effects on the composition and function of 

terrestrial ecosystems in the Arctic.  The exact nature of these effects is unknown, as plant 

species respond individually to environmental changes, and the nature of climate change 

itself is unknown (Henry and Molau, 1997).  In the near future the High Arctic will likely 

experience a more variable climate with substantial regional variations.  The climate in 

this area will be dependent upon local controls such as topography, vegetation, and soils 

(Henry and Molau, 1997; Hinzman et al., 2005).  Despite regional differences, overall the 

High Arctic will experience warmer winters with more precipitation in the next 10-30 

years (IPCC, 2007).  Change to the abiotic environment will affect the biota and result in 

significant changes to the vegetation composition and community structure (Lantz et al., 

2009). 
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Figure 2.1: Results from several models analyzed by the IPCC showing changes in global air temperature 

and precipitation for boreal winter and summer (top and bottom respectively).  Note the high increases 

predicted in the Arctic for both parameters, especially in winter months (IPCC, 2007). 
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2.2.1. Temperature 

General circulation models predict that Arctic temperatures will continue to rise in 

the future (ACIA, 2005; Walker et al., 2006).  In some regions, local temperatures have 

been found to increase at a rate of 0.5°C /decade, and this rate could be increasing (ACIA, 

2005; Dormann and Woodin, 2002).  This warming is expected to be especially severe in 

the winter months (ACIA, 2005).  Winter temperatures have risen about 3-4°C in Alaska 

and Western Canada in the past 50 years, and there could be an additional warming of 4-

7°C within the next century (ACIA, 2005).  Changes in air temperature are important 

because it is a direct control on many ecosystem processes (Wahren et al., 2005).  For 

example, lower temperatures can limit photosynthesis, slow soil nutrient mineralization, 

and decrease litter decomposition.  Dormann and Woodin (2002) conducted a meta-

analysis of Arctic studies in which abiotic factors were manipulated to determine 

vegetative responses.  They found that nutrient addition and temperature enhancement 

significantly affected plant physiology and reproduction.  They further concluded that the 

production of biomass by grasses and deciduous and evergreen shrubs was especially 

sensitive to temperature enhancement. 

Arctic soils are underlain by permafrost and are completely frozen for a majority of 

the year.  The active layer, the zone of seasonal thaw at the surface of the permafrost, is 

usually less than a metre deep in the High Arctic, while the permafrost can extend to 

several hundred metres below ground (Woo, 1983).  The thermal regime of the active 

layer is strongly linked to the local atmosphere through the surface energy balance 

(Zhang and Stamnes, 1998).  Warmer air temperature will increase the temperature of the 

soil and create a thicker active layer.  These changes will bring about important impacts 
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on the geomorphology, biology, and hydrology in the Arctic (Anisimov et al., 1997).  

Warmer soils could result in increased decomposition and nutrient cycling, which would 

be extremely important in nutrient limited Arctic ecosystems (Dormann and Woodin, 

2002; Marion et al., 1997).  Dormann and Woodin (2002) found that increased nutrient 

availability through fertilizer addition studies produced the greatest response from 

vegetation.  Plants, and especially grasses, reacted to fertilization with greater biomass 

production and a greater reproductive effort.  Increased soil temperature and nutrient 

availability will trigger changes to plant phenology, growth rate, and community biomass 

(Dormann and Woodin, 2002; Henry and Molau, 1997).  Some plant species will be able 

to take advantage of increased nutrient availability more effectively and this in 

combination with changes to soil temperature will create a shift in plant community 

composition (Henry and Molau, 1997).  In addition, confounding factors such as 

increased shading by taller plants or decreased litter quality and more recalcitrant material 

in the soil could counteract the initial increases in growth (Henry and Molau, 1997).   

 

2.2.2. Precipitation 

The High Arctic is governed by a nival flow regime, and snowmelt is essential to 

the region’s hydrology (Woo, 1983).  Snow is the dominant form of precipitation in the 

High Arctic, accounting for 70-88% of the annual precipitation (Pryzbylak, 2000).  A 

20% increase in precipitation is expected throughout the Arctic and the amount of snow 

received in the western High Arctic is expected to increase with future climate change.  

(IPCC, 2007).  The High Arctic is cold and frozen for most of the year and experiences 

little rainfall, though most climate models predict more summer rain in the future (IPCC, 
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2007).  As well, this increase in precipitation will occur in conjunction with warmer 

winters, which usually bring more snow at the poles (Walsh et al., 1997).  Finally, in the 

near future a more variable climate including more snowfall events in the autumn and 

spring is expected in the High Arctic (Henry and Molau, 1997).  Higher snowfall is 

important because in High Arctic polar desert ecosystems snowmelt often constitutes an 

important source of water for vegetation as it melts through the growing season (Svoboda 

and Henry, 1987).   

Despite more snowfall in the winter months, there has been ongoing and substantial 

decreases in snow covered areas throughout the Arctic.  Decreases of snow cover of about 

10% have been noted in the past three decades and an additional 10-20% reduction is 

expected by 2070 throughout the Canadian Arctic (ACIA, 2005; Dormann and Woodin, 

2002).  This could greatly affect the surface energy balance, as snow cover increases 

surface albedo.  Snow cover losses will result in changes to the soil energy balance and 

biogeochemical processes (Litaor et al., 2008; Wahren et al., 2005).  Increased absorption 

of solar radiation by exposed soils could result in increased soil microbial activity, and 

faster soil nutrient cycling.  This could have a profound effect on the growth and diversity 

of Arctic vegetation, which is also strongly limited by nutrient availability (Wahren et al., 

2005).  The timing of snowmelt is also important to vegetation.  The greatest reduction of 

snow cover is expected to occur in spring and could trigger larger spring runoff events 

(ACIA, 2005; Wahren et al., 2005).  The date of snowmelt is a strong control on plant 

phenology, and earlier snowmelt could result in a longer growing season (Henry and 

Molau, 1997).   
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2.2.3. Climate effects on Arctic vegetation 

Climate change could greatly impact terrestrial ecosystems in the Arctic (Walker et 

al., 2006).  Cool weather and dry soils are two of the main limitations to plant growth in 

the High Arctic and both of these conditions could be affected by climate change 

(Svoboda and Henry, 1987).  Projected increases in temperature will change ecosystem 

properties that affect plant growth such as permafrost depth, local water balance and 

nutrient fluxes (ACIA, 2005; Marion et al., 1997).  Unless there is a rapid spring melt 

before the active layer develops, greater snowfall in the winter will provide more 

moisture to the local ecosystem through the growing season (Wahren et al., 2005).  

Snowfall also affects soil temperature and nutrient flux, as well as the surrounding 

microclimate, and has been theorized to be a more important change than temperature 

enhancement (Wahren et al., 2005).  Warmer temperatures can affect plant growth more 

directly by lengthening the growing season and influencing plant phenology, morphology, 

and productivity (Dormann and Woodin, 2002; Hinzman et al., 2005).  Phenology is very 

sensitive to the climate and responds quickly to change (Cleland et al., 2007).  Plants will 

respond individually to these changes, potentially establishing new dominant species and 

changes in land cover (Henry and Molau, 1997).  A number of studies have used 

greenhouses to experimentally warm 1 m2 plots of Arctic tundra to determine the effect of 

increased temperature on plant growth (Arft, 1999; Walker et al., 2006).  They found that 

no general outcome applied to all growth forms, but that forbs and graminoids responded 

the most strongly to manipulated temperatures.  Graminoids showed increased leaf 

growth in response to warming. 
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2.2.4. Observed changes to Arctic systems 

Climate change could remove abiotic barriers such as temperature and moisture 

restrictions in the Arctic and allow some species to expand their geographic distribution 

(Lantz et al., 2009).  The present vegetation has already begun to show some of these 

effects.  There have been noted reductions in non-vascular diversity and abundance, 

which could be important in Arctic communities dominated by this type of vegetation 

(Hudson and Henry, 2009; Walker et al., 2006).  Arctic plant communities change slowly, 

so the effects that have been observed are probably transient responses (Wahren et al., 

2005).  As climate change continues, these responses will change or become amplified as 

the biota adjusts to new abiotic conditions.  There have been two large-scale ecosystem 

changes reported throughout the Arctic: a northward expansion of tree line; and an 

increase in the shrub cover in tundra systems (Hudson and Henry, 2009; Wahren et al., 

2005; Walker et al., 2006).  Based on the experimental warming results in other 

communities, a shift from polar desert to tundra communities could also reasonably be 

expected in the future.  Though local conditions will constrain the changes, this could 

represent significant future alterations to Arctic landcover (ACIA, 2005). If this 

continues, climate change could cause polar desert ecosystems to be replaced by tundra, 

which would be replaced by shrub land, which would then become forested (ACIA, 

2005).  However, these changes are limited by local factors such as soil development and 

nutrient availability, which will slow and or constrain these changes (ACIA, 2005).  
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2.2.5. Future changes to the High Arctic 

Plant growth in the High Arctic is limited by temperature and moisture availability, 

but may also be limited by soil nutrient availability, lack of soil development, and lower 

species diversity (Walker et al., 2006).  It could be slower to respond to climate change 

than other locations like the Low Arctic but the impacts on vegetation will be just as 

severe.  High Arctic plant succession is governed by environmental resistance and 

biological driving forces.  Climate change could reduce limitations such as a short 

growing season, cool summers, and limited moisture availability (Svoboda and Henry, 

1987).  This could result in a change in succession controls, causing biological driving 

forces such as plant growth rates, reproductive success, and vegetation vigour to become 

the drivers of succession (Svoboda and Henry, 1987).   

Vegetation in the High Arctic has historically become established because of 

adaptations to severe conditions.  In polar desert environments, forbs are most abundant 

due to their ability to miniaturize and survive in extreme conditions.  However these 

species are rare in more productive ecosystems because they cannot effectively compete 

with other species (Hudson and Henry, 2009; Svoboda and Henry, 1987).  Climate 

change could alter the High Arctic environment, reducing environmental resistance to 

species expansion into this region. This would introduce new competitive stresses and 

could change the composition of existing plant communities (Dormann et al., 2004; 

Svoboda and Henry, 1987).  For example, the introduction of taller species such as shrubs 

can shade and suppress the growth of shade-intolerant shorter plants (Dormann et al., 

2002).  The introduction of new species could also increase competition for limited 
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resources (Dormann et al., 2004).  As a result, climate change is expected to alter the 

composition of High Arctic plant communities. 

The resultant land cover change could affect the surface albedo and the surface 

energy balance.  Peikle et al. (2002) found that land cover change could be just as 

important to the progression of global climate change as the atmospheric concentration of 

greenhouse gases.  Chapin et al. (2005) calculated that shrub and tree expansion could 

cause a two to seven fold increase in atmospheric temperature.  A shift in Arctic 

vegetation to more productive species could increase carbon uptake in this region.  It 

could also alter the effects of vegetation on the surface and the soil column.  Altered 

vegetation composition will create a different quality and quantity of leaf litter, thereby 

changing the soil nutrient cycle.  The establishment of taller plants like shrubs could 

provide shade and insulate soils by establishing a thicker canopy, thicker organic layers 

within the soil, and trapping more snow in the winter (Sturm et al, 2001; Wahren et al., 

2005; Walker et al., 2003).  These plants could also decrease the surface albedo and 

change the surface energy balance.  Changes to this equilibrium could affect the stability 

of long-term soil carbon stores in tundra ecosystems and may result in significant releases 

of carbon into the atmosphere (ACIA, 2005; Arft, 1999).   

 

2.3. Natural disturbance 

Natural ecosystems are constantly changing, in part due to disturbances to the 

environment.  A disturbance is defined as “a relatively discrete event in time that disrupts 

the ecosystem, community or population structure and changes the resources, substrate 

available, or physical environment” (White and Pickett, 1985).  These processes 
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contribute to maintaining biological diversity in ecosystems (Darwin, 1860). Landslides 

are an important physical disturbance in the High Arctic, often occurring after there has 

been some change in the thermal equilibrium of the soil and underlying permafrost.  As a 

result, landslide occurrence in the Arctic is strongly affected by global climate change 

(ACIA, 2005).  Landslides are currently small but widespread in the western Canadian 

High Arctic (Lantz et al., 2009).  However, changes in this region have already caused a 

noted increase in landslide frequency and aerial extent.  As climate change progresses 

these disturbances are expected to become increasingly important on the High Arctic 

landscape (Lantz et al., 2009; Lamoureux and Lafrenière, 2009). 

 

2.3.1. Landslides in permafrost environments 

Landslides are a rotational or translational movement of material down a slope.  

Landslides in permafrost regions take many forms such as retrogressive thaw slumps, 

active layer detachments (ALDs), and mudflows (Burn and Friele, 1989; Varnes, 1978).  

The exact triggering mechanism of these disturbances is unknown but is typically related 

to permafrost warming and thawing (Lewkowicz and Harris, 2005).  Active layer 

detachments (ALDs) are thaw slumps that can be classified as translational landslides.  

These slumps occur during the summer months and are thought to be caused by the 

thawing of shallow, ice-rich permafrost (Lewkowicz and Harris, 2005; Nelson et al., 

2002).  Melting of ground ice and permafrost decrease the shear strength of the soil and 

the surface becomes unstable (Burn and Friele, 1989; Lamoureux and Lafrenière, 2009).  

The existence of large ice formations within the soil can precondition an area to be 

especially vulnerable to slumping (Lewkowicz and Harris, 2005).   
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2.3.2. Landslide triggers 

Most landslides in permafrost environments have been related to a change in the 

surface energy balance followed by a deepening of the active layer and a melting of 

ground ice (Lambert, 1972).  The development of the active layer is affected by 

environmental controls such as air temperature, timing of snow cover and melt, snow 

depth, local vegetation, soil water or ice content, the thermal properties of the soil, and 

the thickness of the surface organic layer (Anisimov et al., 1997; Ling and Zhang, 2003).  

