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Abstract 

Peatlands in the Alberta boreal forest are predicted to experience early and severe 

climate change impacts through permafrost degradation (melting).  Permafrost loss and the 

subsequent release of greenhouse gases are predicted to have significant global climate change 

implications.  This study provides visual and quantifiable evidence that climate change is 

impacting Canada by developing an objective, cost-effective method to monitor peatland 

permafrost degradation in the Alberta boreal forest.  Peatland landscape pattern shifts resulting 

from permafrost melting over time were correlated to changes in local ClimateWNA climate 

variables using GIS.  Landscape diversity indices of these shifts were calculated from grey-scale 

pixel tones of historical Alberta air photos and correlated with climate and geographical 

variables, using the SPSS Linear Mixed Model with repeated measures.  Resulting models that 

combine date, temperature, precipitation and latitude variables were determined to be most 

appropriate for communicating climate change impacts in Alberta permafrost peatlands to 

decision makers. 

 

 

Keywords: climate change, peatlands, permafrost degradation, air photo monitoring, 

landscape diversity indices, collapse scars.  
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Introduction 

Climate change related to human influences is unequivocal and a significant global 

concern (Cubasch, et al., 2013).  Human activities including the burning of fossil fuels lead to 

the emission of greenhouse gases, primarily carbon dioxide (CO2) with methane (CH4) and 

nitrous oxide (N2O), that trap solar heat in the atmosphere above natural rates (Cubasch, et al., 

2013; Lemmen, Warren, Lacroix, & Bush, 2008; Simpson, Jaccard, & Rivers, 2007).  With the 

addition of human influences, climate warming in the 20
th
 and early 21

st
 Centuries has been the 

largest increase in the last 1,000 years, with the largest changes coming in the last 40 years in 

the northern hemisphere (Hartmann, et al., 2013; Lemmen et al., 2008; Soja et al., 2007; 

Tarnocai, 2006).  In Canada, changes in mean annual temperature of 3 – 5°C over land and 5 – 

7°C over oceans have been predicted in this century (Tarnocai, 2006).  Some of the predicted 

impacts of climate change involve plant species compositional shifts in established regional 

ecosystems and a progressive northward migration of ecosystems (Bush, 1997; Halsey, Vitt, & 

Zoltai, 1995).   

Research suggests that some of the greatest increases in temperature will occur at high 

latitudes (over 54°), and the impacts on the Canadian boreal forest will be significant (Tarnocai, 

2006).  Increases of 1 – 4°C in mean annual air temperatures are predicted in northern latitudes 

by the mid-21st century (Camill, 2005; International Panel on Climate Change [IPCC], 2013; 

Lemmen et al., 2008; Smith & Burgess, 2004; Tarnocai, 2009; Vitt, Halsey, & Zoltai, 2000), 

paired with a hypothesized northwards shift of perhaps 1,000 kilometres (km) to the limits of 

permafrost peatlands in the Canadian boreal forest (Halsey et al., 1995).  Already, shifts of 40 to 

200 km have been documented (Beilman, Vitt, & Halsey, 2001; Smith & Burgess, 2004; 
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Vaughan et al., 2013).  While the global average increase in mean annual air temperatures from 

1950 to 2012 has been 0.72°C, temperatures in northern boreal Alberta have risen 

approximately 1.3 to 1.7°C since the mid-20th century, with available records of permafrost 

ground temperatures rising as well (Beilman & Robinson, 2003; Hartmann, et al., 2013; 

Lemmen et al., 2008).   

In particular, climate change will impact circumpolar boreal wetlands, which store 30 to 

35% of the world’s terrestrial carbon (Hicks Pries, Schuur, & Crummer, 2012; Soja et al., 2007; 

Tarnocai, 2009).  The release of this stored carbon would increase the amount of greenhouse 

gases present in the atmosphere, creating a positive feedback loop of accelerating climate 

change impacts (Aber & Melillo, 1991; Ciais et al., 2013; Davidson & Janssens, 2006; Jiang, et 

al., 2016; Lemmen et al., 2008; Smith & Burgess, 2004; Tarnocai, 2009).  Due to its size and 

climate sensitivity, changes to the boreal ecosystem are likely to have far-reaching impacts to 

the global climate, in particular by changing the dynamics involved in the sequestration and 

release of carbon and greenhouse gases (Soja et al., 2007; Tarnocai, 2006). 

Canadian Policy on Climate Change 

Recent changes in Canadian government policy have recognized human-influenced 

climate change as indisputable, causing significant impacts on Canadians and our landscape 

(Government of Canada, 2016).  After years of inaction and denial on climate change by the 

previous government (Linnitt, 2013; Simpson et al., 2007), in December 2016 the new council 

of Canadian first ministers have introduced the Pan-Canadian Framework on Clean Growth and 

Climate Change to reduce greenhouse gases and increase our resilience to climate change 

impacts.  This framework outlines the Canadian plan to promote greener technologies, reduce 
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greenhouse gas emissions and protect lands that serve as carbon storage “sinks”, including 

wetlands. 

The recognition of human-influenced climate change and the Pan-Canadian Framework 

must be supported by relevant and practical decision support tools to help inform our policy 

maker’s responses to climate change (Scarlett, 2010; Soja et al., 2007).  To provide the data for 

these tools, quantifiable and clearly demonstrable monitoring methods must be advanced to 

track the progress of our adaptation and mitigation actions to reduce greenhouse gas emissions 

and help protect the character of the Canadian landscape.   

Canadian Climate Change Monitoring and Study Needed  

In Canada, monitoring of climate change impacts to climate-sensitive permafrost 

landscapes in the Canadian arctic and boreal forest is led by organizations such as the 

Geological Survey of Canada’s Canadian Permafrost Monitoring Network and the Centres 

D'études Nordiques at Laval University; working in conjunction with the Global Terrestrial 

Network for Permafrost (Canadian Cryospheric Information Network [CCIN], 2016).  Primary 

among their research, these organizations have established a permafrost borehole-monitoring 

network to assess the thermal variability of permafrost in response to climate change.  

Theoretical and numerical model based predictive approaches have also been developed that 

have advanced our understanding of future climate scenarios.  Through these organizations and 

others such as ArcticNet and the ADAPT program (Arctic Development and Adaption to 

Permafrost in Transition) other research has been conducted that develops monitoring methods 

that tie historical climate data records to observable climate-induced changes in ecosystems 

(CCIN, 2016).   

http://www.ulaval.ca/cen/
http://www.ulaval.ca/cen/
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This study builds on and acts in concert with the activities of these organizations by 

providing a tangible method of demonstrating impacts in perhaps one of the most sensitive 

landforms to climate change: the permafrost peatlands in the northern Alberta boreal 

discontinuous permafrost zone.  It is essential to track the changes in these sensitive ecosystems, 

as climate change has the power to accelerate permafrost degradation processes and greenhouse 

gas releases from peatlands in the Alberta and overall Canadian boreal ecosystem (King, et al., 

2006; Laberge & Payette, 1995).   

The Alberta Boreal Forest Ecosystem 

The boreal forest is a circumpolar ecosystem that is characterized by the presence of 

peat-forming wetlands, or peatlands, which are a dominant and defining feature of the Canadian 

landscape at 1.136 million km
2
 (Bailey, 1996; Tarnocai, 2006) (Figure 1).  The Alberta boreal 

forest natural subregion holds deciduous, coniferous and mixedwood forests, with wetlands that 

are almost exclusively coniferous when treed (Natural Regions Committee, 2006).  The 

dominant tree types in wetlands are primarily black spruce (Picea mariana) with tamarack 

(Larix laracina), while uplands are mosaic of aspen (Populus tremuloides), balsam poplar 

(Populus balsamifera), white spruce (Picea glauca) and jack pine (Pinus banksiana) (Natural 

Regions Committee, 2006).  Within Alberta, the boreal forest comprises 381,046 km
2
 or 58% of 

the province (Natural Regions Committee, 2006).   
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Figure 1: The Canadian boreal forest natural region/ecoclimatic province and the southern limit 

of the discontinuous permafrost zone.  From Smith and Burgess (2004); accessed under the 

Open Government Licence – Canada. 

Summers in the Alberta boreal forest are short, with only two months generally 

exceeding an average daily temperature of 15°C (Natural Regions Committee, 2006).  Winters 

are longer, with average daily temperatures below -10°C for four months or more falling, and 

two months or more below -20°C in the northern portions of the province.  These cool 

conditions allow for the presence of permafrost within peatlands in the Alberta boreal forest. 

Permafrost Defined 

Permafrost is found in areas where the ground temperature remains below 0°C for more 

than two years (Camill, 2000; CCIN, 2016; Smith & Burgess, 2004; Vaughan et al., 2013; Vitt 

et al., 2000).  At the ground surface, permafrost is overlain by an active layer, which undergoes 

seasonal melting and freezing (Smith & Burgess, 2004) (Figure 2).  The active layer ranges in 

thickness from under a metre to several metres and comprises the available growing medium for 

vegetation.  Below the active layer is permafrost, as defined by the 0°C ground temperature 
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maximum.  Both the active layer and upper permafrost are influenced by seasonal temperatures, 

until the depth where minimum and maxium temperatures converge and do not vary.  This point 

is known as the level of zero annual amplitude (Figure 2) (Smith & Burgess, 2004).  Permafrost 

ranges in depth from up to 700 metres in the high arctic to only a few metres deep in areas in the 

southern permafrost limit (CCIN, 2016; Lemmen, Warren, Lacroix, & Bush, 2008; Smith & 

Burgess, 2004).   

 

Figure 2: Components of Permafrost Ground.  Adapted from Sladen (2011) and Smith and 

Burgess (2004); accessed under the Open Government Licence - Canada. 

Climate is the main controlling factor for the presence of permafrost, which is correlated 

to mean annual temperatures (Smith & Burgess, 2004).  As permafrost is thermally controlled, 
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its potential presence is generally defined geographically by a 0°C mean annual temperature 

threshold (CCIN, 2016; Halsey et al., 1995).  Permafrost is found with a discontinuous 

distribution within the 0°C to -6°C mean annual temperature range, becoming continuous at 

mean annual temperatures lower than -6°C (Camill, 2000; CCIN, 2016; Vitt et al., 2000).  Over 

half the Canadian land mass is influenced by permafrost (Figure 3), much of it at temperatures a 

few degrees from the melting point.  Figure 3 shows that the portions of Alberta influenced by 

permafrost fall entirely within the discontinuous permafrost zone (DPZ); permafrost ground 

temperatures in the DPZ are generally greater than -2°C and permafrost is only present in 50% 

or less of the land area, decreasing in proportion towards the southern limit of the DPZ (Smith 

& Burgess, 2004).   

 

Figure 3: The Permafrost Zones of Canada.  From Smith and Burgess (2004); accessed under the 

Open Government Licence – Canada. 
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In the Alberta DPZ, local factors also have a large influence the existence of permafrost 

(CCIN, 2016; Smith & Burgess, 2004; Vaughan et al., 2013).  Dense vegetation and peat covers 

can protect permafrost from summer suns, while deep winter snow covers can insulate the 

ground, preventing frost penetration.  Conversely, snow cover that remains longer into the 

spring season can delay permafrost thawing.  Fine sediments and materials such as peat can 

retain water (ice) better than coarser ones.  These factors help promote the persistence of 

permafrost in disequilibrium with climate conditions at the southern limits of the DPZ, where 

mean annual air temperatures are >0.5°C (Halsey et al., 1995). 

Permafrost aggradation (formation) and degradation (melting) processes are a natural 

part of the permafrost landform life cycle (Beilman & Robinson, 2003; Thie, 1974; Huhry & 

Turunen, 2006; Zoltai, 1993).  In areas of climate and landform variability, aggradation and 

degradation processes can often occur at the same time and general location, even on the same 

landform (Laberge & Payette, 1995).  In permafrost aggradation processes, the presence of 

frozen ground moisture elevates the ground surface through volume expansion.  The elevation 

of landforms above the water table reduces the thermal conductivity of the ground, forming 

positive feedback loops that help create permafrost features (Vitt et al., 2000).  The resulting 

landforms include permafrost plateaus and palsas (small frost mounds), depending on the scale 

(Beilman et al., 2001; National Wetlands Working Group, 1997; Thie, 1974; Vitt, Halsey, & 

Zoltai, 1994). 

Permafrost degradation is a decrease in permafrost thickness and/or aerial extent 

(Vaughan et al., 2013).  Increases in mean annual temperatures above 0°C lead to increases in 

permafrost ground temperatures, causing thawing and destabilization of the frozen ground.  As 
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permafrost melts under warmer temperatures, the previously expanded volume 

consolidates/subsides, causing ground slumping, tearing and the creation of thermokarst features 

(bodies of water produced by the selective melting of permafrost) (CCIN, 2016; Smith & 

Burgess, 2004; Vaughan et al., 2013; Vitt et al., 1994).  These terrain shifts and ponded water 

can uproot and kill trees and other vegetation, causing plant species compositional shifts 

(Beilman, 2001; Turetsky & St. Louis, 2006; Vitt et al., 1994). 

Peatlands Defined 

Peatlands are defined as wetlands found where climatic and geomorphological 

conditions allow for the accumulation rate of organic materials (peat) to exceed the 

decomposition rate (Charman, 2002).  Peat is a substance that consists of partially decomposed 

plant matter with over 65% organic matter (Charman, 2002).  Within the slowly decomposing 

organic matter, two layers are required for peat formation; one oxygen rich and one oxygen poor 

(Charman, 2002).  While other wetlands can accumulate peat, peatlands are generally 

distinguished from other wetlands by peat accumulation that is greater than 30 – 40 centimetres 

(cm) (Halsey et al., 2004).   

There are several primary drivers to peat formation.  Water levels must be “net 

positive”, where water inputs exceed outputs, providing for plant growth and saturated 

conditions.  Temperatures must allow for plant growth, but also be low enough to inhibit 

decomposition.  The underlying geology must allow for water retention, and both geology and 

geomorphology are primary drivers in defining both peatland shape and nutrient status 

(Charman, 2002; Halsey, Vitt, & Zoltai, 1997). 
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Peatland expression and distribution are primarily distinguished and influenced by 

allogenic variables including climate and physiography (Halsey et al., 1997).  Globally, many 

ways of classing peatlands are used and classification systems are most often based on a range 

of internal expressions of these allogenic variables, including: floristics and vegetation structure, 

wetland morphology, hydrology, peat stratigraphy and chemistry and other peat characteristics 

(Charman, 2002). 

Most national peatland classifications including the Canadian Wetland Classification 

System use a ‘mixed hierarchy’ of these variables (National Wetlands Working Group, 1997).  

Of these factors, a hydromorphological classification being the most universally applied 

(Charman, 2002).  Hydromorphological classifications use the shape of the peat deposit and the 

underlying ground surface, along with general concepts of the hydrology of the peatland 

(Charman, 2002).  A hydromorphological classification is used in classing Alberta wetlands 

(Halsey et al., 2004).   

Both the Canadian and Alberta classification systems separate peatlands into two broad 

types – bogs and fens, which are often classed from one another along a trophic gradient, from 

very poor to rich nutrient levels; and by the source of the nutrients (Charman, 2002; Halsey et 

al., 2004; National Wetlands Working Group, 1997).  In the simplest of classifications, bogs are 

ombrotrophic systems, meaning that they receive their nutrients solely from atmospheric inputs; 

whereas fens are minerotrophic systems, and receive nutrients from groundwater and 

surfacewater inputs in addition to atmospheric inputs (Charman, 2002).  As such, bogs tend to 

be nutrient poor and acidic systems, whereas fens are moderate to rich in nutrients and more 

alkaline. 
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The nutrient inputs in bogs are limited to precipitation, as peat development has raised 

the surface above the groundwater level, with peat elevated most often in dome or plateau 

forms.  Thus, bogs are not influenced by groundwater (National Wetlands Working Group, 

1997) and can only form under environmental conditions that have a net positive water balance, 

where precipitation exceeds evaporation and runoff (Charman, 2002).  Fens are more variable 

landforms, reflecting the source of water and nutrient inputs (National Wetlands Working 

Group, 1997).   

Permafrost Peatlands 

Peatland distribution in North America increases northwards, commencing at 54° where 

climates are cool enough to allow peat formation, to 60° where colder arctic conditions begin to 

inhibit peat formation (Charman, 2002).  In both regions, peatlands are influenced by 

permafrost, which provides an impermeable layer that reduces drainage and creates a high water 

table, allowing peatland formation (Charman, 2002; Smith & Burgess, 2004).  These factors 

make peatlands most common in the boreal regions of North America and globally, though they 

can also be found in subarctic regions.  In Alberta, permafrost in peatlands can express as 

plateaus, frost mounds or ridges (National Wetlands Working Group, 1997).  In more arctic 

climes, polygonal shapes can also form in peats. 

Permafrost peatland distribution is primarily related to climate and latitude, but is also 

influenced by local factors such as vegetation covers, drainage regimes and surficial deposits 

(Thie, 1974), especially in the DPZ at the southern boreal limits (Vitt et al., 2000).  In Alberta, 

only bogs can contain perennially frozen peats (Halsey et al., 2004).  With peat accumulations 

that place the ground surface above the water table, bogs are acidic and the ground cover is 
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dominated by Sphagnum mosses (Sphagnum fuscum being a bog indicator species); feather 

mosses such as Pleurozium scherberi and Hylocomium splendens; and lichens including 

Cladonia and Cladina species (Charman, 2002; Halsey et al., 2004).  Forested bogs are the most 

common bog type in Alberta and are almost exclusively treed with black spruce; most often of a 

uniform height due to the relatively even plateau surface and lack of groundwater flow patterns 

that would promote increased or variable growth rates (Figure 4).   

