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Abstract 

Permafrost disturbances, including active layer detachments (ALDs), have 

occurred both recently and historically at Cape Bounty, Melville Island.  These recent 

and relict ALDs were studied to determine their short- and long-term landscape effects.  

Six relict detachments showed altered vegetation and site characteristics, despite 60 or 

more years of recovery.  Of the environmental variables studied, including soil moisture, 

soil temperature, and active layer depth, soil moisture showed the greatest changes in 

disturbed zones.  These were attributed to the concavity of disturbance, which allows for 

more snow accumulation.  Two vegetation types influenced by moisture regimes, polar 

desert and mesic heath, were compared to determine the role of moisture in recovery.  

The best indicators of disturbance differed in areas of different moisture regimes, with 

canopy height showing increases in disturbed mesic heath zones, while Normalized 

Difference Vegetation Index (NDVI) values increased in polar desert disturbances.  

Ultimately, the comparison of vegetation in disturbed and undisturbed zones revealed 

differences to be highly localized and minimal.  Remote sensing was utilized to compare 

the effects of recent and relict disturbances as seen on satellite and airborne imagery.  

Vegetation was classified using NDVI, and zonal separation of these values in ALDs 

revealed the upper scar areas and lower toe zones contained significantly different NDVI 

values.  The upper scar values were similar to undisturbed control areas, as blocks of 

vegetation in these areas often contain unmodified vegetation, which later helps with 

revegetation.  The lower toe zone displayed both elevated and lower NDVI values, as 

material accumulates in these areas but often in a complex with bare soil.  Remote 
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sensing techniques also allowed for site characterization of disturbances, with 

physiographic factors including slope and flow properties determined through satellite 

imagery.  Slope values ranged from 3 to 13 degrees in each disturbance, but were found 

to be slightly lower in relict disturbances, as recovery and revegetation have reduced 

these slopes.  Flow paths were identified in ALDs, however similar patterns were also 

identified in surrounding undisturbed landscapes.  Given the small scale of many ALDs, 

it is difficult to characterize the nature of the changes associated with these events, 

particularly for relict ALDs.   
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Chapter 1 

Introduction 

It is anticipated that climate warming will have early and significant impacts on 

biological and hydrological systems at high latitudes (i.e., the Arctic).  Warmer air and 

soil temperatures have already resulted in an increase in the length of the growing season 

and have increased the abundance of shrubs in the Arctic (Stow et al., 2004; Sturm et al., 

2005).  Changes to land cover are linked to a number of ecosystem processes and climate 

feedbacks, with a shift in vegetation type impacting soil systems, and potentially altering 

the carbon budgets of arctic soils (i.e., changing from carbon sinks to sources of carbon) 

(Oechel et al., 2000).  Permafrost, underlying the far north, is expected to thaw more 

extensively, giving rise to a deepening of the active layer, thereby releasing more carbon 

to the atmosphere (IPCC, 2007).  Elevated temperatures are also expected to increase the 

frequency and severity of land surface disturbances, which will alter the Arctic landscape 

(ACIA, 2005).   

Disturbance, defined as “any relatively discrete event in time that disrupts 

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

availability, or the physical environment” can be quantified based on the intensity, 

frequency, and extent (Pickett and White, 1985, p. 7).  The time period required for 

recovery from disturbance is influenced by the degree of disturbance and the availability 

of seed (Walker and Walker, 1991).  In the High Arctic, disturbances can take the form of 
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active layer detachments (ALDs), which occur during periods of increased temperatures 

and precipitation and form when the active layer breaks away from the underlying 

permafrost, triggering a mass movement of soil and vegetation.  These translational slides 

carry and deposit detached blocks of soil and vegetation down slope (Lewkowicz and 

Harris, 2005), thereby creating a microenvironment that may accentuate the effects of 

climate warming on vegetation (Lantz et al., 2009) within this disturbed zone.  Given the 

projected increased frequency of ALDs, it is important to understand the long-term 

effects of these disturbances on local vegetation and the overall landscape. 

Arctic vegetation distribution is governed by a number of factors.  The main 

determinant of growth is summer temperature, which influences the species that can 

establish during the growing season (Young, 1971).  Plants that can tolerate lower 

temperatures will grow in areas with lower mean summer temperatures.  Moisture also 

plays an important role in vegetation development.  Based on surface water flow and 

drainage characteristics, areas in close proximity can either have an abundance of water 

through the growing season, or a deficiency of available water as the summer season 

progresses.  Topography determines community composition through its connection to 

microclimate conditions, including seasonal moisture availability (Walker et al., 2002).   

Arctic vegetation distribution can be characterized based on direct terrestrial 

sampling, but also through the application of remotely-sensed images.  Vegetation 

indices, including the Normalized Difference Vegetation Index (NDVI), a measure of the 

greenness of vegetation, can illustrate variation between vegetation communities.  It is 
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especially useful in remote areas such as the Arctic where it can be used to monitor plant 

phenology, species composition and productivity (Laidler et al., 2008). 

The Cape Bounty Arctic Watershed Observatory (CBAWO; 74º54’ N, 109º35’ 

W) on the south central coast of Melville Island, Nunavut, is the site of multiple studies 

examining the climatological, biological, and hydrological characteristics of a High 

Arctic ecosystem.  The terrain is characterized by gentle slopes and is dominated by polar 

desert vegetation communities (Lamoureux and Lafrenière, 2009).  This cold climate area 

undergoes warming during the summer months with a growing season lasting from snow 

melt in late June to freeze-up in August.  Vegetation is composed of dwarf shrubs, 

graminoids, mosses, and lichens, with vascular plants covering 5-25% of the landscape 

often in moisture rich snow runoff areas (Walker et al., 2002). 

During the summer of 2007, multiple ALDs occurred at the CBAWO.  These 

were attributed to especially warm summer temperatures and increased precipitation.  

Many of these ALDs occurred adjacent to one river, i.e., West River (unofficial name), 

and resulted in increased sediment yield and turbidity, in addition to damming a reach 

within the river, thus changing watershed dynamics (Lamoureux and Lafrenière, 2007).  

Upon further analysis of the landscape using aerial photographs, additional historical 

disturbances were identified with the oldest dating back to at least 1950.  These 

disturbances were identified in areas of different moisture regimes, ranging from polar 

desert to mesic heath areas.  The aim of my research is thoroughly analyze historical 
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permafrost disturbances (i.e., ALDs), and the environmental conditions associated with 

their occurrence and rate of recovery.   

The goals of this study are: 

1. To understand the timescales required for ALDs to stabilize and recover 

based on vegetation development following disturbance; 

2. To understand the role of moisture availability in recovery based on a 

comparison of similarly dated disturbances within different moisture 

regimes; and 

3. To develop a methodology for identifying land surface disturbance 

across landscapes, by linking fine-scale plot analysis with remotely-

sensed imagery. 

Historical disturbances, identified from aerial photography, were verified on the 

ground during the summer of 2010.  Six relict permafrost disturbances were included in 

the study, with the oldest dated to pre-1950.  Disturbances were categorized based on 

their moisture class, with polar semi-desert and mesic heath at opposite ends of the 

moisture scale.  Some sites were transitional and were classified along a continuum of 

moisture.  Within each study site, six plots were set up within the disturbance and on the 

slump floor.  Six control plots were located surrounding each disturbance, above the 

headwall and adjacent to the slide.  In total, 72 plots were established, of which 36 were 

control plots and 36 were disturbed plots.  Vegetation sampling was completed at each 

plot during the growing season using a point frame sampling technique, whereby species 
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composition and vegetation height were recorded in each plot.  In addition, environmental 

measures including soil moisture, soil temperature, and active layer depth were taken at 

10-day intervals throughout the growing season.  The importance of moisture to 

vegetation recovery, in the context of these measures, is examined in Chapter 3.  NDVI 

photographs were also taken at each plot.  This allows for the coupling of fine-scale plot 

analysis with landscape scale satellite (i.e., IKONOS) remote sensing data (Chapter 3 and 

Chapter 4).  Both recent and relict ALDs were examined using satellite images to 

determine vegetation patterns through NDVI values found within disturbed zones.  

Physiographic characteristics, including flow and slope of recent disturbances, were also 

analyzed to determine any patterns that may have contributed to initial disturbance 

formation.  A comparison of characteristics of 2007 ALDs and pre-1950 ALDs will 

contribute to the overall understanding of ALDs by determining the short- and long-term 

effects of these disturbances, specifically on vegetation, through the analysis of similarly 

sized and situated ALDs from different timescales.   

Temperatures in the Arctic are projected to increase 6.4°C by 2099 and will have 

important repercussions on overall landscape processes (IPCC, 2007).  Land surface 

disturbances, including ALDs, are expected in increase in frequency as temperatures rise 

(Lantz et al., 2009).  A comprehensive understanding of disturbance, specifically the 

short- and long-term recovery trajectories, will provide insight to the landscape response 

of projected climate change.  Understanding the dynamics governing ALDs can be used 

to predict the long-term impacts of warming on vegetation.   
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Chapter 2 

Literature Review 

2.1 Introduction 

2.1.1 The Tundra Ecosystem 

 The tundra ecosystem is characterized by low average annual soil and air 

temperatures, short growing seasons, low plant productivity, low nutrient availability, and 

low species diversity (Bliss et al., 1981; Forbes et al., 2001).  Plant growth begins after 

snow has melted and the surface soil layer has thawed.  The growing season has been 

defined by Billings (1973; p.  697) as “the duration plants are metabolically active above 

ground”.  Further, it is variable across the Arctic since it is a function of local air and soil 

temperatures, and the duration of time the ground is free of snow (Billings, 1973).  Areas 

in the Canadian High Arctic, defined as areas with latitudes of greater than 72-73°N, may 

experience longer growing seasons than the Low Arctic, as ground temperatures may be 

more stable, accompanied by reduced diurnal temperatures variations (Billings, 1973).   

 Tundra vegetation consists of perennial herbaceous plants, mosses, lichens, and 

prostrate shrubs (Billings, 1973).  Distinct vegetation communities are present in the 

Arctic, including polar desert and tundra meadow.  In areas of low precipitation at high 

latitudes, polar desert environments exist, where vegetation is dominated by stemless 

rosette plants and cushion plants (Billings, 1973).  Shrubs are present in a range of 

moisture environments.  Plant cover is influenced by topographic gradients, with areas 
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down slope from perennial snowdrifts characterized by more diverse vegetation 

communities (Figure 2.1).  Areas in lowlands are wetter and vegetation that prefers 

perennially moist conditions dominate (i.e., mosses, sedges and grasses).  Within these 

meadows, polar desert plant communities may be interspersed, based on small-scale 

changes in topography (Billings, 1973).  This interspersal of polar desert communities 

within tundra meadows creates a mosaic of plant communities within the overall 

landscape.   

As latitude increases, i.e., across the transition from the Low to High Arctic, 

plants become more stunted and the abundance of shrubs decreases (Forbes et al., 2001).  

The High Arctic exhibits reduced vascular plant cover due to more extreme weather 

conditions, i.e., lower temperatures and lower productivity (Forbes et al., 2001). 

 Plant distributions are influenced by a multitude of factors including the length of 

the growing season, nutrients, elevation, bedrock, soil, glacial history, animal activity, 

and disturbance (Billings, 1973).  A review of the primary effects of disturbance on 

ecosystem characteristics and vegetation patterns in the Low Arctic to High Arctic is 

presented in Section 2.2.   
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Figure 2.1: Influence of topography and moisture on vegetation (modified from Billings,  

1973 and Svoboda and Henry, 1987). 

  

2.1.2 Changing Tundra Ecosystems 

 Climate change is expected to have widespread effects throughout the Arctic.  

Increases in temperatures and nutrient availability along with decreases in light will 

modify arctic plant communities (Chapin et al., 1995).  It is anticipated that these changes 

will be expressed in the Arctic within decades (Chapin et al., 1995; Epstein et al., 2004).   

 Changing climatic conditions have been studied through experimentally modified 

environments and modeling.  Simulated nutrient increases resulted in decreases of species 

richness, with mosses and lichens decreasing or absent altogether in nutrient enriched 

environments (Chapin et al., 1995).  Initially, graminoid populations increase, but over 

time, are replaced by shrub populations (Chapin et al., 1995).  Deciduous shrub species 

show the greatest cover increase due to enhanced nutrient availability.  Modeling the 
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effects of vegetation change with increasing temperatures produced similar results, i.e., 

increases in shrub populations with a corresponding decrease in bryophytes as a result of 

successful competition from vascular plant species (Epstein et al., 2004). 

 In simulated warming experiments, Walker and colleagues (2006) found growth 

responses after only two seasons.  Graminoid and shrub species showed increased growth 

rate and cover.  However, abundance of mosses and lichens decreased, resulting in an 

overall decrease of species diversity.  Species evenness was also found to decrease, likely 

due to domination by graminoid and shrub species.  The rapid response of tundra 

vegetation to simulated temperature and nutrient increases indicate its high sensitivity to 

climatic change.  This shift towards woody species will decrease albedo, thus changing 

the surface energy budget and potentially creating a positive feedback system (Chapin et 

al., 2000).   

 

2.2 Landscape Disturbance  

2.2.1 Introduction to disturbance 

Disturbance, defined as “any relatively discrete event in time that disrupts 

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

availability, or the physical environment,” plays an important role in landscape 

development and has widespread ecosystem effects (Pickett and White, 1985, p.  7).  

Disturbance can be quantified based on its intensity, frequency, extent, and timing 

(Pickett and White, 1985; Forbes et al., 2001).  When disturbance occurs, areas may be 
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differentially affected, resulting in the formation of patches of different severity; as these 

patches recover they create mosaics of different plant communities (Forbes et al., 2001).   

The Arctic is especially sensitive to disturbance, due to its short growing season 

and cold temperatures (Stow et al., 2004).  In these regions, disturbance can be triggered 

by anthropogenic activities or may be naturally occurring.  Disturbances associated with 

anthropogenic activity are small scale, and occupy areas ranging from 10-1 – 106 m2 

(Forbes et al., 2001; Walker and Walker, 1991).  Anthropogenic disturbances are mainly 

associated with industrial activity and heavy equipment; i.e., seismic lines, vehicle tracks 

and oil drilling.  These activities may result in thermokarst, or surface subsidence 

occurring due to the melting of ground ice (Mackay, 1970).  Disturbance can be naturally 

occurring, and includes animal grazing, tundra fires and landslides.  Landslides are also 

the result of thermokarst and can occur in many forms, including retrogressive thaw 

slumps (RTS) and active layer detachments (ALDs).   

Climate warming may cause differential responses in disturbed and undisturbed 

tundra.  The response of plants to increases in temperature may be intensified when 

disturbance occurs (Lantz et al., 2009).  In fact, disturbance may play a more significant 

role in vegetation modification than temperature changes, particularly at the fine scale 

(Lantz et al., 2008).  With climate warming, the frequency of different types of 

permafrost disturbance is expected to increase (ACIA, 2005).   

Areas in the High Arctic are more vulnerable to disturbance than Low Arctic areas 

(Babb and Bliss, 1974; Billings, 1973).  High Arctic areas have a slower recovery rate, as 
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plant productivity and plant composition takes longer to return to pre-disturbance 

conditions, and areas remain bare for longer periods (Bliss and Wein, 1972; Forbes et al., 

2001).  However, when disturbance results in enhanced nutrient availability and 

decomposition rates, plant growth will be stimulated and enhanced in the Low and High 

Arctic (Forbes et al., 2001).   