Changes to these controls will affect active layer depth and thawing of permafrost.  The 

controls are mainly affected by two processes: climate change; and, disturbance to surface 

conditions (Osterkamp et al., 2009).   

 

2.3.3. Impacts of climate change on Arctic landslides 

Climate can play an important role in the development of landslides in permafrost 

regions. Climate change is expected to be severe in the Arctic, with increased temperature 

and precipitation.  An increase in air temperature as small as 1°C could affect the current 

distribution of permafrost, while a 2°C-4°C change could cause an estimated loss of 24-

28% of current Arctic permafrost (Anisimov et al., 1997; Jorgenson and Osterkamp, 

2005).  Greater precipitation, as both rain and snow, could also impact the soil thermal 

regime (Burn, 2000).  Lambert (1972) found that mudflows near Aklavik in the 

Northwest Territories were related to prolonged, unusually heavy rain events.  Climate 

change in the Arctic is also expected to affect the recurrence interval of landslide triggers 

such as very warm summer periods, rainstorms (Lamoureux and Lafrenière, 2009), or 
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forest fires south of the tree line (Lewkowicz and Harris, 2005).  The impact of climate 

change on permafrost will be heterogeneous through the Arctic, as it is controlled by local 

soil, vegetation, and snow conditions (Jorgenson et al., 2001).   

 

2.3.4. Impact of surface conditions 

The surface energy balance in permafrost regions is governed by a number of 

energy fluxes, as seen in Figure 2.2 (Hinzman et al., 1998).  As a result, the soil thermal 

equilibrium is strongly affected by surface conditions (Jorgenson and Osterkamp, 2005).  

Near-surface permafrost affects the vegetation and the accumulation of soil organic 

matter in the upper layers of the soil column.  The soil thermal regime is also affected by 

the depth and density of local snow cover, changes in active layer depth, and the 

accumulation of ground ice (Jorgenson and Osterkamp, 2005; Osterkamp, 2009).  Of 

these controls, vegetation is of special note due to its dynamic behaviour, relatively rapid 

response to disturbance and sensitivity to future climate change.  Vegetative cover 

influences the thermal regime of the soil, decreasing the amount of direct solar radiation 

absorption and changing the soil moisture regime by influencing infiltration rates 

(Lambert, 1972).  It also increases the surface roughness of an area and can act to increase 

snow accumulation (Burn and Friele, 1989).  Lambert (1972) found that removal of 

vegetative cover in an area resulted in rapid melting of the permafrost below. 
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Figure 2.2: The surface energy balance in a permafrost environment (Hinzman et al., 1998).  This 

simplified diagram helps to illustrate the complexities associated with the energy fluxes in this 

environment. 
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2.3.5. Morphology of Active Layer Detachments 

Most landslides have three physical areas: a slip face or scar zone at the top of the 

slide; an extension zone with a gentle slope; and a depositional or compression zone at 

the toe (Figure 2.3; Walker and Shiels, 2008).  Active layer detachments have a steep, 

vertical headwall that is composed of ice-rich permafrost and exposed ground ice 

(Bartleman et al., 2001; Lantuit and Pollard, 2005).  This headwall moves backwards as 

the exposed ice melts and material falls onto the slump floor (Bartleman et al., 2001; 

Burn, 2000).  Surface material is sheared from this area, leaving headwall material and 

remnant islands of vegetation imposed upon a matrix of newly exposed mineral soil 

(Burn, 2000).  A mass of displaced vegetation and sediment accumulates in the toe of the 

ALD (Lantuit and Pollard, 2007).  The result of an ALD is usually a relatively shallow, 

elongated slide whose length exceeds its width by a factor of 3-5 (Lantuit and Pollard, 

2007).  The orientation of an ALD on the landscape depends on a number of factors, such 

as topography, location of ground ice, and the nature of surface sediments (Lewkowicz 

and Harris, 2005). 

Permafrost in the slump floor will continue to thaw until the slump stabilizes and a 

new thermal regime is established (Burn and Friele, 1989; Burn, 2000; Huscroft et al., 

2004).  Active layer depth increases with distance from the headwall (Figure 2.4).  

Retrogressive expansion of the ALD will continue until all of the ground ice in the 

headwall has been melted or the wall becomes insulated by slumped debris (Burn, 2000).  

As the wall retreats, surface material and vegetation fall into the ALD.  Vegetation can 

hold together surface material, decrease erosion to its rooting depth, and slow its collapse 
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over the headwall (Cammeraat et al., 2005; Lambert, 1972; Walker and Shiels, 2008).  

Overhanging vegetation can insulate the headwall and reduce further retreat. 
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Figure 2.3: Example of an ALD from Fosheim Peninsula (Desforges, 2000). 
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Figure 2.4: Profile of the permafrost level in a thaw slump.   Note the cumulative thawing that has 
occurred since the headwall regressed past each point towards the right of the diagram (Burn, 2000) 
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2.3.6. Vegetation succession within disturbances  

Physical disturbances in the Arctic such as ALDs have been called “dynamic focal 

points”.  Landslides create a heterogeneous landscape with new micro-habitats, clear 

away competitive species, expose mineral soil, and provide an opportunity for plant re-

colonization (Geertsema and Pojar, 2007).  Conditions within ALDs exhibit strong spatio-

temporal variation.  For example, increasing active layer depth can increase drainage and 

lead to a drying of disturbed soils (Lloyd, 2003).  At the same time, the headwall provides 

melt water to adjacent soils, and can maintain saturated soils until it is stabilized 

(Bartleman et al., 2001; Lambert, 1972).  This is a relatively short-term process but ALDs 

come to equilibrium in a different stable state than the surrounding, undisturbed terrain 

(Lantz et al., 2009).  This alternate state can have long-term effects on the abiotic and 

biotic processes occurring both within and around the disturbed area (Lantz et al., 2009).  

The physical environment created by a landslide allows species with different physical 

requirements and optima to thrive on the disturbed surface (Geertsema and Pojar, 2007).  

In tropical environments, the available resources and lack of competitors on landslides 

allow the establishment of alien species, to the detriment of native vegetation (Restrepo et 

al., 2003).  As climate changes, the newly exposed substrates within Arctic disturbances 

could prove important for plant colonization and the expansion of the geographic range of 

some plants (Lantz et al., 2009). 

In the High Arctic, the frequency and intensity of ALDs affect plant richness and 

create new areas of primary and secondary succession (Forbes and Jefferies, 1999; 

Lambert, 1972).  Erosion and deposition within ALDs can reset plant succession and 
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create a heterogeneous distribution of surviving vegetation (Geertsema and Pojar, 2007). 

Mudflows and stripping of surface material can further create areas of completely bare 

mineral soils where primary succession will occur (Lambert, 1972).  Eroded surface 

material containing soil nutrients and a seed bank is then deposited in other areas of the 

ALD (Bussmann et al., 2008; Forbes and Jefferies, 1999).  Intact vegetation can also 

move intact one area to another, forming islands of high abundance (Ohl and Bussmann, 

2004).  Surviving vegetation exerts a strong control on plant community development 

within High Arctic disturbances (Forbes and Jefferies, 1999).  These depositional patterns 

will affect the secondary succession occurring within the disturbance.   

The re-vegetation of surfaces that have been stripped to bare soil is known as 

primary succession.  Erosion of surface material removes competitive vegetation and 

allows other species the opportunity to become established (Lewis, 1998).  For this 

reason, small-scale disturbances could be critical for many arctic plants that reproduce by 

seeds (Gartner, 1986).  The most successful pioneer species within ALDs grow quickly 

and produce large quantities of seeds (Forbes and Jefferies, 1999).  These seeds must find 

safe sites within the disturbance where conditions are favourable for germination (Forbes 

and Jefferies, 1999).  As a result, plants require stability within the ALD before they can 

become established and further erosion could reset successional progress (Forbes and 

Jefferies, 1999).  However, once pioneer species become established, they affect the 

physical environment within the disturbance and could facilitate the establishment of later 

species (Lantz et al., 2009; Svoboda and Henry, 1987). 

Secondary succession occurs where there has been deposition of material and plants 

within the ALD.  Once the surface has stabilized, seeds in buried seed banks can 
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germinate and contribute to the revegetation of the ALD (Walker et al., 1996).  Plants can 

also reproduce asexually and spread out laterally from around the edges of the ALD and 

from rafted islands within the disturbance, though this process can be spatially limited 

(Bussmann et al., 2008; Forbes and Jefferies, 1999).  Rafted islands of vegetation are 

important sources of seeds, seedlings, and mycorrhizal inoculants, which can greatly 

enhance plant growth (Lantz et al., 2009).  Surviving vegetation, especially cushion 

plants and cryptograms, can act as nurse plants, sheltering other species and creating a 

favourable environment for growth and later successional series (Forbes and Jefferies, 

1999).  In Arctic disturbances, secondary succession is often a lengthy process that 

involves many different stages (Lambert, 1972).  Succession in disturbances is dynamic 

and may not result in a return to the original plant community (Ebersole, 1987). 

 

2.3.7. Consequences of plant recovery in ALDs 

Within a landslide, the two greatest challenges to the establishment of vegetation are 

soil instability and infertility (Walker and Shiels, 2008).  However, these limitations 

become less important as vegetation becomes established within the ALD.  Plants 

decrease erosion to their rooting depth and increasing plant cover positively influences 

soil stability within ALDs (Cammeraat et al., 2005; Walker and Shiels, 2008).  Erosion 

within a landslide scar varies over time and space, with the most wasting occurring soon 

after the initial failure (Cammeraat et al., 2005).  This movement limits the establishment 

of vegetation and the development of soil structure.  Burn and Friele (1989) found that in 

the Yukon soil development began in the first 10 years after permafrost degradation 

caused a failure.  However, the chemical weathering of soils only occurred after an 



 26 

organic horizon was developed in the failure.  As a result, after 40-50 years the soils on 

the landslide were still immature.  In the High Arctic, soil development could be even 

more delayed, resulting in long-term changes to the ecology of ALDs (Svoboda and 

Henry, 1987). 

 Vegetative cover influences the soil thermal regime by decreasing the amount of 

direct solar radiation and changing soil infiltration rates (Lambert, 1972).  Burn and Friele 

(1989) found that ground surface temperatures were significantly different in a disturbed 

and non-disturbed environment before the plant community was re-established.  The 

recovery of vegetation in that area was then found to be directly related to the refreezing 

of the soil and permafrost aggradation, and the stability of the disturbance (Burn and 

Friele, 1989). Vegetation also increases the surface roughness of a disturbed surface and 

can act to increase the accumulation of snow in this area (Burn and Friele, 1989).  Snow 

can act as an important insulator and control on the winter near-surface soil temperature 

regime (Burn, 2000; Ling and Zhang, 2003).  Osterkamp et al. (2009) found that 

thermokarst depressions filled with snow over the winter had warmer soil temperatures 

than adjacent, undisturbed areas with less snow cover.  

In the Arctic disturbances like ALDs are important to maintaining biodiversity.  

Active layer detachments create many new micro-habitats and change the existing plant 

community (Geertsema and Pojar, 2007).  This allows species with different optima and 

growth habits to thrive where they may have otherwise been outcompeted (Lewis, 1998).  

Lloyd et al. (2003) found that deeper active layer depths such as those in ALDs were 

related to the establishment of taller plant species.  In the Low Arctic Lantz et al. (2009) 

discovered that permafrost thaw disturbances were dominated by shrubs, which were 
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much less common on undisturbed soils.  They hypothesized that the shrub-rich 

community was maintained by repeated slumping within the disturbed areas.  In the High 

Arctic, permafrost thaw disturbances have higher plant seedling densities and larger seed 

banks within than similar, undisturbed sites (Forbes and Jefferies, 1999).  In many areas 

ALDs become important sources of novel, productive seeds and seedlings on the Arctic 

terrain (Lantz et al., 2009).  

 

2.4. Conclusions 

Climate change will substantially impact the High Arctic and result in changes that 

will contribute to global change (ACIA, 2005).  These changes are already being 

observed in the form of higher air temperatures and increased precipitation (Huscroft, 

2004; IPCC, 2007).  One major physical consequence of these trends is the thawing of 

permafrost and the increasing frequency and size of ALDs in the western Canadian Arctic 

(Lantz et al., 2009).  These large-scale trends will both affect, and be affected by, local 

conditions such as vegetation.  It is therefore important to understand the linkages 

between climate change, permafrost disruption, and vegetation.  Very few long-term 

scientific records are available for the High Arctic (Henry and Molau, 1997).  

Establishing long-term monitoring studies now will create baseline measurements and 

contribute to future climate change forecasts.  Experimental manipulations of climatic 

variable such as precipitation and temperature can show results in a shorter time period.  

Examining ALDs of different ages could show the progression of revegetation on these 

disturbances.  Establishing observational studies on recent ALDs allows for direct, long-

term measurements, which will be important to the understanding of climate change. 
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Chapter 3: Vegetation changes associated with recent and historical ALD activity 

3.1. Abstract 

The effect of active layer detachments (ALDs) on High Arctic vegetation was 

studied in 2009 at the Cape Bounty Arctic Watershed Observatory on Melville Island, 

Nunavut.  Two ALDs of differing ages were studied to determine the short- and long-

term impact of disturbance.  A new disturbance, ALD05, was formed in 2007 and 

represents the initial response of vegetation to disturbance.  A disturbance that was 

formed prior to 1950, ALD04, represented the long term response of vegetation in a 

recovering disturbance. 

The physical environment was significantly affected by the recent ALD 

formation.  The depression created by ALD05 significantly increased snow cover 

duration, which resulted in cooler soils and shallower active layer depths during summer.  