 

Figure 4: Treed bog within a fen complex in northeastern Alberta (12U 502048E, 6167654N) 

(Google Maps, 2017a). Note the even texture of the trees in the bog plateau as compared to 

variable texture of the surrounding fen, representative of a more variable groundwater flow 

pattern. 
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Alberta permafrost degradation landforms include internal lawns and collapse scars, 

which are reflections of the melting and subsidence of raised permafrost features under warmer 

climatic conditions.  The presence of internal lawns in fens and bogs is an indicator of the 

former presence of permafrost, and these are found in areas surrounded by non-permafrost bogs 

and fens (Figure 5).  Collapse scars (see next section for description) in bogs are also signs of 

subsidence, but are found in peat plateaus that still contain permafrost.   

 

Figure 5: Bog with internal lawns in northeastern Alberta (12U 518583E, 6179465N) (Google 

Maps, 2017b).  Note the more variable texture of the bog compared to Figure 6.  This variable 

texture is indicative of complete subsidence of the permafrost within this bog. 
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Alberta Permafrost Peatland Types. 

The Alberta Wetland Inventory Manual states that in Alberta, existing permafrost is only 

found within the “treed permafrost bog with collapse scars” landform (or BTXC) (Halsey et al., 

2004) (Figure 6, Appendix Figures A1 to A11).  Therefore, the BTXC landform was the focus 

for this study, as it is the only permafrost bog landform where the rate of current degradation 

can be tracked in the Alberta boreal forest.  Alberta’s BTXC permafrost bogs are most often 

found in larger wetland complexes and the influence of permafrost gives these bogs a generally 

level plateau-like surface, one to two metres (m) above the surrounding wetland.  The dense, 

uniform height black spruce cover and level topography result in a very uniform, “velvety” and 

dark appearance on air photos (Halsey et al., 2004) (Figure 6). 
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Figure 6.  Expansion of Collapse Scars in a Permafrost Peatland over Time (study site B247: 

11V 434427E 6469147N (NAD 83) – See Figures 9 and A9).  Note the even, dark tone of the 

BTXC permafrost peatland (bounded in pink), and the light tone of the collapse scars found 

within.  Air photos obtained from the Alberta Government Air Photo Distribution Branch; used 

with permission. 

Within Alberta’s BTXC permafrost bogs, localized permafrost melting is expressed as 

small, circular collapse scars that are up to 100 cm lower than the bog plateau surface (Halsey et 

al., 1995) (Figures 6 and 7).  Collapse scars are found in medium to deep (one metre or more) 
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peat deposits and are generally found in the middle of peat plateaus rather than the margins 

(Thie, 1974).  As this subsidence puts most collapse scars below the water table, the plant 

species composition within them is dramatically shifted from that of the surrounding permafrost 

area (Halsey et al., 2004).  The trees within collapse scars die as the presence of water at the 

surface drowns them, and these areas then become heavily dominated by semi-aquatic 

graminoid/sedge species (Carex species) and mosses (Beilman, 2001; Turetsky & St. Louis, 

2006) (Figure 7).  The change in plant species composition in collapse scars creates a much 

lighter (whiter), variable tone on air photos, with recently thawed and shallow wet areas 

producing reflective and light tones, and graminoid/sedge-dominated areas producing the 

lightest tones (Beilman & Robinson, 2003) (Figure 6).   
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Figure 7: Collapse scar within a BTXC permafrost peatland (12V 465834E, 6376128N 

(NAD 83)).  Note the dominance of sedges and cottongrass (Eriophorum spp.) in the 

collapse scar, and black spruce in the surrounding permafrost bog.  While new black spruce 

spalings have developped in the collapse scar, perhaps due to drier than expected conditions, 

note the standing trunks of dead black spruce that drowned during collapse. Photo taken by 

the author. 

The collapse scars, which develop from melted, redistributed and impounded soil water 

(O'Donnell et al., 2012), may drain once flow patterns establish.  This drainage is likely, as 

increases in permafrost degradation have been related to increases in river basin discharge rates 

(Karlsson, Jaramillo, & Destouni, 2015).  Wet collapse scars should not be thought of as 

demonstrating wetter climate conditions; overall permafrost peatland drying is predicted via a 

reduction in precipitation inputs and drainage after thawing (CCIN, 2016; Tarnocai, 2006).   
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Permafrost Peatlands and Climate Change 

Peatlands as a Climate Change Moderator. 

Climate change impacts are partially moderated by the ability of soils to absorb and 

store carbon (Bush, 1997).  Wetlands, and peatlands in particular, are important long-term 

carbon sinks, because of their high primary productivity and low decomposition rates per unit of 

area (Charman, 2002; Zhang, Craft, Xue, Tong, & Lu, 2016).  The circumpolar boreal peatlands 

are one of the largest reservoirs of carbon, storing 30 to 35% of global terrestrial carbon (Soja et 

al., 2007).  Peatlands in Canada’s boreal forest comprise only 12% of Canada’s land area, but 

store up to 56% of the organic carbon found in all Canadian soils (Tarnocai, 2006).   

Discontinuous permafrost peatlands in the Canadian boreal forest are one of the 

ecosystems predicted to show the earliest and most severe shifts related to climate change 

(CCIN, 2016; Lemmen et al., 2008; Tarnocai, 2006).  As permafrost is sensitive to changes in 

temperature and precipitation, permafrost peatlands are good indicators of climate change, and 

can produce some of the most visible signs of change (CCIN, 2016; Vaughan et al., 2013).  This 

is particularly true in the Alberta DPZ, where permafrost temperatures are balanced near the 

0°C mean annual temperature threshold.   

As permafrost ground temperatures have increased by up to 2°C across Canada since 

1950, there has been a corresponding increase in the active layer depths and the level of 

permafrost thaw  (CCIN, 2016; Vaughan et al., 2013).  Under a warming climate in northern 

Canada, an increase in active layer thickness of up to 90 cm has been observed since 1980, and 

a 104% increase in active layer thickness is predicted to occur by 2100 (CCIN, 2016; Vaughan 
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et al., 2013).  An increase in overall permafrost thaw depth was also observed through the 1990s 

across all Canadian permafrost regions (Lemmen et al., 2008).  In areas such as the Alberta DPZ 

where permafrost temperatures generally greater than -2°C and permafrost depth is under 75 m, 

permafrost likely disappear in this century under most predicted climate change scenarios 

(CCIN, 2016: Ciais et al., 2013; Lemmen, 2008; Smith and Burgess, 2004).  Permafrost melting 

and active layer increases are likely to improve water movement and infiltration, and connect 

the active layer to the water table, ultimately improving peatland drainage and creating drier 

peatlands (Smith & Burgess, 2004; Tarnocai, 2006, 2009).  The thawed permafrost and greater 

active layer activity will result in the mobilization and decomposition of stored carbon 

previously immobilized by permafrost ice (Jiang et al., 2016). 

Permafrost Degradation. 

Studies have shown permafrost degradation in peatlands to be widespread across the 

subarctic and boreal regions of the world, and rapid degradation has been seen in the 20
th
 

century (Laberge & Payette, 1995).  Starting 150 – 200 years before present, the overall rate of 

permafrost degradation in Canadian peatlands has appeared to exceed that of aggradation, 

corresponding with both the Industrial Revolution and the end of the Little Ice Age (Beilman & 

Robinson, 2003; Thie, 1974; Vitt et al., 2000).  While some warming in the current period is 

expected due to natural variations in climate due to solar output, climate warming at rates 

approximately five times greater than natural variations in MAT started in the latter part of the 

20
th
 century, and is directly attributable to human influences (Lemmen et al., 2008).  The rate of 

degradation appears to be increasing during this time, and already up to a 75% loss of local 
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permafrost features in Canadian boreal peatlands has been observed (Beilman & Robinson, 

2003; Thie, 1974; Vaughan et al., 2013; Vitt et al., 2000).   

Permafrost Distribution. 

IPCC models and other studies that extrapolate climate change impacts to future time 

periods suggest that the permafrost within Canadian peatlands may be reduced by 37 to 81%, or 

even have disappeared by 2100 (Camill, 2005; IPCC, 2013), impacting the 25% of the northern 

biosphere influenced by permafrost (Anisimov & Reneva, 2006).  A northwards regression of 

the southernmost limit of permafrost has already been documented, with permafrost degradation 

increasingly present towards that southern limit (Beilman et al., 2001; Camill, 2005; Halsey et 

al., 1995; Vitt et al., 1994).  Models developed to assess the sensitivity of peatlands to climate 

change estimate that at the landscape level approximately 60% of Canadian peatlands will be 

severely to very severely impacted by climate change (Kettles & Tarnocai, 1999; Tarnocai, 

2006).   

While the progression of climate change may be expressed in the northward migration 

of ecosystem types (Beilman et al., 2001; Smith & Burgess, 2004; Vaughan et al., 2013; Vitt et 

al., 1994), the rate of change may be also shown on local and temporal fronts.  Collapse scar 

initiation lowers the ground surface, creating thaw ponds that in summer months have high heat 

fluxes (Camill, 2005).  Therefore, these collapse scar ponds increase in size laterally, gradually 

thawing the surrounding permafrost.   
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Carbon Storage and Release of Greenhouse Gases. 

Permafrost degradation could create a significant tipping point in the dynamics of 

climate change by changing boreal permafrost peatlands from carbon sinks to carbon sources, 

via decreased carbon storage and increased greenhouse gas emissions (Anisimov & Reneva, 

2006; Ciais et al., 2013; Environment Canada, 2009; Hicks Pries et al., 2012; Koven et al., 

2011; Smith & Burgess, 2004; Tarnocai, 2006, 2009).  Permafrost peatlands in Canada hold 

approximately 44.18 Gt (gigatonnes) of soil organic carbon and 84% (36.93 Gt) of that is 

predicted to be severely impacted by climate change (Tarnocai, 2009).  The melting of 

permafrost is predicted to impact permafrost peatlands in the Canadian landscape by altering 

their carbon storage capabilities and hydrologic balances (Davidson & Janssens, 2006; Halsey et 

al., 1995; Jorgenson, Racine, Walters, & Osterkamp, 2001).  Carbon storage is likely to be 

impacted as higher ground temperatures increase permafrost degradation, thereby increasing 

carbon decomposition rates, ultimately leading to increased releases of mobilized CO2 and other 

greenhouse gases to the atmosphere (CCIN, 2016; Camill, 2005; Gignac & Vitt, 1994; Vaughan 

et al., 2013).   

The alteration of degradation rates in melted permafrost peatlands may affect their 

hydrologic balance through either drying or waterlogging processes (Tarnocai, 2009).  For 

example, in southern boreal areas in particular, the warmer and drier climate predicted in most 

climate change scenarios will reduce atmospheric inputs, improve peatland drainage via melted 

permafrost ice, and lower the water table in peatlands via increased evapotranspiration (Gignac 

& Vitt, 1994; Smith & Burgess, 2004; Tarnocai, 2009).  Together, reduced precipitation, 

permafrost melting and a lowered water table could lead to drier peatland soil conditions, 
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creating oxygenated conditions that will accelerate aerobic decomposition and the release of 

CO2 (Camill, 2005; Davidson & Janssens, 2006; Tarnocai, 2009).  This drying is also predicted 

to impact non-permafrost peatlands, similarly leading to releases of carbon and reduced carbon 

sequestration capacity (Camill, 2005; Gignac & Vitt, 1994; Zhang et al., 2016). 

Melting of permafrost peatlands can also lead to water-saturated conditions, at least for a 

period of time before new drainage pathways are established.  For example, these conditions 

could occur in collapse scars where the surrounding permafrost impounds the newly melted 

water without a drainage outlet or access to the water table.  Water-saturated conditions and 

higher temperatures would lead to anaerobic decomposition, increasing methane (CH4) release 

in the melted peatlands (Jorgenson et al., 2001; Lemmen et al., 2008; Smith & Burgess, 2004; 

Tarnocai, 2009).  As a greenhouse gas, CH4 is 21 times more potent than CO2, and its release 

could dramatically influence the global carbon budget (Tarnocai, 2009; Vaughan et al., 2013).  

The release of water from these previously frozen peatlands could also result in erosion and 

landscape changes (Tarnocai, 2009).  Should these changes result in the draining of these water-

saturated conditions, it is likely that the resulting dried peatlands will shift from anaerobic to 

aerobic decomposition processes, and the release of carbon to the atmosphere will continue. 

However, the impacts of climate change on permafrost carbon storage are still debated.  

If the change in hydrologic regimes of the melted boreal peatlands remains somewhat neutral, it 

is thought that the thaw pools resulting from permafrost melting may accumulate organic matter 

at a greater rate than the surrounding permafrost features (Davidson & Janssens, 2006; Jiang, et 

al., 2016; Tarnocai, 2009; Vitt et al., 2000).  In this scenario, carbon storage would increase in 

the form of Sphagnum mosses and sedges that establish in these thaw pools, thereby creating 
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balances in carbon storage lost and gained (Camill, 2005; Jiang et al., 2016).  However, another 

study in the Alaskan interior found that permafrost peatland bogs were found to store more 

organic carbon than non-permafrost bogs, and following permafrost melting, carbon 

accumulations at the surface were found to be less than the carbon losses in deeper peat layers 

via rapid decomposition, leading to a net carbon loss (O'Donnell et al., 2012). 

Fires and Tree Mortality. 

In addition to the release of soil organic carbon and loss of carbon-sink area, an increase 

in fire frequency and/or tree mortality could exacerbate climate change impacts on permafrost.  

The fire interval in peatlands is thought to be about 400 to 1700 years due to their high moisture 

content (Tarnocai, 2009).  The drying of these peatland types would increase the potential 

frequency of wildfires, releasing CO2 from the burning of trees and peat (Camill, 2005; 

Tarnocai, 2009; Turetsky & St. Louis, 2006).  Conversely, if permafrost melting results in 

elevated water tables, the resulting tree mortality will also accelerate the release of their stored 

carbon (Camill, 2005).  Via either process, a reduction in tree populations could have the dual 

effect of reducing the carbon storage capacity of trees and also reducing the number of trees 

available to process CO2 via photosynthesis. 

Climatic and Geographic Influences on Permafrost Degradation 

Climate change is predicted to increase the degradation rates of permafrost features in 

the northern boreal regions and also lead to severe drying in southern boreal regions, including 

Alberta (CCIN, 2016; Gignac & Vitt, 1994; Lemmen et al., 2008; Tarnocai, 2006; Turetsky & 

St. Louis, 2006).  Permafrost degradation and peatland drying are influenced by many climatic 

and geographic factors, including temperature, moisture, evapotranspiration, snow cover depth 
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(as a permafrost insulator), latitude, local geography and peatland distribution (Camill, 2000; 

Kershaw & Gill, 1979; Smith & Burgess, 2004; Thie, 1974; Zoltai & Tarnocai, 1971).  Forest 

fires can also influence peatland degradation (Camill, 2000; Thie, 1974).  With the complex 

combination of regional and local factors, there is the potential for a disequilibrium response or 

lag time in permafrost degradation (Beilman and Robinson, 2003; Camill & Clark, 1998; Halsey 

et al., 1995).   

Mean Annual Temperature. 

Increases in mean annual temperature (MAT) above the 0°C permafrost climatic 

threshold are the primary influence for triggering permafrost degradation (Beaulieu & Allard, 

2003; Vaughan et al., 2013).  Beaulieu and Allard (2003) suggest that warmer temperatures and 

associated longer growing seasons will facilitate the colonization and growth of trees and shrubs 

on frozen peat plateaus.  Increased tree and shrub cover insulates peat by dissipating cold winter 

winds and trapping snow cover, thereby limiting frost penetration.  The result is warmer soil 

temperatures with longer seasonal fluxes and reduced frost depths; subsequently resulting in the 

localized thawing of permafrost, expressed by ground cracking and subsidence hollows or 

ponds where collapse scars can initiate.  The resulting warmer and wetter soil conditions and 

deeper active layer allow for greater tree and shrub seedling success and a positive feedback 

loop of permafrost melting is created (Beaulieu & Allard, 2003). 

 Mean annual temperatures have been found to be strongly correlated with wetland 

type distribution along a latitudinal boreal gradient of Manitoba (Halsey et al., 1997).  Thus, 

climate change is likely to cause rapid shifts in permafrost peatlands once the 0°C MAT climatic 

threshold is crossed, especially at the southern latitudes of the boreal zone within the Prairie 
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Provinces (Figure 1).  However, changes may start to occur at temperatures below this 

threshold, as even increases in MAT that remain below 0°C can be indicative of a longer 

potential degradation opportunity period and more variable active layer in spring and summer 

months (Halsey et al., 1997; Smith & Burgess, 2004). 

Average Spring Temperature. 

Therefore, seasonal variation in climate must also be considered; as changes in growing 

season temperatures are related to changes in forest cover, active layer depths, soil temperature 

increases and groundwater flow of Canadian peatlands (Beaulieu & Allard, 2003; Smith & 

Burgess, 2004).  However, if seasonal climate warming remains within the normal range of 

natural climate variation for that particular latitude, permafrost changes related to climate may 

take longer to express, if at all (Charman, 2002).  Rises in average spring air temperatures 

(Tave_sp) or the number of frost free days (NFFD) may be representative of a longer frost free 

period in which degradation can occur.  Warmer, longer spring seasons and a decline in NFFD 

have been seen in northern Canada between 1950 and 2003 (Lemmen et al., 2008).  Related to 

this, the amount of sunlight exposure has also been seen to increase microbial conversion of 

dissolved organic carbon into CO2 in collapse scar melt waters (Ciais et al., 2013; Cory, Crump, 

Dobkowski, & Kling, 2013; Vaughan et al., 2013).   