2.2.2 Timing 

The time when disturbance occurs is important and affects the severity and 

recovery of the vegetation community.  Crude oil spills were found to be most 

detrimental to vegetation when they occurred during the summer or in the early winter 

months, especially for wet sedge communities.  When spills occurred in the spring or 

early summer months, as seen in one June disturbance, re-growth began by the end of the 

growing season (Bliss and Wein, 1972).  Movement of vehicles caused the most damage 

through ruts formed when the ground was soft (June and July).  When vehicles passed 

over later in the summer, the ground had begun to firm, causing less damage (Bliss and 

Wein, 1972).  In addition, road usage during the winter months removed vegetation but 

not the organic horizons, thus the surface energy budget was not affected and less damage 

resulted (Hernandez, 1973).  In areas of seismic activity, winter seismic lines removed 

less plant cover and did not expose mineral soils, thus causing less damage than summer 

lines (Hernandez, 1973).  In summary, winter disturbance caused less ecosystem damage 

than those that occurred during the summer months.   
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2.2.3 Severity 

 Recovery is influenced by the degree of damage caused by a disturbance event 

(Babb and Bliss, 1974).  Babb and Bliss (1974) found that when disturbance is minimal, 

as seen with vehicle tracks that compact the organic horizon but do not remove plant 

cover, the active layer is minimally affected.  Similarly, they found that although grazing 

reduces the above ground yield in the short-term and the below ground store in the long-

term, recovery occurs rapidly.  Also, Bliss and Wein (1972) found that crude oil spills 

appeared to only affect above ground vegetation in the short term, as vegetation tended to 

recover quickly. 

When vegetation is removed completely, the active layer will considerably 

thicken (Haag and Bliss, 1974).  In addition, when the organic horizon is removed, 

disturbance severity increases resulting in slower recovery (Forbes et al., 2001).  When 

both vegetation and soil horizons are removed completely, e.g., through seismic activity, 

recovery time increases even further (Bliss and Wein, 1972).  When these layers are 

removed, surface albedo decreases and the ground warms, increasing the depth of the 

active layer.  In addition, where ground ice is high, thermokarst can form, increasing 

disturbance severity (Bliss and Wein, 1972).  The removal of vegetation and the exposure 

of soil may also make the ground more prone to erosion (Forbes et al., 2001). 

2.2.4 Effects of Disturbance on Microclimate  

 Disturbances alter hydrologic, nutrient, and thermal regimes, which are reflected 

through soil and vegetation characteristics in a disturbed area.  Changes to these site 
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characteristics alter vegetation community development and create unique microclimate 

conditions.  Colonizing plants are affected by these site characteristics, creating mosaics 

of vegetation across the arctic landscape.  These mosaics are spatially and temporally 

unique (Geertsma and Pojar, 2007). 

The removal of vegetation can reduce albedo by up to 50% (Babb and Bliss, 

1974).  A reduction in albedo and removal of the soil organic layer can increase soil 

temperatures and deepen the active layer (Lantz et al., 2009).  The active layer may also 

increase due to disturbance itself, as seen through tundra fire disturbances and dust 

deposition (Bliss and Wein, 1972; Auerbach et al., 1997).  An increase in the active layer 

results in earlier plant growth, whereas plant roots have more ‘space’ in the soil layer 

(Bliss and Wein, 1972).  Plants that have deep roots, including Calamagrostis canadensis 

and Eriophorum augustifolium, are common invaders due to their ability to take 

advantage of extra soil space (Chapin and Shaver, 1981).  However, Chapin and Shaver 

(1981) found that not all plant species take advantage of the additional soil volume by 

growing longer roots and this may be an evolved mechanism to prevent freeze thaw 

damage to root structures.   

 RTS, initiated by coastal erosion and the melting of exposed ground ice, remove 

soil and vegetation as they retreat upslope (Lantuit and Pollard, 2007).  RTS are 

characterized by a steep headwall, gentle footslope, and a concave morphology.  Snow 

may accumulate in these depressions, and with the presence of shrubs in stable zones, this 

accumulation will increase (Lantz et al., 2009).  The presence of snow results in freeze 
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back of the ground occurring at a later date, and an increase in surface temperatures 

(Lantz et al., 2009).  Snow accumulation also results in the compaction of grasses and 

herbaceous species (Lambert, 1972).   

Substrate may be exposed through disturbance, as seen in RTS, thereby assisting 

in the recovery of vegetation.  This can result in increased plant productivity and seed 

viability in disturbed zones (Lantz et al., 2009).  Enhanced biomass production was 

observed in wet areas and in graminoid populations (Chapin and Shaver, 1981; Auerbach 

et al., 1997; Truett and Kertell, 1992).  Increases in graminoid cover in thermokarst 

formations associated with industrial disturbance negatively affected species diversity, 

but increased biomass production (Truett and Kertell, 1992).  In many cases, species 

richness is lower in disturbed areas, often attributed to increases in graminoid 

populations, which cause other species groups (including shrubs) to decrease (Forbes et 

al., 2001; Chapin and Shaver, 1981).  Löffler and Pape (2008) found that heavily grazed 

areas had lower species richness and percent cover. 

Plant nutrient regimes were elevated in areas of disturbance (e.g., dust deposition, 

tundra fire, thermokarst and RTS) (Bliss and Wein, 1972; Ebersole, 1987; Truett and 

Kertell, 1992; Lantz et al., 2009).  Soluble materials in the frozen ground may be released 

with permafrost melt associated with disturbance, exemplified by increased plant 

available nitrate concentrations in stable RTS (Lantz et al., 2009).  RTS also displayed 

higher sulphate and calcium regardless of slump stability (Lantz et al., 2009).  Plants that 

can take advantage of increases in nutrient availability will thrive in disturbed areas 
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(Truett and Kertell, 1992).  Elevated nutrient levels allow colonization to occur rapidly, 

beginning near the edge of RTS, with the expansion of surviving vegetation.  In vehicle 

tracks, graminoids had increased leaf nutrient concentrations of phosphorous (P) and 

nitrogen (N) in wet sites (Chapin and Shaver, 1981).   

2.2.5 Colonizing Plants 

Revegetation of disturbed sites can occur through colonization and dispersal from 

seeds (Ebersole, 1987) or through surviving individuals that are resilient to disturbance.  

Resilience can be seen through the survival of adult plants, rhizome fragments, and 

propagules found in the seed bank, which aide site recovery (Forbes et al., 2001).  In 

addition, some plant species have adapted to disturbance and flourish under these 

conditions.  For example, Alopecurus alpinus and Arctagrostis latifolia favour 

disturbance.  Increased production occurs in these species due to a lack of competition for 

light, nutrients, and moisture (Babb and Bliss, 1974). 

Generally, the most prolific seed producers will be the first species to appear 

following a disturbance.  Prolific seed producers include Papaver radicum, Draba spp., 

Oxyria digyna, Salix arctica, Saxifraga oppositifolia and Dryas integrifolia.  If the 

microenvironment is enhanced, mosses will appear, while lichens are usually absent until 

the later stages of recovery (Babb and Bliss, 1974).  When disturbance severity does not 

completely remove vegetation, secondary succession may occur.  Resilient species 

including Salix arctica, Saxifraga oppositifolia and Dryas integrifolia can survive 

disturbance and may experience growth stimulation (Babb and Bliss, 1974).  Crude oil 
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spills were found to be more detrimental when they occurred in wet sedge plant 

communities, as opposed to shrub communities, indicating shrub species resilience to 

disturbance (Bliss and Wein, 1972).   

Colonizing species within areas affected by anthropogenic activity and natural 

disturbance are summarized below (see Section 2.2.5.1 – 2.2.5.3).   

2.2.5.1 Industrial Activity   

Industrial activities can stimulate growth of some plant species, due to alteration 

of the physical environment; common colonizing species in disturbed (seismic and road) 

sites include Equisetum arvense, Vaccinium vitisidaea, Senecio congestus, Arctagrostis 

latifolia, Artemisia, Minuartia, Petasites, Poa alpina, Polygonum viviparum, Senecio 

lugens, and Salix arctica, Alopecurus, Phippsia, Carex bigelowii, Eriophorum vaginatum 

and Salix pulchra, Betula glandulosa, Salix alaxensis, Salix glauca, Salix planifolia and 

Salix reticulata (Auerbach et al., 1987; Ebersole, 1987; McKendrick, 1987; Hernandez, 

1973).  Populations of lichens and mosses are slow to recover (Auerback et al., 1997).   

 In areas of disturbance, both primary and secondary succession occurs.  

McKendrick (1987) found primary plant succession occurred with vegetation establishing 

through seedlings and secondary succession occurred with the gradual ‘creeping’ of 

vegetation along the edges of disturbance sites.  In dry areas, species established through 

seedlings, while wet sites were more commonly vegetated from surrounding areas. 

 Increases in graminoid productivity indicate their role as successful colonizers of 

disturbed systems.  However, forb and shrub species are also important colonizers.  Salix 



 

17 

 

spp. were found to be the most successful in a number of disturbances (Kershaw and 

Kershaw, 1987).  As disturbances age and vegetation recovered, Salix plant cover 

increased.  In one disturbance study, the most successful colonizer, Salix alaxensis, was a 

fast colonizer and persisted over the long-term.  It was still present 35 years after 

disturbance (Kershaw and Kershaw, 1987). 

2.2.5.2 Natural Disturbance 

Loffler and Paper (2008) found lichens, herbaceous plants, and woody plants were 

negatively affected by herbivory, whereas graminoids benefitted from grazing.  Lichen 

biomass was negatively correlated with grazing intensity, as more intense grazing 

removed more lichen (Vistnes and Nellemann, 2008).  Graminoids were highest in areas 

with high grazing activity.  As a result, grasses establish in areas heavily grazed, with 

minimal lichen.  Species that benefitted from grazing activities included Carex aquatilis, 

Eriophorum augustifolium, and Juncus trifidus (Vistes and Nellemann, 2008). 

 Tundra fires caused by lightening strikes stimulated the growth of Eriophorum 

vaginatum and Calamagrostis canadensis (Bliss and Wein, 1972; Racine et al., 1987), 

due to the removal of shrubs and mosses, which act as competition.  Dwarf shrubs 

recover quickly, but mosses and lichens require more time.  Revegetation progresses in 

the following pattern: initial invasion by grasses and sedges, to be followed by shrubs, 

and lastly by mosses and lichens (Bliss and Wein, 1972).  Following fire, in areas 

dominated by sedge tussocks, Eriophorum vaginatum returned first, and was responsible 

for the return of plant cover to previous undisturbed levels in vascular species within a 
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decade.  Bryophytes and lichens destroyed by fire appear to return within four years.  

However, bryophyte cover will decrease as the overstory develops (Racine et al., 1987).  

In areas dominated by shrub species, bryophytes appear earlier, i.e., 2-3 years after fire, 

followed by Arctagrostis, Poa, and Senecio grasses and forbs (Racine et al., 1987).   

 As ground ice within RTS headwalls melt, soil and vegetation located above the 

headwall falls into what is called a “slump”.  The slump will continue retreating until 

ground ice is depleted or becomes insulated, preventing further melt.  Due to this gradual 

retreat, a chronosequence of vegetation development and recovery can be identified 

within RTS, with the youngest vegetation and least recovery occurring directly beneath 

the headwall (Bartleman et al., 2001). 

 Revegetation in thaw slumps is aided by blocks of vegetation, which fall into the 

slump, and stimulate recovery (Burn and Friele, 1989).  In addition to the multiple slump 

movements, these islands of surviving vegetation result in a mosaic of different 

vegetation communities throughout the slump.  These islands of vegetation that become 

detached from the headwall, landing on the slump floor, contain diverse communities of 

mosses, lichens, herbaceous species, and prostrate shrubs (Lambert, 1972).   

When slumps are still active and meltwater from the headwall is abundant, areas 

under the slump floor are colonized by Funaria spp., Senecio spp., Calamagrostis 

canadensis, Eriophorum scheuchzeri  and Arctagrostis latifolia.  Equisetum and Salix 

appear in drier zones, with Salix and Betula appearing furthest down slope (Bartleman et 

al., 2001; Lambert, 1972; Lantz et al., 2009).  Some species are found exclusively in 
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disturbed zones, including Senecio, Artemisia, and Epilobium (Lantz et al., 2009).  

However, this community is less diverse and has a lower bryophyte cover (Burn and 

Friele, 1989).   

Changes to soil moisture modify vegetation development (Figure 2.2).  When 

slumps stabilize, the headwall no longer supplies melt-water to nearby vegetation 

communities, and water tolerant species will no longer dominate in these areas 

(Bartleman et al., 2001).  Once stabilization occurs, the pathway of vegetation recovery is 

characterized by the following stages.  Equisetum first appears and dominates, but is 

eventually replaced by Polygonum dominated communities.  Salix next appears, followed 

by tall shrubs Picea, Betula, and Alnus.  This final vegetation community is most similar 

to the previously undisturbed vegetation (Bartleman et al., 2001; Lantz et al., 2009).   

 When substrate is exposed, vegetation colonization may favour certain species, as 

seen in the development of Alnus crispa communities within RTS floors (Lantz et al., 

2009).  Alnus crispa in these areas displays increased vertical and radial growth, basal 

area, productivity, and seed viability; these conditions were due to decreased competition 

from other species (Lantz et al., 2009).   
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Figure 2.2: Vegetation development before (top) and after (bottom) slump stabilization 

(from Bartleman et al., 2001). 
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2.2.6 Vegetation Recovery 

The time period required for recovery is influenced by the degree of the 

disturbance and the availability of seed (Walker and Walker, 1991).  Re-growth from 

primary succession begins 5 to 20 years after disturbance (Babb and Bliss, 1974).  

Secondary succession can begin immediately after disturbance if hardy plants survive and 

help with initial colonization and recovery.  Since moss, lichens and vascular plants have 

different recovery periods, all need to be considered when measuring site recovery.  

Vascular plants have the fastest recovery, and as these are often the only plants analyzed, 

there may be a bias to overestimate the stage of recovery reached in disturbed zones than 

if all plants (including bryophytes) are considered (Forbes et al., 2001).   

Vehicle tracks had recovery periods of 1-10 years, but in some instances, a 

posteriori productivity was greater than a priori disturbance productivity (Chapin and 

Shaver, 1981).  This increase in productivity could be due to increased graminoid cover, 

as graminoids have fast photosynthetic and growth rates (Chapin and Shaver, 1981).  

Vegetation communities approached the composition of areas surrounding the 

disturbance, but only after decades of re-establishment (Ebersole, 1987).  Recovery 

occurred within 5-6 years in areas disturbed by tundra fires, when vascular plants reached 

50-100% of their pre-disturbance cover.  Recovery time increased with fire severity and 

when fires occurred later in the season (Racine et al., 1987).   