These differences relative to the controls were not seen in ALD04 which was a much less 

pronounced depression on the terrain and did not significantly increase snowcover 

duration.  Soil nutrient concentrations also increased but only in ALD05.  The mineral 

slump floor of ALD05 had higher concentrations of measured soil nutrients, especially in 

the late season.  The only aspect of the physical environment that was not affected by 

either disturbance was soil moisture. High rainfall in late July 2009 overwhelmed any 

disturbance effect. 

Though the physical environment was impacted, disturbance did not significantly 

affect plant community measures.  The only significant differences found in this study 

were the result of spatial effects.  Quantitative measures of five plant species within the 

disturbances found that the growth of some species responded to disturbance.  However, 
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not all species responded to disturbance, nor did they respond similarly, indicating 

individualistic response to disturbance.  Plant phenology did respond to ALD formation 

in all observed species.  Leaf bud burst occurred significantly later in both disturbances 

relative to the surrounding undisturbed plots.  The delay in leaf out was greater in ALD05 

than in ALD04, and was inferred to be the result of persistent snowcover. 

These results show that ALDs have a greater impact on the physical environment 

in their first two years of formation than after sixty or more years.  Disturbance impacted 

plant phenology and the growth of some species but did not significantly alter plant 

community composition.  Continued monitoring of the disturbances is important to 

understand the evolution of plant communities within ALDs between two and sixty years 

of age. 

 

3.2. Introduction 

The effects of climate change are expected be felt strongly in the High Arctic, an 

area underlain by continuous permafrost and subject to key land surface, snow and ice 

radiative feedbacks.  The expected increases in air temperatures and precipitation are 

likely to disrupt the current soil equilibrium, resulting in changes to permafrost depth and 

stability (Anisimov et al., 1997).  Higher air temperatures will lead to a thickening of the 

active layer, or, in some cases, a complete thawing of the permafrost (Lawrence and 

Slater, 2005).  Thawing permafrost has the potential to release a large amount of carbon 

into the atmosphere, and cause localized surface instability (Schuur et al., 2007).  Greater 

precipitation could also increase soil temperatures and contribute to permafrost thaw 

(Huscroft et al., 2004).  Precipitation also increases pore pressure within the soil, and 
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decreases shear strength, rendering slopes more vulnerable to failure (Lewkowicz and 

Harris, 2005). In the High Arctic, translational landslides called active layer detachments 

(ALDs) occur over melting permafrost and can grow retrogressively for decades before 

stabilizing (Burn, 2000).   

The geomorphology of ALDs is complex, with areas ranging from bare ground to 

densely vegetated areas occurring within the same detachment.  Individual species can 

take advantage of the different environments within the slump, and re-colonization can 

occur from the edges of the slump or from intact islands of vegetation within the slumped 

area (Ohl and Bussman, 2004).  The extent to which disturbance could impact vegetation 

through physical disruption of plant and root systems, alteration of soil moisture, and 

continued instability and erosion of soil and plant material remains poorly understood and 

represents a major focus of this research. During this study, the immediate impact on 

vegetation was studied in a large detachment that formed in the summer of 2007 within 

the West watershed at the Cape Bounty Arctic Watershed Observatory (CBAWO), 

Melville Island, Nunavut.  Physical properties of the disturbed and adjacent undisturbed 

control areas were measured, and vegetation was surveyed and observed through the 2009 

growing season in order to investigate the short-term response of High Arctic vegetation 

to physical disturbances like ALDs.  

With age ALDs stabilize, and their physical environment changes.  Also, Arctic 

plant communities evolve slowly, and can take decades to respond to changes (Wahren et 

al., 2005).  As a result, the short-term effects on disturbed vegetation could be transient 

responses that change with time after the initial disturbance (Wahren et al., 2005).  The 

recovery of vegetation over time was therefore the second main focus of this study.  The 
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long-term plant response after ALD formation was evaluated by examining an ALD at 

CBAWO that, based on aerial photographs, experienced a similar slope failure more than 

sixty years ago.  The same physical and vegetation measures employed at the recent ALD 

were also completed within and adjacent to this disturbance (to represent disturbed and 

control conditions, respectively).  These measurements were used to investigate the long 

term effect of ALD formation in comparison to undisturbed High Arctic tundra.  The data 

from both disturbances were also used to compare the short- and long-term effects this 

type of disturbance has on vegetation composition and structure.  This information 

provides key insights into the impact of surface disturbances in this region, as ALD are 

predicted to increase in size and frequency over the High Arctic as climate change 

progresses (Lantz et al., 2009; Lamoureux and Lafrenière, 2009). 

 

3.3. Study Area 

The Cape Bounty Arctic Watershed Observatory (CBAWO) is located on the south-

central coast of Melville Island, Nunavut (74°55’ N, 109°35’ W, Figure 3.1).  This island 

is in the western Canadian High Arctic, a region characterized by long cold winters and a 

short, cool melting season.  The surface is underlain by continuous permafrost and the 

active layer is usually confined to within the upper 1 m of the surface material (Woo, 

1983). The bedrock consists of the Ordovician Griper Bay Formation, composed mostly 

of siliceous sedimentary material overlain by Quaternary glacial and fine-grained marine 

sediment (Hodgson et al., 1984). The vegetation is characterized as a prostrate dwarf-

shrub tundra and contains mesic areas dominated by Salix arctica and wetlands 

dominated by sedges (Edlund and Alt, 1989).  Vegetation is sparse in this area and 
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consists mostly of non-vascular species.  Vascular species account for only 5-25% of the 

vegetation at CBAWO and are mainly found in sheltered areas that receive snowmelt 

water (Walker et al., 2002).  Summer precipitation is limited, so the contribution of 

snowmelt water is very important to the system. 

Exceptional summer temperatures and moderate intensity rainfall during 2007 

resulted in the formation of widespread active layer detachments (ALD) in the West 

watershed at CBAWO (Lamoureux and Lafrenière, 2009) (Figure 3.2).  These ALD 

moved downslope, entraining soil and vegetation and leaving areas of newly exposed soil 

and parent material.  The ALDs range from 10 to 650 m in length, with some exceeding 

100 m in width over a range of landscape and vegetation types.  The landscape at Cape 

Bounty continues to be unstable, with slope failures increasing in size and number during 

the 2008 and 2009 melt seasons. Collectively, the ALDs (as of August 1, 2008) cover 3% 

of the West watershed and have generated a significant increase in sediment erosion and 

transport in the late season when low flows typically occur in creeks draining the 

watersheds (Lamoureux and Lafrenière, 2009).
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Figure 3.1: Topographic map of the East and West watersheds of the CBAWO, showing 2007 and 2008 active layer 
detachments (ALD).  There are ten vegetation plots at each ALD study site and 32 plots at the International Tundra 
Experiment (ITEX) site.  Inset is the location of Cape Bounty within the Canadian Arctic Islands.  
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Figure 3.2: The West watershed at CBAWO showing the ALD and ITEX study sites.  
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3.4. Methods 

3.4.1. Meteorological data 

 Three meteorological stations were established at CBAWO in 2003 and 

maintained through 2009.  Data from MainMet were not downloaded in 2009 so 2009 

meteorological data from WestMet were used for this study (Figure 3.1).  Shielded air 

temperature was measured at WestMet with a Humirel HTM2500 sensor mounted 1.5 m 

above the ground (3% accuracy).  Precipitation was measured with a Davis industrial 

tipping bucket gauge (0.2 mm tip). 

 

3.4.2. Active layer survey 

Active layer depth was measured systematically with a steel probe through the 

summer (Figure 3.3).  Broader active layer depth was determined by measuring active 

layer depth at every 10 m along 100 m transects located within and adjacent to the studied 

ALDs.  Two transects were within and adjacent to ALD05 (New), while ALD04 

(Recovered) had only one transect within and two adjacent to the disturbance (Figure 

3.3).  Active layer depth was also measured at four points corresponding to each side of 

the 1 m2 study plots.  These measurements were taken bi-weekly in June and weekly in 

July 2009.  
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Figure 3.3: Detailed map of the ALD study area, with location of sample plots and active layer transects 

indicated.  ALD05 was formed in 2007 and ALD04 was formed more than 50 years ago. 
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3.4.3. Soil moisture and temperature 

Soil moisture and temperature were measured manually using an E.S.I 

MoisturePoint MP917 time domain reflectometry (TDR) system.  Soil was measured to 

10 cm depth at each plot through the months of June and July, the main growing season 

of vegetation at Cape Bounty.  One point was measured at all of the control sites and two 

points (one on high vegetated ground and one low on exposed parent material) were 

measured at the experimental (disturbed) sites.  Measurements were taken at 

approximately the same time of day (±1 hour) to avoid diurnal effects and both ALDs 

were measured each time.  Temperature was measured using a hand-held soil 

thermometer.   

 

3.4.4. Vegetation measurements 

 Plots were established toward the head of each ALD within the fractured blocks of 

vegetated soils.  Surrounding undisturbed areas indicate that the area used to be 

characterized as mesic tundra.  Mesic tundra is defined at CBAWO as mid-moisture areas 

with a very thin organic layer and some bare patches of mineral soil.  Vegetation is mixed 

(graminoids, forbs, bryophytes, and one woody species, Salix arctica) and there is 

significant non-vascular cover.  Mosses make up the majority of the plant biomass by 

weight and volume in these areas.  Five 1 m2 plots were established in each of four 

separate areas: new control (NC, adjacent to ALD05), newly disturbed (ND, within 

ALD05), recovered control (RC, adjacent to ALD04), and recovered disturbed (RD, 

within ALD04) (see Figure 3.3).  Pairs of plots were located around the edges of the two 

disturbances toward the head scarp.  The exception to this sampling pattern was the fifth 
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pair of plots in ALD04, which were located adjacent to a soil temperature monitoring 

station (10, 20, 50 cm depth).  The vegetation and disturbance type where this pair was 

located were visually comparable to all other plots.  Disturbed plots were located closer to 

the edges of the ALD than the middle due to access limitations. 

Vegetation at each 1 m2 plot was measured non-destructively using the ITEX point-

intercept method using a 10 cm grid for a total of 100 points (Henry and Molau, 1997) 

(summary data in Appendix B).  Plants were identified to the species level and the height 

of each pin hit was recorded.  These surveys were completed soon after snowmelt and in 

late July during peak growing season.   

Individual plants were tagged and their growth and phenology were monitored 

through the 2009 field season according to ITEX protocols (Henry and Molau, 1997).  

Three species were selected due to their presence at most of the plots within both ALDs: 

1. Ranunculus nivalis  

2. Potentilla vahliana  

3. Salix arctica 

Where possible, three individuals of each species were monitored within each plot.  The 

entire plant was monitored.  Quantitative measurements were also taken at peak growing 

season in late July of these species and the grass species Luzula arctica at all sites.  Plants 

were measured in accordance with published ITEX protocols (Henry and Molau, 1997; 

Molau and Molgaard, 1996).   

 

3.4.5. Soil nutrients 

Passive ion exchange membranes probes (Western Ad PRS Probes) were inserted 

into the plots to determine the availability of ions in the soil.  Four anion and four cation 
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probes were installed on a diagonal across the plot at 30 cm intervals.  These were 

removed and replaced at mid season to give early and late season measurements.  The 

probes were inserted into four of the five plots in each condition.  Probes were also placed 

in four locations adjacent to disturbed (ND) plots on the bare clay soil.  Unused probes 

were analyzed in the laboratory to determine the background level of ions present.  When 

the background levels of individual ions accounted for more than 15% of the total 

concentration of the deployed probes, the ion data was excluded from further analysis.  

For example, ammonium and nitrate (NH4 and NO3) levels on blank samples accounted 

for between 20-35% of the results seen and therefore this data was not analyzed further.  

The ions analyzed in this study were: calcium, iron, magnesium, manganese, potassium, 

and phosphorus.  Phosphorus concentrations were below laboratory method detection 

level for 2-3 of the 4 measurements taken in the RC, RD, NC, ND, and Clay plots for the 

late season and were excluded from analysis.  Concentrations of manganese were too low 

in the late season ND condition and were also excluded from statistical analysis.  

 

3.4.6. Data Analyses 

The data were analyzed using the PASW 18 statistical package to determine the 

significance of disturbance on the environmental and plant data collected.  Active layer 

depth, soil moisture and soil temperature data were collected through the season and were 

analyzed with mixed model repeated measures ANOVAs.  Missing soil moisture data 

points were filled in with the mean for that condition in six instances.  This had no effect 

on the ANOVA results and resulted in identical N values for all conditions.  Nutrient data 

were analyzed with one-way ANOVAs and post-hoc Tukey tests.  Point frame data were 
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used to determine richness, mean canopy height and cover for each plot.  Shannon and 

Simpson diversity indices and the Pielou evenness index were also computed from these 

data (Smith and Wilson, 1996).  These results were analyzed with one-way ANOVAs 

because they were not repeated measurements.  Post-hoc Tukey tests were performed for 

all analyses to determine how each measure was affected by disturbance.  For this 

analysis, differences between the NC and RC conditions were only relevant when spatial 

differences were important.  The differences between controls and disturbed plots in 

different disturbance (i.e.: RC and ND or NC and RD) were not relevant to this study, and 

these comparisons were not included. 

 

3.5. Results 

3.5.1. Meteorological conditions of 2009 

The summer of 2009 was cool at CBAWO, with air temperatures ranging between 

roughly 0°C to 10°C during the growing season (Figure 3.4).  Precipitation is limited in 

this area, as seen during the early season.  The summer of 2009 was unique in that a high 

volume of precipitation was received in late July, which is normally a very dry time of 

year in the High Arctic.  