Mean Annual Precipitation. 

Hydrology is another of the primary drivers in most peatland ecological processes 

(Charman, 2002), and permafrost degradation processes are certainly alterations to the state and 

storage of waters within permafrost peatlands.  Permafrost degradation is affected by thermal 

seasonal aridity, annual precipitation and moisture deficit (Halsey et al., 1997).  Changes in 
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hydrology make bogs more sensitive to changes in climate than fens due to their reliance on 

atmospheric water inputs (Charman, 2002).  Thus, mean annual precipitation (MAP) may be an 

indicator the rate of peatland drying due to climate change (CCIN, 2016; Tarnocai, 2006).  

However, the Alberta boreal forest has seen little change in precipitation averages (5% or less) 

between 1948 and 2003 (Lemmen et al., 2008), and peatland drying may be more related to 

drainage changes related to permafrost thaw. 

Evapotranspiration. 

Evapotranspiration is a measure of the water returned to the atmosphere from the surface 

soils and plants (Strahler & Strahler, 1992).  This factor may be more indicative than 

temperature or precipitation in isolation, as it is a measure that combines heat and available 

moisture as a product of those factors.  Thus, evapotranspiration would represent changes in 

peatland hydrology related to disparities between higher temperatures (MAT) and lower 

available ground moisture (drying) due to improved drainage (Smith & Burgess, 2004; 

Tarnocai, 2009).  Evapotranspiration has increased in most regions of the country between the 

1960s and 2000s (Lemmen et al., 2008).  The annual heat to moisture index (AH: M) is good 

metric as an analogue for evapotranspiration, as it considers and combines changes in both 

temperature (MAT) and available moisture (MAP) (Wang, Hamann, Spittlehouse, & Murdock, 

2012).  

Snow Cover and Average Winter Temperature. 

Snow is known to act as an insulating layer, with thicker snow covers preventing frost 

from penetrating into the peat, creating thinner permafrost layers and reducing freezing of the 

active layer (Thie, 1974; Smith & Burgess, 2004; Vaughan et al., 2013).  Thus, annual winter 
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precipitation (PPT_wt) may also be a factor in peatland sensitivity, and warmer winter 

temperatures accompanied by a snow cover reduction of 10% has been observed in most parts 

of provincial Canada, including the Alberta boreal forest between 1972 and 2003 (Lemmen et 

al., 2008).  Beaulieu and Allard (2003) showed that the depth of snow cover and average winter 

temperatures (Tave_wt) are factors that affect the ability of frost to penetrate the peatland 

surface and the ability of soil temperatures to rise above freezing for an extended period of time.  

Camill (2005) notes that the greatest changes to warming rates can occur in winter and spring, 

when changes in the rate of permafrost thaw are greatest. 

Geographic Factors. 

Research has shown that geographical factors also play into the influence of climate 

factors on the rate of peatland permafrost degradation.  Geographic location, in particular 

latitude in relation to climate, is a consideration in the degradation and aggradation processes, as 

changes are expected sooner at warmer southern latitudes (Camill, 2005).  Peatland distribution, 

peatland type, the amount of permafrost and amount of degradation varies with latitude (Halsey 

et al., 1997).  Peatland regions have been mapped for their sensitivity to climate change based 

on peatland types, distributions and densities, and their thermal and physical responses to 

predicted change (Smith and Burgess, 2004; Tarnocai, 2006).  This mapping allows for the 

identification of peatland areas of Very Slight to Very Severe risk of climate change impacts 

(Figure 8).   
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Figure 8: Alberta Peatland Sensitivity Classes as defined by Tarnocai (2006).  Figure created 

using data available under the Open Government Licence – Canada (Natural Resources 

Canada, 2010). 
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Forest Fires. 

Forest fires also have the potential to influence permafrost features and introduce 

variations into air photo images.  Thie (1974) found that in the southern DPZ of Manitoba, fire 

often does not have a pronounced effect on permafrost degradation and that degradation rates 

between burned and non-burned peatlands were not appreciably different.  Thie postulated that 

fire burns trees within peatlands while drying but not overly affecting peat.  The drier peat then 

acts as an insulator for the permafrost below.  However, permafrost collapse was occasionally 

found after fires, where fire removes both trees and insulating peat layers (Camill, 2000). 

Local Factors. 

Beyond climate factors, local biotic and edaphic factors also play into peatland 

sensitivity (Charman, 2002; Vitt et al., 2000).  Laberge and Payette (1995) saw that the size of 

permafrost palsas may affect the local heat budget, leading to differences in rates of degradation.  

Additionally, southerly-facing aspects in peatlands may be affected earlier due to greater 

insolation (Laberge & Payette, 1995).  In fact, it is suggested that on the local level that 

vegetation cover and aspect can have a stronger influence on permafrost degradation than small 

changes in mean annual temperature (Camill, 2000; Charman, 2002).  Overall, peatland and 

permafrost processes are dynamic, and the strength of other peat or permafrost formation factors 

may outweigh the influences of relatively smaller changes in climate (Charman, 2002). 

Disequilibrium Response. 

With permafrost degradation, there is the potential for a disequilibrium response or lag 

time in relation to climate change; allowing permafrost to persist in areas with mean annual 
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temperatures >0°C due to factors such as the insulating properties of peat  (Beilman & 

Robinson, 2003; Camill & Clark, 1998; CCIN, 2016; Smith & Burgess, 2004; Halsey et al., 

1995).  Meaning, permafrost melting may not exactly or directly correspond with changes in 

temperature, potentially not expressing until several years or decades after climate conditions 

are correct for degradation processes.  Areas where mean annual temperatures are within 0.5 

and -3.5°C such as the Alberta DPZ are thought to be the areas where permafrost is in the 

greatest degree of flux and patterns of degradation are uncertain, as they are in disequilibrium 

with climate (Halsey et al., 1995).   

Case Study 

This study seeks to determine if there are observable and quantifiable degradation changes 

in Alberta permafrost peatlands over time, extrapolated from 11 study sites; and if there is a 

correlation between the rate of permafrost degradation of these landforms and changes in local 

(study site) climate conditions such as mean annual temperatures and geographical variables 

such as latitude, as a reflection of climate change.  The objective of the research is to develop an 

objective, reliable and cost-effective monitoring method of tracking these changes over time 

using historical air photos and geographic information systems (GIS) based methods as a means 

to produce quantifiable evidence of climate change impacts that have already occurred.  The 

general study approach is presented below and is discussed in greater detail in the Methods 

section. 

General Study Approach. 

This study analyses permafrost degradation landforms in the northern Alberta boreal forest, 

specifically treed permafrost bogs with collapse scars (BTXC) (Halsey et al., 2004), using 
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historical air photos for the past 50 - 60 years (1949 to 2005) to demonstrate and quantify the 

current influence of climate change to their plant species composition and resulting landscape 

patterns.  The rate of lateral thawing of collapse scars within the BTXC permafrost peatland 

type can be tracked over time using air photos by assessing the changes from dark tones to 

lighter tones that accompany plant species composition shifts in collapse scars (Camill, 2005).  

Within ArcMap, landscape pattern of the BTXC permafrost peatland type is expressed by 

differences in pixel grey-scale values of digital air photo imagery.  Temporal changes in the air 

photo imagery were measured using the Inverse Simpson’s D landscape diversity index as 

described in the Methods – Calculation of Diversity Indices section.  Climate and geographical 

variables with the most potential to influence permafrost degradation were determined from the 

literature and modelled using site-specific data from the ClimateWNA computer model (Wang 

et al., 2012), lattitude of the study sites, and the Tarnocai (2006) Peatland Sensitivity Classes 

(Figure 9).  The ClimateWNA model was chosen to provide climate data rather than point 

sources, as the model can extrapolate data that is specific to the latitude, longitude and elevation 

of a selected site(s) as described in the Methods – Climate Data section (Wang, Hamann, & 

Spittlehouse, 2011).  Inverse Simpson’s D values, which I determined to represent changes in 

BTXC permafrost melt features as described in the Methods – Selection of Diversity Index 

Selected section, and the site-specific climate and geographical data, representing climate 

change expression at each study site over time (1949 to 2005), were statistically correlated using 

the SPSS Linear Mixed Model with repeated measures using IBM SPSS Statistics 23 software 

(IBM Corporation, 2015).   
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Locations of Study Sites. 

The overall study area (Figure 9) is defined by the northern Alberta boreal forest natural 

region/ecoclimatic province (Natural Regions Committee, 2006) which corresponds with the 

southern limit of the discontinuous permafrost zone in Alberta (Kettles & Tarnocai, 1999).  

Within the study area, eleven (11) study sites were selected for monitoring in this study (Figure 

9, Appendix Figures A1 to A11, Table 1 – see Methods Section).  At those locations, the study 

sites were defined by the earliest limits of the BTXC permafrost peatland from the selected air 

photo record (1949 to 2005).   
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Figure 9: Study Area and Study Sites, as defined by the southern limit of the discontinuous 

permafrost zone within Alberta (Kettles and Tarnocai, 1999).  All potential sites are detailed, 

including the 11 selected study sites.  Figure created using information licensed under the Open 

Government Licence – Canada.  
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Previous Studies to Quantify Change in Permafrost Degradation 

This study seeks to build on the current research in Canada that continues to build our 

understanding of climate change related impacts.  The methods and goals of this study fit well 

with the intents of the permafrost research and monitoring efforts under the Canadian 

Cryospheric Information Network (CCIN, 2016).  Similar types of research have been 

documented recently under the CCIN programs; however, the specific methods used in this 

study rely heavily on earlier studies. 

The CCIN was created to manage and distribute the wealth of data on ice-containing 

landscapes collected in Canada in order to “provide accurate and timely information on 

cryospheric variability and change to the public and decision makers” (CCIN, 2016).  Under the 

CCIN, permafrost research is led under the ArcticNet program and the ADAPT program.  

ArcticNet focuses on mapping permafrost in vulnerable and future development areas and on 

providing information for modelling future conditions and developing adaptation strategies.  

The ADAPT program leads innovative research on how climate change impacts permafrost 

environments and how that impacts humans and the places we live (CCIN, 2016).   

Past studies within the Canadian boreal forest have monitored climate change by 

measuring the decay of permafrost features from air photos (Beaulieu & Allard, 2003; Beilman 

& Robinson, 2003; Laberge & Payette, 1995; Thie, 1974; Vitt et al., 2000).  The delineation of 

local changes in permafrost features has previously been mapped by hand (Thie, 1974), or by 

delineation of permafrost features in the field using global positioning systems/survey 

equipment (Laberge & Payette, 1995).  Newer studies have digitized permafrost features with 

the use of GIS in order to monitor change (Beilman & Robinson, 2003).  Other studies that used 
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similar GIS techniques and remote sensing technologies for related mapping applications were 

also reviewed (Pastick et al., 2015; Provencher-Nolet, Bernier & Lévesque, 2015; Scheffer, 

Hirota, Holmgren, Van Nes, & Chapin III, 2012).   

Hand Mapping Studies. 

The study by Thie (1974) is one of the first studies to map changes in permafrost 

features using air photos.  The objective of the study was to map the size of permafrost bodies in 

the southern discontinuous permafrost zone of Manitoba over 40 years in 20-year increments 

and relate the results to various environmental conditions, such as drainage, vegetation and 

thickness of peat.  Thie performed a detailed air photo interpretation of a 225 km
2
 area in 

northern Manitoba.  The study used detailed air photo interpretation techniques and applied a 

variety of information sources to aid in interpretation, such as topography, surficial geology and 

fire history.  Air photo interpretation was ground-truthed in the field.  The percentage of 

degradation was visually estimated and measured on air photos in gradations of 0.1 millimetres 

(mm).   

Degradation in permafrost peatlands was measured between three time periods (1926 to 

1947, 1947 to 1967), during which time no appreciable aggradation was observed.  The study 

demonstrates that changes in local permafrost peatland patterns can be mapped over time using 

air photo techniques.  In the study area, degradation rates of 15 to 20% over 20 years were 

measured, and were greater in smaller local landforms, up to 75%. 

Laberge and Payette (1995) initiated a long-term study of a single palsa peatland (the 

Ouiatchouane peatland) in northern boreal Québec in 10-year intervals, from 1973 to 1993.  

http://www.tandfonline.com/author/Provencher-Nolet%2C+Laurence
http://www.tandfonline.com/author/Bernier%2C+Monique
http://www.tandfonline.com/author/L%C3%A9vesque%2C+Esther
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Changes in extent and form of both palsas and thermokarst ponds were mapped using survey 

equipment (a laser theodolite TC1000).  The contours of these features were measured every 

four m, or smaller intervals for more complex features.  1957 was used as the base year, which 

is the year air photos were first available for the region.   

The study found that the rate of palsa degradation was generally consistent between 

intervals (1957 to 1973, 1973 to 1983, and 1983 to 1993).  Overall, between 1957 and 1993, the 

authors reported a 49% decline in palsa area and a 44% increase in thermokarst pond area.  

Palsa heights also declined over the study period.  While some aggradation processes are noted, 

the study shows that permafrost degradation is the overall geomorphic process in this peatland 

over the study period. 

Other studies (Beaulieu & Allard, 2003; Vitt et al., 2000) have also mapped and 

quantified permafrost degradation using air photos and ground-truthing.  The overall technique 

employed in these studies involved mapping peatlands (including permafrost peatlands) using 

air photos of various scales and normalizing on a base map of a consistent scale.  Vitt, Halsey 

and Zoltai (2000) measured degradation features from Alberta to Manitoba to the nearest 10% 

of the peatland in a gridded distribution to determine areas of current permafrost and the extent 

of degradation through mapped isobars.  They determined that an overall 9% degradation of 

permafrost had occurred since the Little Ice Age.  Beaulieu and Allard (2003) used a series of 

air photos from 1949 to 1990 to map linear advances or retreats of shoreline in the Manitounuk 

Strait, Quebec, including permafrost degradation effects.  The level of accuracy was to 0.1 mm 

on the air photos, translating to a very small on-ground error, and measured changes larger than 

the potential error. 
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GIS-Based Studies. 

Beilman and Robinson (2003) measured changes in the aerial extent of permafrost in 

peat plateaus in western Canada, along a latitudinal gradient from the southern limit of the 

discontinuous permafrost zone to the Mackenzie Valley, NWT.  Changes were measured from 

air photos taken in 1947 and 1950, and compared to Ikonos satellite imagery of the same sites 

from 2000.  Their study used similar methods to the air photo interpretation techniques 

described above, but advanced the technology by digitizing permafrost features in ArcGIS.  

While the study showed no relationship between overall peatland extent, a degradation of 

between 10 to 51% of the permafrost area was demonstrated over the study period, averaging 

22% from the mid-20th century.  This degradation was significantly related to MAT. 

Other Studies using GIS and Remote Sensing. 

The following studies are not directly related to the measurement of permafrost peatland 

degradation; however, they do demonstrate similar applications in the boreal forest and show 

advancements in the general technique by employing modern GIS and remote sensing 

techniques.  They were reviewed for their applicability to this study. 

A recent study found that the changes in frequency distributions of tree cover in the 

circumpolar boreal zones could be tracked using recent (2001 and 2002) satellite data (Scheffer 

et al., 2012).  The study found that treeless and near treeless covers were most readily found at 

the northern and southern fringes of the boreal forest.  Within the boreal ecosystem itself, 

intermediate tree covers are relatively rare and may represent unstable systems that may be 

more responsive to climate change.  Monitoring the locations of these intermediate tree cover 

ecosystems may be a way to track the northward progression of the boreal forest.  While still in 
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its infancy and not directly related to peatlands specifically, this monitoring technique shows the 

advantages of using a GIS-based method to monitor actual on-the-ground climate change 

impacts. 

A study undertaken under the CCIN and ArcticNet measured changes in vegetation 

covers near Umiujaq, northern Quebec using colour air photos between 1994 and 2010 

(Provencher-Nolet et al., 2015).  Similar to collapse scar expansion measurements in this study, 

Provencher-Nolet et al. (2015) found that vegetation changes from tundra to shrubby land 

covers could be measured using semi-automated image classification methods and change-

detection analysis.  An increase in shrub cover of 12% was found by superimposing classified 

maps from the two time periods.  The authors also noted that approximately one quarter of the 

thermokarst ponds in the study area had disappeared between the two time periods. 

Remote Sensing techniques are now being used to estimate the distributions and future 

extents of permafrost over the entire state of Alaska (Pastick et al., 2015).  The Pastick et al. 

(2015) study provides an excellent predictive model of the current extent of near-surface 

permafrost, and holds the advantage of allowing the mapping to be correlated to modelled 

permafrost conditions in future climate scenarios.  This technique may be the future modelling 

technique to demonstrate large-scale geographical changes in permafrost.   

Evaluation of Past Studies.  

The Thie (1974) and Beaulieu and Allard (2003) studies show that air photo 

interpretation can be effective for mapping permafrost landform changes at the local scale; 

while the Beilman and Robinson (2003), Vitt et al. (2000) and Laberge and Payette (1995) 

http://www.tandfonline.com/author/Provencher-Nolet%2C+Laurence


MONITORING PERMAFROST DEGRADATION RATES DUE TO CLIMATE CHANGE  47 

 

studies show that air photo interpretation is also applicable for provincial-scale mapping of 

permafrost features and degradation along a latitudinal or climactic gradient.  However, the 

methods used in these studies rely on the mapping or digitizing of features by hand and use a 

visual estimation of permafrost degradation, of which both techniques are somewhat subjective.  