Landslides have variable recovery periods.  In the Low Arctic, Burn and Friele 

(1989) found vegetation in RTS returned to its original birch-spruce composition 

following a recovery period of 35-50 years.  However, the ground thermal regime had not 
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fully returned to normal, and may not return for at least a century.  They attributed this to 

the presence of a discontinuous moss layer.  Areas within the slump have different ages, 

with younger areas located closest to the headwall creating a mosaic of distinct vegetation 

communities that have varying ages and therefore numerous recovery zones (Figure 2.3).  

Lantz et al. (2009) compared active and stable RTS with undisturbed landscapes and 

found plant community compositions differed between all groups, indicating that even 

with stabilization, vegetation still differs from the surrounding terrain 29 to 73 years 

following initial disturbance.   
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Figure 2.3: Age of RTS vegetation communities (adapted from Burn and Friele, 1989).   
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2.2.7 Effects on Soil Recovery  

 Soil temperature is affected by disturbance; increases in soil temperature were 

found after tundra fire, vehicle track, and debris removal disturbances (Chapin and 

Shaver, 1981; Bliss and Wein, 1972; Ebersole, 1987).  Increases in soil temperatures 

correspond to an increase in thaw depth (Chapin and Shaver, 1981; Racine et al., 1987) 

and may contribute to increases in decomposition (Ebersole, 1987).  Soil thaw increased 

as a result of disturbance, as seen in tundra fire activity.  However, original depth 

conditions reappear quickly when tundra fire disturbances are not severe (Racine et al., 

1987).  

Soil moisture and thus plant community type significantly affects recovery, both 

directly and indirectly.  In wet areas, vehicle tracks had increased plant biomass, whereas 

dry sites had decreased biomass values (Chapin and Shaver, 1981).  In addition, 

differential soil moisture in RTS communities result in differential species colonization 

related to moisture preferences.  Under the headwall, in areas where melt-water is readily 

available, more water tolerant species exist (Burn and Friele, 1989; Lambert, 1972).  Soil 

moisture influences recovery in industrial thermokarst sites, as wet sites recover in 20-75 

years, while drier sites require longer than 75 years (Forbes et al., 2001).  Large bare 

patches have greater erosion, and thus remain bare for longer periods.  Vegetation 

regeneration is fastest in wet sites, followed by mid-moisture mesic sites, with dry sites 

regenerating the slowest (Forbes et al., 2001).   

Soil bacteria and soil pH may also be affected by disturbance.  Increased soil 

bacterial populations were observed shortly after oil spill events and tundra fires (Babb 
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and Bliss, 1974; Bliss and Wein, 1972).  Exposed soils in RTS and dry compacted soils 

had elevated pH values (Lambert, 1972; Chapin and Shaver, 1981).  Disturbed zones 

within RTS were found to have increased soil pH values (Lantz et al., 2009).   

Areas where disturbance activity is prevalent (or RTS that are active) have a 

minimal or absent organic layer.  When slumps stabilize and as litter and moss increase, 

so too will the organic layer (Lantz et al., 2009).  At one site, there was minimal 

development of brunisol soils 40 years following initial slumping (Burn and Friele, 1989).  

Soil development began after six years with both litter and soil aggregates increasing with 

age and chemical weathering only becoming apparent after 40 years (Burn and Friele, 

1989).   

2.2.8 Conclusions 

Regardless of the type of disturbance, vegetation recovery occurs slowly (Billings 

1973) (Table 2.1).  Industrial disturbances, animal grazing, and tundra fires have low to 

moderate severity, and recover in the shortest amount of time.  In contrast, land surface 

disturbances including landslides are more severe and can be complicated through 

reactivation.  RTS have been studied extensively, both in terms of their formation and 

vegetation recovery.  These provide a guideline for ALDs and their recovery, which is 

reviewed in section 2.3.   
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Table 2.1: Compiled disturbance characteristics associated with various activities 

Disturbance Severity Extent Frequency 

Industrial Activity 
(seismic/ vehicle) 

Moderate  
(Recovery = 20 + 
years) 
 

Macroscale 
(region) 

Single event 

Animal Grazing Low 
(Recovery = 1+ 
years) 

Microscale 
(depends on herd 
size) 

Variable –  
Single pass through 
or more frequent 
(annually, multiple 
times a year) 

Fire 
 
 
 

Moderate  
(Recovery = up to 25 
years for vascular 
plants, longer for 
lichen) 
 

Microscale 
Area < 100km2 

100 - 200 years 

Landslides High 
(Recovery = 50- 100 
years) 

Microscale 
Area < 10 km2 

Variable –  
Minor (15+ years) 
Major (350-500 
years) 

 

2.3 Active Layer Detachments 

2.3.1 Formation 

 Active layer detachments, a form of cryogenic landslide (Ukraintseva, 2008), 

occur when the active layer material breaks away from the underlying permafrost when 

there is rapid thaw at the base of the active layer (Harris and Lewkowicz, 1993).  There 

are three types of cryogenic landslides: (i) active layer detachment (ALD or shearing 

slide); (ii) ground ice slump; and (iii) earth flow (Leibman, 1995).  ALDs are the most 

common and widespread form of cryogenic landslide (Leibman, 1995).  Small seasonal 

shifts of soil shearing occur when thawed saturated ground moves a few centimeters per 
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year over the permafrost table, termed gelifluction movements.  These subtle movements 

are limited in their ability to tear soil (Leibman, 1995).  However, over time, gelifluction 

can cause slopes to become unstable and fail (Harris and Lewkowicz, 2000).  

Precipitation and thawing of the active layer result in ground saturation.  The detaching 

surface changes throughout the season with both soil water content and thaw rate 

influencing saturation (Leibman, 1995).  Rapid thawing of the active layer in summer 

causes formation of ice lenses at the base of the permafrost table, and when combined 

with high pore water pressure can initiate a slide (Harris and Lewkowicz, 1993).  ALD 

disturbances alter soil and vegetation as the top layer of soil and vegetation is removed 

and deposited down slope, with some material being buried (Figure 2.4). 

 

 

 

Figure 2.4: Illustration of ALD activity (from Kokelj and Lewkowicz, 1999).   
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High annual and summer precipitation and temperatures trigger ALD formation.  

In both the North American and European Arctic, meteorological conditions were 

responsible for the formation of numerous ALDs between 1988 and 1990 (Lewkowicz, 

1990, Leibman, 1995).  In these High Arctic ALDs, thaw depths were not at their 

maximum when slopes failed, with permafrost only degrading after the slope failure with 

the development of the new active layer beneath the scar floor.  Thaw consolidation 

theory (McRoberts and Morgenstern, 1974) suggests the rate of thaw of the ice rich basal 

area of the active layer to be more important than the total thaw depth as two sided 

freezing causes ice lenses to form in the basal part of the active layer.  In subsequent 

seasons, thawing of this layer generates pore pressure associated with slope failure.  

These ALDs form days after suitable meteorological conditions occur in conjunction with 

the rapid thaw of ice lenses.  (Lewkowicz and Harris, 2005).   

ALDs can also form in the absence of warm temperatures and high precipitation 

under conditions of permafrost thaw caused by forest fires.  In the Low Arctic, 

Lewkowicz and Harris (2005) studied the formation of ALDs below the tree line.  These 

ALDs differ from thermally induced ones in their zones of failure and lag time between 

disturbance and response (Lewkowicz and Harris, 2005).  In the case of the Low Arctic 

ALDs, permafrost melted extensively after fire events, and slope failures occurred weeks 

to months after these events and not immediately after warm temperatures and high 

rainfall conditions. 
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Ancient slides have been dated using radiocarbon analyses of buried organic 

matter.  There have been a greater number of ALDs reported in northern regions of 

increasing latitude, suggesting a link between climate change and ALD formation, and the 

use of ALDs as an indicator of warming climatic conditions (Ukraintseva, 2008).  In the 

Yamal Peninsula, more than half of the study area was affected by ALD activity 

(Ukraintseva, 2008).  In addition to those researched on the Fosheim Peninsula, since 

1975 the number of ALDs identified has doubled, which can be attributed either to 

climate change or an underestimation of historical disturbances.  More ancient slides have 

been found in Low Arctic regions (Ukraintseva, 2008) and coupled with an increase in 

High Arctic ALDs, suggests a northward movement of landslides. 

 ALDs can reactivate once stabilized.  However, there is a lag time before an ALD 

will reactivate, as recovery is necessary.  Two conditions are necessary for such re-

occurrence: (i) climatic conditions, including warm temperatures and high precipitation; 

and (ii) sufficient slope and critical strain in the active layer (Leibman et al., 2003).  

Stabilized landslides will develop a transition layer between the active layer and the 

permafrost table.  Erosion channels, which form after disturbance, flatten and allow for 

higher soil saturation and increased pore pressure (Leibman et al., 2003).  Usually 

landslide events need 350-500 years between slide reoccurrence; this time is required for 

vegetation recovery, the development of a transition layer, and the flattening of erosion 

gullies, all conditions necessary for re-initiation (Leibman et al., 2003).   
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2.3.2 Morphology 

 ALDs have distinct morphological characteristics, and are shallow, with their 

depth limited to the depth of the active layer.  Zonal separations are apparent within an 

ALD (Figure 2.5).  The shearing headwall zone (where material is removed) is 

characterized by the bare scar surface (Harris and Lewkowicz, 1993).  The zone of flow 

contains the flow track of material, and isolated blocks that were detached at the 

headwall.  The zone of accumulation (also called the toe), located furthest down slope, is 

the depositional area where slide material is deposited (Harris and Lewkowicz, 1993) and 

may be wider than the zone of flow; i.e., common ALD length to width ratios are in the 

order of 2:1 to 3:1 (Lewkowicz, 1990).  Characteristics of ALDs include: (i) lengths 

ranging from 2-700m; (ii) widths ranging from 1.5-200m; (iii) thicknesses varying from 

0.25-1m; (iv) weights ranging from 3-210000 tonnes (Leibman, 1995).  ALDs are not 

affected by aspect, and occur in areas with slopes ranging from 1-50°.  Total slide angles 

include 10-15°, with local slopes ranging from 3-50° (Leibman, 1995).  ALDs occur on 

clay soils, sandy soils, and most commonly, sandy soils located above clay, possibly due 

to high infiltration capacity of rain and ice layer presence (Leibman, 1995).   

 Cryodessication and evaporation solidify detached blocks that are transported 

down slope helping to retain their shape (Harris and Lewkowicz, 1993).  However, these 

blocks degrade quickly due to erosion and become indistinguishable from the surrounding 

terrain (i.e., the scar floor is smooth initially, but erosion creates rills and gullies) 

(Lewkowicz, 1990).  Material transported down slope may be compressed in the toe, if 
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run out is limited.  The least compression occurs when run out is possible (Harris and 

Lewkowicz, 1993).  An ALD may contain remnants from one disturbance, or 

detachments may move progressively upslope, with the occurrence of multiple 

reactivations (Harris and Lewkowicz, 1993).  There is little internal disturbance within 

ALDs, apart from folds and ridges formed when ground is compressed at the toe (Harris 

and Lewkowicz, 1993).   

ALDs can be identified based on morphology expressed on aerial images of 

disturbances less than 100 years old.  Young landslides are easily distinguishable, as the 

headwall regions are bare or have minimal vegetation cover (Leibman et al., 2003).  Once 

a disturbance has stabilized for up to a century, their morphological differences are too 

subtle and similar to the surrounding undisturbed terrain to allow for identification 

(Ukraintseva, 2008).  To determine the age of ancient landslides, methods including 

carbon dating of wood and humus buried during the movement may be used (Leibman et 

al., 2003).   
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Figure 2.5: Morphology of an ALD (from Leibman, 1995). 

 

2.3.3 Microclimate 

 The microclimate within disturbed zones may be affected, as disturbance alters 

topographic characteristics.  Disturbed areas may exhibit more extreme conditions than 

surrounding undisturbed areas (Geertsma and Pojar, 2007) or may be sheltered from 

extreme conditions and may become more favourable for vegetation (Lantz et al., 2009).  

In either case, the conditions within these zones may be different from those found in the 

adjacent landscape matrix.  As vegetation is removed in some areas of disturbance, the 

insulating effects of vegetation on the ground are lost, resulting in increased soil 

temperature and active layer depth (Walker et al., 2009; Leibman et al., 2003).  For 



 

33 

 

instance, Ukraintseva (2008) documented the increase in permafrost depth in disturbed 

zones of a slide to be twice that of undisturbed areas. 

2.3.4 Soil Effects 

 Disturbance can remove organic horizons and expose parent material creating 

mosaics of soils in different stages of development (Geertsma and Pojar, 2007).  

Processes of removal and accumulation due to disturbance can change soil texture, 

density, and porosity.  Exposed soils may undergo weathering, further altering soils 

through changes in soil chemistry (Geertsma and Pojar, 2007).  Soils in ALD depressions 

on the Yamal Peninsula, Russia show higher salinity than undisturbed soils, which may 

be responsible for enhanced productivity, particularly evident in Salix species 

(Ukraintseva and Leibman, 2000).  This salinity and substrate instability may also be 

responsible for the lack of moss in recently disturbed areas.   

2.3.5 Hydrologic Effects 

As ALDs form depressions in the landscape, they accumulate more snow in 

winter, with the most accumulation in the upper area near the headwall, and decreasing 

towards the edges of the disturbed zone.  The amount of snow accumulated decreases 

with age, as scarp edges are rounded and less successful at trapping snow.  Areas that are 

bare or have minimal vegetation (recently disturbed sites) have increased runoff, which 

also increases erosion slowing the establishment and growth of vegetation (Kokelj and 

Lewkowicz, 1998).  Initially, there is an increase in erosion after formation, which 
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subsides as vegetation recovers and the disturbance stabilizes (Kokelj and Lewkowicz, 

1998).   

Soluble materials from the permafrost are released during permafrost melt.  

Elevated sodium concentrations were found in runoff from ALDs where permafrost was 

salt-rich and remained so for decades (Kokelj and Lewkowicz, 1999).  Salt efflorescence, 

found in some disturbed zones, may enhance productivity at some concentrations, but 

high enough concentrations may negatively affect plant communities, and can limit plant 

growth and diversity and limit colonization.  Water nutrient concentrations increased 

within disturbed areas and enhanced plant productivity (Ukraintseva, 2008).  Soil water 

contained increased concentrations of K, Ca, Mg, Cl, S, and P, which resulted in 

increased Salix growth in the area (Ukraintseva and Leibman, 2000).  Downstream water 

quality is also affected by ALD activity.  For instance, Lamoureux and Lafrenière (2009) 

examined the immediate effects of ALDs on downstream water quality and found 

substantial increases in turbidity in a downstream river. 

2.3.6 Nutrient Effects 

Disturbance directly affects the availability of substrate, thus indirectly altering 

vegetation (Walker et al., 2009; Ukraintseva, 2008).  ALD disturbance zones may have 

increased pH values and lower carbon content relative to undisturbed surrounding zones.  

However, as these disturbances recover, concentrations of nitrogen (N) and carbon (C) 

increase over time (Walker et al., 2009).  In contrast to N and C, concentrations of trace 

elements display elevated levels in modern disturbances, and decrease as disturbances 
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age.  These concentrations affect all levels of the ecosystem, from vegetation to animal 

populations (through grazing) (Walker et al., 2009).   