 

3.5.2. Soil Temperature 

Soil temperature was measured at each plot through the growing season and data 

were averaged for each plot in the same condition (Figure 3.5). Results showed that the 

soil temperature in each condition followed essentially the same pattern, increasing 

through June before reaching a maximum in early to mid July.  The disturbed condition 
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represented in Figure 3.4 refers to measurements taken on the high, intact vegetated 

islands within each plot in the ALDs.  Measurements were also taken on the slump floor 

adjacent to, or within cracks within each disturbed plot (Figure 3.6; Table 3.1).  The 

greatest difference in temperature within the ALD was seen in the ALD05, where the bare 

soil was cooler than the vegetated islands for most of the season (Figure 3.6).   

From an ANOVA analysis it was found that no difference in soil temperatures 

existed between the control and disturbed plots of both ALD04 and ALD05.  However, 

the low exposed parent material in ALD05 was significantly colder than all other 

conditions, including those measured in the ND plots (Table 3.1).  

 

3.5.3. Soil Moisture 

 Volumetric soil moisture was measured in the top 10 cm concurrently with soil 

temperature measurements at each plot (Figure 3.7).  There was no strong seasonal trend 

evident in any of the plot conditions.  A mixed model repeated measures ANOVA 

indicated that there were no significant differences within the data (Table 3.1) and post-

hoc Tukey tests confirmed that disturbance had no significant effect on soil moisture.  

This could be due in part to the high volume of precipitation received in late July in 2009, 

normally a dry period in this location (Figure 3.7).  Measurements ended earlier than soil 

temperature because of failure of the instrument. 

 

3.5.4. Active Layer Depth 

Active layer was measured at four points at each plot through the 2009 field season 

and averaged for each disturbance type (Figure 3.8).  Data analyses showed significant 
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differences between the study’s disturbed and control conditions (Table 3.1).  Post hoc 

Tukey tests showed that plots within the NC condition had a significantly deeper active 

layer than the plots within the ALD05.  There was no significant difference between 

control and disturbed plots in the Recovered disturbance. 

Active layer transects located within and around the ALDs to characterize large 

scale variations in active layer were conducted (Figure 3.9).  Fewer measurements were 

done within the new disturbance due to access and safety issues.  Active layer depth in 

ALD04 was not significantly different from the control (Table 3.1), but active layer was 

significantly deeper around ALD05 than within it (Figure 3.9). 
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Figure 3.4: Daily precipitation and air temperature recorded at WestMet (Figure 3.1) at CBAWO for the 
growing season of 2009. 
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Figure 3.5: Soil temperature at 10 cm depth for each condition in the New and Recovered ALDs.  Error 

bars represent one standard deviation.
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Figure 3.6: Soil temperature at 10 cm depth for the New disturbance.  Temperature was measured in plots 

adjacent to the disturbance (Control), on intact vegetated islands within the disturbance (Disturbed-High), 

and on the slump floor (Disturbed-Low).  Error bars represent one standard deviation. 
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Table 3.1: Descriptive statistics and results of one-way repeated measures ANOVA for physical soil 

measurements in the ALD conditions.  Significant p values for each one-way ANOVA are indicated in bold 

font. 

 

Measure Condition N Mean 

Standard 

Deviation ANOVA 

Soil Temperature 

(°C) 

RC 5 4.64 0.93 F(5,24) = 8.82, p < 0.01, Partial 

η2 = 0.65 RD High 5 4.69 0.95 

 RD Low 5 5.27 1.61  

      

 NC 5 5.14 0.95  

 ND High 5 3.49 1.16  

 ND Low 5 2.77 2.39  

      

Volumetric Soil 

Moisture (%) 

RC 5 30.0 3.92 F(5,24) = 0.57, p = 0.724, 

Partial η2 = 0.11 RD  5 37.5 7.19 

      

 NC 5 34.9 4.39  

 ND  5 41.0 7.25  

      

Active Layer 

Depth – Plot (cm) 

RC 5 38.0 14.1 F(3,16) = 5.21, p = 0.01, Partial 

η2 = 0.49 RD 5 34.5 17.0 

      

 NC 5 42.0 11.5  

 ND 5 34.5 15.4  

      

Active Layer 

Depth – 

Transects (cm) 

RC 2 52.9 5.75 F(1,2) = 7.85, p = 0.22, Partial 

η2 = 0.89 RD 1 44.9 9.30 

     

 NC 2 52.1 4.67 F(1,2) = 533, p < 0.01, Partial η2 

= 0.996  ND 2 36.6 7.51 
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Figure 3.7: Soil moisture measurements for each condition in the New (ALD05) and Recovered (ALD04) 

ALDs.  Error bars represent one standard deviation. 
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Figure 3.8: Active layer profile for the four ALD conditions in 2009.  Error bars represent one 

standard deviation.
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Figure 3.9: Mean active layer depths along 100 m transects for control and disturbed conditions in a) the 

Recovered ALD, and b) the New ALD.  Error bars represent one standard deviation. Fewer measurements 

were completed within the disturbances due to access issues. 
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3.5.5. Soil Nutrients 

The active layer disturbances change the soil structure and could result in changes to 

its available nutrients and solutes.  The two macronutrients measured by the ion exchange 

membranes, phosphorus and potassium, did not show significant differences between 

conditions (Table 3.2).  However there were significant differences in the concentration 

of measured micronutrients (calcium, iron, magnesium and manganese) in the soils of the 

different conditions.  Post hoc Tukey tests were used to determine which conditions 

caused these significant results.  No differences in soil micronutrient concentrations were 

found between the plots in or around ALD04 or between early and late season 

measurements.  A similar lack of response was noted in ALD05, except that the 

concentrations of calcium and magnesium were significantly lower in ND than NC in the 

late season  (Table 3.2).  However there were significant differences between these 

conditions and the bare clay, in both the early and late seasons.  It was found that the bare 

clay had significantly higher concentrations of the micronutrients than the other 

conditions. 

 

3.5.6. Plot Based Vegetation Measurements 

A one-way ANOVA was used to determine the effect of disturbance on the 

following plot-level measures of vegetation: average canopy height, species richness, leaf 

area index, the Shannon index, the Pielou index, and the Simpson index. The Shannon 

index measures the number and evenness of species present, the Pielou estimates species 

evenness based on the Shannon Index, and the Simpson Index also measures diversity, 

but with less emphasis on rare species (Smith and Wilson, 1996).  Two measures were 
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found to have significant differences between conditions: species richness and average 

canopy height (Table 3.3).  Post-hoc tests showed that species richness differed 

significantly between the plots at ALD04 and ALD05, with a greater number of species at 

ALD05 (Table 3.3).  This difference was present in the disturbed and control plots, 

indicating spatial differences in vegetation at each location explained the differences, 

rather than a disturbance effect. Post-hoc tests were also performed on average canopy 

height and revealed that average canopy height was significantly greater in the RD 

condition than in the control and disturbed conditions at ALD05 (Table 3.3).  These 

results show spatial differences in vegetation height are amplified by the occurrence of 

disturbance. 
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Table 3.2: Concentrations of soil nutrients in the studied ALDs.  The growing season was separated into 

two time periods, early (1, 25/06/2008-17/07/2008) and late (2, 17/07/2008-09/08/2008).  Clay indicates 

newly exposed bare substrate within the New ALD. 

Species Condition N Mean Std. Deviation ANOVA Results 
Ca RC 1 4 738.55 193.54 F(9,29) = 11.7, p < 0.01 
 RD 1 4 982.85 229.93  
 NC 1 4 811.55 151.49  
 ND 1 4 681.60 182.83  
 Clay 1 4 1455.65 122.76  
 RC 2 4 708.30 308.67  
 RD 2 4 550.00 248.33  
 NC 2 4 1036.20 144.46  
 ND 2 4 511.05 131.68  
 Clay 2 3 1632.73 290.73  
Fe RC 1 4 6.90 3.44 F(9,29) = 5.24, p < 0.01 
 RD 1 4 22.35 27.45  
 NC 1 4 8.35 4.86  
 ND 1 4 6.20 2.72  
 Clay 1 4 70.85 28.55  
 RC 2 4 16.90 21.16  
 RD 2 4 7.85 6.22  
 NC 2 4 9.90 5.66  
 ND 2 4 3.65 1.15  
 Clay 2 3 128.53 108.26  
Mn RC 1 4 1.8 0.63 F(8,31) = 5.49, p < 0.01 
 RD 1 4 19.8 23.09  
 NC 1 4 1.65 1.84  
 ND 1 3 1.67 0.50  
 Clay 1 4 186.35 96.49  
 RC 2 3 5.53 7.51  
 RD 2 4 4.35 5.23  
 NC 2 3 0.73 0.23  
 ND 2 1 N/A N/A  
 Clay 2 3 202.73 190.1  
Mg RC 1 4 569.85 119.19 F(9,29) = 6.61, p < 0.01 
 RD 1 4 681.55 95.88  
 NC 1 4 631.25 169.05  
 ND 1 4 469.25 148.61  
 Clay 1 4 833.85 62.42  
 RC 2 4 480.60 176.94  
 RD 2 4 380.85 131.68  
 NC 2 4 741.80 204.20  
 ND 2 4 314.45 105.40  
 Clay 2 3 831.87 83.64  
P RC 1 4 1.85 1.23 F(5,22) = 1.23, p = 0.34 
 RD 1 4 7.25 8.96  
 NC 1 4 1.05 0.44  
 ND 1 3 0.80 0.53  
 Clay 1 4 0.65 0.19  
 RC 2 2 N/A N/A  
 RD 2 4 3.95 6.17  
 NC 2 2 N/A N/A  
 ND 2 1 N/A N/A  
 Clay 2 2 N/A N/A  
K RC 1 4 56.90 29.55 F(9,29) = 1.91, p = 0.09 
 RD 1 4 60.20 24.95  
 NC 1 4 40.10 0.76  
 ND 1 4 44.60 10.85  
 Clay 1 4 40.80 7.06  
 RC 2 4 86.75 33.77  
 RD 2 4 55.15 17.92  
 NC 2 4 53.90 12.88  
 ND 2 4 38.00 4.90  
 Clay 2 3 69.33 42.40  
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Table 3.3: Descriptive statistics and ANOVA results for the vegetation measures taken at the ALDs.  

Significant p values for each one-way ANOVA are indicated in bold font. 

 

Measure Condition N Mean 

Std. 

Deviation ANOVA Results 

      

Richness RC 5 11.00 1.41 F(3,16) = 9.49, p < 0.01 

 RD 5 10.00 2.92  

 NC 5 18.00 1.87  

 ND 5 16.40 4.34  

Cover RC 5 0.26 0.07 F(3,16) = 4.48, p = 0.70 

 RD 5 0.32 0.07  

 NC 5 0.32 0.10  

 ND 5 0.30 0.08  

Shannon 

Index 

RC 5 1.23 0.34 F(3,16) = 2.70, p = 0.08 

RD 5 1.09 0.38  

 NC 5 1.52 0.18  

 ND 5 1.54 0.27  

Pielou 

Index 

RC 5 0.51 0.14 F(3,16) = 0.59, p = 0.63 

RD 5 0.47 0.11  

 NC 5 0.53 0.07  

 ND 5 0.56 0.12  

Simpson 

Index 

RC 5 0.18 0.07 F(3,16) = 2.12, p =0.14 

RD 5 0.29 0.14  

 NC 5 0.18 0.05  

 ND 5 0.16 0.06  

Canopy 

Height (cm) 

RC 5 1.06 0.26 F(3,16) = 5.18, p = 0.01 

RD 5 1.41 0.33  

 NC 5 0.84 0.20  

 ND 5 0.85 0.23  
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3.5.7. Phenology 

3.5.7.1. Qualitative Measures 

Snow-free dates in the control condition at both ALDs was estimated 

conservatively as  these locations were free of snow prior to arrival in the field, and so the 

recorded date (Day 160) represents the latest possible date of snow removal(Table 3.4).  It 

is likely an underestimate and means that the differences seen were likely more 

substantial than reported. This lack of more specific data means that statistical analysis 

was not possible for this measure. However it can be seen that the plots within the 

disturbances became snow-free later than the control plots, and that the difference is 

greater with the ND plots than the RD plots.  

 Species found in all plots include Ranunculus nivalis, Potentilla vahliana, and 

Salix arctica (Appendix B).  Significant differences were noted in the ANOVAs 

performed for the timing of leaf bud burst in P. vahliana, R. nivalis, and S. arctica (Table 

3.4).  Post hoc Tukey tests showed that the control conditions had significantly earlier 

greening of all of these species than the associated disturbed sites (RC and RD, NC and 

ND).  These statistical tests also showed the S. arctica experienced significantly earlier 

leaf bud burst in the RD condition than the ND condition.  
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Table 3.4: Descriptive statistics and one-way ANOVA results for the ALD phenology data.  Bold p values 

represent significant differences between conditions for that measure. 

 

Species 

Phenological 

event Condition N Mean 

Std. 

Deviation ANOVA results 

       

N/A Snow-free date RC 5 160 0.00  

  RD 5 167 5.98  

  NC 5 160 0.00  

  ND 5 170 8.43  

P. vahliana Leaf bud burst RC 10 165 3.73 F(3,44) = 15.14, p < 0.01 

  RD 12 171 4.10  

  NC 13 164 2.20  

  ND 13 174 6.54  

R. nivalis Leaf bud burst RC 10 165 2.79 F(3,41) = 8.51, p < 0.01 

  RD 9 171 4.06  

  NC 10 166 0.99  

  ND 16 173 6.52  

S. arctica Leaf bud burst RC 14 164 2.71 F(3,38) = 21.97, p < 0.01 

  RD 12 167 4.85  

  NC 10 163 1.77  

  ND 6 178 6.51  
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3.5.7.2. Quantitative Measures 

Quantitative measures of selected plants were completed in mid-July 2009.  The 

species measured were the same as those monitored for phenology, as well as a rush 

(Luzula arctica) that was present at all sites.  The measurements taken were of leaf height 

and width, flower height when present, and catkin height for S. arctica when present.  