For example, the Thie (1974) study used air photos of various scales and even oblique photos; 

these distortions may present sources of error in visual estimation techniques.  In some studies, 

multiple sources of imagery and mapping techniques are also used, with the same potential for 

error.  For example, Laberge and Payette (1995) used air photo delineation to map the peatland 

features the 1957 image while using in-field surveys in subsequent years, while Beilman and 

Robinson (2003) used a combination of air photos and Ikonos imagery.  These factors could 

introduce inconsistencies in the measurement of changes that at the local level could be resolved 

using an automated GIS method that derives data objectively across a consistent image source.  

Another challenge within the Thie (1974) and Laberge and Payette (1995) study 

methods include the use of in-field measurements or ground truthing; which while validating the 

studies, may present subjective errors in delineation due to challenging field conditions.  

Laberge and Payette (1995) admit that in-field measurements of certain palsas were problematic 

due to shrub cover and permafrost decay.  It appears that the palsas in decay may not have been 

mapped as accurately as possible, particularly those that have almost entirely subsided and 

difficult to delineate in-field.  Additionally, the authors question if an incipient palsa found in 

1993 is the result of aggradation processes, or if it was missed in the 1983 survey due to its 

small size. 
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The in-field mapping methods used in the Thie (1974) and Laberge and Payette (1995) 

studies are also labour intensive and costly, with the potential for human error due to the 

challenging conditions of the terrain.  The amount of field effort (walking on the peat) required 

may have also affected the landform itself, potentially artificially hastening degradation by 

compacting the peat depth.  While practical for localized studies, these techniques would be 

uneconomical for monitoring programs that span a large area such as the Alberta boreal forest.   

The past studies also present problems in relating the changes in permafrost degradation 

to climate change data.  Thie (1974) also says little about changes in climate data, speaking only 

of a “climate amelioration”, by which the author takes to mean an overall warming trend which 

is described today as climate change.  Similarly, in Laberge and Payette (1995), the weather 

station used in the study was about 150 km away, and may not have been precisely reflective of 

the study area.  The lack of localized climate data may be inadequate to assess localized changes 

related to climate change. 

The use of remote sensing technologies holds many advantages and is definitely an 

essential tool in permafrost monitoring.  However, the main deficiency of remote sensing 

techniques is resolution; often, the ground area represented by each pixel is larger than the 

collapse scars or other local landforms being studied.  For example, the 30 x 30 m Landsat pixel 

resolution is too coarse to capture local changes in collapse scar extent.  Additionally, while 

good time-series regularity is achieved post-satellite launch, comparisons with periods prior to 

that are difficult (Charman, 2002).  Air photos are taken closer to the ground, and have the 

advantages of a much finer resolution, even after digitization, and have a longer recorded 

history.  In Alberta, the air photo record generally goes back to 1949. 
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Summary of Past Studies.  

The reviewed studies point to the merits of developing an objective desk-top method, 

that consistently applies the same mapping technique to each year studied.  By building on these 

past studies and the existing air photo interpretation knowledge base of permafrost peatlands, a 

study of localized climate change impacts over time at various latitudes is plausible.  As the 

expression of permafrost degradation in Alberta peatlands is now well known (Halsey et al., 

2004), ground-truthing would not be necessary to verify the peatland types, and advances in GIS 

might be used to automate the analysis and provide an objective means of mapping changes in 

permafrost degradation.  

Methods 

The methods proposed in this study show how GIS might improve on the methods of the 

studies discussed above by being more accurate and by providing an economical and practical 

means to monitor permafrost degradation at multiple sites over a wide geographic area such as 

northern Alberta or western Canada.  Even with today’s advances in remote sensing, air photos 

are still one of the key sources of data for peatland characterization, mapping and monitoring of 

change (Charman, 2002), and air photo interpretation and GIS are excellent tools to help us 

understand landscape changes over long time periods.  Landscape metrics are also useful tools 

in this respect, and diversity indices in particular can be employed to understand the changes in 

landscape over time.  Grey-scale (black and white) air photos of peatlands with collapse scars 

present “a dramatic change in land cover that is easily detectable” (Camill, 2005).  With the 

influence of climate change on permafrost degradation, it should be possible to track the 

expansion of collapse scars over time, showing a correlation between climatic variables and the 
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change in the diversity of dark to light tones on air photos of the collapse scars found in BTXC 

peatlands.   

Site Selection  

The initial steps in site selection were to confirm the methods to accurately identify 

BTXC peatlands on air photos, then to identify preliminary study sites across the northern 

Alberta study area (Figure 9).  Accurate identification of BTXC peatlands on air photos was 

informed by the Alberta Wetland Inventory (AWI) manual, fifteen years of personal field 

experience, and personal communication with leading wetlands scientists (Halsey et al., 2004).  

Ms. Linda Halsey was consulted to discuss and understand the differences between the BTXC 

landform and landforms similar in expression (L. A. Halsey, personal communication, May 

2012).  Ms. Halsey provided photo examples and explained the geomorphic processes involved, 

and how this is expressed at the landscape level. 

Preliminary identification of BTXC permafrost peatlands in the study area was 

accomplished using a grid-based search of the northern Alberta boreal forest in Google Earth, to 

identify potential study sites without bias (Google, 2012) (Figure 3).  The Alberta Township 

System (ATS) mapsheet layer was overlain on the Google Earth images of the study area, using 

the mapsheet borders as grids for moving across the Google Earth image.  The search was 

limited to those mapsheets that comprise the boreal area of Alberta by comparing the Google 

Earth image of Alberta at a small scale (roughly 1:1,000,000) to the natural regions of Alberta 

(Natural Regions Committee, 2006), the Canadian peatland database (Natural Resources 

Canada, 2008), and the southern limit of the boreal permafrost zone (Kettles & Tarnocai, 1999).  

The Canadian peatland database provides a percentage of peatlands with permafrost in 15’ 
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latitude by 30’ longitude blocks.  These features were used to focus and limit the grid-based 

search of the study area to within the Alberta boreal forest DPZ (Figure 9).  A total of 392 

potential sites were identified with the initial Google Earth search.   

Site Selection Criteria. 

The 392 potential sites were then reviewed and evaluated for their potential for analysis 

according to the following site specific, forest fire history, and seasonal and air photo quality 

criteria (Figure 9).   

Site Specific Criteria. 

Potential study sites had to have clearly recognizable collapse scars and be confirmed as 

a BTXC peatland.  The review eliminated sites from the preliminary identification that were 

determined to not be BTXC peatlands upon closer inspection.  Each site had to provide over 150 

hectares of core peatland area in order to be of sufficient size for analysis, allowing for replicate 

samples of landform pattern.  Development and exploration cutlines would artificially change 

the characteristics of the BTXC pixel distribution and therefore needed to be a controlled 

variable.  While some cutlines (one or two) allowed for easier georeferencing, too many cutlines 

would not allow for sufficient core area size, and the study site would have limited utility.  This 

review reduced the potential study sites from 392 to 67 that would be adequate for this study. 

Forest Fires. 

To avoid the potential confounding influence of forest fires on permafrost, the Alberta 

fire history was accessed in GIS format from the Alberta Sustainable Resource Development 

(ASRD) department and was used as a criterion in site selection (Alberta Sustainable Resource 
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Development, 2012).  The time ranges of the air photos for the potential study sites were 

compared to the ASRD fire history polygons from 1931 to present.  Sites were selected based 

on either the absence of fire within the entire study period (1949 to 2005) or air photos from 

post-fire time periods were not advanced for analysis.  In this respect, the potential influences of 

fire are avoided in this study.  The 67 potential sites were contrasted with the fire history layers 

in ArcGIS using the Intersection tool to reveal those sites that had no fire record.  Of the 67 

potential sites, 43 had no fire record between 1949 and the most up to date photo when 

compared with the available Alberta Environment and Sustainable Resource Development 

(AESRD) air photo catalogue.  

Seasonality and Air Photo Criteria. 

After the preceding criteria were applied, the AESRD air photos of the 43 remaining 

potential study sites were reviewed using the following criteria to identify those sites that had 

useable photos in a number of years, in order to chronicle change over time.  To minimize the 

effect of differences in the seasonality and scale of the air photos between years, the study used 

air photos that were taken during the same seasons and at a similar scale.  This minimized the 

potential for Type I statistical errors, in that measured change is part of the inconsistencies 

between air photos rather than landform changes attributable to climate change.  Other potential 

confounders within the air photos included variations in the amount of precipitation, in snow or 

rain forms, that might have introduced variations into the imagery.  To the degree possible, care 

was taken to ensure that the air photos used were taken in the growing seasons, and photos that 

had demonstrable flooding or snow cover were not advanced for use in analysis.  Finally, there 

could be no cloud cover or shadow, or landform oddities (natural or man-made) in the chosen 
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air photos that may complicate analysis.  Air photos at extreme oblique angles were also not 

selected for analysis. 

Study Sites Selected. 

Using the above air photo quality criteria, a “shopping list” of AESRD air photos was 

created based on the availability of air photos for each potential site.  To be selected as a study 

site, at least three air photos between 1949 and present day were required at a 1:30,000 scale, 

preferably with additional years at 1:30,000.  The availability of “backup” photos at either 

1:40,000 or 1:50,000 was considered advantageous, but not a requirement.  It was anticipated 

that photos at these scales would not be used, but would be available if required.  Of the 43 

potential sites, 12 sites were determined to have three or more air photos within the study period 

at 1:30,000.  Upon closer inspection of the air photos, it was determined that at one site, the 

BTXC had too little core peatland area to meet the minimum size criteria of 150 ha.  This left 11 

study sites and air photos were purchased in digital format from the AESRD air photo library 

(Table 1; Figure 9). 
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Table 1: Locations of Selected Study Sites. 

Site ATS Mapsheet 
Map 
Zone 

UTM E 
(NAD83) 

UTM N 
(NAD83) Legal Subdivision Latitude and Longitude 

B2 074E02 12V 501729 6318812 12-30-092-06 W4M 57.012808° -110.971528° 

B3 074E08 12V 547063 6348886 4-35-095-02 W4M 57.280551° -110.21938° 

B34 74D01 12V 531612 6208822 11-13-081-04 W4M 56.023598° -110.492824° 

B48 74D14 12V 498073 6315183 8-15-092-07 W4M 56.980206° -111.031704° 
B149 84A16 12V 413871 6304938 11-07-091-15 W4M 56.88018° -112.41333° 

B205 84H08 12V 415631 6352095 10-05-096-15 W4M 57.304006° -112.400335° 

B243 84L08 11V 416213 6474838 11-28-108-03 W6M 58.406288° -118.433838° 

B246 84L08 11V 435097 6474071 5-28-108-01 W6M 58.402608° -118.110542° 

B247 84L08 11V 434427 6469147 7-08-108-01 W6M 58.358292° -118.1206° 

B302 84N05 11V 451705 6571094 8-28-118-23 W5M 59.276014° -117.847417° 

B317 84N15 11V 515850 6625166 15-09-124-16 W5M 59.764031° -116.717843° 

Note: ATS = Alberta Township System; UTM = Universal Transverse Mercator coordinate system; 

NAD 83 = North American Datum 1983. 

GIS Methods 

Georeferencing Photos. 

Using ArcGIS, each selected air photo was georeferenced to allow for accurate 

comparisons between years at each study site (Lillesand & Kiefer, 1994).  Georeferencing is the 

process of positioning an air photo using “control point” features and a defined coordinate 

system.  A number of geographically referenced control points are selected on the air photo, 

allowing the entire image to be “stretched” or repositioned to the defined coordinate system.  

The georeferencing process also helps remove distortions that might have been introduced into 

the images due to camera lens angle (Lillesand & Kiefer, 1994).   

For this study, geographical features consistent between the earliest and latest images at 

a study site were used as control points.  As this study assessed landforms in remote areas that 
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have little or no development, the most reliable control point features tended to be sharp bends 

or intersections in exploration cutlines (Figure 10).  However, in some areas, even these were 

not available and other (natural) features were necessarily used as control points.  Examples of 

these include small tree stands (centres of the stands if round, or sharp points or bends), rocky 

outcrops, centres of small ponds, or bends in streams (if no evidence of meander movement 

could be observed between air photos).  As natural features can change over time, the centres of 

small features such as small ponds were preferred as while their borders may change, the centre 

of the feature should remain relatively constant.  For the same reason, features such as lake 

margins and input/output channels of larger lakes were largely avoided as control points.  These 

features were only used as control points as a last option, and only if it was seen to be largely 

unchanged between the oldest and latest air photos. 

For each study site, between 16 and 34 control points were identified surrounding and 

within the BTXC landform.  The control points for each site were stored in Google Earth as a 

.kml and imported into ArcGIS using the KML to Layer function.  Selecting a large number of 

control points gave the option to add or abandon points based on their position on each 

individual photograph, as each air photo does not cover the exact same scene.  A minimum of 

eight control points were selected from the portion of the air photos covering the same scene to 

ensure comparability.  Additional control points were then added to increase the georeferencing 

accuracy.   

Using the ArcGIS Georeferencing tool, trial and error showed that the best 

georeferencing technique was to use control points in the corners of the air photo first, then 

concentrate on control points in the focus area of the photo; that area where the subject BTXC is 
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located and that were not close to the edge of the air photo.  Areas close to the edges of air 

photos have a more pronounced distortion built into them by virtue of being taken with the 

outside edge of the camera lens (Lillesand & Kiefer, 1994).  As such, the distortions on the 

edges of each air photo are unique and will not georeference in the same way.  Therefore, the 

most comparable georeferencing was in the focus area of the air photos, corresponding to the 

study sites.   

The ArcGIS Georeferencing tool was set to “adjust on the fly”.  This allowed 

comparison of each air photo for the study site to the initial 1949 photo as georeferencing 

progressed.  To find the best relationship between air photos, other control points were then 

added to reduce the Root Means Square (RMS) error.  It was found that an acceptable RMS 

error was achieved with around eight control points.  If needed, points with a high individual 

RMS error were subsequently removed to both increase positional accuracy and reduce RMS 

error.  Overall, an RMS error of 0.00015 or less was achieved and considered an acceptable 

amount of error. 

Site georeferencing does not require a global projection, as the requirement is only that 

the air photos be positioned relative to each other.  However, to allow for latitude to be used as 

an independent variable in this study, the images were assigned the CRCS Canada Atlas 

Lambert coordinate system and North American Datum 1983 (NAD 83). 

Image Preparation for Analysis. 

Once the site imagery was georeferenced, the images were prepared for analysis using 

the Image Analysis tools in ArcGIS.  The georeferenced images were cropped to remove the 
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black border that typically frames the outside edges of air photos, and is not part of the image.  

These outside edges typically contain the reference data for the image and were no longer 

needed once a file name for each image was created.  This procedure assisted in visual 

comparisons between years by leaving only image visible once the photos were overlaid upon 

each other in ArcGIS. 

Study Site Definition. 

To define each study site, the outer limits of the BTXC at the site were sketched from 

the earliest air photos and saved as an ArcGIS layer, also using Image Analysis tools (Figure 

10).  As analysis of change in the BTXC feature needed the study site need to be limited to the 

BTXC peatland, any non-peatland portions within the peatland also needed to be removed from 

the study site.  Therefore, any non-BTXC features such as exploration cutlines, water bodies or 

rock outcrops were also drawn using the Image Analysis tools.  These non-BTXC features were 

subsequently buffered out of the study site to create a BTXC “core area”. 
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Figure 10: Study Site Boundaries.  The study site was defined by sketching the outer 

peatland limits (purple line) of the earliest photo used at the study site. Site B3 used in 

figure, see Figures 1, A2 and Table 1 for location.  Air photo obtained from the Alberta 

Government Air Photo Distribution Branch; used with permission. 

Once the study sites were defined, it was determined that replicate samples five hectares 

in size were appropriate to serve as data replicates within the study sites.  This size would allow 

for the capture of change in BTXC collapse scar degradation, but also large enough to capture 

the inherent variability of the overall study site.  Thus, replicate samples selected for analysis 

needed to allow for this five hectare size, allow replicate samples to be independent of each 

other (not overlap), be entirely within the study site, and not include any non-BTXC portions of 

the peatland.   

The easiest method to create a replicate sample five hectares in size in ArcGIS is to 

create a point and buffer it by the radius of a five hectare circle (126.15 m).  To ensure that each 
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sample was independent and captured only BTXC peatland, the points could therefore not be 

closer than approximately 127 m to each other, to the study site border, or to any non-BTXC 

feature.  Thus, 127 m buffers from the study site border and all non-BTXC features were 

required to allow point selection to be limited to areas of BTXC “core area”.   

The study site layer (a shape) for each site was therefore converted into a line (an item to 

buffer), using the Data Management Tools/Features/Polygon to Line tool.  This line was then 

buffered by 127 m using the Analysis Tools/Proximity/Buffer tool (Figure 11).  This tool did 

buffer on either side of the study site border; however, this was irrelevant as the inside buffer of 

the study site was the only one of concern. 