2.3.7 Vegetation Effects 

 After an ALD occurs, vegetation communities respond and revegetate.  For 

example, following the formation of ALDs on the Yamal Peninsula, there was an increase 

in Salix shrubs, which were attributed to increases in zinc found in substrate release 

(Leibman et al., 2003).  Other pioneer species including sedges (e.g., Phippsia spp.) 

colonized bare soil sites, but in the absence of bryophytes.  As ALDs continue to recover 

and revegetate, Salix cover increases and moss species appear.  The tallest and densest 

Salix species are found in ancient ALDs, with Salix, herbs, moss and lichen characteristic 

dominant in the final stages of revegetation (Leibman et al., 2003).  Overall, sedge 

communities transition to moss-lichen-shrub dominated areas (Leibman et al., 2003).   

Increases in trace elements found in soil and soil water affect plant roots and may 

be accumulated in Salix, and lead to increased growth.  Maximum amounts of these 

elements were found in branches.  Analyzing the chemical composition of Salix allows 

for dating the disturbance, as these elements are initially high and decrease as 

stabilization and recovery of vegetation occurs (Ukraintseva and Leibman, 2000).   

2.3.8 Conclusions 

ALDs have multiple ecosystem effects, influencing hydrologic and biologic 

systems.  Soil, vegetation, and nutrient regimes are affected and show distinct phases of 

recovery.  Since increased summer temperatures may increase the number of ALDs, 
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understanding their long-term recovery is essential to providing a comprehensive 

understanding of these forms of disturbance.   

2.4 Remote Sensing of Vegetation 

2.4.1 Normalized Difference Vegetation Index (NDVI) 

Vegetation properties can be measured on site, however, remote sensing of 

vegetation biophysical properties is necessary in arctic regions where on site 

measurements are costly and changing conditions are impractical to monitor.  Remote 

sensing can be used to map vegetation, compare regions and analyze patterns (and 

processes) over time.  Satellite spectral imaging provides information on vegetation 

biophysical properties (e.g., community type, biomass and leaf area index (LAI)).  

Vegetation has distinct reflectance characteristics, as chlorophyll and other pigments 

preferentially absorb visible wavelengths (i.e., photosynthetically active radiation (PAR); 

400-700 nm) and mesophyll cells reflect infrared light.  Vegetation indices (or ratios) 

have been developed which utilize these reflectance properties to derive a single value for 

each picture element (pixel); a value that tends to have a strong correlation with 

vegetation biophysical properties (Laidler and Treitz, 2003).  The Normalized Difference 

Vegetation Index (NDVI) is one such index that normalizes the difference between the 

maximum absorption of red wavelengths and peak reflectance in the near infrared (1).  

NDVI values range from -1 to +1, with negative values associated with lichen and rocks 

(Otholf and Latifovic, 2007).  As vegetation is variable, sufficient resolution is necessary 

to capture the heterogeneity in NDVI values (Stow et al., 1993b).   
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NDVI = [(NIR-RED)/(NIR+RED)]    (1) 

NDVI can be measured remotely, from satellite images, but also in the field, using 

radiometric devices.  Traditionally, biomass is measured destructively and at one point in 

time; however when estimated through NDVI values it can be determined non-

destructively and repeatedly measured over time (Chen et al., 2009).  Due to the spatial 

heterogeneity of vegetation, indices calculated from remotely-sensed imagery allow more 

vegetation communities to be classified and quantified, with decreased sampling error 

(Chen et al., 2009). 

2.4.2 Tundra vegetation differences and NDVI 

NDVI values differ amongst tundra vegetation communities, and are influenced 

by soil type, climate and terrain (Laidler and Treitz, 2003).  Table 2.2 illustrates 

differences in NDVI values in different tundra communities.  NDVI and vegetation tend 

to exhibit a linear relationship; i.e., as canopy cover and biomass increase, so too does 

NDVI.  For example, Laidler et al. (2008) reported a strong correlation between 

vegetation percent cover and NDVI at a study site on Boothia Peninsula, Nunavut.  

Strong correlations also exist between LAI and NDVI, when vegetation is grouped into 

physiognomic categories (Shippert et al., 1995). 

Stow et al. (1993a) compared NDVI between four vegetation communities: dry 

heath, moist tussock, wet sedge, and water tracks.  NDVI differed significantly for these 

four vegetation communities with dwarf shrub areas displaying the greatest NDVI values, 

whereas dry heath tundra had the lowest values (Figure 2.6) (Stow et al., 1993b).  These 
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values were attributed to low vascular cover and lichen cover.  Moss was also found to 

affect NDVI values, as when saturated, it reflects red and near infrared light similarly and 

thus dampens NDVI values (Stow et al., 1993b).  Due to the unique reflectance of moss 

and lichen species, arctic vegetation possesses unique NDVI values (Hope et al., 1993).   

NDVI changes through the growing season as a function of plant phenology, i.e., 

increasing as plants grow and new leaves are added (Figure 2.6).  NDVI values are most 

divergent between different vegetation communities during peak growing season, 

specifically late July, when plants have hit their peak growth and exhibit peak greenness 

(Stow et al., 1993b, Otholf and Latifovic, 2007). 

 

Table 2.2: Examples of common tundra NDVI values (from Laidler and Treitz, 2003). 
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Figure 2.6: NDVI values across vegetation communities over time (from Stow et al., 1993b). 

 

2.4.3 NDVI as an indicator of climate change 

 The effect of increasing temperatures on vascular plants can be expressed by 

elevated NDVI values; thus NDVI can be used as an indicator of change resulting from 

warming trends.  Satellite images can be compared over time to determine changes in 

NDVI corresponding to increased plant biomass, productivity and variability (Otholf and 

Latifovic, 2007).  Studies comparing NDVI across timescales have found both increases 

and decreases in NDVI values with increased temperatures; i.e., in areas with trees and 

shrubs, NDVI increased, but in areas dominated by moss and lichen species, NDVI values 

decreased (Otholf and Latifovic, 2007; Zhou et al., 2001; Myneni et al., 1997).  Some dry 
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areas, following an increase in temperature, exhibited no change in NDVI values (Otholf 

and Latifovic, 2007).  NDVI values have also been used as an indicator of increases in the 

length of the growing season (Zhou et al., 2001).   

2.4.4 NDVI as an indicator of disturbance 

Disturbance tends to affect NDVI by altering the proportion of exposed versus 

vegetated surfaces.  As a result, these disturbances can potentially be monitored using 

remote sensing, both for initial detection and monitoring of response through time.  NDVI 

values can be used to understand how disturbance changes plant community 

characteristics, through changes to the plant environment, as seen in Figure 2.7 (Walker et 

al., 2009).   
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Figure 2.7: Impact of disturbance on NDVI values (modified from Walker et al., 2009). 
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2.5 Conclusions 

 The High Arctic is a fragile environment.  A changing climate may alter arctic 

vegetation directly through changes in productivity or through modifying disturbance 

regimes.  Permafrost disturbance, including ALDs, modify arctic ecosystems at a number 

of levels, including the hydrologic, nutrient, soil and vegetation regimes.  ALDs are 

expected to occur with increasing frequency in the Arctic as climate change progresses, 

so understanding the dynamics governing their occurrence and their long-term recovery 

will help predict how they will respond to future changes.  Remote sensing of vegetation 

indices, including NDVI, provide a method of monitoring, quantifying, and understanding 

disturbance of various types.   
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Chapter 3 

Tundra vegetation characteristics associated with 20th Century 

permafrost disturbance 

 

3.1 Abstract 

 Permafrost disturbances, in the form of active layer detachments (ALDs), are 

widespread at the Cape Bounty Arctic Watershed Observatory (CBAWO) with many 

occurring in 2007 due to warm temperatures and heavy precipitation.  Relict ALDs 

(RALDs) that occurred before 1950 aerial photographs were identified and monitored to 

determine the long-term impacts these disturbances have on the overall landscape and 

vegetation.  Six historical disturbances, three located in dry polar desert areas and three 

located in mid-moisture mesic heath areas, were studied during the growing season of 

2010, with multiple environmental variables, including soil moisture, soil temperature, 

and active layer depth measured at each site.  In addition, vascular plants were identified 

to the species level, which allowed for the computation of multiple diversity indices.  

Vegetation was also analyzed through the capture of fine-scale ground-based Normalized 

Difference Vegetation Index (NDVI) plot images.  These site characteristics were utilized 

to determine if and how historical disturbances differed from the surrounding undisturbed 

terrain.   
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 After the 60+ years since initial disturbance events, some sites displayed elevated 

soil moisture values, likely due to concave slump morphology, allowing for greater snow 

accumulation.  Soil temperature was lower in select ALDs, due to increased snow 

accumulation.  Only one ALD site showed shallower active layer depths than their 

respective controls.  Overall, sites show only minimal differences in the response of these 

variables, highlighting the subtle modifications disturbances make to these landscapes.   

 Vegetation across the study sites responded similarly to environmental variables, 

with decreased species richness and diversity found at select sites.  Leaf area index (LAI) 

values and NDVI increases within sites relative to control areas suggest biomass increases 

within disturbed zones.  These modifications to site conditions indicate that over the long-

term, vegetation changes are sustained.  However, these changes are minimal and 

relatively subtle as measured with conventional plant metrics.   

 A comparison of disturbance by vegetation type revealed differences in the 

responses of vegetation for polar desert versus mesic heath site.  The best overall 

indicator of disturbance was vegetation community type, with NDVI increases found in 

polar desert zones, while mesic heath zones were characterized by canopy height 

increases.  However, these changes are highly localized.  No overall or clear patterns 

emerge from this analysis, highlighting the need for continued monitoring of both recent 

and historical ALDs in different vegetation zones.  These results, in combination with the 

monitoring and classification of other factors contributing to disturbance occurrence and 
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recovery, will allow for a complete understanding of the impacts of ALDs on tundra 

vegetation and landscapes.   

 

3.2 Introduction 

Predicted climate change and permafrost disruption is expected to increase the 

extent of land surface disturbances in the Arctic (ACIA, 2005).  In the High Arctic, 

disturbances can take the form of active layer detachments (ALDs), which occur during 

periods of increased temperatures and precipitation and form when the thawed active 

layer breaks away from the underlying permafrost, triggering a mass movement of soil 

and vegetation.  These translational slides carry and deposit detached blocks of soil and 

vegetation down slope (Lewkowicz and Harris, 2005), thereby creating a 

microenvironment that may exaggerate the effects of climate warming on vegetation 

(Lantz et al., 2009) within the disturbed zone.  ALDs have a potentially large localized 

impact on the vegetation, as well as important downstream water quality impacts 

(Lamoureux and Lafrenière, 2009).  The timescales required to stabilize and revegetate 

ALDs are poorly understood.  Hence, there is a key need to both efficiently map different 

episodes of disturbance and to identify the recovery patterns of vegetation and the land 

surface. 

ALDs modify microclimate conditions through changes to the vegetation and site 

characteristics.  Surface albedo decreases with the removal of vegetation and the organic 

soil horizon, which increases soil temperatures and active layer depth (Lantz et al., 2009; 
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Burn and Friele, 1989).  ALDs form landscape depressions as material is removed and 

deposited downslope, and these depressions preferentially accumulate snow, which 

further insulates the ground in winter.  This increase in snow depth in depressions can 

also contribute to warmer soil temperatures and increased soil moisture, even after 

stabilization (Bosquet, 2010).  As time progresses, the sharp edges of these depressions 

erode, reducing snow retention (Kokelj and Lewkowicz, 1998).  Initial movement of the 

slide results in the depletion of soil, seeds, and other propagules from the exposed scar 

area (Desforges, 2000).  The time required for vegetation recovery is influenced by the 

intensity of the disturbance and the availability of seeds in the seed bank in conjunction 

with moisture availability. For example, wetter sites recover more rapidly than dry sites 

(Walker and Walker, 1991; Forbes et al., 2001).   

This research examines the long-term recovery patterns and effects of historical 

ALDs on landscape characteristics in two tundra communities; polar desert (PD) and 

mesic heath (MH).  Forbes et al. (2001) demonstrated that soil moisture affects vegetation 

recovery rates following disturbance.  Hence, sites exhibiting greater moisture values in 

the High Arctic are predicted to show a greater degree of recovery than drier sites.  In this 

study, we examine vegetation and site recovery within ALDs in the context of moisture 

regime through of separation of dry polar desert and mid-moisture mesic heath vegetation 

types.  In addition, due to the morphological changes resulting from ALDs, we suggest 

that vegetation changes associated with historical disturbances will alter the landscape 

over the long term.   
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3.3 Study Area  

Cape Bounty is located on the south-central coast of Melville Island in the 

Canadian High Arctic (74°54’N 109°35’W).  This cold climate region has low 

precipitation, with most falling as snow and a melt season occurring between June and 

August.  The Cape Bounty Arctic Watershed Observatory (CBAWO) contains two 

watersheds where ALD activity was widespread in 2007 (Figure 3.1) due to exceptionally 

high summer temperatures, heavy rainfall and increased active layer depths (Lamoureux 

and Lafrenière, 2009).  

Vegetation at the CBAWO is characterized by an abundance of low-growing 

plants able to withstand harsh environmental conditions.  Common vegetation types are: 

grasses (Poaceae) including Alpine foxtail (Alopecurus magellanicus), Arctic bluegrass 

(Poa arctica ssp.  arctica) and Alpine fescue (Festuca brachyphylla); sedges 

(Cyperaceae) including Tall Cottongrass (Eriophorum augustifolium ssp.  triste) 

Scheucherzer’s cottongrass (Eriophorum scheuchzeri) and Aquatic sedge (Carex aquatilis 

ssp.  stans); vascular plants including (Papaveraceae) Arctic poppy (Papaver 

cornwallisense), (Ranunculaceae) Snow buttercup (Ranunculus nivalis), 

(Caryophyllaceae) Arctic mouse-ear chickweed (Cerastium arcticum), (Saxifragaceae) 

Purple Saxifrage (Saxifraga oppositifolia), and (Salicaceae) Arctic Willow (Salix 

arctica); and various bryophytes.  The main determinants of growth are summer 

temperature and moisture, which control the species that can establish during the limited 
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growing season (Young, 1971).  Vegetation is heterogeneous, ranging from wet sedge 

meadows where water is persistent to sparser polar desert vegetation in moisture-limited 

areas.  Mosses, sedges, and grasses predominate in areas with perennially moist 

conditions.  Dry polar desert areas are characterized by an abundance of cushion and 

rosette plants.  Plant distributions are influenced by a multitude of variables including 

growing season length, water nutrients, elevation, bedrock, soil, glacial history, animal 

activity, and disturbance (Billings, 1973); with disturbance being the focus of this 

research.   

 

 

Figure 3.1: 2007 Active layer detachment immediately following occurrence (Photo credit: 

S.  Lamoureux). 
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3.4 Methodology 

3.4.1 Site Classification 

During the summer of 2010, six relict active layer detachments (RALDs) were 

identified across the east (E) and west (W) watersheds at the CBAWO and classified 

based on moisture regime and vegetation type (i.e., EA, EB, WA, WB, WC, WD).  Study 

sites were initially identified with the aid of 1950 aerial photographs and then verified in 

the field.  Three RALDs were classified as polar desert (PD; EA, EB, WD) and three as 

mesic heath (MH; WA, WB, WC) (Figure 3.2).  There were no representative sites for a 

third vegetation class present – wet sedge. 