One-way ANOVAs were performed to determine where the significant differences in 

measured values existed, and post-hoc Tukey tests were used to determine which 

conditions differed (Table 3.5).  For S. arctica, it was found that leaf length was 

significantly affected by disturbance (Table 3.5).  Further tests showed that S. arctica 

leaves were significantly longer in the RD condition than the RC and ND plots.  The 

inflorescence height and leaf length of L. arctica were also significantly affected by 

disturbance.  There were significantly shorter inflorescences in ALD04 than in the 

associated control plots.  The RD condition also resulted in leaves that were significantly 

shorter than in the ND condition.  The R. nivalis measured within the ND plots had 

significantly wider leaves than those in the NC condition, while P. vahliana showed no 

significant differences in leaf dimensions (length and width) for any conditions. 
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Table 3.5: Descriptive statistics and one-way ANOVA results for the quantitative vegetation measures 

completed at the ALDs.  Significant results for the ANOVA are shown in bold font. 

 

Species Measured Condition N Mean 
Std. 

Deviation ANOVA Results 
       

Salix 
arctica Catkin length RC 12 9.17 9.04 F(3,30) = 2.66, p =0.07 
  RD 10 16.90 14.93  
  NC 9 3.44 3.54  
  ND 3 12.33 12.74  
       
 Leaf length RC 35 2.26 0.40 F(3,103) = 15.62, p < 0.01 
  RD 33 2.66 0.41  
  NC 30 1.96 0.45  
  ND 9 2.21 0.23  
       
Luzula 
arctica Inflorescence 

height 
RC 7 6.26 2.07 F(3,29) = 6.26, p < 0.01 

 RD 6 3.30 1.65  
  NC 9 5.54 1.08  
  ND 11 4.16 0.98  
       
 Leaf length RC 22 1.59 0.33 F(3,113) = 3.98, p = 0.01 
  RD 17 1.41 0.35  
  NC 41 1.58 0.36  
  ND 37 1.76 0.41  
       
Potentilla 
vahliana Leaf width RC 22 1.26 0.29 F(3,104) = 0.64, p = 0.59 
  RD 25 1.16 0.42  
  NC 37 1.18 0.26  
  ND 24 1.14 0.30  
       
 Leaf length RC 22 0.85 0.16 F(3,104) = 0.09, p = 0.97 
  RD 25 0.82 0.33  
  NC 37 0.83 0.18  
  ND 24 0.85 0.27  
       
Ranunculus 
nivalis Leaf length RC 22 0.85 0.26 F(3,88) = 6.09, p < 0.01 
  RD 19 1.03 0.27  
  NC 17 0.96 0.34  
  ND 34 1.22 0.37  
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3.6. Discussion 

Active layer detachments are common in the western Canadian High Arctic and are 

expected to increase in size and frequency with future climate change (Desforges, 2000; 

Lantz et al., 2009).  These disturbances impact the physical and biological environment 

immediately (Bowden et al., 2008; Lamoureux and Lafrenière, 2009), and the 

consequences of these impacts are potentially long lasting and dynamic.  After they are 

formed, ALDs evolve and reach a stable state that is often different from the surrounding, 

undisturbed terrain (Lantz et al., 2009).  As a result, it is important to consider both the 

short- and long-term effects of ALD formation.  A new (ALD05, formed during 2007) 

and a recovered (ALD04, formed before 1950) ALD were studied at CBAWO to 

determine the short and long term effects of these disturbances on the landscape and the 

vegetation composition.   

 

3.6.1. Physical impacts of ALD formation 

The formation of ALDs impacts the physical environment immediately, and the 

effects continue to be felt.  However these effects change as the ALD stabilizes and 

vegetation responds to the new equilibrium (Burn and Friele, 1989). The recovery of 

vegetation within landslides like ALDs is primarily controlled by abiotic factors such as 

soil stability and infertility (Walker and Shiels, 2008).  The abiotic environment is in turn 

affected by vegetation as plants become established and the landcover changes.  In order 

to understand the effect of disturbance on tundra ecosystems, it is therefore important to 

understand the physical environment immediately after ALD formation and how it 

changes over time. 
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The formation of ALDs largely removes surficial material and creates a 

depression on the landscape (Burn, 2000).  This affected the soil thermal balance, and 

impacted soil temperature and active layer depth (Table 3.1).  These impacts were greater 

in the new disturbance (ALD05) than the recovered disturbance (ALD04).  The soil 

temperatures were not significantly different between the control and disturbed plots of 

the old disturbance (ALD04), but the bare clay matrix in ALD05 was found to be 

significantly cooler than all other measurements, which was reflected in reduced active 

layer depth.  Like soil temperature, measurements within ALD05 were significantly 

different from the associated controls while there was no difference in the ALD04 control 

and disturbed sites.  Though the effect was stronger in ALD05, active layer development 

was delayed in both ALDs.  For example, the control plots at both ALDs reached an 

active layer depth of 20 cm approximately eight days before the disturbed condition.  

These differences are dampened later in the season, when active layer depths become 

similar across conditions.  

These differences are due to a greater accumulation of snow within the 

depressions formed by the ALDs (Osterkamp et al., 2009).  Though the snow water 

equivalence was not calculated for the two ALDs studied, the plots within each 

disturbance remained covered in snow longer than the associated controls.  Many of the 

control plots became snowfree prior to arrival at Cape Bounty in 2009. As a result, the 

differences in snowcover duration between control and disturbed plots are likely greater 

than reported.  The snow within ALD05 insulated the ground and delayed the warming of 

the newly exposed surface, although this effect was not seen in ALD04 where the 

duration of snow cover, soil temperature, and active layer depth was not significantly 
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affected.  This implies that the changes to the soil thermal equilibrium seen in ALD05 are 

transient and will diminish within decades. 

In addition to the altered soil thermal equilibrium, ALD formation changes the 

physical structure of the soil (Burn and Friele, 1989).  Surface material is eroded and 

moved downslope, resulting in rafted islands of vegetation surrounded by a matrix of bare 

mineral soil (Burn, 2000).  The removal of organic matter has been found to affect the 

quality of soils within disturbances, and soil infertility is a major limitation of plant 

succession in landslides (Walker and Shiels, 2008).  The removal of surface material 

could be especially important in the Arctic where soil development is extremely slow and 

immature soils have been found in disturbances that have been stabilized for fifty years 

(Burn and Friele, 1989).  Passive ion exchange membranes used at CBAWO to determine 

the effect of disturbance on soil nutrient availability did not show any significant effect on 

the concentration of the measured soil nutrients in the older, recovered disturbance.  The 

concentrations of calcium and magnesium were lower in ND than NC in the late season, 

but this was the only significant difference between these two conditions.  These results 

show that the rafting of surface material during ALD formation does affect the 

concentrations of some soil nutrients, but that these effects last for 60 years or less. 

The rafted vegetation measured within the ALD05 exists in a matrix of bare 

mineral soil.  Areas adjacent to the ND plots were also instrumented with ion exchange 

resins to examine the differences in soil nutrients in the rafted islands and the bare soil.  It 

was found that the concentrations of calcium, iron, magnesium and manganese were 

significantly higher in the bare mineral soils of the slump floor than in the NC and ND 

soils.  This suggests that the exposed mineral soil is less weathered and depleted of base 
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ions than the surface soils.  However, these soils are likely less mature than the eroded 

surficial material and lack a developed soil structure.  As a result, though there are more 

ions in the mineral soils, primary succession will likely take a long time on these surfaces.  

Additionally, leaching of these available ions may occur by surface and subsurface water 

flow, potentially increasing downstream losses. 

Soil moisture was the only physical measure that was not significantly affected by 

disturbance.  Soil moisture showed no strong trend through the season, nor was it affected 

by disturbance.  This was unexpected, as the melting headwalls of ALDs provide 

meltwater through the growing season, while undisturbed areas generally lack this water 

source (Bartleman et al., 2001; Lambert, 1972).  Therefore, it was predicted that the soil 

within the ALD05 should contain more moisture than the controls and should also contain 

more moisture than the RD plots because the Recovered disturbance is stable and lacks a 

melting ice-rich headwall.  However, July 2009 experienced relatively high rainfall and 

this precipitation likely overwhelmed any disturbance effect, hence these results may not 

be broadly representative of alteration of soil moisture conditions by disturbance.   

 

3.6.2. ALD impacts on vegetation 

The impact of disturbance on vegetation was determined using measures of 

phenology, growth, and community composition.  Of these measures, phenology was 

expected to show the greatest immediate response because of its sensitivity to short term 

environmental change (Arft, 1999).  Plant phenology is also strongly controlled by snow 

cover and ALDs have been found to accumulate snow (Henry and Molau, 1997; 

Osterkamp et al., 2009).  As expected, plant phenology was significantly delayed in the 
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disturbed plots of both ALDs at CBAWO.  This delay was greatest in the ALD05 where 

snow cover remained later in the season.  This showed that phenology was strongly 

retarded by ALD formation and that this effect continued more than 50 years after the 

initial formation of the ALD.  

 Plant growth and succession is strongly affected by the physical environment 

(Bartleman et al., 2001).  Previous studies have shown that ALD formation impacts 

vegetation at both short and long time scales (Desforges, 2000; Forbes and Jefferies, 

1999; Lambert, 1972; Lantz et al., 2009).  These impacts are likely different in the High 

Arctic where vegetation is subjected to extreme conditions and most species are at their 

physiological limits (Walker et al., 2006).  In this region plant growth is slow and 

community changes can take decades (Henry and Molau, 1997; Svoboda and Henry, 

1987).  It was found that the growth of each measured species was significantly affected 

by ALD formation.  However these results were not consistent across species and showed 

that disturbance did not affect the measured plants equally.  This is not surprising as 

plants respond individually to changes in their environment (Henry and Molau, 1997).  

These individualistic responses could ultimately result in changes to the vegetative 

community present within ALDs.  For example, the successful reproduction of Arctic 

plants by seed has been found to be positively influenced by the occurrence of 

disturbances (Lloyd et al., 2003).  When the disturbance results in long term changes to 

the abiotic environment it can result in changes to the plant community that can last for 

decades (Lantz et al., 2009).  The formation of ALDs creates a heterogeneous distribution 

of surviving vegetation and newly exposed soil (Geertsema and Pojar, 2007).  This 

creates a dynamic environment that can result in the creation of novel plant community 
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composition (Ebersole, 1987; Geertsema and Pojar, 2007).  However, results indicate that 

the plant communities were not significantly altered in the two ages of ALD studied at 

CBAWO.  Community measures such as the Shannon and Simpson diversity indices 

showed no significant disturbance effect and the only vegetative measures that showed 

significant differences between conditions were species richness and average canopy 

height within the plots.  Post hoc tests showed that these significant results were due to 

spatial differences between the locations of the ALDs, rather than a disturbance effect.  

These results suggest that the overall plant community was not altered by disturbance, in 

either the short or long term at the studied sites.   

 

3.6.3. Future studies 

 Continued monitoring of the established sites is important and could represent the 

beginning of a long-term study at CBAWO.  Measuring biotic and abiotic changes in 

ALD05 will provide information on the evolution of these disturbances through time.  It 

could also show the effect of future climate change on evolving and stabilized ALDs.  

Future work could be done within a single disturbance, increasing the number of 

measured plots and examining small scale spatial differences.  This would be good 

addition to this study which focussed on rafted vegetation within the upper section of the 

ALD.  As more data are collected, collaborative projects incorporating biogeochemical 

data and gas exchange data could be combined with vegetation studies to more fully 

understand the large scale impact of these disturbances. 

3.7. Conclusion 
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Since High Arctic vegetation is strongly controlled by the physical environment, 

ALD formation and stabilization will have potentially significant short and long term 

effects on the local landcover (Lantz et al., 2009).  To study the effects on vegetation, two 

ALDs of different ages were studied at CBAWO.  One (ALD-05) was formed in 2007 

and represented a new disturbance, while the ALD-04 was formed at least fifty years ago 

and represented a partially recovered disturbance.   

The physical environment was most different in the New disturbance.  Within this 

ALD soils were cooler and the active layer was shallower than in surrounding control 

plots and the Recovered disturbance.  This occurred because greater snow accumulation 

within ALD05 insulated the soils and delayed thawing.  These differences were greatest 

in early June and decreased as the summer progressed.  The formation of ALD05 also 

affected soil nutrient concentrations though the effects were minimal.  The only 

significant difference found was that when compared to NC plots, ND plots contained 

less calcium and magnesium later in the season.  The only physical parameter that was 

not affected by the formation of ALD05 was soil moisture, although precipitation during 

the season likely overwhelmed any disturbance effect.  The impacts seen in ALD05 are 

likely to be short-lived (<60 years), as the physical measurements in the ALD04 did not 

show any significant differences with those in the undisturbed terrain. 

Plant growth is affected by the physical environment, and ALDs were found to 

strongly impact local vegetation (Bartleman et al., 2001; Forbes and Jefferies, 1999).  To 

test the impact at CBAWO plant phenology, growth, and community composition was 

measured at all plots.  Phenology was expected to exhibit immediate disturbance effects 

because it is highly sensitive to environmental conditions such as snow cover.  The ALDs 
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form depressions on the landscape that accumulate snow that is retained for longer than 

the undisturbed terrain.  The later snow-free date was sufficient to significantly delay 

phenology in both disturbances.  However, this is the only significant plant response 

observed.  The growth of some plants did show differences within disturbed plots, but 

there was no clear trend across species.  The community measures did not show any 

disturbance effect in either the short or long term.  This lack of response in ALD05 may 

change as the disturbance ages and there is more time for the plants to respond.  These 

changes will be transient, as no difference was seen in the Recovered disturbance.   