 

Figure 11: Study Site Border Buffered.  Site B3 used in figure, see Figures 1, A2 and 

Table 1 for location.  Air photo obtained from the Alberta Government Air Photo 

Distribution Branch; used with permission. 
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Similarly, non-BTXC areas in the study sites also needed to be removed from the BTXC 

“core area”.  The potential of non-BTXC features such as cutlines, areas of open water and 

uplands to influence collapse scar degradation within the study sites also needed to be controlled 

for.  To avoid the potential influence of these features, cutlines, wellsites and uplands within the 

study sites were buffered an additional 20 m (147 m buffer); and water features by an additional 

60 m (187 m buffer).  Non-BTXC features were appropriately buffered on either side using the 

Analysis Tools/Proximity/Buffer tool (Figure 12).  The remaining area not within the buffers 

would be defined as the BTXC “core area” of the study site, where replicate sample points could 

be selected from, allowing for the five hectare buffer surrounding each replicate sample point. 

 

Figure 12: Removal of Non-peatland Features from Study Site Core Area.  Site B3 used in 

figure, see Figures 1, A2 and Table 1 for location.  Air photo obtained from the Alberta 

Government Air Photo Distribution Branch; used with permission. 
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Definition of Image Core Area. 

In ArcGIS, in order to create a polygon that defines the BTXC “core area” of the study 

site where sample points could be created, the study site border buffer and non-BTXC buffers 

were combined using the Analysis Tools/Overlay/Union tool (Figure 13).  However, in ArcGIS, 

this creates a shape of the features that would not be used for the creation of replicate sample 

points.  A reverse-image shape of the “doughnut holes” area of the unioned overall study area 

buffer was required to allow for replicate sample point selection.  This was accomplished by 

using the Editor suite of tools.  Polygons were created of the core area using the Editor/Auto-

complete Polygon tool, then selected and copied into a new layer (Editor/copy and paste).   

 

Figure 13: Unioned Study Site Buffers.  Site B3 used in figure, see Figures 1, A2 and 

Table 1 for location.  Air photo obtained from the Alberta Government Air Photo 

Distribution Branch; used with permission. 
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In order to allow ArcGIS to select random points within the study site core area, the core 

area polygons were merged using the Data Management/Generalization/Dissolve tool.  The 

multiple polygons were dissolved into one multi-part polygon (green lines) as shown in Figure 

14. 

 

Figure 14: Unified Study Site Core Area.  The areas in green have been dissolved into one 

multi-part polygon.  Site B3 used in figure, see Figures 1, A2 and Table 1 for location.  Air 

photo obtained from the Alberta Government Air Photo Distribution Branch; used with 

permission. 

Selection of Points for Analysis. 

The number of replicate samples to use in analysis needed to be determined.  The 

number of hectares found in the total usable core area of the study site/peatland was calculated 

using the Data Management Tools/Fields/Calculate Fields tool in ArcGIS.  The total usable 

core area included only those portions of the study site where all air photo years had area, as 
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some years did not include the entire study site (Figure A10).  Within this total usable core area, 

the number of five hectare replicate sample points needed to achieve a 50%, 65%, 75% and 

85% sample was calculated.  Through trial and error, it was found that a 65% sample coverage 

of five hectare buffered sample points within the total usable core area could be achieved for all 

11 study sites.  This amount of coverage was thought to provide an acceptable representation of 

each study site for analysis. 

Using the defined study site core areas (Figure 14) as a constraining feature class within 

the total usable core area, the Data Management Tools/Feature Class/Create Random Points 

tool was used to select an initial number of replicate sample points.  To create the five hectare 

replicate sample areas (rather than points) within the core area, the random points were buffered 

by 126.15 m, giving a radius of five ha.  This was accomplished using the Analysis 

Tools/Proximity/Buffer tool.  The buffered replicate sample points were added as a feature class 

to the workspace for the study site. 

These initial buffered replicate sample points were copied using the Image Analysis 

tools and positioned until a 65% was achieved (Figure 15).  While points were required to be 

somewhat gridded to achieve the 65% sample, the initial positioning of the first random points 

and the necessity to insert as many points as possible within the study site eliminated the 

potential for bias in sample point selection.  While systematic insertion of additional points 

allowed for the most sample points possible, the position of the initial random points created a 

random offset in that system, approximating a stratified systematic unaligned point sample 

technique (McGrew & Monroe, 2000).  A widely used sampling model, this sample technique 
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provides a representation of the entire landform, but avoids any spatial regularities that may be 

present.   

 

Figure 15: Buffered Replicate Sample Points Within a Study Site.  Site B3 used in figure, 

see Figures 1, A2 and Table 1 for location.  Air photo obtained from the Alberta 

Government Air Photo Distribution Branch; used with permission. 

Again, portions of the study sites that were not in all air photo images (not in the total 

useable core area) were removed from the analysis area, or conversely, an image year was 

removed from analysis if too many points were affected.  In total, eight study sites required no 

special treatment in this regard.  Three of the 11 study sites had a portion of the site removed 

from the total usable core area (Table 1: B149, B205 and B302), and for two study sites, it was 

decided not to use one image year of data, as too many points were affected for the image to be 

of value (Table 1: B246 and B247, 1967 and 1964 respectively). 
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Data Extraction. 

From the replicate sample points, the BTXC landform patterns (including collapse scars) 

as represented by pixel grey-scale values were drawn out from the image using the Spatial 

Analyst Tools/Zonal/Zonal Histogram tool.  The Zonal Histogram tool outputs the number of 

pixels within each five hectare replicate sample point area, categorized by the 0 to 255 (0 being 

a value) grey-scale values for a black and white image.  These histograms of landform pattern 

created the replicate samples to be used in the multi-year comparison for each study site and 

were used to calculate indices of diversity.   

Calculation of Diversity Indices 

 Diversity indices can be used as an indicator of the amount of variability in a landform 

pattern (Beals, Gross, & Harrell, 1999; McCune & Grace, 2002).  In this analysis, diversity 

indices were the landscape metric used to measure changes in permafrost degradation as 

expressed by collapse scar expansion at the study sites, The MS Office Excel program was used 

to calculate diversity indices from the histogram values for each study site for all replicate 

samples.  Diversity indices calculated include Inverse Simpson’s D and Simpson’s E.  

Shannon’s H and E were also calculated; however, after examining the values produced it was 

determined that for this study that the values were sufficiently similar and further analysis was 

not pursued.   

The most basic indicator of diversity in a landform pattern is Species Richness (SR), 

which was also calculated for this study as it is a component of the Simpson’s diversity indices 

calculations.  On air photos, SR is represented by how many different grey-scale tones are found 

within that landform pattern.  As the grey-scale values of the images range from 0 to 255, the 
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maximum potential SR of a replicate sample landform pattern is 256.  Meaning that a SR of 256 

would signify that all the potential pixel grey-scales values are represented in that sample of the 

landform pattern.   

Inverse Simpson’s D. 

While SR gives an indication of the number of different air photo grey-scale tones in a 

landform pattern, an index such as the Inverse Simpson’s D index also accounts for the 

equitability or evenness in the distribution of the grey-scale tones among the landform pattern 

(Beals et al., 1999; McCune & Grace, 2002).  The original Simpson’s D index is actually a 

measure of dominance, calculated by summing the squared proportions of each of the grey-scale 

tone (pixel values) found in the landform pattern.  As this value would increase the more a 

certain grey-scale tone dominates a landform pattern, the inverse value (Inverse Simpson’s D) is 

taken to indicate diversity (McCune & Grace, 2002).  In this study, Inverse Simpson’s D is a 

measure of the likelihood that two randomly chosen pixels would be different grey-scale tones.  

As diversity increases in a landform pattern, accounting for SR and evenness, so does the value 

of the Inverse Simpson’s D.  The formula for Inverse Simpson’s D is: 

 

Where: 

 D = Inverse Simpson’s Diversity Index 

 S = Total number of grey-scale values in the landform pattern (SR) 

 Pi = Proportion of S made up of the i
th 

value 



MONITORING PERMAFROST DEGRADATION RATES DUE TO CLIMATE CHANGE  67 

 

In this study, while a SR value when compared to 256 indicates the number of pixel 

values used, Inverse Simpson’s D also indicates how distributed those values are and as an 

index, can be compared across study sites and across time.  

In permafrost bogs, bogs without collapse scar features are dominated by an even texture 

of dark toned pixels, and thus diversity would be low.  As collapse scars appear as lighter tones 

in the imagery, a greater number and more even distribution of grey-scale pixel tones are used.  

Therefore, as collapse scars expand (Figure 6), the diversity in both SR and evenness would 

increase until loss of the permafrost bog, whereupon it is expected that lighter tones would take 

over dominance and diversity would fall again (Figure 19).  In this study, all images show areas 

that are clearly permafrost bogs with collapse scars, in periods prior to total permafrost collapse; 

thus Inverse Simpson’s D would be expected to increase over the imagery time period. 

Simpson’s E. 

However, the value of D in the Inverse Simpson’s D calculation is relative to the 

maximum SR, and as such, an understanding of a landform pattern sample’s evenness and 

diversity is not necessarily intuitive except in relation to other studied samples or time periods.  

Therefore, a normalized measure of the evenness of the pixel distribution may be more telling 

for any particular sample.  Simpson’s E is also a measure of the evenness or equitability in a 

landform pattern, but is normalized within a range of 0 and 1 (Beals et al., 1999).  A value of 1 

represents perfect evenness.  It is calculated by dividing the diversity of a landform pattern 

(Inverse Simpson’s D) by the maximum diversity possible for that landform pattern, which is 

the SR.  The formula for Simpson’s E is: 



MONITORING PERMAFROST DEGRADATION RATES DUE TO CLIMATE CHANGE  68 

 

 

Where: 

 ED = Simpson’s Evenness 

 D = Inverse Simpson’s D 

 DMAX = Species Richness (S or SR) 

The value of Simpson’s E to this study would be that it normalizes the values and 

focuses on evenness; therefore, it can be used to compare across time periods and study sites 

with different maximum SR.  Another advantage of Simpson’s E is that the value itself gives an 

indication of evenness without having to compare to other samples; for example, it can be seen 

that a sample with a Simpson’s E value of 0.9 is quite even, while a value of 0.1 is likely 

dominated by a particular grey-scale tone.  As with Inverse Simpson’s D, Simpson’s E would be 

expected to rise (towards 1) in the time period of the imagery as permafrost melting/collapse 

scar expansion is represented by a more even distribution of pixel values, then fall again as 

continued permafrost collapse moves the landform towards a dominance of lighter tones in the 

imagery. 

Climate Data 

The reliance on regional climate data and absence of long-term climate stations have 

“made the development of regional permafrost maps difficult” (Halsey et al., 1995, p. 65).  The 

use of the Pacific Climate Impact Consortium (PCIC) ClimateWNA computer model (Wang et 

al., 2012) improves on past mapping of permafrost features by providing localized climate data 
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specific to each study site.  Climate data was obtained using the downloadable version of the 

ClimateWNA computer model, which “extracts and downscales PRISM (Daly, Gibson, Taylor, 

Johnson, & Pasteris, 2002) monthly data [...], and calculates seasonal and annual climate 

variables for specific locations based on latitude, longitude and elevation (optional) for western 

North America” (Wang, Hamann, & Spittlehouse, 2011, p. 1).   

The ClimateWNA data was used to model the climatic influences on permafrost 

degradation over time.  The ability to select climate variables specific to each study site allows 

for direct, localized comparisons of the observed climatic changes to the changes in expression 

of collapse scars in the BTXC landforms.  The latitude, longitude and elevation for each study 

site was inputted into the ClimateWNA model and 50 years of annual climate variables (1949 

through 2009) were extracted for each study site and inputted into Microsoft Excel (Table 2).  
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Table 2: Study Site Areas, Number of Replicates and Climate Summary Data. 

Study 
Site 

Total 
Study 
Site 
Area 
(ha) 

Core 
Area 
(ha) 

Number 
of 

Replicates 
(n) 

Peatland 
Sensitivity 
Class (PSC) 

Average Climate Variables 1949 - 2009 

Mean 
Annual 

Temperature 
(°C)  

Mean 
Winter 

Temperature 
(°C)  

Mean Spring 
Temperature 

(°C)  

Mean 
Annual 

Precipitation 
(mm/yr)  

Mean 
Winter 

Precipitation 
(mm/yr)  

Annual 
Heat: 

Moisture 
Ratio 

Number 
of Frost 

Free 
Days 

B2 271.0 271.0 35 Severe -0.9 -18.6 0.0 450 64 20.7 141 

B3 529.7 417.2 56 Severe -1.2 -19.1 -0.6 437 62 20.5 143 

B34 177.4 157.2 18 Very Severe 0.3 -16.8 1.0 447 60 23.4 149 

B48 338.5 305.6 40 Severe -0.7 -18.4 0.2 449 63 21.1 142 

B149 329.8 213.7 35 Severe -0.5 -18.1 0.5 445 65 21.6 144 

B205 1,272.5 644.6 100 Severe -1.5 -19.2 -0.6 452 67 19.1 137 

B243 343.7 273.6 36 Severe -1.0 -19.0 0.2 412 67 22.0 143 

B246 439.3 333.5 43 Very Slight -1.1 -19.1 0.2 414 68 21.8 142 

B247 969.1 662.7 89 Very Slight -1.0 -19.0 0.3 415 68 22.0 143 

B302 3,324.2 946.3 124 Severe -1.9 -20.5 -1.0 386 62 21.2 138 

B317 3,528.6 2,620.3 360 Severe -2.5 -21.2 -2.0 369 61 20.7 137 

Note: Areas were calculated using the Projected Coordinate System (PCS): NAD83 CRCS Canada Atlas Lambert. 

Note: B317 was not used in analysis, therefore n = 576. 
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Based on the literature review (see Introduction: Climatic and Geographic Influences on 

Permafrost Degradation), the most relevant ClimateWNA data variables were selected for 

analysis as the independent variables representing climate change in the study area over time 

(1949 to 2005).  The variables modeled include temperature variables: Mean Annual 

Temperature (MAT), seasonal temperature averages including spring (Tave_sp) and winter 

(Tave_wt), and the annual number of frost free days (NFFD); precipitation variables including 

Mean Annual Precipitation (MAP) and average winter precipitation (PPT_wt); and the Annual 

Heat to Moisture ratio (AH: M), which combines temperature and precipitation. 

These climate variables can be coarsely summarized in relation to climate change as 

measures in the predicted increases in heat and predicted decreases in available moisture of a 

hotter and drier climate (Smith & Burgess, 2004; Tarnocai, 2006, 2009).  In this study, as 

climate change progresses, a positive correlation is expected with increasing diversity index 

values over time for rises in temperature, measured by MAT, AH: M, NFFD, Tave_sp and 

Tave_wt.  As climate change is expected to decrease available moisture, a negative correlation 

is expected between decreasing MAP and PPT_wt values and increasing diversity index values 

over time.  

MAT was included as a ClimateWNA variable, as temperature is the primary control on 

permafrost areas, being defined as areas where the ground remains below 0°C for two years or 

more (Camill, 2000; CCIN, 2016; Smith & Burgess, 2004; Vaughan et al., 2013; Vitt et al., 

2000).  Tave_sp and NFFD were also modeled as these metrics are indicators of an extended 

potential degradation period, where ground temperatures could rise above 0°C.  A reduction in 

the annual available water in the BTXC landforms would be captured by reductions in MAP, 
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representing the predicted severe drying in the southern boreal (Tarnocai, 2006, 2009).  AH: M 

was also modeled as an analogue for evapotranspiration as a measure of reduced available 

water.  PPT_wt was modelled as an analogue for the insulating properties of snow cover, and 

Tave_wt was also modeled as Camill (2005) notes that the greatest changes to warming rates 

can occur in winter and spring. 

The use of ClimateWNA provided a localized climate data set over a period of time 

sufficient to show climate change trends that would capture a potential disequilibrium lag 

response of permafrost melt (Camill & Clark, 1998; Halsey et al., 1995).  

Geographical Variables 

To study the potential geographical relationships to climate and permafrost degradation, 

the latitudes of the study sites and the Tarnocai (2006) Peatland Sensitivity Class (PSC) of each 

study site were also used as independent variables in the statistical model.  The Tarnocai (2006) 

PSC layer is available in an ArcGIS format and was obtained from Natural Resources Canada 

(2010), and was clipped to the province of Alberta (Figure 8).  The majority of the 11 sites were 

in the “Severe” PSC (Table 2).  Another two sites (B246 and B247) were in the “Very Slight” 

PSC, though on the border of Very Slight/Severe PSC, and near site B243.  Another site (B34) 

fell into the “Very Severe” PSC.  In addition to PSC, local factors such as vegetation cover, 

aspect and peatland size are also somewhat accounted for by using a single peatland type 

(BTXC), for which the vegetation cover is largely homogenous, with a minimum size (>150 ha 

of core area).  More specific consideration is beyond the current scope of this study but may be 

an aspect of further study. 
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Statistical Analysis 

Statistical analysis was conducted to test for a correlation between the changes in 

permafrost degradation (collapse scar expansion), as represented by the Inverse Simpson’s D 

index values (the dependent variable), and the changes in local ClimateWNA data and 

geographical variables representing climate changes between 1949 to 2005 (the independent 

variables).  The correlations between Inverse Simpson’s D index values and the ClimateWNA 

and geographical variables selected, including logical combinations of these variables, were 

modelled using IBM SPSS Statistics 23 software (IBM Corporation, 2015). 

Within SPSS, there are two potential statistical methods that could look at the influence 

of combinations of multiple independent variables over time, including a two-way repeated 

measures analysis of variance (ANOVA) and the Linear Mixed Model with repeated measures.  