Within each RALD, a total of four study and control transects, including twelve 

plots, were established (Figures 3.3 – 3.4).  Six 1m2 plots were located on the recovered 

slump floor, a minimum of five meters from the discernible slide edge.  The remaining 

six plots were located on undisturbed surfaces beside and behind the headwall, a 

minimum of two metres from the edge (Figure 3.3).  Locations were chosen using these 

guidelines and standardized distances to ensure sampled plots represented fully 

undisturbed (C-control) and disturbed (S-study) conditions as the transition between 

disturbed and undisturbed terrain is often subtle (Figure 3.5). 
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Figure 3.2: Disturbance sites at the CBAWO (location shown on inset map); RALD sites are 

indicated in red (and labeled), while recent 2007 ALDs are shown in green. 
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Figure 3.3: RALDs showing disturbed study (S) and undisturbed control (C) vegetation 

plots, with direction of movement downslope and contour lines. 
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Figure 3.4: Mesic heath site (WB): CONTROL (top left) and STUDY (bottom left); polar 

desert site (WD) CONTROL (top right) and STUDY (bottom right) plots. 

	  

Polar 
Desert 

Mesic 
Heath 

C
on

tr
o

l 
St

ud
y 



 

53 

 

	  

Figure 3.5: Site photographs, clockwise from upper left hand corner: EA, EB, WB, WD, 

WC, WA.  
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Figure 4.X: Site photographs, clockwise from upper left hand corner: EA, EB, WB, WD, 
WC, WA. 
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3.4.2 Environmental Measures 

3.4.2.1 Soil Moisture and Temperature 

Soil moisture was measured volumetrically every ten days throughout July and 

August of 2010 using an E.S.I MoisturePoint MP917 Time Domain Reflectometry (TDR) 

system and probe, with an accuracy of ±3% soil moisture.  Moisture was measured within 

the top 10cm of soil in the southeast corner of each plot.  Time return values were 

converted to √ka values, which were input into the universal soil moisture equation to 

calculate percentage soil moisture. 

√ka = 299.7/ (200/T), where T = time (nanoseconds)  (1) 

% Soil Moisture = 0.115* √ka – 0.176    (2) 

 Soil temperature was monitored at 10 day intervals throughout July and August in 

conjunction with moisture measurements using a Thermo Digital Thermometer (Model 

PS100) with an accuracy of ±1°C and a resolution of 0.1°C.  Soil temperature was 

measured adjacent to, but at least 10 cm from soil moisture measurement locations.   

3.4.2.2 Active Layer Depth 

 Active layer depth was also measured adjacent to vegetation plot boundaries in 

conjunction with soil moisture and soil temperature measurements.  A long metal probe 

was inserted into the ground to determine the depth of the thawed ground throughout the 

season following the Circumpolar Active Layer Monitoring (CALM) protocols (Brown et 

al., 2000). 
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3.4.3 Vegetation Variables 

 Vegetation variables were measured during peak growth (i.e., approximately mid 

July), with plant species composition and height recorded using a point frame sampling 

technique, as described by Molau and Mølgaard (1996).  A 1m2 point frame with grid 

intersections at 0.1m increments permitted sampling of 100 points within each plot.  

Vegetation characteristics recorded at each point included vegetation height, vascular 

plant cover to the species level, bryophyte cover, bare ground, rock, and water.  This 

technique allowed for the derivation of multiple vegetation variables, including mean 

canopy height, species richness, diversity, leaf area index (LAI), and total plant cover.  

Vegetation was also quantified through the capture of fine scale multispectral images 

using a Tetracam ADC camera, which allowed the calculation of the normalized 

difference vegetation index (NDVI), a measure of plant green biomass.  These plot 

photographs were captured during overcast weather conditions (100% cloud cover) and at 

similar times of day during peak growth (i.e., mid-July) by mounting the Tetracam ADC 

camera on a tripod (Figure 3.6).  NDVI photographs were processed using Tetracam 

Pixelwrench2 software to calculate plot-level NDVI values from raw images, which were 

first processed for near infrared (NIR) and red reflectance (Figure 3.7).     

   

NDVI = [(NIR-RED)/(NIR+RED)]    (3) 
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Figure 3.6: NDVI plot photography methodology, with photographs taken by mounting 

Tetracam ADC on tripod to capture entire plot. 
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Figure 3.7: NDVI image, calculated from RED and NIR colour processed plot image. 

 

3.5 Data Analysis 

 Environmental and vegetation variables were analyzed using SAS JMP Version 

9.0 statistical software.  Repeated measures multiple analysis of variance (MANOVA) 

was performed on time series environmental data, including soil moisture, temperature, 

and active layer depth to determine time, group (undisturbed versus disturbed within each 

RALD), and interaction effects.  When significant, each measurement throughout the 

season was analyzed using a Students t-test to determine significant differences.  

Vegetation variables and canopy height were compared using one-way analysis of 

variance (ANOVA).  When significant, post-hoc Tukey HSD tests were performed to 

!
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Figure 3.X: NDVI Imagery: Unprocessed plot photograph (top left), NIR and RED processed 
image (top right), NDVI calculated image (bottom center) 
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determine specific site differences in vegetation measures.  Significance was measured at 

the 0.01 level.  Data was normally distributed or was transformed to ensure normality. 

Initially, data were grouped by study site and disturbance criteria (undisturbed versus 

disturbed).  After these analyses, data were further clustered, based on vegetation type 

and disturbance criteria to include four groups: disturbed (S) and undisturbed (C) mesic 

heath (MH) areas; and disturbed (S) and undisturbed (C) polar desert (PD) areas, to 

determine the role of moisture in disturbance recovery and differences between 

vegetation zones.   

  

3.6 Results 

3.6.1 Soil Moisture 

 Soil moisture values in each area were grouped to determine the major soil 

moisture characteristics of disturbed and undisturbed terrain at each plot.  Vegetation 

types were compared using a repeated measures design, indicating significantly different 

moisture conditions among types.  Sites showed significant soil moisture differences 

between disturbed and undisturbed locations and through time (i.e., growing season) 

(Table 3.1; Figure 3.8).  Soil moisture changes throughout the season demonstrated a 

significant time effect, decreasing through the month of July, peaking in late July 

(following a rain event), and then declining through August.  Moisture was first analyzed 

among all sites, where a significant group effect (site, study and control) was found when 

all sites were pooled together.  When sites were grouped together based on vegetation 
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type, PD and MH communities differed.  MH and PD classifications are defined by soil 

moisture, with soil moisture greater in MH zones than PD.  Significant differences are 

evident over time, between groups based on moisture and disturbance regimes throughout 

the season.   

 

Table 3.1:Repeated Measures MANOVA of Soil Moisture  

  MANOVA Results 

All Sites   

Group F (11,60) = 3.2, p < 0.01 

Time F (4,57) = 4.17, p < 0.01 

Time*Group F (44,220) = 0.15, p < 0.01 

    

Vegetation Type 

Group F (3,68) = 0.84, p < 0.01 

Time F (4,65) = 2.97, p < 0.01 

Time*Group F (12,172) = 0.56, p < 0.01 
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Figure 3.8: Soil moisture changes throughout the growing season, based on vegetation type.  

Multiple Student’s t-tests were applied to test how moisture in different study sites differed 

across time.  Soil moisture follows the following pattern throughout the season 

MS>MC>PS>PC.   

 

3.6.2 Soil Temperature 

Soil temperature was analyzed within disturbed and undisturbed zones of each 

plot.  Repeated measures MANOVA found sites differed in their responses over time 

(Table 3.2; Figure 3.9).  Over the season, there was a decrease observed in soil 
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temperature, which was attributed to abnormally warm late June temperatures and lower 

than average July temperatures.  Temperature measurements were combined to determine 

the relationship between vegetation classification and temperature.  There was a 

significant time effect, as soil temperature changed across the season (Figure 3.9).  

However, no group effect was found when grouped by mesic heath and polar desert 

classes, indicating vegetation type and disturbance groups did not differ from one another 

in their soil temperatures (Table 3.2).  Differences in soil temperature found at the site 

level were not significant when grouped by vegetation classification.   

 

Table 3.2: Repeated Measures MANOVA of Soil Temperature  

  MANOVA Results 

All Sites   

Group F (11,60) = 0.86, p < 0.01 

Time F (4,57) = 45.7, p < 0.01 

Time*Group F (44,220) = 0.0010, p < 0.01 

    

Vegetation Type 

Group F (3,68) = 0.120, p = 0.05 

Time F (4,65) = 29.07, p < 0.01 

Time*Group F (12,172) = 0.38, p < 0.01 
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Figure 3.9: Soil temperature changes throughout the growing season, based on vegetation 

community and disturbance level.  No significant differences in soil temperature were found 

based on these groupings.  Soil temperature decreased throughout the season, as June was 

unusually warm and July and August were mild. 

 

3.6.3 Active Layer Depth 

As temperatures warm and the melt season progresses, the active layer deepens, 

for all sites (Figure 3.10).  Sites were examined individually, to allow for comparison of 

the depth of the undisturbed active layer to the disturbed active layer.  While results 
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indicated a significant time effect (i.e., active layer depth increases throughout the 

season), disturbed and undisturbed sites exhibited subtle differences in active layer depth 

during the growing season (Table 3.3).  Post hoc analysis following MANOVA revealed 

that with the exception of a single MH disturbed site, a significant group effect was 

absent, indicating disturbed and undisturbed zones contained similar active layer depths 

(Figure 3.10).  Analysis of active layer depth data compared by vegetation type using 

repeated measures MANOVA indicated both time and group effects were significant and 

results indicated a pattern similar to soil moisture.  Disturbed and undisturbed MH sites 

had similar active layer depths and were greater than PD active layer depths.  Undisturbed 

PD areas had deeper active layer depths than disturbed PD.   

 

Table 3.3: Repeated Measures MANOVA of Active Layer Depth  

 

 

  MANOVA Results 

All Sites   

Group F (11,60) = 0.73, p < 0.01 

Time F (4,57) = 13.29, p < 0.01 

Time*Group F (44,220) = 0.247, p < 0.01 

    

Vegetation Type 

Group F (3,68) = 0.41, p < 0.01 

Time F (4,65) = 10.44, p < 0.01 

Time*Group F (12,172) = 0.65, p < 0.01 
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Figure 3.10: Active layer depth changes throughout the growing season, based on vegetation 

type, with significant findings found through repeated measures analysis; active layer depth 

differed in the following way: MS=MC >PC>PS. 

 

3.6.4 Vegetation Variables 

 Vegetation data were collected using a point frame sampling technique, which 

measured species height.  This allowed the calculation of canopy height, in addition to 
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multiple vegetation variables, including species richness, species diversity (Shannon-

Weaver Index) and LAI.   

 

Canopy Height 

 Canopy height values were log transformed to satisfy the parametric assumption 

of normality.  ANOVA comparisons on all sites (F (3,68) = 8.54, p < 0.01) individually 

indicated significant differences in canopy height, with (Table 3.4).  Post-hoc Tukey’s 

HSD revealed that within each site, no significant canopy height differences were found 

between disturbed and undisturbed zones thus no disturbance effect, but spatial 

differences occurred between sites.  Canopy height was analyzed based on vegetation 

type and disturbance classes to determine if height differences occurred in areas of 

differing moisture (Table 3.5).  ANOVA comparisons of MH and PD sites (F (11,60) = 

4.90, p < 0.01) revealed significant differences between MH disturbed and undisturbed 

and PD disturbed and undisturbed.  However, no significant differences were found 

between MH undisturbed, PD disturbed and PD undisturbed.  MH disturbed areas were 

characterized by significantly greater canopy height values.   
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Table 3.4: Canopy Height Summary Statistics 

Zone N Mean Standard Deviation 

    

EAC 6 2.06 0.17 

EAS 6 2.24 0.44 

EBC 6 1.84 0.28 

EBS 6 2.19 0.46 

WAC 6 2.21 0.39 

WAS 6 2.99 0.63 

WBC 6 3.34 1.09 

WBS 6 3.22 0.59 

WCC 6 2.23 0.41 

WCS 6 3.19 0.78 

WDC 6 2.74 0.59 

WDS 6 2.22 0.68 

 

Table 3.5: Grouped Canopy Height Summary Statistics  

Vegetation Type N Mean 

Standard 

Deviation 

    

MH - undisturbed (C) 18 2.59 0.86 

MH – disturbed (S) 18 3.13 0.64 

PD – undisturbed (C) 18 2.21 0.54 

PD – disturbed (S) 18 2.22 0.51 
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Species Richness 

 Total species richness was measured at each site.  Bryophytes were excluded from 

this measure and hence, species richness reflects vascular cover only.  When species 

richness was considered across all groups, ANOVA comparisons (F (11,60) = 5.19, p < 

0.01) found significant differences in species richness (Table 3.6).  Post hoc tests revealed 

significant differences between control and disturbed sites in all RALDs, with the 

exception of WA.  When species richness was grouped by vegetation type, no significant 

differences (F (3,68) = 1.82, p = 0.15) were found between any zones, indicating similar 

richness values regardless of vegetation type or historical disturbance event (Table 3.7).   

 

Table 3.6: Species Richness Summary Statistics 

Location N Mean Standard Deviation 

    

EAC 6 13.50 2.17 

EAS 6 15.33 3.33 

EBC 6 15.83 2.93 

EBS 6 16.83 2.56 

WAC 6 17.33 1.21 

WAS 6 10.33 1.63 

WBC 6 16.83 2.99 

WBS 6 14.00 2.97 

WCC 6 13.83 4.26 

WCS 6 16.83 2.71 

WDC 6 10.67 3.20 

WDS 6 9.50 4.28 
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Table 3.7: Grouped Species Richness Summary Statistics 

Vegetation Type N Mean Standard Deviation 

    

MH - undisturbed (C) 18 16.00 3.31 

MH – disturbed (S) 18 13.72 3.61 

PD – undisturbed (C) 18 13.33 3.41 

PD – disturbed (S) 18 13.89 4.60 

 

 

Species Diversity 

 

 ANOVA comparisons of species diversity, measured using the Shannon-Weaver 

Index, found all sites (F (11, 60) = 5.73, p < 0.01) displayed similar diversity values 

among disturbed and undisturbed areas with the exception of WA (Table 3.8).  At site 

WA, lower diversity values were observed in the disturbed study area.  ANOVA 

comparisons between vegetation classes (F (3,68) = 1.98, p = 0.12) indicated no 

significant differences in species diversity among vegetation type (Table 3.9).  Grouping 

site WA with similar MH moisture sites overwhelmed previous diversity differences 

found between zones.   
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Table 3.8: Shannon-Weaver Diversity Index Summary Statistics 

Location N  Mean Standard Deviation 

        

EAC 6 1.86 0.17 

EAS 6 1.86 0.22 

EBC 6 2.02 0.29 

EBS 6 2.16 0.25 

WAC 6 2.13 0.09 

WAS 6 1.16 0.27 

WBC 6 1.91 0.29 

WBS 6 1.75 0.19 

WCC 6 1.73 0.59 

WCS 6 2.04 0.14 

WDC 6 1.76 0.11 

WDS 6 1.55 0.38 

 

Table 3.9: Grouped Shannon-Weaver Diversity Index Summary Statistics 

Vegetation Type N  Mean Standard Deviation 

        

MH - undisturbed (C) 18 1.92 0.40 

MH – disturbed (S) 18 1.65 0.42 

PD – undisturbed (C) 18 1.88 0.22 

PD – disturbed (S) 18 1.86 0.38 

 

 

LAI 

 ANOVA of LAI (F (11,60) = 17.9, p < 0.01) between all plots (Table 3.10) 

indicated a difference between disturbed and undisturbed LAI values at site WC.  Further, 

when plots from different vegetation types were compared (F (3,68) = 23.09, p < 0.01), as 
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moisture was a major differentiator between disturbed and undisturbed plots (Table 3.11).  