The results of this study show that ALD formation has significant immediate 

impacts on a High Arctic landscape.  These impacts change as the disturbance ages and 

the older ALD showed few significant differences with the undisturbed terrain.  This 

indicates that sixty years was sufficient for ALD-04 to stabilize and return to pre-

disturbance conditions.  This study adds to the understanding of ALDs and their impact 

on the High Arctic.  This will become increasingly important as ALDs in the High Arctic 

are expected to increase in size and frequency with future climate change (Lantz et al., 

2009).  
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Chapter 4: Initial results of experimental warming and snow manipulation in mesic 

tundra at Cape Bounty, Melville Island, Canada 

4.1. Abstract 

An experimental warming and snow manipulation study was established on the 

mesic tundra at the Cape Bounty Arctic Watershed Observatory (CBAWO) on Melville 

Island, Nunavut in July 2008 to study the potential effects of climate change.  This study 

is also a part of the International Tundra Experiment (ITEX) network, and will be referred 

to as the “ITEX site” throughout this chapter.  Snow fences and open-top chambers 

(OTCs) were erected to experimentally increase snow accumulation and air temperature.  

These variables are both predicted to increase in the western Canadian High Arctic with 

future climate change.  Measurements were completed during the summer of 2009 to 

establish baseline data and to assess the immediate impact of experimental manipulations. 

Measurements of the physical environment showed some immediate effects of the 

treatments.  Growing season temperature was significantly affected by experimentation, 

but only when warming and snow enhancement were combined.  Snow enhancement 

insulated the soils and dampened temperature fluctuations in the summer, reducing the 

effect of the OTCs.  This insulating effect was also seen in active layer measurements.  

Active layer was significantly less developed in snow enhancement plots with OTCs than 

control plots with OTCs.  This difference was not seen in plots that did not experience 

warming.  The only physical measurement not affected by experimentation was soil 

moisture.  High rainfall in July 2009 overwhelmed any experimental effect on soil 

moisture. 
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Vegetation measures at the ITEX site indicated no immediate effect on community 

composition or plant growth.  However, the phenology of all monitored species was 

found to be retarded by increased snow accumulation.  Warming hastened the occurrence 

of phenological events in some species but had less of a significant effect than snow 

enhancement. 

Therefore in the first year of manipulation increased snow accumulation had a 

greater effect on the physical environment and plant phenology than experimental 

warming.  This could change in the future as the impacts of the experimental climate 

manipulations are expected to increase and change with age.  Many experiments have 

proven the importance of temperature on tundra ecosystems, but this study shows that 

snow accumulation could also be an important variable to consider.  The continuation of 

this research in the long term is essential to understand the effects of snow and 

temperature on High Arctic environments. 

 

4.2. Introduction 

Arctic regions are expected to be greatly affected by future climate change 

(ACIA, 2005).  Within the Canadian context, the High Arctic is predicted to be especially 

sensitive to climate change.  General circulation models show that in the future the 

western Canadian High Arctic will likely experience warmer temperatures and increased 

precipitation (Anisimov et al., 1997; Huscroft, 2004).  This will greatly impact local 

vegetation, which is currently strongly limited during the growing season by low 

temperatures and a lack of moisture (Svoboda and Henry, 1987).  As a result, climatic 

changes will impact vegetation and lead to alterations of land cover and to the ecosystems 
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currently established in this region (Walker et al., 2006).  However, due to feedback 

effects and the individualistic response of species to environmental change, the effects of 

these impacts are unknown and require further study (Henry and Molau, 1997). 

The Arctic tundra is a good environment in which to study the effects of climate 

change on vegetation for several reasons.  Firstly, the effects of climate change are 

expected to be felt strongly in this area.  Secondly, the tundra has a relatively simple 

trophic web which lends itself to study.  Finally, the small stature of the vegetation and its 

limited spatial extent means that plot-level studies can capture most of the ecosystem 

dynamics (Hollister et al., 2005).  However, the results of individual experiments 

scattered across the Arctic cannot capture the wide variation that exists in this region.  

That is why the International Tundra Experiment (ITEX) was created.  ITEX is a network 

of alpine and arctic sites where standard protocols are used to perform experimental 

warming studies to assess plant and ecosystem response to potential climate change 

(Henry and Molau, 1997).  The phenology and physical attributes of plant species are 

measured and recorded at each site.  Each ITEX site is maintained individually, but the 

data collected can be combined to give a pan-arctic view of potential vegetation change.  

Growing season temperature is manipulated at all ITEX sites through the erection of open 

top chambers (OTCs) and some sites add a second component, such as fertilization or 

moisture enhancement (Henry and Molau 1997).  Air temperature enhancement in the 

OTCs is about 1-3°C, roughly the temperature enhancement expected in future Arctic 

summers (Henry and Molau 1997).  Some sites are decades old, with new sites being 

added each year throughout the Arctic.  ITEX covers a broad area, including alpine and 

sub-Arctic regions, but does not have a site in the western Canadian High Arctic. 
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An ITEX site was established at CBAWO in late July 2008.  This site is unique 

for two reasons: its location, and its design.  The CBAWO ITEX site represents the first 

in the western Canadian High Arctic, an important addition to the geographic scope of the 

experiment.  The climate of the western region of the High Arctic is different from the 

east, resulting in different species assemblages (Edlund and Alt, 1989).  Climate change 

will likely proceed differently in this area, making CBAWO an important addition to the 

current ITEX network.  As well, this study site is among the first to manipulate snow 

cover in order to enhance moisture.  Temperature and snow enhancement were combined 

for the first time at this site in a factorial design. 

 

4.3. Study Area 

An experimental warming and snow manipulation study was established at the 

Cape Bounty Arctic Watershed Observatory (CBAWO) in the summer of 2008 following 

published ITEX protocols (Molau and Molgaard, 1996) (Appendix A).  The CBAWO is 

located out the south-central coast of Melville Island, Nunavut (74°55’ N, 109°35’ W, 

Figure 4.1) and represents the first ITEX site in the western Canadian High Arctic.  This 

site was located in an area of gentle relief and stable soils away from recent ALD 

formation (Lamoureux and Lafrenière, 2009) (Figure 4.2).  The study area was covered 

by a relatively uniform mid-moisture vegetation community.  Open-top chambers were 

installed to increase plot-level temperature.  Snow fences were erected to augment winter 

snow cover. Test fences established at several small experimental watersheds at CBAWO 

for the 2006-7 winter were successful in increasing snow depths to greater than 1 m, 

compared to surrounding snow depths of less than 30 cm (Laurin, 2010).  Visual 
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observation of the site verified the ITEX site accumulated more snow than the 

surrounding areas.  Unlike most ITEX sites established to this point, a factorial design 

was used at CBAWO to combine temperature and snow manipulations.  The vegetation 

plots received one of four treatments: unaltered (Control-Control), temperature 

manipulation only (Control-Warm), snow cover manipulation only (Snow-Control) and 

combined temperature and snow cover manipulation (Snow-Warm). Each of these 

treatments was replicated 8 times for a total of 32 vegetation plots (Figure 4.3).   
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Figure 4.1: Topographic map of the paired watershed study areas at the CBAWO.  Inset is its location 

within the Canadian Arctic Archipelago.  The experimental manipulation of temperature and snow depth 

(the ITEX site) was established within the West watershed to the west of the MainMet weather station and 

its location is indicated by the dashed line.  Source: 1:50000 NTS 78 F/15, contour interval 10 m. 
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Figure 4.2:  Close up of the West watershed at CBAWO showing the ALD and ITEX study sites. 
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Figure 4.3: ITEX study site at CBAWO, showing sample plots, snow fences, and active layer transects 

measured in 2009. 
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4.4. Methods 

4.4.1. Experimental design 

The experiment at CBAWO implemented a combination of experimental 

temperature and snow enhancement.  Open top chambers (OTC) and snowfences were 

established in a factorial array to study the two most important climate variables to 

vegetation growth in the High Arctic (Figure 4.4).  This design produces data that 

represents unchanged conditions, increased temperature, increased snow accumulation, 

and both increased temperature and snow accumulation.  Manipulating both of these 

variables will give a greater understanding of the tundra response to predicted climate 

change. 

 

4.4.2. Meteorological data 

 Three meteorological stations were established at CBAWO in 2003 and 

maintained through 2009.  Data from the MainMet station were not downloaded in 2009 

so data from WestMet were used for this study.  Shielded air temperature was measured 

at WestMet with a Humirel HTM2500 sensor mounted 1.5 m above the ground (3% 

accuracy).  Precipitation was measured with a Davis industrial tipping bucket gauge (0.2 

mm tip). 
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Figure 4.4: Schematic factorial design used in the ITEX study at CBAWO. Control plots measure  

1 m x1 m and the snow fence is 4 m long. This diagram is not to scale but images of this site are located in 

Appendix A. 
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4.4.3. Active layer survey 

 The depth of the active layer was measured by pushing a half-inch steel rod into 

the ground until frozen ground was encountered and the depth of the frozen ground was 

recorded.  Active layer measurements at the ITEX site began soon after snowmelt and 

were completed through the growing season (June 18 to July 22 2009).  Measurements 

were made every 2-3 days for the first week, then weekly afterwards.  The active layer is 

most dynamic directly after snowmelt and needs to be measured more frequently during 

this period.  Active layer was measured on a larger scale to represent the overall 

development at the site and at a plot-level scale to determine the effect of experimental 

treatment on its development.  The Circumpolar Active Layer Monitoring (CALM) 

project recommends a 100x100 m grid of measurements spaced 10 m apart to represent 

the active layer at a site (Brown et al, 2000).  At CBAWO this was modified to three 100 

m transects spaced 30 m apart (Figure 4.3).  Active layer was measured every 10 m along 

these transects.  One measurement of active layer depth was also taken adjacent to each 

plot.  The measurements were taken within 20 cm of the side of each control plot or in in 

the OTC of warming plots within 20 cm of the vegetation plot within.  Measurements 

were always repeated in the same location of each plot.  Transects and plots were always 

measured on the same day.   

 

4.4.4. Snow depth 

Upon arrival at CBAWO the snowpack at the ITEX site had already begun to melt. 

As a result, a detailed snow survey was not possible.  Instead, snow accumulation was 

recorded in weekly photographs, and the site was visited daily to make detailed 



 77 

observations of the snowpack (Appendix C).  The date at which each plot became snow-

free was recorded.  These dates were used to represent the duration of snowcover and the 

accumulation of snow at that plot. 

 

4.4.5. Vegetation measurements 

Vegetation at each 1 m2 plot was measured non-destructively using the ITEX point-

intercept method (Molau and Molgaard, 1996).  Plants were identified to the species level 

and the height of each pin hit was recorded (Aiken et al., 2003; Porsild and Cody, 1980).  

These surveys were completed soon after snowmelt and in late July during peak growing 

season.   

Individual plants were tagged randomly within each plot and their growth and 

phenology were monitored through the 2009 field season according to ITEX protocols 

(Henry and Molau, 1997; Molau and Molgaard, 1996).  Five species were selected due to 

their presence throughout the CBAWO ITEX site: 

1. Ranunculus nivalis  

2. Potentilla vahliana  

3. Salix arctica 

4. Saxifraga oppositifolia  

5. Saxifraga tricuspidata 

Where possible, three individuals of each species were monitored within each plot.   

 

4.4.6. Soil moisture and temperature 

Temperature was measured at hourly intervals by Temp Smart sensors at 5 cm depth 

in the center of half of the ITEX plots and recorded by Onset Hobo Microstation loggers.  
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These sensors were accurate to ±0.2°C with a resolution of ±0.03°C.  Soil temperature 

sensors were installed in July 2008 when the experiment was established.  Soil moisture 

was measured manually using an ESI MoisturePoint MP917 time domain reflectometer to 

10 cm depth at one point in each plot.  Each soil moisture measurement was repeated in 

the same location at approximately the same time of day. 

 

4.4.7. Data Analyses 

Statistical software PASW version 18.0 was used to determine the significance of 

treatment on the data collected.  Active layer, soil moisture and soil temperature data 

were collected through the season and were analyzed with two-way repeated measures 

ANOVAs.  Follow up Tukey’s HSD tests were used to determine how each measure was 

affected by experimental condition.  Prior to analysis, soil temperature data were 

averaged to create weekly values.  Two seven-week subsets were identified to represent 

the observed growing season and the coldest period during the winter (growing season 

from day 166-212 and winter season from day 68-116).  Point frame data were used to 

determine richness, average canopy height and vegetative cover for each plot.  Shannon 

and Simpson diversity indices and the Pielou evenness index were also computed and 

analyzed using two-way ANOVAs.  The dates of phenological events were also analyzed 

with two-way ANOVAs to determine the effect of the treatments. 

 

4.5. Results 

4.5.1. Soil temperature 

Temperature was measured hourly and daily averages were calculated for the coldest 

part of the winter and the observed growing season in 2009 (Figures 4.5 and 4.6).  These 
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data were then averaged to produced weekly values for analysis (Figure 4.5).  A two-way 

repeated measures ANOVA indicated that winter and growing season soil temperature 

were not significantly affected by treatment after one year (Table 4.1).  The differences in 

soil temperatures were greatest within the growing season, and there was a significant 

interaction effect (Figure 4.6; Table 4.1).  Further t-tests showed that the plots subjected 

to CW treatment had significantly warmer soils than those subjected to the CC treatment 

(t(54) = -2.34, p=0.02). This difference was especially notable in late June and decreased 

through the growing season, as the soil temperatures in all treatments converged (Figure 

4.6).  No significant temperature differences were found between plots under snow 

enhancement (Table 4.1). 

 

4.5.2. Soil moisture 

Soil moisture to 10 cm depth remained near constant through the season, with a 

slight decreasing trend that reversed on July 18, the last measurement (Figure 4.7).  