For this study, the SPSS Linear Mixed Model with Repeated Measures was employed using air 

photo years as the repeated measure.  The Linear Mixed Model was selected after discussions 

with a Statistical Consultant at the York University Institute for Social Research (H. McCague, 

personal communication, June 20, 2016), as the data did not have a consistent time period 

between measurements at all study sites (differing air photo years) and the number replicates at 

each study site also introduced a degree of potential data variance; both of which are best 

handled by the Linear Mixed Model.   

Statistical Model Design. 

The SPSS Linear Mixed Model developed and used in analysis was designed based on 

review of similar studies and on-line tutorials (Beaumont, 2012; Seltman, 2015), and advice 

provided in discussions with Dr. McCague (H. McCague, personal communication, June 20, 
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2016). The Linear Mixed Model structure and parameters were determined using a trial and 

comparison method of logical parameter combinations based on the advice received.  Parameter 

combinations were evaluated using the Information Criterion Values resulting from each model 

trial, including the -2 Restricted Log Likelihood, Akaike’s Information Criterion (AIC) and 

Schwarz’s Bayesian Criterion (BIC).  In SPSS, the information criterion values are given in a 

“smaller-is-best” format.  Thus, the set of model parameters described below were used as they 

produced the lowest Information Criterion Values. 

All selected ClimateWNA variables were coordinated with years (1949 to 2005) as the 

Repeated Measure.  The use of years as a repeated measure resulted in better fitting models than 

without a repeated measure.  Further increasing the model fit, years were converted to a “Date 

Class” to increase the validity of the models.  Using a Date Class rather than the data year gave 

the opportunity to provide a base year of 0, where the intercept of the model will lie.  As the 

study measures changes in air photos between 1949 and 2005, an intercept is required and 1949 

was set as the base year.  All subsequent years were given a Date Class of the difference 

between that year and 1949.  For example, 1980 has a Date Class of 31. 

Linear Mixed Model parameters were set in relationship to the data, following the 

advice of Dr. McCague (H. McCague, personal communication, June 20, 2016).  Significance 

was set at p = 0.05.  The Repeated Covariance Type was set as Diagonal, implying that there is 

no assumption of correlation between measurement times and that the variance at each point 

could be different.  Model estimation was set using Restricted Maximum Likelihood (REML), 

and the model iterations and step-halvings were set at 1,000 and 100 respectively.  The advice of 
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Dr. McCague proved to be beneficial in producing a more reliable model considering the large 

data set.   

Modeled combinations of climate and geographical independent variables were set as 

the Fixed Effects in the model, including an intercept at 1949 (Date Class of 0).  The Random 

Effects of all independent variables were also modelled at the site level, using an Unstructured 

Covariance type and the intercept.  This allowed for the potential variance in model parameters 

at each year to be accounted for when evaluating the overall model.  

Date Class as a repeated measure was modeled with all individual ClimateWNA 

variables, latitude and PSC.  The logical combinations of these independent variables were also 

modeled, combining up to three climate and geographical variables with Date Class.  

Combinations that would repeat either a temperature or precipitation value were not modelled; 

for example, AH: M uses MAT and MAP in its calculation, thus combining AH: M with these 

variables would constitute a “double counting”.  Similarly, MAT was not combined with 

Tave_sp or Tave_wt. 

Tests for Normality. 

The SPSS Linear Mixed Model assumes that inputs to the model are normally 

distributed (SPSS Inc., 2005).  Thus, the Shapiro-Wilk test for normality was run on all data sets 

(study site/year).  As not all data sets met the significance threshold (0.05) for normality, several 

transformations were attempted to see if they improved the number of data sets that passed 

normality.  The transformations attempted to normalize the data included the square, square 

root, reciprocal, natural log and log 10 of the data.  These transformations failed to improve the 
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number of normally distributed study site/year combinations.  Therefore, the unaltered data was 

selected for analysis as it contained the most data sets passing the Shapiro-Wilk test for 

normality (37 of 47 data sets).  In discussion with Dr. McCague, it was suggested that SPSS 

might be robust enough to account for non-normal study site-year data sets (H. McCague, 

personal communication, June 20, 2016); however, test model runs showed that residuals were 

more normally distributed without the non-normal study site-year data sets, resulting in models 

with better fitting Information Criterion Values.   

For most study sites, two to four years of data were normally distributed, allowing 

between-years comparisons.  Study sites B3 and B302 were the sites that only have two years of 

data (1949 in each, and 1994 and 1964 respectively).  Eight study sites had three or more years 

of normally distributed data.  Site B317 required removal from analysis, as it had only one year 

of normally distributed data.  As test models suggested better fits with normally distributed data 

only, other potential transformations were abandoned, Site B317 was removed, and statistical 

analysis proceeded with ten of the 11 selected study sites (Table 1).   

Diversity Index Selected. 

Initial model runs were performed on both the Inverse Simpson’s D and Simpson’s E 

data sets; however, Inverse Simpson’s D was used for analysis while Simpson’s E was 

abandoned.  In initial SPSS model trials, it was found that both data sets returned similar results 

with only slight variations.  As discussed above, one of the advantages of Simpson’s E is that it 

normalizes data between 0 and 1, making samples of landform pattern diversities comparable 

between sites and over time.  However, digital air photos limit the bounds of landform pattern 

diversity to 256 grey-scale tones.  This limit creates a de facto normalization for Inverse 
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Simpson’s D in a fashion similar to Simpson’s E, but with values lying between 0 and 255 (0 

being a value) instead of 0 and 1.  Additionally, this limit also allows for an indication of the 

evenness of a sample; for example, a value of 245 would be very even, while a value of 50 

would indicate a dominance of certain grey-scale tones.  Further, as Simpson’s E normalizes 

between 0 and 1, the data values may compress into boundaries that show less of a difference 

between values than Inverse Simpson’s D using a range between 0 and 255.  Therefore, for the 

purposes of this study, the differences between the two indices were considered negligible, and 

the Inverse Simpson’s D diversity index was advanced for analysis as it can demonstrate a wider 

range of values and variation.  

Results and Analysis 

Inverse Simpson’s D 

The linear trendline and R
2
 values were calculated for the Inverse Simpson’s D values 

representing permafrost degradation and collapse scar expansion over time (Figure 16).  The 

values for Inverse Simpson’s D as an indicator of collapse scar expansion at the study sites 

increase over time in an almost linear fashion, with a line of best fit equation of y = 0.993x + 

67.7, R
2
 = 0.31.  The average Inverse Simpson’s D value in 1949 (Date Class 0) is 61.1, which 

is the lowest average value, rising to 109.2 in 2003 (Date Class 54) and 114.3 in 2005 (Date 

Class 56).  The highest average Inverse Simpson’s D value is in 1998 (Date Class 49) at 171.3.  

Over time, there are no real patterns in standard deviation, ranging from 17.4 in 1949 to 18.1 in 

2005.  The lowest SD is in 1989 at 9.6, while the highest in 1997 at 31.0.  
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Figure 16: Trendline of Inverse Simpson's D values as a representation of collapse scar 

expansion in the study area over time.  Date Class is used on x-axis; 1949 is Date Class 0, 2005 

is Date Class 56. 

The changes in Inverse Simpson’s D over time were also found to be significantly 

different, F(1, 8) = 29, t = 5.4, p = 0.001, 95% CI [0.807518, 1.990887], indicating that the rise 

in Inverse Simpson’s D values over time is more than would be expected by chance.  These 

results, which were supported by a visual examination of changes in the air photos, indicate that 

there were visually demonstrable and statistically significant changes in permafrost degradation 

over time (Figures 17 to 19); therefore it was possible to correlate these changes to changes in 

climate variables. The images show a progressive expansion of collapse scar features as 

permafrost degradation occurs and a progression to lighter/whiter tones as species are replaced 

by more reflective species (e.g. Carex spp.) and shallow surface water.  Large changes in 

Inverse Simpson’s D values are seen with large collapse scar expansions, such as between 1949 

and 1994 in Figure 17; or with combinations of expansion and more light tones, such as 

between 1986 and 1992 in Figure 18.   

Figure 19 shows a decline in Inverse Simpson’s D between 1964 and 1992.  This decline 

reflects the more consistent light tones of the collapse scars that comprise a large portion of the 
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1992 image.  This loss of mid-tones is potentially indicative that the peak Inverse Simpson’s D 

value has been reached at some point between 1964 and 1992, and that diversity values at Site 

B302 might now continue to decline as the light-toned collapse scars become the dominant 

feature within this BTXC.   

 

Figure 17: Collapse Scar Expansion over Time at Site B3 (see Figures 9 and A2 for location), 

in the Study Area Lower Latitudes.  Air photos obtained from the Alberta Government Air 

Photo Distribution Branch; used with permission. 

 

Figure 18: Collapse Scar Expansion over Time at Site B247 (see Figures 9 and A9 for 

location), in the Study Area Mid Latitudes.  Air photos obtained from the Alberta Government 

Air Photo Distribution Branch; used with permission. 
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Figure 19: Collapse Scar Expansion over Time at Site B302, in the Study Area Higher 

Latitudes (see Figures 9 and A10 for location).  Air photos obtained from the Alberta 

Government Air Photo Distribution Branch; used with permission. 

The degree of contrast between the air photo images may have a degree of influence on 

the reduced Inverse Simpson’s D values, leading to potential Type I confusion.  However, if 

image contrast was exerting a strong influence on Inverse Simpson’s D values, the index would 

always be lower in images of lower contrast.  The Inverse Simpson’s D index largely avoids this 

potential complication by assessing the SR and equitability of the pixel values rather than the 

degree of contrast.  The power of the index in this respect is evidenced by the large increase in 

Inverse Simpson’s D values in Figure 18 between 1986 and 1992 while going from a higher 

contrast image to a lower one.  This indicates that the changes in Inverse Simpson’s D values 

are primarily related to the physical changes in landforms due to permafrost degradation, not 

image contrast.  While image manipulation to provide consistent contrast may be a task to 

explore during further refinement of this method, this study proceeds without any image 

manipulation. 
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Climate Data 

The study site ClimateWNA model data between 1949 and 2009 (50 years) were 

averaged and the linear trend lines, equations and R
2
 values were calculated and related to 

expected climate change predictions (Figure 20).   

Mean Annual Temperature.  

The trend for Mean Annual Temperature (MAT) in the study area rose over time as 

predicted, translating into an increase of approximately 1°C over 40 years, with MAT changing 

from about -1.9°C in 1949 to about -0.7°C in 1989.  In comparison, Camill (2005) demonstrated 

an increase of 1.32°C over 30 years (~1970 to 2000) in northern Manitoba.  If the trend in the 

study area continues, an average temperature of 0°C would be expected at the study sites by 

2015, which is consistent with the measured 1.7°C change in northern Alberta over 50 years 

(Beilman & Robinson, 2003; Hartmann, et al., 2013; Lemmen et al., 2008), and is also 

consistent with the predictions made by Tarnocai (2006) and Vitt et al. (2000). 



MONITORING PERMAFROST DEGRADATION RATES DUE TO CLIMATE CHANGE  82 

 

 

Figure 20: Modelled Climate Data in the Study Area.  Averages of local site climate data were 

modelled in ClimateWNA (Wang et al., 2012). 

 

As presented in the literature review, permafrost formation (aggradation) requires 

average air and ground temperatures at or below 0°C.  Therefore, the trend observed in this 
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research is likely to reflect alterations in the dynamics of permafrost aggradation and 

degradation, which will likely be more evident at southern latitudes of the discontinuous 

permafrost zone of Alberta.  With a reduction in permafrost aggradation processes, degradation 

can expect to become the dominant landform process.  Therefore, as the 0°C permafrost climatic 

threshold exists or is imminent in the study area, changes would be observable in the correlation 

of climate and geographical variables with BTXC peatland degradation as represented by 

Inverse Simpson’s D index values.   

Average Spring Temperature. 

The extension of the potential permafrost degradation opportunity period was 

represented by changes to spring averages temperatures (Tave_sp) and the extension of the 

annual number of frost free days (NFFD).  Similar to MAT, Tave_sp also rose at nearly the 

same rate as MAT (Figure 20), also predicting an increase of 1°C over 40 years.  In 1949, the 

study site Tave_sp was -1°C, rising to about 0°C in 1989 and to 0.6°C by 2009.  The NFFD also 

rose as expected, but the NFFD trend line was quite level, adding one (1) frost free day on 

average every 10 to 11 years, corresponding to the increase predicted by Lemmen et al. (2008).  

In the study date range, there was an average of 139 NFFD in 1949, and 145 in 2009, or 1 

additional day for every decade.   

Mean Annual Precipitation.  

The trend line for Mean Annual Precipitation (MAP) also rose over time (Figure 20), 

which does not correspond with the general predictions of drier peatland conditions due to 

climate change (Camill, 2005; Tarnocai, 2006).  The level trend for MAP translated into 

approximately 17 mm of increased precipitation over 50 years (1949 to 2009).  This 6% 
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increase in precipitation in the study area is similar to those measured by Lemmen et al., (2008), 

who measured a change of 5% between 1948 and 2003 for the boreal regions of Alberta. 

Evapotranspiration. 

The AH: M values also rose over the study sites and period (Figure 20), moving 

approximately 3 points over 50 years, going from 19.6 in 1949 to 22.9 in 2009.  This indicates 

an increasing disparity between heat and moisture, which must be held in balance to maintain 

peat accumulation factors (Charman, 2002).  Thus, even with increased atmospheric moisture as 

measured by MAP, less may be available to peatlands as increasing evapotranspiration removes 

it from the landscape (Gignac & Vitt, 1994).  The AH: M value may also be indicative of 

peatland drainage of permafrost melt waters, creating less available water for evapotranspiration 

(Smith & Burgess, 2004; Tarnocai, 2009). 

Snow Cover. 

Counter to the rise in MAP, average winter precipitation (PPT_wt) fell over the study 

sites and period (Figure 20).  Camill (2005) and Lemmen et al. (2008) also observed decreases 

in snow cover over time.  As winter precipitation is interpreted in this study as a proxy for snow 

cover, this trend does not correspond to the theories of snow cover with respect to climate 

change as described in the literature review.  A decrease in snow cover would reduce the 

amount of potential insulation, creating a greater opportunity for frost penetration and 

aggradation rather than degradation.  However, the amount of predicted change is quite small, 

going from 65 mm in 1949 to 61 mm in 2009; a change of only 4 mm over 50 years.   
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Average Winter Temperature. 

Like MAT, average winter temperatures (Tave_wt) also rose at the study sites; yet 

changes in Tave_wt are more perceptible than MAT or Tave_sp (Figure 20).  A 1°C change was 

predicted to occur in 25 years, as opposed to 40 years for MAT and Tave_sp, showing 

agreement with increases of 1.3°C and 1.7°C shown in Camill (2005) and Lemmen et al. 

(2008).  This change corresponds with climate change theories, where warmer winters create a 

thinner frost layer, reducing the potential for aggradation processes.    

Linear Mixed Model Results 

The results of Linear Mixed Model analysis between the Inverse Simpson’s D 

dependant variable representing permafrost degradation and the independent climate and 

geographical variables representing climate change is presented in Table 3.  All logical 

combinations of the climate and geographical variables were modeled, combining up to three 

variables with Date Class.  Of the 36 models run, 24 models produced statistically significant 

results at the p = 0.05 level (Table 3).  The 24 statistically significant models were ranked in 

order to determine candidate models for monitoring. 
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Table 3.  Linear Mixed Model Results 

Independent Variable(s) Parameters F ν t Estimate p SE 95% CI 
-2 Log 

Likelihood AIC BIC 

Single Variable and Date Class 

Annual Heat: Moisture Index (AH: M) 22 1,063.30 583.60 32.60 0.98970 <0.0005 0.03035 
[0.9230092, 
1.049317] 16,289.1 16,325.1 16,424.8 

Average Spring Temperature 
(Tave_sp) 22 437.26 504.16 20.91 0.34779 <0.0005 0.01663 [0.315113, 0.380467] 16,396.8 16,432.8 16,532.6 
Average Winter Temperature 
(Tave_wt) 22 956.03 494.31 -30.92 -0.59910 <0.0005 0.01938 

[-0.637165, -
0.561027] 16,216.6 16,252.7 16,352.4 

Average Winter Precipitation 
(PPT_wt) 22 37.73 199.94 -6.14 -0.04668 <0.0005 0.00760 

[-0.061669, -
0.031696] 16,647.7 16,683.7 16,783.4 

Latitude (LAT) 22 4.89 7.96 2.21 0.52179 0.058 0.23604 [-0.023045, 1.066629] 16,691.3 16,727.3 16,827.0 

Mean Annual Precipitation (MAP) 22 295.82 489.24 -17.20 -0.04450 <0.0005 0.00259 
[-0.049584, -

0.039417] 16,515.8 16,550.8 16,650.6 

Mean Annual Temperature (MAT) 22 1,166.33 411.42 34.15 3.82051 <0.0005 0.11216 [3.610025, 4.05099] 16,474.1 16,510.1 16,609.8 

Number of Frost Free Days (NFFD) 22 17.23 100.21 4.15 0.04912 <0.0005 0.01183 [0.025643, 0.07259] 16,640.3 16,676.3 16,776.0 

Peatland Sensitivity Class (PSC) 24 0.34 
   

0.726 
  

16,681.4 16,717.4 16,817.1 

     Date Class 
  

6.60 1.04 0.92812 0.334 0.89054 [-1.204129, 3.060373] 
   

     PSC 1 
  

6.59 0.18 0.19059 0.866 1.09029 [-2.42075, 2.80193] 
   