Disturbed and undisturbed MH sites displayed similar LAI values, as did disturbed and 

undisturbed PD zones.  However, a post hoc Tukey HSD test revealed a difference 

between MH and PD zones, indicating differences in LAI between vegetation types, but 

not disturbance zones.   

 

Table 3.10: LAI Summary Statistics 

Location N  Mean Standard Deviation 

       

EAC 6 0.31 0.08 

EAS 6 0.42 0.18 

EBC 6 0.36 0.12 

EBS 6 0.53 0.04 

WAC 6 0.59 0.14 

WAS 6 0.58 0.06 

WBC 6 0.90 0.05 

WBS 6 0.89 0.08 

WCC 6 0.45 0.17 

WCS 6 0.81 0.09 

WDC 6 0.28 0.27 

WDS 6 0.26 0.12 
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Table 3.11: Grouped LAI Summary Statistics 

Vegetation Type N  Mean Standard Deviation 

        

MH - undisturbed (C) 18 0.65 0.23 

MH – disturbed (S) 18 0.76 0.15 

PD – undisturbed (C) 18 0.31 0.17 

PD – disturbed (S) 18 0.40 0.17 

 

 

NDVI 

 Fine resolution plot level images obtained during peak growing conditions in July 

were used to determine fine scale NDVI values.  ANOVA comparison of NDVI between 

all sites (F (11,60) = 9.42, p < 0.01) found significant differences in NDVI (Table 3.12).  

Post hoc Tukey HSD tests revealed one MH site (WC) and one PD site (EB) differed in 

NDVI values between disturbed and undisturbed, with increased NDVI values found in 

these disturbed areas.  ANOVA comparisons of sites by vegetation groups found 

significance difference in NDVI values (F (3,68) = 7.58, p < 0.01).  Post-hoc tests 

revealed only undisturbed PD zones differed in NDVI values, where it differed from all 

other vegetation groups (Table 3.13).  Disturbed MH zones did not differ significantly 

from adjacent undisturbed or disturbed PD zones. 
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Table 3.12: NDVI Summary Statistics 

Location N  Mean Standard Deviation 

       

EAC 6 0.09 0.10 

EAS 6 0.24 0.16 

EBC 6 0.14 0.16 

EBS 6 0.49 0.10 

WAC 6 0.30 0.12 

WAS 6 0.15 0.12 

WBC 6 0.44 0.15 

WBS 6 0.49 0.06 

WCC 6 0.10 0.15 

WCS 6 0.41 0.10 

WDC 6 0.03 0.18 

WDS 6 0.18 0.13 

 

Table 3.13: Grouped NDVI Summary Statistics 

Vegetation Type N Mean Standard Deviation 

        

MH - undisturbed (C) 18 0.28 0.19 

MH – disturbed (S) 18 0.35 0.17 

PD – undisturbed (C) 18 0.09 0.15 

PD – disturbed (S) 18 0.30 0.19 

 

3.7 Discussion  

3.7.1 Long-term Recovery Patterns 

 Three sites (WC, WD, and EB) had higher soil moisture in disturbed areas (Figure 

3.11).  This is consistent with findings from Kokelj and Lewkowicz (1998), where an 
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increase in snow depth in ALDs due to the concave slope morphology of the disturbances 

led to an increase in soil moisture.  However, not all sites showed evidence of soil 

moisture changes in disturbed areas compared to adjacent control zones.  This suggests 

two possibilities: (i) these zones have recovered and soil moisture has returned to pre-

disturbance conditions; or (ii) initially following disturbance soil moisture was not 

significantly affected in disturbed zones.  The pattern of decreasing snow accumulation in 

RALDs, as initial disturbance margins and structures stabilize through localized erosion 

(Kokelj and Lewkowicz, 1998), may also provide an explanation for these soil moisture 

findings.  Soil moisture may also decrease within ALDs if water flow is diverted, 

resulting in relatively dry conditions on the floor of the disturbance. 

Soil temperature was affected by disturbance in one site from each vegetation 

group, i.e., EB and WA (Figure 3.11).  The insulating effects of vegetation are reduced 

when vegetation is removed, resulting in an increase in soil temperatures (Lantz et al., 

2009); however, these two ALDs showed reduced soil temperature in disturbed zones, 

and RALDs exhibited no evidence of significant increases in soil temperatures.  Bosquet 

(2010) found decreased soil temperatures within modern ALDs, and attributed these to 

enhanced snow accumulation, which reduces the amount of time of the snow free period 

and lowers soil temperatures.  

Active layer depth exhibited a disturbance effect at a single MH site (WA), where 

depth was minimal in disturbance zones while all other sites displayed similar depths in 

disturbed and undisturbed locations (Figure 3.11).  With the removal of vegetation, active 
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layer depth has been found to increase after permafrost disturbance (Lantz et al., 2009), 

however, active layer thaw may be limited due to the shortened timeframe during which 

the ground is snow free (Bosquet, 2010).  This study of RALDs showed no indications of 

increased active layer depth.   

None of the study RALDs displayed a disturbance effect in any of the three 

combined environmental variables (i.e., soil moisture, soil temperature and active layer 

depth), which suggests that these variables do not show long-term effects from 

disturbance.  Moreover, changes to the conditions represented by variables do not always 

occur in conjunction with one another, highlighting the importance of measurement of all 

three when analyzing disturbance, as sites show minimal perturbation.  Conditions may 

recover differently and over various timescales, related to spatial location or may not be 

altered by the initial disturbance event to show sustained long-term changes.  Similar 

conditions exist between disturbed and undisturbed areas, and some sites show no 

evidence of a change in active layer depth, soil moisture, or soil temperature, indicating 

minimal changes across RALDs.  However, at some sites, even after six decades of 

recovery, environmental variables imply subtle differences in disturbed areas (e.g., WA, 

WC, WD, EB).   
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Figure 3.11: The effect of disturbance on soil moisture, soil temperature, and active layer 
depth.  Two PD sites, WD and EB, and one MH site, WC, showed elevated soil moisture 
values in disturbed zones.  Within all sites, one PD site, EB, and one MH site, WA, showed a 
pattern of decreased soil temperatures in disturbed zones.  Only a single site, MH site WA, 
showed a difference in active layer depth in disturbed zones; the disturbed zone had a 
shallower active layer than the undisturbed control zone.   
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 Minimal vegetation differences were found in the control and disturbed areas 

following RALDs (Figure 3.12 - 3.13).  Canopy height values were low at all sites, as 

expected from a High Arctic plant community.  Canopy height showed no disturbance 

effects at each site, with similar height values found across disturbed and undisturbed 

zones at each site.  Species richness values were only significantly different between 

disturbed and undisturbed zones in a single MH site (WA), where species richness was 

found to decrease in disturbed zones.  Graminoid populations tend to increase following 

disturbance events, thus decreasing other species groups and lowering the number of 

species found in an area (Forbes et al, 2001; Chapin and Shaver, 1981).  This is consistent 

with findings indicating a decrease in species diversity, measured using the Shannon 

Weaver Index, which also differed at MH site WA.  However, no significant 

compositional differences were found in any disturbance zones.  When LAI was 

analyzed, a single MH site (i.e., WC) displayed significantly greater LAI values between 

disturbed and undisturbed locations.  NDVI photographs revealed increases in NDVI 

values in the disturbed zones at one PD site (EB) and one MH site (WC) suggesting an 

increase in biomass and percent cover (Laidler and Treitz, 2003; Laidler et al., 2008) 

within the disturbed zone.  Biomass increases have been found in disturbance zones 

elsewhere in the Arctic, corresponding to substrate exposure following a disturbance 

event (Lantz et al., 2009). 

 Overall, vegetation composition is similar in disturbed and undisturbed zones.  

However, LAI and NDVI differences in select disturbed zones suggest an increase in 
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productivity associated with sustained changes in site conditions, including soil moisture.  

Vegetation composition similarity illustrates disturbance zones at some sites are virtually 

indistinguishable from undisturbed control areas, which is consistent with a recovery 

period of 35-50 years suggested by Burn and Friele (1989).  These results may be 

reflective of the conditions associated with the Intermediate Disturbance Hypothesis 

proposed by Connell (1978). If ALDs represent disturbance events with moderate 

intensity, species may coexist and thus diversity is maximized, as suggested by the 

minimal differences in vegetation variables found between disturbed and undisturbed 

zones. Environmental variables may reflect longer lasting differences, consistent with a 

longer recovery period for the ground thermal regime, which may take up to a century to 

fully recover as topographic boundaries smooth (Burn and Friele, 1989).   
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Figure 3.12: The conceptual effect of disturbance on vegetation measures, including Canopy 

Height, Species Richness, and Species Diversity, by site, separated by vegetation type.  

Similar findings indicating decreased species richness and diversity (Shannon-Weaver 

Index) at site WA is expected as these indices are linked. 
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Figure 3.13: The conceptual effect of disturbance on vegetation measures, including LAI 

and NDVI, by site, separated by vegetation type. 

 

3.7.2 Role of Moisture and Vegetation Type in Recovery 

Vegetation type, which is influenced by soil moisture, indicated that disturbed 

MH RALD sites possessed higher relative moisture levels than disturbed and undisturbed 

PD vegetation (Figure 3.8).  When grouped by vegetation type, disturbed zones exhibited 

increased moisture levels.  Disturbed and undisturbed MH sites display similar active 

layer depths, but these depths were greater than those found in PD areas.  Soil 
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temperatures did not significantly differ regardless of vegetation type and were similar 

across all areas studied.   

 When sites were grouped by vegetation type and disturbance class, there was no 

means of differentiating species richness and species diversity, as similar values were 

found for all groupings.  Disturbed MH sites were found to have a significantly greater 

canopy height than comparable undisturbed sites, as well as disturbed and undisturbed PD 

sites.  The observed increase in plant height may be attributed to increased productivity 

due to favourable microsite conditions (Lantz et al., 2009).  Vegetation moisture classes 

also displayed similar NDVI values between zones, with decreased values found in 

undisturbed PD areas and increased values in disturbed PD zones that were similar to 

those found in MH RALDs.  This may indicate an increase in biomass in disturbed PD 

areas.  In general, PD zones exhibit lower NDVI values compared to MH zones, as drier 

zones are characterized by lower NDVI values (Laidler and Treitz, 2003).  PD and MH 

areas respond differently to disturbance, with MH areas showing an increase in canopy 

height, whereas PD zones reflect disturbance through an increase in NDVI.  Comparison 

of recovery in different moisture zones indicated that changes in vegetation found 

between disturbed and undisturbed zones are subtle and highly localized.  For PD and 

MH, only minimal effects were observed and no vegetation changes were consistently 

found in all disturbed zones.   

These subtle responses differ from the responses of vegetation to similar 

permafrost disturbances, specifically retrogressive thaw slumps (RTS) where colonization 
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occurs rapidly and is characterized by long lasting compositional changes.  RTS disturbed 

zones show lower diversity and a lower bryophyte cover following recovery (Burn and 

Friele, 1989).  Exclusive species can be found in disturbed zones including Senecio, 

Artemisia and Epilobium, which may be used as indicators of disturbance (Lantz et al., 

2009).  In addition, enhanced productivity found within certain species, including Salix 

(Ukraintseva, 2000), can be attributed to increased nutrient concentrations resulting from 

substrate release (Leibman et al., 2003).  Moisture plays an important role in vegetation 

recovery, as different recovery pathways occurred in retrogressive thaw slumps when soil 

moisture was abundant (as seen in active disturbances) and after slumps stabilized and 

moisture was limited (Bartleman et al., 2001) 

Disturbance studies investigating ALDs on Ellesmere Island found a progression 

from grasses and forbs, to shrubs and cushion plants towards the end of site recovery 

(Desforges, 2000).  As development progresses, mosses and lichens appear (Leibman et 

al., 2003).  Cushion plants, mosses and lichens were evident within RALDs, however 

only minimal shrubs species (Salix) were identified.  This lack of shrub species was 

consistent with a lack of these species in the surrounding control areas.  RALDs display 

no species unique to disturbed zones, perhaps a result of the low overall species diversity 

found within this High Arctic ecosystem.   

The moss layer, which controls the ground thermal regime, is discontinuous in 

recent ALDs and can be indicative of the stage of recovery.  Vascular plants recover 

quickly, and if vascular cover was analyzed this may indicate recovery has reached a 
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further stage than if all plant cover (including bryophytes) was analyzed (Forbes et al., 

2001).  RALD sites show no differences from surrounding areas in terms of moss cover, 

indicating recovery has reached an end stage as a full moss cover is present.   

3.8 Conclusion 

 ALDs impact High Arctic ecosystems through subtle and sustained changes to the 

landscape.  The ground thermal regime, seen through measures including soil moisture 

and active layer depth, continue to exhibit effects of disturbance, albeit minimal, after 60+ 

years of recovery.  Vegetation types, in combination with disturbance criteria, provide a 

means of differentiating and grouping environmental measures across RALDs.  However, 

no clear patterns for these measures are evident, as disturbed polar desert and mesic heath 

areas differ in their response to disturbance events and only exhibit localized effects.  

Vegetation measures differ between disturbed and undisturbed zones, however there is no 

clear pattern of vegetation modification.  These results emphasize the need for the 

inclusion of multiple measures when analyzing historical disturbance, as topography and 

site conditions may play a more significant role in site recovery at specific locations.  

Vegetation shows a more rapid recovery than environmental variables with the best 

indicators of disturbance being canopy height in mesic heath zones and NDVI in polar 

desert zones, at least at local scales.  Permafrost disturbance initially modifies site 

characteristics and vegetation, but the effects of disturbance are still evident after several 

decades.   
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Chapter 4 

Remotely-sensed spectral characteristics of modern and historical 

permafrost disturbances at Cape Bounty, Melville Island, NU 

4.1 Abstract 

Land surface disturbances, including active layer detachments (ALDs), have been 

prevalent in Arctic landscapes throughout recent history, and are predicted to increase in 

number as temperatures increase with human-induced climate change.  Identifying and 

fully understanding their characteristics is essential for monitoring areas susceptible to 

disturbance and mitigating their impacts.  At the Cape Bounty Arctic Watershed 

Observatory (CBAWO), multiple recent and relict active layer detachments (RALDs) 

have been identified and monitored in recent years.  IKONOS satellite imagery, acquired 

during the 2010 growing season, has allowed us to identify and classify these 

disturbances using remote sensing techniques.  Normalized Difference Vegetation Index 

(NDVI) values, a measure of vegetation greenness, were extracted from recent and relict 

disturbances.  Disturbances, when initially studied in their entirety, showed no consistent 

response in NDVI values.  However, zonal classification of the upper and toe zones 

within disturbance provides more detailed vegetation effects, with some ALDs showing 

elevated and decreased NDVI values in the toe, as material is accumulated in these areas.  