CBAWO experienced significant rainfall around this time (Figure 4.8).  A two-way 

repeated measures ANOVA showed that treatment had no significant effect on soil 

moisture (Table 4.1). 
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Figure 4.5: Soil temperature at 5 cm depth within the experimental plots at the ITEX site.  A subset of the 

data representing the coldest portion of the winter of 2009 is shown. Error bars represent one standard 

deviation. 
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ITEX growing season soil temperature
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Figure 4.6: Soil temperature at 5 cm depth within the ITEX study.  A subset of the data representing the 

growing season of 2009 is shown.   

Day of the Year 
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Table 4.1: Descriptive statistics and two-way repeated measures ANOVA results for physical soil measurements in the ITEX plots.  ANOVA results are 

reported for effects of snow enhancement (Snow), experimental warming by OTC (Warm) and interaction effects (SxW).  Significant p values for each 

two-way ANOVA are in bold. 

 
Measure Treatment N Mean Std. Deviation Effect ANOVA 

Soil Temperature – Winter 2008 (°C) SC 36 -21.1 0.96 Snow Wilks’ λ = 0.68, F(1,12) = 0.29, p = 0.60 

 SW 36 -23.2 1.56 Warm Wilks’ λ = 0.21, F(1,12) = 2.64, p = 0.13 

 CC 36 -22.2 2.60 SxW Wilks’ λ = 0.64, F(1,12) = 0.53, p = 0.48 

 CW 36 -23.0 1.56   

Soil Temperature - Growing Season 

2009 (°C) 

SC 36 2.77 2.90 Snow Wilks’ λ = 0.31, F(1,12) = 0.004, p = 0.95 

SW 36 2.49 2.67 Warm Wilks’ λ = 0.77, F(1,12) = 2.44, p = 0.15 

 CC 36 1.69 3.11 SxW Wilks’ λ = 0.17, F(1,12) = 4.56, p = 0.05 

 CW 36 3.50 2.71   

Volumetric Soil Moisture (%) SC 24 45.0 5.61 Snow Wilks’ λ = 0.44, F(1,16) = 0.01, p = 0.93 

 SW 24 46.0 7.70 Warm Wilks’ λ = 0.22, F(1,16) = 0.14, p = 0.72 

 CC 24 43.6 5.78 SxW Wilks’ λ = 0.38, F(1,16) = 0.26, p = 0.62 

 CW 24 44.3 5.16   

Active Layer – Plot (cm) SC 33 38.8 13.5 Snow Wilks’ λ = 0.01, F(1,28) = 10.7, p < 0.01 

 SW 33 30.4 14.4 Warm Wilks’ λ = 0.90, F(1,28) = 0.45, p = 0.51 

 CC 33 39.3 14.3 SxW Wilks’ λ = 0.01, F(1,28) = 6.09, p = 0.02 

 CW 33 43.7 10.7   

Active Layer – Transect (cm) East 9 40.0 18.8 Transects Wilk’s λ = 0.05, F(1,16) = 41.0, p > 0.01 

 Middle 9 32.3 19.1   

 West 9 37.2 16.6   
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4.5.3. Active layer depth 

Active layer was measured through the growing season at one point per plot, and 

these measurements were averaged for each treatment (Figure 4.9).  A two-way repeated 

measures ANOVA showed that active layer depth was significantly affected by the 

experimental treatments (Table 4.1).  Further analysis showed that the active layer in the 

SW plots was significantly shallower (mean = 30.4 cm), and the active layer in the CW 

plots was significantly deeper than all other treatments (mean = 43.7 cm).  The 

differences between treatments are more pronounced in the early season and become 

dampened as the active layer deepens.  This trend was also seen in the active layer along 

three 100 m transects through the ITEX study area (Figure 4.10).  A one-way repeated 

measures ANOVA showed that the transect running through the middle of the ITEX site 

was significantly shallower than those flanking the snow fence array (Table 4.1). 

 

4.5.4. Plot-based vegetation measurements 

Based on data from surveys at each plot, the following vegetation measures were 

calculated: average canopy height, species richness, leaf area index, Shannon Index 

(which measures species diversity), Pielou index (which measures species evenness based 

on the Shannon Index), and Simpson diversity index (less affected by rare species than 

the Shannon Index, and gives information regarding the stability of a community).  A 

two-way ANOVA was performed on all of these measures to determine the effects of the 

experimental manipulations (Table 4.2).  None of the results were significant, indicating 

that there was no effect of treatment on vegetation measures at the ITEX plots after one 

year. 
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Figure 4.7: Average soil moisture over the growing season in the experimental plots at the ITEX site. Error 

bars represent one standard deviation. 
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Growing season 2009 weather
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Figure 4.8: Daily precipitation recorded at WestMet meteorological station at CBAWO for the growing 

season of 2009.  
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ITEX Active Layer Profile
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Figure 4.9: Mean active layer depth recorded for each experimental plot at the ITEX site.  Error bars 

represent one standard deviation. 
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ITEX Transects Active Layer Profile
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Figure 4.10: Active layer depths along three 100 m transects through the ITEX site.  Error bars represent 

one standard deviation. 
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Table 4.2: Descriptive statistics and two-way ANOVA results for vegetation measures in the experimental 

plots at the ITEX site.  ANOVA results are reported for effects of snow enhancement (Snow), experimental 

warming by OTC (Warm) and interaction effects (SxW).  Significant p values for each two-way ANOVA 

are indicated by bold font. 

 

Measure Treatment N Mean 

Std. 

Deviation 

 Effect 

ANOVA 

        

Richness SC 8 18.38 2.56  Snow F(1,28) = 4.02, p = 0.06 

 SW 8 20.25 2.43  Warm F(1,28) = 0.14, p = 0.71 

 CC 8 18.25 2.25  SxW F(1,28) = 3.44, p = 0.07 

 CW 8 17.00 2.27    

        

Cover SC 8 0.31 0.08  Snow F(1,28) = 0.67, p = 0.42 

 SW 8 0.33 0.08  Warm F(1,28) = 1.60, p = 0.22 

 CC 8 0.32 0.08  SxW F(1,28) = 0.14, p = 0.72 

 CW 8 0.37 0.10    

        

Shannon 

Index 

SC 8 1.67 0.29  Snow F(1,28) = 0.03, p = 0.86 

SW 8 1.82 0.30  Warm F(1,28) = 0.29, p = 0.59 

 CC 8 1.75 0.26  SxW F(1,28) = 0.83, p = 0.37 

 CW 8 1.71 0.34    

        

Pielou SC 8 0.58 0.08  Snow F(1,28) = 0.04, p = 0.84 

 SW 8 0.61 0.08  Warm F(1,28) = 0.13, p = 0.73 

 CC 8 0.61 0.09  SxW F(1,28) = 0.49, p = 0.49 

 CW 8 0.59 0.11    

        

Simpson SC 8 0.15 0.06  Snow F(1,28) = 1.05, p = 0.32 

 SW 8 0.14 0.05  Warm F(1,28) = 0.17, p = 0.68 

 CC 8 0.16 0.06  SxW F(1,28) = 0.00, p = 0.99 

 CW 8 0.15 0.06    

        

Height SC 8 1.17 0.29  Snow F(1,28) = 0.87, p = 0.36 

 SW 8 1.23 0.20  Warm F(1,28) = 1.56, p = 0.22 

 CC 8 1.05 0.19  SxW F(1,28) = 0.26, p = 0.62 

 CW 8 1.19 0.24    
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4.5.5. Phenology 

A two-way ANOVA showed that the duration of snow cover was significantly 

affected by the snow manipulation (Table 4.3).  Snow-free dates were observed and 

recorded for each plot at the ITEX site.  These data showed that snow enhancement 

delayed the date plots became snow-free, indicating greater snow accumulation.  

Warming from the OTCs had no significant effect on the duration of snow cover (Table 

4.3). 

All phenological dates were significantly affected by treatment, and Tukey HSD 

tests were preformed to distinguish the means (Table 4.3).  Overall, snow enhancement 

had the greatest effect on phenology at the ITEX site, as it significantly affected the 

greening of P. vahliana, R. nivalis, and S. tricuspidata.  These results are consistent with 

snow enhancement significantly delaying plant greening in the plots with OTCs (SW 

versus CW) (Table 4.3).  The greening of S. arctica and the flowering of S. oppositifolia 

were also significantly affected by snow enhancement.  Subsequent tests showed that this 

was due to retardation of the snow free date in the snow enhancement plots (SC and SW) 

compared to the control-warming plots (CW).  The greening of S. oppositifolia was 

significantly affected by all treatments.  Further tests showed this was because the plants 

in the control-warming plots became green earlier than those in all other treatments.  This 

showed that the warming condition caused earlier occurrences of phenological events, the 

opposite of the snow enhancement effect.  These opposing forces can be seen in the 

interaction effects reported for the greening of P. vahliana, R. nivalis, and S. tricuspidata.



 90 

 

Table 4.3: Descriptive statistics and two-way ANOVA results for phenological dates recorded within the 

experimental plots. ANOVA results are reported for effects of snow enhancement (Snow), experimental 

warming by OTC (Warm) and interaction effects (SxW).  Significant p values for each two-way ANOVA 

are in bold.  

 

Plant 
Phenological 

event Treatment N Mean 
Std. 

Deviation 
 Effect 

ANOVA 
         
N/A Snow-free 

date 
SC 8 181 2.67  Snow F(1,27) = 20.07, p < 0.01 

 SW 8 184 2.85  Warm F(1,27) = 0.82, p = 0.37 
  CC 8 174 3.02  SxW F(1,27) = 2.89, p = 0.10 
  CW 8 174 5.45    
         
Potentilla 
vahliana 

Leaf bud 
burst 

SC 13 183 2.14  Snow F(1,50) = 6.93, p < 0.01 
SW 13 186 2.03  Warm F(1,50) = 1.05, p = 0.31 

  CC 14 184 4.37  SxW F(1,50) = 12.54, p < 0.01 
  CW 15 179 3.38    
         
Ranunculus 
nivalis Leaf bud 

burst 
SC 10 184 2.84 

 Snow 
F(1,54) = 6.67, p < 0.01 

 SW 15 185 3.78  Warm F(1,54) = 1.52, p = 0.22 
  CC 14 182 5.54  SxW F(1,54) = 4.24, p = 0.04 
  CW 17 178 4.78    
         
Salix 
arctica Leaf bud 

burst 
SC 12 184 4.19 

 Snow 
F(1,44) = 12.14, p < 0.01 

 SW 10 185 4.14  Warm F(1,44) = 0.09, p = 0.77 
  CC 9 181 5.45  SxW F(1,44) = 2.81, p = 0.10 
  CW 17 179 3.41    
         
Saxifraga 
oppositifolia 

Leaf bud 
burst 

SC 3 186 0.58  Snow F(1,9) = 15.14, p < 0.01 
SW 2 187 2.83  Warm F(1,9) = 16.83, p < 0.01 

  CC 4 186 1.00  SxW F(1,9) = 35.61, p < 0.01 
  CW 5 179 0.84    
 First flower SC 4 192 5.97  Snow F(1,8) = 5.00, p = 0.04 
  SW 3 196 2.31  Warm F(1,8) = 0.06, p = 0.81 
  CC 3 187 8.49  SxW F(1,8) = 2.73, p = 0.14 
  CW 3 181 2.31    
         
Saxifraga 
tricuspidata 

Leaf bud 
burst 

SC 8 183 3.88  Snow F(1,21) = 4.61, p = 0.02 
SW 7 187 3.25  Warm F(1,21) = 0.06, p = 0.82 

  CC 7 183 3.64  SxW F(1,21) = 6.15, p = 0.02 
  CW 4 180 3.87    
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4.6. Discussion 

4.6.1. The immediate impacts of the experimental manipulations 

High Arctic vegetation is primarily limited by three factors: cool temperatures, 

low moisture, and limited nutrient availability (Svoboda and Henry, 1987).  The 

experimental design used at CBAWO altered two of those limitations by increasing air 

temperature and moisture availability.  Higher temperatures during the growing season 

affects ecosystem processes such as photosynthesis, plant growth and litter decomposition 

rates (Henry and Molau, 1997).  Greater snow accumulation affects the physical 

environment, vegetation microclimate and could reduce the length of the growing season.  

Both of these manipulations are expected to affect nutrient cycling rates and the quantity 

of plant available nutrients (Wahren et al., 2005). 

The ITEX site at the CBAWO was studied after one year to determine the 

immediate impacts of the OTCs and snow fences.  Though it is generally accepted that 

the short-term impact of experimental warming and snow manipulations sites is relatively 

small, it is important to get early measurements as a baseline for further research (Henry 

and Molau, 1997; Wahren et al., 2005).  The impact of the ITEX climate manipulations 

increases over time as vegetation responds and consistent monitoring is important to fully 

understand the effects (Henry and Molau, 1997). 

 

4.6.2. Impacts on the physical environment 

As expected, the abiotic environment at CBAWO exhibited small changes due to 

the short-term experimental treatments.  Some of these changes were significant and 

indicated that during the growing season the soil thermal regime was notably impacted by 

treatment.  Growing season soil temperature was significantly affected by warming, but 
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only in the non-snow enhancement plots.  It was found that the control (CC) plots were 

significantly cooler than the CW plots while no differences existed between the SC or SW 

temperatures.  Active layer depth was also impacted by the snow treatment.  The active 

layer in the CW plots was significantly deeper than all other treatments while the active 

layer in the SW plots was significantly shallower than all others.  The CW plots become 

free of snow earlier and therefore the soils had more time to be affected by the passive 

warming.  Finally, the overall active layer transects show that the middle transect was 

significantly shallower than those flanking the ITEX site, likely due to the effect of 

increased snow cover caused by the snow fences on either side of the transect. 