     PSC 3 
  

6.61 0.65 0.62034 0.537 0.95260 [-1.759345, 2.900028] 
   

     PSC 4     -a -a -a -a -a -a       

Two Variables and Date Class 

AH: M and LAT 26 0.91 664.79 0.95 0.04316 0.342 0.04536 [-0.045905, 0.132223] 16,210.7 16,246.7 16,346.4 

MAP and LAT 26 17.66 152.14 -4.20 -0.01541 <0.0005 0.00367 
[-0.022654, -

0.008166] 16,402.5 16,438.5 16,538.2 

MAP and MAT 26 67.08 114.40 -8.19 -0.02008 <0.0005 0.00245 
[-0.024939, -

0.015225] 16,210.1 16,246.1 16,345.8 

MAT and LAT 26 186.09 226.22 13.64 2.63234 <0.0005 0.19297 [2.252103, 3.01258] 16,319.5 16,355.5 16,455.2 

NFFD and LAT 26 130.38 45.72 11.42 0.22993 <0.0005 0.02014 [0.189387, 0.270465] 16,562.5 16,598.5 16,698.2 

NFFD and MAP 26 10.30 251.22 3.21 0.00260 0.002 0.00081 [0.00105, 0.0042] 16,343.8 16,379.8 16,479.5 

PPT_wt and LAT 26 1.03 35.90 -1.01 -0.01361 0.317 0.01342 [-0.040819, 0.013602] 16,633.0 16,669.0 16,768.6 

PPT_wt and Tave_wt 26 443.21 407.76 -21.05 -0.09823 <0.0005 0.00467 
[-0.107397, -

0.089053] 16,091.9 16,127.9 16,227.5 
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Independent Variable(s) Parameters F ν t Estimate p SE 95% CI 
-2 Log 

Likelihood AIC BIC 

PSC and AH: M 30 1.89 
   

0.157 
  

16,216.8 16,252.8 16,352.4 

     AH: M and Date Class 
  

55.57 -1.63 -6.46013 0.108 3.95796 [-14.39024, 1.469979] 
   

     PSC 1 
  

55.58 1.90 7.50689 0.063 3.95830 [-0.423833, 15.43762] 
   

     PSC 3 
  

55.58 1.90 7.53352 0.062 3.95816 [-0.396968, 15.64004] 
   

     PSC 4 
  

-a -a -a -a -a -a 
   

PSC and MAP 30 16.74 
   

<0.0005 
  

16,439.7 16,475.7 16,575.4 

     MAP and Date Class 
  

44.32 1.61 0.10317 0.114 0.06293 [-0.02565, 0.231998] 
   

     PSC 1 
  

49.95 -3.11 -0.20481 0.003 0.06586 
[-0.337192, -

0.072514] 
   

     PSC 3 
  

44.59 -1.81 -0.11611 0.077 0.06403 [-0.245105, 0.012886] 
   

     PSC 4 
  

-a -a -a -a -a -a 
   

PSC and MAT 30 68.99 
   

<0.0005 
  

16,326.4 16,362.4 16,462.0 

     MAT and Date Class 
  

124.35 -2.21 -1.32581 0.029 0.60045 
[-2.514235, -

0.137379] 
   

     PSC 1 
  

236.84 11.48 8.22628 <0.0005 0.71681 [6.814136, 9.638422] 
   

     PSC 3 
  

134.97 7.99 4.89586 <0.0005 0.61274 [3.684046, 6.107676] 
   

     PSC 4 
  

-a -a -a -a -a -a 
   

PSC and NFFD 30 23.92 
   

<0.0005 
  

16,577.9 16,613.9 16,713.5 

     NFFD and Date Class 
  

44.11 -1.79 -0.66586 0.08 0.37131 [-1.41412, 0.082408] 
   

     PSC 1 
  

44.65 2.36 0.87896 0.023 0.37243 [0.128682, 1.629236] 
   

     PSC 3 
  

44.31 1.76 0.65429 0.085 0.37172 [-0.094716, 1.403287] 
   

     PSC 4 
  

-a -a -a -a -a -a 
   

PSC and PPT_wt 26 5.438 
   

0.005 
  

16,596.8 16,632.8 16,732.4 

     PPT_wt and Date Class 
  

87.635 1.988 1.336528 0.05 0.672168 [0.000659, 2.672398] 
   

     PSC 1 
  

116.48 -2.869 -2.0765 0.005 0.723656 
[-3.509729, -

0.643273] 
   

     PSC 3 
  

87.656 -2.063 -1.38659 0.042 0.672209 
[-2.722536, -

0.050641] 
   

     PSC 4 
           

Tave_sp and LAT 26 100.97 412.41 10.05 0.34510 <0.0005 0.03434 [0.277591, 0.412613] 16,296.6 16,332.6 16,432.3 
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Independent Variable(s) Parameters F ν t Estimate p SE 95% CI 
-2 Log 

Likelihood AIC BIC 

Tave_sp and MAP 26 92.32 193.33 -9.61 -0.00565 <0.0005 0.00059 
[-0.006806, -

0.004488] 16,214.1 16,250.1 16,349.8 

Tave_wt and LAT 26 62.62 162.55 -7.91 -0.23807 <0.0005 0.03008 [-0.297472, -0.17866] 16,190.7 16,226.7 16,326.4 

Tave_wt and MAP 26 0.31 263.90 -0.55 -0.00043 0.581 0.00078 [-0.001975, 0.001109] 16,149.0 16,185.0 16,284.7 

Three Variables and Date Class 

MAP, MAT and LAT 34 59.92 71.36 -7.74 -0.08243 <0.0005 0.01065 [-0.103664, -0.0612] 16,018.9 16,054.9 16,154.5 

PPT_wt, Tave_wt and LAT 34 7.63 184.97 2.76 0.01699 0.006 0.00615 [0.004857, 0.029124] 15,821.4 15,857.4 15,957.0 

PSC, AH: M and LAT 37 No difference from without Peatland Sensitivity Class 
    

PSC, MAT and LAT 37 No difference from without Peatland Sensitivity Class 
    

PSC, MAP and LAT 37 No difference from without Peatland Sensitivity Class 
    

PSC, NFFD and LAT 37 No difference from without Peatland Sensitivity Class 
    

PSC, NFFD and MAP 37 No difference from without Peatland Sensitivity Class 
    

PSC, PPT_wt and LAT 37 No difference from without Peatland Sensitivity Class 
    

Tave_sp, MAP and LAT 34 12.29 45.06 3.51 0.01858 0.001 0.00530 [0.007906, 0.029252] 15,968.1 16,004.1 16,103.7 

Tave_wt, MAP and LAT 34 30.46 115.04 -5.52 -0.02538 <0.0005 0.00460 
[-0.034484, -

0.016268] 15,907.5 15,943.5 16,043.1 

Note: n = 576 for all models. 

Note: AH: M = Annual Heat: Moisture Ratio; Tave_sp = Average Spring Temperature; Tave_wt = Average Winter Temperature; 

PPT_wt = Average Winter Precipitation; LAT = Latitude; MAP = Mean Annual Precipitation; MAT = Mean Annual Temperature; 

NFFD = Number of Frost Free Days; PSC = Peatland Sensitivity Class (as per Tarnocai, 2006). 
a
 “-“ indicates the base PSC class.  Other PSC classes are assessed relative to this class in the Linear Mixed Model. 
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The model results presented below are based on a ranking of all 24 significant models 

from 1 (best) to 24 (lowest) for each of their F-statistic and t-statistic, estimate, and Information 

Criterion values (Table 4).  The models were ranked for their degree of change by reviewing the 

size of the estimate values and the F-statistic and t-statistic values.  The Linear Mixed Model 

produces estimate values that can be interpreted as “with every unit increase in the modeled 

independent variables, an estimate value (x-coefficient value) of change in the dependent 

variable is expected”.  How well the modelled independent variables were correlated with the 

dependent variable, or the model “fit”, was ranked using the -2 Restricted Log Likelihood, 

Akaike’s Information Criterion (AIC) and Schwarz’s Bayesian Criterion (BIC) information 

criterion values for each model, in “smallest is best” format.  The logical relationship of the 

model results (specifically their positive or negative correlations) to climate change predictions 

was also considered. 
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Table 4: Linear Mixed Model Rankings for F-statistic, t-statistic, Estimate and Information 

Criterion Values. 

Independent Variable(s) 

Ranks 

F-Statistic t-Statistic Estimate 
-2 Log 

Likelihood AIC BIC 

Single Variable and Date Class 

AH: M 2 2 3 10 10 10 

MAP 6 6 13 19 19 19 

MAT 1 1 1 18 18 18 

NFFD 19 17 11 23 23 23 

PPT_wt 15 14 12 24 24 24 

Tave_sp 5 5 5 15 15 15 

Tave_wt 3 3 4 9 9 9 

Two Variables and Date Class 

MAP and MAT 12 11 15 7 7 7 

MAP and LAT 18 16 18 16 16 16 

MAT and LAT 7 8 2 13 12 12 

NFFD and LAT 8 7 8 20 20 20 

NFFD and MAP 22 19 20 14 14 14 

PPT_wt and Tave_wt 4 4 9 5 5 5 

PSC and MAP 20 24 -a 17 17 17 

PSC and MAT 11 21 -a 12 13 13 

PSC and NFFD 17 23 -a 21 21 21 

PSC and PPT_wt 24 22 -a 22 22 22 

Tave_sp and MAP 10 10 19 8 8 8 

Tave_sp and LAT 9 9 6 11 11 11 

Tave_wt and LAT 13 12 7 6 6 6 

Three Variables and Date Class 

MAP and MAT and LAT 14 13 10 4 4 4 

Tave_sp, MAP and LAT 21 18 16 3 3 3 

Tave_wt, MAP and LAT 16 15 14 2 2 2 

PPT_wt, Tave_wt and LAT 23 20 17 1 1 1 
a
 the estimates for PSC models are between PSC classes and cannot be ranked against other 

models. 

Note: Ranks are based on the highest Estimate, F and t-statistic values, and the lowest (best) 

information criterion values for all 24 statistically significant models. 

Note: AH: M = Annual Heat: Moisture Ratio; Tave_sp = Average Spring Temperature; Tave_wt 

= Average Winter Temperature; PPT_wt = Average Winter Precipitation; LAT = Latitude; MAP 

= Mean Annual Precipitation; MAT = Mean Annual Temperature; NFFD = Number of Frost 

Free Days; PSC = Peatland Sensitivity Class (as per Tarnocai, 2006). 
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Single Variable and Date Class. 

All combinations of single climate variables and Date Class produced significant results.  

Of the climate variables, MAT with Date Class, and AH: M with Date Class produced the 

strongest F-statistic and t-statistic values (Tables 3 and 4).  The model for MAT and Date Class 

produced a significant result of F(1, 411) = 1,166.33, t = 34.15, p = < .0005, 95% CI [3.610025, 

4.05099].  The results of the AH: M and Date Class model were also significant at F(1, 584) = 

1,063.3, t = 32.6, p = < .0005, 95% CI [0.9230092, 1.049317].  These models were followed by 

the Tave_wt and Date Class model, though it is negatively correlated with F(1, 494) = 956.03, t 

= -30.92, p = < .0005, 95% CI [-0.637165, -0.561027].   

These three models also result in the largest estimate values for single variable and Date 

Class models (Tables 3 and 4), which can be interpreted as the greatest predicted changes in 

Inverse Simpson’s D per model unit increase.  MAT and Date Class resulted in the largest 

estimate by far, giving a change of 3.82 in Inverse Simpson’s D for every unit increase.  By 

contrast, the next highest estimate values are for the AH: M and Date Class model at 0.99 and 

the Tave_wt and Date Class model at -0.59.   

In terms of model fit, single variable and Date Class model information criterion values 

for -2 log likelihood, AIC and BIC rank in the mid to low end of all significant models.  For all 

three information criterion, of the 24 models with significant results, the single variable and 

Date Class models are ranked: Tave_wt = 9
th
, AH: M = 10

th
, Tave_sp = 15

th
, MAT = 18

th
, MAP 

= 19
th
, and NFFD and PPT_wt provide the least fitting models at 23

rdh
 and 24

th
, respectively.   
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While most estimate values are positively correlated (the estimate value would be the x-

coefficient in the resulting model equation), the estimates for Date Class with MAP, Tave_wt, 

and PPT_wt are all negative, thus would provide model equations that are negatively correlated 

with the Inverse Simpson’s D index values.  The modelled combinations of geographical data, 

including Latitude (LAT) with Date Class and Peatland Sensitivity Class (PSC) with Date Class, 

did not produce significant results.   

Two Variables and Date Class. 

For models with two variables and Date Class, the modelled combination of Tave_wt, 

PPT_wt and Date Class shows the best overall pairing of both F and t-statistics and information 

criterion (Tables 3 and 4).  The statistics for this model are ranked 4
th
 overall of all significant 

models, with F(1, 404) = 443.21, t = -21.05, p = < .0005, 95% CI [-0.107397, -0.089053].  The 

information criterion values are ranked 5
th
 overall; the best of all two variables and Date Class 

models (Table 4).  However, the estimate value is negative, indicating a negative correlation 

similar to the modelled values of PPT_wt and Date Class, and Tave_wt and Date Class 

individually.  The MAT, LAT and Date Class model hast the 2
nd

 highest estimate value 

(following MAT and Date Class alone); however, the F-statistic, t-statistic and information 

criterion values are lower than the Tave_wt, PPT_wt and Date Class model. 

Overall, modelled combinations of two variables and Date Class generally fell in the 

middle rankings for both F and t-statistics and information criterion.  Most modelled 

combinations of two variables and Date Class (MAP and MAT; MAP and Tave_sp; and MAP 

and NFFD in particular) showed model fit improvements over their single variable and Date 

Class counterparts, while weakening the F and t-statistic values (Tables 3 and 4).  Better fitting 
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models also result from the addition of LAT to climate variables, including MAP, Tave_sp, 

MAT, NFFD and Tave_wt, while again weakening the F and t-statistics.   

The combination of PSC, MAT and Date Class also produces significant differences 

between the PSC classes (Table 3).  Models with PSC can be read as PSC 4 (Very Severe) as 

being a base model, and the estimate values for PSC 3 (Severe) and PSC 1 (Very Slight) being 

the unit differences between PSC 4 and 3 or 1.  Meaning, the PSC, MAT and Date Class 

modelled estimate/x-coefficient value for PSC 3 is 4.9 higher than PSC 4, and the estimate for 

PSC 1 is 8.2 higher than PSC 4.  The rates of change over time for these classes are also 

significantly different than that for PSC 4 (p = <0.0005) (Table 3).   

Three Variables and Date Class. 

Overall, the best fitting models were a result of combining two climate variables with 

LAT and Date Class, with combinations of PPT_wt/Tave_wt, Tave_wt/MAT, Tave_sp/MAT 

and MAP/MAT producing the four best information criterion values (Tables 3 and 4).  In terms 

of model refinement, this result shows that there may be value in building robust models that 

combine temporal, geographical and climatic data, specifically including a temperature and 

precipitation variable.  However, the estimate value and F and t-statistic values for these 

combinations are in the mid to lower range of ranks (Tables 3 and 4). 

The best overall fitting model with a significant result is produced by the combination of 

PPT_wt, Tave_wt, LAT with Date Class (Tables 3 and 4).  Combinations of seasonal 

temperatures (Tave_sp and Tave_wt) with MAP, LAT and Date Class follow as the 2
nd

 and 3
rd

 

best fitting models, with the combination of MAP, MAT, LAT and Date Class as the 4
th
.  
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Similar to the two variable and Date Class models, the three variable and Date Class models 

continue to improve the model fit, while weakening the estimate value and F and t-statistic 

values.   

Discussion  

Results from this study suggest that climate change driven impacts to sensitive northern 

Alberta ecosystems can be detected and monitored using this approach.  In particular, changes 

in BTXC permafrost degradation can be monitored by correlating diversity indices (Inverse 

Simpson’s D) derived from air photos to localized climate data over time.  The use of a Linear 

Mixed Model with Repeated Measures method was successful for identifying combinations of 

climate and geographical variables that are good predictors of climate change impacts (Table 3).  

With proven results, the next step is to consider which combination of climate and 

geographical independent variables are the most appropriate to include when designing a 

northern Alberta boreal permafrost climate change monitoring program.  Based on the literature 

review and the results of this study, the following three approaches to evaluate the potential 

climate and geographical independent variable combinations are considered and discussed:  

1) Statistical Results and Indicators: Using this approach, the primary aim of a northern 

Alberta boreal permafrost climate change monitoring program would employ the models 

that display the highest degree of difference or change.  Meaning, which model could 

demonstrate the largest, clearest changes in permafrost degradation over time?  In this study, 

the degree of change was evaluated by identifying the model combinations with the largest 

F and t-statistics and estimate values.   
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2) Information Criterion: A second approach is to develop a northern Alberta boreal 

permafrost climate change monitoring model by evaluating which of the climate and 

geographical independent variable data combinations has the best model fit.  In this study, 

the best model fit was determined by examining the -2 Restricted Log Likelihood, Akaike’s 

Information Criterion (AIC) and Schwarz’s Bayesian Criterion (BIC) values.   

3) Logical Relationship of the Data: In selecting a model to monitor northern Alberta 

boreal permafrost degradation in relation to climate change, another approach is to 

determine the model(s) that provide(s) a logical and relatable relationship between the 

model and the climate trends for the purpose of communicating climate change – which 

model tells the most easily understood message?  In this study, the modeled combinations of 

climate and geographical independent variables are evaluated for their ease of translation to 

decision makers and the general public.    