In addition, some ALDs show elevated NDVI values in the upper zone, likely due to 

blocks of soil and vegetation located there.  Elevated NDVI values were found within the 
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upper headwall and lower toe zones within some disturbances; however, decreased NDVI 

values were also found within other disturbances.  Although no clear patterns in NDVI 

emerge, modifications to vegetation implied by variation in these values, remain over the 

long term, as NDVI within both RALDs and modern ALDs differ from surrounding 

undisturbed vegetation.  Physiographic properties, including slope and flow were also 

analyzed remotely, with flow accumulation moderately related to disturbance size.  Slope 

of ALDs and RALDs ranged from 3° to 13°.  Flow paths also exist within ALDs, 

indicating a convergence of flow in these areas, which may contribute to disturbance 

formation.   

 

4.2 Introduction 

The Arctic is predicted to show immediate effects of climate warming, as 

permafrost areas are especially sensitive to climate modification (Nelson et al., 2002).  

One of these effects may be an increase in the frequency and extent of land surface 

disturbances (ACIA, 2005).  Active layer detachments (ALDs), a form of disturbance, are 

triggered by increased temperatures and precipitation, and occur when the active layer 

detaches from the underlying permafrost, creating a mass movement of soil and 

vegetation downslope.  There has been an increase in the occurrence of ALDs in recent 

years in the North American and European Arctic, which has been attributed to changing 

meteorological conditions (Lewkowicz, 1990; Leibman, 1995).  Since climate warming 

will be amplified in the Arctic, it is anticipated that ALDs will increase in frequency. 
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Distinctive zones can be identified within an ALD, including an upper removal 

zone, where soil and vegetation has been detached, creating blocks of soil and vegetation 

surrounded by zones of bare ground, called the scar surface (Desforges, 2000).  Material 

that is detached is transported downslope through a flow zone, called the track.  The 

accumulation area, or toe zone, is located furthest downslope and contains deposited 

material where the ground often contains folded soil and ridges of vegetation (Harris and 

Lewkowicz, 1993).  Due to resulting moisture and topographic changes, unique 

microclimates may exist in disturbed zones, with important implications for plant growth 

(Lantz et al., 2009).   

Remote sensing can be used to map vegetation and compare regions and patterns 

through the use of vegetation indices, which correspond to biophysical properties that 

utilize reflectance properties to derive values for each pixel (Laidler and Treitz, 2003).  

One such vegetation index, the Normalized Difference Vegetation Index (NDVI), 

normalizes the differences between the maximum absorption of red wavelengths and the 

peak reflectance in the near infrared.  These pixel values range from -1 to +1, with lichens 

and rocks associated with negative values and green vegetation represented by positive 

values (Otholf and Latifovic, 2007).  NDVI values are heterogeneous due to variability of 

vegetation, thus sufficient resolution is necessary to reflect this variability (Stow et al., 

1993a).  NDVI can be measured in the field using radiometric devices, and synoptically 

using satellites.  The use of satellite images widens the scope of analysis as vegetation for 
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large heterogeneous areas can be analyzed while keeping sampling errors low (Chen et 

al., 2009). 

NDVI values are indicative of a number of vegetation properties. NDVI values, in 

part, correspond to soil moisture, as NDVI values tend to be higher in areas with 

persistent moisture as these areas tend to have higher biomass and thus a higher density of 

green vascular plants.  NDVI values increase across the soil moisture and vegetation 

continuum of dry heath to wet sedge (Laidler and Treitz, 2003).  In addition, acidic soils 

tend to have higher NDVI values than non-acidic soils (Walker et al., 1995).  Moss also 

impacts NDVI in this environment as it reflects red and near infrared light similarly, and 

thus may dampen NDVI values (Stow et al., 1993b) when occurring alone or in 

association with vascular plants.  NDVI changes throughout the growing season, as it is a 

function of plant phenology (i.e., NDVI will increase as plants establish new growth).  

During peak growth, NDVI values show the greatest divergence between vegetation 

communities, as plants have reached maximum growth and peak greenness (Stow et al., 

1993b, Otholf and Latifovic, 2007).  NDVI also displays a linear relationship with 

vegetation characteristics, with canopy cover and biomass increases correlating to 

increases in NDVI (Laidler et al., 2008).  Leaf Area Index (LAI) and NDVI are also 

correlated with vegetation based on physiognomic categories (Shippert et al., 1995). 

As noted above, it is anticipated that a warming climate in the Arctic will increase 

disturbance frequency (e.g., ALDs) and as a result, alter site characteristics (including 

permafrost microclimate, soil, vegetation, landforms and hydrology).  These disturbance 
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characteristics, particularly vegetation, may be identified through changes in NDVI, as 

exposed surface areas may increase proportional to vegetated surfaces.  Hence, there is 

potential to detect and monitor disturbances to arctic vegetation structure, composition, 

health and phenology using NDVI.   

The objective of this paper is to identify the impact of land disturbance on NDVI 

values derived from satellite imagery, both over the short term (<3 years following an 

initial disturbance event), and the long term (>50 years).  Zonal separation is more 

evident in recent disturbances, and so younger ALDs are expected to show greater 

separation of NDVI values based on location within the active layer detachment.  Surface 

hydrologic properties of ALDs, including slope and flow accumulation are also compared 

to determine patterns within modern and historical disturbances in the context of the 

conditions giving rise to ALDs.   

 

4.3 Study Area 

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

south central coast of Melville Island in the Canadian High Arctic (74°54’N 109°35’W) 

(Figure 4.1).  The climate is characterized by a short summer growing season, with low 

average annual temperatures and precipitation mainly falling as snow.  Tundra vegetation 

is characterized by an abundance of mosses, lichens, small shrubs, grasses, sedges, and 

herbs.  Vegetation is heterogeneous and is distributed throughout distinct vegetation 

communities, ranging from xeric polar desert sites, mesic heath sites and hydric sedge 
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plant communities.  These plant distributions are influenced by multiple factors including 

growing season length, nutrients, elevation, bedrock, soil, glacial history, animal activity, 

and disturbance (Billings, 1973). 

In 2007, multiple ALDs occurred at the CBAWO due to high summer 

temperatures, precipitation and increases in the depth of the active layer.  These 

disturbances were distributed throughout the two watersheds, i.e., West and East.  Despite 

the large number of ALDs (average size of 2000 m2), they only directly impacted 

approximately 1.9% of the overall landscape  (Lamoureux and Lafrenière, 2009).  Upon 

further analysis of the landscape, multiple relict active layer detachments (RALDs) were 

identified from aerial photographs, ranging in size from 1000 to 4500m2 (Figures 4.1 and 

4.2).  These RALDs display subtle differences from the surrounding terrain, in particular, 

a concave morphology.   
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Figure 4.1: Location of modern (ALD) and historical (RALD) disturbances at CBAWO. 
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Figure 4.2: Location of selected ALDs and RALDs for study on satellite imagery (source: 

GeoEye IKONOS image 07/11/10) 

 

 

 

 

 



 

91 

 

4.4 Methods 

4.4.1 Remotely-sensed Imagery 

 A 2010 GeoEye IKONOS image of Cape Bounty (4m resolution) was acquired 

during peak growing season (07/11/10) and utilized to calculate NDVI (Eq.  1) using PCI 

Geomatica software.  This image was then analyzed using ArcGIS software to examine 

vegetation characteristics based on NDVI values found within each active layer 

detachment.   

NDVI   =   [(NIR – RED)/(NIR + RED)]   (1) 

        

 RALDs were identified from aerial photography and verified in the field.  A total 

of six RALDs were identified, three located in polar desert (WD, EA, EB) vegetation 

communities and three in mesic heath communities (WA, WB, WC).  RALD were 

located within the East (EA, EB) and West (WA, WB, WC, WD) Watersheds. 

 Modern ALDs, all of which occurred in 2007, were first identified and mapped 

following their occurrence in 2007 and have been monitored annually since their 

occurrence.  Six ALDs, similar in size to the RALDs, were mapped during the summer of 

2010 to determine their current extents.  The six modern ALDs located in the West 

Watershed (Figure 4.1) include ALD02, ALD08, ALD09, ALD22, ALD27, and ALD51. 

 Both modern and relict ALDs were mapped using a Trimble GeoExplorer XT 

GPS, to within 1.0m (x and y) during the late growing season of 2010.  These boundaries 

were mapped to include the full extent of each disturbance, and included the upper 

headwall and toe areas (Figure 4.3). 
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Figure 4.3: Recent active layer detachment with upper and toe zones identified.   

 

4.4.2 ALD Vegetation Classification using NDVI  

NDVI values for each ALD were extracted from the NDVI image by masking the 

ALD boundaries in ArcGIS, and then converting the raster values to point values.  These 

values were analyzed using SAS JMP Version 9.0 statistical software to determine the 

statistical properties of each disturbance and control zone.  Control NDVI values were 

taken from the zones located outside each ALD, beyond a 1 pixel buffer surrounding 

ALD boundaries, thereby removing any overlap between control and study zones.  All 
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control zones were 2 pixels wide around each detachment beyond the 1 pixel buffer 

zones. 

4.4.3 Zonal Classification 

 Using the IKONOS imagery, each ALD was separated into two zones: the upper 

scar zone and the lower toe zone.  These areas comprised approximately 10% of the total 

area of each ALD.  The zone of flow, or track, was not analyzed as these boundaries were 

transitional, difficult to distinguish from surrounding zones, and could not be identified 

on satellite imagery.  As material flows throughout the track zone, little vegetation is 

preserved.  Polygons in both the scar and toe areas were created to represent average 

conditions within each respective zone.  Zonal separation was more distinct within 

modern disturbances, as less recovery has occurred and downslope flow continues.  

Similar areas were chosen within RALDs within the upper and lower zones as estimates 

of these conditions.  Zones were chosen in locations closest to the upper and lower 

boundaries of each disturbance, but at least 1 pixel from the boundary edge to ensure 

upper headwall and lower toe values did not overlap with the undisturbed areas adjacent 

to each disturbance.   

4.4.4 Remote Sensing Derivatives 

 Physiographic characteristics of ALDs were determined using elevation data 

derived from a 2m resolution digital elevation model (DEM) derived from GeoEye 

multispectral and panchromatic data (Collingwood, A., pers.  comm., Figure 4.4).  

Parameters extracted from the DEM include slope, flow direction and flow accumulation 
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using the ArcGIS Hydrology Toolbar.  Pre-processing of the DEM prior to slope 

determination involved the generation of a TIN from the original DEM to remove 

terracing effects.  Flow direction determined the direction of flow within each cell based 

on elevation data.  Flow accumulation was calculated from two input datasets; flow 

direction and elevation data, and used to determine the path of flow based on the number 

of input cells flowing into each cell.   

A false colour composite was generated from the 2010 IKONOS image using the 

following spectral channels: NIR, Red and Green (Figure 4.5).  Derivation of NDVI from 

the red and near infrared channels was performed using the raster calculator in PCI 

Geomatica (Figure 4.6).   
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Figure 4.4: DEM of Cape Bounty, with East and West Watershed boundaries (Source: A.  

Collingwood). 
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Figure 4.5: False colour composite at CBAWO, with red tones indicating healthy green 

vegetation (IKONOS imagery acquired July 11, 2010). 
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Figure 4.6: NDVI derived for the CBAWO. 

 

 

 

 



 

98 

 

4.5 Results 

4.5.1 NDVI Comparison of RALDs 

 NDVI values from each pixel within RALD boundaries were compared with the 

surrounding undisturbed terrain (Table 4.1).  ANOVA comparisons of RALDs and their 

surrounding controls (Table 4.2) found only one site (WB) that had significantly different 

NDVI values within the mapped disturbance and were greater than the surrounding 

control zones.  

 

Table 4.1: Area of RALD and corresponding upper, toe and control zones (m2) 

Disturbance Control Polygon Upper Zone Toe Zone 

WA 2495 2285 215.7 301.6 

WB 2257 2397 342.6 452.8 

WC 2079 1427 223.0 168.0 

WD 1908 1639 288.7 161.0 

EA 2821 4388 394.5 582.3 

EB 1589 1049 181.3 150.7 
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Table 4.2: Statistical Comparison of RALD NDVI Values 

Site Vegetation Type Mean Standard Deviation ANOVA Results 

WA Mesic Heath 0.230 0.060      F(1,299) = 3.42, p = 0.065 

Control  0.240 0.055   

WB Mesic Heath 0.240 0.056      F(1,288) = 8.49, p < 0.01 

Control  0.220 0.077   

WC Mesic Heath 0.087 0.054      F(1,219) = 1.74, p = 0.19 

Control  0.100 0.078   

WD Polar Desert 0.007 0.031      F(1,219) = 4.77, p = 0.03 

Control  0.017 0.040   

EA Polar Desert 0.080 0.036      F(1,446) = 0.23, p = 0.63 

Control  0.078 0.034   

EB Polar Desert 0.150 0.052      F(1,163) = 5.34, p = 0.02 

Control  0.140 0.058   

 

4.5.2 Zonal Classification of RALDs 

RALDs were classified based on zonal location within each disturbance, with 

areas of each zone calculated (Table 4.1).  ANOVA comparisons of the upper and toe 

zones with surrounding controls (Table 4.3) found significant NDVI differences.  Values 

differed between sites with respect to both the upper and toe zones of disturbance.  When 

significant, post hoc Tukey tests were used to determine where differences in NDVI 

values occurred.  As expected, sites WA and EA displayed significant differences 

between all zones, with the toe containing the greatest NDVI values, followed by the 

control area, with the lowest NDVI values found in the upper zone.  Site WB also showed 

elevated NDVI values in the toe area; however, the upper zone had similar values to 

control areas.  Two sites showed the reverse NDVI pattern, with the toe area showing 
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significantly different values from both the upper and control zones, however, in these 

RALDs, NDVI values found in the toe were lower than the other two areas.  The two sites 

that contained lower toe values are polar desert zones, and so even with accumulation of 

vegetation in the toe area, vegetation cover is lower than mesic heath areas.   

Table 4.3: NDVI comparison based on zonal classification of RALDs 

Site Mean Standard Deviation ANOVA Results 

WA   F(2,186) = 14.16, p < 0.01 

Upper Zone 0.180 0.053   

Toe Zone 0.270 0.028   

Control 0.240 0.055   

WB   F(2,186) = 5.09, p < 0.01 

Upper Zone 0.200 0.037   

Toe Zone 0.260 0.041   

Control 0.220 0.077   

WC   F(2,152) = 1.75, p = 0.18 

Upper Zone 0.100 0.035   

Toe Zone 0.140 0.067   

Control 0.100 0.078   

WD   F(2,144) = 9.55, p < 0.01 

Upper Zone 0.016 0.040   

Toe Zone -0.037 0.024   

Control 0.017 0.040   

EA   F(2,232) = 4.41, p = 0.01 

Upper Zone 0.075 0.017   

Toe Zone 0.059 0.041   

Control 0.078 0.035   

EB   F(2,117) = 12.41, p < 0.01 

Upper Zone 0.079 0.048   

Toe Zone 0.190 0.031   

Control 0.140 0.052   
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4.5.3 NDVI Comparison of ALDs 

 Six ALDs with similar areas to those of the RALDs were analyzed using identical 

methods to the RALD NDVI comparison (Table 4.4).  Significant differences in NDVI 

were found when each disturbance was analyzed as a single unit (i.e., not segmented into 

upper and toe zones) (Table 4.5).  ANOVA analysis indicated significant difference in 

NDVI values within two ALDs (ALD02 and ALD22), with ALD02 and ALD22 

displaying lower NDVI values than their surrounding controls.  This decrease in NDVI 

within ALD boundaries was also found in other ALDs (ALD09 and ALD27), however 

these differences were not significant.  ALD27 displayed greater NDVI values than those 

found in the control zones, but these were not significantly different.  NDVI values found 

in the last site, ALD08, were similar to those found in the control zone.   