  These results are consistent with the fact that the accumulation and duration of 

snow cover impacts the soil thermal regime (Wahren et al., 2005).  Snow acts as an 

insulator and dampens temperature fluctuations in the soil.  Increased snow depth and the 

persistence of snow in an area increase this effect (Hinzman, 1998).  It has been found 

that delaying the onset of spring melt by ten days is enough to result in cooler soils (Ling 

and Zhang, 2003), and plots under the snow enhancement treatment at CBAWO became 

snow-free between seven and ten days later than those outside of the influence of the 

snow fences.  The only physical measurement that was not significantly impacted by 

treatment was soil moisture.  It was expected that snow enhancement would provide a 

source of water later into the growing season and result in wetter soils.  However, there 

was substantial rainfall at CBAWO in late July which is usually the driest period at this 

location.  This rainfall saturated the soils in all plots and negated any effect of increased 

snow melt water. 
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4.6.3. Vegetation response to experimental treatments 

Wahren et al. (2005) hypothesized that greater accumulation of snow during the 

winter could have a greater effect on vegetation than summer warming.  Though it 

shortens the growing season, increased snow cover insulates the soil and could result in 

increased nutrient cycling.  Increased snow cover was found to affect the physical 

environment at the ITEX site, and these changes could impact the vegetation present.  

Community measures such as average canopy height and diversity indices were 

calculated from point data collected at each plot.  These data showed no significant 

treatment effect for any of these measures, which is a verification of the homogeneity of 

the data in this area.  The lack of immediate response by the vegetative community was 

not unexpected.  Plants in the High Arctic are at the limits of their physiological range 

and respond slowly to change (Walker et al., 2006).  As a result the response of 

ecosystems in this region could take years, depending on the local plant-soil processes 

(Arft et al., 1999).  Changes to vegetation composition have been found in short-term 

ITEX studies (<5 years) (Wahren et al., 2005; Walker et al., 2006).  A meta-analysis of 

ITEX sites show that species composition and diversity changed after two growing 

seasons of manipulation, while most sites showed changes to plant cover and canopy 

height after three to four growing seasons (Walker et al., 2006).  Hence, a re-evaluation 

of this site in another five to ten years is likely to show greater changes. 

 

4.6.4. Phenological response to experimental treatments 

Although community level changes do not often occur within the first year of 

experimentation, plant phenology does respond immediately to change (Arft et al., 1999; 
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Wahren et al., 2005).  The snow treatment was important to plant phenology as it is 

strongly affected the date of snowmelt, which signals the beginning of the growing 

season.  As expected, snow cover persisted significantly longer on the plots within the 

increased snow treatment.  By contrast, warming did not significantly affect the snow-free 

date.  Both the persistence of snow and warming affected the phenology of the plants 

within the experimental plots, although the response was species specific, as seen 

elsewhere (Henry and Molau, 1997).  It was found that leaf bud break in Salix arctica was 

significantly later in plots with increased snow cover, but was unaffected by warming.  

Other plants measured were also affected by increased snow cover such as P.vahliana, R. 

nivalis, and S. oppositifolia all of which had significantly earlier leaf bud burst in plots 

with ambient snow depth.  This earlier leaf-out was greater when the plot was also 

warmed, with the CW plots experiencing earlier leaf bud burst than the other treatments.  

This was also the case for S.tricuspidata, though differences in timing of leaf bud break 

were only seen in plots that were warmed.  However the flowering of S. oppositifolia was 

only significantly affected by the snow treatment.  This indicates that the impact of the 

increased duration of snow cover can continue to affect plants through the growing 

season.  This species greened earlier in the CW plots but not the CC plots.  Overall, 

warming did affect the progression of phenology in this study, but only when it was 

paired with increased snow, and only for one case with very few replicates (the date of 

leaf bud break for S. oppositifolia).  By contrast, phenological events studied were 

affected by the snow treatment, regardless of warming. Many other ITEX studies have 

shown the importance of experimental warming on the progression of plant phenology 

(Arft et al., 1999; Hinzman et al., 2005; Henry and Molau, 1997; Hudson and Henry, 
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2009;  Wahren et al., 2005; Walker et al., 2006).  However, this study shows that snow 

cover may actually be of greater importance to vegetation, at least in the short-term, and 

is an important variable to consider in future studies. 

 

4.6.5. Future studies 

It will be important to continue to maintain and monitor the CBAWO ITEX site.  

The response of vegetation to experimental manipulation of climatic variables is expected 

to increase and change with time.  For example, Arft et al. (1999) found moderate 

changes in the timing of leaf bud burst over the first three years of experimentation and 

large changes in year four.  Wahren et al. (2005) found that the response of vegetation 

increased after the second or third year of experimental warming.  They also found that at 

this point the response shifted from a change in timing of vegetative events to earlier 

occurrences of reproductive events such as seed production.  It is important to note the 

behaviour of vegetation each year in order to identify transitional changes as the plants 

adapt to their new environmental conditions.  Following hese changes could be vital in 

understanding of the effect of climate change on the vegetation of the western Canadian 

High Arctic. 

 

4.7. Conclusion 

The ITEX network is composed of experiments on the effects of climate change on 

vegetation throughout Arctic and alpine regions (Henry and Molau, 1997).  The 

experiment at CBAWO represents one of the newest additions to this network and is the 

only site in the western Canadian High Arctic.  This region is important to study as its 
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climate is unique within the Canadian Arctic archipelago and is believed to be sensitive to 

future change (Anisimov et al., 1997; Edlund and Alt, 1989).  Climate change is predicted 

to result in higher air temperature and greater precipitation in this area (ACIA, 2005; 

Bowden et al., 2008). The experimental design used in ITEX allows for the examination 

of the effects of these changes before they occur. 

The ITEX site at CBAWO was established in July 2008.  It has a factorial design 

combining experimental warming by OTCs and snow enhancement by snow fences.  This 

study was conducted after only one winter and during the first growing season of 

experimental manipulation.  Despite its brevity, this experiment did have significant 

effects on the soil conditions.  Increased snow depth increased the active layer depth and 

reduced soil temperature differences between plots where temperature was manipulated.  

Warming had no effect on active layer depth or soil temperature.  Soil moisture was not 

affected by the experiment but this could be due to high rainfall in late July, normally the 

driest period of the growing season.  Changes to the abiotic conditions in the soil could 

affect the growth of the vegetation in the area. 

The experimental manipulations had no significant effect on the community level 

plant measurements of average canopy height, plant cover, or species diversity or 

richness.  The High Arctic tundra ecosystem is resource-poor and has an extreme climate 

(ACIA, 2005).  As a result, plants in this area are at their physiological limits and grow 

slowly on an annual basis (Wahren et al., 2005; Walker et al., 2006).  This results in slow 

responses to change within these tundra communities.  Plant abundance and community 

composition would be unlikely to change after only one year.  This is reflected in the lack 

of response in the community measures calculated in this study. 
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Unlike community measures, plant phenology is sensitive to the climate and 

responds rapidly to change (Cleland et al., 2007).  The phenology of all the monitored 

species showed treatment effects, though the responses varied between different species.  

Only Saxifraga oppositifolia showed a response to warming, with earlier timing of 

phenological events in warmed versus control plots.  By contrast, the snow enhancement 

treatment affected all monitored species.  Greater snow cover resulted in the plots 

becoming snow-free later in the season and delayed the timing of phenological events. 

The results of this study show that snow enhancement has a greater immediate 

effect on vegetation than warming.  Snow enhancement insulates the soil in winter but 

delays the onset of snow melt and hence, phenological events.  As Wahren et al. (2005) 

hypothesized, this change could actually be quite beneficial to the plants.  Although they 

may have a shorter growing season due to prolonged snow cover, when they are 

uncovered the environment is more favourable which leads to enhanced growth during 

the remainder of the season. 

This study is the first component in what is intended to become a long term project.  

Hence, the results represent a baseline for future studies.  They also show how sensitive 

the tundra landscape is to environmental change.  The experimental manipulations of air 

temperature and snow accumulation approximate the projected impacts of climate change 

in the High Arctic.  Therefore this experiment can be used to help understand how the 

system will change in the future. 
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Chapter 5: Summary and conclusions 

High latitude ecosystems are expected to be especially sensitive to future climate 

change (ACIA, 2005).  In the western Canadian High Arctic climate change is expected 

to result in warmer temperatures and greater precipitation which will lead to greater 

permafrost melting and ALD formation (ACIA, 2005; Bowden et al., 2008).  This will 

likely impact the vegetation and result in substantial potential land cover changes.  It is 

difficult to predict the outcome of these changes because Arctic systems often respond to 

change in non-linear ways (IPCC, 2007).  Two studies were established at CBAWO to 

measure the initial and long term effects of these changes.  One study was established to 

investigate the effects of ALD formation on tundra vegetation.  Two ALDs, one formed 

in 2007 and another formed at least sixty years ago, were studied.  Physical soil 

conditions, plant community measures, and plant phenology was measured within and 

adjacent to both disturbances to determine the initial and long-term impact of ALD 

formation.  It was expected that the new ALD would impact the physical environment 

immediately, but that the vegetation would take longer to respond to disturbance.  It was 

also expected that the older, recovered ALD would show vegetation changes relative to 

the recent ALD and that it could be in an equilibrium that was different from the 

surrounding undisturbed terrain.   

The second study at CBAWO was concerned with the effect of climate change on 

Arctic vegetation.  A factorial experiment combining air temperature and snow 

enhancements was established at CBAWO in July 2008 using standardized protocols 

developed for the International Tundra Experiment (ITEX) (Henry and Molau, 1997).  

The same measures preformed in the ALDs were completed at this site to determine the 
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immediate effects of experimental climate change.  It was anticipated that warming and 

snow enhancement would immediately impact the physical environment and potentially 

cause measurable changes to occur in the vegetation.  However, the impacts of the 

experimental manipulation of microclimate are expected to increase as the experiment 

ages. 

 

Four major conclusions can be drawn from these studies: 

1. The formation of ALDs in the High Arctic immediately impacted the physical 

environment for vegetation.  There was a greater accumulation of snow within the 

depression formed by the disturbance than on the surrounding landscape.  The 

snow insulated the ground but delayed spring snow melt resulting in colder soils 

within ALD05 and delayed active layer development.  It also retarded 

phenological development of surviving plants within the disturbance.  Despite 

these changes, plant community structure was not significantly affected by 

disturbance within the first two years of ALD formation. 

2. As ALDs age their effect on the landscape changes.  A partially recovered ALD 

that occurred at least sixty years ago was a shallower depression on the landscape 

than the new disturbance.  However, this depression was sufficient to retain 

snowcover longer than the surrounding, undisturbed terrain.  The effects of this 

snow retention were sufficient to retard the phenological development of plants 

within the disturbance.  This was the only significant effect the recovered 

disturbance had on the measurements made in this study.  The recovered 

disturbance did not otherwise significantly affect the physical environment or the 
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plant community composition.  This indicates that sixty years is sufficient for the 

vegetation in an ALD to stabilize and recover to a state that is not significantly 

different from surrounding undisturbed conditions. 

3. One year of experimental warming did not significantly affect the physical 

environment or vegetative measures.  Warming significantly affected the timing 

of Saxifraga oppositifolia leaf bud burst but did not affect any other measured 

phenological dates.  However, warming did affect some measures when combined 

with snow enhancement. 

4. Increased accumulation of snow had immediate significant effects through 

delayed active layer depth development and delayed the progression of plant 

phenology in all species observed.  Experimental warming caused phenological 

events to occur earlier in only one species, Saxifraga oppositifolia.  When 

combined with experimental warming, snow enhancement significantly increased 

growing season soil temperatures (as opposed to plots under snow enhancement 

without experimental warming).  Despite these changes there were no impacts on 

plant community composition measures.  Overall, these findings indicate that 

snow enhancement has a greater initial impact on the vegetation than experimental 

warming. 

 

This thesis represents the beginning of two long-term research projects at 

CBAWO.  Climate change is expected to be substantial in the High Arctic and it is 

essential to understand how this may affect this sensitive environment.  This research 

investigated two potential impacts of climate change in the western Canadian High 
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Arctic: permafrost disturbances and increased air temperature and precipitation.  The 

results of these studies showed significant immediate effects of both physical and 

biological changes.  These results would be improved with continued monitoring of both 

projects.  This would aid to our understanding of the evolution of High Arctic ALDs 

between formation and stabilization.  It would also increase our knowledge of the long-

term impacts of continued climate change.  The information from both projects will 

become increasingly important as climate change progresses.  
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Appendix A 

 

 

 
Figure 1: Different degrees of disturbance within a single ALD at Cape Bounty: fractured blocks of 

vegetation (a); exposed parent material (b); folded soil and vegetation (c). 
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Figure 2: ALD-04 (A), and ALD-05 (B) in the summer of 2008.  Note the difference in morphology and 

moisture in these ALDs of different ages. 
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Figure 3: View of the entire ITEX site in July 2009 showing open top chambers (OTCs) and snow fences 

(A).  A close-up of one snow fence arrangement (B) shows the two OTCs and flags outlining the adjacent 

control plots where vegetation surveys and physical measurements were completed through the season.  

This arrangement was replicated eight times at the CBAWO ITEX site. 
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Appendix B 
Table 1: Summary data for completed point quadrats at ALD04 and ALD05 in July 2009. 
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Table 2: Summary data for completed point quadrats at CBAWO ITEX plots in July 2009. 
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Appendix C 

 

 
Figure 1: View of the ITEX site upon arrival at CBAWO, June 10 2009, looking east. Snow accumulated 
on the southern side of the snow fences. Note the absence of snow in the foreground, outside of the snow 
fence influence. 
 

 
Figure 2: View of the ITEX site on June 30 2009, looking east. Snow can be seen on the southern side of 
the black snow fences. Note the absence of snow around the ITEX site.  
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