1) Statistical Results and Indicators 

Similar to previous climate change modeling efforts in the Canadian boreal forest, this 

research supports the use of temperature as a primary indicator of climate change impacts and 

ecosystem effects (Beaulieu & Allard, 2003; Camill, 2000, 2005; Gignac & Vitt, 1994; Halsey 

et al., 1995; Smith & Burgess, 2004).  In this study, the most statistically significant results were 

associated with mean annual temperature (MAT) over time (Date Class).  The statistically 

significant values and the model’s large estimate/x-coefficient (3.82) suggest that mean annual 

temperatures are strongly correlated with changes in Inverse Simpson’s D and thus permafrost 

degradation (Beilman & Robinson, 2003; Camill, 2005; Smith & Burgess, 2004; Vitt et al., 

2000).   
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Including a temperature variable as an indicator of climate change impacts is also 

supported by the next best statistically significant results, including the annual heat: moisture 

index (AH: M) over time and average winter temperature (Tave_wt) over time models.  The 

increases seen in the annual heat: moisture index (representing evapotranspiration) over time 

may demonstrate an increasing disparity between temperature and precipitation, indicative of 

the hotter and drier conditions predicted to cause permafrost degradation (Tarnocai, 2006).  As 

another temperature variable, the larger measured changes in average winter temperature trends 

over mean annual temperature trends (Figure 20) were also well correlated to changes in Inverse 

Simpson’s D values.  Average spring temperatures (Tave_sp) over time also showed significant 

results over time, but with a better model fit than mean annual temperature.  This finding agrees 

with the findings of Camill (2005) where the greatest changes in average temperatures occurred 

in spring, showing that spring temperatures may account for the greatest amount of permafrost 

thaw. 

The model selected for monitoring northern Alberta permafrost degradation in relation 

to climate change should also include a precipitation variable, as drying of boreal regions is 

expected and hydrology is a primary driver in peatland landform dynamics (Charman, 2002; 

Tarnocai, 2006).  Of the precipitation variables modelled, the annual heat: moisture index over 

time presented the best statistical results, as discussed above.  Models of winter precipitation 

(PPT_wt) and average winter temperature over time, and mean annual precipitation (MAP) over 

time followed the AH: M model with strong statistically significant values.  However, the 

estimate/x-coefficient values of these two models produced negative correlations that may 
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confound interpretation to general public.  The logic in interpreting these negatively correlated 

relationships is discussed below in “3) Logical Relationship of the Data”. 

Modeled combinations that included the Tarnocai (2006) Peatland Sensitivity 

Classification were only weakly statistically significant, suggesting that PSC does not improve 

the overall model and may not contribute to monitoring efforts.  In terms of climate change 

assessment, PSC may be more relatable to identifying vulnerabilities related to peatland 

distribution and type, rather than the rates of change and localized impacts assessed in this 

study.  In other terms, PSC identifies where climate change impacts might be the largest, instead 

of a measure of the local rate of change.  It is speculated that the correlations between PSC and 

climate change using this approach may be limited by sample size within the PSC classes.  

2) Information Criterion 

A model that has the best fit while remaining statistically significant provides two strong 

criteria when recommending a model as a northern Alberta permafrost degradation monitoring 

tool from this study.  The four models with the best (lowest) information criterion values were 

all combinations of three variables and Date Class models (Table 3); all of which incorporated a 

temperature, precipitation, latitude and time variable.  Review of the information criterion 

rankings showed continuous improvement and refinement with the addition of relevant 

variables (Table 5).  The model combination of winter precipitation, average winter 

temperatures, latitude (LAT) over time was the model with the best overall information criterion 

rank and showed continuous model refinement with the addition of variables.  Ecologically, this 

model refinement suggests that combinations of climate and geographical variables together 
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offer a better explanation of the rates of permafrost degradation than when considered in 

isolation.    
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Table 5: Information Criterion Ranks, showing model refinement with the addition of variables. 

Model Information Criterion Rank 

Tave_wt and PPT_wt model combinations 

PPT_wt, Tave_wt, LAT and Date Class 1 

PPT_wt, Tave_wt and Date Class 5 

Tave_wt and Date Class 9 

PPT_wt and Date Class 24 

MAP and Tave_wt model combinations 

MAP, Tave_wt, LAT and Date Class 2 

MAP, Tave_wt and Date Class Non-significant 

Tave_wt and Date Class 9 

MAP and Date Class 19 

MAP and Tave_sp model combinations 

MAP, Tave_sp, LAT and Date Class 3 

MAP, Tave_sp and Date Class 8 

Tave_sp and Date Class 15 

MAP and Date Class 19 

MAT and MAP model combinations 

MAT, MAP, LAT and Date Class 4 

MAT, MAP and Date Class 7 

MAT and Date Class 18 

MAP and Date Class 19 

Note: Ranks are based on lowest (best) information criterion values (-2 Log Likelihood, AIC and 

BIC) for all 24 statistically significant models. 

Note: Tave_sp = Average Spring Temperature; Tave_wt = Average Winter Temperature; 

PPT_wt = Average Winter Precipitation; LAT = Latitude; MAP = Mean Annual Precipitation; 

MAT = Mean Annual Temperature. 

 

While their information criterion values are not as well ranked, single variable and Date 

Class models may also be considered for climate change monitoring due to their simplicity.  The 



MONITORING PERMAFROST DEGRADATION RATES DUE TO CLIMATE CHANGE  100 

 

best model fits for single variable and Date Class models were average winter temperatures over 

time, and annual heat: moisture index over time (ranked 9
th
 and 10

th
 overall).  As discussed 

previously, the annual heat: moisture index over time model may provide a good monitoring 

tool, as it brings together mean annual temperatures and mean annual precipitation into a single 

variable, while providing a strong estimate/x-coefficient change.  The average winter 

temperature over time combination is also a good model with demonstrated change; however, as 

average winter temperatures are still well below 0°C in the study area (Table 2), the value of this 

model is yet undetermined.   

3) Logical Relationship of Data 

Communicating climate change results to a wide audience will be facilitated by selecting 

models of northern Alberta permafrost degradation in relation to climate change that can be 

intuitively understood, the easiest perhaps being positively correlated data.  For example, in this 

study average spring temperatures were seen to increase over time, and can be easily related to 

increased peatland permafrost melting (Table 3).  However, some models there is a negative 

correlation between climate variables and climate change indicators, and communicating these 

results clearly to the public can be more difficult. In this study, the Linear Mixed Model showed 

that as mean annual precipitation increases in value over time there was a correlated decrease in 

Inverse Simpson’s D values.  To match with climate change predictions, this finding can be 

“flipped” and alternately be interpreted as when mean annual precipitation decreased in value 

there was a correlated increase in Inverse Simpson’s D values.  That is, drier years show larger 

changes in permafrost degradation.  Thus, while the model matches climate change predictions, 

the negative correlation introduces a level of complexity that may complicate messaging. 
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Some models produced relationships that do not match climate change predictions and 

should not be recommended as monitoring tools.  Models including average winter precipitation 

showed a negative correlation counter to expected relationships (Figure 20).  Average winter 

precipitation increases over time (Figure 20), and as a proxy for snow cover depth and greater 

insulation from frost penetration, increases in permafrost degradation would be expected 

(Beaulieu & Allard, 2003).  Yet the negative correlation of the models describes decreases in 

permafrost degradation with increases in snow cover.  As climate trends (Figure 20) show a 

change in average winter precipitation of only 4 mm over 50 years, the models may be 

confounded by this small change in winter precipitation.  Camill (2005) suggests that the 

relationship between snow cover depth and permafrost degradation might not be as strong a 

relationship as might be expected, and Vaughan et al. (2013) note that snow cover may be more 

important in more northern latitudes.  This suggests that in the Study Area, snow cover is 

perhaps not a primary permafrost degradation driver, and variables such as mean annual 

temperatures would show a stronger relationship.  This is logical, as at mean annual 

temperatures above 0°C, aggradation processes may be slowed and degradation strengthened, 

regardless of winter snow cover depths. 

Models that include average winter temperatures (Tave_wt) also showed negative 

correlations that are counter to expected relationships, and are also not recommended as a 

monitoring tool.  In the ClimateWNA data, average winter temperatures rose over time (Figure 

20) and a positive estimate value would be expected when modeling against Inverse Simpson’s 

D values.  The reasons for the modelled negative correlation are unknown, though it can be 

postulated that at average winter temperatures still far below freezing that this climate variable 
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is not well suited to model rises in ground temperatures or permafrost melting.  Better models 

for seasonal temperatures affecting permafrost degradation might be found in modelling average 

spring temperatures and number of frost free days, representing increases in growing season and 

soil temperatures in flux, or with greater potential for degradation.  Winter temperatures, 

especially those below 0°C likely play a larger role in permafrost aggradation processes, rather 

than playing a role in thawing (Camill, 2005).  Thus while related, the relationship may not be 

directly related to the permafrost degradation processes measured in this study. 

In summary, models with strong positive correlations such as the annual heat: moisture 

index over time model or the average spring temperatures and mean annual precipitation with 

latitude over time model may be the most intuitive to use when communicating the monitoring 

results, even if they do not have the strongest statistically significant values or overall best 

model fits.  Due to the negative correlations, most models that include mean annual precipitation 

may be harder to understand, and messaging would need to well-crafted to properly 

communicate the results.  As the negative correlations cannot be explained in relation to climate 

change predictions, models that use winter precipitation and average winter temperatures may 

not be the most reliable or logical models to use in monitoring and reporting, and are not 

recommended for advancement as a monitoring tool. 

Overall Results Discussion 

Each of the above three approaches has demonstrated strengths and weaknesses to be 

considered in developing a permafrost degradation monitoring tool of northern Alberta boreal 

peatlands based on the results of this study.  Therefore, a model that shows the qualities of the 

three approaches would hold all of these strengths.  The model combinations must make logical 
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and intuitive sense when communicating the results of this monitoring method to a larger 

audience.  To this end, a strong positive relationship between climate variables and ecosystem 

effects is desirable, and models with positive correlations should be preferentially considered.    

A model that shows the relationships to specific climate variables might be the simplest 

and clearest method to demonstrate appreciable climate change impacts to permafrost peatlands; 

therefore, a single variable and Date Class model may be advisable choice to advance as a 

monitoring tool from this study.  The single variable and Date Class models are perhaps 

“coarser”, resulting in larger estimate changes over time (steeper equation slopes); this reflected 

in the estimate values and standard errors (Table 3).  Again, the estimate values for the mean 

annual temperatures and Date Class model demonstrate the largest estimates by far, followed by 

the annual heat: moisture index and Date Class model.   

Yet the overall Linear Mixed Model improves with the addition of climate and 

geographical variables, while the estimate and statistic values fall (but do remain statistically 

significant).  This trend is likely indicative of model refinement, perhaps leading to truer 

estimates of the actual trends in permafrost degradation over time in relation to climate change.  

Due to the clearer/higher estimate value changes, it has already been recommended that a 

temperature variable should be included in the model to be advanced from this study for 

monitoring.  Once latitude is paired with temperature and precipitation climate variables, the 

models fit the data better according to the information criterion values, suggesting that 

precipitation and latitude also provide value to the model to be recommended for monitoring. 
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Thus, it may be wise to show a model of northern Alberta permafrost degradation in 

relation to climate change that paints an overall picture of the primary climate and geographical 

variables that affect permafrost peatlands and show a positive correlation.  The most refined 

models (best fit) are the three variables and Date Class models, specifically those models that 

incorporate time, temperature, precipitation and latitude variables.  The estimate values are not 

as large most single variable and Date Class models, but may be more reflective of the rates of 

change and combinations of climate change variables that influence peatland degradation.  

Conclusions 

In Canada, practical tools for monitoring climate change are essential for 

communicating climate change impacts and informing action on adaptations and mitigations.  

The method developed during this research was found to provide interpretable measures of the 

existing influences of climate change on northern Alberta boreal peatland ecosystems underlain 

by permafrost and be relatively easy to apply (Beilman et al., 2001).  While most of the 

reviewed literature is focused on the northward regression of Canadian boreal permafrost 

degradation features, this study goes beyond the latitudinal gradient mapping of permafrost 

composition by focusing on local and temporal permafrost changes.  Documenting the rates of 

change in relation to climate change is an important tool in predicting the future rates of 

permafrost degradation (Beilman & Robinson, 2003). 

The Linear Mixed Model approach used in this study shows that changes in peatland 

permafrost degradation in the northern Alberta boreal forest can be monitored through the 

correlation of diversity indices (Inverse Simpson’s D) derived from air photos to localized 

climate data over time.  The Linear Mixed Model provides quantifiable evidence of statistically 
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significant correlations between permafrost degradation and changes in climate variables over 

time.  As the boreal forest is a circumpolar ecosystem characterized by permafrost and 

peatlands, this monitoring technique is likely applicable to boreal peatlands across Canada and 

globally. 

From the technique developed in this study, the model to be recommended must clearly 

demonstrate changes to peatland permafrost landforms in the boreal forest and facilitate the 

communication of those changes to a larger audience.  It is therefore recommended that the 

selected model demonstrate an overall picture of the climate change variables that affect 

peatlands; and a three variable model that combines temperature, precipitation and latitude 

variables over time should be advanced.  The three variables and Date Class models have also 

been shown to have the best fit to the data while remaining statistically significant.  While the 

mean annual temperature, mean annual precipitation, latitude and Date Class model seems the 

most relevant model, the resulting negative correlation may prove problematic in 

communicating results to decision makers and the general public.   

Thus, the average spring temperature, mean annual precipitation, latitude and 

Date Class model is perhaps the most appropriate model from this study to advance for 

continued monitoring of peatland permafrost degradation in the Alberta boreal forest, and 

potentially Canada-wide.  This model demonstrates a clear, significant and positive relationship 

between changes in permafrost degradation rates and the suite of primary climate change 

variables.  It also holds the advantage of showing a specific way in how climate change is 

producing those impacts, through higher spring temperatures.  Longer and warmer seasons 

above 0°C when melting occurs is easily communicated and understood by a wide audience.  
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Following that logic, another recommended model to advance is the annual heat: moisture 

(AH: M) index and Date Class model.  This model holds the advantage of being simple and 

direct while retaining the combination of temperature and precipitation variables. 

Sustainability 

Peatlands provide an important tool in aiding society to mitigate and adapt to climate 

change through their carbon regulation functions (Bush, 1997; Gallego-Sala, Charman, Booth, 

Yu, & Prentice, 2012).  The reduction or loss of these functions will need to be carefully 

considered in the management of climate change.  This study builds on the body of evidence 

that demonstrates the impacts that climate change is having on our world and provides some 

insight into rates of change that are affecting northern Alberta boreal peatland permafrost 

features.  The results show that climate change is already having an appreciable impacts on this 

defining ecosystem of the Canadian landscape that can be seen and felt “in the gut”; and this 

model of permafrost degradation within the northern Alberta boreal forest can be used as a tool 

to inform decision makers about the implications of climate change to Canada (Scarlett, 2010; 

Eggelton, 2013).  Pairing this knowledge with the implications of these changes from existing 

literature provides support for policy and planning initiatives, including the Pan-Canadian 

Framework on Clean Growth and Climate Change.  Continued monitoring using this technique 

can provide a method to inform or refine climate change policies and to reinforce or alter the 

required timelines for policy implementation and action. 

This study has developed a tool for monitoring northern Alberta boreal peatland 

permafrost degradation that extends and improves the techniques that have been used to date to 

assess and document the impact of climate change on permafrost.  Past techniques include 
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mapping of peatlands features by hand or field delineation; both which can be somewhat 

subjective, leading to potential errors in the data.  The combination of existing knowledge, air 

photos, GIS functionality and current computer models used in this study provide an objective 

monitoring tool that is more cost effective than past techniques, as it does not require extensive 

field work or specialized modelling to accomplish.   

Further Investigation and Recommendations  

1) Continue to use the monitoring technique using subsequent years of air photos and 

additional sites within Alberta and Canada-wide to increase the robustness of the data.  Continue 

to determine and refine the rate of change in permafrost degradation.  Monitor the rates of 

change to assess if the curve is linear or exponential. 

2) Explore additional refinement of the model by developing a technique to provide a 

consistent image contrast in the air photos used.  This should be done in a way that ensures that 

the changes in pixel values continue to clearly reflect the landscape without confusion or 

alteration of the landform pattern. 

3) Explore the determination of a threshold value from the model.  Meaning, can a “point of no 

return” in permafrost degradation be predicted by determining the estimated inflection points in 

diversity index values?  This would be beneficial in communicating a clear picture of the 

implications of the model to policy makers. 

4) Explore for ways to potentially incorporate additional variables into the monitoring 

technique.  These may include additional climate variables or other data such as tree cover, 

vegetation cover, aspect, or peatland elevation above the water table. 
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5) Additional testing of the Peatland Sensitivity Classification (Tarnocai, 2006) in relation to 

the model.  While there is a limited correlation shown in this study between peatland 

distribution and rates of degradation, there may yet be a correlation to be shown.  Additional 

study sites within each PSC class may demonstrate a clearer relationship, allowing for the 

identification of areas that may require physical action to protect life and property from the 

impacts of permafrost degradation and melting. 

6) Developing a comprehensive communication strategy to accompany the monitoring tool.  

The use of up to date strategies including infographics and social media would be beneficial in 

communicating the data to today’s audience in an effective and understandable fashion.  
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