 

Table 4.4: Areas of ALD and corresponding upper, toe and control zones (m2) 

Disturbance Total Control Upper Zone Toe Zone 

ALD02 5,422 3,259 258.1 474.8 

ALD08 16,690 5,265 566.4 1051 

ALD09 5,005 4,434 257.4 166.8 

ALD22 406 1,082 * * 

ALD27 1,908 2,448 190.2 164.5 

ALD51 3,170 2,668 205.8 287.3 

* These zones were indistinguishable from one another on account of their low total areas, hence 

NDVI values were not calculated by zone. 
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Table 4.5: Statistical Analysis of NDVI values of modern ALDs 

Site Mean Standard Deviation ANOVA Results 

ALD02 0.087 0.073   F(1,544) = 7.12, p < 0.01 

Control 0.100 0.070  

ALD08 0.100 0.082     F(1,1370) = 0.71, p = 0.40 

Control 0.100 0.064  

ALD09 0.058 0.078     F(1,585) = 3.36, p = 0.067 

Control 0.071 0.093  

ALD22 0.032 0.031 F(1,92) = 9.51, p < 0.01 

Control 0.062 0.045  

ALD27 0.091 0.048   F(1,266) = 0.99, p = 0.32 

Control 0.097 0.043  

ALD51 0.150 0.048   F(1,358) = 4.02, p = 0.46 

Control 0.140 0.075   

 

4.5.4 Zonal Separation of ALDs 

Zonal differences cannot be identified when ALDs are analyzed as one unit, hence 

I divided ALDs into upper and toe zones to determine NDVI patterns within modern 

ALDs (Table 4.4).  ALD 22 was omitted from zonal analysis due to the small area of 

disturbance; i.e., insufficient sample size for each zone.  From ANOVA comparison of 

zones, ALD09 and ALD51 showed increased NDVI values within the upper scar zones, 

values significantly different from the toe zones, which contained lower NDVI values 

(Table 4.6).  The NDVI values from the upper zone were comparable to control areas.  

The toe showed elevated NDVI values at sites ALD02 and ALD08; i.e., greater than the 

control and upper areas (which were again similar to one another).  ALD27 showed no 

significant differences between the upper and toe zones and the control areas.   
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Table 4.6: NDVI comparison based on zonal classification of ALDs 

Site Mean Standard Deviation ANOVA Results 

ALD02   F(2,248) = 4.32, p = 0.01 

Upper Zone 0.064 0.065   

Toe Zone 0.130 0.056   

Control 0.100 0.070   

ALD08   F(2,430) = 5.01, p < 0.01 

Upper Zone 0.090 0.080   

Toe Zone 0.130 0.036   

Control 0.100 0.082   

ALD09   F(2,300) = 5.09, p < 0.01 

Upper Zone 0.130 0.042   

Toe Zone 0.055 0.024   

Control 0.071 0.093   

ALD27   F(2,191) = 4.36, p = 0.14 

Upper Zone 0.190 0.037   

Toe Zone 0.180 0.200   

Control 0.140 0.075   

ALD51   F(2,169) = 5.48, p < 0.01 

Upper Zone 0.098 0.040   

Toe Zone 0.044 0.038   

Control 0.091 0.043   
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4.5.5 Physiographic characteristics of ALDs 

Flow accumulation and slope were analyzed from the DEM to determine the 

spatial characteristics of the ALDs (Figure 4.7).  Flow accumulation, determined from 

flow direction and elevation data, determines flow paths that may contribute to ALDs, 

with accumulation zones found flowing through ALDs (Figure 4.8 and 4.9).  The 

maximum values of flow accumulation were extracted for a comparison of active layer 

detachment extent (area).  Flow accumulation showed a concentration of flow within 

portions of ALDs, however similar flow accumulations were also found in the 

surrounding terrain, where there is an absence of disturbance.  ANOVA comparisons of 

accumulation within RALDs and ALDs found differences between accumulation in these 

zones, with modern ALDs containing higher flow accumulation than RALDs (Table 4.7), 

however not at a significant 0.01 level (F(1,10) = 5.92, p = 0.035).  Flow accumulation 

influences disturbance, and so I explore the relationship between size of disturbance and 

amount of flow concentrated with ALDs.  Although this analysis is based on few data, a 

moderately strong correlation (R2=0.48) was found between disturbance size and flow but 

with a p value of 0.12 (Figure 4.10). 

Slope values within each ALD and RALD were also extracted from a TIN created 

from the DEM (Figure 4.4) and compared.  Slopes in these zones are not significantly 

different (F(1,10) = 0.0042, p = 0.95) between RALDs and ALDs (Table 4.8).  ALDs 

have a mean 3-14° slope, whereas RALDs have slopes ranging from 3-7° (Table 4.9). 
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Table 4.7: Summary Table of Maximum Flow Accumulation for ALDs and RALDs 

Level N Mean Std Deviation Min Max 

Modern ALDs 6 3171.33 1984.25 89 5298 

Historic RALDs 6 963.00 1002.70 299 2869 

 

Table 4.8: Slope Characteristics of ALDs and RALDs 

Level N Mean Std Deviation Min Max 

ALDs 6 5.80 3.89 2.97 13.34 

RALDs 6 5.92 1.75 3.54 7.5 

 

Table 4.9: Physiographic characteristics of RALDs and modern ALDs 

Site 

Flow Accumulation 

(cells) Slope (°) 

ALD02 3327 4.45 

ALD08 5082 3.13 

ALD09 5298 4.59 

ALD22 89 13.34 

ALD27 1788 6.37 

ALD51 3444 2.97 

WA 299 7.47 

WB 388 5.89 

WC 377 7.05 

WD 551 7.50 

EA 2869 4.08 

EB 1294 3.54 
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Figure 4.7: Slope map for Cape Bounty; created from TIN DEM in Figure 4.4. 

 

(degrees
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Figure 4.8: Total flow accumulation in the West Watershed, with flow accumulation 

determined from number of cells flowing into each cell, indicated in legend. 

 



 

108 

 

 
Figure 4.9: Flow Accumulation within ALDs (boundaries in black), with concentration of 

flow indicated by brown lines.   
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Figure 4.10: Relationship between flow accumulation and ALD size; correlation indicates 

moderate effect of flow accumulation on size of disturbance. 

 

4.6 Discussion 

4.6.1 NDVI Patterns and Zonal Comparison of ALDs and RALDs 

When analyzed as a whole, ALDs display similar NDVI values to those found in 

control areas.  In some cases ALDs displayed greater (ALD02, WB) or lesser (ALD22) 

NDVI values than their respective controls.  Zonal separation of ALDs provided a more 

detailed analysis of NDVI values and allowed classification of each zone.  As soil and 

vegetation is moved downslope, it concentrates in the toe area, which may result in 

elevated values found in downslope zones.  The upper zone, where material is typically 
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removed, is characterized by lower NDVI values, as vegetation has been removed from 

these areas and deposited downslope and ultimately parent material and nutrients 

conducive to plant growth.  However, some scar areas show increases in NDVI, which 

could be influenced by blocks of vegetation that have been detached from the headwall, 

pushed towards the center of the ALD, but not deposited downslope.  These blocks 

remain near the upper areas of the ALD, and aid in the recolonization of vegetation and in 

soil recovery (Burn and Friele, 1989).  The zone of flow, although not analyzed, would 

likely display lower values, as material is transported across this zone, remaining free of 

vegetation for extended periods.  Within ALDs and RALDs, toe zones display unique 

values, in some, ALD values are elevated, while in others values are dampened, 

indicating significant changes to toe vegetation, which is reflected in these NDVI values.  

The upper scar zones contain similar values as control areas, as observed in ALDs, likely 

due to the presence of large blocks of vegetation in these scar areas, which have not yet 

been moved downslope.  These blocks are often fully vegetated, since they have been 

separated from the headwall as one continuous zone and assist with revegetation of bare 

scar surfaces following stabilization. 

4.6.2 Hydrological Characteristics of ALDs and RALDs 

 Flow accumulation contributes to the formation of ALDs, as increased flow leads 

to greater soil moisture, increasing thaw depth.  ALDs form when thaw depth increases, 

although active layer depths are not at their maximum when detachment occurs 

(Lewkowicz, 1990; Leibman, 1995).  A moderate relationship (R2=0.48, p=0.12) was 
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observed when comparing disturbance size and maximum accumulation, indicating other 

factors influence disturbance size.  The maximum values of flow accumulation were not 

similar between disturbances, whereas similar values were found in surrounding 

undisturbed terrain, emphasizing that flow is one factor contributing to disturbance along 

with temperature, precipitation and pore water pressure. 

 Slope analysis of ALDs revealed high variability in slope values of modern and 

historical ALDs, with values ranging from 3-13°, with modern ALDs having greater 

maximum slopes.  RALDs did not contain lower slope values, despite their longer 

recovery periods, during which edges smooth, but this may explain the lower maximum 

slopes found in these areas (Kokelj and Lewkowicz, 1998).  Low slope values of ALDs 

and RALDs are consistent with published ALD values of 3-50° and the nature of the 

terrain at Cape Bounty, highlighting the occurrence of these disturbances on relatively 

shallow slopes (Leibman, 1995).   

 

4.7 Conclusion 

 Remote sensing indices, including NDVI, are a potentially effective way to 

classify landscapes, especially those located in remote environments.  However, ALDs 

show no consistent response with respect to NDVI values following initial disturbance or 

over the long-term following stabilization and recovery.  However, when analyzed based 

on zonal classification, zones within ALDs show differential responses.  NDVI may be 

elevated in the toe zone, consistent with the accumulation of plant material in these areas.  
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Alternatively, ALDs may show increased NDVI values in the upper scar zone, as blocks 

of vegetation may be deposited in these areas.  Through NDVI values, it is clear that 

vegetation is modified following disturbance events and shows sustained changes 

following as the ground stabilizes.   

 Additional analyses, including information derived from elevation data, i.e., flow 

direction, flow accumulation and slope can be used to monitor and characterize ALDs.  

Flow accumulation maps indicate the location of flow paths located within some recent 

ALDs, emphasizing flow as one factor contributing to disturbance, particularly within 

disturbance boundaries.  Slopes indicate ALDs tend to occur in areas with shallow slopes, 

ruling out steep slopes as a necessary condition for the formation of these landslides.  

Remote sensing and terrain analyses allow for the classification of disturbances using 

these multiple variables, highlighting the importance of these measures for the field of 

hazard assessment.  However, it is difficult to identify ALDs using remote sensing alone, 

particularly as time since disturbance increases and the landscape recovers.   
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Chapter 5 

Summary and Conclusions 

Arctic warming is predicted to be especially severe at higher latitudes, which may 

be reflected by an increase in the frequency and severity of land surface disturbances 

(ACIA, 2005).  At Cape Bounty, multiple disturbances, in the form of ALDs, occurred 

during the summer of 2007, and were attributed to above average temperatures and 

precipitation.  In addition to these recent disturbances, multiple relict disturbances have 

been identified from historic aerial photographs.  The immediate and long-term impacts 

of disturbance, specifically ALDs, were explored through the integration of groundwork 

and remote sensing methods.   

During the summer of 2010, six relict ALDs, dated to at least 50 years, were 

identified, with vegetation, soil, and physiographic properties monitored throughout the 

growing season.  These disturbances were separated based on vegetation classification, 

specifically dry polar desert zones and mid-moisture mesic heath sites.  This separation 

allowed an analysis of the role of moisture in site recovery, as it was predicted that mesic 

heath sites would recover more quickly following a disturbance event as moisture aids in 

site recovery (Forbes et al., 2001).   

 Results indicated sustained changes in vegetation and environmental variables 

following disturbance.  Soil moisture, temperature, and active layer depth differed in 

disturbed zones, with soil moisture showing the most significant changes.  In addition, 

vegetation was quantified using multiple variables, including canopy height, NDVI, 
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species richness, species diversity and LAI.  Disturbed zones had significant differences 

in a number of these variables.  Areas of different vegetation types also differed in terms 

of the best indicators of disturbance, with polar desert and mesic heath areas differing in 

their responses following ALDs.  Overall, no patterns emerged indicating a specific 

response to disturbance, as responses to environmental and vegetation measures were site 

specific.   

 More recent ALDs were also analyzed using remote sensing methods, in 

conjunction with RALDs, to compare their site characteristics and recovery trajectories.  

This analysis provided further means for classifying disturbances.  Vegetation from these 

areas was analyzed remotely using NDVI values to determine vegetation differences 

between these areas and the surrounding undisturbed terrain.  In addition, surficial 

characteristics of recent disturbances, including slope and flow patterns, can be monitored 

through satellite images, and provide insight on pre-disturbance site properties which may 

have contributed to mass movement.  Results indicate that it is difficult to quantify 

disturbances using remote sensing methods, particularly with time (i.e., as recovery 

progresses).   

 My main conclusions include: 

1. ALDs alter landscape characteristics and vegetation over the long term.  Even 

after a period of at least sixty years since initial disturbance sites still differ from 

their surrounding terrain.  Due to site changes caused by ALDs, these subtle 
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differences may always exist as sites may never return to pre-disturbance 

conditions.   

2. The responses of relict ALDs is highly individualistic and site specific.  No 

patterns of vegetation change within disturbed zones are consistent throughout all 

sites.  However, when ALDs are analyzed by vegetation type, indicators of 

disturbance differ.  In mesic heath areas, the best indicator of disturbance is 

canopy height values, which are elevated within disturbed zones.  Polar desert 

areas showed more pronounced plot level NDVI values within disturbed zones.   

3. Vegetation can be monitored through remote measures including NDVI, which 

may provide a linkage to ground-level vegetation sampling.  NDVI shows variable 

responses to disturbance, in both recent and relict disturbances.  Zonal 

classification indicates toe and headwall areas contain elevated NDVI values 

within some ALDs, likely due to blocks near the headwall and the accumulation 

of vegetation in the toe area. 

4. Physiographic characteristics of ALDs indicate the difficulty in using remote 

sensing as a method for studying disturbance, increasingly so in relict 

disturbances.  The potential for using remote sensing methods as a measure of 

disturbance decreases as disturbances recover since subtle changes found between 

disturbed zones and undisturbed terrain becomes difficult to discern. 
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These results contribute to a broader understanding of disturbance in the High Arctic, 

and they can be coupled with hydrologic and vegetation studies conducted on ALDs at 

Cape Bounty, Melville Island.  Only through a complete analysis of causes and effects of 

these disturbances on all landscape levels can their effects be mitigated.   
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